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Figure 1. Calculated internal energies in the gas phase (dashed curve)
and the potential of mean force in aqueous solution (solid curve) for the
system [CICH;CI}" as a function of the reaction coordinate, r. (in ang-
stroms).

The principal goal of the solution simulations was to obtain the
potential of mean force, w(r.), which represents the relative free
energy of the system as a function of r.. The function is given
by -kT In g(r.), where g(r.) is the probability of occurrence of
each value of r.. Precise computation of g(r.) requires the use
of importance sampling methods.!* Thus, simulations were carried
out for six overlapping regions covering the entire reaction. The
solute was constrained within limited ranges of ». by imposing
a harmonic force. Furthermore, an additional biasing function,
exp(-25r.2), was included to enable sufficient sampling near the
high-energy transition state. All calculated properties were
normalized to remove the effects of this non-Boltzmann sampling.!®
The g(r.) from the different “windows”™ were spliced together at
points of maximum overlap to form a single distribution from
which w(r.) was obtained.

Monte Carlo simulations were executed for the solute cluster
and 250 water molecules in the NPT ensemble at 25 °C and 1
atm. As in previous work, periodic boundary conditions and a
preferential sampling algorithm to enhance solute—solvent statistics
were employed.!* Equilibration for 1000-2000K configurations
was followed by averaging over 2600K configurations for each
window. In all, this required ca. 50 h on a Cyber 205 computer.

The calculated potential of mean force (Figure 1, solid curve)
is distinctly different from the gas-phase profile. Part of the
difference is because the former is a free energy curve while the
latter indicates the change in internal energy (for the hypothetical
vibrationless system at 0 K). The minima in the gas phase would
be less deep on the free energy scale because of the large negative
entropy accompanying their formation from the separated spec-
ies.)> However, the entropy change from 1 to 2 is expected to

(13) Patey, G. N.; Valleau, J. P. J. Chem. Phys. 1975, 63, 2334, For
interesting applications of this technique, see: Pangali, C. S.; Rao, M.; Berne,
B. J. J. Chem. Phys. 1979, 71, 2975. Northrup, S. H.; Pear, M. R.; Lee,
C.-Y.; McCammon, J. A.; Karplus, M. Proc. Natl. Acad. Sci. U.S.A. 1982,
79,4035, Ravishanker, G.; Mezei, M.; Beveridge, D. L. Faraday Symp. 1982,
17, 79.

(14) (a) Jorgensen, W. L.; Bigot, B.; Chandrasekhar, J. J. Am. Chem. Soc.
1982, 104, 4584. (b) Chandrasekhar, J.; Jorgensen, W, L. J. Chem. Phys.
1982, 77, 5080. (c) Jorgensen, WV, L. Ibid. 1982, 77, 4156. A rectangular
box with the CICCI’ unit along the long axis was used in the present study.
The long edge was 1.5 times the remaining edges. In the preferential samplin
scheme, the frequency of solvent moves was made proportional to 1 /(¢ + rcq
+ rcai?), where ¢ is a constant, The spherical cutoff radius of 8 A was based
on O-0 and O-Cl distances.
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be much smaller leaving the intrinsic barrier essentially un-
changed.’® Clearly, solvation leads to a flattening of the ion—dipole
minima and to a large increase in the free energy of activation.
Although putative minima exist, they are very shallow and would
have negiligible influence on the reaction kinetics. Thus, the
calculations firmly support the conventional view of a unimodal
energy surface in aqueous solution. The calculated free energy
of activation (26.3 & 0.5 kcal/mol)!7 is in quantitative agreement
with the experimental value (26.6 kcal/mol).!® This along with
the reasonable computed heat of solution for the reactants (88
+ 6 keal/mol)!? supports the viability of the computational model,
though consideration of vibrational effects and the full multidi-
mensional nature of the surface are desirable.

The sharp onset of the barrier at the position of the ion-dipole
complex in solution is also interesting. It reveals that the de-
solvation of the ion up to this stage is compensated by the ion—
dipole attraction. The enhanced barrier in solution then results
primarily from less solute-solvent attraction for the charge de-
localized transition state than for the separated reactants. Further
structural and thermodynamic analyses of this system will be
reported shortly. 2

Registry No. CH,Cl, 74-87-3; CI-, 16887-00-6.

Supplementary Material Available: Details of the intermolecular
potential functions used in the simulations (4 pages). Ordering
information is given on any current masthead page.

(15) At 298 K, AH for the formation of the ion—dipole complex is -8.6
kcal/mol, while AG for the process is only —4.1 kcal/mol.}®

(16) For the intrinsic barrier, AH and AG are implicitly assumed to be
similar in ref 3b and 11.

(17) The error bars were derived from those obtained for the unnormalized
correlation function by comparing ensemble averages with separate averages
over blocks of 200K configurations.

(18) McLennan, D. J. Aust. J. Chem. 1978, 31, 1897. The value was
extrapolated from the data on unsymmetrical halogen exchange reactions:
Bathgate, R. H.; Moelwyn-Hughes, E. A. J. Chem. Soc. 1959, 2642.

(19) Experimental enthalpies of hydration for CH,Cl and ClI” are -5.6 and
-82 kcal/mol, respectively: Alexander, D. M.; Hill, D. J. T.; White, L. R.
Aust. J. Chem. 1971, 24, 1143. Abraham, M. H. J. Chem. Soc., Perkin
Trans. 2 1973, 1893. Bockris, J. O’M.; Reddy, A. K. N. “Modern
Electrochemistry”; Plenum Press: New York, NY, 1970; Vol. 1, p 45.

(20) Gratitude is expressed to the National Science Foundation for sup-
port.
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Recent theoretical calculations have supported the general
opinion that the orbitals of the carbon—carbon triple bonds of metal
acetylide ligands do not interact greatly with the valence orbitals
of the metal atoms to which they are bonded.? Because M—H
bonds are known to add to the carbon-carbon triple bonds of
alkynes, a similar addition to metal acetylides might provide an
interesting and general route to the preparation of homo- and
heterodinuclear complexes. The first example of this type of
reaction is reported below.

When the platinum phenylacetylide complex, trans-Pt(PEt;),
(C=CPh),’ (1), is treated with 1 equiv of [trans-Pt(PEt;),-
(H)(acetone)]BF,* (2), in acetone solution at 25 °C for 20 min,

(1) (a) Department of Chemistry. (b) Department of Physics and As-
tronomy.

(2) (a) Kostic, N. M.; Fenske, R. F. Organometallics 1982, 1, 974-982.
(b) Nast, R. Coord. Chem. Rev. 1982, 47, 89-124.

(3) Sonogashira, K., Fujikura, Y.; Yatake, T.; Toyoshima, N.; Takahashi,
S.; and Hagihara, N. J. Organomer. Chem. 1978, 145, 101-108.
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Figure 1. ORTEP view (thermal ellipsoids at 15% probability) of the cation
of 3. Some selected interatomic distances (A) and angles (deg): Pt-
(1)-Pt(2), 2.750 (2); Pt(1)-P(1), 2.325 (5); Pt(1)-P(2), 2.329 (5); Pt-
(2)-P(3), 2.228 (8); Pt(2)-P(4), 2.351 (8); Pt(1)-C(60), 2.17 (2); C-
(60)-C(61), 1.14'%; Pt(1)-C(50), 2.10 (2); Pt(2)-C(50), 1.93 (2); C-
(50)-C(51), 1.33 (3); P(1)-Pt(1)-P(2), 176.1 (3); C(50)-Pt(1)-C(60),
169.1 (7); P(1)-Pt(1)-C(60), 86.2 (4); P(2)-Pt(1)-C(60), 91.1 (4);
P(3)-Pt(2)-P(4), 100.2 (3); Pt(1)-C(50)-Pt(2), 86.2 (7); C(50)-C-
(51)—C(52), 132 (2); Pt(1)-C(60)-C(61), 163! C(60)-C(61)-C(62),
172'%. Hydrogen atoms are omitted for clarity.

the diplatinum complex, [Pt,(u-C=CHPh)(C=CPh)(PEt;),] BF’
(3) is isolated as a red solid, as shown in eq 1.

—

Ph H
CPh \c/
V4
L c Lol L
c
2N
Pt + [HPtL,(acetons)] BF, —|PhCzCPt——Pt BF,
c L L \L
Vi - -
PhC
(1)
I, Le=PEt, 2, L=PEt, 3, L=PEY,

Complex 3 contains a u-vinylidene ligand formed by the 1,2-
addition of the Pt—H bond of 2 across the C-C triple bond of one
of the phenylacetylide ligands of 1. This reaction represents a
new method of preparing vinylidene ligands and one of the few
direct and easily rationalized routes to u-vinylidene complexes.514

(4) Complex 2 is prepared by a procedure analogous to that used in pre-
paring the PF¢™ salt; see: Clark, H. C,; Fiess, P. L.; Wong,, C. S. Can. J.
Chem. 1977, 55, 177-188.

(5) Complex 3 is isolated in 43% yield by crystallization from a THF/
hexane solution at —15 °C. Detailed characterization data: mp 134-137 °C
dec; IR (CH,Cl,) » (C=C) 2100 (w) cm™'; 'H NMR (CD,Cl,) é 1.00, 1.08,
1.16, 1.24, 1.33 (“quintet”, 36, CH;, J,s¢ = 7.5 Hz), 1.98 (m, 24, CH,), 7.28,
7.88 (complex m, 11, 2Ph + CH?); *C NMR (CD,Cl,) 6 8.3 (q, CH,, J =
124 Hz), 16.9, 17.8 18.2, 18.9, 19.2 (*t”, CH,, J ~ 132 Hz), 124.9, 126.1,
127.0, 128.9, 130.7 (*d”, CH, J ~ 161 Hz), 140.3 (s, C, Ph), 142.0 (s, C, Ph).
The u-vinylidene quarternary donor carbon and the two acetylide quarternary
carbons were not observed in the '*C NMR spectrum of 3 for an ~0.2 M
solution after 28 000 pulses. Anal. Caled for C,H5BF,PPt,: C, 41.66; H,
6.15; F, 6.67; P, 10.74. Found: C, 39.98; H, 6.23; F, 6.63; P, 10.76.

(6) Bruce, M. L; Swincer, A. G. Adv. Organomet. Chem. 1983, 22,
60-128.

(7) (a) Wolf, J.; Werner, H.; Serhadli, O.; Ziegler, M. L. Angew Chem.,
Int. Ed. Engl. 1983, 22, 414-415. (b) Folting, K.; Huffman, J. C.; Lewis,
L. N; Caulton, K. C. Inorg. Chem. 1979, 18, 3483-3486. (c) Bruce, M. L;
Wallis, R. C. Aust. J. Chem. 1979, 32, 1471-1485; (d) J. Organomet. Chem.
1978, 161, C1-C4. (e) Antonova, A. B; Kolobova, N. E.; Petrosky, P. V.;
Lokshin, B. V.; Obezyuk, N. S. 7bid. 1977, 137, 55-67. (f) Kolovova, N. F.;
Antonova, A. B.; Khitrova, O. M.; Antipin, M. Yu.; Struckhov, Yu. T. /bid.
1977, 137, 69-78. (g) Nesmeyanov, A. N.; Aleksandrov, G. G.; Antonova,
A. B.; Anisimov, K. N.; Kolobova, N. E.; Struchkov, Yu. T. /bid. 1976, 110,
C36-C38. (h) Bellerby, J. M.; Mays, M. J. Ibid. 1976, 117, C21-C22.

(8) (a) Bruce, M. I; Swincer, A. G. Aust. J. Chem. 1980, 33, 1471-1483.
(b) Berke. Z. Narurforsch., B 1980, 358, 86-90. (c) Bruce, M. L.; Swincer,
A. G.; Wallis, R, C. J. Organomet. Chem. 1979, 171, C5-C8. (d) Davison,
A.; Selegue, J. P. J. Am. Chem. Soc. 1978, 100, 7763-7765.
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The molecular structure of 3, as determined by X-ray dif-
fraction, confirms the structure as shown.!> An ORTEP view of
the cationic portion of 3 is shown in Figure 1. The Pt(1)-Pt(2)
distance of 2.750 (2) A represents a bona fide Pt-Pt single-bond
length. The principal coordination geometry about Pt(1), ex-
cluding Pt(2), is nearly square [the atoms Pt(1), P(1), P(2), C(50),
and C(60) are nearly coplanar having a maximum atomic devi-
ation from coplanarity of 0.11 A for Pt(1)], while the principal
coordination geometry about Pt(2), excluding Pt(1), is described
best as distorted “Y” or “T” shaped.!'# The angle between the
planes defined by [Pt(1), Pt(2), P(1), P(2)] and [Pt(1), Pt(2),
P(3), P(4), C(50), C(60)] is 86.9°. A terminal phenylacetylide
ligand is coordinated to Pt(1). The presence of a u-phenyl-
vinylidene ligand is also evident. The C(50)-C(51) distance of
1.33 (3) A is as expected for a C—C double bond, and the overall
structure of this ligand is consistent with that reported for (n-
CsH;),Mn,(CO),(u-C=CHPh).7¢ Positive electron density
amounting to 0.29¢™/A? was located on electron density maps at
the calculated position for the vinylidene proton bonded to C(51).

A proposed mechanism for the formation of 3 from 1 and 2
can be devised by analogy to the extensive mechanistic work
reported by Clark for the reactions of 2 (and related complexes)
with alkynes.*!® For the reaction shown in eq 1, a probable
mechanism is the following: (1) loss of acetone from 2 upon
formation of an n*alkyne complex with one of the phenyl acetylide
ligands of 1, (2) isomerization of this trans “alkyne” complex to
the cis isomer, and (3) cis-1,2-addition of the Pt—H bond across
the C—C triple bond with concomitant formation of the Pt—Pt bond
giving 3. The metal-metal bond formation presumably results
from having the Pt atom of the phenyl acetylide complex act as
an intramolecular Lewis base that donates an electron pair to the
3-coordinate cationic platinum atom produced after the 1,2-ad-
dition.

Two important consequences of this mechanism that are evident
from the structure of 3 are (1) the Pt—-H bond adds to the C-C
triple bond to give a cis-addition product and (2) the formation
of the Pt-Pt bond locks in the cis phosphine coordination geometry
at the Pt atom which added to the C-C triple bond (this isomer
is the one expected for the kinetic product after addition!6c),
Furthermore, addition of the hydrogen atom of 2 to the phe-
nyl-substituted acetylide carbon atom would result if the Pt-H
bond polarity is ®"Pt—H®* (as appears to be the general observa-
tion'8), because electrophiles prefer to attack at C4 of acetylide
ligands.8

The formation of 3 represents a direct, rational route for
preparing dinuclear clusters. This synthetic method corresponds

(9) (a) King, R. B.; Saran, M. S. J. Am. Chem. Soc. 1973, 95, 1811-1817,
(b) 7bid. 1973, 95, 1817-1824. (c) Stang, P. J. Chem. Rev. 1978, 78, 383-405.

(10) (a) Kolobova, N. E.; Ivanov, L. L.; Zhvanko, O. S.; Aleksandrov, G.
G.; Struchkov, Yu. T. J. Organomet. Chem. 1982, 228, 265-272. (b) Kolo-
bova, N. E.; Antonova, A. B.; Khitrova, O. M. Ibid. 1978, 146, C17-C18.

(11) (a) Awang, M. R; Jeffery, J. C.; Stone, F. G. A. J. Chem. Soc.,
Dalton Trans. 1983, 2091-2098. (b) Kao, S. C.; Lu,, P. P. Y,; Pettit, R.
Organometallics 1982, 1, 911-918.

(12) Mills, O. S.; Redhcuse, A. D. J. Chem. Soc., Chem. Commun. 1966,
444-445,

(13) Matt, G. N.; Carty, A. J. Inorg. Chem. 1983, 22, 2726-2736.

(14) Davies, D. L.; Dyke, A. F.; Endesfelder, A.; Knox, S. A. R.; Naish,
P. J,; Orpen, A. G.; Plass, D; Taylor, G. E. J. Organomet. Chem. 1980, /98,
C43-C49.

(15) Crystallographic data are summarized below: Space group P2,/c,
witha = 13.130 (3) A, b = 15.792 (4) A, ¢ = 24.958 (5) /{ 6=113.07 (2)°
(A =.70926 A), and Z = 4. Data were collected on an orange-red crystal
measuring ca. 0.35 mm X 0.26 mm X 0.22 mm on a four-circle automated
Picker diffractometer using Mo Ko radiation. Data were acquired by 26 step
scans out to 50° 26. Of the total 8436 observed unique reflections, only 4444
with intensity >20(F?) were used in the refinement. An absorption correction
was applied to the data. The structure was solved by the Patterson method,
and final full-matrix least-squares refinement gave R = 6.9% and R,, = 7.7%.
All non-hydrogen atoms were included in the refinements, although some
atomic positions [C(43)-C(46) and C(61)-C(67)] were fixed in the final
refinement due to a slight disorder. Details of these procedures are included
in the supplementary material.

(16) (a) Attig, T. G,; Clark, H. C.;; Wong, C. S. Can. J. Chem. 1977, 55,
189-198. (b) Clark, H. C.; Jablonski, C. R.; Wong, C. S. Inorg. Chem. 1975,
14, 1332-1335. (c) Clark, H. C.; Wong, C. S. J. Organomet. Chem. 1975,
92, C31-C34.
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to a new type of bridge-assisted, addition reaction for cluster
synthesis.!” Because of the possible variation of metal acetylide?
(and hydride) reagents, this approach might also afford hetero-
dinuclear clusters. In addition, complex 2 (and related hydrides)
might add to other types of unsaturated bonds to give di- and
polynuclear clusters or to other types of unsaturated bonds to give
di- and polynuclear clusters having different types of bridging
groups. The investigations of these possibilities as well as the
reaction chemistry of complex 3 are being pursued.!®
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Supplementary Material Available: A complete listing of final
positional and thermal parameters, final observed and calculated
structure factors, selected interatomic distances and angles, and
selected least-squares planes data, and a brief description of the
details of the solution and refinement (33 pages). Ordering in-
formation is given on any current masthead page.

(17) Roberts, D. A.; Geoffroy, G. L. In “Comprehensive Organometallic
Chemistry”; Wilkinson, G, Stone, F. G. A., Abel, E. W, Eds.; Pergamon Press:
Oxford, 1982; Vol. 6, pp 763-877.

(18) In separate but analogous reactions, complex 2 reacts with acetylide
complexes of Ni(II), Pd(1I), Ir(I), and (#-CsHs)(OC),Fe(C=CPh) to give
distinctive color changes like that observed for eq 1. Preliminary spectroscopic
data are consistent with the formation of heterodinuclear complexes that are
analogous to 3.
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Arnold L. Rheingold!®
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A study of the two-electron oxidation? of the pseudo-triple-
decker dicobalt compound (CpCo),(cot) (Cp = 5°-CsHj; cot =
nP-cyclooctatetraene) (1) suggested that the dication might have
a flattened cyclooctatetraene ring since this would give a delo-
calized 34-electron’ triple-decker structure. 12* was too unstable
to be structurally characterized, but we now report the isolation
of analogous dications in which the central CgHg ring has two
planar four-carbon fragments connected by a minor twist and the
metal atoms are slipped to the sides of the Cg ligand. Voltammetry
experiments suggest that electron-transfer-induced movement of
the two metal atoms over the Cg ligand is much more facile for
cobalt than for rhodium.

*Structural Consequences of Electron-Transfer Reactions 9. Part 8: J.
Am. Chem. Soc. 1983, 105, 1772.

(1) (a) University of Vermont. (b) University of Delaware.

(2) Moraczewski, J.; Geiger, W. E. J. Am. Chem. Soc. 1978, 100, 7429.

(3) (a) Lauher, J. W.; Elian, M.; Summerville, R. H.; Hoffman, R. J. Am.
Chem. Soc. 1976, 98, 3219. (b) Edwin, J.; Bochmann, M.; Bohm, M. C.;
Brennan, D.; Geiger, W. E.; Kruger, C.; Pebler, J.; Pritzkow, H.; Siebert, W.;
Swiridoff, W.; Wadepohl, H.; Weiss, J.; Zenneck, U. Ibid. 1983, 105, 2582.
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e C2

Cy 2

Figure 1. Thermal ellipsoid (40% probability) diagram and label scheme
for [CpRh(cot)RhCpl}(PF),. A crystallographic 2-fold axis is perpen-
dicular to the drawing and passes through the midpoints of the C6-C6’
and C9-C9’ bonds. Important bond distances not given on the figure are
C6-Cé6’ 1.501, C9-C9’ 1.500, Rh-centroid (Cp) 1.823 A. Estimated
standard deviations on Rh-C bonds, 0.006; on C-C bonds, 0.01.

Cyclic voltammetric (CV) and controlled potential coulometric
experiments on 2% and the dirhodium complex® 3 show that both

(==

0,
&R,

2,M=Co;R=CH,
3,M=Rh;R=H

undergo chemically reversible two-electron oxidations in which
the electron transfer is either quasi-reversible (for 2) or irreversible
(for 3). The (5°-CsMes)Co, complex 2 undergoes oxidation at
a E° potential (-0.24 V vs. SCE) 140 mV lower than 1. Unlike
1, for which a nearly Nernstian CV peak separation (AE)) as low
as 32 mV was obtained,? the smallest peak separation found for
2 in dichloromethane was 61 mV (v = 16 mV/s). Moreover, the
peak potentials are scan-rate and temperature dependent, giving
a AE; of ca. 330 mV (v = 160 mV/s) at —40 °C.

Even larger CV peak separations are observed for the dirhodium
complex 3 (E,, = +0.47, E,. =-0.17 Vat v = 200 mV /s in 1:1
acetone/dichloromethane and E,, = +0.55, E,, = -0.14 V in
dichloromethane). Bulk electrolysis of 3 in dichloromethane at
+0.9 V caused the precipitation of the dicationic complex. 3?*
was also obtained by chemical oxidation of 3 with 2 mol equiv
of AgPF¢in CH,Cl,. The product precipitated as dark red crystals
and was separated from silver by dissolution in nitromethane,
filtration, and crystallization by addition of benzene. The structure
32*(PFg), was determined by single-crystal X-ray diffraction
studies. The key feature of the structure (Figure 1) is that the
metal atoms are slipped to the side of the Cg ring, which has two
nearly planar C, fragments twisted by 34.8°. Each Rh is formally
bonded to five carbons, requiring two carbons (C9 and C9’) to
be bridging between the metals to give a 34-electron structure.
The 'H NMR spectrum of 3** at reduced temperatures suggests
that it retains this structure in solution (four sets of resonances
from the Cg ring).’

(4) Beevor, R. G.; Firth, S. A; Spencer, J. L. J. Organomet. Chem. 1981,
221, C25.

(5) Brenner, K. S,; Fischer, E. O,; Fritz, H. P.; Kreiter, C. G. Chem. Ber.
1963, 96, 2632,

(6) [(CpRh),(cot)](PFg), crystallizes in the orthorhombic, noncentrosym-
metric group P2,2,2: a = 14073 (3) A, b =11.353 (2) A, c = 6.748 (1) A,
V = 1078.1 (4) A3, d(caled) = 2.25 g cm™3, Z = 2 (asymmetric unit consists
of one Cp ring, one Rh atom, and one half of a cot ring). Refinement
converged at Ry = 0.0299, R,r = 0.0346, and GOF = 1.305.
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