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The mechanism and controlling factors of the C-C reductive elimination reactions of vinyl,
phenyl, ethynyl, and methyl ligands from the Pd and Pt complexes RR′M(PH3)2 were studied
with a density functional method. The barrier of C-C coupling from the symmetrical R2M-
(PH3)2 (where M ) Pd, Pt) complex decreases in the order R ) methyl > ethynyl > phenyl
> vinyl, and the exothermicity of the reaction increases in the same order. That is, the
methyl-methyl coupling has the highest barrier and smallest exothermicity, while the vinyl-
vinyl coupling has the smallest barrier and largest exothermicity. For the asymmetrical
RR′M(PH3)2 complexes, the activation and reaction energies are found to be approximately
the average of the corresponding parameters of symmetrical coupling reactions, and this
simple rule is expected to be valid for other asymmetrical coupling reactions involving
different substituted alkyl, vinyl, phenyl, and ethynyl groups as well as different transition-
metal complexes. These C-C coupling reactions occur much more easily in Pd than in Pt
complexes, because the Pd-R bonds are weaker than the Pt-R bonds. The major
thermodynamic and kinetic factors determining the C-C coupling in these complexes have
been discussed. For reactions with similar exothermicities, the kinetics of C-C bond
formation is mainly determined by the orientation effect that includes the directionality of
the M-C bond and the steric interaction between R and the other ligand (phosphine in the
present case), which favors vinyl over phenyl over methyl. However the activation barrier
is strongly dominated by exothermicity when it is very different between reactions.

1. Introduction

Transition-metal-catalyzed selective C-C cross-cou-
pling reactions involving the sp3, sp2, and sp carbon
atoms are well established as a practical tool of syn-
thetic organic and organometallic chemistry.1-6 Numer-
ous natural products, biologically active compounds,
drug precursors, and important organic products were
prepared utilizing these methods.7-12 However, the
mechanism and controlling factors of the most impor-

tant stage, C-C bond formation, still remain unsolved,
and their elucidation could lead to discovery of new
natural products and drug precursors. Previous experi-
mental studies of the mechanism have been limited to
some model studies, while previous theoretical studies
of C-C coupling were limited to reactions involving the
methyl ligands (Scheme 1, R ) R′) CH3).13,14 To the
best of our knowledge, no detailed theoretical studies
on the mechanism and controlling factors of the reduc-
tive elimination reactions involving unsaturated carbon
ligands (phenyl, vinyl, and ethynyl) have been pub-
lished, except our recent investigation of vinyl-vinyl
coupling reactions.15,16
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Therefore, in this article we present a comprehensive
theoretical study of the mechanisms and controlling
factors of the RR′M(PR′′3)2-catalyzed (where M ) Pd,
Pt) reductive elimination reactions of unsaturated ligands
(methyl, vinyl, phenyl, and ethynyl) in symmetrical
(R ) R′) and asymmetrical (R * R′) couplings (Scheme
1). We believe that the findings presented in this article
will allow us to gain more insight into the catalytic
cross-coupling reaction mechanism and to help to design
synthetic procedures involving several competitive routes.

2. Calculation Procedure

Geometries and energetics of the reactants, intermediates,
transition states (TSs), and products of the reactions were
calculated using the B3LYP hybrid density functional method17

in conjunction with the standard 6-311G(d) basis set18 for C,
P, and H and the triple-ú basis set with the Stuttgart/Dresden
(relativistic) effective core potentials19 (SDD) for the metals
(Pd and Pt). For all of the stationary points normal-coordinate
analysis was performed to characterize the nature of struc-
tures, and the thermodynamics was calculated at 298.15 K
and 1 atm. For the IRC (intrinsic reaction coordinate) calcula-
tions the standard method was used.20 All calculations were
performed without any symmetry constraints using the Gauss-
ian98 program.21 In our previous studies15,22 we have estab-

lished that this level of theory reasonably describes the energy
and geometry parameters of the systems involved in the
reactions reported in the present paper.

For the symmetrical coupling reaction R2M(PR′′3)2 f R-R
+ M(PR′′3)2, the M-R bond dissociation energies (BDE), D(M-
R), were calculated using the relationship D(M-R) ) (∆H +
D(R-R))/2, where ∆Hr and D(R-R) are the calculated enthalpy
of reaction and carbon-carbon single bond dissociation energy,
respectively. For the asymmetrical coupling reaction RR′M-
(PR′′3)2 f R-R′ + M(PR′′3)2, only the sum of the BDE’s of two
different metal-carbon bonds can be obtained as D(M-R) +
D(M-R′) ) ∆H + D(R-R′).

In our calculations we use PH3 as a model for the phosphine
ligand (PR′′3) (Scheme 1). This approach has been tested in
several previous theoretical studies and proven to provide
correct relative trends in the reactivity of transition-metal-
phosphine complexes.13-15 For the reductive elimination of the
vinyl groups, we studied only the energetically preferred
s-trans pathway.15

Below we use the notation n_a, where n ) 1 (R ) R′ ) CH3),
2 (R ) R′) CHdCH2), 3 (R ) R′ ) C6H5), 4 (R ) R′ ) CtCH),
5 (R ) CH3 and R′ ) CHdCH2), 6 (R ) CH3 and R′ ) C6H5),
7 (R ) CH3 and R′ ) CtCH), 8 (R ) CHdCH2 and R′ ) C6H5),
9 (R ) CHdCH2 and R′ ) CtCH), 10 (R ) CtCH and R′ )
C6H5), and stands for the complex, while a ) Init, TS, π-Comp
(or σ-Comp), Prod and marks the structures (initial reactant,
transition state, π (or σ) complex, and product, respectively)
on the potential energy surface of the reaction (Scheme 1). In
the text, the calculated energetics and geometries correspond-
ing to the Pd complexes will be presented without parentheses,
while the corresponding values for Pt compounds will be given
in parentheses: i.e., in the manner Pd (Pt). The following
abbreviations for organic ligands will be used throughout the
article: Me, methyl (CH3); Vin, vinyl (CHdCH2); Ph, phenyl
(C6H5); and Eth, ethynyl (CtCH).

The calculated structural parameters, bond energies, and
relative energies (∆E, ∆H, and ∆G) are summarized in Tables
1-3, respectively. In Table 4, we present the calculated and
estimated (see below) energetics for the asymmetrical C-C
coupling. The optimized structures are shown in Figures 1 and
2.

3. Results and Discussion

A. Trends in M-C Bond Distances and Bond
Energies of the Reactant Complexes. Let us start
our discussion from the structure and energetics of the
initial complexes 1_Init-10_Init. As seen in Tables 1
and 2, the calculated M-C bond distance and bond
dissociation energy (BDE) in these complexes change
in the order

for both (Pd and Pt) metals. These trends are in
excellent agreement with available experimental data23

and could be attributed to the increase of s character
in the hybridized carbon orbital (sp > sp2 > sp3). The
trend in BDE also correlates with that in the calculated
BDE of the central C-C bond of organic products:
diacetylene > butadiene ≈ biphenyl > ethane (see Table
S1 in the Supporting Information).

In general, in all cases the Pt-C bonds are found to
be about 8 kcal/mol stronger than the corresponding
Pd-C bonds (Table 2), which is in excellent agreement
with our previous explanations.15
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Scheme 1

M-C bond distance:
M-Eth < M-Vin < M-Ph < M-Me

M-C BDE: M-Eth > M-Vin ≈ M-Ph > M-Me

716 Organometallics, Vol. 24, No. 4, 2005 Ananikov et al.



Strikingly, the sum of the M-R and M-R′ BDEs for
the asymmetrical complexes 5_Init-10_Init is very

close to the sum of the corresponding values calculated
independently for the symmetrical complexes 1_Init-
4_Init (see Table 2). This suggests that the M-C BDE
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Table 1. Calculated Selected Bond Lengths (in Å) and Angles (in deg) for the Studied Complexes
RR′M(PH3)2

a,b

no. R R′ structure M-Cc M-C′c M-Pd M-P′ d C-C′c C-M-C′c P-M-P′d tilt anglee

1 CH3 CH3 Init 2.100 2.100 2.367 2.367 2.778 82.8 102.3 0.8
(2.108) (2.108) (2.340) (2.340) (2.811) (83.6) (100.8) (0.9)

TS 2.198 2.198 2.384 2.384 2.071 56.2 111.4 52.0
(2.270) (2.270) (2.312) (2.312) (2.022) (52.9) (118.9) (59.5)

2 CHdCH2 CHdCH2 Init 2.052 2.052 2.376 2.376 2.716 82.9 105.1 1.5
(2.062) (2.062) (2.354) (2.354) (2.777) (84.7) (102.1) (0.3)

TS 2.070 2.070 2.391 2.391 2.021 58.4 106.8 0.3
(2.103) (2.103) (2.346) (2.346) (1.845) (52.0) (104.2) (6.1)

3 Ph Ph Init 2.065 2.065 2.383 2.383 2.781 84.6 103.9 0.0
(2.077) (2.077) (2.357) (2.357) (2.853) (86.8) (101.4) (1.2)

TS 2.109 2.109 2.407 2.407 1.998 56.5 106.1 1.7
(2.160) (2.160) (2.352) (2.352) (1.843) (50.5) (106.9) (2.9)

4 CtCH CtCH Init 1.988 1.988 2.352 2.352 2.809 89.9 105.3 0.0
(1.999) (1.999) (2.340) (2.340) (2.841) (90.6) (102.6) (0.0)

TS 1.994 1.994 2.395 2.395 1.848 55.2 107.5 0.1
(2.049) (2.049) (2.351) (2.351) (1.648) (47.4) (107.3) (0.0)

5 CH3 CHdCH2 Init 2.096 2.046 2.383 2.380 2.774 84.1 101.7 0.5
(2.106) (2.055) (2.355) (2.353) (2.820) (85.3) (100.3) (0.5)

TS 2.219 2.059 2.387 2.404 2.000 55.6 105.2 18.0
(2.289) (2.090) (2.320) (2.347) (1.912) (51.5) (107.8) (28.3)

6 CH3 Ph Init 2.103 2.065 2.382 2.365 2.770 83.3 102.9 0.0
(2.110) (2.076) (2.354) (2.342) (2.818) (84.6) (101.1) (0.0)

TS 2.242 2.093 2.399 2.405 1.989 54.5 104.6 8.9
(2.324) (2.133) (2.321) (2.345) (1.919) (50.8) (108.4) (27.0)

7 CH3 CtCH Init 2.093 1.998 2.401 2.337 2.805 86.5 103.5 0.9
(2.109) (2.002) (2.373) (2.315) (2.828) (86.9) (101.6) (0.5)

TS 2.277 1.988 2.399 2.409 1.897 52.3 105.9 18.0
(2.378) (2.021) (2.328) (2.349) (1.822) (48.1) (109.3) (21.5)

8 CHdCH2 Ph Init 2.051 2.067 2.384 2.373 2.741 83.5 104.2 0.8
(2.059) (2.079) (2.360) (2.349) (2.803) (85.3) (101.6) (0.6)

TS 2.080 2.101 2.404 2.394 1.997 57.1 106.3 1.1
(2.118) (2.145) (2.354) (2.344) (1.839) (51.1) (105.0) (7.1)

9 CHdCH2 CtCH Init 2.042 2.002 2.399 2.338 2.758 86.0 104.9 0.7
(2.058) (2.006) (2.378) (2.320) (2.801) (87.1) (102.1) (0.8)

TS 2.090 1.997 2.401 2.392 1.912 55.7 107.4 2.0
(2.090) (2.029) (2.347) (2.351) (1.737) (49.0) (105.8) (7.7)

10 Ph CtCH Init 2.057 1.998 2.397 2.347 2.781 86.6 104.5 0.1
(2.076) (2.002) (2.375) (2.327) (2.834) (88.0) (102.2) (0.1)

TS 2.110 1.998 2.400 2.403 1.915 55.5 106.8 0.3
(2.182) (2.035) (2.342) (2.358) (1.733) (48.4) (106.6) (0.2)

a Values for M ) Pd are given without parentheses, while those for M ) Pt are given in parentheses. b The imaginary frequencies (in
cm-1 for 1-TS-10-TS, respectively) are: 481 (530) i, 378 (450) i, 323 (357) i, 428 (336) i, 467 (531) i, 425 (481) i, 472 (505) i, 363 (415) i,
406 (398) i, 366 (337) i. c C and C′ atoms belong to R and R′, respectively. d P is trans to R, and P′ is trans to R′. e The absolute value of
the angle between P-M-P′ and C-M-C′ planes.

Table 2. Sum of M-R and M-R′ Bond Dissociation
Energies, BDE(M-R) + BDE(M-R′) (in kcal/mol)

and the Predicted Values for Asymmetric
Complexes from the Value from Symmetric

Complexesa

M ) Pd M ) Pt

no. complex calcd
pre-

dicteda calcd
pre-

dicteda

1 M(CH3)2(PH3)2 28.5 × 2 36.0 × 2
2 M(CHdCH2)2(PH3)2 38.6 × 2 46.4 × 2
3 M(Ph)2(PH3)2 38.8 × 2 46.5 × 2
4 M(CtCH)2(PH3)2 73.5 × 2 82.1 × 2
5 M(CH3)(CHdCH2)(PH3)2 67.5 67.1 82.4 82.4
6 M(CH3)(Ph)(PH3)2 67.5 67.3 82.9 82.5
7 M(CH3)(CtCH)(PH3)2 104.6 102.0 116.6 118.1
8 M(CHdCH2)(Ph)(PH3)2 77.4 77.4 93.1 92.9
9 M(CHdCH2)(CtCH)(PH3)2 113.4 112.1 129.5 128.5
10 M(Ph)(CtCH)(PH3)2 113.7 112.3 129.7 128.6

a See text for more details.
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is not influenced in a significant manner by interaction
between the organic ligands.

Calculated M-C bond distances are in good agree-
ment with their X-ray-determined values. For the
asymmetrical alkenyl(alkynyl)Pt complex Pt-Calkenyl )
2.05(2) Å and Pt-Calkynyl ) 1.97(2) Å were found
experimentally,24 compared to 2.058 and 2.006 Å for
9_Init (Table 1). For the phenyl(alkynyl)Pt complex Pt-
Cphenyl ) 2.056(9) Å and Pt-Calkynyl ) 1.999(11) Å were
experimentally reported,25 compared to 2.076 and 2.002
Å for 10_Init (Table 1). Similarly, the calculated M-C
bond lengths reproduce experimentally observed trends
for dimethyl,26 dialkynyl,27 and methyl vinyl28 com-
plexes.

After discussing the initial complexes, it is natural
to elucidate the reaction mechanisms of C-C coupling
in these species. Here, we will divide our discussion into
four parts. First, we will discuss the reductive elimina-
tion reactions from the symmetrical complexes R2M-
(PH3)2. In the second part, we will discuss the same
reactions for the asymmetrical complexes RR′M(PH3)2
and compare the calculated trends with those for the

symmetrical species R2M(PH3)2. In the third section we
will elucidate the role of the transition-metal center by
comparing the data for Pd and Pt complexes, and in the
final section we will compare our results with the
available experimental data.

B. Reductive Elimination from the Symmetrical
R2M(PH3)2 Complexes (M ) Pd, Pt). As expected,
reductive elimination proceeds through the three-
centered transition state (TS) (Figure 1; see also Figure
S1 in the Supporting Information), which was confirmed
by the IRC calculations to be the real TS for the C-C
coupling reaction connecting the reactant and the
product complex.

As seen in Table 1, the TS for the Me-Me coupling
has a nonplanar structure with a tilt angle of >50°,
while for the other symmetric coupling processes studied
here it is almost planar with a tilt angle of <7°.
Interestingly, for the asymmetrical coupling processes,
the largest tilt angle, 9-18° for Pd (22-28° for Pt),
corresponds to the Me-R coupling (R ) Vin, Ph, Eth).
In other words, the process involving Me ligands always
proceeds via a nonplanar transition state, and the
degree of the nonplanarity is correlated with the number
of Me ligands involved. We believe that the observed
difference in the tilt angle in these TS structures for
different R is the result of (a) a weaker M-C bond (the
M-Me BDE is smaller than that for other M-R bonds
studied here; see Table 2), (b) the directionality of the
M-C bond, which is more profound for M-Me than for
other M-R bonds, and (c) steric factors. To support this
statement, we performed a series of constrained-
geometry optimizations29 for the vinyl complex Pt(CHd
CH2)2(PH3)2 and found that when a larger M-C dis-
tance (2.35 Å) is assumed, the M-Vin interaction is very
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(25) Muller, C.; Iverson, C. N.; Lachicotte, R.; Jones, W. D. J. Am.
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J.; Goddard, W. A. J. Am. Chem. Soc. 1986, 108, 347. (c) Haar, C. M.;
Nolan, S. P.; Marshall, W. J.; Moloy, K. G.; Prock, A.; Giering, W. P.
Organometallics 1999, 18, 474. (d) Smith, D. C.; Haar, C. M.; Stevens,
E. D.; Nolan, S. P. Organometallics 2000, 19, 1427. (e) de Graaf, W.;
Boersma, J.; Smeets, W. J. J.; Spek, A. L.; van Koten, G. Organome-
tallics 1989, 8, 2907.

(27) (a) Phillips, J. R.; Miller, G. A.; Trogler, W. C. Acta Crystallogr.,
Sect. C 1990, C90, 1648. (b) Falvello, L. R.; Fornies, J.; Gomez, J.;
Lalinde, E.; Martin, A.; Moreno, M. T.; Sacristan, J. Chem. Eur. J.
1999, 5, 474.

(28) Ozawa, F.; Hikida, T. Organometallics 1996, 15, 4501.

Figure 1. Schematic presentation of the symmetrical (for the case of R ) R′ ) Vin) and unsymmetrical (for the case of
R ) Ph and R′ ) Me) R-R′ coupling reactions of the complexes RR′M(PH3)2. Optimized structures of initial complexes and
transition states for all studied complexes are presented in Figures S1 and S2 in the Supporting Information. Their important
geometries are presented in Table 1. Structures of the π and σ complexes are given in Figure 2, while those of the products
are presented in Figure S4 (Supporting Information).
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weak, and the structure becomes nonplanar with a large
tilt angle of 59.3° (see Table S2 and Figure S3 in the
Supporting Information). One should note that in the
transition state 1_TS of the methyl complex [Pt(CH3)2-
(PH3)2] a tilt angle of 59.5° was found with a Pt-C
distance of 2.27 Å (Table 1), which is close to the above
value for Pt(CHdCH2)2(PH3)2 at 2.35 Å.

The difference in M-C bond distances between the
transition state and the reactant (∆(M-C)) shows that
the reductive elimination in (Me)2M(PH3)2 proceeds
through a later transition state than the other reactions
studied (Table 1). For the methyl ligand the ∆(M-C)
value is 0.098 Å (0.162 Å), while for Ph, Vin, and Eth
the ∆(M-C) values are in the range of 0.006-0.044 Å
(0.041-0.083 Å).

In agreement with geometry trends, reductive elimi-
nation of ethane (R ) Me) requires a higher C-C
coupling barrier than other ligands (Table 3). That is,
the calculated barrier decreases in the order

Thus, reductive elimination of two vinyl groups leading
to buta-1,3-diene requires a lower coupling barrier, ∆Hq

) 5.9 (18.1) kcal/mol, while reductive elimination of two
methyl groups leading to ethane requires a much higher
barrier, ∆Hq ) 24.2 (44.8) kcal/mol.

All reductive elimination reactions studied here are
exothermic. For both metals the exothermicity of the
reaction decreases in the order

Thus, the butadiyne formation is less exothermic by
about 14 kcal/mol than the other symmetric C-C
coupling reactions.

Overcoming the transition states leads to the weakly
bound complexes. In the case of the Me-Me coupling

reaction, the result is the weakly (<1 kcal/mol) bound
σ-complex 1_σ-Comp (see Table 3 and Figure 2).
However, in the case of unsaturated ligands, the cor-
responding π complexes are formed (2_π-Comp-10_π-
Comp, Figure 2). The stability of these π complexes
relative to the dissociated products Prod, M(PH3)2 +
R-R′, decreases in the order Eth > Vin > Ph (Table 3).
For the Eth and Vin ligands the complexation energy
is 8-9 (10-12) and 9-11 (13-15) kcal/mol, respectively
(Table 3). In contrast, for the Ph ligand the formation
of the 3_π-Comp and 6_π-Comp complexes from the
corresponding Prod species is endothermic and pro-
ceeds through a transition state.30 The Pt-C distance
in π complexes is shorter than the corresponding Pd-C
distance (Figure 2), in agreement with the above energy
trend.

At the next stage these weakly bound complexes
release the final C-C coupling products (see Figure S4
in the Supporting Information). According to the cal-
culations the entire coupling reactions involving ethynyl
groups are less exothermic, suggesting the possible
reversibility of the process. Indeed, the reverse process,
C(sp2)-C(sp) bond activation, has been reported for a
Pt(0) complex in the literature.25 It was shown that
under photolysis conditions oxidative addition of the
aryl-alkynyl bond occurs to form an asymmetrical aryl-
(alkynyl)platinum(II) complex (an analogue of 10_Init).
The product complex undergoes reductive elimination
upon heating in solution, and the experimental study
has indicated this reaction to be downhill thermody-

(29) With the transition state geometry 2_TS as the starting point,
a series of constrained optimizations were performed, keeping the C-C
bond distance at 1.845 Å and varying the Pt-C bond lengths in the
range 2.103-3.000 Å (Table S2). All the other geometry parameters
were optimized.

(30) Three different binding positions are available for the phenyl
ring; the calculations have suggested a 2,3-η2 complex as being more
energetically favored. See examples of different complexes and dis-
sociation transition states in Figure S6.

Table 3. Calculated Activation Energy (∆Eq, ∆Hq, ∆Gq)a and Energy of Reaction (∆E, ∆H, ∆G)b for
RR′M(PH3)2 f R-R′ + M(PH3)2 (in kcal/mol, at 298.15 K and 1 atm)c

no. complex ∆Eq ∆E ∆Hq ∆H ∆Gq ∆G

1 M(CH3)2(PH3)2 25.2 -31.4/-31.5 24.2 -30.4/-31.3 23.6 -41.7/-35.7
(45.9) (-16.2/-16.3) (44.8) (-15.4/-15.5) (45.0) (-26.3/-19.9)

2 M(CHdCH2)2(PH3)2 6.8 -33.8/-42.5 5.9 -33.2/-41.2 6.0 -44.5/-42.2
(19.3) (-17.8/-27.7) (18.1) (-17.5/-26.7) (18.4) (-29.0/-27.2)

3 M(Ph)2(PH3)2 11.7 -31.4/-28.2 10.5 -31.1/-27.9 10.7 -41.9/-29.0
(28.1) (-15.7/-7.5) (26.5) (-15.6/-7.1) (26.2) (-26.8/-8.2)

4 M(CtCH)2(PH3)2 14.6 -17.5/-28.8 13.0 -18.1/-28.8 11.3 -29.1/-30.5
(29.6) (-0.3/-15.3) (27.6) (-0.8/-15.7) (25.8) (-11.6/-16.0)

5 M(CH3)(CHdCH2)(PH3)2 15.9 -30.6/-38.4 15.5 -29.4/-36.3 14.1 -42.0/-37.7
(33.4) (-15.0/-24.6) (32.2) (-14.5/-23.3) (33.5) (-25.0/-22.2)

6 MII(CH3)(Ph)(PH3)2 18.7 -30.4/-27.2 17.5 -30.0/-26.7 16.9 -41.9/-27.6
(37.8) (-14.9/-6.7) (36.4) (-14.6/-6.2) (37.5) (-25.9/-6.1)

7 MII(CH3)(CtCH)(PH3)2 21.3 -21.3/-29.9 20.6 -20.7/-29.1 18.5 -33.0/-29.0
(39.8) (-5.6/-18.3) (38.3) (-5.7/-17.5) (38.1) (-16.5/-16.5)

8 MII(CHdCH2)(Ph)(PH3)2 9.8 -31.7/-40.7 8.6 -31.4/-39.6 8.7 -43.5/-40.3
(24.5) (-15.9/-26.3) (23.1) (-15.7/-25.3) (22.8) (-27.6/-25.0)

9 MII(CHdCH2)(CtCH)(PH3)2 11.5 -22.6/-32.9 10.2 -22.8/-32.3 9.5 -34.7/-33.3
(25.9) (-6.5/-19.5) (24.3) (-6.7/-18.8) (23.4) (-18.6/-19.1)

10 MII(Ph)(CtCH)(PH3)2 12.2 -23.2/-32.3 10.8 -23.6/-32.9 10.4 -35.1/-29.7
(27.2) (-7.2/-20.9) (25.4) (-7.6/-20.3) (24.5) (-18.9/-19.9)

a ∆Eq/∆Hq/∆Gq ) E/H/G(TS) - E/H/G(Init). b ∆E/∆H/∆G ) E/H/G(Prod) - E/H/G(Init). The values after the slant correspond to E/H/
G(Comp) - E/H/G(Init). c Values for M ) Pd are given without parentheses, while those for M ) Pt are given in parentheses.

(Me)2M(PH3)2 > (Eth)2M(PH3)2 > (Ph)2M(PH3)2 >
(Vin)2M(PH3)2

Vin-Vin ≈ Ph-Ph ≈ Me-Me > Eth-Eth
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namically.25 These qualitative observations are consis-
tent with the calculated energetics (Table 3).

Note that the inclusion of entropy corrections (Gibbs
free energies) only slightly (1-3 kcal/mol) reduces the

calculated barriers while it significantly (by 10-12 kcal/
mol) increases the exothermicity of the reactions. How-
ever, it does not alter the conclusions based on the
calculated enthalpies.

Figure 2. Optimized important geometry parameters of the intermediate complexes (distances in Å and angles in deg) of
the C-C coupling reaction from the RR′M(PH3)2 complexes. Values for M ) Pd are given without parentheses, while those
for M ) Pt are given in parentheses.
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Thermodynamic and Kinetic Factors Control-
ling the Reductive Elimination Reaction. Above we
have shown that the barrier of C-C coupling in the
symmetric R2M(PH3)2 complexes of Pd and Pt decreases
in the order Me-Me > Eth-Eth > Ph-Ph > Vin-Vin,
while the exothermicity of the reaction changes in the
order Vin-Vin ≈ Ph-Ph ≈ Me-Me > Eth-Eth. These
trends could be rationalized by analyzing (1) the M-R
and R-R bonding energies and (2) the nature of the R
ligand, M-R bond, and the transition state.

The calculated M-R and R-R BDE’s decrease in the
order M-Eth (for instance, 73.5 kcal/mol for Pd) >
M-Vin (38.8) ≈ M-Ph (38.6) > M-Me (28.5) (Table 2)
and Eth-Eth (165.1) > Vin-Vin (110.4) ≈ Ph-Ph
(108.7) > Me-Me (87.4) (Table S1), respectively. As
discussed above, the exothermicity of the coupling
reaction is equal to the R-R BDE minus twice the M-R
BDE. The fact that the exothermicity for Eth-Eth
coupling is the smallest could be explained by the fact
that (although the Eth-Eth bond is the strongest R-R
bond and the M-Eth bond is the strongest M-R bond)
the strength of the formed Eth-Eth bond (over other
R-R bonds) is not as large as the strength of the two
broken M-Eth bonds (over other M-R bonds).

However, this explanation cannot be used for the C-C
bond formation barriers. For this purpose, a detailed
analysis of the nature of the M-R bond as well as the
character of structural and electronic perturbations to
the initial complex induced by the C-C coupling transi-
tion state is necessary. Indeed, the C-C bond formation
process in these complexes requires reorganization of
the bonding M-C orbitals by gradually changing the
orientation of the C hybrid (spn) orbitals from M centers
toward each other (C atoms; see Scheme 2). Therefore,
one may expect the R ligand with a more strongly
directional C hybrid (spn) orbital to have a later transi-
tion state and a higher C-C coupling barrier. To test
this idea, we performed calculations on the model
complexes RMII(PH3)3

+, where R ) Me, Vin, Ph, Eth,
and M ) Pd, Pt. RMII(PH3)3

+ contains only one R ligand,
to avoid possible steric interaction between the R
ligands. A series of constrained-geometry optimization31

calculations were performed to determine the depen-
dence of the energy on the orientation of R. In these
calculations, we chose the angle R (see Scheme 2 and
Figure S4 for the definition of R) to be the reaction
coordinate and varied it from 180 to 130° with a 10°

step, covering the region from the initial complex (R )
180°) to the transition state (R ≈ 145-160°).32

It was found that the methyl with an sp3 hybrid
orbital is most sensitive to the orientation change
(Tables S3 and S4). The energy of MeMII(PH3)3

+ in-
creases by 25.5 (31.1) kcal/mol upon decreasing the R
angle from 180 to 130°. VinMII(PH3)3

+ with an sp2

hybrid vinyl ligand is less sensitive to the same orienta-
tion change; the energy increases by 10.0 (10.9) kcal/
mol upon decreasing the R angle from 180 to 130°. In
general, the sensitivity to the orientation change in this
model system decreases in the order R ) Me [25.5 (31.1)]
> Ph [16.4 (19.4)] > Eth [13.5 (15.1)] > Vin [10.0 (10.9)].
The difference among the complexes RMII(PH3)3

+ with
R ) Eth, Ph, Vin ligands having an sp (Eth) or sp2

hybrid orbital could be explained by steric repulsion
between R and PH3 ligands. One should note that a
change in the orientation of the M-C bond affects other
geometrical parameters of the system. Indeed, upon
decreasing R (a) the M-C bond becomes longer and
weaker, (b) the M-P bond becomes shorter due to the
weaker trans influence of R, and (c) the C-M-P angle
increases due to steric repulsions between PH3 and R
ligands (Tables S3 and S4). Thus, the energetics of the
breaking M-R bond during the C-C coupling process
depends on the directionality of ligand orbitals and the
steric repulsion between R and L ligands.

On the basis of the discussion presented above, we
rationalize the calculated trends in thermodynamic and
kinetic properties of the reductive elimination reactions
studied as follows. When the ∆H values (exothermicity)
are similar (1-3), the kinetics of the C-C bond forma-
tion is determined by the orientation (including direc-
tionality of the M-C bond and steric interaction be-
tween R and L ligands) effect, which decreases in the
order Me-Me > Ph-Ph > Vin-Vin. Among the reac-
tions with large difference in ∆H (1-3 vs 4) the
activation barrier is strongly influenced by the exother-
micity of the reaction according to the Hammond
postulate. A combination of these two factors explains
the calculated trend in the ease of the C-C bond
formation reaction in the R2M(PH3)2 complexes: Vin-
Vin > Ph-Ph > Eth-Eth > Me-Me.

C. Reductive Elimination from Asymmetrical
RR′M(PH3)2 Complexes (M ) Pd, Pt). As expected,
the asymmetrical C-C coupling (R, R′ ) Me, Vin, Eth,
Ph; R * R′) also proceeds through a three-centered
transition state similar to the symmetrical one discussed
above (Figures 1 and S2). The results presented in Table
3 clearly show that the calculated barriers and reaction
energies for asymmetrical R-R′ coupling in RR′M(PH3)2
complexes are close to an average between the corre-
sponding barriers of the symmetrical R-R and R′-R′
coupling reactions in R2M(PH3)2 and R′2M(PH3)2,
respectively.

As seen in Table 4, the predicted values of ∆H(R-R′)
and ∆Hq(R-R′) using these equations are only 1 and 2
kcal/mol different from their calculated values, respec-(31) During the constrained optimization the value of R was frozen

and the square-planar geometry of the metal complex was maintained.
All the other geometry parameters were optimized. (32) For a graphical representation, see Scheme 2 and Figure S4.

Scheme 2

∆H(R-R′) ≈ (∆H(R-R) + ∆H(R′-R′))/2

∆Hq(R-R′) ≈ (∆Hq(R-R) + ∆Hq(R′-R′))/2
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tively. These discussions clearly indicate the additive
nature of the calculated energetics of C-C coupling
reactions.

Most likely, the relationships deduced above are valid
for other asymmetrical coupling reactions involving
substituted alkyl, vinyl, phenyl, and ethynyl groups, as
well as different transition-metal complexes. This con-
clusion provides a simple tool to predict the C-C
coupling barriers and reaction energies of asymmetrical
coupling reactions from symmetrical coupling reac-
tions.33 One might expect that the predicted simple
relationships will provide important information for
rationalizing existing experimental observations, pre-
dicting byproduct formation, and more. However, one
should note that the relationships provided above are
only valid in the case of a negligible interaction (steric
and electronic) existing between the organic ligands (R,
R′) in the transition-metal complex. Obviously, the
complexes studied in the present work meet this crite-
rion.

D. Difference Between Palladium and Platinum
Complexes in the C-C Coupling Reactions. In all
the cases studied, reductive elimination involving Pd
complexes requires smaller activation barriers, by 12-
21 kcal/mol, and is more exothermic by a similar
amount, 14-16 kcal/mol, compared to the corresponding
Pt complexes (Table 3). Clearly, C-C coupling reactions
involving Pd complexes will proceed much more easily
than the same process with Pt complexes. This conclu-
sion is in excellent agreement with available experi-
ments, where more active Pd complexes are utilized in
the catalytic coupling reactions, while Pt complexes are
more stable and were isolated.1-12 The present study
confirms the general trend of relative reactivity order
Pd > Pt for a broad class of C-C coupling reactions.

The presented difference in the barrier heights and
energies of reaction between Pd and Pt complexes is
clearly related to the destabilization of the initial Pd
complex, relative to the transition state and products,
by roughly 16 kcal/mol, compared to the Pt complexes.

This in turn relates to the M-R(R′) bond strength in
these complexes, which was shown (see Table 2) to be
roughly 8 kcal/mol stronger for M ) Pt than for M )
Pd.

E. Comparison with Available Experimental
Results. Experimentally it was generally established
that reductive elimination of two methyl ligands is much
more difficult compared to the same process involving
unsaturated groups1-5 and that the high activation
barrier of the C-C reductive elimination reactions
imposes several limitations to the practical utilization
of catalytic alkyl-alkyl coupling.1 Meanwhile, the high
reactivity of the unsaturated ligands very often is the
reason for an inability to observe the PdRR′ (where R
and R′ are not Me) intermediates,1,3 which could be
isolated only by introducing at least one methyl
ligand.1,3,34 These observations agree very well with the
computational findings of the present paper.

For the coupling reactions involving phenyl ligands
the following reactivity order has been established for
palladium complexes: diaryl > aryl alkyl > dialkyl.2a

Our calculations are in excellent agreement with this
experimental finding.

It is worth mentioning that in an elegant study of
C-C coupling on IrIII complexes Maitlis and co-workers
have shown the following reactivity order in the carbon-
carbon bond formation reaction: Vin-Vin > Vin-Me
> Ph-Me > Me-Me,35 which is in excellent agreement
with our results for palladium and platinum complexes,
suggesting a similar nature of the C-C coupling reac-
tion for other transition-metal complexes.36

A comparative study of the unsaturated ligands has
indicated the higher reactivity of the alkenyl group over
aryl, alkynyl, or alkyl groups in reductive elimination
reactions from palladium complexes.34 The higher re-
activity of the alkenyl group is in line with our compu-
tational study.

Finally, the experimentally measured activation en-
ergy of 21 kcal/mol for the alkenyl-alkynyl coupling on
a platinum complex24 is in reasonable agreement with
our model calculations: ∆Hq ) 24.3 kcal/mol (entry 9,
Table 3).

Despite the reliability of the computational ap-
proaches adopted and a wide range of reactions studied,
the limits of the present work should be clearly stated.
The calculated relative reactivity in the C-C coupling
reaction may not be directly compared to the overall
reactivity in the catalytic cycle. In addition to the C-C
reductive elimination, the catalytic C-C cross-coupling
reactions include the oxidative addition and transmeta-
lation steps1-12 and have to be taken into account as
well. Instead, the present study should assist in iden-
tifying the rate-determining step of the C-C coupling
catalytic cycles, which in fact is one of the most difficult
problems in this area.1-12 Care should be taken to
compare the present results obtained for reductive
elimination reactions from the cis-[M(R)(R′)(PH3)2] com-
plexes with multistep C-C coupling reactions involving

(33) With modern computational software the C2 point group for
such metal complexes reduces the computational cost by about 1.5-2
times.

(34) Negishi, E.; Takahashi, T.; Akiyoshi, K. J. Organomet. Chem.
1987, 334, 181.

(35) Maitlis, P. M.; Long, H. C.; Quyoum, R.; Turner, M. L.; Wang,
Z.-Q. Chem. Commun. 1996, 1.

(36) In the case of cobalt(III) complexes it was also shown that Vin-
alkyl reductive elimination is more favorable than alkyl-alkyl; see:
Evitt, E. R.; Bergman, R. G. J. Am. Chem. Soc. 1980, 102, 7003.

Table 4. Calculateda and Predictedb Activation
(∆Hq) and Reaction (∆H) Enthalpies of the

Reaction RR′M(PH3)2 f R-R′ + M(PH3)2 for the
Asymmetrical Complexes (in kcal/mol)c

∆Hq ∆H

no. complex calcd
pre-

dicted calcd
pre-

dicted

5 M(CH3)(CHdCH2)(PH3)2 15.5 15.1 -29.4 -31.8
(32.2) (31.5) (-14.5) (-16.5)

6 M(CH3)(Ph)(PH3)2 17.5 17.4 -30.0 -30.8
(36.4) (35.7) (-14.6) (-15.5)

7 M(CH3)(CtCH)(PH3)2 20.6 18.6 -20.7 -24.3
(38.3) (36.2) (-5.7) (-8.1)

8 M(CHdCH2)(Ph)(PH3)2 8.6 8.2 -31.4 -32.2
(23.1) (22.3) (-15.7) (-16.6)

9 M(CHdCH2)(CtCH)(PH3)2 10.2 9.5 -22.8 -25.7
(24.3) (22.9) (-6.7) (-9.2)

10 M(Ph)(CtCH)(PH3)2 10.8 11.8 -23.6 -24.6
(25.4) (27.1) (-7.6) (-8.2)

a The values were taken from Table 3. b The predicted values
are average of those symmetric complexes taken from Table 3.
c Values for M ) Pd are given without parentheses, while those
for M ) Pt are given in parentheses.
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cis/trans isomerization or ligand dissociation.37 Obvi-
ously, in any multistep process, either catalytic or
noncatalytic, the overall reactivity may depend on other
factors as well.

5. Conclusions

From the findings and discussions presented above,
we can draw the following conclusions.

(i) The C-C cross-coupling barrier from the sym-
metrical R2M(PH3)2 (where M ) Pd, Pt) complex de-
creases in the order R ) Me > Eth > Ph > Vin: i.e., the
Me-Me coupling is the most energy demanding, while
the Vin-Vin coupling is the least demanding among the
complexes studied. All reductive elimination reactions
studied are exothermic, and their exothermicity changes
in the following order Vin-Vin ≈ Ph-Ph ≈ Me-Me >
Eth-Eth.

(ii) For reactions with similar exothermicity (∆H)
values, the kinetics of the C-C bond formation is mainly
determined by the orientation (including directionality
of the M-C bond and steric interaction between the R
and L ligands) effect. For the reactions with a large
difference in exothermicity, the activation barrier is
strongly influenced by the thermodynamics, in agree-
ment with the Hammond postulate. The combination
of these two factors explains the overall trend in the
ease of C-C bond formation in the R2M(PH3)2 com-
plexes: Vin-Vin > Ph-Ph > Eth-Eth > Me-Me.

(iii) The barriers, ∆Hq(R-R′), and the exothermicities
of reaction, ∆H(R-R′), for asymmetrical R-R′ coupling
in RR′M(PH3)2 are very close to the averages of the
corresponding values of the symmetrical R-R and R′-
R′ coupling reactions in R2M(PH3)2 and R′2M(PH3)2:

We believe that these simple rules should be valid for
other asymmetrical coupling reactions involving sub-
stituted alkyl, vinyl, phenyl, ethynyl, or other organic
ligands as well as for different transition-metal com-
plexes. This provides a simple tool to predict C-C
coupling barriers and reaction energies of asymmetrical
coupling reactions, both qualitatively and quantitatively

with reasonable precision, having calculated only sym-
metrical coupling reactions.

(iv) The C-C coupling reactions involving methyl,
vinyl, phenyl, and ethynyl ligands occur much easier
in Pd than in Pt complexes, because the Pd-R(R′) bond
energy is smaller that the Pt-R(R′) bond energy.
Generalizing this finding, we can predict that, the
weaker the M-R(R′) bond, the easier the C-C cross-
coupling reaction.

At the end let us note that, although the absolute
values of C-C coupling barriers and reaction energies
may depend on the method and basis set used and also
may be influenced by substitution effects in R and
phosphine ligands, we believe that the relative reactivity
order and major conclusions of the present study will
remain valid for a broad class of C-C coupling reactions.
To the best of our knowledge, this work is the first
detailed theoretical study of carbon-carbon bond for-
mation through the reductive elimination process in-
volving unsaturated organic ligands.
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(37) For a general discussion of possible reductive elimination
mechanisms see: Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke,
R. G. Principles and Application of Organotransition Metal Chemistry;
University Science Books: Mill Valley, CA, 1987.

∆H(R-R′) ≈ ∆H(R-R)/2 + ∆H(R′-R′)/2

∆Hq(R-R′) ≈ ∆Hq(R-R)/2 + ∆Hq(R′-R′)/2
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