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Abstract: The transformation of a rhodium(#f-alkyne model complex RhCI(P§3(HC=CH) (A) into the vinylidene

form RhCI(PH)2(C=CH,) (E) has been examined by ab initio theoretical calculations using MP2 level geometry
optimizations and localized molecular orbital (LMO) analysis. The vinylidene farimas been found to be 7.8
kcal/mol more stable thafs. The previously found intraligand 1,2-hydrogen shift mechanism in the Ru(ll)-coordinated
alkyne—-vinylidene isomerization is not relevant for the present Rh system. The reaction proceeds via the oxidative
addition product RhCI(Pj(H)(C=CH) (C), followed by a bimolecular hydrogen shift from the metal to the terminal
carbon of a second molecule rather than by intramolecular 1,3-hydrogen transfer. The LMO analysis of the transition
state of the unimolecular 1,3-hydrogen shift indicates that the hydrogen moves as a proton while it interacts with the
three centers simultaneously, i.e., Rly,@&nd @ in the transition state. The hydrogen was analyzed to migrate
also as a proton in the bimolecular mechanism. The barrier of the bimolecular pathway has been further calculated
for a more realistic system with substituted phosphines, RIEIHRH)(C=CH), using the integrated MG MM
(MP2:MM3) method. It was concluded that in the real system with substituents on both the phosphines and the
alkyne, RhCI(FPr;),(HC=CR), the bimolecular hydrogen shift is still favored by ca. 15 kcal/mol in free energy of
activation; unimolecular 1,3-H migration should become important in special cases like solid state isomerizations.

Introduction ingly few reports on the theoretical analysis of how and why
an n?-coordinated acetylene undergoes isomerization for the
vinylidene very easily in transition metal complexes.

Ten years ago, the extendeddHel calculations by Silvestre
and Hoffmann on Mnf®-CsHs)(CO)(C,H>) suggested that a
direct 1,2-hydrogen shift from the- to 5-carbon, a route similar
to that calculated for the tautomerization of free acetylene, might
be plausible also in the compléx.In relevance to the

¥ntermediate in a unique catalytic dimerization of 1-alkyne to

The tautomerization between free acetylene £#{H) and
vinylidene (:C=CH,) has been the subject of a number of
theoretical and physicochemical studié8. While formation
of vinylidene from free acetylene is strongly endothermic, by
44—47 kcal/mol, and is observed only under special condi-
tions23 the same isomerization occurring in the coordination
sphere of transition metals has numerous examples, apparentl
vm_ylldene being stabilized in many transition-metal complé‘xg;;. 1,4-disubstituted butatrieffewe have recently carried out
This phenomenon may be relevant to a number of transition . h S i ;

- - detailed analysis by ab initio molecular orbital calculations on
metal catalyzed reactions of alkynes, and indeed some of themthe RUCH(PHs)o(CoHo) systen® It also supported the intra-
have been established to involve alkyne and vinylidene isomer- 2\L2M) Systent. PP

ization in their catalytic cycle3® There are, however, surpris- ligand 1,2-hydrogen shift mechanism, a route similar to (i
yuc cycles: ’ »SUrp indicated in Scheme 1. The major role of the metal in this

isomerization is to stabilize the lone pair electrons at the
a-carbon which develop already in the transition state.

A different mechanism, where the role of a transition metal
is more pronounced, was proposed by Antonova and co-workers
already 20 years ago; i.e., the tautomerization takes place via
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Transformation of Acetylene to Vinylidene
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i. intraligand 1,2-H shift
ii. intramolecular 1,3-H shift or intermolecular H shift

Huckel calculations showed the 1,3-H shift was unlikely in the

Mn(#7%-CsHs)(CO)(CoHy) system, the barrier for this step being
too high?
Although the two foregoing theoretical simulations of d
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alkynyl(hydrido)metal complexes to examine if it was a true
intermediate followed by the 1,3-H shifts as Antonova had
proposed, or a side product equilibrating with thealkyne
complex which slowly undergoes 1,2-H shift. In other words,
it is of critical importance to check if path (ii) in Scheme 1 is
a reasonable process. Given that the alkynyl(hydrido)metal
species is a true intermediate, it was also of our interest to
compare the unimolecular and bimolecular hydrogen shift
mechanisms; aside from experimental observations to support
unimolecular reactions, the possibility of harmonized mutual
hydrogen exchange between the two alkynyl(hydrido)metal
molecules, from the metal of one molecular t8 &f the other
molecule, has been first pointed out by Werner for an Ir
systemt2c

In this paper we describe the ab initio molecular orbital
analysis on a model system of Werner's reaction, rearrangement

metal complexes support the intraligand 1,2-hydrogen transferin 3" square planar rhodium® dsystem. This model system

mechanicam, enough experimental evidence has been acrgpjaces the IPr; ligand and monosubstituted acetylene used
cumulated for the intermediacy of alkynyl(hydrido) complexes i the real reactions by PHand HG=CH, respectively. For

in the case of the Co, Rh, and Ir famil§.12 Werner and co-

the simulation of the bimolecular process where steric interac-

workers have demonstrated that the five-coordinated rhodium ions could be critical, we further performed calculations on

complexes of the type RhCIiz),(H)(C=CR) where R= -
Bu, SiMe;, and CH=CH(OMe)19¢-¢ rearrange smoothly to the
vinylidene form. In analogous iridium complexes and fo=R
Me, Ph, CGQMe, and SiMg, all three isomers IrCI(P
Prs),(HC=CR), IrCI(PPr),(H)(C=CR), and IrCI(fPr;),(C=CHR)
have been isolated, and the conversion of tjfealkyne
complexes to alkynyl(hydrido) and of the alkynyl(hydrido) to
vinylidene complexes has been achie¥edianchini’s cationic
cobalt system [P(CKCH,PPh)sCoL]" also illustrates a stepwise
rearrangement of L2-CH=CR — (H)(C=CR) — C=C(H)R,

the “real” PPr; ligand system using the integrated molecular
orbital + molecular mechanics (IMOMM) method recently
developed by Maseras and Morokurtfaand applied success-
fully to oxidative addition of H to Pt(PR), (R = H, Me, 'Bu,

Ph) by Matsubara et 4f° The isomerization route and the
transition state structures we obtained for the present Rh
complex are much different from those of our previous
conclusions on the Ru(ll) systérand demonstrate the impor-
tance of the electronic configuration of the metal center.

where the alkyne complexes were characterized spectroscopiiMethods of Calculation

cally while the solid state structures of alkynyl(hydrido) and

vinylidene complexes have been determifedOn the basis

of kinetic data, the isomerization of the alkynyl(hydrido)cobalt-

Simulations were performed by means of ab initio molecular orbital
calculations (GAUSSIAN 92 prograf). Throughout the calculations,
geometries of the stationary points were optimized at the MP2 level

(+) complex to the vinylidene form in solutions has been (gjectron correlation by second-order Matdtlesset perturbation). Al
concluded to be a unimolecular process. The positive entropy the unimolecular complexes were assumed to @vsymmetry and
of activation was consistent with a “dissociative” mechanism. calculated using the 17 valence electron effective core potential of Hay

In some cases, the isomerizations have been observed in thend Wadt2with the [3s3p2d]/[5s5p4d) basis functions for Rh, 4-31G

solid state, both in Biachini's Cosystem?! and in Werner's

basis séf for P, 3-21G sét for H of PHs, 4-31G* basis séf for C

Rh complexed® also suggesting that the change can take place and Cl, and TZP sétfor H of the GH, moiety or Rh-H. Interactive
via a unimolecular pathway. Despite this evidence, there still states of the two Rh complex units were optimized at the MP2 levels

remains a little uncertainty if the alkynyl(hydrido) complex is
a true intermediate since its equilibrium with thyé-alkyne

complex has been observed in the case of Werner's Rh sydtem;

i.e., the alkynyl(hydrido) complex might go back to thé

alkyne complex before it isomerizes via intraligand 1,2-hydrogen

shift as path (i) in Scheme 1.

It seemed, therefore, interesting to carry out theoretical
simulations on the isomerization reaction of one of these

with [2s2p2d]/[3s3p4d) basis functions and the 9-valence-electron
effective core potenti#® for the metal, and STO-3G basis $étor

all other atoms. The MP2 energies of thus optimized bimolecular
structures were recalculated using the same effective core potential and
basis sets as for the unimolecular complexes.

Transition state structures for the unimolecular and bimolecular
reactions were relaxed after giving small perturbation to ensure that
they are connected to corresponding reactants and products. A
vibrational analysis was performed for the two important transition
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Figure 1. Optimized structures (A and deg) fgf-alkyne complexA, alkynyl(hydrido) complexC, vinylidene compleXE, and transition states
Bis andDis. Rugs is the previously calculated transition state for the 1,2-H shift in RiREL)2(CoHy).

states,Dis and Gy (vide infra), to confirm that they have only one
imaginary frequency.

The IMOMM? calculations were carried out for a pair of interacting
RhCI(PPrs),(H)(CCH) complexes as well as for isolated Rh-
CIPPr13),(H)(CCH) and RhCI(FPr3),(CCH,) molecules. In the simula-
tions of [RhCI(PR)(H)(CCH)]. for example, the “model system”,
[RhCI(P)(H)(CCH)],, was treated by the MP2 method and tRe
groups were treated by the M¥f3nethod. As shown in the following
equation, the total energy of ther-substituted complex is expressed
as the sum of the MP2 energy for the unsubstituted complex
(Emp(R=H)) and the MM3 energy for théPr-substituted complex,
which was modified so that any MM contribution already included in

We first optimized the structures of the three stable complexes
involved in the present reaction, RhCI(H{HC=CH) (A),
RhCI(PH)2(H)(C=CH) (C), and RhCI(PH)(C=CH,) (E),
which are shown in Figure 1. To our knowledge the only known
X-ray structure of a monomeric Rh@f-alkyne complex is that
of a 1,4-bis(trimethylsilyl) diyne complex RhCIiffs)x(Mes-
SiC,SiMes) (a).242 The calculated RRC (2.065 A) and the
C=C (1.279 A) distances iA are very close to those found in
complexa, 2.03(1) and 2.16(1) A for the RHC and 1.26(2) A
for the coordinating &C bond. The RE-P (2.367 A) and
Rh—CI (2.317 A) bond lengths iA are also in agreement with

the MP2 calculation has to be zeroed out to avoid double counting the observed values, RiP (2.376(5) and 2.353(5) A) and

(EmMM3(R=iPI’)):14
Eot = Ewp(R=H) + EmMMS(R=iPr)

In the IMOMM method, the structures of théP, complexes were
optimized using the gradient &, without symmetry restrictions, under
the prescribed geometry constraint that the@Pbonds in the R= 'Pr
system lie on top of the corresponding R bonds in the R= H system
with the P-C bond lengths frozen to a value of 1.843 A. Consequently,
the MP2 geometry of the model system, [RhC}R)(CCH)L, is
perturbed by the steric effect due to tiR substituents evaluated by
the MM3 method. In the IMOMM calculations, the 9-valence-electron

Rh—CI (2.353(4) A) in the crystal of. For comparison, the
Rh—P and Rh-Cl bond lengths observed experimentally in the
ethylene analog RhCI{Pr3)(H,C=CH,) are 2.362(1) and
2.365(1) A, respectively®

A five-coordinated (alkynyl)(hydrido)rhodium(lll) compound
corresponding t& has not been structurally characterized, but
the structures of the six-coordinated complexes Rh(fMe
(H)(C=CPh} (c) and RhCI(FPr3),(Py)(C=CCMe=CHy), (d)
have been determiné&1¢ The RH'—H distances found in a
dinuclear complex, RiH»(O,CO)(PhG=CPh)(PPr3);,26 are
1.48(3) and 1.42(3) A and thus in good agreement with the

core potential with the better basis functions shown above was usedcalculated value of (1.499 A). While the RH—H bond length
for the MP2 part and standard parameters and the van der Waalsin d is only slightly longer, 1.56(4) A, the bond length of 1.90

parameters for Rh by Rappet al>® were used for the MM3 part.
Finally, Evp2(R=H) was refined using the same effective core potential
and basis sets as for the unimolecular complexes.

Results and Discussion

(1) Optimized Structures of RhCI(PH3)(HC=CH) (A),
RhCI(PH3)2(H)(C=CH) (C), and RhCI(PH3)2(C=CHy>) (E).
(22) Allinger, N. L. MM3(92), QCPE, Bloomington, IN, 1992.

(23) RappeA. L.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A, IlI;
Skiff, W. M. J. Am Chem Soc 1992 114, 10024.

A'in cis unusually long which is probably due to the strongly
electron donating PMegroup present in the trans position. The
Rh—C (1.958(4) A) and &C (1.206 A) distances in complex
d agree with those i€, Rh—C (1.942 A) and &C (1.228 A).

(24) (a) Rappert, T.; Nuberg, O.; Werner, HOrganometallics1993
12,1359. (b) Busetto, C.; D’Alfonso, A.; Maspero, F.; Perego, G.; Zazzetta,
A. J. Chem Soc, Dalton Trans 1977, 1828.

(25) Chow, P.; Zargarian, D.; Taylor, N. J.; Marder, T.JBChem Soc,
Chem Commun 1989 1545.
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Transformation of Acetylene to Vinylidene

PHy
Cl—Rh

+ CH,

|

Figure 2. Energy diagram (kcal/mol) of unimolecular rearrangement:
RhCI(PH)2(HC=CH) (A), RhCI(PH;)(H)(C=CH) (C), RhCI(PH,).-
(C=CH,) (E), and transition states. FdJs, the reaction coordinate
vector is shown with the associating imaginary frequency {¢m

The geometry around the Rh center@nis distorted square
pyramidal: the C-Rh—C(alkynyl) angle is 1644 and the
H—Rh—C(alkynyl) angle is only 695 Though five-coordinate
dé metal complexes have been calculated to adopt a squar

pyramidal structure rather than a trigonal-bipyramidal one, the

energy surface is knownto be flat and various intermediate form
are possiblé’?

The vinylidene complex RhCI{Prs),(C=C(H)Me) () has
also been structurally characteriZ€8. The Rh—C (1.775(6)
A), c=C (1.32(1) A), Rr-P (2.343(2) A), and RhCI

J. Am. Chem. Soc., Vol. 119, No. 2, 3897

free state, EC 1.215 A and €&H 1.061 A, and that the bending
of the C—C— H angle is also small (165°8
In the Ru case, the route to an alkynyl(hydrido)ruthenium
complex from then>C—H complex does not exist due to
thermodynamic instability of the oxidative addition product
which must have an octahedral Ru(lV) certtefhis is a reason
why one finds the;?-C—H intermediate state in the Ru system
albeit its shallow minimum; in marked contrast, the presgnt
C—H speciesBy) is a transition state which has a steep slope
down to the alkynyl(hydrido)metal comple, reflecting the
ease of oxidative addition reaction i¥ thetal complexes to
form o products.
(3) Path from RhCI(PH3),(H)(C=CH) (C) to RhCI(PH3).-
(C=CHy)) (E), the 1,3-Hydrogen Shift from the Metal to CB.
As expected, the vinylidene complek)(has been calculated
to be the most stable species with its energy 17.2 kcal/mol lower
than that ofC (Figure 2).
The transition statels) for the transformation oC to E
has been determined, the energy of which is 33.5 kcal/mol
higher than that ofC. The transition structure for the 1,3-
hydrogen shift process calculated here (Figure 1) differs from
the transition state for the intraligand 1,2-hydrogen shift
calculated previously for Rug(PHs)>(C:H5)® (Ruys in Figure
1); in Dy the interaction between the metal and th#i€unit
eds much stronger than iRuis. The Rh-Ca (1.862 A) and
Rh—Hmigraing (2.162 A) distances are shorter than-Rto
(2.016 A) and Rt-Hmigrating (2.450 A) while the @—Hmigrating
distance is longer in the 1,3-migration (1.206 A) than in 1,2-
migration (1.127 A). Owing to the bending of the RBa—Cf
angle toward the migrating hydrogen (angle 262the
CB—Hnmigraiing distance in the present 1,3-shift (1.507 A) is

S

(2.366(2) A) distances are all close to the values calculated for distinctively shorter than in the 1,2-migration process (1.654

E, Rh—C (1.754 A), G=C (1.321 A), RR-P (2.370 A), and
Rh—CI (2.380 A).

(2) Path from RhCI(PH3)2(HC=CH) (A) to RhCI(PH 3),-
(H)(C=CH) (C), the Oxidative Addition of the Acetylenic

Figure 3 illustrates contour diagrams of four important
occupied localized molecular orbitals (LMOs), {g}l), of Dis
in its Cs plane. The metal component and thekigcomponent

CH unit. It is generally accepted that the initial interaction ©f €ach LMO are shown schematically on the left and right
between a metal center and a terminal alkyne molecule is of Sides, respectively, of Figure 3. The behavior of LMOs in this
the #2-CC coordination mode. The most reasonable reaction éaction process can be best understood if the migrating

which follows is the oxidative addition of the-€H bond to
form an alkynyl(hydrido)metal species; isolation ofi#ralkyne
complex and its transformation into an alkynyl(hydrido) complex
have been observed in many instances. The calculated ener
difference betweeA andC is 9.4 kcal/mol, as shown in Figure

hydrogen is viewed as a proton rather than a hydride; i.e., the
migrating hydrogen leaves behind two electrons used for the
Rh—H bond. During the reaction, the RIC o-bond turns into
gyne lone pair on carbon, which is represented by LMO (a) at
the transition stat®. In LMO (b) the migrating proton is

2, in favor of the alkyne complex. In the actual reaction, where accepting two electrons from the in-plane=C z-bonding

a bulky phosphine like Pr; and a bulky substitutent on the
alkyne are employed, thg?-alkyne complex should be less

orbital, and these electrons are used to form the néw i€
o-bond in the final vinylidene complek. LMO (c) represents

stable than the present model system because the substituertack-donation from the occupieg @ribtal to an empty gH>
on the alkyne has obviously much more steric interaction with fragment orbital which is antibonding between H and. GOn
the phosphine i than in the alkynyl comple. Furthermore,  the path from the reactant compl€xto Dss, the vacant d MO
the more basic nature of the central metal witRrPligands, of the five-coordinate @ispecie<C accepts the two electrons of
as compared with PH should favor the alkynyl(hydrido) the M—H bond to accomplish the reductive elimination process
complex. and to convert the Rh tcd In LMO (d) another back-donation
The transition state structur®g) betweenA andC was  ¢an be seen from the metal, @ the “empty pr” of Ca.in the
calculated to have ap? type interaction of the €H o-bond  final vinylidene complex produd.
with the metal as shown in Figure 1, with an energy+@6.9 The LMO analysis above clearly indicates tfag is not
kcal/mol relative to that o€ (Figure 2). A similar interaction  correlated to thej>-alkyne complexA. This is confirmed by
of the HG=CH unit with a metal through its-€H o-bond has  following the energy gradient from the vicinity ds, which
been found in our previous calculation for Ru®Hs)>(C,H>), actually leads to the alkynyl(hydrido)metal compiéx Despite
as an unstablg2-C—H intermediaté. The calculated geometry  all our efforts, we could not find a transition state for the 1,2-
of B in Figure 1, C-C 1.227 A and &-H 1.087 A, indicates hydrogen shift within the alkyne ligand, and we have to conclude
that the alkyne unit distorts only slightly from its calculated that such a transition state does not exist.
(4) Bimolecular Rearrangement of [RhCI(PHs)2(H)-
(C=CH)] (F) to [RhCI(PH3)5(C=CHy)], (H). Besides the
intramolecular 1,3-hydrogen shift mechanism discussed above,

(27) (a) Elian, M.; Hoffmann, Rlnorg. Chem 1975 14, 1058. (b)
Daniel, C.; Koga, N.; Han, J.; Fu, X. Y.; Morokuma, &.Am Chem Soc
1988 110, 3773.
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Figure 4. Optimized structures (A and deg) for bimolecular units of
alkynyl(hydrido) complex, vinylidene complexH, and the transition
stateGys, under theCy, constraint.
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Figure 3. Important localized molecular orbitals in the plane of-Cl
Rh—CH—CH (xz plane) for transition statBs.

we have studied the possibility for a concerted bimolecular
hydrogen transfer process taking place between two alkynyl-
(hydrido)rhodium units. Throughout the calculations of the
present bimolecular reactionSg, Symmetry was assumed for
the spatial arrangement of the two metal complex units. Since
we obtainedCyy-like structures in the IMOMM calculations
without symmetry restriction, as will be shown later, this
assumption is reasonable. We found the equilibrium structures
for the interaction of two alkynyl(hydrido)rhodium molecules
(F), two vinylidene complex unitsH), and the transition state
between themG). Their calculated structures and the energy
profile are shown in Figures 4 and 5, respectively.

Since these dimeric structures have been calculated with
minimal basis sets for all non-metal atoms and, therefore, cannot
be compared directly with the monomer structures, the alkynyl- Figure 5. Energy diagram (kcal/mol) for bimolecular rearrangement:
(hydrido)rhodium complexC was recalculated using the mini-  [RNCI(PH)AH)(C=CH)L (F), [RCI(PH)(C=CH)]. (H), and transi-
mal basis sets. The alkynyl(hydrido)metal moiety Fnis :Ir?n statec_;[i: For G, the ;eactlon coordinate vector is shown with
virtually the same in geometry as the recalculaegixcept that & associating imaginary frequency (c
the G=C bond is slightly longer. The intermolecular distance weakly with the Rh-Cl bond of the other molecule, the +Cl
between the hydride and alkynyl carbons of the other unit are distance being 3.164 A vs van der Waals radii of 1.2 A for H
2.80 A to Gx and 2.85 A to @, distances too large to expect and 1.8 A for Cl.
direct orbital interactions but well within the sum of van der Finally, the energies of these optimized structures were refined
Waals radii. The interaction is thus expected to be of a weak employing the same basis sets as used for the calculations of
electrostatic type between the hydride and the alkynyl group. the unimolecular process, and the energy profile thus calculated

In the transition stat&s, the intermolecular distance between s illustrated in Figure 5. The association energy to fdfm
the hydride of one molecule and3@f the other is shortened  from two units of C has been calculated to be 7.4 kcal/mol.
to 1.384 A while the metathydride bond is elongated to 1.660 The most important finding is that the bimolecular rearrange-
A. The angle @—CB—Hp is bent from linearity to 1489so ment from [RhCI(PH)(H)(C=CH)], (F) to [RhCI(PH)2-
that @5 can form the new €H bond. The Rh-Ca.—Cf angle (C=CHy)]2 (H) takes place with a very low activation energy
is also bent by 1653toward the incoming H. In the final  of 3.4 kcal/mol. The unimolecular rearrangement requires more
productH the hydrogen that has migrated now interacts very than 33 kcal/mol of the activation energy, and the bimolecular

2C
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Transformation of Acetylene to Vinylidene

(a)

(C ©)

Figure 6. Important localized molecular orbitals in the plane of 2(Cl
Rh—CH—CH) for the bimolecular transition stat@;s.

pathway is much preferred over the unimolecular pathway for
the rearrangement from the alkynyl(hydrido) complex to the
vinlidene complex.

Three important LMOs of transition sta&s shown in Figure

J. Am. Chem. Soc., Vol. 119, No. 2, 3897
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Figure 7. Structures (A and deg) of [RhCIr:)(H)(C=CH)].
(F(iPr)) and transition statés(iPr) optimized with the IMOMM
method. ThéPr groups of phosphines are not shown for clarity.

stable than a pair d&('Pr), for which we performed IMOMM
calculations.

Comparing the structure &f('Pr) with that of F in Figure 4,
one notices that the RFRh distance is longer iR(Pr) by 0.88
A, as expected by a much larger steric repulsion between the
isopropyl groups on phosphines. HoweverGg(Pr) the Rh-
Rh distance is longer than @ only by 0.28 A. The interaction

6 strongly suggest again that the migrating hydrogen should bebetween RR-CCH of one molecule and RfH of the other is
regarded as a proton rather than a hydride. In LMO (a), the similar in Gi(iPr) and Gy, the same bond exchange taking

migrating proton is interacting with the in-plane CGf=orbital
which turns to the new €-H bond on going to the product.
This leaves the in-plane p-orbital alG&mpty and, as seen in
LMO (c), back-donation from the Rh,ds already becoming
effective at the transition sta@;. In LMO (b), the RR-H
bond is turning into the gorbital localized on Rh. The linear
combination of (a) and (b) gives three-centered-(R#r--Cf)
4-electron interaction which explains why this proton-bridged
species forms a low-energy transition state.

(5) Integrated MO + MM (IMOMM) Calculations on the
Bimolecular Hydrogen Migration of RhCI(PPr3),(H)-
(C=CH). In a series of Rhvinylidene-forming reactions from
terminal alkynes, the ancillary phosphine ligand employed by
Werner and co-workers has beéRBR1° Since the bimolecular

place. Bending of the PRh—P bond angle (from 180in F-
(Pr) to 166 in G(Pr)) away from the reaction center in the
transition state, combined with the flexible nature of isopropyl
groups on P, must have relieved the steric repulsion. Though
the Rh-Rh distance irGs(Pr) is 0.96 A shorter than i (iPr),
its MM3 energy Emmms) is only 6.5 kcal/mol larger than that
for F(iPr), and this reduced steric repulsion in the transition
stateGys(IPr) has contributed to lowering of the activation barrier
for the bimolecular rearrangement, as will be discussed later.
Some preliminary study on the steric effect brought about
by a bulky substituent on acetylene has been carried out. The
hydrogens on the two terminal alkynyl carbons3g('Pr) were
replaced with'Bu groups, and their conformations as well as
those ofiPr groups on the phosphine ligands were optimized

pathway was found to be an energetically preferred route in with MM2 calculations, while the geometry of the central part,

the case of the model complex with the Aldand as discussed
in the preceding section, we need to examine if two alkynyl-
(hydrido) molecules with bulky iPr; ligands RhCI(FPr),-
(H)(C=CH) (C('Pr)) can likewise interact with each other and
rearrange easily. As shown in Figure 7, the IMOMM calcula-

(P—Rh—P)—CC—HpigratingWas kept frozen to that dBs('Pr).

The Bu hydrogens have some steric interaction with ‘e
hydrogens on phosphines of the partner molecule, the shortest
contact being 2.126 A, but it is not very severe. This is mainly
due to the large bend angle o&C—Hp or C=C—'Bu (in the

tions have shown that such interaction indeed takes placeMM2 calculation frozen at 142which is taken fromGs('Pr)

(F("Pr)) and the transition state for the intermolecular hydrogen

in Figure 7) which directs the substituefB\§ group) toward

shift (Gi('Pr)) exists at more or less expected geometries. We open space.

did not perform an IMOMM calculation for the corresponding
pairing of the final vinylidene complex because of the cpu time
limitation, but such an intermediateH{Pr)”, must be more

The association of twdC(‘Pr) to form F(Pr) has been
calculated to be 4.2 kcal/mol exothermic, and the barrier from
this level to transition stat€("Pr) is 10.3 kcal/mol, as shown
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Figure 8. Energy diagram (kcal/mol) for bimolecular rearrangement:
[RhCI(PP13),(H)(C=CH)], (F(iPr)) and the transition stat&(iPr).

in Figure 8. The energy level @(Pr) is then endothermic

from C(Pr) by 6.1 kcal/mol, a reasonable change from the

exothermic formation oG for C in the model complex with
less bulky PH ligands (Figure 5). The entropy change for

forming a “tight” transition state in bimolecular reactions has

been described to be approximateit50 J K1 mol~! which
is equal to free energy of 10.6 kcal/mol at 298K.If we
assume the entropy change-0£50 J KX mol~ on going from
two C(Pr) to Gi('Pr), the free energy of activation in the

present bimolecular process should then be approximately 17

kcal/mol at 298 K.

Concluding Remarks

Wakatsuki et al.
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metal complexes are thus very different, but they have similari-
ties in that the hydrogen moves as a proton, regardless if it is
bound to @ or to the central metal before the shift starts
(Scheme 2a,b), so that a lone pair orbital is generatednat C
The two electrons necessary to form the nef~Ei bond are
supplied by the in-plane -€C s-orbital, and this process leaves
the in-plane p-orbital at &€ empty, which thus ends up as an
accepting orbital for the back-donation from the metal. In this
respect, the resemblance to the mechanism in well-known
protonation reactiorisof metal-alkynyl complexes may be
pointed out (Scheme 2c) where the proton is added externally
to form cationic vinylidene complexes.

Bianchini’s vinylidene-forming reactidf from the cationic
alkynyl(hydrido)cobalt complex, [P(CIH€H.PPh)s;Co(H)-
(C=CR)]" — [P(CH,CH,PPRh)3:Co(C=CHR)]*, may be viewed
as situated between (b) and (c) in Scheme 2. The proton is

While our previous MO calculations have indicated tht the originally bonded to Co, but after dissociation from the metal,

transformation of any2-coordinated alkyne to a vinylidene

the reaction should follow Scheme 2c. Their kinetic data

ligand on Ru(ll) proceeds via an intraligand 1,2-hydrogen shift suggests that the proton dissociation is the rate-determining step

mechanisn§, a similar rearrangement in the present Rh(l)

(first-order kinetics and positivaS), and the observed enthalpy

complex has been found to take place via the oxidative addition of activation,AH* = 31 + 1 kcal/mol for R= Ph, happens to

product, alkynyl(hydrido)rhodium. Starting from ag-C=C
complex, both systems give a [met@CH] species in a
subsequent step. In the case of tieRai(ll) system, this;?-
CH complex is an intermediate which then climbs up the hill
to the 1,2-hydrogen shift transition state. In contrast,the
CH coordinated state is a transition state in th&t(l) system,

be in the same range as the calculated here for the Rh complex
in its unimolecular process. It is worth noting that the cobalt
center is guarded by six phenyl groups of the conformationally
rigid tetrapod phosphine ligand and a bimolecular pathway is
apparently not possible here.

Finally, the solid state transformation of alkynyl(hydrido)

the oxidative addition being a very facile process. The alkynyl- complexes to the vinylidene isomer observed in RhEi-

(hydrido)rhodium complex thus formed can then rearrange to (H)(C=CSiRs)1°' most likely proceeds via the unimolecular
the vinylidene form by transferring the metal-bound hydrogen 1,3-H shift transition state outlined in Figure 2.
to the S-carbon of the alkynyl group via either unimolecular
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