
Direct Observation of Reductive Elimination of MeX (X = Cl, Br, I)
from RhIII Complexes: Mechanistic Insight and the Importance of
Sterics
Moran Feller,*,† Yael Diskin-Posner,‡ Gregory Leitus,‡ Linda J. W. Shimon,‡ and David Milstein*,†

†Departments of Organic Chemistry and ‡Chemical Research Support, Weizmann Institute of Science, Rehovot 76100, Israel

*S Supporting Information

ABSTRACT: Rare cases of directly observed reductive elimi-
nation (RE) of methyl halides from RhIII complexes are described.
Treatment of the coordinatively unsaturated complexes
[(tBuPNP)Rh(CH3)X][BF4] (1−3, X = I, Br, and Cl; tBuPNP =
2,6-bis-(di-tert-butylphosphinomethyl)pyridine) with coordinating
and noncoordinating compounds results in the formation of the
corresponding free methyl halides and RhI complexes. The rate
increase of CH3I and CH3Br RE in the presence of polar aprotic
solvents argues in favor of an SN2 RE mechanism. However, the RE of CH3Cl is faster in polar protic solvents, which argues in
favor of a concerted C−Cl RE. The RE of methyl halides from complexes 1−3 is induced by steric factors, as treatment of the
less bulky complexes [(iPrPNP)Rh(CH3)X][BF4] (19−21; X = I, Br, Cl, respectively) with coordinating compounds leads to the
formation of the adducts complexes rather than RE of the methyl halides. The accumulated evidence suggests that the RE
process is nonassociative.

■ INTRODUCTION
While oxidative addition of carbon−halide bonds (C−X) to
late transition metal complexes is well-known, the microscopic
reverse, C−X reductive elimination (RE), which is normally
thermodynamically uphill, is rare.1 However, this process can
play an important role in the formation of organic halides,
which are fundamental starting materials in organic and
organometallic chemistry. The RE of alkyl halides is rarely
reported, while reports on aryl halide RE are more prevalent.
The reports on alkyl halide RE include the pyrolysis of a PtIV

complex2 to give methyl chloride and methyl iodide RE from
(dppe)Pt(CH3)3I (dppe = Ph2PCH2CH2PPh2).

3 C(sp3)−F RE
from PdIV complexes was also reported.4 RE of CH3Cl was
reported as a byproduct in Shilov′s methane oxidation process.5

In a later case, the RE is assumed to take place by an SN2
mechanism, involving initial halide dissociation followed by its
nucleophilic attack on the methyl ligand.6 The Wilkinson
complex was reported to catalyze a halogen-exchange reaction
between allyl and alkyl halides by oxidative addition and RE of
the C(sp3)−X (X = Cl, Br) bonds.7,8 RE of alkyl halides was
also reported for AuIII complexes.9 Alkyl iodide reductive
elimination from the PdII complex is the product-forming step
in the cycloisomerizations of 1-iodo-6-ene compounds.10 A
reversible oxidative addition-RE of methyl chloride and iodide
based on IR analysis was reported from an IrIII complex.11

Recently, we reported two cases of RE of CH3I from RhIII

complexes, involving [(tBuPNP)Rh(CH3)(CN)][I] in aprotic
solvents12 and a RhIII naphthyl−PCP pincer complex.13 The RE
process in the latter case takes place in a concerted manner and
not by an SN2 mechanism. In addition, CH3I elimination is
promoted by sterics and takes place only from the tBu−PCP

complex, while the less bulky iPr−PCP RhIII complex is stable.
A similar effect was reported by Hartwig and co-workers for the
RE of aryl halides upon addition of bulky phosphines to
arylpalladiumII halide complexes14 and in the catalytic
conversion of aryl and vinyl triflates to aryl and vinyl halides.15

RE of aryl halides is more common than the RE of alkyl
halides1c,d and is often reported for PdIV16,17 and PtIV18

complexes. PdIII,19 PdII,15a,b and NiIII20 were also reported to
eliminate aryl halides. Reductive elimination of aryl halides is
proposed to take place also in catalytic halide exchange
mediated by copper and nickel.1d The Monsanto process
involves reductive elimination of acyl iodide in the final step
from the complex [Rh(COCH3)(CO)2I3]

−.21,22 The rarer
carbon-fluoride reductive elimination was recently highlighted23

due to its potential importance in pharmaceutical and
agrochemical industries, and a few catalytic fluorinations of
unactivated compounds have been reported.24

Here we report the direct observation of facile, quantitative
RE of methyl halides from RhIII complexes at ambient
temperature upon addition of coordinative and noncoordina-
tive agents. This report explores all of the following aspects of
the rarely observed RE of alkyl halides in one system: (a) the
reactivity of different halides (I, Br, and Cl), (b) the effect of
polar protic versus polar aprotic solvents, (c) the influence of
coordinative and noncoordinative agents in inducing the RE
process, and (d) the importance of steric over electronic effects
in promoting alkyl halide RE. On the basis of the experimental
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evidence, a plausible mechanism is proposed, providing new
insights into this important fundamental transformation.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of [(tBuPNP)Rh(CH3)-

X][BF4] Complexes. Complexes 112 and 2 were obtained in
quantitative yields by addition of CH3I and CH3Br,
respectively, to the RhI complex 425 (Scheme 1). The reaction

of complex 4 with an excess of CH3Cl (1 M solution in t-butyl
methyl ether) was sluggish and unselective, leading to a mixture
of unidentified complexes in low yields after 3 days at ambient
temperature. Nevertheless, the methyl chloride complex 3 can
be obtained by the addition of [(CH3)3O][BF4] to 526

(Scheme 1). Complexes 1−3 exhibit sharp doublets at δ =
51.20, 48.71, and 46.68 ppm, respectively, in the 31P{1H} NMR
spectra with 1JRhP = 100 Hz. The methyl ligand exhibits doublet
of triplets patterns in the 13C{1H} NMR spectra at 8.97, 9.99,
and 10.47 ppm, respectively, with 1JRhC = 25 Hz and 2JPC = 4
Hz. The X-ray structures of complexes 1−3 (Figure 1) exhibit

square pyramidal geometries with the methyl ligand in the
apical position. The Rh−CH3 bond length is identical in
complexes 1 and 2 (2.060(3) Å) and slightly shorter in complex
3 (2.051(3) Å). The Rh−X bond varies as expected, with bond
lengths of 2.6352(8), 2.4566(5), and 2.3276(9) Å for X = I, Br,
and Cl, respectively. The Rh−N bond lengths (2.077(2),
2.066(2), and 2.055(3) Å for 1−3, respectively) correlate with
the trans influence of the halides (I > Br > Cl), respectively.1b

Reductive Elimination of CH3X by the Addition of
Ancillary Ligands. Upon reaction of complexes 1−3 with
CO, 2,6-dimethylphenyl isonitrile (dmpin), or acetonitrile, RE
of CH3X (X = I, Br, Cl) takes place, and the RhI complexes 6,25

7,25 and 8,26 respectively, are formed (Schemes 2−5). The
generated CH3X was detected by gas chromatography−mass
spectrometry (GCMS) and NMR.
Reaction with CO. The RE of the methyl halides from

complexes 1−3 in the presence of CO is irreversible (Scheme
2). Adduct complexes of the type RhIII(CO)(CH3)X were not
observed in methylene chloride, neither at ambient nor at low

temperatures (200−273 K). Performing the reactions in screw-
cap NMR tubes with vigorous shaking to avoid a CO diffusion
effect on the reaction rates, it was clearly observed that the
reaction rate followed the trend I > Br > Cl. In addition, the
rate of the RE is strongly influenced by the solvent. In the case
of complex 1 the reaction is faster in polar aprotic solvents than
in polar protic solvents. Thus, reaction of complex 1 (0.007
mmol) with CO (1 mL, about 0.04 mmol) in acetone reached
completion after 25 min and in the (less polar) methylene
chloride after 3.5 h, while in a mixture of acetone/water (1:1),
full conversion to complex 6 was observed after 7 h, and in the
methanol/methylene chloride mixture (1:1), only 50%
conversion was observed after 4.5 h. Interestingly, the rate of
RE of CH3Cl from complex 3 follows a markedly different
trend: in the polar protic solvents (acetone/water and
methanol/methylene chloride) the reaction reached comple-
tion after 6 h, while in the polar aprotic solvents (acetone and
methylene chloride) the reaction reached 50% conversion after
8 h. The rate of CH3Br RE from complex 2 followed the trend
acetone > polar protic solvents > methylene chloride with 50%
conversion after 3, 6.5, and 8.5 h, respectively.

Reaction with Isonitriles. In the reaction of 1−3 with 2,6-
dimethylphenyl isonitrile (dmpin), the adduct intermediates
9−11 were observed (Scheme 3). Complexes 9−11 exhibit

sharp doublets at 293 K at δ = 62 ppm, in the 31P{1H} NMR
spectra with 1JRhP = 90 Hz. The methyl ligand signals are shifted
high field at about 10 ppm in the 13C{1H} NMR and at about 1
ppm in the 1H NMR as compared with the unsaturated
complexes 1−3, in which the methyl ligand is located trans to a
vacant coordination site. The X-ray structure of complex 9
(Figure 2) exhibits a slightly distorted octahedral geometry with

Scheme 1

Figure 1. Crystal structures of complexes 1 (left), 2 (middle), and 3
(right) at 50% probability level. Hydrogen atoms and the counterions
are omitted for clarity. For bond distances and angles see Supporting
Information.

Scheme 2

Scheme 3

Figure 2. Crystal structure of complex 9 at 50% probability level. The
hydrogen atoms and the counteranion are omitted for clarity. For
bond distances and angles see Supporting Information.
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the dmpin ligand positioned trans to the methyl ligand and the
iodide located trans to the pyridine moiety. The Rh−CH3 and
Rh−I bond lengths are elongated by 0.059 and 0.048 Å,
respectively, as compared to the corresponding bonds of
complex 1. The 31P{1H} NMR spectra of 9−11 are
temperature dependent (Figure 3). In 1H and 13C{1H} NMR,

the signals of the tBu−P and the CH2P groups are broadened at
lower temperatures, while those of Rh−CH3 and isonitrile
ligands do not exhibit temperature dependence. This temper-
ature dependence was observed in all three solvents (acetone,
methylene chloride, and methanol) and also in the presence of
an excess of isonitrile. The iodide complex 9 exhibits signal
broadening already at 273 K, while the bromide and the
chloride complexes (10 and 11, respectively) exhibit broad
signals only at 253 K. This observation, along with the fact that
the methyl and dmpin ligands do not exhibit fluxionality, may
suggest that the temperature dependence is due to halide
dissociation, which is expected to be most facile with the iodide
complex 9 and least favored with the chloride complex 11.
In addition, equilibria were observed between complexes 1−

3 and the dmpin−adduct complexes 9−11 (Scheme 3). For
example, addition of 2-methylphenyl isonitrile (mpin) to
reaction mixtures of the dmpin−adduct complexes (in the
absence of complexes 1−3) resulted in the formation of
[(tBuPNP)Rh(CH3)X(mpin)][BF4] (12, X = I; 13, X = Br; 14,
X = Cl) and [(tBuPNP)Rh(mpin)][BF4] (15). The rates of
CH3X RE from complexes 1−3 in the presence of dmpin

decrease with increasing concentration of dmpin (Figure 4).
This fact implies that the RE takes place from the unsaturated
starting complexes 1−3 and not from the adduct complexes 9−
11 (Scheme 3). The RE rate in acetone in the presence of
dmpin followed the trend of I > Br > Cl.

Reaction with Acetonitrile. The addition of an excess of
acetonitrile to acetone solutions of 1−3 leads to the formation
of the reported cationic acetonitrile complex 826 and the free
methyl halides (Scheme 4). In contrast to the reaction with
CO, the reactions of 1−3 with acetonitrile were found to be
reversible as observed by variable-temperature 31P{1H} NMR
experiments. Equilibrium constants (Keq = ([8]eq[CH3I]eq)/
([1]eq[CH3CN]eq)) were obtained for temperatures between
293 and 253 K, yielding ΔH0 = 8.06 ± 0.70 kcal/mol, ΔS0 =
22.24 ± 2.58 eu, and ΔG0

298 ≈ 1.6 kcal/mol, derived from the
van′t Hoff plot shown in Figure 5. The adduct complexes
[RhIII(CH3CN)(CH3)X] were not observed.

Reaction with Noncoordinating CH3X Trapping
Agents. Addition of tBu3P or [(iPrPNP)Rh(COE)][BF4]
(16), which can act as noncoordinating ″trapping agents″ of
methyl halides, also afforded RE of CH3X from complexes 1−3
(Scheme 5).
The bulky phosphine tBu3P does not coordinate to

complexes 1−3 or even to complex 4. Addition of tBu3P (an
equivalent or excess) to complexes 1−3 in acetone gave the

Figure 3. Temperature dependence of 31P{1H} NMR spectrum of
[(tBuPNP)Rh(CH3)(dmpin)X][BF4] (9, X = I, top), (10, X = Br,
middle), and (11, X = Cl, bottom) in methylene chloride-d2.

Figure 4. Rates of CH3I RE from complex 1 in acetone at ambient
temperature with 1 (blue ■), 10 (pink ●), and 30 (red ▲) equiv of
dmpin.

Scheme 4

Figure 5. van’t Hoff plot for 1 + CH3CN ⇌ 8 + CH3I.
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phosphonium salt [tBu3PCH3][BF4] and [(tBuPNP)RhX] (17,
X = I;11 18, X = Br; 5, X = Cl), respectively. Complexes 17 and
18 were obtained also by addition of NaI or NaBr, respectively,
to an acetone solution of 4. The reaction progress of complexes
1−3 with tBu3P was followed by 1H NMR and was performed
with an equivalent or an excess of the phosphine. The reaction
of complexes 1−3 with tBu3P in acetone followed the trend I >
Br > Cl, as illustrated in Figure 6. As expected, reactions were
accelerated by increasing concentrations of the complexes.27

The reactions of complexes 1−3 with an excess of tBu3P were
found to be pseudo first-order in the complexes (Figure 6).28

Addition of [(iPrPNP)Rh(COE)][BF4] (16) to an acetone
solution of 1−3 resulted in the oxidative addition of the
generated CH3X to 16 to give [(iPrPNP)Rh(CH3)X][BF4]
(19, X = I; 20, X = Br; 21, X = Cl) and complex 4. As in the
case of tBu3P, the reaction rates followed the trend I > Br > Cl.
Thus, under similar conditions (14 mM of complexes 1−3 and
16 at ambient temperature) 100%, 65%, and 4% conversions,
respectively, were observed after 4 h.
Methyl iodide formation can also be demonstrated by the

addition of CD3I to 1 (Scheme 5). CH3/CD3 exchange in 1
was observed by 1H and 13C{1H} NMR. This exchange is very
fast in acetone, equilibrium being reached in a few minutes,
while the reaction in methylene chloride was much slower and
equilibrium was obtained only after 20 h (with 1 equiv of CD3I
at 293 K).
Possible Mechanism for the RE. Possible mechanisms for

the methyl halide RE from complexes 1−3 are described in
Scheme 6. Pathway (i) represents a nonassociative SN2-type RE

mechanism, in which halide dissociation from complex I
generates a dicationic species (II), followed by nucleophilic
attack of the halide on the methyl ligand. The resulting RhI

14e− complex (III) is stabilized by coordination of ligand L.29

Pathway (ii) represents an associative SN2-type RE mechanism,
in which preliminary coordination of L generates a saturated
18e− complex (V) and promotes halide dissociation. The
resulting dication specie VI is stabilized by the ancillary ligand
L; however, it may reduce the electrophilicity of the methyl
ligand as compared to specie II. An SN2 mechanism was
suggested for CH3Cl RE in Shilov’s system6 and CH3I RE from
[(Ph2PCH2CH2PPh2)Pt(CH3)3I].

3 The latter is assumed to
take place from an unsaturated five-coordinate intermediate,
which is generated by halide dissociation. While polar protic
solvents may increase the halide dissociation step in pathways
(i) and (ii) by hydrogen-bonding interaction, such an
interaction should also be expected to decrease the
nucleophilicity of the dissociated halide.30 Indeed, through
studies of SN2 C−X (X = O, N) RE by PtIV31 and PdIV32

complexes, the retardation of RE in the presence of protic
solvents has been indicated. We have reported the competitive
RE from a [RhIII(CH3)(CN)][I] complex to give exclusively
CH3CN in protic solvents and CH3I in aprotic solvents.12

Pathway (iii) represents a concerted RE, in which RE takes via
a three-centered transition state (VII). Since octahedral RhIII

Scheme 5

Figure 6. Reaction profiles for the reactions of complexs 1−3 with excess of tBu3P (top) and first-order kinetic plots (bottom).

Scheme 6
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complexes tend to undergo concerted RE by a dissociative
mechanism, in which a five-coordinated intermediate is the
active specie,1b an associative concerted RE mechanism was
excluded. A concerted RE of CH3I was described for a RhIII

naphthyl pincer complex.12 Concerted RE was demonstrated
for C(sp3)−Cl by the PtIV complex33 and for C(sp3)−F by the
PdIV complex.4a

The observed increase in the rate of CH3I and CH3Br RE in
the presence of the more polar aprotic solvent (acetone) and
mildly polar (methylene chloride) argues in favor of an SN2
-type RE mechanism in the case of complexes 1 and 2,
involving iodide or bromide dissociation followed by
nucleophilic attack of the halide on the methyl ligand. The
RE rate of CH3Cl from complex 3 exhibits an opposite trend, in
which elimination was faster in polar protic solvents, suggesting
that in this case a concerted RE is operative rather than an SN2
mechanism.34 Evidence for a nonassociative mechanism, in
which the RE takes place directly from the unsaturated
complexes 1−3, is the CH3X RE in the presence of
noncoordinating ″trapping agents″ and the observed CD3I/
CH3I exchange. Thus, a nonassociative SN2-type mechanism
(pathway (i), Scheme 6) is suggested for the RE from
complexes 1 and 2 and a concerted RE from the five-coordinate
complex 3 (pathway (iii)).The reason for the latter might be
related to the observation that the Rh−Cl bond length in
complex 3 is shorter by 0.308 and 0.129 Å as compared to the
corresponding bond of complexes 1 and 2, respectively. The
proximity of the Cl and the methyl ligands to the metal center
in complex 3 enables better overlapping of their orbitals,
promoting a concerted reductive elimination.
Synthesis and Characterization of [(iPrPNP)Rh(CH3)-

X][BF4] Complexes. To explore the influence of sterics on the
RE process, the iPrPNP analogues 19−20 were synthesized
from the RhI complex 16, in analogy to complexes 1 and 2
(Scheme 7). Unfortunately, the reaction of CH3Cl with 16 was

very slow and resulted in a low yield (10%) of 21. In addition,
[(iPrPNP)RhCl] (22) did not react with [(CH3)3O][BF4], in
contrast to its tBu analogue (vide supra). Finally, we obtained
complex 21 (in 80% purity according to 31P{1H}NMR) by the
reaction of complex 19 with LiCl in acetone, followed by
abstraction of the iodide with 1 equiv of AgBF4 (Scheme 7).
Complexes 19−21 exhibit sharp doublets in the 31P{1H} NMR
spectra at 41.76, 41.60, and 38.24 ppm, respectively, with 1JRhP
= 100 Hz. The methyl ligands exhibit doublets of triplets (or a
broad doublet) in the 13C{1H} NMR spectra at 3.96, 5.21, and
5.69 ppm, respectively, with 1JRhC = 25 Hz. The structures of
19−21, which are very similar to their tBu analogues, were
confirmed by X-ray crystallography (Figure 7). The Rh−CH3
bond lengths in complexes 19−21 are longer than in complexes
1−3 by 0.013, 0.01, and 0.06 Å, respectively. The Rh−N bond
lengths in complexes 19−21 are similar to those in complexes
1−3, respectively. Surprisingly, the Rh−I bond length in
complex 19 is shorter than in complex 1 by 0.013 Å, while the
Rh−Br and Rh−Cl bond lengths are longer by 0.026 and

0.0392 Å in complexes 20 and 21 than in complexes 2 and 3,
respectively, as expected.

Reactivity of [(iPrPNP)Rh(CH3)X][BF4] Complexes. In
sharp contrast to the tBuPNP complexes 1−3, the reaction of
the less sterically hindered iPrPNP complexes 19−21 with CO,
dmpin, or acetonitrile resulted in the adduct complexes
[(iPrPNP)Rh(CH3)X(L)][BF4] (X = I, Br, Cl; L = CO,
dmpin, CH3CN) (Schemes 8−10). Addition of CO to

complexes 19−21 resulted in the saturated RhIII complexes
[(iPrPNP)Rh(CH3)X(CO)][BF4] (23, X = I; 24, X = Br; 25, X
= Cl) (Scheme 8). Complexes 23−25 exhibit doublets at 47
(±1) ppm (1JRhP = 87 Hz) in the 31P{1H} NMR. The methyl
ligand of 23 and 24 gives rise to sharp signals at 0.97 ppm (dt,
2JPC = 14.5, 1JRhC = 6.3 Hz) and 4.95 ppm (dt, 1JRhC = 15.2 Hz,
2JPC = 6.1 Hz), respectively, and the CO ligand gives rise to
sharp signals at 184.21 ppm (dt, 1JRhC = 31.4 Hz, 2JPC = 9.2 Hz)
and 184.19 (dt, 1JRhC = 38.8 Hz, 2JPC = 9.6 Hz), respectively.
Complex 25 exhibits a broad signal for the methyl and the

CO ligands at 293 K; however, at 243 K, the methyl ligand
exhibits a multiplet at 6.45 ppm, and the CO ligand exhibits a
sharp signal at 184.50 (dt, 1JRhC = 38.3 Hz, 2JPC = 8.8 Hz).
Equilibria were observed between complexes 19−21 and the

CO−adduct complexes 23−25 (Scheme 8). Upon addition of
13CO to a methylene chloride solution of 23−25, fast exchange
with the CO ligand was observed according to 13C{1H} NMR.
The isolated complexes 23−25 slowly eliminate CH3X to

give the complex [(iPrPNP)Rh(CO)][BF4] (26).35 The rate of
the methyl iodide RE is decelerate in the presence of CO. For
example, complex 23 under CO (one atmosphere) in
methylene chloride solution gave complex 26 in 28% yield
according to 31P{1H} NMR after 3 days at ambient temper-
ature, while in the absence of CO complex 26 was obtained in
59% yield under the same conditions (time, temperature,

Scheme 7

Figure 7. Crystal structures of complexes 19 (left), 20 (middle), and
21 (right) at 50% probability level. Hydrogen atoms and counterions
are omitted for clarity. For bond distances and angles see Supporting
Information.

Scheme 8
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solvent, and concentration). This observation, in addition to
the observed equilibria between complexes 19−21 and 23−25,
respectively, is in line with the observed reductive elimination
of methyl halides from complexes 1−3 in the presence of
dmpin, and in accordance with a nonassociative RE mechanism.
In addition, when methanol was used as a solvent, RE of methyl
halide from 23 was retarded, while slightly accelerated in the
case of 25, as was observed in the case of complexes 1 and 3
and in accordance with an SN2-type RE mechanism for methyl
iodide and methyl bromide, and with a concerted mechanism
for the RE of methyl chloride.
Following the RE of CH3X from complexes 23−25 by

31P{1H} NMR spectroscopy, new complexes were observed,
which were assigned as the isomers of complexes 23−25 (23a−
25a), in which the CO ligand is cis to the methyl ligand
(Scheme 8). The methyl ligand in complex 23a is shifted to a
higher field in the 13C{1H} NMR spectrum by 2.8 ppm, while
the CO ligand is shifted to a lower field by 2.8 ppm. The
13C{1H} NMR spectrum of the double-labeled complex
[(iPrPNP)Rh(13CH3)X(

13CO)][BF4] (23) exhibits a 2JCC of
31.2 Hz for the methyl and CO ligands, while in complex 23a
the 2JCC is only 2.1 Hz, in line with CO cis to the methyl ligand
(Figure 8). The isomerization rate of complexes 23−25 to

23a−25a is slower under CO atmosphere. For example,
complex 23a was obtained in 8% and 41% yields in the
presence and absence of CO, respectively, under ambient
temperature in methylene chloride. Addition of a large excess of
methyl iodide to complex 26 resulted in formation of complex
23a in 16% yield according to 31P{1H} NMR after 10 days at
ambient temperature. Since complex 23a was obtained in a
higher yield by isomerization of complex 23 (in the absence of
CO) than from the direct oxidative addition of methyl iodide to
the RhI carbonyl complex 26, it may be assumed that 26 is not
an intermediate in the isomerization process.
An X-ray structure of complex 23a (Figure 9) was obtained

by layering a methylene chloride solution of complex 23 with
pentane under nitrogen. The Rh−CH3, Rh−N, and Rh−P
bond lengths in complex 23a are elongated by 0.040, 0.043, and
0.047 (average) Å, respectively, as compared to the
corresponding bonds of complex 19, while the Rh−I bond
length is extensively elongated by 0.172 Å.
Addition of dmpin to complexes 19−21 resulted in

formation of the saturated RhIII complexes [(iPrPNP)Rh-
(CH3)X(dmpin)][BF4] (27, X = I; 28, X = Br; 29, X = Cl)
exclusively (Scheme 9). Complexes 27−29 are stable and do
not eliminate methyl halide. In addition, while dynamic
behavior was observed for 9−11 (vide supra), this was not
observed for 27−29 (Figure 10). Complexes 27−29 exhibit
sharp doublets at δ = 46 (±1) ppm, in the 31P{1H} NMR

spectra with 1JRhP = 90 (±1) Hz. The methyl ligand signals are
shifted highfield by 7.6, 5.6, and 4.6 ppm for complexes 27−29,
respectively, in the 13C{1H} NMR and by about 0.2 ppm in the
1H NMR as compared with the unsaturated complexes 19−21.
Upon addition of acetonitrile to complexes 19−21, mixtures

of two isomers of the complexes [(iPrPNP)Rh(CH3)X-
(CH3CN)][BF4] (30, X = I; 31, X = Br; 32, X = Cl) were
obtained with acetonitrile cis or trans to the methyl ligand
(Scheme 10). While the reaction of complexes 20 and 21 with

acetonitrile resulted in a single product after 18 h at ambient
temperature (31a and 32a, respectively), equilibrium of the cis/
trans isomers was observed for complexes 30 and 30a. The
isolated complexes 31a and 32a are cis isomers according to
NMR data and give rise to a sharp doublet at 48.31 ppm (1JRhP
= 92.2 Hz) and 50.39 ppm (1JRhP = 92.2 Hz), respectively, in
the 31P{1H} NMR, slightly shifted to lower field as compared to
the trans isomers by 5 and 7.5 ppm, respectively. The
acetonitrile ligand in complexes 31a and 32a is shifted to a
lower field by 0.45 ppm in the 1H NMR and by 2.4 (CH3CN)
and 9 ppm (CH3CN) in

13C{1H} NMR as compared with free
acetonitrile. Moreover, distinguished signals of the acetonitrile
ligand were observed in the presence of free acetonitrile. The

Figure 8. 13C{1H} NMR spectrum of complexes 23 (top) and 23a
(bottom); signals of the labeled ligands 13CO−Rh and 13CH3−Rh.

Figure 9. Crystal structure of complex 23a at 50% probability level.
Hydrogen atoms and counterions are omitted for clarity. For bond
distances and angles see Supporting Information.

Scheme 9

Figure 10. Variable-temperature 31P{1H} NMR spectra of [(iPrPNP)-
Rh(CH3)(dmpin)I][BF4] (27) in methylene chloride-d2.

Scheme 10
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methyl ligand in complexes 31a and 32a is significantly shifted
high field in the 13C{1H} NMR as compared to complexes 20
and 21 and gives rise to signals at −3.00 (dt, 1JRhC = 20.8 Hz,
2JPC = 4.5 Hz) and −5.63 (dt, 1JRhC = 10.5 Hz, 2JPC = 5.0 Hz),
respectively. The reaction mixture of complex 19 with
acetonitrle in methylene chloride reveals two signals in the
31P{1H} NMR corresponding to the cis and trans isomers: a
sharp signal at 45.00 ppm for the cis isomer (30a) (dd, 1JRhP =
91.8 Hz, 1JPC = 4.6 Hz) and a broad signal, which upon cooling
to 253 K appears as a doublet of doublet at 44.68 ppm (1JRhP =
95.7 Hz, 1JPC = 3.9 Hz), for the trans isomer (30). The 13C{1H}
NMR of the mixture reveals two signals for the methyl ligand at
0.72 ppm (dt, 1JRhC = 21.0 Hz, 2JPC = 4.7 Hz) for the trans
isomer (30) and at −7.60 (dt, 1JRhC = 20.3 Hz, 2JPC = 6.3 Hz)
for the cis isomer (30a). Addition of acetonitrile to a methylene
chloride solution of 19 at 253 K resulted in the trans isomer
(30) exclusively, indicating that it is the kinetic product. The
kinetic trans isomer is stable at 243 K but isomerizes to 30a at
ambient temperature.
While the tBu2−PNP complexes 1−3 reductively eliminate

methyl halides in the presence of Bu4NX (excess or 1 equiv; X
= I, Br, Cl, respectively) to give complexes 17, 18, and 5,
respectively, the iPr2−PNP complexes 19−21 react with
Bu4NX to give the saturated complexes [(iPrPNP)Rh(CH3)X2]
(33, X = I; 34, X = Br; 35; X = Cl, respectively) (Scheme 11).

The methyl ligand in complexes 33−35 is shifted downfield by
4.6, 8.3, and 10.7 ppm as compared to complexes 19−21,
respectively, and similar in trend and magnitude to the methyl
chemical shift of complexes 30a−32a, in which the methyl
ligand is assumed to be trans to the halide. The X-ray structure
of complex 33 (Figure 11) reveals hexagonal geometry around
the Rh center, and the Rh−CH3 bond length is longer than in
complex 19 by 0.058 Å. The Rh−I(1) bond which is located
trans to the pyridine moiety is longer than in complex 22 by
0.057 Å, and it is shorter by 0.205 Å than the Rh−I(2) bond,
which is trans to the methyl ligand.

Addition of an equivalent of CD3I to complex 19 in
methylene chloride did not result in CH3/CD3 exchange as
indicated by NMR. However, when a large excess of CD3I was
added to complex 19 in acetone, traces of free CH3I could be
observed after 18 h.
Thus, the RE of methyl halides from the tBuPNP complexes

1−3 is much easier than in the case of the iPrPNP analogues
19−21, even though the lower electron density on the metal in
19−21 relative to 1−3 should promote RE. This demonstrates
the importance of steric effects in this reaction. A similar effect
was observed for the naphthyl-based PCP-type complex
[(C10H5(CH2−PR2)2)Rh(CH3)I] (R = tBu), where RE of
CH3I occurs upon reaction with CO, while the less bulky
complex (R = iPr) did not eliminate CH3I.

13 Steric factors were
found to facilitate also RE from PdII aryl halide14 and methyl
halide36 complexes.

■ CONCLUSIONS
A series of cationic methyl halide RhIII complexes based on the
electron-rich tBuPNP (1−3) and iPrPNP (19−21) ligands
were synthesized. A rare case of directly observed RE of methyl
halides from complexes 1−3 in the presence of coordinating
and noncoordinating potential ligands is described.
On the basis of solvent effects on the RE rate, an SN2

mechanism is suggested for the RE of CH3X (X = I, Br) from
complexes 1 and 2, while CH3Cl probably eliminates in a
concerted fashion. In both mechanisms the RE is more facile
from a five-coordinate complex as compared with the saturated
18 e− complex; thus a nonassociative rather than an associative
mechanism is suggested (Scheme 6, pathways (i) and (iii),
respectively).
The RE is induced by sterics, as RE was retarded in the case

of the less sterically hindered complexes 19−21, which react
with coordinating substrates to give the saturated RhIII adduct
complexes.
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