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Mechanistic studies on C—C reductive coupling of
five-coordinate Rh(i1) complexest

Shanshan Chen,?€ Yan Su,® Keli Han® and Xingwei Li**®

A series of five-coordinate Rh(in) vinyl complexes [Rh(NAC)(PArs),CH=CHRI]PF¢ have been isolated as an
intermediate in the coupling of a Rh(in) hydride with terminal alkynes. These Rh(i) vinyl complexes under-
went aryl-vinyl reductive coupling to afford the Rh(i) chelating complex [Rh(NAC-CH=CHR)—(PArz),]PFg
in high yields. Kinetic studies on the C—-C reductive elimination revealed that the reaction kinetics is first
order for a Rh(in)(4-trifluoromethyl)styryl complex with activation parameters of AH* = 20.9 kcal mol™
and AS* = —6.1 eu. The electronic effects of the styryl group and the phosphine ligands on the rate of
C-C reductive elimination were studied, and the rate constant decreases for a more electron-poor styryl
group but increases for a less donating phosphine. The inhibitive effect of the added phosphine indicates
that the dissociation of phosphine to afford a four-coordinate intermediate is involved, which was further
supported by DFT calculations. Although intermediacy of a 4-coordinate species has been suggested, the
active intermediate that directly undergoes C-C coupling was pinpointed to a five-coordinate cis phos-
phine complex on the basis of DFT studies. Significant accelerating effects were observed for oxygen
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donor solvents (THF-dg and acetone-dg), possibly via efficient stabilization of the four-coordinate inter-
mediate. However coordination of CO forms an inert six-coordinate Rh(i) complex. Thus an overall
detailed mechanism of alkyne insertion and subsequent aryl-vinyl reductive elimination from the Rh(in)
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Introduction

Transition-metal catalyzed C-C bond formation reactions via
direct C-H bond activation have been increasingly developed
in organic synthesis during the past several decades.'™*
Among these reactions, the reductive elimination of a C-C
bond is one of the most important elementary steps because
in many catalytic systems this is the product-forming step.
Experimental and computational studies of C(sp®)-C(sp?),
C(sp*)-C(sp®), C(sp*)-C(sp®) reductive elimination from palla-
dium and platinum complexes have been extensively
explored.’>** However, the mechanism and controlling factors
in C-C reductive elimination from other transition-metal com-
plexes (Rh, Ir, Ru, Os, Co) are relatively less studied.”> >’
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center has been proposed based on the experimental and theoretical data.

According to the reported mechanistic studies, C-C reduc-
tive elimination from d® transition-metal complexes often pro-
ceeds via a five-coordinate intermediate,**>° which is
generated by ligand dissociation. In many cases, the five-
coordinate intermediate is relatively unstable and is hardly
isolable, which defies subsequent detailed mechanistic
studies. As far as we know, only a few stoichiometric C-C coup-
ling systems with authenticated five-coordinate intermediates
have been documented. For example, a series of five-coordi-
nate Pt(v) alkyl intermediates bearing nitrogen pincers have
been isolated and characterized by Goldberg,*® Tilley,*"
Wang,*” and Song.**> Goldman reported a series of five-coordi-
nate iridium(m) pincer complexes (PCP)Ir(R)(R)’ (R = alkyl,
vinyl, aryl, alkynyl), which were synthesized from the corres-
ponding RX and R’Li reactants. However, these intermediates
were not stable for isolation, and they were only characterized
by 'H and *'P NMR spectroscopy and by X-ray crystallography in
their six-coordinate derivatives.** Five-coordinate (PNP)Rh(R)(R)'
pincer intermediates that can reductively eliminate have been
reported by Ozerov, but their structures were only proposed on
the basis of spectroscopic characterization (Scheme 1).*>

On the other hand, very recently, rhodium(m)-catalyzed
C-H activation/C-C coupling reactions have been increasingly
explored and a vast majority of efficient synthetic methods
have been developed.®'"'* These methods also offered impor-
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Scheme 1 Reported five-coordinate intermediates in stoichiometric
coupling.

tant synthetic complements to palladium- and ruthenium-cata-
lyzed C-H activation/C-C coupling reactions. The C-C reduc-
tive elimination of a Rh(m) complex is particularly important
because it is proposed as a key product-forming step in many
catalytic systems with a Rh(m)/Rh(1) cycle. Despite the signifi-
cance, only a few reports detailed the stoichiometric C-C
reductive elimination of Rh(m) complexes,>”*>*?%% which
stands in sharp contrast to the majority of reports on stoichio-
metric C-C and C-N coupling of palladium complexes.
Inspired by the above reports, we aim to synthesize a range of
rhodium(ur) complexes to delve into the mechanism of sub-
sequent C-C reductive coupling using a combination of experi-
mental and theoretical methods.

Results and discussion

In 2003, Crabtree and coworkers reported the double insertion
of a terminal alkyne into a cyclometalated iridium(i) hydride
to afford a butadienyl complex, with the cylometalated ligand
being a spectator.>’* In contrast to iridium, rhodium generally
forms a weaker M-C bond. Therefore, the interactions of
Rh(m) hydrides with alkynes may follow a different reaction
pattern. Thus the cyclometalated ligand might act as a partici-
pating group in subsequent C-C coupling.

Synthesis of [Rh(N~C)(PAr;),(CH—=CHR)|PF, intermediate 2

We reasoned that the insertion of a terminal alkyne into a
stable rhodium aryl hydride may afford an isolable alkenyl
complex that can be a suitable candidate for subsequent
C(aryl)-C(alkenyl) coupling studies. This is based on the
rationale that a Rh-C(aryl) bond is usually kinetically more
labile than the iridium counterpart. To achieve this goal, a
series of cyclometalated rhodium(ur) hydride complexes 1 have
been prepared via cyclometalation according to our previously
reported procedure in the presence of tert-butylethylene (TBE)
(Scheme 2).® All these hydride complexes were fully character-
ized and, in particular, the hydride signal resonates as a
doublet of triplets in a narrow range of § —12.13 to —12.49 in
the "H NMR spectroscopy and the Rh—C resonates as a doublet
of triplets (5 153.08 to 163.83) in *C NMR spectroscopy
(acetone-dg).
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Scheme 2 Synthesis of rhodium hydrides.

Isolation of five-coordinate Rh(m) alkenyl complexes

To our delight, stirring a mixture of hydride 1a and an excess
of (4-trifluoromethyl)phenylacetylene in DCM at —20 °C led to
a red solution with the clean formation of a Rh(im) trans-styryl
complex 2ab, although the reaction at rt afforded a Rh(i) C-C
coupled product (vide infra). Rapid removal of the solvent fol-
lowed by washing with diethyl ether afforded 2ab in analytical
purity in 90% yield. Complex 2ab was fully characterized at
—20 °C. On the basis of "H NMR spectroscopy, only one equiv.
of alkyne was incorporated and a characteristic doublet of tri-
plets signal at & 8.36 (dt, *Jyy = 17.0 Hz, *Jpy = 5.5 Hz) was
observed and was assigned to the  proton of the trans-styryl
unit (Rh-CH = CH(C¢H,4)CF;). The other olefinic CH was
detected at & 5.13 (d, %y = 17.0 Hz). Furthermore, no ligated
acetone could be detected by "H NMR spectroscopy, indicating
that complex 2a might be five-coordinate. In the "*C NMR
spectrum, two Rh-C signals were detected each as a triplet of
doublets at § 145.08 (dt, *Jrnc = 42.9 Hz, *Jpc = 9.2 Hz, Rh-aryl)
and 6 153.65 (dt, */gnc = 32.2 Hz, *Jpc = 10.7 Hz, Rh-styryl). In
the *'P NMR spectrum, a doublet signal (6 23.4, “Jpnp =
112.1 Hz) was observed for the two equivalent phosphorus
atoms, indicative of their trans orientation.

By following this procedure, a series of terminal alkynes
bearing various electron-donating and -withdrawing substitu-
ents underwent smooth insertion into the Rh-H bond to
afford the corresponding Rh(m) alkenyl complexes in high
yields (Scheme 3). These results stand in contrast to the facile
double insertion of alkyne into the iridium congener of
rhodium hydrides 1, where the insertion of the 2™ equiv. of
alkyne into the Ir-vinyl bond readily proceeded so that no
iridium(m) vinyl intermediate could be isolated in a less co-
ordinating solvent such as DCM.>”*

Crystal structure

Single crystals of 2ab suitable for X-ray crystallographic studies
were obtained by slow diffusion of diethyl ether to a dichloro-
methane solution at —20 °C. X-ray crystallographic studies
unambiguously confirmed the identity of 2ab (Fig. 1). As
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Scheme 3 Synthesis of five-coordinate vinyl complexes.

Fig. 1 Molecular structure (ORTEP) of the cation of 2ab with thermal
ellipsoids shown at the 50% probability level. Selected bond lengths (A)
and angles (°): Rh1-C1, 1.987(3); Rh1-C15, 2.019(3); Rh1-N1, 2.145(3);
Rh1-P2, 2.3448(10); Rh1-P1, 2.3503(9); C15-C16, 1.337(5); C1-Rhil-
C15, 100.04(14); C1-Rh1-N1, 81.82(13); C15-Rh1-N1, 177.27(13); C1-
Rh1-P2, 91.35(11); C15-Rh1-P2, 87.56(10); N1-Rh1-P2, 90.41(9); C1-
Rh1-P1, 93.90(11); C15-Rh1-P1, 89.10(10); N1-Rh1-P1, 92.77(9); P2-
Rh1-P1, 174.20(3).

depicted in Fig. 1, the two PPh; ligands are mutually trans and
the coordination sphere involves five regular bonds, while the
sixth coordination site is unoccupied and is trans to the high
trans-effect aryl ligand. No secondary interaction between the
rhodium center and the styryl group could be detected. There-
fore this Rh(im) styryl complex represents a rare example of a
five-coordinate d® complex generated from the insertion of an
alkyne into a metal hydride.

C-C reductive elimination of the vinyl complexes

It has been well studied that metal complexes with coordina-
tive unsaturation tend to undergo facile reductive
elimination.**° Thus, we reasoned that our coordinatively
unsaturated and fluxional complexes 2 might be labile toward

This journal is © the Partner Organisations 2015
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reductive coupling, and consequently they may be a suitable
subject for stoichiometric studies. Indeed, dissolution of the
five-coordinate vinyl complex 2ab in CD,Cl, at room tempera-
ture led to clean and quantitative formation of the C-C
coupled product 3ab within hours. Alternatively, this product
could be isolated in a similar yield directly from the room
temperature reaction of rhodium hydride 1a and (4-trifluoro-
methyl)phenylacetylene. The reductively coupled product was
fully characterized by NMR spectroscopy and X-ray crystallogra-
phy. In the "H NMR spectrum of 3ab (CD,Cl,), two doublets of
doublets resonate at 6 6.48 ppm and § 5.50 ppm and were
assigned to the o and the § protons in the styryl unit, respecti-
vely, on the basis of HMBC and HMQC spectroscopy. The
observed coupling constant (13.8 Hz) between these two
protons is slightly less than 16 Hz as a result of the change in
the hybridization to a more sp® character, suggestive of a
metal-bound olefin group. In the **C NMR spectrum (CD,Cl,),
the two olefinic carbon signals were detected at § 78.6 (dd,
%Jrnc = 19.9 Hz, *Jpc = 6.2 Hz) and § 85.0 (d, *Jrnc = 12.1 Hz).
The ipso carbons of the phenyl groups in PPh; appear as a
doublet at § 130.6 (YJpc = 45.8 Hz) and 130.9 (Ypc = 41.1 Hz)
with no virtual coupling, indicative of the cis orientation of the
PPh; ligands. In line with the *C NMR data, the *'P NMR
spectrum gave two mutually coupled signals at § 30.95 (dd,
Yrnp = 169.4 Hz, *fpp = 44.5 Hz) and 36.21 (dd, Ygpp =
155.6 Hz, *Jpp = 44.0 Hz), the latter signal being assigned to
the PPh; trans to the olefin ligand, where the smaller Jip_p is
caused by the high trans, labilizing effect of the olefin.

By following this generic procedure, C-C reductively
coupled products were conveniently prepared in a broad scope
from the room temperature reaction between the Rh(m)
hydride complex and a terminal alkyne (Scheme 4). Since this

Il
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Scheme 4 Synthesis of Rh() olefin complexes via C—C coupling.
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process involved the insertion of alkyne into a rhodium(im)
hydride, deuterium labeling studies have been performed
using 1a and phenylacetylene-d (eqn (1)). '"H NMR analysis of
the isolated Rh(1) olefin complex revealed that the deuterium
was located exclusively at the carbon adjacent to the benzo[h]-
quinoline unit. This suggests no cleavage of the alkynyl C-H
bond during the insertion of the alkyne, hence ruling out the
intermediacy of a vinylidiene species.

PPhs
D

’ O—< ph
CHClp, 11,3 h

6

1a

Crystal structure of Rh(i) products

Single crystals of 3aa and 3ak suitable for X-ray crystallo-
graphic studies were obtained by the slow diffusion of diethyl
ether to their dichloromethane solutions at room temperature
(Fig. 2 and 3). As shown in Fig. 2, 3aa is best described as a
square planar complex and the coordination sphere includes a
chelating pyridine-olefine ligand and two cis PPh; ligands. The
benzo[]quinoline ring is slightly twisted to accommodate this
chelation mode in a rather sterically congested setting.
Detailed crystallographic data on complexes 3aa and 3ak are
provided in the ESL{

Although the five-coordinate vinyl complexes readily
coupled at room temperature, bubbling CO through a solution
of 2ab led to the formation of a six-coordinate carbonyl
complex 4 which was isolated in quantitative yield (eqn (2)).
The CO occupies the sixth site to give a stable Rh(m) complex
so that no C-C reductive elimination was observed. This obser-

Fig. 2 Molecular structure (ORTEP) of the cation of 3aa with thermal
ellipsoids shown at 50% probability. Selected bond lengths (A) and
angles (°): Rh1-N1, 2.093(4); Rh1-C14, 2.158(5); Rh1-C15, 2.300(5);
Rh1-P1, 2.3042(12); Rh1-P2, 2.3192(13); C14-C15, 1.427(7); N1-Rhl-
C14, 87.63(17); N1-Rh1-C15, 77.94(16); C14-Rh1-C15, 37.16(18); N1-
Rh1-P1, 168.90(11); C14-Rh1-P1, 99.18(13); C15-Rh1-P1, 102.22(12);
N1-Rh1-P2, 87.51(11); C14-Rh1-P2, 13152(13); C15-Rh1-P2,
161.16(13); P1-Rh1-P2, 94.37(5).
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Fig. 3 Molecular structure (ORTEP) of the cation of 3ak with thermal
ellipsoids shown at 50% probability. Selected bond lengths (A) and
angles (°): Rh1-N1, 2.098(3); Rh1-C14, 2.127(5); Rh1-C15, 2.224(4);
Rh1-P1, 2.2925(11); Rh1-P2, 2.3420(11); C14-C15, 1.405(7); N1-Rh1-
C14, 87.42(17); N1-Rh1-C15, 79.50(15); C14-Rh1-C15, 37.59(17); N1-
Rh1-P1, 167.70(11); C14-Rh1-P1, 97.29(14); C15-Rh1-P1, 97.30(12);
N1-Rh1-P2, 88.21(10); C14-Rh1-P2, 130.15(13); C15-Rh1-P2,
162.41(13); P1-Rh1-P2, 97.264.

vation further indicates that C-C reductive elimination tends
to occur preferentially for coordinatively unsaturated species.

R F!’Ph3 T co R 7ph3°° _|+
b 2 ik :
£ on oF, "G L ?’Pmca (2)
4
2ab v=2073cm”!

Kinetic studies

Kinetic parameters for the conversion of 2ab to 3ab were
experimentally assessed by monitoring the decay of 2ab by '°F
NMR spectroscopy in CD,Cl, to reveal k = 2.28(1) x 10~ min™"
at 287.7 K. The reaction was found to obey first-order kinetics.
The rate constants measured at different temperatures are dis-
played in Table 1. Temperature dependence studies of the 2ab
to 3ab conversion allowed for the extraction of the activation
parameters AH” = 20.9(3) kcal mol™ and AS” = —6.1(3) cal
(mol K)™* from the Eyring plot. This negative value of AS™
suggests that the transition state is slightly more ordered than
the ground state. However, the AS™ value is not significant
enough to warrant conclusive discussion of the mechanism.
To gain further insight into the mechanism of this reduc-
tive elimination, the electronic effect of the reactive styryl
group has been perturbed. It was found that the introduction
of a more electron-donating substituent into the para position
of the phenyl ring in the styryl group resulted in a more rapid

Table 1 Temperature-dependent kinetics for the decay of 2ab

Entry T (K) k (min™)
1 287.7 0.00228(1)
2 293.6 0.00471(7)
3 297.0 0.00704(4)
4 305.3 0.0197(1)

This journal is © the Partner Organisations 2015
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Table 2 Electronic effects of reacting and ancillary ligands (293.6 K)

T

Entry R, R, op (R1) k (min™")
1 OMe H -0.27 0.0101(1)
2 H H 0 0.0086(1)
3 F H 0.06 0.0079(1)
4 CF, H 0.65 0.00471(7)
5 SO,CF; H 0.93 0.00255(2)
6 CF, OMe 0.00410(6)
7 CF, F 0.00684(3)

decay (Table 2, entries 1-5), and the most electron-withdraw-
ing substituent -SO,CF; gave the lowest rate. The linear free
energy correlation between the rate constant and the ¢, of the
para substituent gave a straight line (R* = 0.955). An alternative
plot using the resonance substituent constant o, also gave a
straight line with R* = 0.954, indicating that the resonance
effects probably have a dominant influence on the rate of the
coupling reaction (Chart 1). On the other hand, the reaction
occurred faster for more electron-poor ancillary phosphine
ligands (entries 1, 6, and 7). These observations are typical and
are consistent with those in most kinetic studies on the (con-
certed) reductive elimination of Pd(n) complexes,>® where
these two baseline electronic effects are attributed to the elec-
tronic effects of the ground state.

Effects of cyclometalated ligands

We next investigated the effects of the reactive cyclometalated
aryl ligand, and the data are given in Scheme 5. It was found
that an aryl group with extended conjugation gives a higher
rate, although this effect is not significant. This observation
seems counterintuitive in terms of the ground state electronic
effects because an extended conjugated aryl group tends to
facilitate mn-back donation to give a stronger Rh-Aryl bond.

4.8
46
44
4.2
In(10%k) 4.0
3.8
36
34

- S020F3
04 -02 00 02 04 06 08 10

ap

Chart 1 The Hammett plot for the decay of Rh(i) complexes bearing
different p-substituents in the styryl group.
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Scheme 5 Effects of the cyclometalated aryl ligands on the rate of
C-C reductive coupling (297.0 K, CD,Cl,).

Table 3 Solvent effects on the kinetics of decay of 2ab to 3ab at 281 K

-1

Entry Solvent Dielectric constant ~ k (min

1 CD,Cl, 9.1 0.000958 (extrapolated)
2 THF-d, 7.5 0.0214(2)
3 Acetone-ds 21 0.0231(2)

However, this observation may be ascribable to transition state
stabilization or stabilization of the ligated olefin product,
where a more rigid chelating N*C group gives a better stabil-
ized m-olefin complex. Clearly, pre-decoordination of the
pyridyl group is unlikely because in this case the 2-phenylpyri-
dyl ligand is most flexible among all the three and the decay of
2db to 3db would have been fastest.

The solvent effects

The effect of solvents on the reductive elimination has also
been investigated (Table 3). Reactions conducted at 281 K in a
weakly coordinating, oxygen-containing solvent such as
acetone-d, and THF-dg occurred significantly faster than in
CD,Cl,, but there is no correlation between the dielectric con-
stant of the solvent and the reaction rate. Instead, the donating
capacity of the solvent seems to play an important role, possi-
bly by stabilization of a cationic, unsaturated four- or five-coor-
dinate intermediate.

The fact that the reductive coupling occurred at a higher
rate in a more coordinating solvent simply suggests that the
reaction proceeds either via a four coordinate or a five coordi-
nate intermediate such as a five coordinate diphosphine or a
PPh;/solvent complex. Furthermore, the PPhs/solvent inter-
mediate is quite unlikely when CH,Cl, was used as a solvent.
To gain further insight, the effect of added phosphine has
been examined.

Effects of added phosphine ligands

To explore whether the reductive elimination occurs viag a four-
coordinate Rh(m) intermediate via phosphine dissociation,
phosphine concentration-dependent kinetic studies have been
performed at 297 K (Table 4). It was found that the decay of
2ab was slightly inhibited with the introduction of various
amounts of PPh;. On the other hand, *'P and °F NMR spec-
troscopy revealed that no new phosphine-containing species
was generated and the only detectable species are 2ab and
PPh;. This indicates that the initial concentration of 2ab was

Org. Chem. Front, 2015, 2, 783-791 | 787
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Table 4 Phosphine concentration-dependent kinetics for the decay of
complex 2ab (297 K, CD,Cl,)

Entry [PPh;] (M) Kops (M min™")
1 0 0.00704(4)

2 0.00936 (1 equiv.) 0.00628(13)

3 0.0562 (6 equiv.) 0.0047(1)

4 0.0749 (8 equiv.) 0.00438(4)

not affected upon addition of PPh; and the starting five-
coordinate rhodium species is not a directly reactive species.
Instead, reversible phosphine dissociation to afford a reactive
four-coordinate monophosphine intermediate was suggested
and is kinetically important, and the formation of such a four-
coordinate species was inhibited by the introduction of phos-
phine. Indeed, this proposal of four-coordinate species seems
to correlate well with the solvent effect. This reactive four-
coordinate species was stabilized by weakly coordinating sol-
vents such as acetone and THF by oxygen binding, leading to a
more rapid decay.

Postulated elementary steps for the decay of 2ab to 3ab are
depicted in Scheme 6. In path (a), phosphine dissociation gen-
erates a four-coordinate intermediate, which undergoes re-
organization (A) and reductive elimination to afford a three-
coordinate olefin intermediate (B). The final product was pro-
duced with the rapid recoordination of the PPh;. Alternatively
(path (b)), the four-coordinate intermediate A may be trapped
by PPh; to give a cis phosphine intermediate C, C-C coupling
of which furnishes the final product. These two pathways are
kinetically undistinguishable by experimental methods if the
steps after the formation of the four-coordinate intermediate
are not rate-determining.

kiks,

Kobs = 1 Tophy] + 1,

(3)
When the steady state approximation was applied to the four-
coordinate intermediate, a rate law given in eqn (3) can be
derived, assuming that the recoordination of PPh; to give C or
C-C coupling to give B is rapid and kinetically unimportant.
Indeed, a plot of the reciprocal of k.ps against [PPh;] does
show a fairly good straight line (Chart 2). Based on this plot,
the rate constant of the dissociation of the PPh; (k;) was esti-
mated to be 6.9 x 107 min~* and a ratio of k_,/k, was calcu-
lated from the slope to be 7.8.

PPh;
PPhs <Nl
] ﬁh\PPha —— product
5 < :
path (b) cﬁ
Ar
FPhs PPh; _
<A '+ k1 SNt ke =3t peng PPhg
2 R ar “oom % ~pphy —> I RH
T : path (@) T T~F
PPhs kg N Ar
AN B

Scheme 6 Possible reaction pathways.
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Chart 2 The effects of added phosphine.

The DFT method

For the calculation of the free energy associated with the
elementary process which involves adduct formation between
the Rhodium complex and phosphine and the process which
involves dissociation of the phosphine from the Rhodium
complex, entropy effects should be taken into consideration.

We evaluate free energy change at 298 K by two ways. In one
way, translation, rotation, and vibration movements are taken
into consideration to estimate the thermal entropy and free
energy, where all substrates are treated as the ideal gas. In the
other way, only the vibration movements are considered in the
estimation of the thermal energy and free energy, but trans-
lation and rotation movements are neglected, because in the
solution the translation and rotation movements are highly
suppressed. In the former method, entropy significantly
decreases upon the formation of adduct from two molecules,
as expected. In the latter method, on the other hand, for-
mation of adduct induces a very small entropy change, as will
be discussed below. The former method apparently overesti-
mates the entropy effects and the thermal energy of the solu-
tion reaction, because translation and rotation movements are
highly suppressed in solution. On the other hand, the latter
method underestimates the entropy effects and the thermal
energy, because translation and rotation movements are not
completely suppressed in solution. The true value would be
intermediate between the value (AG°) obtained by the former
method and that (AG,°) by the latter one, and more or less
close to the free energy change estimated by the latter method,
when the reaction is carried out in solution.

Because this ambiguity remains in the estimation of the
entropy and thermal energy, we will discuss each elementary
step based on the usual total energy changes with zero-point
energy correction (AE). Of course, the free energy change does
not differ so much from the total energy change in the elemen-
tary steps that involve neither the formation of adduct nor the
release of product. Also, the free energy change that is evalu-
ated by considering only vibration movements does not differ
so much from the total energy change. The significant differ-
ence between the free energy change and the total energy
change is observed in the elementary process that involves
either the formation of adduct or the release of product, when
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translation, rotation, and vibration movements are considered
in the estimation of free energy.

All the DFT calculations were carried out using the GAUS-
SIAN 09 series of programs. Density functional theory and
B3LYP with a standard 6-31+G(d) basis set (SDD basis set for
Rh) were used for geometry optimizations. The solvent effects
were considered by single point calculations on the gas-phase
stationary points with a SMD continuum solvation model.

DFT studies

Theoretical studies at the DFT level have been performed
(Scheme 7). It was found that the initial phosphine dis-
sociation occurs with AG = 22.1 kcal mol™" because this
process is unfavorable in both entropy and enthalpy. Int,
readily isomerizes by Berry pseudorotation to produce a
slightly more stable four coordinate Int, with a minimal
barrier, where the styryl group is oriented to the epical posi-
tion. DFT studies suggest that path (a) is unlikely because a
rather high free energy of 34.9 kcal mol™" (18.1 kecal mol™ for
this step) was located for the TS,, when Int, directly reduc-
tively eliminates to give Ints;,. In contrast, by following path
(b), PPh; binding to Int, gives Ints, with slight exergonicity.
Thus the conversion of the starting complex to Int}, represents
a facile stepwise trans to cis isomerization of phosphine com-
plexes. Reductive elimination of Int;, can readily occur at a
barrier of 11.5 kecal mol™, and this barrier is rather low par-
tially because of the steric assistance: the repulsion between
the two cis phosphine ligands is partially released when the
final product is formed. In addition, the ligands experience
minimal reorganization during the reductive elimination. The
overall reaction is slightly exergonic by 6.7 kcal mol™". It
should be noted that although DFT studies seemingly suggest
a positive AS” with the dissociation of a phosphine ligand, the
entropy change was overlooked. Solvent reorganization or
polarization by a cationic metal center may contribute to a

Scheme 7 DFT studies of energy profiles of two possible pathways. (a)
Values (AE) without any parentheses are total energy changes with cor-
rection of the zero-point energy. (b) Values (AG®) in parentheses are
Gibbs free energy where translation, rotation, and vibration movements
are taken into consideration to estimate the thermal entropy and free
energy. (c) Values (AG,°) in square brackets are Gibbs free energy where
only vibration movements are taken into consideration to estimate the
thermal entropy and free energy.
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slightly negative AS”. Clearly, path (b) is preferred. The calcu-
lated energy profile is in both qualitative and quantitative
agreement with the experimental data in terms of the acti-
vation energy and the rate law of the phosphine. The calcu-
lated highest barrier of AG* = 25.5 kcal mol™" represents the
barriers of the dissociation of the phosphine ligand. This
theoretical value stays in line with the experimental value of
AG” = 23.6 kcal mol™" derived from the rate constant of 8.6 x
107° min~" at 293 K (Table 2, entry 2). In addition to these two
possible pathways, direct reductive elimination of the starting
complex has been attempted, and indeed a significantly
higher kinetic barrier was located.

While the fact that the C-C reductive coupling occurred at a
higher rate in oxygen-containing solvents may not lead to any
solid conclusion on the intermediacy of the kinetically impor-
tant species (both four and five coordinate species remain
possible), our DFT studies provided further evidence. Our
solvent-dependent kinetics is at least consistent with the DFT
studies. The starting trans phosphine complex is kinetically
inert and cannot undergo direct C-C reductive coupling. In a
more coordinating solvent, the dissociation of one of the phos-
phine ligands is facilitated because the resulting four coordi-
nate intermediate Intl is coordinatively unsaturated and can
be better stabilized. This extra stabilization does not exist in a
poorly coordinating solvent such as CH,Cl,.

Conclusions

A series of rare five-coordinate [Rh(C"N)(PAr;),(CH=CHR)]-
PF, complexes have been isolated from the insertion of alkyne
into stable Rh(m) hydrides. These five-coordinate complexes
are kinetically labile at room temperature and undergo clean
reductive coupling to afford stable Rh(r) alkene complexes
[Rh(N~C-CH=CHR)(PAr3;),]PFs. Thus direct observation of
C-C reductive coupling from five-coordinate d° transition
metals has been made, and mechanistic details of this process
have been studied by a combination of experimental and
theoretical approaches.

Activation parameters were obtained from temperature-
dependent kinetic studies. The solvent effect and the elec-
tronic effects of the reactive and ancillary ligands have been
established, where the electronic effects pointed to typical
ground state electronic influences. Introduction of phosphine
has an inhibitive effect on the rate of decay and the phosphine
concentration-dependent studies suggest that dissociation of a
phosphine is involved. Thus the intermediacy of a four-coordi-
nate intermediate plays an important role. Weakly coordinat-
ing oxygen-containing solvents tend to favor the reductive
elimination possibly by ligation and stabilization of a lower-
coordinate intermediate. The phosphine concentration-depen-
dent studies suggest reversible phosphine dissociation and a
four-coordinate intermediate is involved. Two mechanistically
distinct pathways have been suggested based on experimental
studies.
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DFT studies have been applied to distinguish between these
two possible pathways. It turned out that although a four-coor-
dinate intermediate is involved, it does not undergo direct C-C
reductive elimination to give a three coordinate olefin complex
intermediate. Instead, recoordination of the departed phos-
phine ligands yields an isomerized cis phosphine intermediate
that is the active species toward C-C reductive elimination.
The DFT studies revealed that phosphine dissociation is rate-
limiting and the activation free energy is in good agreement
with the experimental result. The five-coordinate Rh(m) and
the coupled Rh(1) complexes obtained in our system offered
direct experimental data for related catalytic C-H activation
and C-C coupling reactions since C-C reductive elimination
studies are particularly rare for cationic complexes. Insights
gained in this work may provide useful information for the
design of new catalysts for C-C coupling.
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