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Introduction

The simple methylation of amines is a well-known transform-
ation in organic chemistry leading to compounds having appli-
cations in the synthesis of dyes, natural products and fine
chemicals." Several synthetic protocols exist to achieve this
transformation and include the nucleophilic substitution of
electrophilic methylating reagents (e.g., methyl iodide) and the
methylation with formaldehyde in the presence of reducing
reagents (e.g.,, formic acid and metal hydride).> However,
important drawbacks are associated with these procedures
such as reagent toxicity or limitation in the substrate scope.
Recently, alternative methodologies have been reported based
on the use of CO, as a methylating reagent. CO, is an inexpen-
sive, non-toxic and the most abundant carbon source. It is
potentially the most attractive C; feedstock to introduce
carbon into molecules.® In 2013, Cantat and co-workers
reported an interesting methodology based on zinc using
[Zn(C1),(IPr)] (IPr = N,N’-bis-[2,6-(di-iso-propyl)phenyl] imida-
zol-2-ylidene) as catalyst. Phenylsilane was used as the redu-
cing reagent (Scheme 1).* Almost concomitantly, Beller and co-
workers disclosed a ruthenium-based methodology.” For the
latter, excess silane was required under 30 bar of carbon
dioxide. Shortly after, the same group reported a variant of this
transformation replacing the silane with hydrogen gas.
However, high pressure of H, (60 bar) and CO, (20 bar) were
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The N-methylation of amines using CO, and PhSiHz as source of CHz was efficiently performed using a
N-heterocyclic carbene copper() complex. The methodology was found compatible with aromatic and
aliphatic primary and secondary amines. Synthetic and computational studies have been carried out to
support the proposed reaction mechanism for this transformation.

required as well as long reaction times (24 h to 48 h) and elev-
ated temperature (140 °C). Independently, Leitner and co-
workers reported that an alternative ruthenium based-system
could enable this transformation.® Recently, a nickel/phos-
phine system able to promote this transformation was investi-
gated.” Organocatalysts have also been shown as efficient
promoters of this transformation.® Finally, Beller and Cantat
also showed that formic acid can be used as C; source or as
both C; and hydrogen source.”'® Despite their elegance, these
protocols suffer from the use of relatively expensive metals and

RoNH —>  RyN-CHs
Csource H source Catalyst Reaction conditions Ref.
(pressure)  (pressure) (loading)
Co, PhSiH; [Zn(Cl)5(IPr)] THF,100°C,20h 4
(1 bar) (5 mol%)
CO, PhSiH; [Ru(Cl),(dmso),] toluene, 100 °C, 5a
(30 bar) (2 mol%) 10-36 h
CO, Hy [Ru(acac)y] THF, 140 °C, 24 h 5b
(20 bar) (60 bar) (1 mol%)
co, H, [Ru(triphos)(tmm)] ~ THF, 150 °C,24h 6
(20 bar) (60 bar) (2.5 mol%)
CO, 9-BBN proazaphosphatrane THF,90°C,1h 7a
(1 bar) superbase (1 mol%)
CO, Ph,SiH, free NHC DMF, 50 °C, 24-48 h  7b
(1 bar) (5 mol%)
HCO,H PhSiH; Karstedt's catalyst nBuyO, rt, 18 h 8
(1 mol%)
HCO,H [Ru(COD)(methylallyl),] THF, 150 °C,24h 9

(1 mol%)

Scheme 1 State-of-the-art for the methylation of amines with CO,.
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ligands and, in some cases, high pressures and temperatures.
In addition, mechanistic details for this reaction have not
been explored yet. Recently, it has been shown that economical
copper complexes can promote direct carboxylation of N-H
and C-H bonds using CO,."""* Indeed, [Cu(OH)(IPr)] (1) as
catalyst allowed CO, insertion into a C-H and N-H bonds
leading to the formation of carboxylic and carbamic acid
derivatives, respectively.

Moreover, copper-based complexes are well-established
catalysts for the hydrosilylation of CO,.">'* Based on these
observations, it was hypothesised that the reactivity of NHC-
copper complexes could be extended to the methylation of N-
H bonds. In particular, this could be performed in two steps: a
carboxylation followed by a reduction. Herein, we reported the
first Cu-catalysed methylation of amines with mechanistic
insight into the fixation of CO, with amines.

Results and discussion

In the initial optimisation studies, N-methylaniline 5a was
chosen as the benchmark substrate (Table 1).

The hydroxide complex 1 (Fig. 1) showed interesting reactiv-
ity in solvents such as toluene or benzene. However, no activity
was observed in alcohol solvents. By using its tert-butoxide
congener, 2, the conversion to the desired compound slightly
increased (Table 1, entries 5 and 6). The nature of the NHC
ligand was next examined. When the bulkier IPr* was used (3),
only 22% conversion to the methylated product was observed.
On the other hand, the IMes analogue complex [Cu(OBu)-
(IMes)] 4 exhibits improved reactivity. Indeed, in the presence
of 4, full conversion into the desired product is observed in
toluene after 20 h.

Table 1 Optimisation of the catalyst, solvent and reaction time®

PhSiH; (2 equiv.),

H CO; (2 bar), ?Hs HYO
N  [Cul (10 mol%) N \
: _— + ~
solvent, 100 °C ©/ ©/
5a 5b 5¢
Entry [Cu] Solvent Time (h) 5b” 5¢”
1 1 Toluene 20 35% 65%
2 1 Benzene 20 40% 60%
3 1 Isopropanol 20 — —
4 1 THF 20 24% 76%
5 2 Toluene 20 50% 50%
6 2 THF 20 48% 52%
7 3 THF 20 22% 78%
8 4 THF 20 96% 4%
9 4 Toluene 20 >99%
10 4 Toluene 2 40% 60%
11 4 Toluene 4 45% 55%
12 4 Toluene 6 57% 43%
13 4 Toluene 8 70% 30%

“Reaction conditions: amine (0.25 mmol), [Cu] (10 mol%), PhSiH;
(2 equiv.), solvent (2 mL), CO, (2 bar), 100 °C. ” Conversion determined
by GC, based on amine, minimum average of two reactions.

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Catalysts studied in the N-methylation.

Based on these promising results, the influence of the reac-
tion time was examined. After 2 hours all starting material was
converted into a mixture of amide (60%) and N-methylamine
(40%). This highlights that the CO, insertion occurs in less
than 2 hours and that it is not the rate-limiting step in the
transformation. As a function of time, the amount of N-methyl-
ation increased. After 8 hours, 70% of the desired compound
was obtained. Finally, the optimal reaction conditions for the
transformation were determined to be [Cu(O‘Bu)(IMes)]
(10 mol%), phenylsilane at 100 °C under 2 bar of CO, for 20 h.

Using these conditions, the scope of the reaction was inves-
tigated, starting with secondary amines (Scheme 2).

N,N-Dimethylaniline 5b was obtained quantitatively and
selectively. Sterically congested N-methylanilines such as 6a
and 7a were efficiently converted into the desired compounds,

H__O
H PhSiH; (2 equiv.), CO, (2 bar), M \?//
. 4(10 mol%) No o+
R SR2 R SR2 R"N\CHs
toluene, 100 °C, 20 h
5a-11a 5b-11b 5c-11c
SNH SNH

“SNH

5, >99%

1&g

6, >99% (85:14)° 7,>99% (82:17)2

H H
©/N\/\ O/N\

8, >99% (90:9)22 9, >99% (64:35)22

OO Gud

10, >99% (75:24)> 11, >99% (72:27)75

Scheme 2 Cu-catalysed methylation of secondary amines using CO,
as C; building block. Reaction conditions: amine (0.25 mmol),
4 (10 mol%), PhSiHz (2 equiv.), toluene (2 mL), CO; (2 bar), 100 °C, 20 h.
Conversions determined by GC, based on amine, minimum average of
two reactions. b : ¢ ratio. °KO'Bu (10 mol%), PhSiHs (4 equiv.).
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Table 2 Influence of additives on the composition of the reaction
mixture
H. O
H PhSiHa, CO; (2 bar), M \?//
. 4 (10 mol%) +
R “R2 - o . RV °R? R \CH3
toluene, 100 °C, 20 h
a [+
Reaction conditions
Entry Substrate 1 I I v
1 8a b: 49% b: 53% b: 44% b: 90%
c: 50% c: 46% c: 55% c: 9%
2 9a b: 14% b: 40% b: 33% b: 64%
c: 85% c: 59% c: 66% c:35%
3 10a b: 45% b: 62% b: 70% b: 75%
c: 54% c: 37% c: 29% c: 24%
4 11a b: 15% b: 59% b: 46% b: 72%
c: 84% c: 40% c: 53% c:27%

Reaction conditions: amine (0.25 mmol), 4 (10 mol%), toluene (2 mL),
CO, (2 bar), 100 °C, 20 h. Conversions determined by GC, based on
amine, minimum average of two reactions. I: 2 equiv. PhSiH;, no base.
II: 2 equiv. PhSiH;, 10 mol% KO'Bu. III: 4 equiv. PhSiH;, no base. IV: 4
equiv. PhSiHj;, 10 mol% KO‘Bu.

the major product being the methylated compound (85% and
82%, respectively). In contrast, while full consumption of start-
ing materials was also observed with compounds 8-11, the
major product under these reaction conditions (2 equiv.
PhSiHj;, no base) was the amide intermediate. In order to over-
come this issue, the reaction conditions were further optimised,
and the addition of additives was investigated (Table 2).

By adding a catalytic amount of KO‘Bu (10 mol% - II), an
important increase in the formation of the methylated com-
pound was observed for substates 9a-11a while only a slight
improvement was observed for 8a. The same trend was
observed by doubling the amount of silane. Finally, by com-
bining the two variations (4 equiv. of silane and 10 mol%
KOBu), the conversion of all substrates towards the desired
compounds was drastically improved. Although KO‘Bu may be
required to promote catalyst regeneration, by doubling its
amount no further improvement was observed.

It is interesting to note that, under our standard reaction
conditions, ie. without adding 10 mol% of KO'Bu, substrate
9a leads to a 14% conversion of the methylated compound
while the more hindered N,N-dicyclohexylamine (10a) is con-
verted in 45%.

Primary amines were next considered (Scheme 3). All sub-
strates investigated were completely converted into a mixture
of mono- and di-methylated compounds and their corres-
ponding amide derivatives. Interestingly, the bulkiness of the
ortho substituents of substrates 12a and 13a did not affect the
outcome of the reaction; both led to the dimethylated product.
No amide intermediate was observed with substrate 14a. In the
case of methylthio-anilines, the position of the (S-CH;) substi-
tuent proved to be crucial. While 2-(methylthio)-aniline (15a)
was fully converted into the dimethylated product, only 10% of

18140 | Dalton Trans., 2015, 44, 18138-18144
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PhSiH; (4 equiv.),
CO, (2 bar), SNHH

Ar—NH, |
4 (10 mol%) Ar + Ar + Ar 4 Ar
12a-17a
toluene, 12b -17b 12¢-17¢c 12d-17d 12e-17e
100°C,20 h
NH, O

N

14, 99% (60:0:40:0)?

o

12, 99% (28:29:14:29)% 13, 99% (15:20:14:20)?

(19:0:50:30)° (60:9:15:15)° (4:0:70:25)
NH; NH,
NH,
S\
o o~
S\ o\

15d, >99% 16, 99% (0:39:10:50)% 17, 48% (0:0:10:38)°

Scheme 3 Cu-catalysed methylation of anilines. Reaction conditions:
amine (0.25 mmol), 4 (10 mol%), PhSiH3z (2 equiv.), toluene (2 mL), CO,
(2 bar), 100 °C, 20 h. Conversions determined by GC, based on amine,
minimum average of two reactions. °b: c:d: e ratio. PKO'Bu (10 mol%).

the corresponding para-substituted product was isolated. Also
in this case, the addition of a catalytic amount of KO‘Bu
proved to have a positive effect on the reaction. In fact, the for-
mation of the monomethylated compound 13b was improved
while an increase in dimethylated product was observed for
substrates 12a and 14a.

Mechanistic studies

The proposed mechanism for the methylation of amines with
CO, and silane is depicted in Scheme 4. The first steps of this
pathway involve the formation of a hydride species followed by
the insertion of CO, into the Cu-H bond affording a
Cu-formato species (I). The latter complex undergoes meta-
thesis with the silane to afford the copper hydride species and
the siloxane II. The siloxane then reacts with the amine to
form the amide derivative (III). The amide would further react
with the [Cu(H)(NHC)] to form species IV. This intermediate,
in the presence of silane, would regenerate the hydrido
complex and release the desired compound.

In order to obtain a more detailed understanding of the
pathway described, we carried out DFT calculations with both
IMes- and IPr-based catalysts. The energetics of the transfor-
mation are reported in Scheme 4. Calculations indicate that
activation of the initial pre-catalyst to the [Cu(H)(NHC)]
species, as well as the CO, activation step by its insertion into
the Cu-H bond of [Cu(H)(NHC)], leading to the formato
species I, are relatively easy steps, with free energy barriers less
than 10 kcal mol™'. The reactivity of I with the silane has a
relatively low energy barrier of 18-19 keal mol™". This step
regenerates [Cu(H)(NHC)], and liberates HC(O)OSiR; (II),
which can react with the amine to generate the amide inter-
mediate III. Although this organic transformation is energeti-
cally quite expensive, ca. 30 kcal mol™", it is consistent with

This journal is © The Royal Society of Chemistry 2015
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Scheme 4 Pathways for methylation via CO, insertion. DFT calculated AG (kcal mol™) are reported for NHC = IMes and IPr.

the harsh experimental conditions and previous compu-
tational work.">'® Once formed, the amide can easily react
with [Cu(H)(NHC)] to generate [Cu(OCH,NR',)(NHC)] (IV),
which can liberate R3Si-O-CH,-NR', (V) through reaction with
R;SiH via fairly small activation barrier of 10-13 kcal mol™.
The next step, reduction of V with hydrosilane, despite being
highly favorable thermodynamically, occurs via fairly high acti-
vation barriers of ~35.0 kcal mol™" when the transformation is
not catalysed."

On the other hand, when catalysed by [Cu(H)(NHC)] the
barrier of this transformation is reduced to 26-28 kcal mol "

To support these computational findings, synthetic studies
were carried out. Phenylsilane was added to a solution of
[Cu(OH)(IPr)] and the reaction was monitored by "H NMR.

The data are in accordance with the in situ formation of
[Cu(H)(1Pr)] (18) (Scheme 5)."” The subsequent reaction of this
species with CO, (2 bar) led to the formation of [Cu{OC(O)H}-
(1Pr)] (19).**'® The same outcome was obtained by reacting
[Cu(OH)(IPr)] with formic acid in benzene.

In order to corroborate the other steps of the proposed
mechanism, stoichiometric NMR experiments were carried out
(Scheme 6). By reacting 19 with N-methylaniline 5a in the pres-
ence of PhSiH3, 50% conversion towards N-methylformanilide
5c was observed. Noteworthy, the formation of the dimethylated
compound was not observed. This is probably due to the short
reaction time (7 hours rather than 20 hours)." As highlighted
in Scheme 6, the presence of silane is crucial for the formyla-
tion of N-methylaniline. In fact, the reaction solely promoted by
19 was unsuccessful in the presence or absence of KO'Bu."

This journal is © The Royal Society of Chemistry 2015
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Scheme 5 Formation of [Cu{OC(O)H}IPr)].

Finally, the reduction of 5¢ promoted by PhSiH; in the pres-
ence of the copper catalyst was carried out. After 7 hours, the
reaction led to 64% conversion of the amide into the methyl-
ated product 5b confirming the methylation proceeds via
N-formylamine intermediates.

Conclusions

In conclusion, the first NHC-copper-catalysed methylation of
N-H bonds using CO, and silane as reagents was reported.
The scope of this transformation showed that secondary
amines are converted under relatively mild conditions into the

Dalton Trans., 2015, 44, 18138-18144 | 18141
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Scheme 6 NMR experiments.

desired methylated products while primary amines provide a
distribution of products depending on the nature of the sub-
strate. DFT calculations supported by experimental work were
carried out in order to elucidate the mechanism of this
transformation.

Experimental
General information

All reactions were carried out under argon atmosphere using
standard Schlenk and glovebox techniques. Chemicals were
used as received unless otherwise noted. Dry toluene was
obtained from a PureSolv SPS-400-5 solvent purification
system. 'H, and "*C-{"H} Nuclear Magnetic Resonance (NMR)
spectra were recorded on a Bruker-400 MHz or 300 MHz
spectrometers using the residual solvent peak as reference
(CDCls: 6y = 7.26 ppm, &¢ = 77.16 ppm, CD,Cl,: 6y = 5.32 ppm,
8¢ = 53.84 ppm, C,Dg: 5y = 2.08 ppm, 5¢ = 20.4 ppm) at 298 K.
Elemental analyses were performed at London Metropolitan Uni-
versity. HMRS analyses were carried out by the EPSRC National
Mass Spectro,metry Service Centre at Swansea University.

Synthesis of [Cu(OH)(IPr*)] (3)

In a glovebox, a round bottom flask was charged with [Cu(Cl)-
(IPr*)] (250 mg, 0.25 mmol), CsOH (74 mg, 2 equiv.) and THF
(12.5 ml). The reaction mixture was stirred at room tempera-
ture during 15 hours. The suspension was filtered through a
plug of celite. The solution was concentrated and pentane
(10 mL) was added. The colourless precipitate was collected by
filtration and washed with pentane (3 x 5 mL). The product
was obtained as a colourless solid in 89% yield (215 mg,
0.22 mmol). 'H NMR (300 MHz, C,Dy, 298 K): 6 = 1.74 (s, 6H,

18142 | Dalton Trans., 2015, 44, 18138-18144
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CHj3), 5.58 (s, 2H, H* and HP), 5.60 (s, 4H, CHPh,), 6.97-7.01
(m, 28H, CHy,), 7.17 (m, 8H, CH,,), 7.41 (m, 8H, CH,,). °C-
{'"H} NMR (75 MHz, C,Dg, 298 K): § = 21.1 (s, CHj), 51.7 (s,
CHPh,), 123.2 (s, C* and C°), 126.8 (s, CH Ar), 127.0 (s, CH Ar),
128.3 (s, CH Ar), 128.6 (s, CH Ar), 128.7 (s, CH Ar), 129.1 (s, CH
Ar), 129.9 (s, CH Ar), 130.3 (s, C'V Ar), 130.6 (s, C'V Ar), 141.7 (s,
C"™ Ar), 143.5 (s, C" Ar), 143.7 (s, C" Ar). C* has not been
observed. Elem. Anal.: Caled for C,5H33CuN,O: C, 83.40; H,
5.78, N, 2.82. Found: C, 83.46, H, 5.65, N, 2.74.

General procedure for the methylation

Under an argon atmosphere, a 3 mL vial was charged with
[Cu(O*Bu)(IMes)] (4) (11 mg, 10 mol%), KO‘Bu (2.8 mg, 10 mol
%) and toluene (2 mL). The amine substrate (0.25 mmol,
1 equiv.) and PhSiH; (123 pL, 1.0 mol, 4 equiv.) were added
and the vial was sealed with a septum cap. The septum cap
was pierced with a syringe needle and placed into a six-slot
steal autoclave. The autoclave was sealed, purged twice with
CO, and heated at 100 °C (oil bath) under CO, atmosphere
(2 bar) for 20 hours. The reaction mixture was then allowed to
cool and the gas was carefully released. The reaction mixture
was analysed by gas chromatography (GC). In the case of iso-
lated products, dichloromethane (5 mL) was added to the
crude and the mixture was extracted with HC1 1 M (3 x 10 mL).
The aqueous layer was neutralised by addition of K,CO; (pH =
12) and extracted with diethyl ether (3 x 10 mL). The ether
layer was dried over Na,SO,. Removal of the solvent afforded
the desired compounds.

3,4,5-Trimethoxy-N,N-dimethylaniline, 17b. 'H  NMR
(400 MHz, CDCl3, 298 K): § = 2.93 (s, 6H, N-CH3), 3.78 (s, 3H,
0-CH3), 3.86 (s, 6H, O-CH3), 5.95 (s, 2H, CH phenyl) C-{'"H}
NMR (75 MHz, CDCl;, 298 K): § = 41.3 (s, N-CH,), 56.13 (s,
0-CHj), 61.2 (s, O-CH3), 91.0 (s, CH Ar), 130.0 (s, C"V Ar), 147.9
(s, C" Ar), 153.8 (s, C" Ar). HMRS (APCI) m/z Caled for
[C11H,705N + H]" 212.1281. Found 212.1279.

Synthesis of [Cu{OC(O)H}(IPr)], (19)

Under an argon atmosphere, a vial was charged with [Cu(OH)
(IPr)] (1) (200 mg, 0.21 mmol, 1 equiv.), formic acid (16 pL,
0.21 mmol, 1 equiv.) and benzene (2 mL). The mixture was
stirred at room temperature for 1 hour, the solution was then
concentrated under reduced pressure. The addition of pentane
(10 mL) afforded a colourless solid collected by filtration (Yield
= 82%). "H NMR (400 MHz, CDClj, 298 K): 6 = 1.22 (d, *Jyy_p =
6.8 Hz, 12H, CH-CH3), 1.29 (d, *Ji;_4 = 6.8 Hz, 12H, CH-CHj3),
2.56 (sept, *Jy_y = 7.0 Hz, 4H, CH-CHj isopropyl), 7.15 (s, 2H,
H* and H?), 7.29 (d, */y_u = 7.8 Hz, 4H, CH phenyl), 7.48 (t,
*Juu = 7.9 Hz, 2H, CH phenyl), 8.11 (s, 1H, C(O)H formyl)
BC-{"H} NMR (75 MHz, CDCl;, 298 K): § = 24.0 (s, CH-CH3),
24.8 (s, CH-CH,) 28.8 (s, CH-CHj), 123.3 (s, C"V Ar), 124.3 (s,
CH Ar), 130.6 (s, C* and C°), 134.5 (s, C" Ar), 145.7 (s, CH Ar),
167.9 (s, OC(O)H), 180.4 (s, C).

Computational details

Geometry optimisations and calculations of thermochemical
corrections. All geometry optimisations were performed using

This journal is © The Royal Society of Chemistry 2015
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the PBE GGA' functional as implemented in PRIRODA 13
DFT code.?® All electron basis sets (L1)*' comparable in quality
to the correlation consistent valence double-{ plus polarisation
(cc-PVDZ) basis sets of Dunning were used. All stationary geo-
metries were characterised by analytically calculated Hessian
matrix. Possible relativistic effects (for copper) were taken into
account via the Dyall Hamiltonian.>?

The default, adaptively generated PRIRODA grid, corres-
ponding to an accuracy of the exchange-correlation energy per
atom (1 x 10~ hartree) was decreased by a factor of 100 for
more accurate evaluation of the exchange-correlation energy.
Default values were used for the Self-Consistent-Field (SCF)
convergence and the maximum gradient for geometry optimi-
sation criterion (1 x 10~* au), whereas the maximum displace-
ment geometry convergence criterion was decreased to 0.0018
au.

Translational, rotational, and vibrational partition func-
tions for thermal corrections to arrive at total Gibbs free ener-
gies were computed within the ideal-gas, rigid-rotor, and
harmonic oscillator approximations. The temperature used in
the calculations of thermochemical corrections was set to
298.15 K in all the cases.

Single-point (SP) energy evaluations. The energies were re-
evaluated at optimised geometries by means PBE GGA func-
tional as implemented in Gaussian 09 code.?® The effects from
dispersion were included via DFT-D3(BJ)** correction term. All
electron def2-tzvpp basis sets of Ahlrichs groups were used
with corresponding density-fitting basis sets.”> The default
value for the SP SCF convergence was adopted. The “Integral
(grid = ultrafine)” option was used for evaluation of the
exchange-correlation term.

Solvent effects. Electrostatic and non-electrostatic solvent
effects were estimated by means of SMD?° solvation model as
implemented in Gaussian 09 code. The internal program
values for toluene (dielectric constant, etc.) were adopted. A
standard state corresponding to 1 M ideal dilute solution was
used.
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