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Effect of substituents in the ring on the structure and electron density
distribution in benzyl halides
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The results of calculations for benzyl chlorides and benzyl bromides that contain
substituents in the ring by different quantum-chemical methods are compared. The electron
density on the benzyl carbon atom increases as the electron-withdrawing properties of
substituents are enhanced due to the shift of the electron density from the benzyl halogen
atom to the adjacent carbon atom. A topological analysis according to Bader confirmed the
main reason for the change in the paramagnetic shielding of the benzyl 13C nuclei. The
results of calculations provide, for the first time, an explanation for the resonance upfield !3C
shift of this atom as the Hammett constant of a substituent increases in compounds of the

series under consideration.
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The effect of substituents on the structures, proper-
ties, and reactivities of organic compounds is one of the
most important problems of organic chemistry.1—$6
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1: X = MeO (a), Me (b}, H (c), F (d), Cl (e), CF3 (f), NO, (g)
3: X = Me (a), H (b), MeO (c), F (d), Cl (e}, CF5 (f), NO; (g)
4: X = MeO (a), Me (b), H (e), F (d), Cl (e), CF3 (f), CN (g},

NO, (h)

Benzyl halides, which are reagents in organic synthe-
sis, are widely used in studies of mechanisms of reac-
tions.7—1® However, the electronic structures of benzyl
halides and the effect of X substituents on the electron

density distribution have not been adequately studied.
For example, it was suggested that stronger electron
acceptors X favor an increase in the positive charge, i.e.,
a decrease in the electron density on the benzyl carbon
atom, 1112 and promote interaction between a nucleo-
phile and this atom.!!

In this work, we studied the effect of substituents on
the structure and clectron density distribution in benzyl
halides (1—5) by ab initio and semiempirical quantum-
chemical calculations and by NMR spectroscopy. Be-
cause the reaction center in these compounds is gener-
ally the benzyl C(7) atom, in this work primary atten-
tion was given to the study of changes in the electronic
structure which occur in the region of this center, as
well as of changes in the electron density on the C(7)
atom, the adjacent halogen atoms, and other atoms.

Experimental

Benzyl halides (Aldrich) were used without additional purifi-
cation. The 'H NMR (400 MHz) and !3C (100.6 MHz) spectra
of solutions of benzyl halides in CD,Cl, (~0.4 mol L™1) were
recorded on a VXR-400 spectrometer (Varian) with TMS as the
internal standard.

The ab initio RHF 6-31G calculations of para-substituted
benzyl chlorides were carried out using the GAMESS pro-
gram.!3 The semiempirical quantum-chemical calculations of
benzy] halides were performed using the MNDOQM:.15 and
PM316 methods, which were realized in the MOPAC 6.00
program package!? adapted to a PC computer. Both ab initio
and semiempirical calculations were carried out with full ge-
ometry optimization. The exception was the MNDOQ calcula-
tion of benzyl bromide 4h with the planar conformation of the
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Table 1. Total energies (£/Hartree), heats of formation (AcH/kcal mol™), energies of HOMO (Egomo/eY)
and LUMO (Eggymo/eV), bond lengths (d/A), and bond orders (n) for para-substituted benzyl chlorides 1 and

pentafluorobenzy! chloride 2 calculated by the RHF/6-31G, MNDO, and PM3 methods

Com-  o,° E Eyomo Elumo  doqy—con degy—ciaoy  Me—Cry  RC—Ciaoy
pound (acH)
RHF 6-31G
ia -0.27 —842.35312 —-8.7 3.0 1.487 1.909 0.906 0.933
ib -0.17 -767.54813 -9.0 29 1.489 1.903 0.902 0.936
Ic 0.00 —728.52632% -93 2.9, 1.492, 1.897 0.894 0.944
1.535¢ 1.802¢
1d 0.06 —827.34982 -9.6 2.6 1.490 1.899 0.901 0.944
1e 0.23 —1187.40235 —-9.6 2.4 1.491 1.896 0.898 0.948
1f 0.54 -1064.03813 —10.2 1.9 1.493 1.890 0.893 0.954
1g 0.78 —931.87658 —10.5 0.6 1.494 1.887 0.892 0.958
2 0869  —1222.55068 ~112 1.4 1.489 1.876 0.886 0.972
MNDO
1a (~35.1) -9.1 -0.3 1.498 1.814 0.991 0.906
1b (—~3.4) —9.5 —-04 1.501 1.812 0.988 0910
1c (—7.8) —9.6 -0.3 1.506 1.807 0.977 0.930
1d (—41.9) -9.7 —-0.7 1.501 1.812 0.988 0.913
le (—2.9) —-9.8 —-0.7 1.502 1.810 0.986 0.915
if (—143.4) -10.3 -1.1 1.503 1.808 0.984 0.921
1g (22.2) -10.5 -1.6 1.504 1.806 0.983 0.924
2 (—212.7) -10.6 -2.1 1.510 1.804 0.978 0.931
PM3

1a (~26.8) -9.2 0.0 1483 1.790 1.003 0.959
ib .0 -93 —0.0 1.484 1.786 1.000 0.966
1c (11.43) -98 -0.1 1.483 1.788 1.002 0.961
1d (=31.9) -9.8 -0.3 1.486 1.779 0.996 0.973
le (4.9) —9.4 ~0.3 1.485 1.783 0.9999 0.968
1f (—146.4) —10.4 -0.8 1.486 1.782 0.998 0.971
1g 3.3) ~10.6 -1.4 1.486 1.781 0.998 0.973
2 (—197.4) -10.6 -1.5 1.485 1.780 09.995 0.974

a See Ref. 21. ¢ According to 6-31G//3-21G calculations, the total energy of benzyl chloride
with the perpendicular conformation of the chloromethyl group is ~728.52605 Hartree.?? ¢ See Ref. 23.

45 =25, + g, + 20,12

NO, group. In this case, the C(3)—~C(4)—N--O torsion angle
was fixed equal to 0°. The critical points, electron density,
charges on atoms, and other properties of atoms within the
framework of Bader’s theory!8:19 were determined using the
AIMPAC program.2?

Results and Discussion

The total energies £ (6-31G) and heats of formation
A¢H (MNDO and PM3) for seven para-substituted ben-
zyl chlorides 1 and pentafluorobenzyl chloride 2 are
given in Table 1. The heats of formation of
meta-substituted benzyl chlorides 3, para-substituted ben-
zyl bromides 4, and pentafluorobenzyl bromide 5 calcu-
lated by the semiempirical methods are given in Tables 2
and 3.

The heats of formation of benzyl halides 1c and 4c
calculated by the MNDO method are in better agree-
ment with the experimental values reported in the litera-
ture (see Tables 1 and 3, respectively) than the heats of
formation calculated by the PM3 method. The data in

Tables 1—3 demonstrate that the MNDQ and PM3
methods gave substantially different estimations of the
heats of formation of benzy! halides.16:25

According to the results of RHF 6-31G and MNDO
calculations, the energetically most stable conformation
of benzyl chlorides 1 and 2 is the conformation in which
the benzyl CI(10) atom lies in the plane almost perpen-
dicular to the plane of the benzene ring. The C(2)—
C(1)~C(7)—CI1(10) torsion angle (0) is 88—90°. This
result agrees well with the evidence that perpendicular
conformations are more stable in the case of l¢,22:26.27
1e,2 and a number of substituted toluenes ArCH,X.26
The energetically most stable conformers with the halide
atom located in the plane perpendicular (or almost
perpendicular) to the plane of the benzene ring were
predicted by the MNDO method for compounds 3 (6 =
86—90°), 4, and 5 (8 = 84—90°), whereas the PM3
calculations led to conformers with skewed orentation
of the CI(10) atom with respect to the plane of the
benzene ring in the case of compounds 1b, 1d—g, 2, 31,
and 3g (or of the Br(10) atom in the case of 4a, 4c—h,
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Table 2. Heats of formation (A¢H/kcal mol™!), energies of HOMO (Eyomo/eV) and LUMO (Fy ymo/eV), bond lengths (4/A),
and bond orders (n) for meta-substituted benzyl chlorides 3 calculated by the MNDO and PM3 (in parentheses) methods

Com-  o,° AcH Eyomo Eumo  dey-cn  domy-cupey  Pey—c(n)  C—ci(lo)
pound
3a —0.07 -3.3 -9.5 -0.3 1.501 1.812 0.988 0910
.2) (~9.6) (—0.0) (1.482) (1.787) (1.002) (0.961)
3b 0.00 -7.8 —9.7 -0.3 1.501 1.812 0.988 0.910
(11.4) (—9.8) 0. (1.483) (1.788) (1.002) (0.961)
3c 0.12 —34.8 -9.35 —-0.4 1.501 1.812 0.987 0.911
(—26.3) (-9.3) (—0.1) (1.485) (1.788) (1.001) (0.962)
3d 0.34 ~41 4 -9.7 -0.6 1.503 1.810 0.985 0.916
(—31.8) (—95.9) (—0.4) (1.485) (1.786) (1.000) (0.964)
3e 0.37 —~2.8 —-9.8 -0.6 1.503 1.808 0.986 0916
(4.9) (-9.5) (-0.3) (1.484) (1.787) (1.001) (0.963)
3f 0.43 ~143.5 ~10.3 -1.0 1.503 1.809 0.985 0.918
(—146.4) (—10.3) (~0.7) (1.485) (1.783) (0.998) (0.970)
3g 0.71 20.4 ~10.5 ~1.2 1.504 1.808 0.984 0.921
(3.4) (—10.5) (—1.2) (1.486) (1.781) (0.996) (0.973)
@ See Ref. 21.

Table 3. Heats of formation (ApH/kcal mol™!), energies of HOMO (Eyomo/eV) and LUMO (£ 0/eV), bond
lengths (d/A), and bond orders (n) for para-substituted benzyl bromides 4 and pentaflucrobenzyl bromide 5
calculated by the MNDO and PM3 (in parentheses) methods

Com- o, @ Ap ExoMo Erumo  deqy-cn dem—~Bu10)  C(~C()  MC()~Br(10)
pound
4a -0.27 -23.4 -3.0 —0.3 1.496 1.897 0.996 0.930
(—16.1) (—9.2) (—0.5) (1.469) (1.966) (1.021) (0.927)
4b ~0.17 8.1 -94 -0.4 1.497 1.896 0.994 0.933
(12.2) (—9.4) (—0.6) (1.468) (1.969) (1.026) (0.921)
4c 0.00 15.9, -9.6 -0.3 1.498, 1.895 0.993 0.933
15.1%, 3.8, 7.1 1.528¢ 1.978¢
(22.1) —9.7) (—0.6) (1.472) (1.964) (1.018) (0.933)
4d 0.06 —-30.3 -9.6 —0.7 1.498 1.895 0.993 0.935
(—21.3) (-9.8) (—0.8) (1.472) (1.962) (1.017) (0.935)
4e 0.23 8.6 -9.8 -0.7 1.499 1.894 0.992 0.937
(15.2) (—9.4) (—0.7) (1.472) (1.962) (1.017) (0.935)
4f 0.54 —132.0 —-10.2 —1.1 1.500 1.891 0.990 0.942
(—133.7) (—10.4) —L.D (1.473) (1.958) (1.013) (0.944)
4z 0.66 473 -5.4 —1.0 1.499 1.893 0.991 0.939
(57.7) (~10.0) (—1.1) (1.473) (1.959) (1.015) (0.941)
4h”d 0.78 335 —~10.5 -1.6 1.501 1.891 0.989 0.944
(14.1) (—10.6) (-1.5 (1.475) (1.956) (1.012) (0.947)
4h ° 0.78 31.7 ~10.5 ~1.3 1.301 1.891 0.989 0.943
5 0.86/ —201.4 ~10.5 ~2.0 1.506 1.889 0.984 0.950
(—187.4) (—10.6) L7 (1.473) (1.955) (1.011) (0.952)

@ See Ref. 21. % The experimental heat of formation of benzyl bromide?. ¢ See Ref. 23. ¢ In 4hy, the NO, group
lies in the plane paralle! to the plane of the benzene ring. ¢ In 4h, the plane of the NO; group is perpendicular
to the plane of the benzene ring. S & = 20, + o, + 20,12

and 5). In the above-mentioned para- and mefa-substi- mides 4a, 4c—h, and 5, the C(2)—C(1)—C(7)—Br(10)
tuted benzyl chlorides, the C(2)—C(1)—C(7)—CI(10) torsion angle varies, according to PM3 calculations,
torsion angle varies from 56 to 61°, which is close to the from 53 to 59°. Only for compounds 1a, e, 3a—e, and
value (67.5°) determined by electron diffraction study of 4b did the PM3 method give the results (6 = 89, 90, 90,
one of the possible conformers of 1¢.23 In benzyl bro- 89, 88, 86, 85, and 89°, respectively) that correlate with
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the results of ab initio (1a and 1c) and MNDO calcula-
tions as well as with the results of electron diffraction
stud%'3 for the second possible conformer of 1c with § =
90°.

In the case of benzyl chloride 1a and benzyl bromide
4a, all methods used predicted a conformation of the
MeOPh fragment such that the MeO group deviates from
the plane of the benzene ring by 1.0—1.8° (depending on
the method of calculation). The arrangement of the MeO
group in the plane of the benzene ring favors its maxi-
mum resonance interaction with the ring,?? although it is
associated with particular steric hindrances, which is
evidenced by the values of the calculated C(3)—C(4)—0O
and C(5)—C(4)—O0 bond angles. In metg-substituted ben-
zyl chlonide 3¢ in which the resonance interaction of the
MeO group should not play a substantial role, this group,
according to the results of MNDO calculations, is nearly
perpendicular to the plane of the benzene ring. The
C(2)—C(3)—~0~—C(Me) torsion angle is 76.9°. This agrees
with the resuits of statistical analysis of conformations of
the methoxyphenyl fragments.??

For compounds 1g and 3g, all methods used pre-
dicted that the NO, group lies in the plane parallel to
the plane of the benzene ring. The parallel conformation
of the NO, group also occurs, according to PM3 calcu-
lations, in compound 4h (4hy). These results agree with
the somewhat higher energetic stability of nitrobenzene
and its substituted derivatives3®3! with the coplanar
geometry of the NO, group. However, according to
MNDO calculations, the NO, group in the energetically
more stable (by 1.8 kcal mol™!) conformer of 4h lies in
the plane nearly perpendicular to the plane of the
benzene ring. In this conformer (4h ), the C(3)—~C(4)—
N—O torsion angle is 88.7°. The results of calculations
demonstrate that the difference in the arrangement of
the NO, group in conformers 4hy and 4h, has virtually
no effect on the values of other geometric parameters
(see Table 3) and on the electron depsity distribution in
these conformers, which agrees with the results of other
studies.3? In spite of the similarity in the electron den-
sity distribution in 4hy and 4h, calculated by the MNDO
method, hereinafter we shall use the data on conformer
4hy in which the conformation of the NO; group is close
to that observed in compounds 1g and 3g.

The lack of experimental data on bond lengths and
bond angles for most of the benzyl halides under study
makes it impossible to judge whether the molecular
geometries of the compounds under study are adequately
described by the RHF 6-31G, MNDO, and PM3 meth-
ods. However, a comparison of the results of calcula-
tions of benzyl chloride 1¢ and benzy!l bromide 4¢c with
the experimental data demonstrated that, on the whole,
the methods used make it possible to reliably predict the
geometric parameters of benzyl halide molecules.

According to calculations, the electron-withdrawing
properties of substituents increase in the series of benzyl
chlorides 1a—g, 2 (see Table 1), and 3a—g (see Table 2)
and benzyl bromides 4a—h and 5 (see Table 3), which

results in the distinct, although weak, tendencies, namely
in an increase in the C(1)—C(7) bond length and a
decrease in the bond length between the C(7) atom and
the benzyl halogen atom (see Tables 1—3). The distinct,
although slight, changes are also observed in the bond
angles at the C(7) atom. In the above-mentioned series
of benzyl halides, the C(7)—H(8) and C(7)—H(9) bond
lengths calculated within the framework of the same
method remain virtually unchanged. The observed
changes in the geometry about the C(7) atom in benzyl
halides are rather representative and are discussed below
in more detail.

The effect of substituents on the electron density at
the benzyl C atom is of most interest. The charges
calculated according to Mulliken3? and by the NBO
method3? for the RHF 6-31G wave function demon-
strate that the total charge (hereinafter, "charge™) ¢; on
the C(7) atom has a large negative value in all benzyl
chlorides 1 (Fig. 1) and 2 {g;(Mulliken) = —0.4641 and
g7{NBO) = —0.4119), and it is several times higher than
the charge g¢; on the CI(10) atom in these compounds
calculated by the same methods (Fig. 2; in 2,
gci(Muiliken) = —0.0280 and ¢ (NBO) = —0.1078).
The results obtained agree with the results of calcula-
tions for 1¢ by the RHF 3-21G method. 22

[n benzyl chlordes 1 and 2, the substantial increase

in the electron density on the C(7) atom compared to

the electron density on the benzyl Ci(10) atom is con-
tradictory to the concept3 of the lower electronegativity
of the C atom compared to the Cl atom. On the other
hand, the high negative values of ¢, in compounds 1 and
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Fig. 1. Dependence of the caiculated charges ¢g; on the benzyl
C(7) atom in benzyl chlorides 1a—g and the values of the
Hammett constant o,
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Fig. 2. Dependence of the calculated values of the charges ¢g¢
on the benzyl C}(10) atom in benzyl chlorides 1a—g on the
values of the Hammett constant o,

2, which were predicted by the analysis of occupancies
according to Mulliken32 and by the NBO method,33 are
completely inconsistent with the electrophilic properties
of the benzyl C(7) center in the compounds under
consideration.1—7

The disadvantages of the analysis of occupancies
according to Mulliken, which result largely from the
arbitrary partition of the electron density in the region of
overlap of the electron shells of the atoms, are well
known.35 This may lead not only to a substantial overes-
timation of the calculated charge on the atom,35but to a
wrong sign of the charge as well.?-36 As can be seen from
Figs. 1 and 2, the NBO method? may also give results
that are inconsistent with the concept of the relative
electronegativity3? as well as with the electrophilic prop-
erties of the C(7) atom in benzyl chlorides.

Bader’s approach to the determination of the elec-
tron density on atoms in moiecules!31? is free from the
drawbacks of Mulliken’s method3? and the NBO
method33 because the topological analysis!® does not
take into account the nature of orbitalsi®35:37 and de-
pends to a substantially lesser degree on the size of the
basis set.18 Because of this, the topological analysis of
the electron density distribution according to Bader with
the use of the PROAIM program?? gives better results3®
compared to alternative methods, and it is widely used in
theoretical studies of the electron density distribution in
molecules of various organic compounds.9—11:18,30,37—41
The charges ¢4 calculated according to Bader for all
benzyl chlorides 1 (see Fig. 1) and benzyl chloride 2
{g; = 0.1704) are positive, whereas the charges g¢ are
negative (see Fig. 2; for benzyl chloride 2, g¢ =
—0.2355). The values of the charges on the C(7) and
CI(10) atoms in compounds 1 and 2 are in complete
agreement with the relative electronegativities of the C
and CJ atoms34 and with the tendency of benzyl halides
to undergo nucleophilic substitution at the C(7) atom.

Calculations of charges according to Mulliken within
the framework of the MNDO method!*15 also gave
positive values of g; in benzy! halides 1 and 2
(¢{MNDO) = 0.1652), whereas the use of the PM3
method!® led to small negative values of g; (see Fig. 1).

An analogous relationship between the signs of the
charges on the C(7) atom calculated by the MNDO and
PM3 methods* is also observed in the case of benzyl
chlorides 3. In benzyl bromides 4 and 5§, ¢;(MNDO) are
positive (in 5, ¢;(MNDO) = 0.0823). The values of
¢,(PM3) are positive in compounds 4a—e and 4g and
negative in 4f, 4h, and 5. Therefore, the MNDO and
Bader’s methods give an adequate estimate of the sign
of the charge on the benzyl C atom in benzyl halides.

The data in Fig. 1 demonstrate that, in spite of the
differences observed, all five methods used for calcula-
tions of the charges g; lead to the same tendency for a
change in the electron density on the benzyl center in
benzyl halides 1, namely, the electron density on the C(7)
atom increases (!) linearly as the electron-withdrawing
properties of the X substituent (which are characterized by
the Hammett constant o,1) increase. Therefore, the
relationship between the value of g; on the benzytl C
atom and o, can be described by Eg. (1):

gy = pys; + by, 6]

where gy = g7, o; = o, and the value of py = p; is
negative. When the charges were calculated according to
Bader and by the MNDO method, the values of ps,
which characterize the sensitivity of a change in the
charge on the C(7) atom to a change in the electronic
properties of substituents (see Fig. 1), are ~0.0099 and
~-0.0238, respectively.

The charges calculated according to Mulliken and
by the NBO and PM3 methods are not considered below
because they give negative values of g4, which are incon-
sistent with the electrophilic properties of benzyl ha-
lides. The correlations based on these charges and the
charges on other atoms lead to qualitative conclusions
analogous to those obtained with the use of these values
calculated according to Bader or by the MNDO method.

According to the results of semiempirical calcula-
tions (MNDO and PM3), in mera-substituted benzyl
chlorides 3 and para-substituted benzyl bromides 4, the
electron density on the C(7) atom increases as the
electron-withdrawing ability of substituents increases.
This is evidenced by the negative values of py (—0.0146
and —0.0235, respectively). In the case of calculations of
g{MNDO) in benzyl halides 3 and 4, the correlation
coefficient rin Eq. (1) is 0.980 and 0.936, respectively.
It should be noted that in going from 1g to 2 and from
4h to 5, the electron density on the C(7) atom increases.
However, the values of g7 in compounds 2 and § calcu-
lated by any method used do not fit with the correlations
g7—o, for benzyl halides 1 and 4, respectively. This is
assoctated not only with incorrectness of the use of the
total value of s for five F substituents in C¢Fs,% but with

* Hereinafter, by the MNDO and PM3 methods mentioned
within the framework of the discussion of the charges on the
atoms are meant calculations of charges according to Mulliken
for the wave functions in the MNDO or PM3 approximations.
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the ortho effect’? of two F atoms on the electron density
distribution in compounds 2 and 5 as well.

The increase in the electron density on the C(7)
atom as the electron-withdrawing ability of substituents
in benzyl halides increases is in contradiction with the
change expected based on the general concepts of the
effect of the properties of substituents on the electron
density on the benzyl carbon atom.!:12 However, the
tendency for a change in the electron density on the
benzyl C(7) atom, which was predicted by calculations,
was confirmed by the data of 13C NMR spectroscopy.

Actually, the analysis of the data given in Table 4
demonstrates that the resonance of the '3C(7) nuclei in
compounds 1 is linearly shifted upfield as the value of
the Hammett constant ¢ (r = 0.943) increases. Analo-
gous patterns are observed for benzyl halides 3 (r =
0.979) and 4 (r = 0.967). As expected, 3% the values r
for compounds 1 and 4 are even higher (0.989 and
0.984, respectively) when the changes in the chemical
shifts A5C(7) (relative to the chemical shift §!13C(7)° for
the comresponding unsubstituted benzyl halide) are de-
scribed by the two-parameter Hammett equation:43:44

A8C(7) = pro1 + PROR,

where o1 and oy are the inductive and resonance com-
ponents of the Hammett constant o, respectively.?! The
constants py = —2.4 and pg = —1.1, which characterize
the sensitivity of a change in the chemical shift of the
C(7) atom in benzyl chlorides 1 to the inductive and
resonance effects of substituents, respectively, are also
close to the values of these constants determined previ-

Table 4. Chemical shifts (8) for the C(1}, C(7),
and H(8, 9) atoms of benzyl halides 1—5

Com- C(1) C(7) H, 9)
pound

1a 130.21 46.80 4.566
1b 135.11 46.79 4.567
lc 138.06 46.74 4.577
1d 134.11 45.96 4.577
134.53 45.82 4.534
1f 142.06 45.62 4.631
1g 144.94 45.11 4.674
2 112.4 32.12 4.634
3a 137.96 46.86 4.554
3b 138.06 46.74 4.577
3c 139.48 46.69 4.559
3d 140.43 45.80 4.575
3e 139.98 4573 4.555
3f 139.10 45.70 4.631
3g 139.95 45.18 4687
4b 135.40 34.30 4.492
4c 138.42 3411 - 4.514
4d 134.43 33.12 4.486
4 142.45 32.38 4528
4g 143.39 32.14 4.507
4h 145.42 31.58 4.549
5 112.7 16.64 4516

ously¥344 for para-substituted benzyl chlorides (—2.4
and —0.9) and benzyl fluorides (—2.5 and —1.1). For
benzyl bromides 4, the constants py and py are —3.5 and
—1.6, respectively. The negative values of py and pg are
indicative of the upfield shift of the resonance of the
13C(7) nuclei as the electron-withdrawing properties of
a substituent increase due both to the inductive and
resonance effects.

The upfield shift of the resonance of the !3C(7)
nuclei in benzyl halides 1, 3, and 4 as the Hammett
constant increases is indicative of an increase in the
shielding constant of the '*C(7) nuclei as the electron-
withdrawing properties of the X substituent increase.
The chemical shifts of the 13C(7) nuclei in compounds 2
and 5 (see Table 4) do not fit with the above-mentioned
relationships between 8!3C(7) and the Hammett con-
stants, apparently, for the same reasons for which the
charges g; in benzyl halides 2 and 5 are inconsistent
with the dependences of g; on o,

For benzyl halides 1, 3, and 4, no correlations
between AE = ELUMO - EHOMO (see Tables 1~3) and
the electronic properties of substituents (Hammett con-
stants ¢21) or the chemical shifts §!13C(7) (see Table 4)
are observed. However, for compounds 1, there is a
pronounced linear dependence (r = 0.969) of ASC(7) on
1/Rg3, where Ry is the volume of Bader’s atomic basin
of the C(7) atom over which the electron density as-
signed to this atom'%19 is integrated. The slope of the
dependence of ASC(7) on Ry~ is 375 ppm (au)~3. This
is indicative of the substantial effect of the size of the
orbital on the paramagnetic shielding of 13C(7) nuclei.
The occurrence of the above-mentioned correlation in-
dicates$5-47 that the change in the chemical shift of the
C(7) atom in the series of compounds 1a—g is caused by
the change in the charge on this atom. Therefore, the
change in the chemical shift (ASC(7) = &3C(7) —
§13C(7)"), for para-substituted benzyl chloride 1, which
contains the X substituent (5!3C(7)), relative to the
chemical shift for unsubstituted benzyl chloride 1c
(813C(7)%), correlates rather well (r = 0.857 (Bader),
0.937 (NBO), 0.896 (Mulliken), 0.870 (MNDO), and
0.922 (PM3)) with the corresponding changes in the
charge Ag; = g7 — ¢;° determined from the charges g,
calculated by different methods. These correlations are
described by Eq. (2):

ASC(7) = aAgy + b. @

The slopes a of the lines described by this equation
characterize the sensitivity of a change in the chemical
shift to a change in the charge. The average value of a,
which was obtained from the results of calculations by
five methods, is 58 ppm e~!. This value agrees well with
the slope of ~60 ppm e~!, which characterizes the depen-
dence of the chemical shift §/3C(7) on the charge of the
methyl groups bonded to the centers of carbonium ions.%3

Relationships analogous to the correlation between
ASC(7) and Ag; (Eq. (2)) are also observed for the C(1),
H(8), and H(9) atoms in benzyl chlorides 1. Analogous
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dependences are also typical of the C(1), C(7), H(8),
and H(9) atoms in benzyl chlorides 3 and benzyl bro-
mides 4.

The same tendency for a change ASC(7) depending
on Ag, in the case of compounds 1, 3, and 4 is a rather
strong argument in favor of the fact that in the last two
mentioned types of benzyl halides a change in the
chemical shift of the C(7) atom is also associated with a
change in the electron density on this atom, which, as
mentioned above, increases as the electron-withdrawing
ability of the X substituent increases.

A detailed analysis of the calculated data on these
compounds and the results of topological analysis!8:1? of
the electron density in benzyl halides 1 under study gave
us an insight into the reasons for the increase in the
electron density on the C(7) atom as the electron-
withdrawing ability of substituents in benzyl halides
increases.

An increase in the electron-withdrawing properties
of substituents leads to the expected decrease in the
electron density on the C(1) atom of the benzene ring
bonded to the benzyl C(7) center. This is evidenced by
the positive values of p; (Eq. (1)) for 1 [0.0164 (Bader),
0.0795 (MNDO)], and 4 [0.0728 (MNDO)] and by the
downfield shift of the resonance of the 13C(1) nuclei as
the value o, for the X substituent increases. In this case,
the slopes a of the linear dependences of ASC(1) on Ag,
(180 ppm e~! and 144 ppm e~} for 1 and 4, respec-
tively) agree with the values of the slopes (the com-
monly accepted value is 160 ppm e~!) of the depen-
dences of §!3C on the charge in substituted benzenes
(g = 0) and cyclic and some other ions.4’

A decrease in the electron density on the C(1)
atom in benzyl halides as the electron-withdrawing prop-
erties of substituents increase should cause also a de-
crease in the electron density on the benzyl C(7) center,
which is directly bonded to the C(1) atom. However,
this decrease should result, in turn, in withdraw of the
electron density not only from the H(8) and H(9) atoms
bonded to the C(7) atom, but also from the CI(10) (in
compounds 1—~3) or from the Br(10) atom (in com-
pounds 4 and 5) as well.

The decrease in the electron density on the H(S) and
H(9) atoms as the electron-withdrawing properties of
substituents increase is evidenced by the downfield shift
of the resonance of the 'H(8) and 'H(9) nuclei as the
Hammett constants s increase (the positive slopes of the
linear dependences (Eq. (1)) of g3 and g9 on ). For the
above-mentioned hydrogen atoms in benzyl chlorides 1,
the average value (determined from the results of calcu-
lations by five methods) of the proportionality coeffi-
cient between this shift and the change in the charge is
10.8 ppm ¢!, which is close to the proportionality
coefficients (10—11 ppm e™!) of the dependences of the
chemical shifts of the protons, which are bonded to the
" positively charged carbon atoms, on the charge.43

The analysis of the caiculated and experimental data
demonstrates that the shift of the electron density from

the H(8) and H(S) atoms can compensate only slightly
for the decrease in the electron density on the C(7)
atom, which is associated with an increase in the elec-
tron-withdrawing properties of substituents.

As can be seen from Fig. 2, the electron density on
the CI{(10) atom in benzyl chlorides 1 decreases substan-
tially as the electron-withdrawing ability of substituents
increases. An analogous situation is also observed in the
case of benzyl halides 3 and 4. Thus, the slopes of the
linear dependences (Eq. (1)) of the changes in the
charges on the Ci(10) atom in compounds 1, which
were calculated according to Bader and by the MNDO
method, are 0.0458 and 0.0278, respectively. According
to the results of MNDO calculations, the siopes are
0.0216 and 0.0270 for the CI{10) and Br(10) atoms in
compounds 3 and 4, respectively. These data and the
above-mentioned analogous data obtained for the C(7)
atom indicate that the decrease in the electron density
on the benzyl CI(10) atom in compounds 1 (3) is 1.5
(1.6) times as large as the increase in the electron
density on the benzyl C(7) atom. In benzyl bromides 4,
the decrease in the electron density on the Br(10) atom
is 1.1 times as large as the increase in the density on the
C(7) atom. This decrease in the e¢lectron density on the
C1(10) and Br(10) atoms is sufficiently large that it not
only compensates for a decrease in the electron density
on the C(7) atom, which is caused by an increase in the
electron-withdrawing ability of substituents, but leads to
an increase in the density on the last-mentioned atom as
well.

Therefore, the shift of the electron density to the benzy!
C(7) center from the adjacent halogen atom is the major
cause of the increase in the electron density on the C(7)
atom in bengyl halides as the electron-wirthdrawing ability
of substituents in the benzene ring increases. An increase
in the electron density on the C, atom as the electron-
withdrawing properties of substituents increase is also
observed for substituted styrenes, aromatic carbonyl com-
pounds,3 aromatic carboxylic acids, 334748 and their
derivatives.3 This increase is associated with the shift of
the m-electron density to the C, atom due to polariza-
tion of the carbon—carbon or carbon-—oxygen n-bond.
An increase in the negative charge on the C, atom in
the above-mentioned systems leads to the upfield shift
of the resonance of the '3C, nuclei.43

For benzyl chlorides 1, we have carried out topologi-
cal analysis!®1% of the electron density distribution,
which was described by wave functions with the 6-31G
basis set, and demonstrated that an increase in the shift
of the electron density from the C1{10) atom to the C(7)
atom as the electron-withdrawing properties of the X
substituent increase leads to a linear (r = 0.989) in-
crease in the electron density p. at the critical point
(3; —1)1819 on the C(7)—CI(10) bond line. Thus, for
compounds la—g, the values of p. are 0.1224, 0.1233,
0.1247, 0.1252, 0.1259, 0.1276, and 0.1286 ¢ (au)™3,
respectively. In going from 1g to 2, the value of p,
becomes even higher (0.1322 e (au)™3). The above-
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mentioned changes in the electron density along the
C(7)—Cl1(10) bond line are also evidenced by the
Laplacian V%p_, i.e., the second derivative of the distri-
bution function p at the critical point.1%1? The linear
(r = 0.986) increase in the negative values of VZp,
(—0.0272 (1a), —0.0294 (1b), —0.0334 (1c), —0.0338
(1d), —0.0356 (1e), —0.0396 (1f), and —0.0420 e (au)™>
(1g)) as o, in benzyl chlorides 1 increases confirms!8.1?
the increase in the electron density along the
C(7)—CI(10) bond line as the electron-withdrawing prop-
erties of substituents in these compounds increase.

A decrease in the distance Ry from the critical point
to the CI{(10) atom is accompanied by an increase in p,
at the critical point along the C(7)—CI(10) bond line. In
the series of compounds la—g, this distance is 2.0650,
2.0602, 2.0530, 2.0486, 2.0438, 2.0333, and 2.0260 au,
respectively. In this case, the dependence of Ry on o, is
linear (r = 0.995). In benzyl chloride 2, Rq is 2.0008
au, while the distance R; to the C(7) atom remains
virtually unchanged (1.5394+0.0010 au). As a result, the
sum of R and R; decreases, which is equivalent to a
shortening of the C(7)—Cl1(10) bond (see Table 1), as
the electron-withdrawing ability of substituents increases
in the series of compounds 1a—g and 2. Therefore, an
increase in the electron density p,. at the critical point
between the C(7) and CI(10) atoms is equivalent to a
decrease in the bond length d between these atoms. The
shortening of the C(7)—Cl(10) bond in the series of
compounds la—g and 2 is also evidenced by the in-
crease in the order n of this bond (see Tabie 1).

A shortening of the C(7)—CI(10) bond and an in-
crease in its order in the series of compounds 1a—g and
2 are also predicted by the semiempirical MNDO and
PM3 methods (see Table 1). According to the results of
these calculations, tendencies for a decrease in the
lengths of the C(7)—CI(10) and C(7)—Br(10) bonds and
an increase in their orders as the electron-withdrawing
properties of substituents increase are also observed in
meta-substituted benzyl chlorides 3 (see Table 2) and in
benzyl bromides 4a—h and 5 (see Table 3).

In compounds la—g, the electron density at the
critical point (3; —1) along the C(1)—C(7) bond line is
0.2498, 0.2489, 0.2477, 0.2488, 0.2485, 0.2481, and
0.2480 e (au)™3, respectively, i.e., it decreases regularly
as the constant o, of the substituent increases. In benzyl
chloride 2, the electron density p, along the C(1)—C(7)
bond line is even lower (0.2467 e (au)™3). The decrease
in the electron density along this bond line in benzyl
chlorides 1 is also evidenced by the decrease in the
negative values of the Laplacian at the critical point of
this bond. For compounds la—g, these values are
—0.5196, —0.5168, —0.5120, —0.5151, —05148, —0.5134,
and —0.5128 e (au)~3, respectively. In the series of these
compounds, the distance Ry between the critical point
along the C(1)—C(7) bond line and the benzyl C(7)
center decreases linearly (r = 0.931; 1.4451, 1.4475,
1.4481, 1.4385, 1.4370, 1.4325, and 1.4270 au, respec-
tively), whereas the distance R, to the C(1) atom on this

bond line increases linearly (r = 0.992; 1.3646, 1.3667,
1.3718, 1.3777, 1.3807, 1.3885, and 1.3958 au, respec-
tively) as the value of o, increases. In benzyl chioride 2,
R, = 1.4525 au. In other words, the critical point on the
C(1)—C(7) bond line in benzyl chlorides 1 and 2 shifts
to the C(7) atom, whose electronegativity decreases
compared to the electronegativity of the C(1) atom as
the electron-withdrawing ability of substituents increases.

The changes in the values of R} and Ry result in the
increase in their sum from 2.8097 au in 1a to 2.8228 au
in nitrobenzyl halides 1g. Therefore, the changes in the
values of p., Ry, and R; along the C(1)—C(7) bond line
are indicative of an elongation of this bond in going
from 1a to 1g. This is in complete agreement with the
data on the increase in the length of the C(1)—C(7)
bond and the decrease in its order in the series of
compounds la—g (see Table 1). The data in Table 1
demonstrate that in going from 1g to 2, the order of the
bond under consideration is also decreased.

Pronounced tendencies for an increase in the
C(1)~—C(7) bond length and a decrease in its order as
the electron-withdrawing ability of substituents increases
are also observed in meta-substituted benzyl chlorides 3
(see Table 2) and benzyl bromides 4a—h and 5 (see
Table 3).

Therefore, an increase in the electron-withdrawing
properties of substituents in all benzyl halides studied
leads, on the one hand, to an elongation of the
C(1)—C(7) bond and a decrease in its order, and on the
other hand, to a shortening of the C(7)—CI(10) or
C(7)—Br(10) bond and an increase in its order. To put it
differently, the alternation of the C(1)—C(7) and
C(7)—Cl(10) [or C(7)—Br(10)] bond lengths increases as
the electron-withdrawing ability of substituents in the ben-
zene rings of benzyl halides increases.

The obtained data on the shifts of the electron
density to the benzy! carbon atom from the adjacent
halogen atom as the eclectron-withdrawing ability of
substituents increases allowed us to reveal the cause,
which was unclear previously, of the upfield shift of the
resonance of the !3C(7) nuclei as the electron-with-
drawing properties of substituents in benzyl fluorides
and benzy! chlorides increase.#344 Therefore, the elec-
tron density on the C(7) atom increases as the electron-
withdrawing ability of substituents increases not only in
the case of substituted benzyl chlorides and benzyl bro-
mides, but in benzyl fluorides as well.

The larger length and the smaller order of the
C(7)—Hal bond in benzyl halide, which contains an
electron-donor substituent (for example, the MeO group),
compared to those in benzyl halide, which contains an
electron-withdrawing substituent, indicate that the en-
ergy of heterolytic cleavage of the C(7)—~Hal bond in
the former compound is lower than that in the latter.
This fact, along with stabilization of the carbonjum
jon1-2:49 that formed upon solvolysis, should promote
ionization of the C(7)—Hal bond in benzyl halides that
contain electron-donor substituents. Finally, an increase
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in the negative charge on the benzyl halogen atom as the
electron-donating ability of substituents increases should
lead to an increase in solvation of this atom by proton-
donor solvents and to an increase in the tendency of
benzyl halides to undergo ionization at the C(7)—Hal
bond. Therefore, the data obtained make it possible to
reveal additional factors favorable to an increase in
ionization of benzyl halides and in the tendency of these
compounds to undergo solvolysis and Syl reactions as
the donor properties of substituents increase.49

According to the data obtained in this work, stronger
electron-withdrawing substituents in the benzene ring are
Jfavorable for a decrease in the positive charge on the
benzyl carbon atom. As a consequence, a decrease, rather
than an increase,’ in the reactivity of a nucleophile
toward this center should be observed as the electron-
withdrawing ability of substituents in benzyl halides
increases. An increase in the electron density on the
benzyl carbon atom as the electron-withdrawing proper-
ties of substituents in benzyl halides increase is equiva-
lent to a decrease in the hardness®® of the C(7) reaction
center. A decrease in the hardness of this center may
lead, under certain conditions, to an increase in the
regioselectivity of benzylation at the softer reaction cen-
ter of ambident nucleophiles.51 Apparently, this is one
of the reasons for the increase in regioselectivity of
benzylation at the softer allenyl center of the lithium salt
of 1,3,3-triphenylpropyne in the series of benzy! halides
la<lb<le< le<28

The substantial decrease in the energy of LUMO as
the electron-withdrawing properties of substituents in
benzy! halides increase (see Tables 1—3) should result in
an increase in the tendency of these compounds to
accept an electron on LUMO. This is in good agreement
with the data on the reduction potentials of benzyl
halides32:33 and an increase in their tendency to undergo
electron-transfer reactions>#35 as the electron-withdraw-
ing properties of substituents increase.

We thank Prof. M. W. Schmidt (Iowa State Univer-
sity, Ames, Iowa, USA) for supplying the GAMESS
program, Prof. R. F. W. Bader (McMaster University,
Hamilton, Ontario, Canada) for supplying the AIMPAC
program package, and Prof. H. Bohe (Phillips Univer-
sity, Marburg, Germany) for providing samples of a
number of benzyl halides. _

This work was supported by the Russian Foundation
for Basic Research (Project No. 94-03-09266).

References

1. C. K. Ingold, Structure and Mechanism in Organic Chemis-
try, Cornell University Press, Ithaca, 1969.

2.J. March, Advanced Organic Chemistry. Reactions Mecha-
nisms and Structure, 3d ed., Wiley, New York, 1985.

3.K. B. Wiberg and C. M. Breneman, J. Am. Chem. Soc.,
1990, 112, 8765.

o

o

1.

13.

14.
15.
16.
.J. J. P. Stewart, QCPE Bull., Program No. 453.
18.

19.

20.

21.

23.
24.

25.
26.

28.

29.
30.
3L

32,
33.

34.

35.

36.

S0 00

. B. Wiberg, J. Org. Chem., 1991, 56, 544.
B. Wiberg and K. E. Laxdig, J. Org. Chem., 1992,
7, 5092.
.-D. Wu, C.-L. Wong, K. W. K. Chan,, G.-Z. Ji, and
-K. Jxang, J. Org. Chem., 1996, 61, 746.
. S. Shaik, Progr. Phys. Org Chem., 1985, 15, 197.
. A. Russel, Adv. Phys. Org. Chem. 1987, 23, 271.
1. Lee, Adv. Phys. Org. Chem., 1992, 27, 57.

.R. Ta-Shma and Z. Rappoport, Adv. Phys. Org. Chem.,

1992, 27, 239.
S. Chang, H. J. Koh, B.-S. Lee, and . Lee, J. Org. Chem.,
1995, 60, 7760.

.P. I. Dem’yanov, G. V. Fedorova, V. S. Petrosyan, and

O. A. Reutov, Metalloorg. Khim., 1989, 2, 620 [Organomet.
Chem. USSR, 1989, 2 (Engl. Transl.)].

M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert,
M. S. Gordon, J. H. Jensen, S. Koseki, N. Matsunaga,
K. A. Nguyen, S. Su, T. L. Windus, M. Dupuis, and J. A.
Montgomery, Jr., J. Comput. Chem., 1993, 14, 1347,

M. J. S. Dewar and W. Thiel, J. Am. Chem. Soc., 1977,
99, 4899,

M. J. S. Dewar and W. Thiel, J. Am. Chem. Soc., 1977,
99, 4907.

J. 3. P. Stewart, J. Comput. Chem., 1989, 10, 209.

R. F. W. Bader, Atoms in Molecules. A Quantum Theory,
Clarendon Press, Oxford, 1994, 438 pp.

V. G. Tsirel 'son, Jtogi nauki i tekhniki. Kristaliokhimiya,
[Results of Science and Engineering. Crystal Chemistry],
VINITI, Moscow, 1993, 27, 3 (in Russian). .
F. W. Biegler-Konig, R. F. W. Bader, and T.-H. Tang,
J. Comput. Chem., 1982, 3, 317.

C. Hansch, A. Leo, and R. W. Taft, Chem. Rev., 1991,
91, 163.

. 1. M. Hollas, 1. J. C. Teixeira-Dias, and P. J. A. Ribeiro-

Claro, Chem. Phys. Len., 1989, 157, 31.

M. L. Sadova, L. V. Vilkov, I. Hargittai, and J. Brunvoll,
J. Mol Struct., 1976, 31, 131.

S. J. Ashcroft, A. S. Carson, and J. B. Pedley, Trans.
Faraday Soc., 1963, 59, 2713.

J. 1. P. Stewart, J. Compur. Chem., 1989, 10, 221.

T. Schaefer, R. Sebastian, and G. H. Penner, Can. J.
Chem., 1986, 64, 1372.

.G. H. Penner, T. Schaefer, R. Sebastian, and S. Wolfe,

Can. J. Chem., 1987, 65, 1845.

V. P. Feshin and M. Yu. Kon “shin, Iov. dkad. Nauk, Ser.
Khim., 1996, 823 [Russ. Chem. Bull., 1996, 45, 777 (Engl.

Transl.)].

W. Hummel, K. Huml, and H.-B. Biirgi, Helv. Chem.

Acta, 1988, 71, 1291.

S. Irle, T. M. Krygowski, J. E. Niu, and W. H. E. Schwarz,

J. Org. Chem., 1995, 60, 6744,

A. Pross and L. Radom, Progr. Phys. Org. Chem., 1981,

13, 1.

R. S. Mulliken, J. Chem. Phys., 1955, 23, 1833.

A E. Reed, 1. A. Curtiss, and F. Weihold, Chem. Rev.,
1988, 88, 899.

Electronegativity, Eds. K. D. Sen and C. K. Jargensen,

Springer-Verlag, Berlin, 1987, 198 pp.

W. J. Hehre, L. Radom, P. v. R. Schleyer, and J. A. Pople,

Ab initio Molecular Orbital Theory, Wiley, New York, 1986,

548 pp.

1. Cioslowski, J. Am. Chem. Soc., 1989, 111, 8333.



Effect of substituents on the structure

Russ. Chem.Bull., Vol. 46, No. 12, December, 1997 2005

37. A. Streitwieser, S. M. Bachrach, A. Dorigo, and P. v. R.
Schlever, in Lithium Chemistry. A Theoretical and Experi-
mental Overview, Eds. A.-M. Sapse and P. v. R. Schieyer,
Wiley, New York, 1995, I.

38. K. B. Wiberg and P. R. Rablen, J. Compur. Chem., 1993,
14, 1504.

39.T. S. Slee, J. Am. Chem. Soc., 1986, 108, 7541.

40. K. B. Wiberg and M. A. Murcko, J. Phys. Chem., 1987,
91, 3616.

41. B. S. Stefanov and J. Cioslowski, J. Comput. Chem., 1993,
16, 1394.

42. M. Charton, Progr. Phys. Org. Chem., 1971, 8, 235.

43.D. 1. Craik and R. T. C. Brownlee, Progr. Phys. Org.
Chem., 1983, 14, 1.

44.]. Bromilow, R. T. C. Brownlee, and D. J. Craik, Aust. J.
Chem., 1977, 30, 351.

45. D. G. Farnum, Adv. Phys. Org. Chem., 1975, 11, 123.

46.J. B. Grutzner, in Recent Advances in Organic NMR Spec-
troscopy, Eds. J. B. Lambert and R. Rittner, Norell Press,
Landisville, 1987, 17.

47. M. Kubota and S. Ohba, Acta Cryst., 1992, B48, §49.

48. M. Tonogaki, T. Kawata, and S. Ohba, Acta Cryst., 1993,
B49, 1031.

49.J. Raber, J. M. Harris, and P. v. R. Schleyer, in Jon and
Ion Pairs in Organic Reactions, Ed. M. Szwarc, Wiley,
New York, 1974, 2, 247.

50. Structure and Bonding, Ed. K. D. Sen, Springer-Verlag,
Berlin, 1993, 80.

51. 0. A. Reutov, . P. Beletskaya, and A. L. Kurz, Ambident
Arions, Consultants Bureau, New York, 1983, 338 pp.
52.D. D. Tanner, J. A. Plambeck, D. W. Reed, and T. W.

Mojelsky, J. Org. Chem., 1980, 45, 5177.

53. X.-M. Zhang, J. Chem. Soc., Perkin Trans. 2, 1993, 2275.

54. N. Komnblum, Angew. Chem. Int. Ed. Engl., 1975, 14, 734.

§5.J.-M. Sav éant, Adv. Phys. Org. Chem., 1990, 26, 1.

Received September 11, 1996;
in revised form April 28, 1997




