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The cationic rhodium(I) carbonyl complex mer-[Rh(L)(CO)]PF6 coordinated by a tridentate
S,N,S donor ligand (L ) 2,6-bis(benzylthiomethyl)pyridine) reacts with MeI to give the
corresponding acetyl derivative [Rh(L)(COMe)I]PF6, by consecutive oxidative addition-
migratory insertion reactions via observable methyl-rhodium(III) intermediate complexes.
Rate constants and activation parameters have been obtained for both reaction steps in
MeCN, and compared with those of complexes coordinated by mono- and bidentate ligands.
This is the first report on the organometallic reactivity of a rhodium(I) and carbonyl complex
of S,N,S ligands.

Introduction

The oxidative addition of methyl iodide to rhodium-
(I) carbonyl centers is a fundamental process in orga-
nometallic chemistry, with significant implications in
catalysis, especially when followed by methyl migration
to give the acyl derivative.1 Much interest is now
devoted to the effects of the ancillary ligands on the
rates of the oxidative addition/migratory insertion steps,2
and in particular of bidentate versus monodentate
systems.1b,3 Information on the reaction sequence for
complexes of tridentate ligands is scarce, which may
influence significantly the reactivity pattern via steric
and electronic effects.4 When tridentate ligands display
meridional coordination, the few reports have shown
that oxidative addition of methyl iodide forming octa-
hedral rhodium(III) methyl species is followed by spon-
taneous CO insertion to give the acetyl product in
complexes of anionic unsymmetrical NON type ligands5

or of unsymmetric anionic or neutral PNO type ligands.6
In other cases, the reaction stops at the methyl deriva-
tive,7 or CO insertion can be induced in the presence of

nucleophiles.8 Rate and mechanistic studies are not
available for mer-tridentate systems.

Platinum metal complexes of tridentate “pincer”
ligands have shown significant features in modern
organometallic chemistry. Extensive chemistry has been
described for complexes of chelating P,C,P,9,10 N,C,N,9
N,N,N,11 and P,N,P12 donors. Cationic rhodium(I) car-
bonyl complexes of neutral 2,6-bis(substituted-thio-
methyl)pyridine ligands are square planar molecules in
which the ligand structure imposes trans-dithioeher
coordination to the pyridine-bound rhodium, in solution13a

as well as in the solid state.13c Although these complexes
have been known for years,13 the organometallic reac-
tivity has not been described so far.

We report here on the reaction sequence of the
cationic rhodium(I) carbonyl complex [Rh(L)(CO)]PF6 (1,
L ) 2,6-bis(benzylthiomethyl)pyridine) with methyl
iodide, as well as the first rate studies of the consecutive
steps for a meridionally tricoordinated complex.

Results and Discussion

A solution of 1 (0.05 mmoL) and MeI (0.5 mmoL) in
MeOH (5 mL) at reflux changes smoothly from yellow
to orange-red. After 3 h, the FT-IR spectrum of the
mixture shows only one broad absorption in the acetyl
region, indicating conversion of the Rh-CO moiety into
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Rh-COMe of an acetyl complex. The product is isolated
in 83% yield from the reaction in methanol carried out
at 35 °C as a solvent adduct of formula [Rh(L)(COMe)I-
(MeOH)]PF6 (2‚MeOH). This implies that oxidative
addition of MeI and CO migratory insertion have oc-
curred sequentially at the metal center.1 The fact that
a cationic rhodium complex undergoes oxidative addi-
tion by an electrophilic reagent is of no surprise, since
the reaction has been described for other cationic rho-
dium(I) complexes.14 When the reaction is performed in
neat MeI at 31 °C and monitored in situ by FT-IR, the
disappeareance of the carbonyl band of 1 at 2015 cm-1

is accompanied by formation and then consumption of
a new species (2099 cm-1) and by the slow appearance
of the acetyl band of 2 at 1730 cm-1 (Figure 1).

The frequency shift with respect to complex 1 (∆νCO
) 84 cm-1) suggests that the new species is the product
of oxidative addition of MeI, [Rh(L)(Me)I(CO)]+. The
reaction sequence can therefore be represented as in
Scheme 1. The nature of the intermediate has been
confirmed by NMR experiments. The 1H NMR spectrum
of a solution of complex 1 (0.018 M) and of MeI (0.76
M) in CD3CN kept at 32 °C shows the formation of
rhodium-methyl species indicated by the appearance
of two doublet signals at δ 1.67 (2JRh-H ) 2.2 Hz) and
1.56 (2JRh-H ) 1.9 Hz) ppm, in approximately 2:1 ratio.
A 13C NMR experiment under analogous conditions
shows two doublets at δ 7.2 (1JC-Rh ) 19 Hz) and 8.1
(1JC-Rh ) 17 Hz) due to Rh-Me, and one doublet at δ
181.7 (1JC-Rh ) 58 Hz) ppm for the Rh-CO moiety. The
latter value differs from that of complex 1, which is
found at δ 187.9 (1JC-Rh ) 69 Hz). When these signals
have disappeared, the resonance of the acetyl fragment
of [Rh(L)I(COMe)]+ shows up as an unresolved signal

at δ 222 ppm. The presence of two 1H and 13C NMR
signals for Rh-Me are indicative of a mixture of
isomers, not resolved in the FT-IR spectra, which is
common in the formation of octahedral transition metal
complexes from square planar precursors.3a,15 Scheme
1 shows only one of the three possible octahedral
isomers of the Rh-Me intermediate, in particular the
species that is productive for the subsequent coupling
step, in which the methyl and carbonyl groups are
mutually cis. The fact that the relative ratio of these
species did not change appreciably during the reaction
progress suggests that their interconversion is relatively
rapid.

The infrared spectra of complex 2‚MeOH in CH2Cl2
and in MeCN shows two acetyl bands (νCOMe), indicating
the presence of conformers or isomers. This is in
agreement with a broadened peak of COMe in the 1H
NMR spectrum, which remains broad at -43 °C.

Rate measurements have been performed by FT-IR.
The carbonyl band of 1 at 2015 cm-1 disappears follow-

(14) (a) Lindner, E.; Norz, H. Chem. Ber. 1990, 123, 459. (b) Cotton,
F. A.; Wilkinson, G. Advanced Inorganic Chemistry; John Wiley &
Sons: New York, 1980; p 942.

(15) (a) Moloy, K. G.; Wegman, R. W. Organometallics 1989, 8, 2883.
(b) Ref 14b, p 1240.

Figure 1. Series of FT-IR spectra for the reaction of 1 with MeI (in neat MeI, 31 °C). The arrows indicate the evolution
of each band (from left: 2099 (i), 2015 (1), 1730 (2) cm-1) during the progress of the reaction.

Scheme 1. Reactivity of Complex 1 with MeI
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ing a clean exponential decay, indicating that the
oxidative addition reaction is first order in 1 and
yielding values of observed rate constants (e.g., kobs )
1.2 × 10-4 s-1 for the experiment in Figure 1). Clean
kinetic behavior was also observed in MeCN. A plot of
kobs versus [MeI] is linear with slope 1.4 × 10-4 M-1

s-1, which corresponds to the second-order rate constant
k1. Values of kobs are reported in Table 1.

From experiments performed in the temperature
range 22.5-50.9 °C, the values of enthalpy of activation
∆Hq ) 11 ((1) kcal mol-1 and entropy of activation ∆Sq

) -41 ((2) cal mol-1 K-1 have been calculated for the
oxidative addition reaction. The large negative value of
∆Sq is in agreement with a rate-determining associative
step, in line with the SN2 pathway proposed for the
reaction of neutral and anionic rhodium(I) complexes.16,17

The large solvent effect here observed for 1 (MeCN vs
MeI) also supports this mechanistic pattern. The reac-
tivity of complex 1 toward MeI is compared with that
of other rhodium(I) complexes in Table 2, along with
the corresponding values of νCO. The relatively high νCO
frequency of 1 suggests that the reduced reactivity is
due to lower electron density at the metal in this cationic
complex.

The evolution of the intermediate methyl complex can
be followed conveniently by FT-IR, in MeCN. Figure 2
represents the concentration changes of complex 1 and
of the intermediate rhodium methyl species (i).

With the assumption that the back reactions, from
the acetyl 2 to the intermediate rhodium methyl species
i, and from these to 1, are negligible, the overall process
can be simplified to a sequence of two consecutive first-
order reactions, represented by k1[MeI] (s-1), oxidative
addition of MeI to 1, and by k2 (s-1), migratory CO

insertion in the rhodium(III) complex.18 Accordingly, the
IR absorbance values of i are treated using eq 1 to
obtain the value of k2 and of the preexponential factor
(A1)0(εi/ε1), by imposing as k1[MeI], the kobs value
obtained by the first-order analysis.19

The solid line applied to [i] represents the best fit with
eq 1, which is derived from the integrated equation
describing the variation in the single concentration
variable of the intermediate species and expressed with
respect to absorbances ([i] ) Ai × εi; [1] ) A1 × ε1). Since
the IR extinction coefficient of 1 has been determined
experimentally (ε1 ) 2275 + 140 M-1 cm-1; 2014 cm-1

band in MeCN, 31 °C), eq 1 allows an estimate of the εi
value of the rhodium(III) methyl complexes (εi ) 700
M-1 cm-1, 2106 cm-1 band in MeCN). Experiments
carried out in the concentration range of MeI 0.24-1.46
M did not show significant changes in the k2 values, in
agreement with a process that is intramolecular and as
such expected to be independent of [MeI]. The values
of the activation parameters for the C-C coupling step
are ∆Hq ) 20 ((1) kcal mol-1 and ∆Sq ) -13 ((2) cal
mol-1 K-1 (Table 1).

The kinetic analysis applied to the Rh(III) methyl
species for the determination of the rate of migratory
insertion differs from the cases reported in the litera-
ture, due to the fact that the two consecutive reactions
are comparable in rate, implying substantial accumula-

Table 1. Values of kobs (s-1) for the Oxidative
Addition Reaction of Complex [Rh(L)(CO)]PF6 (1,
L ) 2,6-bis(benzylthiomethyl)pyridine) with MeI
and Values of k2 (s-1) for the Migratory Insertion

Reaction, at 31 °C
[MeI], M kobs, s-1 in MeCNa k2, s-1

0.237 5.03 × 10-5 3.3 × 10-5

0.392 7.01 × 10-5 3.9 × 10-5

0.764 1.39 × 10-4 4.2 × 10-5

1.120 1.88 × 10-4 5.2 × 10-5

1.460 2.27 × 10-4 4.9 × 10-5

0.764 7.05 × 10-5 1.5 × 10-5 (22.5 °C)
0.764 2.48 × 10-4 1.5 × 10-4 (41.5 °C)
0.764 3.72 × 10-4 3.2 × 10-4 (50.9 °C)

[MeI], M kobs,s-1 in neat MeI

16.1b 1.2 × 10-4

16.1c 1.3 × 10-4

a [1] ) 0.005-0.010 M. b [1] ) 0.0040 M. c [1] ) 0.011 M.

Table 2. Rate Constants for MeI Oxidative Addition Reactions of Various Rh(I) Carbonyl Complexes and
for Migratory CO Insertion Reactions of the Corresponding Rh(III) Methyl Complexes.
complex νCO, cm-1 k1,a M-1s-1 k2,b s-1 ∆Hq,b kcal mol-1 ∆Sq,b cal mol-1 K-1

1c 2015 1.4 × 10-4 4 × 10-5 20 ((1) -13 ((2)
1d 7.5 × 10-6

[Rh(CO)2I2](Bu4N)d 20 2059, 1988 2.9 × 10-5 0.054 15 ((1) -14 ((2)
[Rh(η5-C5H5)CO(PPh3)]e 17 1957 3.5 × 10-3 fast
[Rh(CO)I(PEt)2]2b 1960 1.4 × 10-3 very slow
[Rh(CO)I(dppms)]e,f 21 1987 1.2 × 10-3 0.62 13 ((2) -16 ((3)
[Rh(k2-Tp*)(CO)(PMe3)]e,g 4 1969 2.5 × 10-2 very slow
a Second-order rate constants (kobs/[MeI]) for the oxidative addition step. b Migratory CO insertion. c MeCN, 31 °C. d Neat MeI, 31 °C.

e CH2Cl2 25 °C. f dppms ) Ph2PCH2P(S)Ph2. g Tp* ) tris(pyrazolyl)borate (HB(3,5-Me2pz)3).

Figure 2. Graphical representation of the reaction of
complex 1 (0.0074 M) with MeI (1.120 M) in MeCN, at 31
°C. The solid line applied to the concentration values of
the rhodium methyl intermediate [Rh(L)Me(CO)I]+ (i)
represents the best fit with eq 1.

(Ai)t ) (A1)0(εi/ε1)
kobs

k2 - kobs
(exp(-kobst) - exp(-k2t))

(1)
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tion of intermediate. In fact, when the C-C coupling
step is rapid with respect to oxidative addition (k2 .
k1[MeI]), the rhodium methyl complex forms only as a
transient species at low concentration, it can be detected
by advanced spectroscopic techniques, and it is analyzed
using the kinetic steady state approximation. These are
the cases of the dicarbonyl diiodide catalytic species [Rh-
(CO)2I2](Bu4N)20 and of the bidentate system [Rh(CO)-
(dppms)I] (dppms ) Ph2PCH2P(S)Ph2).3a,21 Otherwise,
when the coupling step is much slower with respect to
MeI addition (k1[MeI] . k2), the rhodium methyl species
forms rapidly at high concentration and rates of the
migratory insertion step are obtained by analysis of its
exponential decay, as in the case of [Rh(CO)(dppe)I].3a,15a

Rate data for migratory insertion reactions of various
rhodium carbonyl methyl complexes are reported in
Table 2. The slower reactivity of the species i with
respect to the complexes [RhMe(CO)2I3]- 20 and [RhMe-
(CO)I2(dppms)]21 is due essentially to unfavorable ac-
tivation enthalpy, while ∆Sq values are similar within
experimental error.

Experimental Section

General Considerations. All synthetic and kinetic ma-
nipulations were carried out under an argon atmosphere using
Schlenk techniques. Methyl iodide was distilled from calcium
hydride, and acetonitrile from phosphorus pentoxide. NMR
spectra: Bruker AM-300 spectrometer. Chemical shifts are
reported in δ values relative to tetramethylsilane; for 1H NMR,
CHCl3 (δ ) 7.25) or CH2Cl2 (δ ) 5.32), and for 13C NMR, CDCl3

(δ ) 77.00) or MeCN-d3 (δ ) 118.2 and 1.3 ppm) were used as
internal standards. Ion electrospray mass spectra (ESI-MS):
Fisons Instruments VG-Platform Benchtop LC-MS (positive
ions). Elemental analyses were performed by the Servizio di
Microanalisi of the Department of Chemistry, Università “La
Sapienza”, Roma. [Rh2Cl2(CO)4] was commercially available
and was sublimed before use.

2,6-Bis(benzylthiomethyl)pyridine (L). This compound
has been described previously.22 We have followed the reported
procedure, except that easily attainable 2,6-bis(chloromethyl)-
pyridine23 was used instead of the corresponding dibromod-
erivative. Yield: 83%. 1H NMR (CDCl3): δ 7.57 (t, 1 H, J )
7.7 Hz, H4-py), 7.34-7.21 (m, 10 H, Ph), 7.16 (d, 2 H, J ) 7.7
Hz, H3-py), 3.72 (s, 4 H, PyCH2), 3.70 (s, 4 H, benzyl). 13C NMR
(CDCl3): δ 158.14 (C4-py), 138.04, 137.16 (C3,C2-py), 129.03,
128.34, 126.91, 121.08 (Ph), 37.26, 35.79 (pyCH2 and PhCH2).
FT-IR (CH2Cl2): 1591, 1574 (py) cm-1.

Compound 1. [Rh(L)CO]PF6 was prepared by following the
procedure reported for similar complexes.13a [Rh2Cl2(CO)4] (104
mg, 0.26 mmol) was added to a solution of 188 mg (0.40 mmol)
of L in MeOH (8 mL). After 15 min at room temperature the

solution is filtered to remove a greenish precipitate, followed
by addition of excess NH4PF6. Partial evaporation of the
solvent under vacuum causes precipitation of an orange solid.
After decanting the residual solvent, the precipitate is washed
twice with MeOH and with diethyl ether (2 mL) and then
vacuum-dried to leave a dark yellow powder (242 mg, 0.38
mmol, yield 72%). 1H NMR (CD2Cl2, 29 °C): δ 7.80 (t, 1 H, J
) 8.1 Hz, H4-py), 7.40 (app d) and 7.25 (br s) (m, 12 H, Ph and
H3-py), 4.45 (br s, 4 H, pyCH2), 4.17 (br s, 4 H, PhCH2). 13C
NMR (CD3CN): δ 187.9 (d, JC-Rh ) 69 Hz, CO) 159.8 (d, JC-Rh

) 2.6 Hz, C2-py), 139.5, 134.3, 130.2, 128.6, 128.4, 121.4 (Ph
and py), 45.5, 43.3 (pyCH2 and PhCH2). FT-IR: 2019 (CO),
1602 (py) cm-1 (CH2Cl2); 2009 (CO), 1603 (py) cm-1 (Nujol).
Anal. Calcd for C22H21F6NOPS2Rh: C 42.12, H 3.37, N 2.23,
S 10.22. Found: C 42.15, H 3.34, N 2.29, S 10.06.

2‚MeOH, [Rh(L)COMe(I)(MeOH)]PF6. Complex 1 (53 mg,
0.084 mmol) and MeI (0.50 mL, 8.0 mmol) in MeOH (5 mL)
were allowed to react for 22 h at 35 °C. The solution changed
from yellow to orange, with precipitation of a red powder, and
showed an intense infrared band at 1700 cm-1 as the main
species. The solution was decanted via cannula from the red
powder, concentrated to about half volume under vacuum,
cooled, separated again from a second crop of solid, and finally
evaporated under vacuum to give an orange-brown powder (56
mg, 83%). FT-IR (CH2Cl2): 1737, 1693w (COMe), 1602 (py)
cm-1. FT-IR (MeCN): 1700, 1668sh (COMe), 1603 (py). 1H
NMR (CD2Cl2): δ 7.8 (m, 1 H, H4-py), 7.4 (br s, 12 H, Ph, H3-
py), 5-4 (m, 8 H, pyCH2 and PhCH2), 3.74 (d, 2JRh-H ) 12 Hz,
1H, MeOH) 3.2 (s, 3H, MeOH), 2.0 (br s, 3 H, COMe) ppm. 13C
NMR (CD3CN): δ 222 (COMe). 13C NMR (CDCl3): 160.7 (C2-
py), 139.7, 134.9, 130.2, 129.7, 129.2, 123.2 (Ph and py), 47.6,
44.2 (pyCH2 and PhCH2), 49.2, 45.9 (MeOH and COMe). 31P
NMR (CD3CN): δ -143.5 ppm (heptet, JP-F ) 706 Hz, PF6).
ESI-MS (MeOH, 15 eV): positive, cluster centered at m/z 624
([Rh(L)(COMe)I]+); negative, 145 (PF6

-). Anal. Calcd for
C24H28F6INO2PS2Rh: C 35.97, H 3.52, N 1.75, S 8.00. Found:
C 35.43, H 3.22, N 1.97, S 8.51. The red precipitate (5 mg)
contained no carbonyl species and was not further character-
ized. It was not observed when the reaction was performed
under an atmosphere of CO. This byproduct formed extensively
upon prolonged reaction times in methanol above 40 °C.

Kinetic Measurements. Complex 1 (7-10 mg) in a volu-
metric flask was dissolved in 2 mL of the solvent, and a known
volume of MeI was added using a microsyringe. A portion of
the solution was transferred into an infrared solution cell
(CaF2, 0.50 mm path length) fitted with a thermostated jacket.
The reaction was monitored by FT-IR in a Nicolet 510
spectrophotometer using a macro sequence of the Omnic 4
Software. The background spectrum for each experiment was
obtained using the corresponding solvent-MeI solution. Data
of absorbance versus time were fitted by nonlinear least-
squares regression analysis of the first-order rate equation (eq
2), which yields values of kobs and A∞.
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