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ABSTRACT: The reaction of an a-haloketone with a nucleo-
phile has three reaction channels: carbonyl addition, direct
substitution, and proton abstraction. DFT calculations for the
reaction of PhCOCH,Br with OH ™~ showed that there exists an
addition/substitution TS on the potential energy surface, in
which OH™ interacts with both the a- and carbonyl carbons.
The intrinsic reaction coordinate calculations revealed that the
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TS serves as the TS for direct substitution for XCsH,COCH,Br with an electron-donating X or a X less electron-withdrawing than
m-Cl, whereas the TS serves as the TS for carbonyl addition for derivatives with a X more electron-withdrawing than m-CFj.
Trajectory calculations starting at respective TS indicated that the single TS can serve for the two mechanisms, substitution and
addition, through path bifurcation after the TS for borderline substrates. The reaction is the first example of dynamic path
bifurcation for fundamental reaction types of carbonyl addition and substitution.

B INTRODUCTION

Substitution reactions of a-haloketones have attracted much
attention due to their enhanced reactivity compared to simple
haloalkanes," and several mechanistic schemes have been pro-
posed to rationalize these enhanced reactivities.”” It is known
that a-haloketones may react at either one of the two electro-
philic positions, the a-carbon (C,) and the carbonyl carbon,
depending on the nature of the nucleophile.”*'® However, it is
not always easy to determine the position of the initial attack on
the basis of product analyses, since as can be seen in Scheme 1,
the initial carbonyl-attack product may give the same final
product as that from the C, attack. At the same time, the
selection between the C, attack and the carbonyl attack may
readily vary, since the HOMO of a nucleophile can interact with
both the C-halogen 0* and C=0 7* orbitals of an a-haloketone
in a transition state (TS), as we will see later in Figure 1.

There has been growing recognition that dynamics effects
affect the reaction pathways.'” It has been shown that in some
mechanistic borderline reactions, post-TS dynamics does not
always follow the minimum energy path on the potential energy
surface (PES) and the reaction path bifurcates on the way from
the TS to product regions, giving two products from a single
TS."® It would be important to examine the possibility that the
reaction of an a-haloketone with a nucleophile gives two initial
products via path bifurcation after a single TS.

The present study carried out extensive computations for the
reactions of XC4H,COCH,Br with OH ™, which revealed that
the reaction mechanism varied depending on the nature of the
substrates and showed that a single TS gave two initial products
(substitution and addition) for borderline cases.
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B RESULTS AND DISCUSSION

Reaction Pathways and Energies. In order to examine the
factors that control the reaction selectivity, addition versus
substitution, DFT calculations were carried out for the reactions
of XCcH,COCH,Br (1-X; X = p-NMe,, p-NH,, p-Me, m-Me, H,
p-F, p-Cl, m-Cl, m-CF;, p-CF3, m-CN, p-CN, m-NO,, p-NO,)
and OH . The structures of 1-X, hydroxide ion, water, bromide
ion, cmp-X, 2-X, 3-X, 4-X, TSnu-X, TSre-X, and TSab-X were
optimized at B3LYP/6-31+G*. The calculated reaction pathways
for the reaction of 1-H and OH ™ are shown in Figure 1, in which
relative enthalpies are given in parentheses in kcal/mol. Cmp is
an encounter complex, and TSnu, TSre, and TSab are TSs of
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Figure 1. Reaction pathways for PANCOCH,Br and hydroxide ion at B3LYP/6-31+G*. Distances are in A, and energies are electronic energies
(enthalpies in parentheses) in kcal/mol relative to separated reactants. Energies of 1-H, 3-H, 4-H, and 5-H are those including the separated counterpart,

OH™, Br, H,O, and Br~, respectively.

nucleophilic attack, rearrangement from addition (2) to sub-
stitution (3) product, and of proton abstraction, respectively.

In cmp, OH ™ interacts with C,-H and o-H of the phenyl ring,
The complex may proceed to TSab or TSnu. TSab has a very
small barrier in electronic energy and gives the enolate anion
(4-H), which is less stable than cmp. 4-H is even less stable than
TSab, but this is due to the lack of interaction energy between 4-
Hand H,O in the separated state. Thus, the proton abstraction is
an uphill reversible step. In TSnu, OH™ is located on the C=0
sr-orbital at the carbonyl carbon and on the backside of the C—Br
bond, and thus TSnu may give either 2 or 3. Indeed, intrinsic
reaction coordinate (IRC) calculations revealed that TSnu leads
to 2 or 3 depending on the substituent (vide infra). The
rearrangement TS (TSre) from 2 to 3 has a structure that is
topologically similar to that of TSnu with much shorter HO ™ - -
C=0 (Ro_co) and HO -+ -C, (Ro_c,) distances. TSre is
lower in energy than TSnu, and thus if 2 is initially formed, it
would give 3 as the final product rather than going back to the
starting materials. Alternatively, 2 may give the epoxide inter-
mediate, S, through TSep. The epoxide formation step has a
lower activation barrier, but the epoxide intermediate is much
less stable than the product alcohol. 5-H is even less stable than
TSep-H in the separated state. We did not examine the epoxide
formation pathway in detail, since we focused on the selection in
the initial addition versus substitution steps.

The C,—Br bond length (2.050 A) in TSnu-H is similar to
that in cmp (2.000 A). In a previous study for the reaction of
a-bromoacetophenone with pyridine, the N—C and C—Br lengths
at the Sy2 TS were 2.1 and 2.4 A, respectively, at B3LYP/
6-31G."® TSnu-H in the present reaction is very early, probably
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because of the much higher nucleophilicity of OH . An im-
portant point here is that TSnu is the only TS for the nucleophilic
attack, and it is not clear from its structure whether it is the T'S for
substitution or for carbonyl addition.

Selected bond lengths of TSnu-X listed in Table 1 indicate that
the structures are basically the same for all substituted derivatives.
Calculated relative energies in Table 2 show that the relative
energies become monotonically smaller when the substituent
becomes electron-withdrawing. Linear energy plots of the rela-
tive activation enthalpies against the experimental gas-phase
acidities of XC4H,CO,H" are illustrated in Figure 2, which
correspond to the Hammett plots in the gas phase. Here, we used
enthalpies, because the size of the entropy and hence the free energy
depend much on low frequencies, which are less reliable than higher
frequencies, especially for compounds with weak interactions such a
TS. The use of free energy gave similar correlations with more
scattered points. The observed excellent correlation for all deriva-
tives appears to suggest that the nature of the TS and the reaction
mechanism do not change with substituent.

PES for the Reaction of XC¢H4COCH,Br + OH ™. The PES on
the two-dimensional diagram of Ro_co and the Ro_ ¢4 is shown
in Figure 3. The energies are relative to the separated reactants in
kcal/mol. Here, the reactant region is located in the upper-right
direction. The region of large Ro_co was difficult to optimize
due to the presence of TSab-H and a complex of 4-H and H,O,
and PES could only be constructed for the region of TSnu-H, 2-
H, and 3-H. Nevertheless, it can clearly be seen that TSnu leads
to either 2 or 3 depending on the shape of the surface.

IRC Calculations for the Reaction of XC¢H,COCH,Br + OH ™.
The reaction route was analyzed by IRC calculations (Figure 4).
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Table 1. Selected Bond Lengths of TSnu-X and IRC Results
at B3LYP/6-31+G**

X Ro—co Ro—_ca Rea—sr IRC
p-NMe, 3.016 2.662 2.060 substitution
p-NH, 3.014 2.666 2.059 substitution
p-Me 3.015 2.670 2.053 substitution
m-Me 3.032 2.674 2.051 substitution
H 3.024 2.672 2.050 substitution
p-F 3.013 2.673 2.046 substitution
p-Cl 2.998 2.672 2.043 substitution
m-Cl 2.981 2.671 2.041 substitution
m-CF; 2.930 2.668 2.035 addition
p-CF5 2.969 2.673 2.038 addition
m-CN 2.933 2.673 2.033 addition
p-CN 2.942 2.671 2.033 addition
m-NO, 2916 2.680 2.028 addition
p-NO, 2932 2.679 2.028 addition

“Bond lengths are in A.

Table 2. Enthalpy Changes for the Reaction of
XC¢H,COCH,Br + OH “

X cmp  TSnu 2 TSre 3 TSab 4

p-NMe, 306 —263 —398 —322 —566 —314 —268
p-NH, —-31.7 =275 =399 —333 569 334 276

p-Me —343 301 —438 —364 —S570 357 315§
m-Me —345 —303 —445 —369 —S569 358 —32.0
H -351 =311 —452 =377 —S72 =365 327
p-F —381 —342 —483 —402 574 396 356
p-Cl —39.1 —351 —498 —412 574 —405 372
m-Cl -394 352 —S50.5 —418 —574 —405 378
m-CF3 —422 381 —532 —443 576 —433 —408
p-CF3 b —380 —S539 —44S5 574 b —41.4
m-CN —443 —402 —557 —463 —S7.6 —454 —429
p-CN b —402 —565 —467 —57.6 b —44.1
m-NO,  —455 —419 570 —473 577 —468 —46.8
p-NO, b —41.8 —589 —485 5§77 b —47.0

“Energies are in kcal/mol relative to the separated reactants. b Not
determined.

Itis seen that although the TS is similar and the initial directions of
IRC point to the TSre-X region for all derivatives, IRC leads to one
of the two products depending on the substituent. As shown in
Figure 4 and Table 1, IRCs of substrates with a substituent more
electron-withdrawing than m-CF; led to the addition product
region, whereas those with a substituent less electron-withdrawing
than m-Cl or with an electron-donating substituent reached the
substitution product region. It is important to point out here that
the rate-determining TS for the addition/substitution route does
not have information on the product to which the TS leads and
that the Hammett-type plots failed to detect the change in mecha-
nism with substituent. This situation is similar to the Beckmann
rearrangement/fragmentation,zo the Schmidt rearran§ement/
fragmentation®' and E2/E1cb borderline reactions.”

MD Trajectory Calculations. The DFT calculations sug-
gested that 1-X reacts with OH™ through a borderline mech-
anism, in which the mechanism changes from substitution to
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Figure 2. Hammett-type plot of relative activation enthalpies against
gas-phase acidities of XCsH4CO,H at B3LYP/6-31+G*. Open circles
are for substrates, whose IRCs led to the addition products, and closed
circles are for substrates, whose IRCs gave the substitution products.
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Figure 3. Two dimensional PES for the reaction of 1H with hydroxide
ion at B3LYP/6-31+G*. Energies are relative to separated reactants in

kcal/mol.

addition when the substituent becomes more electron-with-
drawing. In such reactions a possibility exists that a single TS
takes charge of two mechanisms through path bifurcation after
the TS, as has been reported for other types of reactions.'®*°~>*
Therefore, we have carried out direct MD simulations for the
addition/substitution borderline reaction of XCsH,COCH,Br
with OH™ to examine the possible bifurcation. Trajectory
calculations on selected substrates were initiated at TSnu-X of
each substrate at B3LYP/6-31+G* with G03** and PEACH v. 7.9
and 8.0.%° Initial kinetic energy was 2.8 kcal/mol with (G03) or
without (PEACH) zero-point energies on internal vibrational
modes. Figure 5 shows productive trajectories for p-NMe,-, p-Cl-,
and p-NO,-substituted compounds calculated with PEACH. These
trajectories were classified as substitution when a trajectory reached
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Figure 4. Two-dimensional map of IRC at B3LYP/6-31+G*. Black
points represent stationary points for the parent compound, lines are
IRC traces for substituted compounds from respective TSnu-X.

the substitution region (Ro_cq < 1.5 A), whereas they were
classified as addition when a trajectory reached the addition region
(Ro_co < 1.5 A). Tt is clear that for the p-Cl-substituted derivative
trajectories led to both product regions despite the fact that IRC
gave the substitution product.

Table 3 summarizes the results of trajectory calculations for
seven substituted derivatives. Figures under 2 and 3 are the
number of trajectories that led to the addition and substitution
product regions, respectively. Figures under cmp are the number
of trajectories that gave back cmp, and those under 4 are the
trajectories that gave 4 mainly through cmp. It is seen in Table 3
that in most cases trajectories gave all four products by going
forward to 2 and 3 or going backward to cmp and further to 4.
More productive trajectories toward 2 and 3 were obtained with
GO03 than with PEACH, which is probably due to the difference in
the initial sampling methods. Nevertheless, both methods gave
the same tendency that % addition increases with the electron-
withdrawing ability of substituent, in line with the tendency
observed in the IRC calculations. These trajectory results in-
dicate that a single TS gives two products through path bifurca-
tion after the rate-determining T', the ratio of the two products
depending on the electronic nature of the substituent, or in other
words, depending on the relative stability of 2 and 3 (Table 2).
The situation is similar to previous reactions.”*”>* The present
results add a new example of bifurcation in yet another type of
basic organic reactions, namely, addition/substitution. It should
be noted, however, that the present simulations were carried out
for isolated gas-phase species, as in the previous studies, and
hence the results do not ensure the occurrence of bifurcation in
actual solution-phase organic reactions. It is thus hoped that a
possible occurrence of path bifurcation for the reaction in
solution would be examined by experiment as reported for the
Beckmann rearrangement/fragmentation reactions.”®

Effect of Internal Energy on Product Selectivity. The MD
simulations of the parent compound at BALYP/6-31+G* on G03
were carried out at four different initial kinetic energies: 2.8, 19.8,
36.8, and 53.8 kcal/mol. The results summarized in Table 4 show
that the selectivity between 2 and 3 did not depend on the initial
energy, but with higher initial energies there appeared trajec-
tories that initially gave 2 and then further proceeded to give 3 via
TSre (OH  migration) or to give the epoxide intermediate (5)
through TSep. It is interesting to note that 3 trajectories each
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Figure 5. Two dimensional presentation of MD trajectories. Black
points are the positions of TSre-X.

Table 3. Summary of MD Trajectories at B3LYP/6-31+G**

X NP cmp 4 2 3 % addition®
p-NMe, 20 (20) 6(4) 0(0) 1(0) 13(16) 7 (0)
H 100 (100) 8 (43) 11(2) 25(7) S6(48) 31(13)
p-Cl 30(30)  3(16) 2(0) 11(8) 14(6) 44 (57)
m-Cl 40 (30) 4(13) 4(3) 10(9) 22(5) 31 (64)

pCF;  40(30) 3(10) 2(7) 19(13) 16(0) 54 (100)
p-CN 50(30) 3(11) 3(S) 26(12) 18(2) 59 (86)
pNO, 30(20) 0(3) 3(7) 23(10) 4(0)  85(100)

“ Number of trajectories calculated with GO3. Numbers in parentheses

are the results with PEACH. * Number of runs. ¢ Percentage of addition
trajectory given by 2/(2 + 3).

with 19.8 and 36.8 kcal/mol and 4 with 53.8 kcal/mol gave 3
through TSre, whereas only 2 with 53.8 kcal/mol gave epoxide
through TSep, despite the fact that TSre (AH¢ = —37.7 kcal/mol)
is less stable than TSep (AH" = —40.7 keal /mol). This is likely
because in the initially formed 2 the C—OH stretching mode is
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Table 4. Effect of Initial Kinetic Energy on the Fate of
Trajectories from TSnu-H

initial energy* N cmp® 24 3
2.8 100 19 (11) 25 (0) 56

19.8 100 5(3) 35 (3) 60
36.8 100 6(3) 29 (3) 65
53.8 100 6 (4) 32 (6) 62

“ Initial kinetic energy in kcal/mol. ¥ Number of trajectories. “ Number of
trajectories that led to the cmp region. Numbers in parentheses are those
that further afforded 4. * Number of trajectories that led to 2. Numbers in
parentheses are those that further afforded 3 or epoxide.

excited, which may lead to OH™ migration prior to internal
energy redistribution. Table 4 shows that the ratio of the back-
ward trajectory (cmp) over the forward ones (2 + 3) is small with
2.8 kcal/mol initial kinetic energy and becomes even smaller for
trajectories with higher initial energies. The reason for this is not
clear, but it probably arose from the shape of the PES at the TS,
which is favorable for forward trajectories when larger coordinate
variations are allowed with higher kinetic energies in the initial
sampling.

Bl CONCLUSION

The reaction of a-haloketones with nucleophiles proceeds
through a TS, where the n-orbital of a nucleophile interacts with
the Tc—o* and O¢_palogen” Orbitals of the haloketones. Thus, the
reactions of selected substrates and nucleophiles belong to
borderline reactions, in which the mechanism varies from addi-
tion to substitution with the change of substrate structures. The
present calculations for the reaction of XCsH,COCH,Br with
OH™ revealed that there exists a single TS for the addition/
substitution route and that the TS serves as the TS for direct
substitution or as the TS for carbonyl addition depending on the
electronic nature of the substituent. Trajectory calculations
starting at a respective TS indicated that the single TS can
serve for the two mechanisms, substitution and addition, through
path bifurcation after the TS for borderline substrates. Thus, it
has become now apparent that dynamic path bifurcation is a
rather common phenomenon for fundamental reaction types
of rearrangement,w’21 elimination,”” addition, and substitution
reactions.

B COMPUTATIONAL METHODS

Electronic structure calculations were carried out with the Gaussian 03
program suite.** Geometries were fully optimized at the B3LYP/6-31+G*
level of theory. Vibrational normal-mode analyses were performed to
ensure that each optimized structure was a true minimum or a saddle point
on the PES. Unscaled frequencies were used to obtain thermochemical
quantities, the thermal enthalpies, and free energies. Thermodynamic data
used for enthalpy and free energy was computed at 298 K. Trajectory
calculations were performed at B3LYP/6-31+G* starting at the T'S of each
substituted substrate with the BOMD keyword, which adopts the Hessian-
based predictor-corrector method and quasiclassical normal-mode sam-
pling. The Hessians were computed analytically using electronic structure
calculations and updated for five steps. Trajectories were integrated with a
step size of 0.25 amu'/? bohr with preset initial kinetic energy. The total
energy was conserved to better than 10 hartree. Trajectory calculations
were also carried out with PEACH,*** in which trajectories were started
at optimized transition structures.
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