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Ab initio calculations using the 6-311G**, cc-pVDZ, and (valence) double-f pseudopotential (DZP)
basis sets, with (MP2, QCISD, CCSD(T)) and without (HF) the inclusion of electron correlation, and
density functional (BHandHLYP, B3LYP) calculations predict that the transition states for the reaction
of acetyl radical with several alkyl halides adopt an almost collinear arrangement of attacking and
leaving radicals at the halogen atom. Energy barriers (DE‡) for these halogen transfer reactions of
between 89.2 (chlorine transfer from methyl group) and 25.3 kJ mol−1 (iodine transfer from tert-butyl
group) are calculated at the BHandHLYP/DZP level of theory. While the difference in forward and
reverse energy barriers for iodine transfer to acetyl radical is predicted to be 15.1 kJ mol−1 for primary
alkyl iodide, these values are calculated to be 6.7 and −4.2 kJ mol−1 for secondary and tertiary alkyl
iodide respectively. These data are in good agreement with available experimental data in that atom
transfer radical carbonylation reactions are sluggish with primary alkyl iodides, but proceed smoothly
with secondary and tertiary alkyl iodides. These calculations also predict that bromine transfer
reactions involving acyl radical are also feasible at moderately high temperature.

Introduction

Atom transfer radical carbonylation (ATC) reactions are efficient
methods for the preparation of aliphatic carboxylic acid esters,
amides, and related heterocyclic compounds.1–3 Alkyl iodides and
carbon monoxide, both readily available materials, are employed in
this reaction. Although the reactions with secondary and tertiary
alkyl iodides proceed smoothly, ATC reactions with primary alkyl
iodides progress sluggishly to afford the required compounds
often in poor yield and requiring longer reaction times. These
reactions also often compete with undesirable side reactions such
as alkyl iodide decomposition, resulting in decreased product
yields. Addition of palladium or manganese catalysts with photo-
irradiation can often overcome the limitations of this process.4

ATC reactions involve both radical and ionic steps as illustrated in
Scheme 1. Acyl radical 1, generated from alkyl radical and carbon
monoxide, reacts in an iodine atom transfer reaction with the alkyl
iodide to afford acyl iodide 2 and another chain-carrying alkyl
radical (radical steps). The formed acyl iodide is easily quenched
with alcohols or amines to give the corresponding esters or amides,
respectively (ionic steps). The key step in the ATC process is
the iodine atom transfer reaction, which is expected to be the
rate-determining step in the process. Accordingly, ATC reactions
involving primary alkyl iodides are sluggish, presumably due to
the reduced leaving group ability of primary radicals compared
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Scheme 1

with secondary and tertiary systems. Indeed, rate constants for
halogen atom transfer to alkyl radicals are reported to be: (3 ±
2) × 106, (5.1–9.5) × 105 and (1.7–3.4) × 105 M−1 s−1 for tertiary,
secondary and primary alkyl iodides, respectively.5 However, the
rate constants for primary iodides do not seem significantly smaller
than those of secondary iodides, indicating that the poor outcomes
of ATC reactions involving primary iodides cannot be explained
well by rate constant data alone. It should also be noted that these
data are for transfers to alkyl radicals, not acyl radicals; indeed,
there are no kinetic data for halogen atom transfer reactions to
acyl radicals.

Work in our laboratories has been directed toward the un-
derstanding and utilization of free-radical homolytic substi-
tution chemistry with the aim of developing novel synthetic
methodology.6 To that end, we have published recently several
ab initio and DFT studies with the aim of increasing our
understanding of the factors that affect and control the mechanism
of homolytic substitution at several main-group heteroatoms.7–10

Our mechanistic studies on homolytic substitution reactions at
halogen atoms suggested that while 1,5-, 1,6- and 1,7-halogen
transfer reactions in x-haloalkyl radicals would be infeasible
due to high energy barriers (DE‡ > 100 kJ mol−1),7 homolytic
substitution reactions of methyl radical at the halogen atom in
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bromomethane and iodomethane as well as halogen atom transfer
reactions from the methyl group to silyl, germyl and stannyl
radicals in halomethanes can proceed.8

As part of our ongoing interest in homolytic substitution
chemistry involving higher main group heteroatoms and in order
to provide further insight into the mechanistic details of halogen
atom transfer reactions from alkyl groups to acyl radicals,11–13

we began to explore chlorine, bromine and iodine transfer
reactions from methyl, ethyl, isopropyl and tert-butyl groups to
acetyl radical (Scheme 2) through the use of ab initio and DFT
calculations.

Scheme 2

Methods

Ab initio and DFT calculations were carried out on Compaq
Personal Workstation 600au, Alpha Station DS10L, and Dell
PowerEdge 400SC computers using the Gaussian 98 and Gaussian
03 programs.14,15 Geometry optimizations were performed using
standard gradient techniques at the SCF, MP2, BHandHLYP
and B3LYP levels of theory using restricted (RHF, RMP2,
RBHandHLYP and RB3LYP) and unrestricted (UHF, UMP2,
UBHandHLYP and UB3LYP) methods for closed- and open-
shell systems respectively.16 All ground and transition states were
verified by vibrational frequency analysis. Further single-point
QCISD and CCSD(T) calculations were performed on each of
the MP2-, BHandHLYP- and B3LYP-optimized structures. When
correlated methods were used, calculations were carried out using
the frozen core approximation. Values of <s2> never exceeded
0.89 before annihilation of quartet contamination (except for some

UHF calculations). Where appropriate, zero-point vibrational
energy (ZPE) corrections have been applied. Standard basis sets
were used. In addition, the (valence) double-f pseudopotential
basis sets of Hay and Wadt17 supplemented with a single set of
d-type polarization functions were used for the heteroatoms in
this study, (exponents d(f)Cl = 0.640, d(f)Br = 0.428, and d(f)I =
0.289),18 while the double-f all-electron basis sets of Dunning19

with an additional set of polarization functions (exponents d(f)C =
0.75, d(f)O = 0.85 and p(f)H = 1.00) were used for C, O and H. We
refer to this basis set as DZP throughout this work.7–10 In previous
work, results generated using DZP proved to be very similar to
those obtained using 6-311G** for reactions involving chlorine7,8

and silicon.9,10

Optimized geometries and energies for all transition structures
in this study (Gaussian Archive entries) are available as Electronic
Supplementary Information (ESI†).

Results and discussion

Atom transfer reaction of chlorine from methyl group to acetyl
radical

Extensive searching of the C3H6ClO potential energy surface at
all of the levels of theory employed for optimization in this study
located hypervalent species 3 (X = Cl; R = Me), of Cs symmetry
as transition states for the atom transfer reaction of chlorine
from methyl group to acetyl radical (Scheme 2). The important
geometric features of the transition states 3 (X = Cl; R = Me)
are summarized in Fig. 1, while calculated energy barriers (DE1

‡

and DE2
‡, Scheme 2) together with the corresponding imaginary

frequencies are listed in Table 1. Full computational details are
available as ESI.

Inspection of Fig. 1 reveals that transition state 3 (X = Cl;
R = Me) is predicted to adopt an almost collinear arrangement
of the attacking acetyl radical and the leaving methyl radical at
all levels of theory employed (Cs symmetry). The transition state

Table 1 Calculated energy barriers (in kJ mol−1) for the forward (DE1
‡) and reverse (DE2

‡) atom transfer reactions of chlorine from methyl group to
acetyl radical and imaginary frequencies (m, in cm−1) of transition state 3

Method DE1
‡ DE1

‡ + ZPE DE2
‡ DE2

‡ + ZPE m

HF/6-311G** 131.2 127.3 129.2 138.2 610i
HF/DZP 132.5 128.3 139.3 147.8 623i
MP2/6-311G** 108.0 107.5 104.6 115.2 749i
MP2/DZP 113.3 112.4 121.3 131.8 796i
MP2/cc-pVDZ 103.3 102.8 104.8 115.3 751i
QCISD/6-311G**//MP2/6-311G** 102.9 — 92.6 — —
QCISD/DZP//MP2/DZP 105.5 — 105.7 — —
QCISD/cc-pVDZ//MP2/cc-pVDZ 97.2 — 91.6 — —
CCSD(T)/6-311G**//MP2/6-311G** 92.8 — 84.5 — —
CCSD(T)/DZP//MP2/DZP 95.8 — 99.5 — —
CCSD(T)/cc-pVDZ//MP2/cc-pVDZ 87.8 — 84.5 — —
BHandHLYP/6-311G** 90.6 88.4 79.7 88.7 551i
BHandHLYP/DZP 89.2 87.1 88.9 97.6 574i
BHandHLYP/cc-pVDZ 86.6 84.7 81.0 90.0 551i
QCISD/cc-pVDZ//BHandHLYP/cc-pVDZ 95.5 — 90.3 — —
CCSD(T)/cc-pVDZ//BHandHLYP/cc-pVDZ 85.9 — 82.9 — —
B3LYP/6-311G** 63.3 61.3 52.2 60.5 424i
B3LYP/DZP 60.8 59.0 60.6 68.9 446i
B3LYP/cc-pVDZ 59.4 57.7 53.6 61.8 427i
QCISD/cc-pVDZ//B3LYP/cc-pVDZ 95.5 — 89.7 — —
CCSD(T)/cc-pVDZ//B3LYP/cc-pVDZ 86.1 — 82.6 — —
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Fig. 1 Optimized structure of transition state 3 (X = Cl; R = Me) for the
atom transfer reaction of chlorine from chloromethane to acetyl radical at
various levels of theory.

(Ca–Cl) separations (r1) in 3 (X = Cl; R = Me) are predicted at
all levels of theory to lie in the range: 2.080–2.239 Å, while the
(Cl–Cb) distances (r2) in 3 (X = Cl; R = Me) are calculated to be
2.078–2.217 Å. Interestingly, the Cl–Ca distances are predicted to
be slightly longer than the Cl–Cb distances at the UHF and the
MP2 levels of theory, while the Cl–Ca distances are calculated to be
slightly shorter using the DFT methods. These distances are in the
expected ranges when compared with our previous calculations of
homolytic substitution reactions involving halogen atoms.7,8

Inspection of Table 1 reveals that the energy barrier (DE1
‡) for

the forward reaction (Scheme 2) associated with 3 (X = Cl; R =
Me) is calculated to be 131.2 kJ mol−1 at the HF/6-311G** level
of theory. As expected, electron correlation is important in these
calculations; MP2/6-311G** serves to lower this energy barrier
to 108.0 kJ mol−1 for 3 (X = Cl; R = Me), while inclusion of
zero-point vibrational energy correction (ZPE) has little effect on
these barriers. Further improvements in both basis set quality
and levels of correlation provide values of DE1

‡ for the reaction
involving 3 (X = Cl; R = Me) that range from 103.3 (MP2/cc-
pVDZ) to 102.9 (QCISD/6-311G**//MP2/6-311G**). At the
highest level of theory used (CCSD(T)/cc-pVDZ//MP2/cc-
pVDZ), an energy barrier (DE1

‡) of 87.8 kJ mol−1 is predicted
for the reaction involving 3 (X = Cl; R = Me). BHandHLYP/6-
311G** and BHandHLYP/cc-pVDZ calculations provide energy
barriers (DE1

‡) of 90.6 and 86.6 kJ mol−1 for the reaction
involving 3 (X = Cl; R = Me) respectively, while values of 63.3
and 59.4 kJ mol−1 are obtained at the B3LYP/6-311G** and
B3LYP/cc-pVDZ levels of theory. The B3LYP method provided

significantly smaller energy barriers than those obtained using
other methods, and deserves special mention. Interestingly, single-
point calculations on the geometries which were optimized on the
B3LYP calculation provided very similar energy barriers to those
on the structure optimized at the MP2 and the BHandHLYP levels
of theory, indicating that while the B3LYP method is capable of
providing reliable geometries, as has been observed previously,13 it
is incapable of providing reliable energy data.

It is interesting to note that the BHandHLYP/DZP level of
theory performs well when benchmarked against higher, all-
electron methods, such as CCSD(T). Given that the DZP basis set
is required for calculations involving iodine, the BHandLYP/DZP
method will be employed for subsequent calculations.

The data in Table 1 shows that the differences in energy barriers
between for the forward and reverse processes (DE1

‡and DE2
‡)

are small, indicating that this reaction is reversible under high
temperatures. This is not surprising given that acyl radicals are
known to be stabilized by resonance.11

Atom transfer reaction of chlorine from ethyl, isopropyl, and
tert-butyl groups to acetyl radical

Extensive searching of the H3C–CO–Cl–R (R = Et, i-Pr, t-Bu)
potential energy surfaces at the BHandHLYP/DZP level of theory
located hypervalent species 3 (X = Cl; R = Et, i-Pr, t-Bu) as
transition states for the atom transfer reactions (Scheme 1). The
important geometric features of the transition states 3 (X = Cl;
R = Et, i-Pr, t-Bu) are summarized in Fig. 2, while calculated
energy barriers (DE1

‡and DE2
‡, Scheme 2) together with the

corresponding imaginary frequencies are listed in Table 2. Full
computational details are available as ESI.

The structures in Fig. 2 bear a resemblance to those calculated
for the analogous reactions with a methyl group on 3 (X = Cl,
R = Me). Transition states 3 (X = Cl; R = Et, i-Pr, t-Bu) are
also predicted to adopt an almost collinear arrangement of the
attacking acyl radical and the leaving alkyl radical. Interestingly,
while transition state 3 with an ethyl group is predicted to have Cs

symmetry similar to the transition state involving a amethyl group,
transition state 3 with a bulky group (isopropyl or tert-butyl) is
calculated to have C1 symmetry, As shown in Fig. 2, the transition

Table 2 BHandHLYP/DZP calculated energy barriers (in kJ mol−1) for
the forward (DE1

‡) and reverse (DE2
‡) atom transfer reactions of chlorine

from ethyl, isopropyl and tert-butyl groups to acetyl radical, and imaginary
frequencies (m, in cm−1) of transition state 3

Alkyl group DE1
‡ DE1

‡ + ZPE DE2
‡ DE2

‡ + ZPE m

Et 88.2 86.2 86.4 93.4 559i
i-Pr 84.6 82.8 85.0 91.8 540i
t-Bu 78.5 77.3 84.6 88.0 518i

Fig. 2 BHandHLYP-optimized structure of transition states 3 (X = Cl; R = Et, i-Pr, t-Bu) for the atom transfer reaction of chlorine from ethyl, isopropyl
and tert-butyl groups to acetyl radical.
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state (Ca–Cl) and (Cl–Cb) separations in 3 (X = Cl; R = Et, i-Pr,
t-Bu) are predicted be longer on changing the leaving radical from
ethyl to isopropyl to tert-butyl, consistent with expectation on the
basis of leaving group ability.

Inspection of Tables 1 and 2 reveals that energy barri-
ers of the chlorine atom transfer reaction calculated on the
BHandHLYP/DZP level lie in the range 79–89 kJ mol−1. Cal-
culated energy barriers for the forward reaction (DE1

‡) decrease
in the order methyl > ethyl > isopropyl > tert-butyl, while those
for the reverse process (DE2

‡) decrease only slightly in the same
order of the leaving radical; the chlorine transfer reaction involving
tert-butyl radical is calculated to be a significantly exothermic
reaction. The computational data presented here indicate that
atom transfer reactions of chlorine from alkyl groups to acetyl
radical are predicted to be associated with high energy barriers in
all cases, suggesting that these transformations are unlikely to be
synthetically useful.

Atom transfer reaction of bromine and iodine from methyl, ethyl,
isopropyl, and tert-butyl groups to acetyl radical

Extensive searching of the H3C–CO–X–R (X = Br, I; R = Me,
Et, i-Pr, t-Bu) potential energy surfaces at the BHandHLYP/DZP
level of theory located hypervalent species 3 (X = Br, I; R = Me,
Et, i-Pr, t-Bu), as transition states for the atom transfer reactions
(Scheme 1). The important geometric features of the transition
states 3 (X = Br, I; R = Me, Et, i-Pr, t-Bu) are summarized in
Fig. 3, while calculated energy barriers (DE1

‡and DE2
‡, Scheme 2)

together with the corresponding imaginary frequencies are listed
in Table 3. Full computational details are available as ESI.

Fig. 3 BHandHLYP-optimized structure of transition states 3 (X = Br,
I; R = Et, i-Pr, t-Bu) for the atom transfer reaction of bromine and iodine
from methyl, ethyl, isopropyl and tert-butyl groups to acetyl radical.

Table 3 BHandHLYP/DZP calculated energy barriers (in kJ mol−1) for
the forward (DE1

‡) and reverse (DE2
‡) atom transfer reactions of bromine

and iodine from methyl, ethyl, isopropyl and tert-butyl groups to acetyl
radical, and imaginary frequencies (m, in cm−1) of transition state 3

Alkyl halide DE1
‡ DE1

‡ + ZPE DE2
‡ DE2

‡ + ZPE m

MeBr 59.1 57.6 49.0 58.1 384i
EtBr 57.1 56.0 48.8 56.5 370i
i-PrBr 53.3 52.6 49.6 57.4 352i
t-BuBr 47.6 47.3 51.6 56.2 334i
MeI 42.0 40.3 20.4 29.2 279i
EtI 37.0 36.1 22.0 29.7 267i
i-PrI 31.8 31.4 25.1 33.3 253i
t-BuI 25.3 25.4 29.5 34.6 238i

Not unexpectedly, the structures in Fig. 3 bear a striking
resemblance to those calculated for the analogous reactions
involving chlorine. Again, transition states 3 (X = Br, I; R =
Me, Et, i-Pr, t-Bu) are predicted to adopt an almost collinear
arrangement with Cs symmetry for methyl and ethyl, and C1

symmetry for isopropyl and tert-butyl. As shown in Fig. 3, (Ca–X)
distances in 3 are calculated to lie between 2.240 Å (X = Br, R =
Me) and 2.483 Å (X = I, R = t-Bu) at the level of theory employed,
while X–Cb separations in 3 are predicted to be between 2.300 Å
(X = Br, R = Me) and 2.534 Å (X = I, R = Me). Interestingly, while
both calculated bond distances around the transferred halogen
atom (Ca–X, X–Cb) generally increase in the order of methyl <

ethyl < isopropyl < tert-butyl, X–Cb separations in 3 predicted in
the transition states involving iodine decrease in the same order of
the leaving radical.

Similar to the chlorine system, calculated energy barriers (DE1
‡)

for the forward reaction decrease in the order of methyl > ethyl >

isopropyl > tert-butyl, while those (DE2
‡) for the reverse process

increase in the same order of the leaving radical. As a result,
while bromine or iodine transfer reactions involving methyl, ethyl,
and isopropyl groups are predicted to be endothermic, these
reactions involving the tert-butyl group are calculated to be slightly
exothermic.

As shown in Table 3, energy barriers (DE1
‡) of the bromine

and iodine transfer reaction calculated on the BHandHLYP/DZP
level lie in the range 48–59 and 25–42 kJ mol−1, respectively.20

It would therefore seem that the inefficiency that primary alkyl
iodides are afflicted with in ATC reactions is not well interpreted by
the calculated energy barriers alone; however, it can be explained
in terms of equilibria expected on the basis of the differences
in calculated energy barriers (DE) between the forward and
reverse reactions. Indeed, these differences for the bromine and
iodine transfer processes involving the isopropyl or tert-butyl
radicals are less than 7 kJ mol−1. Irrespective of the endothermic
or exothermic nature of these reactions, these reactions are
predicted to be reversible under the usual reaction conditions.
Once generated, the products of these atom transfer processes,
acyl halides, would be expected to react quickly with nucleophiles
such as alcohols or amines to give more stable products, such
as esters or amides, respectively. If we focus on the reactions
involving iodomethane and iodoethane, reactions known to be
inefficient, the differences DE for iodine transfer to acetyl radical
are calculated to be 22 and 15 kJ mol−1 respectively, favouring the
reverse process, and consistent with experimental observation. In
addition, the computational data presented in this work suggest
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that bromine transfer reaction from isopropyl and tert-butyl (and
perhaps ethyl and methyl) groups to acetyl radical is reversible at
high temperature. Consequently, we conclude that atom transfer
reactions involving acyl radicals might occur not only for iodine
but also for bromine under suitable conditions.
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