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Acceleration of Reductive Elimination of [Ar-Pd-C;] by a Phosphine/
Electron-Deficient Olefin Ligand: A Kinetic Investigation
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Abstract: The kinetics of the reductive
elimination step of a Cy—C,, Negishi
cross-coupling catalyzed by a 1:1 com-
plex 2 of palladium and the phosphine/
electron-deficient olefin ligand (E)-3-
(2-diphenylphosphanylphenyl)-1-

phenyl-propenone (1) was studied.
Complex 2 is an exceptionally efficient
and highly selective catalyst for Negishi
cross-coupling reactions involving pri-
mary and secondary alkylzinc reagents
bearing f-hydrogen atoms. Turnover
numbers (TONs) as high as 10° and
turnover frequencies (TOFs) as high as
1000 s™' were observed. The reactions
occurred rapidly and selectively even
at 0°C. The fact that the reaction was

first order in [Pd] is consistent with ho-
mogeneous catalysis by Pd complexes
rather than by Pd nanoparticles (NPs).
Through systematic kinetic investiga-
tions of the Negishi coupling of ethyl
2-iodobenzoate with alkylzinc chlo-
rides, the rate constants for reductive
elimination of [Ar-Pd-C,;] were deter-
mined to be >0.3s7!, which is about 4
or 5 orders of magnitude greater than
the values previously reported for [Pd-
(dppbz)] and [Pd(PPh;),] systems
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Transition-metal-catalyzed

(dppbz =1,2-bis(diphenylphosphino)-
benzene). The use of a 2:1 ratio of
1:Pd resulted in reduced catalytic activ-
ity and selectivity, presumably because
the olefin moiety could no longer assist
in the reductive elimination step. Im-
portantly, hydrogenation of the C=C
double bond in ligand 1 generated a
saturated ligand (1H,), which was not
only less effective than 1, but also gave
rise to substantial amount of ethylben-
zoate formed by competing (-hydride
elimination. Thus, the m-accepting
olefin moiety in 1 must enhance reduc-
tive elimination rates, and, consequent-
ly, inhibit formation of byproducts re-
sulting from p-hydride elimination.

Introduction

cross-coupling reactions are

widely used in organic synthesis."? However, the transfor-
mations involving alkyl groups remain problematic due to

slow reductive elimination (i.e., Cy—Cypn>Cp=Cypn> Cypi—

C,) with deleterious but fast B-H elimination.”” Culkin
and Hartwig investigated the reductive elimination of com-
plex A through stoichimetric reactions (Scheme 1), and
found the half life of the complex at 40°C to be 23 min, cor-

responding

to a
(Scheme 1).°! Espinet et al. reported the rate constant for
reductive elimination of complex B to be 8.9x10°s™" at

rate constant of about 5x107*s7!

25°C (Scheme 1).1 Some progress has been made to pro-

mote the rate of oxidative addition by employing sterically

hindered and/or electron-rich ligands.**'”1 Although the
steric hindrance assists the reductive elimination, the eclec-

tronic factors aimed at facilitating the oxidative addition®!

inhibit the reductive elimination process.! Effective means
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Scheme 1. Selected rate constants for reductive elimination.

to accelerate the reductive elimination are still scarce for
cross-coupling reactions involving alkyl groups.

Additives with m-acceptor properties (e.g., maleic anhy-
dride, fumaronitrile, p-fluorostyrene, and other olefins) are
known to accelerate reductive elimination in stoichiometric
reactions.'”* They have seldom been used as ligands in cat-
alytic processes.”** Recently, we reported an efficient Cq,-
involved Negishi-coupling catalyzed by a complex of palladi-
um and the phosphine/electron-deficient olefin ligand 1.4

PPh,

Ph

The reaction proceeds exceptionally cleanly, providing a
good model for kinetic study. In an attempt to gain a better
understanding of the unique role of the ligand, we conduct-
ed a series of quantitative kinetic investigations. Herein, we
report the finding that ligand 1 dramatically enhances the
rate of reductive elimination of a [Ar-Pd-C,;] intermediate,
thus making alkyl-aryl coupling reactions possible with high
efficiency and selectivity, that is, without competing p-hy-
dride elimination.

Results and Discussion

Structures of Pd/phosphine/electron-deficient olefin ligand
complexes: Reaction of [PdCL(PhCN),] with two equiva-
lents of 1 gives 3 in excellent yield (Figure 1, for details see
Supporting Information); however, 1:1 reaction gives 2 in
solution, which rapidly forms a much less soluble complex
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Figure 1. X-ray molecular structure of 3-2CH,Cl,. The Pd atom lies at an
inversion center and has square-planar coordination. Bond lengths (A):
Pd—Cl(1) 2.2973(5), Pd—P 2.3425(6). Thermal ellipsoids are shown at the
50% probability level.

that we formulate as a monophosphine, Cl-bridged dimer or
oligomer on the basis of solubility, elemental analysis, solid-
state 'P NMR and IR spectroscopy, the last of which shows
no sign of alkene bonding to Pd. In contrast, reaction of
[Pd(dba),] with two equivalents of 1 gives a novel Pd” spe-
cies 4 (Figure 2), in which each of two molecules of 1 are
both P- and m-olefin-bound to Pd. Interestingly, in the solid-
state structure of 4, the metal coordination by two P atoms

Figure 2. X-ray molecular structure of 4 in 4-0.5 CH,Cl,. Bond lengths in
the two independent molecules (A): Pd—P(1) 2.3776(9) [2.3673(8)], Pd—
P(2) 2.3707(8) [2.3545(9)], Pd—C(7) 2.173(3) [2.203(3)], Pd—C(8) 2.289(3)
[2265(3)], Pd—C(34) 2.161(3) [2.144(3)], Pd—C(35) 2.277(3)
[2.276(3)].Thermal ellipsoids are shown at the 50 % probability level.
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Reaction Mechanisms

and two n’-olefinic bonds is intermediate between square-
planar and tetrahedral, which would be expected for Pd’
complexes. The plane defined by the Pd atom and the mid-
points of both n*bonds forms a dihedral angle of 51.8 or
53.1° with the PdP, plane (cf. O for planar and 90° for tetra-
hedral coordination). The olefinic C7=C8 bond lengthens
from 1.330(3) A in 3 to the average of 1.406(4) A in 4 due
to metal coordination. The adjacent C2—C7 bond lengthens
from 1.467(3) to 1.499(4) A as the change of the C1-C2-C7-
C8 torsion angle from 174.2(3)° in 3 to 57.4(4)-78.1(4)° in 4
breaks the m-conjugation. The angle between aryl planes i
and ii increases from 24° in 3 to 67-80° in 4.l For details of
the crystal structure and spectroscopic characterization, see
Supporting Information.

High-turnover-number (TON) and low-temperature experi-
ments: Figure 3 shows the typical concentration profiles
versus time for the reaction [Eq.(1)] of ethyl 2-iodoben-
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Figure 3. Kinetic profile of reaction of Arl 6 and CyZnCl (7) catalyzed
by 2 (0.001 mol %) at 25°C monitored by ReactIR™,

zoate (6; 100 mmol) with cyclohexylzinc chloride (7;
500 mmol) at 25°C, producing 8 at a final yield of 99 % (de-
termined by GC). The reaction was catalyzed by 2
(0.001 mol%). The turnover frequencies (TOFs) were as
high as 10°s™'. Encouraged by the large TON and TOF
values, further kinetic studies were carried out on this Ne-
gishi coupling.

COOEt COOEt
2
| + CyZnCl —— Cy Q)]

6 7 8

At 0°C, with catalyst 2 (0.5 mol%), the coupling of 6
(1.0 mmol) and 7 (2.25 mmol) finished in 17 min (Figure 4A,
squares). The same reaction at 15°C completed within 5 min
(Figure 4 A, circles). The high reactivity and selectivity of
this reaction demonstrated the capability of the catalyst em-
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Figure 4. Reaction of Arl 6 and CyZnCl (7) catalyzed by 2 (0.001m) at
0°C and 15°C monitored by ReactIR™. A) [6] versus time. Linear fit of
[6] versus time: between 400-600s (0°C); between 130-200s (15°C).

B) Linear fit of In[6] versus time: between 400-900s (0°C); between
130-330's (15°C).

ployed in enabling the oxidative addition, transmetallation
and Cg-involved reductive elimination.

The effectiveness of the olefin moiety in ligand 1: The major
difference between our catalyst system and the systems re-
ported previously (Scheme 1) was the ligand on the palladi-
um center. Both of the reported cases employed two phos-
phine ligands, that is, the bidentate chelate, bis(diphenyl-
phosphino)benzene!® or PPh; (2 equiv).”! Our ligand con-
sists of an electron-deficient olefin in addition to a phos-
phine moiety.

To elucidate the role of the electron-deficient olefin
moiety in the reaction, we examined the coupling of 6 with
9 catalyzed by 1 mol % of complex 3 generated in situ from
[PACL(CH,CN),] and ligand 1 (1:2). As expected, and in
contrast to catalysis by 2 [Eq. (2)], formation of the desired
cross-coupling product 10 was hampered by the presence of
the second equivalent of ligand 1, with only 33 % conversion
of 6 after 80 min and a molar ratio of ethyl benzoate to 10
of 1.4:1. In addition, ligand 1H, was prepared by reduction
of the olefin group of ligand 1, and was utilized in the cata-
lytic coupling of 6 with 9. The reaction finished after
100 min, but showed poor selectivity, with a molar ratio of
ethyl benzoate to 10 of 2:1, indicating that -hydride elimi-
nation is a significant competing process when 1H, is em-

3825
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ployed, again, in contrast to ligand 1, for which the high se-
lectivity for 10 clearly indicates that reductive elimination
must be much faster than f-hydride elimination.

COOEt COOEt

I +n-C,H,ZnCl —2 CiHas (2)

6 9 10

Catalysis by Pd’ complexes or Pd nanoparticles (NPs): Lit-
erature reports indicate that an inverse order in [Pd] will be
observed if a reaction involves the formation of Pd NPs.**
To clarify whether the above reactions were catalyzed by a
Pd° complex or Pd NPs, we carried out kinetic experiments
using different Pd loadings (from 0.25 mol% to 2 mol%),
with all other factors held constant. The results are shown
on Figure 5. Clearly, we can see that the reaction is first-

k,,, = 2.57 [Cat. 2] + 2.60 x10™
R =0.9958

0.000 T T T T
0.000 0.001 0.002 0.003 0.004

[Cat. 2J/M

Figure 5. The k, of reactions between Arl 6 and R, ZnCl 9 catalyzed
by 2 (0.0005, 0.001, 0.002, 0.004 m) at 15°C monitored by ReactIR™.

order in [Pd]. In addition, the intercept is almost zero,
which strongly indicates that the reaction is taking place
mainly through a single pathway. This is consistent with ho-
mogeneous catalysis by Pd complexes rather than by Pd
NPs. Ligand inhibition experiments are another way to iden-
tify catalytic processes involving NPs, in which less than one
equivalent of ligand (vs. catalyst) can completely shut down
the reactivity. Thus, we examined the reaction in the pres-
ence of catalyst 2 (1 mol%) and PPh; (0.3 mol%), and
found that the reaction was somewhat slower (Figure 6). In
comparison, when Pd(OAc), (1 mol %) was used as the cata-
lyst precursor, the reaction of Arl 6 and alkylzinc 9, which
normally is complete within scores of seconds, was extreme-
ly slow when 0.3 mol% PPh; was added (Figure 6). Again,
this supports our proposal that catalyst 2 is homogeneous,
whereas Pd(OAc), generates Pd NPs.[#4]

The rates of reductive elimination determined from the
zero-order kinetic regime: Figures 3 and 4A both revealed
an induction period, during which the rate accelerated until

3826 ——
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Figure 6. Reactions of Arl 6 with R,;,,ZnCl 9 catalyzed by 2 or Pd(OAc),
at 25°C monitored by ReactlR™. For both experiments before Arl 6

was added to initiate reaction, 0.3 equiv PPh; (vs. 2 or Pd(OAc),) was
added and mixing for 5 min.

transitioning into a zero-order kinetic regime. Such an in-
duction period may be explained by slow generation of the
active catalytic species. The plot of concentration versus
time for the 0°C experiment (Figure 4A) indicates clearly
that the rate continued to increase sharply until about 33 %
conversion, then the rate was almost unchanged until about
79% conversion. The same trend was found for the 15°C
experiment.

Due to the long induction period of the reaction between
6 and 7, the global kinetics was difficult to study. The reac-
tion of 6 with 9 was investigated [Eq. (2)]. Because of the
conformational restriction of a cyclohexyl group, the reduc-
tion of Pd" to Pd’ by 7 might be a slower process compared
to that by alkylzinc 9. The reaction progress was monitored
in situ by ReactIR™. Pleasantly, the induction period disap-
peared as expected (Figure 7A). This result further support-
ed the hypothesis that the observed induction period was
due to the slow formation of an active catalyst, through in-
teraction between 2 and the alkylzinc reagent.

A distinct kinetic feature of this catalytic reaction is the
existence of a zero-order kinetic regime, with or without the
induction period (e.g., Figure 4A (after the induction
period) and Figure 7A). As shown in Scheme 2, the Negishi
reaction follows a general pathway involving sequential oxi-
dative addition (ko,), transmetallation (kry), and reductive
elimination (kgg). Within the zero-order kinetic regime, the
reaction rate is independent of the concentrations of both
starting materials (i.e., Arl and RZnX). The fact that the
rate appears to be zero-order in both [Arl] and [RZnX] be-
tween certain conversions, indicates that neither the oxida-
tive addition nor the transmetallation was the rate-determin-
ing step. Therefore, within this zero-order kinetic regime,
the reaction rate could be limited by the reductive elimina-
tion step (kgz).1***! The rate constants for reductive elimina-
tion kgp were then obtained from fitting the experimental
data, and the results are listed in Tables 1 and 2. The rate
constants for reductive elimination in the reaction of 6 with
7 were 0.472, and 1.46 s' at 0°C and 15°C, respectively. The
rate constant for reductive elimination in the reaction 6 with
9 was about 0.3s™" at 15°C (Table 2). These rate constants

Chem. Eur. J. 2009, 15, 3823 -3829
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Figure 7. Reaction of Arl 6 with R,,,,ZnCl 9 catalyzed by 2 (0.001m) at
15°C monitored by ReactIR™. A) Kinetic profile of 6 versus time, treat-
ed as a zero order reaction, that is, reductive elimination is the rate-deter-
mining step. B) Treated as a first-order reaction, that is, oxidative addi-
tion is the rate-determining step.

koa Ktm kre
[Pd(L)]+ Arl —=[Ar-Pd(L)-I]— [Ar-Pd(L)-R] ArR
t ] I

Scheme 2. The proposed catalytic cycle.

Table 1. Rate constants of reaction [Eq. (1)] involving CyZnCL

T[°C] Conversion [%] kg koa M7 kge [s7']
zero 0 33-79 472x10*  N.A. 0.472
order 15 35-83 1.46x107° N.A. 1.46
first 0 33-98 7.08x1073  7.08 >1.40)
order 15 35-99 2.14x1072 214 > 430

[a] The unit of kg, for the zero order reaction is s™', the unit of kg, for
the first-order reaction is Ms~'. [b] Under these conditions, oxidative ad-
dition is deemed to be the rate-determining step, the rate of reductive
elimination is much faster than oxidative addition, so kgg is expressed as
> koa x [Ar],.

are far greater than those reported by both Hartwig (5x
10~*s71)" and Espinet (8.9x107°s™),/! which might reveal
the effects of designed ligand 1 on the reductive elimination
step by comparison with dppbz and (PPh;),.[*!

The rates of reductive elimination determined from the

first-order kinetic regime: As Figure 4 showed, In[6] plotted
versus time, gave a better linear fit in the range of conver-

Chem. Eur. J. 2009, 15, 3823 -3829
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Table 2. Rate constants for the reaction [Eq. (2)] involving n-C,,H,sZnCl
at 15°C.

[ArT], [M]  Conversion kg koa [M7's7'] kge [s7']
Zero 0.20 0-67 % 3.07x107*  N.A. 0.307
order 0.10 0-49 % 299x10°*  N.A. 0.299

0.050 0-50% 327x107*  N.A. 0.327
first 0.20 0-95% 3.03x107%  3.03 > 0.6/
order 0.10 0-88% 420x107°  4.20 > 0.4

0.050 0-89% 6.88x107%  6.88 > (.71

[a] The unit of ky, for the zero order reaction is s~', the unit of kg, for
the first-order reaction is Ms™'. [b] Under these conditions, OA is deemed
to be the rate-determining step; the rate of RE is much faster than OA,
S0 kg is expressed as > kga x [Ar],.

sion of 33-98 % for the experimental data of the reaction of
6 with CyZnCl 7 (Figure 4B, and Table 1). Similar kinetic
analysis was obtained for the reaction of 6 with alkylzinc 9
(Figure 7B and Table 2). In this regard, first-order kinetics
was assigned to the decline of Arl 6, which meant that oxi-
dative addition was the rate-determining step, and the rate
constants for reductive elimination should be > [6]x kya. By
linear fitting of In[6] versus time (Figures 4B and 7B), two
sets of kg were obtained, listed in Tables 1 and 2. Although
the exact value of kpg cannot be obtained, they are certainly
much larger than the reported numbers shown in Scheme 1.

The rates of reductive elimination determined from the
more complex kinetic regime: Although each single experi-
ment gave a good first-order fit, surprisingly, the k,, from
three runs of the reaction of 6 with 9 using three different
[6]y, which should be same, are different (Table 2). The ki-
netic data might indicate that the reaction is more complex.
If we consider that reductive elimination is not rate-limiting,
and with the steady state approximation, the rate equation
can be expressed as Equation (3) (see the Supporting Infor-
mation for detailed mathematical deduction), in which one
can see that there is no simple order for electrophile 6 or
nucleophile 9.

_ kl k2 [Arl] [RZHCI] [Pd} total
rate = = TAM] + k,[RZnCl] (3)

To see whether catalyst deactivation was involved or not
in this reaction, according to Blackmond’s theory of “reac-
tion progress kinetic analysis”,[** the “same excess” ex-
periments (see Supporting Information for detailed explana-
tion) were investigated. Figure 8 shows the results of these
“same excess” experiments, clearly indicating some degree
of catalyst deactivation.

Based on the proposed catalytic pathway in Scheme 2, as-
suming that reductive elimination is not the rate-determin-
ing step, and that there is catalyst deactivation (we regarded
this deactivation as a first-order process, with rate constant,
Kaeeay)1*) Kinetic simulation was used to obtain the rate con-
stant.*“**] The fitting of the reaction mechanism to the ex-
perimental curves was performed with the kinetic simulator
software Dynafit.[*¥ The results are listed in Figure 9 and
Table 3. The rate constant for oxidative addition (kq,) is

www.chemeurj.org — 3827
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Figure 8. The “same excess” experiments for reaction between Arl 6 and
R,y ZnCl 9 catalyzed by 2 (0.001m) at 15°C.
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Figure 9. The simulated curve and the experimental data of reaction be-
tween Arl 6 and R, ZnCl 9 catalyzed by 2 (0.001m) at 15°C.

Table 3. Rate constants determined by fitting the experimental data of
Figure 7A with Dynafit.

koa [M7's™] ko [M's7] Koccay [s] ke [s7]
constant 10.8 2.50 2.55x1073 > (.50
error 0.51 0.57 2.1x107*

[a] Under these conditions, the rate of reductive elimination is deemed to
be much faster than oxidative addition or transmetallation, so kgg is ex-
pressed as > koa x [Ar]], or ky x [RZnCl],.

10.8 Ms™! and kpy is 2.5 Ms~!. The exact value of rate con-
stant for reductive elimination was not obtained from this
kinetic analysis, while it can be expressed as kgp>koy X
[ArI], or kgp>kpyx[RZnCl],. It is kzp>0.5s"', which of
course, is far greater than the reported values in
Scheme 1.17

In other words, no matter how we treated the experimen-
tal data as zero-order (the rate-determining step was reduc-
tive elimination) or first-order, or even with a more compli-
cated kinetic profile in which reductive elimination is not
rate-determining, in the two last cases, the rate constants for
reductive elimination are about four orders of magnitude
greater than that reported by Hartwigl® and about five
orders of magnitude greater than that reported by Espinet.”
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Conclusion

The results from the experiments above manifested the ef-
fects of the olefin part of ligand 1 in enhancing the Cg,—C;
cross-coupling reaction, particularly in terms of the reduc-
tive elimination rate. It is reasonable to conclude that the
olefin moiety in 1, with good m-acceptor properties, acceler-
ated the reductive elimination of an [Ar-Pd-C,;] species,
thus resulting in the highly selective and efficient coupling
reaction. These results provide new insight into ligand
design for C—C coupling reactions. For example, 1 is a
highly effective ligand for Pd-catalyzed Cy,—C,, cross-cou-
pling reactions.”! Further applications of ligand 1 are under
active investigation in our laboratories.

Experimental Section

Typical procedure for ReactIR™ experiments: Compound 2
(0.001 mmol) and CyZnCl (7; 1M, 500 mL) were placed in a 3-necked
vessel, and then ethyl 2-iodobenzoate (6; 28 g, 0.1 mol) was added to ini-
tiate the reaction. The mixture was monitored by ReactIR™ at 25°C.
During the reaction, aliquots were removed and analyzed by GC, and the
results were used to calibrate the ReactIR™ spectra and to obtain the
conversion and yield. At the end of the reaction, no Arl 6 was detected,
and a 99% GC yield was obtained for the cross-coupling product 8.
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