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The mechanism of cobalt-catalyzed methoxycarbonylation of bromoacetonitrile and methyl 2-halogen acetate
was computationally investigated by comparing three different reaction pathways with the consideration of
solvation and countercation effect. Pathway B, which goes through the addition of MeO™ to (RCH2)Co(CO)4 and
the elimination of [(RCH2)Co(CO)3(COOMe)]  to afford ester, is found to be the most kinetically favored. The
previously proposed pathway A, which goes through twice Sy2 reaction, and herein proposed pathway C, which

DFT
undergoes the conventional migratory CO insertion of (RCH3)Co(CO)4 and further methanolysis of (RCH2CO)Co
(CO)4 intermediate, are less favored due to their higher barrier. The thermodynamic contribution of counter-
cation is distinct, but the mechanism preference still keeps.

Introduction conditions [6,12-17]. The process based on cobalt tetracarbonyl catalyst

Transition metal-catalysed carbonylation is a versatile method to
implant carbonyl functional group and convert bulky chemicals to
value-added products with carbon monoxide [1-3]. Hydrocarbons with
unsaturated carbon-carbon bond and organohalides represent two major
types of electrophilic substrate for the carbonylative conversion. Owing
to the presence of zw-acidic CO, which would decrease the electron
density on the metal centre of catalyst, the Sy2-type oxidative addition
of sp>-hybridized alkyl halides through mental carbonyls is more chal-
lenging than aryl or vinyl halides [4,5]. Thus, for the carbonylation of
organohalides, alkyl halides bearing electron-withdrawing group (EWG)
at a position, such as o-halogen acetate and a-halogen acetonitrile,
provides an important and cyanide-free alternative to achieve the car-
bonylative synthesis of malonate and o-nitrile carboxylate, which is
hardly accessible from other carbonylation methods [6]. Since the dis-
covery of Heck and Breslow [7], various transition metal-based homo-
geneous or heterogeneous catalysts have been developed for this process
[8-11]. Among them, simple and inexpensive anionic cobalt carbonyl
complex exhibited good catalytic activity in the relatively milder
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has been applied in the industrial manufacture of malonic ester [18,19].
Meanwhile, the reaction mechanism concerning the alkox-
ycarbonylation of alkyl halides bearing EWG received far less attention.
Although there were some spectroscopic evidences about the in-
termediates involving the catalytic alkoxycarbonylation of alkyl halides
[13,15,20,21], the proposed plausible mechanisms based on these evi-
dences failed to support a set of clear and complete depiction about each
elementary step in the reaction process. With the advancement of
computational chemistry in last few decades, density function theory
(DFT) [22,23] computation now can provide a useful tool to investigate
each elementary step and related unstable transient intermediates in
organometallic catalysis [24-27]. Herein we investigated different
pathways of cobalt-catalysed alkoxycarbonylation of EWG-activated
alkyl halides by using DFT computation, and hope to get a full under-
stand of the reaction mechanism.

Regarding the cobalt-catalysed alkoxycarbonylation of alkyl halides,
scheme 1 illustrated the plausible mechanism proposed in the previous
reports. It was based on trans-[(RCH2)Co(CO)3(COOCH3)] ™ as one of the
key reaction intermediates [13,15,20,28]. which was characterized by
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Scheme 1. The proposed mechanism (pathway A) of cobalt-catalysed
methoxycarbonylation of alkyl halides based on (RCH,)Co(CO), as the active
catalytic species.

infrared spectroscopy, nuclear magnetic resonance spectroscopy and
extend X-ray absorption fine structure (EXAFS) [20,21]. In this catalytic
cycle, (RCH2)Co(CO)4 (1) was regarded as the active catalytic species.
Considering the fact that [Co(CO)4]  is usually employed as the
pre-catalyst, the formation of 1 was through the SN2 reaction between
[Co(CO)4]™ and alkyl halide. Via the nucleophilic attack of methoxide
anion on the carbonyl ligand of 1, the anionic complex trans-[(RCH2)Co
(CO)3(COOMe)] ™ (2) was formed. Afterwards, the Sy2 reaction between
2 and alkyl halide substrate proceeded and afforded the neutral
six-coordinated cobalt complex [(RCH3)2Co(COOMe)(CO)s] (3). The
following reductive elimination released free RCHo,COOMe and regen-
erate the cobalt-alkyl complex 1. To the best of our knowledge, the
transformation from 2 to 3 and the regeneration of 1 from 3 was yet to
be verified by experimental evidence. More than the mechanism illus-
trated in scheme 1 (pathway A), here we proposed other two plausible
reaction pathways (Scheme 2). Also assuming (RCH3)Co(CO)4 as the
active catalytic species, the pathway B went through the isomerization
of 2 to its cis-isomer 4, the reductive elimination of 4 and the recovery of
[Co(CO)4] . the pathway C went directly to the carbonylation of 1 to
cobalt acyl complex (5), and further methanolysis of 5. The reaction
pathways were evaluated from the perspective of thermodynamics.
Since Na[Co(CO)4] and MeONa were used in the previous experimental
investigations [12,15], we also compared the results of computational
models with and without sodium countercation. The detailed results of
considering sodium countercation on the thermodynamics properties
see Table S2 in Supplementary Material.

Computational method

All DFT calculations were performed using Gaussian 16 program
[29]. Considering the applicability of MO06 hybrid meta
exchange-correlation functional on homogeneous organometallic ther-
mochemistry [30,31], geometries were optimized and characterized by
frequency calculations to be local minima or transition states (TS) at the
MO06/BS level in gas phase, BS designating a mixed basis set of SDD for
Br and Co atoms [32,33], and 6-311+G(d) for other atoms. The free
energies (kcal/mol) at 298 K and 1 atm were generally used in the
following discussions. Intrinsic reaction coordinate calculations were
also conducted to confirm that each transition state connects two rele-
vant minima. Since either the corresponding polar alcohol substrate (e.
g. MeOH) or the carboxylic ester product (e.g. CHy(COOMe),) can be
employed as the solvent in the cobalt-catalysed alkoxycarbonylation of
alkyl halides [18,19], the nonspecific solvation effects of MeOH (e =
32.613) and CH3(COOMe), (¢ = 10.4) were considered by calculating
single-point energies with the gas-phase optimized geometries [34] in
the IEFPCM model [35] at the same level. The solvation effects of MeOH
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Scheme 2. The other two plausible reaction pathways (pathway B and C)
based on [Co(CO)4]~ as the active catalytic species.

in the IEFPCM model were qualitatively consistent with that obtained in
the SMD model [36] (detailed results see Supplementary Material). This
test indirectly validated the reliability of CHo(COOMe)3 solvation effects
which were calculated by IEFPCM model. Natural Bond Orbital (NBO)
population analysis was performed for the calculation of natural atomic
charges [37].

The following notations are employed. A, B and C respectively
represent the pathway A, B and C. The subscripts respectively represent
the following transformation: i) SN2 refers to SN2 reaction; ii) iso refers
to isomerization; iii) eliminate refers to reductive elimination; iv)
insert refers to migratory CO insertion; v) CO refers to CO coordination
to cobalt center. AGy and AGg represent the activation free energy and
reaction free energy of elementary step, respectively. The values in the
first and second parentheses of Tables 1-8are the free energies after
considering MeOH and CH(COOMe); solvation effect, respectively.

Table 1
Sn2 reaction of [Co(CO)4]~ with electrophilic alkyl halides.
R.
CH,
OC, | .
[Co(CO)," + XCHyR > ‘Co-CcO * X
TSsn2 oc? |
R CcoO
1
X AGyp AGr
CN Br 10.7 (16.5) —3.9(-2.4)
COOMe Br 14.2 (17.5) (17.6) 8.1 (0.8) (-1.9)
COOMe Cl 22.5(24.0) (24.1) 16.4 (5.4) (7.2)
Cl Cl 27.3(27.5) 9.9 (5.5)
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Table 2
The addition of methoxide anion onto the carbonyl ligand of complex 1.
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R R R
. ‘CH
oc, | 2 MeO" oc, $T2  Meo_ |oC, ] 2,0
'C| -Co Co-CO~— ,Clo—C\
ocC ‘| oC oM
eo/c\\o ¢ co co °
1
AGg(2) AGRr(4)
COOMe —55.3 (-25.4) (-27.7) —47.5 (~18.0) (—20.2)
CN —61.0 (-28.2) —54.0 (—20.8)
Table 3

Sn2 reaction of alkyl halides with trans-[(RCH;)Co(CO)3(COOMe)] ™ anion.

R R.
. CH
oc, 712 oc. [ co
- o .
F07CO| + XCHR ———— e P chr * X
oC c Ssn2A - 2
MeO” o MeO” ~O
2 3
X AGa AGg
Br 18.2 (21.7) (21.7) 12.5 (9.0) (6.1)
COOMe Cl 27.2 (27.8) (27.9) 22.7 (13.5) (15.2)
CN Br 18.7 (22.9) 7.7 (9.9)
Table 4
Reductive elimination of complex 3 to release product and regenerate (RCH3)Co(CO)4.
R‘CHz R-ch -
0C.1.CO0  RrecH,cooMe ©OC T2 +cO_ oc, | >
AN _— Co-CO
OC” | "CH,R TS, . . -A 7 ‘]
- eliminate occo R2  oC co
RleO” SO AGgy
3 (RCH,)Co(CO), 1
AGa; AGg; AGga
COOMe 19.7 (19.1) (19.3) —34.1 (—37.0) (-36.6) -7.6 (-7.1) (-7.2)
CN 20.0 (19.3) —33.7 (-35.7) —6.7 (-7.4)

Results and discussion

The reaction pathways A, B and C for the carbonylation of EWG-
activated alkyl halides are all initiated with the Sy2 reaction between
nucleophilic [Co(CO)4]~ and electrophilic alkyl halides. Similar Sy2
reaction between CHsl and [Rh(CO),I2]™ has been thoroughly investi-
gated in the carbonylation of methanol by means of DFT calculation
without considering countercation [38,39]. However, to the best of our

Table 5
Isomerization of 2 to 4 via pseudorotation.

knowledge, there was lack of relevant theoretical investigation on the
reaction between [Co(CO)4]” and alkyl halide. Herein, BrCHyCN,
XCH,COOMe (X = Br or Cl) and CH,Cl, were selected as the models of
alkyl halide substrate to investigate this elementary step.

As shown in Table 1, BrCHoCN is the most reactive substrate among
these four model substrates, possessing the lowest activation energy
(10.7 kcal/mol) and exothermic reaction feature (—3.9 kcal/mol). The

reaction for XCH,COOMe substrate is endothermic, except for

R.ch, R.ch, o
c)(:;Clo—CO _ > c)C"CIO~C/<
oc’¢d TSieB | 0", ‘OMe
e0” Yo
AGp AGgr
COOMe 14.2(13.3) (13.5) 7.8 (7.5) (7.5)
CN 15.6 (13.7) 7.0 (7.4)
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Table 6
Reductive elimination of 4 to release product and regenerate [Co(CO)4] .
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R

“CH -RCH,COOM +CO
oc, i 2,0 | =2 1Co(CO), ——— [Co(CO)I

Co-C Ts B AGg,
oc’! \OMe eliminate™

co Gy

4

AGay AGpy AGgo

COOMe 15.2 (15.2) (15.3) —9.3 (-16.4) (—15.9)

CN 18.2(17.1)

0.6 (~11.1) —30.4 (—27.1) (—27.3)

BrCH;COOMe in the solvation of CHy(COOMe),. And the reaction of
chloride is more endothermic than that of bromide (16.4 vs. 8.1 kcal/
mol). The energy barrier of chloride is also higher than that of bromide
(22.5 vs. 14.2 kcal/mol). The reaction of CH,Cl, with [Co(CO)4]™ not
only is endothermic (9.9 kcal/mol) but also has the highest energy
barrier of 27.3 kcal/mol. It is noteworthy that the free-energy changes in
the gas-phase is obtained from X -associated complex 1 rather than the
isolated 1 and X~ as the final state. The reason for this choice is the well-
known charge redistribution effect, which makes the reaction energy
exaggerated positive. In the obtained final-state complex, there is weak
electrostatic interaction between the halide anion and the carbonyl
ligand of (RCH2)Co(CO)4, which subtly changes the configuration of the
complex, especially the location of halide anion. This is indicated by
NBO analysis (detailed structures and results of natural atomic charges
see Supplementary Material). Solvation of MeOH or CH3(COOMe),
makes the reaction more thermodynamically favoured, even when the
isolated 1 and X~ are employed as the final state (Table 1), which fits the
experimental cryogenic conditions well. However, the solvation elevates
the energy barrier to a certain degree. Based on the above results, the
consideration of solvation effect is indispensable to get a relatively
rational energetic profile.

When Na' is taken into account, the thermodynamic contribution of
producing NaX salt turns this Sy2 reaction to be much more exoergic for
all four model substrates (detailed results see Table S2 in Supplementary
Material). Meanwhile, the solvation both drastically increases the acti-
vation energy and makes the reaction more thermodynamically bene-
ficial. Considering the MeOH solvation effect, BrCH,CN still possesses
the lowest activation energy (15.9 kcal/mol), while CH5Cl, has the
highest barrier (36.5 kcal/mol). XCH,COOMe have moderate activation
energies and BrCH,COOMe remains more reactive than CICH,COOMe

(21.0 vs. 27.7 kcal/mol). Therefore, we can deduce that CH5Cl, is much
less reactive than both BrCH2CN and XCH,COOMe, when [Co(CO)4] ™ is
utilized. This pattern is consistent with the previous experimental report
that [Co(CO)4]™ is not very efficient for the alkoxycarbonylation of
CH,Cl, [28]. Therefore, no further calculation was considered based on
CH,Cly.

After the SN2 reaction, the generated (RCH2)Co(CO)4 (1) has two
alternative transformation pathways: i) further conversion to [(RCH2)Co
(CO)3(COOMe)] "~ via the nucleophilic addition of methoxide anion onto
the carbonyl ligand of complex 1 (pathway A or B); ii) undergoing
migratory CO insertion to form acetyl cobalt complex (RCH2CO)Co
(CO)4 (pathway C). Based on these two different options, the mechanism
of pathway A, B and C is discussed respectively in the following text.

Pathway A

Regarding the generation of anionic complex 2, as shown in Table 2,
the transformation from complex 1 to 2 via the addition of methoxide
anion onto the axial cobalt-coordinated carbonyl ligand is strongly
exothermic (-55.3 and -61.0 kcal/mol) without evident energy barrier,
although the solvation of MeOH or CH2(COOMe),, drastically diminishes
the exothermic trait of this nucleophilic addition step. For both
(MeOOCCH3)Co(CO)4 and (NCCH3)Co(CO)4, the nucleophilic addition
onto the axial carbonyl ligand (2) is more exothermic than the equato-
rial carbonyl ligand (4).

When considering the sodium countercation, there is no evident
preference between forming 2 and 4 with or without solvation effect,
albeit the solvation of MeOH or CHy(COOMe), drastically diminishes
the exothermic trait of this nucleophilic addition step (detailed results
see Table S2 in Supplementary Material). It should be mentioned that

Table 7
Migratory CO insertion and following CO addition in pathway C.
o R
R. N
CH Cc-C,
oc, | 2 ocC., /7 _"H
ROC éo TSinsertC (o]
1 (RCH,CO)Co(CO),
AGx AGr
COOMe 12.4 (11.4) (11.5) 8.9 (7.4) (7.6)
CN 14.5 (14.0) 13.1 (11.5)
T
R H,C.__O
¢ oc
OC, ‘s + .,
co-y —-Tscoc Go-co
ocC -
R C| o co OC o
(RCH,CO)Co(CO); 5
AGa AGgr
COOMe 9.4 (8.8) (8.9) —6.8 (—6.6) (—6.6)

CN 6.3 (5.2)

—9.0 (-9.0)
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unlike the tetrameric or hexameric aggregation of alkali metal tert-
butoxides [40], the unsolvated MeONa has layered structure [40,41].
Therefore, when sodium countercation is taken into the consideration of
computational model, the monomeric MeONa is adopted. Moreover, the
infrared spectrum of trans-[(MeOOCCH5)Co(CO)3(CO;Me)] ™ estimated
by DFT computation fits well with the data reported in the literatures
(Detailed comparisons see Supplementary Material) [15].

After generating 2, the previously proposed mechanism suggested
the SN2 reaction of 2 with XCHyR to afford higher-valent neutral
[(RCH2)2Co(CO)3(COOMe)] complex (3). Table 3 exhibits the barrier
and reaction energy for this step.

It is shown that the reaction is endothermic for all three substrates.
For BrCH;COOMe, the SN2 reaction is endothermic with an energy
barrier of 18.2 kcal/mol. Switching to CICH,COOMe, the SN2 reaction
turns to be even more endothermic with higher activation energy (27.2
kcal/mol). In comparison with BrCH,COOMe, the reaction of BrCH,CN
needs to overcome similar energy barrier (18.7 kcal/mol), but the re-
action is much less endothermic. Including solvation effect,
BrCH2COOMe still has comparable barrier and reaction energy with that
of BrCHCN, the reaction of chloride CICH,COOMeEe is less favoured both
kinetically and thermodynamically than the two bromide. In the Na™-
present circumstance, similar reaction preference between the chloride
and the two bromides was obtained. The energy barriers even close to
the corresponding energy barriers without sodium countercation when
including solvation effect. And once again, the presence of countercation
turns the endergonic reaction into exergonic process, but only within the
consideration of solvation effect. More detailed relevant results see
Table S2 in Supplementary Material.

The subsequent reductive elimination of 3 to release the carbonyl-
ation product as well as regenerate the active (RCH3)Co(CO)4. Table 4
displays the energy patterns of these steps. The reductive elimination of
[(RCH32)2Co(CO)3(COOMe)] (R = COOMe or CN) is strongly exothermic
with the energy barrier of about 20 kcal/mol. The following addition of
CO onto (RCH3)Co(CO)3 to recover (RCH3)Co(CO)4 are both
exothermic. The impact of solvation on the reductive elimination is
about 1 kcal/mol.

Pathway B

In pathway B, complex 4 affords RCH,COOMe and [Co(CO)s]™ by
reductive elimination. In the model of considering sodium counter-
cation, the formation of 4 directly from nucleophilic addition of MeO™
on complex 1 is competitive with the formation of 2 (see Table S2 in
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Supplementary Material). However, complex 2 is thermodynamically
more favoured than complex 4 in the Na'-absent model. Given the
inconsistency between the two models and the previous characterization
results [21], the isomerization from 2 to 4 is considered. Theoretically,
there are two plausible routes for the isomerization of 2 to 4: i) the
intramolecular migration of methoxy group; ii) the Berry-type pseu-
dorotation of 2 [42-44]. The computational results display that the
energy barrier for pseudorotation is much lower than for the intra-
molecular migration of methoxy group (detailed comparison of two
routes see Table S1 in Supplementary Material). As shown in Table 5, the
pseudorotation isomerization barriers of anionic 2 to 4 are about 15
kcal/mol, and were slightly reduced in the solvation of MeOH or
CH3(COOMe),. When considering sodium countercation, the energy
barriers for pseudorotation were further turned down to 5—7 kcal/mol
(the corresponding results see Table S2 in Supplementary Material).
Obviously, the barrier is considerably low and the isomerization be-
tween 2 and 4 is easy to proceed.

The energy patterns of reductive elimination are listed in Table 6. In
comparison with the reductive elimination of complex 3, although the
reductive elimination of 4 to [Co(CO)3]™ has a slightly lower energy
barrier, the reaction is much less exothermic. Recovering [Co(CO)4] ™ by
the CO addition onto [Co(CO)3]™ is a strongly exothermic reaction. It
should be mentioned that, with considering the solvation of MeOH or
CH3(COOMe)s, the transformation process from 4 to [Co(CO)3]- become
more exothermic but less exothermic for the CO addition step. The
solvation effect on reaction energy is more remarkable when consid-
ering the counteraction.

Pathway C

In pathway C, the transformation from 1 to 5 by CO insertion un-
dergoes two steps (Table 7). The first step, migratory CO insertion of 1 to
afford (nZ-RCHZCO)Co(CO)3 ((RCH2CO)Co(CO)3, R—CN or COOMe), is
an endothermic reaction. In (r]z-RCHZCO)Co(CO)g complex, there is an
additional Co---H—C agostic interaction at the formally vacant equato-
rial position. There are two potential accesses for the subsequent CO
addition on (RCH2CO)Co(CO)s, one is via the rotation of acyl group (i.e.
the Co---H—C agostic interaction of complex (RCH2CO)Co(CO)s is
transformed to the Co---O—C agostic interaction) followed by the CO
addition; the other is via the direct CO addition on to (RCHCO)Co
(CO)3 by breaking the Co---H—C agostic interaction. The computational
results suggest that the direct CO addition onto (RCH2CO)Co(CO);3 is
more viable because of its lower energy barrier (detailed comparison see

Table 8
The methanolysis of (RCH2,CO)Co(CO)4.
7 T
H,C. O Oy __CH,
ocC,, | +MeO” ocC,, | _0
'Clo—CO — 'Co—C\/
roc’ Ly oc’do OMe
5 6
AGg
COOMe —51.6 (—20.8) (—23.0)
CN —58.6 (—22.4)
$ -
OSQC/CHZO
o
‘Co-C~ Ts o [Co(CO)I + RCH,COOMe
OC'(!‘,O oMe eliminate
6
AGp AGg
COOMe 27.0 (28.0) (27.9) —37.6 (—41.5) (—41.3)
CN 26.6 (26.6) —30.5 (—39.2)




Y. Cao et al.

Molecular Catalysis 497 (2020) 111237

L = Pathway A

40 F = Pathway B

= Pathway C
- {RCH,CO)Co(CO);
TS¢o-C

=201 TSinsert-C 16.2
S 114 TSeliminate-C
g F Tseliminate'A 8.0
G 27
£t —().8
)
g
>
=
23]
@-20 T
£
= TSeliminate-B
2
F40
=)
72

=60

) {RCH,)Co(CO}3 614 614 =605 =605

L [Co(CO)4] [Co(CO),- 1 1
=80

Fig. 1. PES of cobalt-catalysed methoxycarbonylation of BrCH,COOMe with the solvation of MeOH for pathway A (black), pathway B (red) and pathway C (blue)

without considering the presence of Na™.

Table 9

The methoxylation of XCH,COOMe to MeOCH,COOMe in the solvation of MeOH.

(¢]
MeO. Il

AGgy

TS
MeO" + XCH,COOMe ——> X~c” " >~oMe TG—»MeOCHZCOOMe +X
H, ABR2

X
ion-molecule complex

AGg AGao AGry
Br —4.2 6.6 -37.1
Cl -3.1 10.2 -33.6

Table S1 and S2 in Supplementary Material). This step is exoergic but
cannot offset the energy demand in last CO migration step. The solvation
of MeOH or CH2(COOMe); has minor affect to the energy barrier and
reaction free-energy change of both two steps.

As the terminal step in pathway C, three different pathways
regarding the methanolysis of (RCH2CO)Co(CO)4 (5) have been pro-
posed in the literature [45]: i) the elimination of ketene; ii) the nucle-
ophilic additional of methoxide anion onto the carbon atom of
coordinated CO ligand and subsequent migration of methoxy group
from the equatorial position to the acyl group; iii) the direct nucleophilic
attack of methoxide anion onto the positively charged carbon atom of
acyl carbonyl in (RCH2CO)Co(CO)4. The first scenario has been defi-
nitely excluded by experimental evidence. Although Sévago et al.
regarded the third scenario as the most probable pathway, they also
mentioned that the second scenario has already been established as the
source of various [XYCo(CO)3]~ complexes, where X and Y are an alkyl,
alkoxy, acyl or alkoxyacyl group [20,46]. In this study, we failed to
locate the corresponding transition states for the methanolysis via the
direct attack of methoxide anion on the acyl group of (RCH2CO)Co(CO)4
(R—=—CN or COOMe). However, the transition states of the addition of
methoxide anion onto the carbon atom of coordinated carbonyl group at
the equatorial site (5 — 6), and the transition states of the migration of
methoxy group from the equatorial carbonyl to the acetyl group (6 —
[Co(CO)4]- + RCH,COOMe) which included in the second scenario were

both located. NBO analysis reveals that in intermediate 5, the carbon
atoms of coordinated CO ligands are more positively-charged than the
carbon atom of RCH,CO acyl group (detailed results about the natural
atomic charges obtained by NBO analysis see Supplementary Material).
This implies that the addition of methoxide anion onto the carbon atom
of coordinated carbonyl group in intermediate 5 should have prece-
dence over the direct nucleophilic attack of MeO™ onto the acyl carbonyl
of (RCH2CO)Co(CO)4. This two-step methanolysis reaction mode was
also found in the reductive elimination of dimethylcarbonate from
[(MeOOC),Co(CO)3]™ [47]. Table 8 exhibits the energy barriers and
free-energy changes of these two steps. For the addition of methoxide
anion, no evident energy barrier is found, but the migration of methoxy
group has to overcome an energy barrier over 25 kcal/mol. This value is
close to the literature-reported AH? for methanolysis of (MeCO)Co(CO)4
in methanol solution [45]. This consistence also verifies the rationality
of the second scenario in some extent. Therefore, only the pathway of
second scenario is discussed in the following part. Both steps in Table 8
are strongly exothermic. Interestingly, the reaction energy of the former
step becomes much less exothermic in the consideration of solvation
effect, while that of the latter step turns to be more exothermic. When
Na™' is considered into the model, the addition of MeONa onto the
carbonyl ligand turns to be less exothermic. The energy barrier for the
following migration of methoxy group from the equatorial position to
the acetyl group (6 — Na[Co(CO)4] + RCH,COOMe) was significantly
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higher than the Na'-absent scenario even when the solvation is
considered (detailed results see Table S2 in Supplementary Material).

Potential energy profiles of three reaction pathways

Based on the above-mentioned computational results, pathways A, B
and C were compared from the perspective of thermodynamics.

As the catalytic cycle starts off and ends with complex 1, a complete
circle from 1 to 1 was described in the diagram of potential energy
surface (PES). BrCH,COOMe substrate is taken for instance. As shown in
Fig. 1, the overall methoxycarbonylation reaction is highly exothermic
by 60.5 kcal/mol, and pathway C possesses considerably higher transi-
tion state energy (TSco-C) than Pathway A and B, therefore is unfav-
oured. According to the energetic span theory [48], the
TOF-determining transition states (TDTS) in pathway A and B are
both TSeliminate; and the TOF-determining intermediates (TDI) are both
intermediate 2. The corresponding energetic span (8E) for pathway A
and B are 28.1 and 22.7 kcal/mol, respectively. Apparently, pathway B
is kinetically more favoured than pathway A due to the lower energy
span.

It should be noted that even for the critical divergent elementary step
(2 - 3/4 in pathway A/B), the reaction barrier in pathway A is 8.4 kcal/
mol higher than that of in pathway B. The results suggest that the for-
mation of intermediate 3 is much less probable. Therefore, the simul-
taneous formation of two different esters when adding BrCH,CN and
BrCH,COOMe substrates into the methanolic solution of (NCCH3)Co
(CO)4 at the same time [20], could be just ascribed to the swift trans-
ferring of different alkyl groups from RCH3X onto the recovered [Co
(CO)4]™ during the catalytic cycle in pathway B.

Furthermore, the presence of counteraction indeed changes the PES
shape, especially the thermodynamics properties of elementary steps,
but the relatively preference of different pathways in this reaction re-
mains same (detailed results see Fig. S16 in Supplementary Material).

The PES for the methoxycarbonylation of BrCH2CN and
XCH2COOMe (X = Cl or Br) with or without considering the solvation
and sodium countercation see Figs. S1—21 in Supplementary Material.
Similar conclusion could also be obtained.

Methoxylation: one of the plausible side reactions

The methoxylation of XCH,COOMe (MeO™ + XCH,COOMe — X~ +
MeOCHCOOMe) is one of the potential undesired side reactions during
the cobalt-catalysed methoxycarbonylation. This side reaction firstly
undergoes the formation of ion-molecule complex [49] between meth-
oxide anion and XCH,COOMe. Subsequently, the reactant complex goes
through an intramolecular Sy2-type substitution to generate halide
anion and MeOCH,COOMe. We also took Na™ as the countercation to
investigate the side reaction. The computational results indicate that the
presence of countercation largely changes the reaction energy profile. In
the absence of sodium countercation (Table 9), the formation of
ion-molecule complex between MeO~ and XCH,COOMe is exergonic.
Considering the presence of sodium countercation turns this step to be
endergonic (Table S4). In the following intramolecular Sy2-type sub-
stitution, the energy barrier of considering the contribution of Na* is
higher than in the absence of Na™ by more than 5.0 kcal/mol, but the
reaction is more exothermic in the presence of Na™ (detailed results see
Table S4 in Supplementary Material).

For BrCH,COOMe in the solvation of MeOH, as instance, the
methoxylation barrier is 2.4 or 14.4 kcal/mol without or with the
countercation, higher than that of methoxycarbonylation (-2.7/4.9
kcal/mol). The results suggest that the interference from methoxylation
during the methoxycarbonylation of BrCH,COOMe is minor. This
pattern is also established in the methoxycarbonylation of
CICH2,COOMe. More detailed results regarding the energy profiles for
the methoxylation of XCH,COOMe in gas phase or considering the sol-
vation of dimethyl malonate see Table S3, S4 and Fig S23—-26 in
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Supplementary Material.
Conclusions

In summary, the mechanism of cobalt-catalysed alkoxycarbonylation
of alkyl halides bearing strong electron-withdrawing group have been
discussed by computationally investigating the methoxycarbonylation
of BrCH2CN and XCH,COOMe (X = Br or Cl) with the consideration of
solvation. Three different reaction pathways were compared. Pathway
B, which goes through the addition of MeO™ to (RCH3)Co(CO)4 and the
elimination of [(RCH3)Co(CO)3(COOMe)]  to afford ester was found to
be the most kinetically favoured. However, the previously proposed
pathway A, which needs to go through the Sy2 reaction of XCHoR with
[(RCH2)Co(CO)3(COOMe)] ™, has 5.4 kcal/mol higher energy span than
pathway B, therefore it is unfavoured. Pathway C through directly
carbonylation of (RCH3)Co(CO)4 and further methanolysis of (RCH2CO)
Co(C0)y is the least favoured due to the highest barrier.

The catalytic process is initiated with the formation of (RCH3)Co
(CO)4 via the SN2 reaction of RCHoX with [Co(CO)4]”. Among the
studied substrates, CHyCl; is ruled out because of the considerably high
initiation barrier. BrCH5CN is more reactive than XCH,COOMe (X = Cl
or Br), and BrCH;COOMe is more reactive than CICH,COOMe to form
the active species (RCH2)Co(CO)4 of catalytic cycle.

Furthermore, the importance of sodium countercation was evalu-
ated. The presence of countercation in the model indeed changes the PES
shape, especially reshapes the thermodynamics trait of elementary
steps, meanwhile the relatively preference of different pathways is
retained.
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