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Introduction

Palladium is among the most common transition-metal cata-
lysts in coupling reactions today,[1,2] and a majority of Pd-
catalyzed reactions have been well established or accepted
as initiating from Pd0 species. On the other hand, PdII com-
plexes, more electron deficient yet more stable than the cor-

responding Pd0 complexes, have the potential to be active
catalysts as well and might offer new opportunities in both
mechanistic studies and application aspects.[3–11] For exam-
ple, an active PdII complex might initiate a PdII–PdIV catalyt-
ic cycle, which could address some unsolved challenges, such
as the deleterious b-hydride elimination in Csp3-involved
carbon–carbon bond-formation reactions,[12–17] because the
reductive elimination of PdIV species has been reported to
be facile due to the electron deficiency of the PdIV

center.[18–20]

Theoretically, if there were enough and appropriate elec-
tron-donating surrounding ligands, the reaction of aryl hal-
ides and PdII species might be realized. Amid the palladium
catalysts utilized in cross-coupling reactions so far, palladi-
um pincer complexes, which have mainly been employed in
Heck and Suzuki processes, have been proposed to involve
PdIV intermediacy in some cases.[10, 11] However, to date, con-
vincing evidence is still required. Proximal thiolate ligands
are known to stabilize high-valency FeIV–heme cation radi-
cals through electron donation in biologically significant
metalloenzymatic oxygenase systems.[21–25] In stoichiometric
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studies, Bennett et al. isolated a PdIV complex stabilized by
a tridentate thioether ligand together with alkyl ligands,
which provided further evidence of the stabilizing ability of
sulfur-type ligands towards the electron-deficient PdIV

center.[26] These characteristics inspired us to design and syn-
thesize a pincer thioamide–palladium complex, 1,[27, 28] the
two NH groups of which were crucial because they could be
deprotonated by organozinc reagents to give the thioimido
complex 2 (Scheme 1).[29, 30] The thioimido ligand provided

one neutral nitrogen atom, one neutral sulfur atom and two
sulfur anions as electron donors for the PdII center and pre-
vented reduction to Pd0 species by the organozinc reagents.
The catalytic capabilities of the two sulfur-containing palla-
dium species 1 and 2 were explored in Negishi reactions in-
volving primary and secondary alkylzinc reagents; the reac-
tions occurred readily under mild conditions, substrates with
b-hydrogen atoms were tolerated, and the catalysis was per-
formed with unusually high efficiency.[31] Herein, we de-
scribe our mechanistic studies of sulfur-containing complex
1 in the Negishi reaction, which revealed base-induced for-
mation of an alkylated PdII complex, and the subsequent re-
action with aryl iodides.

Results and Discussion

Testing of the kinetic behavior of the Negishi coupling cata-
lyzed by complex 1: To test the catalytic behavior of com-
plex 1, the coupling between ethyl 2-iodobenzoate (3) and
cyclohexylzinc chloride (4) was chosen as the model reac-
tion, with [3]= 0.29 m, [4]=0.65 m, and [1]=1.6 mm. Al-
though complex 1 could hardly be reduced to a Pd0 species
by 4, it promoted the reaction effectively. The reaction cata-
lyzed by 1 was completed within 5 min with 97 % yield (as
measured by GC analysis) at room temperature after a
short induction period (5 min), and it also progressed
smoothly at 0 8C after a long induction period (�60 min),
with 95 % yield (Figure 1 A and B).[32]

Exclusion of a heterogeneous mechanism in the catalytic
system of complex 1: The existence of induction periods and
sigmoidal-shaped kinetic profiles in the catalytic system of a
pincer palladium complex pointed to the possibility of the
formation of palladium nanoparticles (PdNPs) as the true
catalytic species. For comparison, Negishi couplings promot-
ed by ligand-free Pd ACHTUNGTRENNUNG(OAc)2/Bu4NBr were examined.[33–42]

The reaction was finished within 2 min without an induction
period at 25 8C, and the kinetic plot was similar at 0 8C (Fig-
ure 1 B). The induction periods of these two reactions were
not as sensitive to temperature as those involving 1 as the
catalyst precursor (Figure 1).

Ligand inhibition experiments have been proven to be an
efficient method to clarify whether a reaction was catalyzed
by a homogenous catalyst or NPs.[34,43] Figure 2 illustrates
our experimental results. When PPh3 (0.7 equiv relative to
Pd) was added to the mixture of 3, 4, and catalyst 1
(2 mol%), the reaction was completed within 3 min with
96 % yield (Figure 2). However, PPh3 (0.5 equiv relative to
Pd) significantly inhibited the reaction when Pd ACHTUNGTRENNUNG(OAc)2

(2 mol%) was used as the catalyst precursor. Within 30 min,
30 % of 3 was converted, of which only 14 % was converted
into the cross-coupled product 5 (as detected by GC analy-
sis); 16 % of the dehalogenated product, ethyl benzoate, was
formed.[44] Comparison of the two reactions suggested that
the active catalyst formed from 1 was not a PdNP system.

Scheme 1. Pincer thioamide–palladium complex 1 and pincer thioimido–
palladium complex 2. THF: tetrahydrofuran.

Figure 1. Conversion of ethyl 2-iodobenzoate (3) into cross-coupled prod-
uct 5, as monitored by the ReactIR system (see the Experimental Sec-
tion), with [3] =0.29 m, [4] =0.65 m, and [Pd]=1.6 mm (~: [1]=1.6 mm,
25 8C; !: [1] =1.6 mm, 0 8C; &: [Pd ACHTUNGTRENNUNG(OAc)2] =1.6 mm, [Bu4NBr] =0.29 m,
25 8C; *: Pd ACHTUNGTRENNUNG(OAc)2]=1.6 mm, [Bu4NBr] =0.29 m, 0 8C).
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Furthermore, kinetic measurements were conducted for
the reaction of 3 with excess 4 in the presence of different
amounts of catalyst 1 in THF at 25 8C, with [3]= 0.29 m, [4]=

0.65 m, and [1]=0.16–0.98 mm. A linear plot of the observed
rate (kobs) versus [1] showed the reaction to be first order
with respect to catalyst 1 (see Figure 4 in the Supporting In-
formation). It has been reported that the reaction rate is not
first order with respect to the concentration of the catalyst
when NPs are the true catalytic species.[42, 45–49] Therefore,
these data further supported the conclusion that 1 was ho-
mogenous rather than heterogeneous in this catalytic
system.

Proposal for the induction period: formation of an electron-
rich ate complex as the active catalyst : To probe the induc-
tion period, we investigated stoichiometric reactions of com-
plex 1 and the two reactants 3 and 4. No obvious reaction
was observed when 1 and 3 were mixed together in THF at
between 0 8C and 60 8C. However, when zinc reagent 4
(10 equiv relative to 1) was added in to the system, the reac-
tion progressed smoothly and 74 % of the cross-coupled
product 5 was obtained; this indicated the involvement of
cyclohexylzinc chloride (4) in the active-catalyst formation
process.

As mentioned above, direct reaction of 1 with 4 gave the
more electron-rich PdII complex 2 instead of reducing 1 to
the Pd0 species (Scheme 1). Yet a long induction period ex-
isted when complex 2 was used as the catalyst precursor
(see Figure 7 in the Supporting Information), and the stoi-
chiometric reaction of 2 and 3 could only occur in the pres-
ence of excess 4. Therefore, a further reaction of 2 with cy-
clohexylzinc chloride (4) was necessary to generate the
active catalyst.

By comparing the structures of complexes 1 and 2, and on
the basis of the experiments above, we could reasonably
speculate that the alkylzinc reagent should first deprotonate
the NH groups of 1 to generate 6, as shown in Scheme 2.
Aggregation of 6 resulted in the formation of 2. In the pres-

ence of excess alkylzinc halide, complex 6 might be further
alkylated to yield complex 7, which is an anionic complex
with two S anions, one N atom, and one Csp3 anion capable
of donating electrons towards the palladium center; hence, 7
is possibly electronically rich enough to react with aryl io-
dides.[51] Consumption of 6 by alkylation to form 7 could
draw the equilibrium from 2 toward 6. Yet the alkylation of
6 by the organozinc reagent was a minor process (see
Figure 4 below), probably due to the low reactivity and nu-
cleophilicity of the zinc reagents, and aryl iodide was re-
quired to react with 7 to enable the alkylation to proceed.
Anionic Pd0 adducts as precursors for oxidative addition in
catalytic systems have been proposed,[52–54] but correspond-
ing PdII species have rarely been reported.[55–57]

Identification of ate complex 7: To explore the feasibility of
the dissociation process (Scheme 2), 2 was treated with PPh3

(1 equiv relative to Pd).[56,57] The tetrameric structure was
dissociated, and complex 8, the structure of which was con-

Figure 2. Quantitative poisoning experiments: conversion of ethyl 2-iodo-
benzoate (3), as monitored by the ReactIR system (see the Experimental
Section), with [3] =0.29 m and [4]=0.65 m (*: [1]=6.4 mm, [PPh3]=

4.5 mm, 25 8C; &: [Pd ACHTUNGTRENNUNG(OAc)2] =6.4 mm, [Bu4NBr] =0.29 m, [PPh3]=

3.2 mm, 25 8C).

Figure 3. Single-crystal structure of complex 8.

Scheme 2. Proposal for ate complex 7 as the active catalyst.[50]

Scheme 3. Dissociation of 2 by PPh3.
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firmed by X-ray diffraction analysis (Figure 3), was obtained
in quantitative yield (Scheme 3).[58]

In situ monitoring of the reaction of 1 and 4 (10 equiv) re-
vealed the formation of only one new component in 1 min
(Figure 4 A) with absorbances at ñ=1606, 1571, and
1562 cm�1 (Figure 4 B), which tallied with those for complex
2 (Figure 5). Thus, the intermediate was assigned as 6 or 2
because both compounds possess similar functional groups
for IR absorbance. The results indicated that the deprotona-

tion was a fast process and little or no alkylation to produce
complex 7 occurred in this system.

13C NMR detection for the reaction of tetramer 2 with
MeZnCl (2 equiv) revealed that 2 remained unchanged,
which further confirmed the above results (see Figure 10 in
the Supporting Information).[59]

Grignard reagents are usually more electronegative and
reactive than the corresponding zinc reagents, so we envis-
aged that the formation of 7 would be easier with Grignard
reagents. Hence, the stoichiometric reaction of complex 1
and CyMgCl was monitored by in situ IR spectroscopy, and
two components were observed (A and B in Figure 6 A).

The ConcIRT spectra of component A (Figure 6 B) tallied
with the IR spectrum in Figure 4 B, which suggested that the
kinetic profile of component A (Figure 6 A) represented a
change of complex 6 or 2. The spectrum of the newly
formed component B (Figure 6 B) shifted to lower wave-
numbers than that of A (1541 cm�1 instead of 1560 cm�1).
This phenomenon was rationalized as arising from the elec-
tron-density increase of the palladium center upon alkyla-
tion to form 7. When CyMgCl was added to the mixture of
complex 1 and CyZnCl, the spectrum of the newly generat-
ed complex was the same as that of component B (see
Figure 9 in the Supporting Information).

Figure 4. Reaction of 1 (24.3 mg, 0.05 mmol) with 4 (0.8 mL, 0.5 mmol) in
THF at 25 8C, as monitored by the ReactIR system (see the Experimental
Section). A) The absorbance of the newly formed component versus
time; B) the ConcIRT spectrum of the newly formed component.

Figure 5. The ConcIRT spectrum of tetramer 2.

Figure 6. Reaction of 1 (24.3 mg, 0.05 mmol) with CyMgCl (0.2 mL,
0.28 mmol) in THF, as monitored by the ReactIR system (see the Experi-
mental Section). A) The concentration of components A and B versus
time; B) the ConcIRT spectra of components A and B.
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To validate the aforementioned assumption, 1 was treated
with MeMgCl (5 equiv) in THF and monitored by NMR
spectroscopy. 13C NMR spectroscopy revealed the appear-
ance of a peak at d=�21.7 ppm and supported the exis-
tence of a Pd�Me bond (see the Supporting Information).
Importantly, the reaction between 1 and a smaller amount
of MeMgCl (3.2 equiv) afforded a similar 13C NMR spectra
with a peak at d=�21.7 ppm (see Figure 8 A and the Sup-
porting Information). In the 1H NMR spectrum (Figure 7),

the peak corresponding to 3 H atoms at d= 0.060 ppm was
assigned to the methyl group attached to the palladium
center. In the lowfield region, a
duplet peak corresponding to
2 H atoms at d= 8.028 ppm and
a triplet peak equivalent to 1 H
atom at d=7.729 ppm indicated
that the resultant complex was
symmetrical. All of this infor-
mation was consistent with the
proposed structure of the alky-
lated complex 7 (R: Me) shown
in Scheme 2.

Testing of the activity of ate
complex 7: The reaction mix-
ture of complex 1 and MeMgCl
(3.2 equiv) was treated with

methyl 2-iodobenzoate (10 equiv) at room temperature and
monitored by 13C NMR spectroscopy (Figure 8). The peak
at d=�21.7 ppm disappeared as expected; 74 % of methyl
2-methylbenzoate, the cross-coupled product, was obtained
(as determined by 1H NMR spectroscopy), together with
60 % of the PdII complex tetramer 2 (Scheme 4). This
proved that complex 7 was active toward the aryl iodide.

Addition of 2,2,6,6-tetramethyl-1-piperidinoxyl (TEMPO;
1 equiv relative to Pd) to the reaction mixture of 1 and
MeMgCl (3.2 equiv) before addition of the aryl iodide had
little influence on the reaction yield. Thus, radical pathways
for the reaction of complex 7 with methyl 2-iodobenzoate
were disfavored.[60]

To test the catalytic activity of complex 7, 1 (0.5 mol %)
was treated with CyMgBr (2.5 mol %) at 0 8C for 2 min; this
was followed by immediate addition of CyZnCl (4) and aryl
iodide 3. To our great pleasure, no induction period was ob-
served, just as expected, and the reaction took only 8 min to
reach 100 % conversion (98% yield of the cross-coupled
product 5 as monitored by GC analysis; Figure 9). It is note-
worthy that the reaction of 3 and 4 also occurred smoothly
at �20 8C after catalyst 1 had been pretreated with CyMgCl
at �20 8C and no induction period existed under these con-
ditions either (Figure 9).

Evaluation of the influence of the catalyst structure upon
the induction period : To explore the influence of the cata-
lyst structure upon the induction period, we prepared com-
plex 9 in which the nBu groups were displaced by more
bulky 1,3,5-trimethylphenyl groups (Scheme 5). A trimer
was isolated from the reaction of complex 9 and basic or-
ganometallic reagents, such as CyZnCl or CyMgCl

Figure 7. Selected regions of the 1H NMR spectrum (600 MHz) following
the reaction of 1 with MeMgCl (3.2 equiv) in THF.

Figure 8. A) Selected region of the 13C NMR spectrum following the reaction of 1 with MeMgCl (3.2 equiv) in
THF. B) Selected region of 13C NMR spectrum of the mixture in I after addition of methyl 2-iodobenzoate
(10 equiv).

Scheme 4. Stoichiometric reaction of complex 7.
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(Scheme 5 and Figure 10), which is consistent with the result
for complex 1 (Scheme 1). The lengths of the Pd�S bonds
broken in the dissociation process were similar (2.314 � for
2 versus 2.317 � for 10), but the S�Pd�S angles were quite
different. The angle in 2 was 112.218, whereas that in 10 was
98.98, which indicates that the ring strain of the latter was
greater than that of the former. Also, p–p stacking observed
in complex 2 could decelerate the dissociation of the com-
plex by a stabilization effect, whereas the greater steric hin-
drance around the Pd�S ring in 10 might accelerate the dis-
sociation process.[61] Monitoring the model reaction cata-
lyzed by 9 at 15 8C revealed a kinetic plot different from
that for the reaction catalyzed by complex 1 (Figure 11).
The rate in the induction period of the former reaction was

faster than that of the latter, whereas the rate in the period
afterwards was slower than that of the latter. Theoretically,
the steric hindrance of the 1,3,5-trimethylphenyl groups
would accelerate the dissociation process of the trimer (see
above) and decelerate the alkylation process to form the ate
complex. Thus, the rate increase in the induction period was
probably due to the acceleration of the dissociation process,
and the rate decrease after the induction period might result
from the lower reactivity of the ate complex because of the
increased steric hindrance and the decreased electron densi-
ty of the PdII center.

Discussion about the induction period and the subsequent
steps of the Negishi coupling catalyzed by pincer thioamide–

palladium or pincer thioimido–
palladium complexes : In the
process of investigating the re-
activities of monoorganozinc
and diorganozinc reagents in
the Negishi coupling catalyzed
by pincer thioamide–palladium
or pincer thioimido–palladium

complexes, two plausible pathways were proposed to ration-
alize the differences between the two type of zinc reagents
(Scheme 6).[31] Deprotonation of the catalyst precursor I re-
sulted in monomer III. III was inclined to aggregate to form
complex II and to stay out of the catalytic cycle. However,
under certain conditions, II could dissociate to release III.
III could be alkylated by organometallic reagents, such as
organozinc or Grignard reagents, to afford ate complex IV,
which was proven to be active toward aryl iodides. Reduc-
tive elimination of V afforded the cross-coupled product
ArR and returned to complex III (path A). Alternatively,
complex III might be further alkylated to produce VI, which
upon reductive elimination would release IV (path B).[62]

The deprotonation process was displayed clearly by the
formation of complexes 2 and 10. Stoichiometric and cata-

Figure 9. Kinetic profiles of the reaction of 3 and 4 at 0 8C (&) and
�20 8C (*) catalyzed by complex 7 (R: Cy).

Scheme 5. Deprotonation of complex 9.

Figure 10. Single-crystal structure of complex 10.

Figure 11. Conversion of ethyl 2-iodobenzoate (3), as monitored by the
ReactIR system (see the Experimental Section), at 15 8C with initial con-
centrations of [3]= 0.16 m, [4] =0.39 m, and [catalyst]=1.6 mm.
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lytic reactions manifested that II was not the active catalyst
and that dissociation was required to enable the complex to
enter the catalytic cycle. The structure of ate complex IV
was established by spectroscopic data. The reactivity of IV
toward aryl iodides was proven stoichiometrically and cata-
lytically. Radical pathways were disfavored because little in-
fluence of TEMPO was observed in the stoichiometric reac-
tion of the ate complex with aryl iodide. Therefore, Pd inter-
mediate V was proposed.

If V went through direct reductive elimination (path A),
III would be regenerated and the dissociation of II would be
responsible for the induction period. On the other hand, if
V underwent further alkylation to produce VI, IV would be
regenerated after reductive elimination and both the dissoci-
ation of II and the alkylation of III would be responsible for
the induction period.

As shown above, utilization of a more reactive Grignard
reagent (to affect the alkylation process) and the more hin-
dered complex 9 (to affect the dissociation process) both in-
fluenced the induction period. Therefore, path B possibly
occurs in the catalytic process. However, the participation of
path A could not be excluded because the joint operation of
both pathways would be consistent with the experimental
results too.

Conclusion

In conclusion, a heterogeneous mechanism for the Negishi
coupling catalyzed by pincer thioamide–palladium complex
1 was excluded by kinetic investigations. A novel alkylated
pincer thioimido–PdII complex, 7, generated from catalyst
precursor 1 and basic metal reagents, was observed by in
situ IR, 1H NMR, and 13C NMR spectroscopy for the first
time, and it was proven to be the active catalyst by stoichio-
metric and catalytic reactions. The catalyst, as an electron-
rich PdII species, could react with aryl iodides to afford

cross-coupled products and dis-
played high efficiency even at
�20 8C.[63] The induction period
of the reaction could be influ-
enced by both the alkylation re-
agents and the catalyst struc-
tures. Plausible catalytic cycles
for the reaction were discussed
based upon the experimental
results, and further studies to
clarify the subsequent mecha-
nistic steps are ongoing in our
laboratory and will be reported
in due course.

Experimental Section

Toluene and THF were dried and dis-
tilled from sodium/benzophenone im-
mediately prior to use under a nitro-

gen atmosphere. CH3CN was dried over anhydrous sodium sulfate
(Na2SO4). Analytical grade solvents and commercially available reagents
were used as received, unless otherwise stated.

Glass 0.25 mm silica gel plates were employed for thin-layer chromatog-
raphy (TLC). Flash-chromatography columns were packed with 200–
300 mesh silica gel or neutral alumina with 200–300 mesh in petroleum
(boiling point = 60–90 8C). Gradient flash chromatography was conducted
by eluting with a continuous gradient from petroleum to the indicated
solvent (v/v ratios are given).
1H and 13C NMR data were recorded with a Varian Mercury VX300
(300 MHz) or a Varian Mercury VX600 (600 MHz) spectrometer. All
1H NMR chemical shifts (d in ppm) are reported relative to the internal
or external standard. Coupling constants (J) are reported in Hertz (Hz).
High-resolution mass spectra (HRMS) were measured with a Waters Mi-
cromass GCT instrument, and accurate masses are reported for the mo-
lecular ion [M+]. GC yields were recorded with a Varian GC 3900 gas
chromatography instrument with an FID detector. For the ReactIR ki-
netic experiments, the reaction spectra were recorded by using a IC 10
apparatus from Mettler-Toledo AutoChem fitted with a diamond-tipped
probe. Data manipulation was carried out by using the iC IR (ver-
sion 1.05)[65] software.

Crystal diffraction intensity data were collected on a Bruker CCD 4K dif-
fractometer with graphite-monochromatized Mo Ka radiation (l=

0.71073 �). Lattice determination and data collection were carried out
by using SMART (version 5.625)[66] software. Data reduction and absorp-
tion corrections were performed by using SAINT (version 6.45)[67] and
SADABS (version 2.03)[68] software. Structure solution and refinement
were performed by using the SHELXTL (version 6.14)[69] software pack-
age.

Representative procedure for the catalytic reaction of 3 and 4 monitored
by ReactIR : The spectra were acquired in 33 scans at a gain of 1 and a
resolution of 2 by using the ReactIR (version 1.05) software. The reaction
was carried out as follows. 1 (2.4 mg, 0.54 mol %) was added to an oven-
dried three-necked reaction vessel fitted with a magnetic stirring bar. The
IR probe was then inserted through an adapter into the middle neck; the
other two necks were capped by rubber septums. The reaction vessel was
evacuated and flushed with nitrogen 3 times, put into a 25 8C bath, and
charged with cyclohexylzinc chloride (4 ; 3.0 mL THF solution,
1.95 mmol). The data collection was then started. Ethyl 2-iodobenzoate
(3 ; 254 mg, 0.92 mmol) was added to initiate the reaction, and data col-
lection was continued until the reaction was finished. Cross-coupled
product 5 (ethyl 2-cyclohexylbenzoate)[64] was characterized by 1H NMR
and 13C NMR spectroscopy: 1H NMR (300 MHz, CDCl3): d=7.71 (dd,

Scheme 6. Speculative mechanism for the Negishi coupling catalyzed by pincer thioamide–palladium or pincer
thioimido–palladium complexes.
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J =7.8, 1.2 Hz, 2H), 7.46–7.36 (m, 2H), 7.23–7.18 (m, 1 H), 3.70 (q, J=

7.2 Hz, 2H), 3.32–3.25 (m, 1 H), 1.89–1.74 (m, 5 H), 1.45–1.37 ppm (m,
8H); 13C NMR (75.4 MHz, CDCl3): d=168.53, 148.16, 131.31, 130.39,
129.58, 126.63, 125.25, 60.73, 40.15, 34.24, 26.85, 26.13, 14.17 ppm.

Synthesis of Pd complex 8 : Complex 2 (41.3 mg, 0.1 mmol Pd) and PPh3

(26.2 mg, 0.1 mmol) were added to a dry Schlenk tube under N2. Purified
THF (1 mL) was then injected, and a red solution was formed. The solu-
tion was stirred overnight and a yellow solid precipitated. The solvent
was removed by rotary evaporation, and the residue was dried under
vacuum for 2 h to afford product 8 as a yellow solid (68.0 mg, 99%). Re-
crystallization from CH2Cl2/hexane gave red block-shaped crystals of 8
that were suitable for X-ray diffraction: 1H NMR (300 MHz, CDCl3): d=

8.11 (d, J=7.5 Hz, 2 H), 7.87–7.60 (m, 7H), 7.59–7.29 (m, 9H), 3.55 (t,
J =6.9 Hz, 4H), 1.77–1.64 (m, 4 H), 1.52–1.36 (m, 4 H), 0.94 ppm (t, J=

7.4 Hz, 6H); 13C NMR (75 MHz, CDCl3): d=169.40, 159.80, 136.56,
134.50, 134.34, 131.17, 130.20, 129.49, 128.46, 128.31, 123.83, 53.05, 32.65,
20.87, 14.05 ppm; HRMS (MALDI; 2,5-dihydroxybenzoic acid): m/z
calcd for C33H36N3PPdS2 [M+H]+ : 675.1123; found: 675.1121.

Formation of ate complex 7 (R: Me): 1 (24.3 mg, 0.05 mmol) was put
into an NMR spectroscopy tube, and the tube was placed in a glove box.
Dry THF (0.1 mL) was added to the tube, followed by dropwise addition
of a THF solution of MeMgCl (80 mL, 0.25 mmol). After the reaction
mixture stopped bubbling, a clear reddish-orange solution was obtained.
CDCl3 sealed in a capillary was put into the tube as an external standard,
the tube was then capped and removed from the glove box, and the con-
tents of the tube were characterized by 13C NMR spectroscopy: 13C NMR
(150 MHz, THF): d= 176.94, 157.80, 134.05, 121.16, 53.36, 33.44, 21.17,
13.97, �17.204, �21.68 ppm.

Reaction of complex 7 with methyl 2-iodobenzoate : 1 (24.3 mg,
0.05 mmol) was put into an NMR spectroscopy tube, and the tube was
placed in a glove box. Dry THF (0.1 mL) was added to the tube, followed
by dropwise addition of a THF solution of MeMgCl (51 mL, 0.16 mmol).
After the reaction mixture stopped bubbling, a clear reddish-orange solu-
tion was obtained. Methyl 2-iodobenzoate (75 mL, 0.5 mmol) was added,
and the color of the solution became darker. CDCl3 sealed in capillary
was put into the tube as an external standard, the tube was then capped
and removed from the glove box, and the contents of the tube were char-
acterized by 13C NMR spectroscopy. The peak observed at d=�21.7 ppm
for complex 7 had disappeared. The resultant solution was then trans-
ferred to a round-bottomed flask. The NMR tube was rinsed three times
with CH2Cl2. The organic phases were combined and subjected to neutral
Al2O3 column chromatography (2 % ethyl acetate in petroleum ether to
give the mixture of organic compounds, followed by 2 % CH3OH in
CH2Cl2 to give complex 2). The yields of the cross-coupled product
methyl 2-methylbenzoate and complex 2 were determined to be 74 %
and 60 % respectively by 1H NMR spectroscopy with CH2Br2 as the inter-
nal standard.

The cross-coupled product methyl 2-methylbenzoate[70] obtained after
further purification was characterized by 1H NMR and 13C NMR spec-
troscopy: 1H NMR (600 MHz, CDCl3): d= 7.90 (d, J=7.8 Hz, 1 H), 7.30–
7.20 (m, 2H), 3.87 (s, 3H), 2.59 ppm (s, 3 H); 13C NMR (150 MHz,
CDCl3): d=168.0, 140.1, 131.9, 131.6, 130.5, 129.4, 125.6, 51.7, 21.7 ppm.
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