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The mechanism for the formation of the alkynyl, vinylidene complex [(PiPr3),Rh(CCPh)(CC(H)(Ph))]
(2) by the addition of 2 equiv of phenylacetylene to [(773-C3H5)Rh(PiPr3)2] (1) was studied through DFT
calculations. At the B3LYP/DZP level of theory, the formation of 2 is exothermic and exergonic by 25.6
and 18.1 kcal*mol ', respectively. The experimentally observed 7*-phenyacetylene, alkynyl complex
[(PiPr3)2Rh(1’]2-HCCPh)(CCPh)] (Ia), is exothermic and exergonic by 22.4 and 12.5 kcal- mol !,
respectively. In the lowest energy pathway from Ia to 2, the 77%-phenylacetylene of Ia slips to bind through
the 0-C—H bond to form the intermediate [(PiPr3),Rh(c-HCCPh)(CCPh)]. Then, a single transition state
(TS) (AH* = 24.6 kcal - mol ') connects this intermediate to 2. In an alternative route, oxidative splitting
of the 0-C—H bond results in the experimentally observed bis-alkynyl rhodium hydride complex
[(PiPr3),Rh(H)(CCPh),] (Ib), which was observed experimentally to be in equilibrium with Ia. Species
Ib is isoenthalpic with respect to Ia (AH 1, = —0.36 kcal * molfl). A pathway was located for formation
of 2 from Ib; however, the calculated barrier of 35.4 kcal-mol ' is too high for this pathway to be
viable. This alternative pathway seems to be the lowest energy pathway for the chloro analogue
[CIRh(PiPr3)»(17>-HCCPh)] (Ia-Cl). Here, the o-bound phenylacetylene complex was not located; instead,
the first transition state results in oxidative cleavage of the 0-C—H bond to form the analogue of Ib,
[CIRh(PiPr3),(H)(CCPh)] (Ib-Cl). A single transition state connects this species with the vinylidene product
[CIRh(PiPr3),(CC(H)(Ph))] (2-Cl). The barrier for hydrogen migration in this pathway is 25.4 kcal - mol .
The phenylacetylide ligand stabilizes the o-binding mode of the second phenylacetylene; as a result, the
mechanism for vinylidene formation from Ia is altered slightly from the common /—3 shift mechanism
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operating for the analogue Ia-Cl.

Introduction

Hydrocarbons can have “ubiquitous functionality” with well-
developed techniques for facile carbon—hydrogen (C—H) bond
activation.' Facile activation of this bond can occur at transition
metals (TM),? and selectivity has been demonstrated with TM
systems.® For example, the isomerization of an alkyne to the
corresponding vinylidene (HCCX — :CC(H)(X)), which in the
gas phase is very endothermic,* can be easily accomplished at
a TM center.’

Werner and co-workers studied this isomerization from
[CIRh(PiPr3),(y*-HCCH)] to form the vinylidene product
[CsHsRh(PiPr3)(CCH,)] (upon ligand exchange and phosphine
loss).® An oxidative pathway for this isomerization was proposed
as analogues of the #”-alkyne reactant, the alkynyl rhodium
hydride complex, and the vinylidene product were isolated with
phenylacetylene.” Analogues of these species were also isolated
with iridium, which further supported the oxidative pathway.®

Wakatsuki et al. theoretically studied the oxidative pathway
from the reactant [CIRh(PH3),(5*>-HCCH")] and found that this
pathway proceeded in two steps (Scheme 1, [Rh] = CIRh-
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(PH3),).°* Oxidative cleavage of acetylene from the reactant to
form the five-coordinate, alkynyl rhodium hydride intermediate
[CIRh(PH3),(H)(CCH')] was the first step. In the second step,
the vinylidene product [CIRh(PH3)>(CC(H)(H'))] was formed
from hydrogen migration from the rhodium to the -carbon. A
single TS between the alkynyl rhodium hydride intermediate
and the vinylidene product was found and characterized as an
inverted “T-shaped” geometry. However, the barrier for this so-
called /—3 shift pathway was high (~34 kcal-mol '), and a
bimolecular mechanism was investigated and found to be lower
in energy than the former. Subsequently, Stegmann and Frenking
found a /—3 shift pathway in a study on the rearrangement on
W.Qb

Grotjahn et al. reported that H/D crossover was not observed
when the complexes [CIRh(PiPr,R"),(*-HCCiPr)] (R' = Ph,
iPr, imidazol-2-yl) and deuterated alkyne analogues were
mixed.'® Thus, the bimolecular pathway was eliminated as
the mechanism for this isomerization. In further work, these
researchers confirmed the /—3 shift mechanism.'" In a more
recent computational study, De Angelis et al. investigated this
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chemistry for the starting material (SM) [Cth(PiPr3)2(n2—
HCCH)] and found that the enthalpic barriers to hydrogen
migration in the intra- and bimolecular pathways were similar,
but the free energy barrier of the intramolecular pathway was
~20 kcal *mol ' less than that of the bimolecular pathway.'?

In further studies of this isomerization, Werner and co-
workers added 2 equiv of phenylacetylene (HCCPh) to [(1°-
Cs;Hs)Rh(PiPr3),] (1) to form the alkynyl, vinylidene rhodium
product 2 and proposed the sequence shown in Scheme 2.'* At
room temperature (RT), the reaction proceeded to the alkynyl,
vinylidene complex 2; however, at —40 °C, the reaction
proceeded to the st-bound phenylacetylene, alkynyl complex Ia.
In solution, Ia was observed (via 'H NMR) to be in equilibrium
with Ib, the bis-alkynyl rhodium hydride complex. Complex
Ib was trapped by running the reaction in excess pyridine, where
a pyridine molecule coordinated trans to the hydride to form
Ib(pyr). These workers concluded that Ia and Ib are intermedi-
ates on the reaction pathway that results in the formation of 2,
as shown in Scheme 2.
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Here, the mechanism for the formation of 2 was examined
by density functional theory'* (DFT). The issues addressed
include the effect of the phosphine on the relative energies
(section 1), the pathway to form Ia (section 2), three alternative
pathways for the alkyne (Ia) to vinylidene (2) isomerization
(section 3), and the difference between the phenylacetylene
system and the chloro analogue.

Computational Method

All DFT calculations reported here were performed with the
Gaussian03' suite of programs. Each complex reported in this
section was optimized at the B3ALYP/BS1 level of theory, and the
analytical frequencies were calculated to determine if the force
constants were real (intermediate) or if one was imaginary (TS).
The default convergence criteria were used for all optimizations.
The B3LYP density functional is a combination of the Becke3
exchange'® and Lee—Yang—Parr correlation'’ functionals. Basis
set 1 (BS1) is defined as follows: Rhodium was assigned the small-
core Los Alamos National Laboratory 2 (LANL2) effective core
potential of Hay and Wadt'® and the valence double-§ (341/341/
31) basis set as modified by Couty and Hall (ECP/BS =
LANL2mDZ);'° the phosphorus, Cq, Cg, C,, C/, C\", G, G,
H', and H" atoms were assigned the correlation consistent polarized
valence double-£ (cc-pVDZ) basis sets of Dunning;>° the remaining
carbon and hydrogen atoms were assigned the full double-& (D95)
basis sets of Dunning.?' For the B3LYP/BS1-optimized intermedi-
ates and TSs, frequency calculations were performed at this same
level of theory from which the zero-point correction and corrections
to the electronic energy, enthalpy, and free energy were obtained.

For the barriers for allyl rearrangement that were refined at a
higher level of theory (TS;-3, TS"), the basis set used (BSr) consists
of the Stuttgart relativistic small-core (RSC) 1997 ECP and the
triple- basis set.?? The phosphorus, Cy, Cs, and C, atoms were
assigned the correlation consistent polarized valence triple-C (cc-
pVTZ) basis sets of Dunning,”® and the remaining carbon and
hydrogen atoms retained the original assignments of the D95 basis
sets.”! The B3LYP/BSr//B3LYP/BS1 energies were corrected with
the B3LYP/BS1 corrections to the enthalpy and free energy to
obtain the thermodynamic values for these barriers.

The values discussed in the text are primarily enthalpies
(AH®*) and free energies (AG°™) in the gas phase at standard
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n?-Alkyne to Vinylidene Isomerization

Table 1. Relative Energies of Ia, Ib, and 2 (energies are relative to 1
+ 2HCCPh, reported in kcal -mol ")
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Table 2. Relative Energies for the Intermediates and TSs of Section
2 (energies are reported in kcal - mol 1)

1 2 Ia Ib

set 1: relative to 14 set 2: relative to prior intermediate”

AH° AG® AH° AG° AH® AG° AH° AG° species AH™ AG* AH™* AG*
PiPr;* 0 0 —2541 —15.54 —23.76 —12.99 —21.81 —13.49 1° 0 0 0 0
PiPrs” —27.67 —17.33 —24.17 —13.92 —25.32 —17.41 TS;-3° 23.79 21.01 23.79 21.01
PiPr;¢ —25.60 —18.10 —22.43 —12.51 —22.79 —16.60 3 19.49 14.46 19.49 14.46
PEt; —17.57 —7.98 —17.08 —6.33 —14.61 —5.69 4a? 11.94 23.55 —7.55 9.08
PMes —17.01 —8.29 —18.46 —8.59 —13.25 —494 4b 13.19 23.69 —6.30 9.23
PMe,Ph —13.17 —3.79 —14.70 —5.85 —10.26 —0.71 TS4a—s2" 24.67 34.82 12.26 12.50
PMePh, —12.45 —2.23 —1446 —336 —7.89 2.68 TSap-sp" 24.22 34.07 11.03 10.38
PPh; —1530 —7.80 —17.65 —8.51 —10.47 1.38 5a¢ 15.39 24.38 3.45 0.83
PH3 —6.93 3.70 —10.51 0.36 2.03 9.85 5b¢ 13.15 22.06 —0.04 —1.63
PCl; 11.57 23.29 294 1206 27.04 36.17 TSsa-6a" 16.89 26.09 1.50 1.72
PF; 12.39  21.75 534 1292 2893 3848 TSsp—6n" 14.42 22.83 1.27 0.77
e . b . . 6a‘ 7.25 17.19 —8.14 —-7.18
‘ Chase” arrangement. ” “Umbrella” arrangement. < Crystal structure 6b? 721 15.70 —505 ~6.36
alignment. TSea—s" 11.98 21.59 473 4.40
TSeb-7" 10.91 19.44 3.70 3.74
H o 7a¢ NA NA NA NA

7b? —2.98 1.16 —10.19 —14.55

8¢ —5.86 —13.27

H 9 —12.85 —2.44

Ia® —22.43 —12.51

“Relative to 1 + 2HCCPh. ?IM; TS is relative to preceding IM.
H ¢ +2HCCPh. ¢ + HCCPh. ¢ +HCCPh, C3Hg.  +HCCPh. ¢ +C3Hs.
Chase Umbrella Crystal Structure

Figure 1. The three arrangements of the PiPr; ligand that are used
in this study. The methyl hydrogen atoms have been removed for
clarity.

conditions (298 K, 1 atm). The electronic energies (AEcec),
electronic energies with zero-point corrections (AEjy), enthalpies
(AH°¥), and free energies (AG°™) are reported in the tables.
All 3D representations of the optimized molecular geometries
were constructed with JIMP 2.%*

Results and Discussion

Effect of Phosphine Ligand on Relative Energies. The
relative energies of Ia, Ib, and 2 (all relative to 1 + 2HCCPh)
were calculated with a variety of phosphines, and the results
are presented in Table 1. Three arrangements of PiPr; are
examined and illustrated in Figure 1. For “chase” arrangement,
the primary carbon atoms of the individual propyl units reside
above and below the Rh—C—H plane, and rotation about the
“C3” axis will turn each propyl unit into the other (highest point
group C3). For “umbrella” arrangement, the hydrogen atoms of
each secondary carbon are pointed toward the center of the
phosphine (highest point group Cs,). For the crystal structure
arrangement, two of the propyl units are related by a mirror
plane with the hydrogen atoms pointed away from each other,
while the third propyl unit is rotated 120° about the Rh—C bond
relative to the other propyl units (highest point group Cj). The
former two forms are higher in energy than the latter by 11.7
and 18.4 kcal »mol ', respectively.

For a given PiPr3 arrangement, the energetic results for
2, Ia, and Ib are quite similar; 2 is the most stable, while Ia
and Ib are of similar stabilities. Interestingly, the enthalpies
of Ia and Ib are closest for the observed arrangement. On
the other hand, the results for smaller phosphines are quite

(23) (a) Manson, J.; Webster, C. E.; Pérez, L. M.; Hall, M. B. JIMP 2
Version 0.091 (built for Windows PC); Department of Chemistry, Texas
A&M University: College Station, TX, 2006 (available at http://ww-
w.chem.tamu.edu/jimp2/index.html)(b) Hall, M. B.; Fenske, R. F. Inorg.
Chem. 1972, 11, 768-779.

different. Species 2 was the predicted product for PiPr; and
PEt;, while Ia was the predicted product with other phos-
phines from PMes to PH3, while the reaction was endothermic
with PF; and PCl;. Even PEt; does not show the strong
enthalpic preference for 2 over Ia that is shown for PiPr;.We
used the crystal structure form of PiPr; in our study of the
mechanism (sections 2 and 3).

Theoretical and experimental evidence exists for this sensitiv-
ity to the phosphine used in the models. De Angelis and co-
workers reported that the 5*-alkyne and alkynyl rhodium hydride
complexes [CIRh(PR3),(*-HCCH)] and [CIRh(PR3),(H)(CCH)]
are isoenergetic when R = iPr, but the latter is ~9 kcal * mol !
greater in energy relative to the former when R = H.'> Werner
and co-workers reported that the synthesis of #*-alkyne
[CpRhPR3] complexes was unsuccessful with PMes but suc-
cessful PiPrs.>* In these systems, the main driving force for the
differences between the various phosphines seems to be the
overall donor strength of the phosphine.

Mechanism for the Formation of Ia. In this section, we
present our calculated mechanism for the addition of 2 equiv
of HCCPh to 1 to form the intermediate Ia. The formation of
this intermediate follows the isomerization of 1, the binding
and activation of the first equivalent of HCCPh, the elimination
of propene, and finally the binding of the second equivalent of
HCCPh. For the allyl ligand, the three carbons are labeled Cg,
Cp, and C,. In the first equivalent of HCCPh, the sp carbon
atoms are labeled C," and C,', and the transferring hydrogen is
labeled H'. The relative enthalpies and free energies for the
intermediates and TSs on this pathway are presented in Table
2, where values are presented as relative to 1 (+ 2HCCPh) in
the first set and relative to the intermediate that precedes the
following TS and next intermediate in the second set. For
example, the numbers reported for both TS4,—s5, and 5a in the
second set are relative to 4a. The optimized geometries of 1
through 9 are included in the Supporting Information.

Isomerization of the Reactant. Two plausible mechanisms
for the isomerization of 1 are considered (Scheme 3). Complex
1 exists as a pseudo-square-planar, four-coordinate 7°-allyl Rh'

(24) Werner, H. J. Organomet. Chem. 1994, 475, 45-55.



4328 Organometallics, Vol. 27, No. 17, 2008

Scheme 3
L concomitant L
//, = S
( — ﬁa_, Rh—=X,
L Y [2a.79]21.01 L/ I'5
24.53 | 21.71 Y
1 3
[0.49] 14.46]
1 1 '4
27.12|26.11 sep.'l'.”gf
27.17 | 26.13
L.
Rh—=<
/ B
: |
3: Y
L= PiPr,
enthalpy / free energy
Scheme 4
. ¥
"N & 4a ab m, & 1“
I][‘Rh « [191]335] K] FEXCE] R
Ve + PhCCH + PhGCH C
/C2 ._/ [ﬁ /L
Ph ¥ Ph
TSsa5a TSsp50
+PhceH +PhCCH
w4 Sa 5b oS+ ];;
Lomi—e  [530]208] [1315]2206] Ay
.--Rh ---Rh
//C' / B +PRCCH +PhCCH //C‘ y ¢
/Cz' 1§ [ /Cz‘ 1
Ph Ph
TSSa-sa TSsp6b
+ PhCCH 6b + PhCCH
H\L !723!1719' [72 [1570] O
|§ ~PhCoH +PnoCH [
Ph—c;:c Rh Ph—Cy=C{—Rh
4
TSeas TSen-70
+ PhCCH + PhCCH L

Y

Ph—C4=C{—Rh-- % B
7b
s

+PhCCH

:,, /'__

Ph— cz_c‘ Rh \

1
/,I"'

Ph—Ci=Ci—Rh

8

+ CaHaCHH'
+ PhCCH

e\L o
Ph—C3=C}—RA: f
¥

/,/'_

>

Hu

.ch
Ph—C3=Ci—pi: i
c

[ \ L
la Fh 9
+ CH CHH' + PhCCH

complex with Co—Rh—C, and P—Rh—P angles of 66.7° and
109.4°, respectively. In complex 3, the allyl has slipped to bind
n' to the rhodium and results in a pseudo-T-shaped, three-
coordinate, #'-allyl Rh' complex with a P—Rh—P angle of
165.1°. This isomerization opens a coordinate site for the binding
of the first equivalent of phenylacetylene. Complexes 1 and 3
are joined by a single TS (TS;-3) where, in the animation of
the imaginary mode, the widening of the P—Rh—P angle is
concomitant with allyl slippage. At the B3LYP/BS1 level of

Vastine and Hall

—“v

Rh-C,22.02 ) g ne,m: 154,20
Rh-C1 . 2-14 A(C "_C ||_C ): 1 56.40
Rh-C,": 2.20 12"

Figure 2. B3LYP/BS1-optimized geometry Ia and select optimized
parameters. Distances listed are in angstroms and angles in degrees.
Nonessential hydrogen atoms have been removed for clarity.

theory, the enthalpic and free energy barriers to this isomer-
ization are 23.8 and 21.0 kcal *mol ', respectively.

A stepwise mechanism for this isomerization was also
investigated, but it proceeds through a higher energy intermedi-
ate (3'). Mechanistically, the allyl slips to ' prior to a change
in the P—Rh—P angle, which in 3" is nearly identical to that of
1 (110.7°). A transition state (TS") was located that connects 1
to 3' where, in the animation of the imaginary mode, the allyl
slips to bind 5" without a significant change in the P—Rh—P
angle. At the B3ALYP/BSI level of theory, the enthalpic and
free energy barriers of this stepwise pathway (TS') are 27.2 and
26.1 kcal-mol™ !, respectively, which are 3.3 and 5.1
kcal -mol " greater than those of the concomitant pathway.

The enthalpic and free energy barriers of TS{-3 and TS' were
refined at the higher level in the basis (B3LYP/BSr) and reported
in the second row of the 2 x 2 boxes in Scheme 3. The enthalpic
and free energy barriers for the concomitant pathway are slightly
higher at this level of theory, but the values for the stepwise
pathway are nearly identical. As a result, the enthalpic and free
energy barriers of TS’ are greater than TS;-3 by 2.6 and 4.4
kcal - mol ™, respectively; therefore, the stepwise pathway was
not pursued further.

Binding of First Equivalent of HCCPh. The binding of the
first equivalent of HCCPh to 3 would follow the isomerization
of 1 and may assist it in ways not examined here. Scheme 4
shows the pathways in the reactions from here (HCCPh + 3)
to the formation of Ia. The enthalpies and free energies (relative
to 1 + 2(HCCPh)) are reported in kecal »mol ™! and included in
the scheme. Isomer 4a is a pseudo-square-planar, Rh' complex
where the #'-allyl is aligned syn to the phenyl ring of the 5*-
HCCPh, while complex 4b is a rotormer of 4a where the allyl
has rotated ~180° around the Rh—C, bond to align anti to the
HCCPh ligand (a and b will be used to designate these two
types of isomers when a distinction is important). This rotation
causes few changes in most of the geometric parameters;
however, the Rh—Cy—Cjp angle of 4b is ~17° wider than 4a.
These two rotamers are essentially isoenergetic; however, 4a
is more endothermic than 4b by ~5 kcal mol™'. The sr-binding
of HCCPh stabilizes 4 by ~7 kcal -mol ™" (AH®4a1)-3) but is
endergonic by ~9 kcal -mol . In both isomers of 4, the phenyl
ring of the 7?>-HCCPh ligand is orthogonal to the Rh—P axes.

Isomerization from the &- to o-Binding Mode of
HCCPh. The 7*-phenylacetylene in 4 slips to bind through the
0-C—H bond, which results in 5. The enthalpic difference (AH®:
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Figure 3. The three pathways for hydrogen transfer in the alkyne-to-vinylidene isomerization. Energies are relative to Ia and reported in

kcal *mol .

Table 3. Relative Enthalpies and Free Energies of the Species along
the Three Pathways for Alkyne-to-Vinylidene Isomerization
(energies are relative to Ia and are reported in kcal -mol ")

pathway species AH™* AG**
Ia 0 0

1 TS1a-10 4493 45.33

10 32.13 30.14

2 TSra-11 12.94 12.12

11 4.71 1.68

TS11-2 24.64 25.54

3 TS11-m 5.44 2.07

Ib —0.36 —4.09

TSi-12 35.39 34.54

12 32.46 30.11

2 —3.16 —5.59

5 — 4) for the a isomers is greater than that for the nearly
isenthalpic b isomers; however, the free energy difference (AG®:
5 — 4) between both pairs is small and opposite in sign. In the
o-binding mode, the phenyl ring of the HCCPh ligand has
rotated roughly 90° to align parallel with the Rh—P axes.
Relative to 4, the enthalpic and free energy barriers of the
transition states (TS4-s) for this isomerization are greater than
10 kcal*mol~'. Although one might expect a large steric

Rh-C," 2.08
Rh-C," 1.85
C,-C," 1.33

£(Rh-C,"-C,"): 173.3°
£(C,"C,"-Cp,): 127.7°

Figure 4. B3LYP/BS1-optimized geometry of 2 and select opti-
mized parameters. Distances listed are in angstroms and angles in
degrees. Nonessential hydrogen atoms have been removed for
clarity.

influence on the barriers, calculations with PMes and acetylene
show even higher relative enthalpic and free energy barriers.

The enthalpic barrier to isomerization between the two
binding modes of HCCPh is calculated to be higher than the
enthalpic barrier for the loss of HCCPh. Thus, the incoming
HCCPh can bind in either the 7z- or o-binding mode and freely
decoordinate to rebind in either mode without proceeding
through TS4-s.

Oxidative Cleavage of the C;'—H' Bond. The five-
coordinate alkynyl rhodium hydride complexes 6a and 6b result
from oxidative cleavage of the C,'—H' bond. The Rh—H' bond
lengths of these species (1.51 A) are typical for a metal—hydride
bond. Relative to the respective isomers of 5, the formation of
these intermediates are exothermic and exergonic by ~8 and
~6 kecal *mol'; these species are the last high-energy inter-
mediates on the reaction coordinate. Relative to their respective
isomers of 5, the enthalpic and free energy barriers (TSs—¢) to
C,'—H’ activation are small at ~1 kcal -mol ",

Reductive Coupling of the C,—H' Bond. Propene is formed
by the reductive coupling of the C,—H' bond, and relative to
the respective isomers of 6, the barriers (TS¢—s7p) to this
coupling are small. This coupling in 6a results in the direct
elimination of propene and formation of the three-coordinate
Rh' intermediate 8, which is exothermic and exergonic by ~13
and ~30 kcal - mol ™", respectively. Because the allyl is rotated
away from the ligand sphere in the “b” isomers, coupling results
in the pseudo-four-coordinate Rh' complex 7b, in which propene
remains bound to the rhodium. The corresponding isomer 7a
was not located on the B3LYP/BS1 potential energy surface
(PES). The pseudo-four-coordinate Rh' complex 7b is a higher
energy intermediate than 8 but easily loses propene to form 8.

Formation of Ia. After the formation of 8, propene can
recoordinate and sr-bind to the rhodium to form 9, or the second
equivalent of HCCPh can s-bind to the rhodium to form Ia.
The 7-binding of HCCPh is more exothermic than the analogous
binding of propene by ~10 kcal *mol ~'. In terms of free energy,
Ia is nearly isoenergetic with 8, while 9 is endergonic by ~10
kecal-mol~!. Thus, 9 will not effect the overall reaction to any
degree. The optimized geometry of Ia is shown in Figure 2.
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Figure 5. B3LYP/BS1-optimized geometry and select optimized parameters of TSy,.11 and 11. Distances listed are in angstroms and angles
in degrees. Nonessential hydrogen atoms have been removed for clarity.

Rh-C,": 1.99
Rh-H": 2.59
C,"H" 1.22
C,"-H" 1.42

£(Rh-C,"H"): 105.3°

Figure 6. Optimized coordinates of TS1;—2 and the two species from the IRC calculation. A is the result of hydrogen migration toward
rhodium, and B is hydrogen migration toward C,. Distances listed are in angstroms and angles in degrees.

Phenylacetylene-to-Vinylidene Isomerization. Three pos-
sible pathways for the formation of 2 from Ia are shown in
Figure 3, and the relative enthalpies and free energies are given
in Table 3 (relative to Ia). For the second equivalent of HCCPh,
the sp carbon atoms are labeled C," and C,", and the transferring
hydrogen is labeled H". The results for cobalt and iridium
congeners of these rhodium species are reported in the Sup-
porting Information.

The result of hydrogen migration is the vinylidene product
2, where the optimized geometry is shown in Figure 4. The
Rh—C," bond length is short at 1.85 A, which indicates that
the vinylidene is tightly bound to the rhodium. The vinylidene
is bent slightly as the Rh—C;" —C," angle is 173°. Relative to
Ia, the formation of 2 is exothermic and exergonic by 3.2 and
5.6 kcal *mol ', respectively.

Pathway 1. In the first pathway (red curve), H" migrates to
C," without a change in the geometry of the 77*-alkyne. In TSy,.
10, the migrating hydrogen is located orthogonal to the
Rh—C,"—C," plane and the Rh—C,’, Rh—C,", and Rh—C,"
distances are similar to those of Ia. The enthalpic barrier in
this pathway is large at ~45 kcal-mol ', and the intermediate
formed, 10, the m-bound vinylidene rhodium complex, is
unstable. Because of this high barrier, the route from 10 to 2
was not pursued. However, when the coordinates of the 7z-bound
vinylidene were perturbed, reoptimization resulted in 2. The

B3LYP/BS1-optimized geometries of TSpa.10 and 10 are in-
cluded in the Supporting Information.

Pathway 2. In the second pathway (orange curve), the
0-C|"—H" bond interacts with the rhodium, which facilitates
H" migration from C;” to C,". In the initial step, which has an
enthalpic barrier of 12.9 kcal *mol ™!, the w-bound HCCPh
ligand of Ia slips to bind to the rhodium through the o-C," —H"
bond, forming intermediate 11, which is endothermic and
endergonic by 4.7 and 1.7 kcal *mol ™", In this transformation
the Rh—C,' bond shortens slightly in TSy,.11 before returning
to a similar value in 11. Likewise, the Rh—C;" bond shortens
with isomerization while the C;" —H" bond lengthens. In this
o-complex (11) the phenyl ring of the HCCPh ligand has rotated
to align parallel with the Rh—P axes; this rotation takes place
after TSya-11. The optimized geometries of TSp,.11 and 11 are
shown in Figure 5.

Species 11 is connected to 2 by TS1-2, which is characterized
by the inverted T-shaped geometry and involves Rh—C;" bond
formation and H" migration to C,. The alkynyl moiety is nearly
linear, as the C," —C," —Cpy, angle is ~178°, and the phenyl
ring is also aligned parallel with the Rh—P axes. Relative to
11, the enthalpic and free energy barriers of this TS are 19.9
and 23.9 kcal *mol ', respectively.

We verified that TS1;—2 connects 11 and 2 by following the
intrinsic reaction coordinate (IRC) in both directions from
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Figure 7. B3LYP/BS1-optimized geometries and select optimized parameters of TSq;yp and Ib. Distances listed are in angstroms and
angles in degrees. Nonessential hydrogen atoms have been removed for clarity.
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Figure 8. Optimized geometries (B3LYP/BS1) of Ia-Cl, TS1, Ib-Cl, TS2, and 2-Cl. Select optimized bond lengths are included and are
in angstroms. Nonessential hydrogen atoms have been removed for clarity.

Table 4. Relative Enthalpies and Free Energies of the Analogues of
Chlorine (energies are relative to Ia-Cl and are in kcal - mol ")

relative energies

species AH* AG*
Ia-Cl 0 0

TS1 5.22 2.97
Ib-Cl 0.01 —5.16
TS2 25.42 19.50
2-C1 —6.67 —9.64

TS11-2.2 In particular, the values of the Rh—H" and C," —H"
distances and the Rh—C," —H" angle in the coordinates of the
last IRC optimization step for hydrogen migration to the
rhodium, A (Figure 6), are very similar to those of 11. A full
optimization of the coordinates of A resulted in 11. In following
the vector for migration to C," (B), the C," —H" bond begins
to form (1.14 ;A) and the Rh—C,"—H" angle widens to 123.0°,
which is ~33° wider than the value in TS11—». Likewise, the
C|"—C,"—Cpy angle begins to bend. The IRC optimization
terminates here as the phenyl ring begins to rotate to its position
in 2. The optimized geometries of TSy1—2, A, and B are shown
in Figure 6.

(25) (a) Gonzalez, C.; Schlegel, H. B. J. Chem. Phys. 1989, 90, 2154—
2161. (b) Gonzalez, C.; Schlegel, H. B. J. Phys. Chem. 1990, 94, 5523~
5527.

Pathway 3. The third pathway (blue) begins with the first
step in pathway 2 (Ia — 11). However, from 11 the reaction
proceeds to the experimentally observed bis-alkynyl rhodium
hydride complex Ib by the oxidative cleavage of the o-C," —H"
bond (TSiim). Species Ib is isoenthalpic with Ia and is
characterized by typical Rh—C and Rh—H bond lengths.
Relative to 11, the enthalpic and free energy barriers to oxidative
cleavage of the C,"—H" (TSi1.p) are small, at 0.7 and 0.4
keal *mol ™', respectively. The optimized geometries of TSy1.mp
and Ib are shown in Figure 7.

Hydrogen is transferred directly from the rhodium to C,"
through TSp.12; however, this process is uphill by 35.4
kcal*mol ™" and results in an unstable intermediate where the
vinylidene ligand is weakly bound to the rhodium through the
C,"—H" bond (12). Since the barrier to this coupling is large
(TSib-12), the TS between 12 and 2 was not pursued. However,
when the coordinates of the vinylidene ligand were perturbed,
optimization resulted in 2. The optimized geometries of TSm—12
and 12 are included in the Supporting Information.

Chloride Analogues. Because of the difference in the reaction
described above in comparison to [CIRh(PiPr3),(p*-HCCH)]," 12
we examined the mechanism for vinylidene formation with
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Figure 9. Comparison of the potential energy surfaces for the alkyne-to-vinylidene isomerization for the lowest energy pathways of X =
alkynyl (orange) and of X = chloride (green). All the chloride species are new, and those intermediates closely related to the alkynyl
species are labeled -Cl; i.e., the chloride species corresponding to Ia is Ia-Cl.

phenylacetylene adding frans to a chloride ion*® rather than
another phenylacetylene. The #?-alkyne complex, TS for C—H
bond cleavage, alkynyl rhodium hydride complex, TS for
hydrogen migration, and vinylidene product are Ia-Cl, TS1, Ib-
Cl, TS2, and 2-Cl, respectively, which are analogues of Ia, TSy,.
11, Ib, TS11-2, and 2, respectively. However, the analogue of
11 was not located. The optimized geometries of these species
are shown in Figure 8, and the relative enthalpies and free
energies of these species are presented in Table 4 (relative to
Ia-Cl).

Geometrically, these species are very similar to their bis-
alkynyl analogues. The Hi—C,—C;, and C,—C,—Cpy, angles in
Ia-Cl are similar to the analogous angles in Ia; however, the
Rh—C, and Rh—C, distances are shorter than those in Ia.
Species TS1 exhibits a slightly shorter Rh—H; distance com-
pared to the analogous distance in TSyy.;p, and the H—Rh—C,
angle (48.8°) is slightly smaller. In Ib-Cl, the Rh—H; distance
is identical to that of Ib, and the Rh—C, bond distance is once
again slightly shorter. For TS2, the geometric parameters are
very similar to those of TS1—2, and the relative orientation of
the phenyl ring is the same between the two analogues.
Likewise, the geometric parameters between 2-Cl and 2 are also
very similar, and the phenyl ring is aligned orthogonal to the
Rh—P axes. The Rh—Cl distance is relatively insensitive to the
entire reaction, less than the corresponding distance in the trans
phenylacetylide.

The relative energies for most of these species are similar to
the analogous energies of the bis-alkynyl system. The barrier
to oxidative cleavage is once again small (TS1), and Ia-Cl is
nearly isoenthalpic with Ib-Cl; however, the latter is exergonic
by ~4 kcal-mol . Likewise, the enthalpic barrier of TS2 is
similar to that of TSj;—2, but the free energy barrier is ~6
kcal *mol ™' lower in the former. The formation of 2-Cl is more
exothermic and exergonic than 2 by ~3 and ~4 kcal *mol ",
respectively.

Mechanistically, this pathway is similar to pathway 2 for the
bis-alkynyl system, but the analogue to the o-bound HCCPh
species (11) was not located. Instead, the first TS (TS1) results

(26) The chloride was assigned the cc-pVDZ basis set. The other atoms
were assigned the same basis sets as their bis-alkynyl analogues.

in oxidative cleavage of the C—H bond and direct formation of
Ib-Cl. Species TS2 connects Ib-Cl and 2-Cl and is the TS for
hydrogen migration and vinylidene formation. We verified that
TS2 connects Ib-Cl and 2-Cl through IRC calculations. Several
geometries from the IRC calculations when following the vector
toward Ib-Cl were individually optimized, and all resulted in
Ib-Cl. The lowest energy pathway for this isomerization in the
bis-alkynyl system, pathway 2 (orange), is compared with this
analogous chloro pathway (green) in Figure 9. The pathway
for the formation of Ib is included in the figure (dashed, blue
curve). The influence of the “spectator” ligand on the mechanism
is dramatic. When a chloride ligand is trans to the isomerizing
alkyne, the TS for alkyne isomerization (TSya.11), the o-bound
phenylacetylene intermediate (11), and the TS for oxidative
C—H cleavage (TSj1.p) “coalesce” into a single TS (TS1). On
the other hand, when the phenylacetylide ligand is in the trans
position, the o-binding mode of the second phenylacetylene is
stabilized. Instability of the o-bound mode for the chloro
analogue results in the lowest route to formation of the product
beginning with Ib-Cl rather than with 11.

Conclusions

Initially, the allyl complex [(17°-C3Hs)Rh(PiPr3),] (1) oxida-
tively adds one phenylacetylene and eliminates propene in a
weakly exothermic step to form the first intermediate, [(PiPr3),Rh(1*
HCCPh)(CCPh)] (Ia). The preferred pathway to the final
product, [(PiPr3)Rh(CCPh)(CC(H)(Ph))] (2), is from the o-bound
HCCPh species [(PiPr3),Rh(CCPh)(o-HCCPh)] (11), which is
an intermediate in the equilibrium between Ia and the bis-
alkynyl rhodium hydride species [(PiPr3),Rh(H)(CCPh),] (Ib).
The formation of Ib is facile, but the system reverts to 11, which
is stabilized by a phenylacetylide ligand located frans to the
o-bound phenylacetylene ligand before forming 2. This mech-
anism is reminiscent of other reactions that proceed to product
from the less (least) stable intermediate.”” Replacement of the
trans phenylacetylide by chloride changes the mechanism to a

(27) (a) Chan, A. S. C.; Pluth, J. J.; Halpern, J. J. Am. Chem. Soc. 1980,
102, 5952-5954. (b) Halpern, J. Science 1982, 217, 401-407. (c) Landis,
C. R.; Halpern, J. J. Am. Chem. Soc. 1987, 109, 1746-1754.
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more common /—3 shift mechanism. Overall, the calculated
barrier is still somewhat too high (4 to 6 kcal/mol) to explain
the observed room-temperature rearrangement (Ib — 2). Most
likely this error is simply the result of the particular functional
(B3LYP) used for these calculations.

The relative energies of Ia, Ib, and 2 are quite sensitive to
the phosphine ligand; 2 is the product for weaker sw-acids and
Ia is preferred with stronger s-acids. Species Ib and Ia are
isoenthalpic only with the PiPr3 ligands; other phosphines, even
PEt;, stabilize Ia over Ib. Thus, in any higher-level calculations
the choice of phosphine will be critical.
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