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The stereochemistry of radical halogenation of alkyl halides has been studied by ab initio molecular orbital
theory. Two key elementary reactions, hydrogen abstraction reaction &84+ Y* — XCH,CH,* + HY

(R1)] and halogen abstraction reaction [Xg@EH;* + Y, — XCH,CH,Y + Y* (R2)], as well as rotational

barrier of XCHCH,* radical, with X= H, F, Cl, and Br and Y= F, Cl, and Br, were studied using the
G2(MP2,SVP) theory. Reactio&l andR2 with X = F, Cl, and Br were found to be stereoselective. For X

= F, both reactions prefer a gauche abstraction, whereas ferG{ and Br, both reactions prefer a trans
pathway. The high rotational barriers of CIgEH,* and BrCHCH;' radicals and the low abstraction barriers

of their reactions with Gland Bk are the two main factors that guarantee the retention of their radical
configuration during the abstraction reactions. Thus, radical chlorination and bromination of alkenes and
chlorine- and bromine-substituted alkanes are predicted to be stereospecific, in good accord with experimental
results. We show that the stereochemical control observed in radical halogenation reactions can be explained
without the use of Skell hypothesis. The trends of the calculated energy differences between the gauche and
trans transition states of reactioR4 andR2, the rotational barriers of XCiH," radicals, and the gauche

effect of XCH,CHjz can be rationalized in a uniform manner in terms of hyperconjugation interaction.

1. Introduction

H R4
In 1963, Skell et al. found that the free-radical bromination Rz Ry Ro R
of optically active amyl bromide yields a single optical product,
1,2-dibromo-2-methylbutanieyhereas the bromination of-{- Ry R R H
X X

1-fluoro-2-methylbutane yields a variety of reaction proddcts.
The-bromoethyl radical was then viewed as a (symmetrically

- ¢ ' . trans alkyl halide auche alkyl halide
or unsymmetrically) bridged structure in order to explain the g Y
stereochemistry in free-radical halogenation of alkanes and X .
alkeneg 4 However, several theoretical studies have shown that Yo | HY Yo -HY

the S-bromoethyl radical has an open structure not bridgfed.
Thus, the reason for retention of radical configuration in the

radical bromination reactions remains an open question. rans 1 trans 1
Free-radical halogenation is a very useful reaction to convert Rz Ry Rz Ri

an alkane (RH) to an alkyl halide (RY). This type of radical Ry Rs3 R R4

reaction consists of four key steps: (a) generation of a halogen

atom Y* (initiation step), (b) abstraction of a hydrogen atom of

b
. . X X
RH by Y* to generate a radical*R(c) abstraction of a halogen gauche gauche
atom of Y, by the R radical to give the product RY, and (d)
combination of two radicals, *Yand/or R (chain termination

.

gauche gauche .-~

step). trans | Y, trans
A graphical representation of the stereochemistry involved

in the propagation steps b and c¢ using the Newman projection Ll

is depicted in Figure 1. This schematic diagram illustrates that, Y Y

in order to obtain stereospecific products for the radical R R, R, R,

halogenation of alkyl halides, three conditions must be ful-

filled: (1) reaction b must be stereoselective, (2) the radical R R R R R

should retain its configuration during the hydrogen abstraction 4 X 3 8 X 4

reaction, and (3) reaction ¢c must be stereoselective. To maintain

the configuration of the Rradical, two conditions must be  Figure 1. Schematic diagram for the radical halogenatiop) Of alkyl
halide (RX) showing the different stereochemical products obtained

by hydrogen abstracting at the trans and gauche positions.
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the rotational barrier of the radical. Free-radical halogenation In the standard G2(MP2,SVP) method, different levels of
of an alkene is similar to that of an alkane except for the second theory are used for geometry optimization and frequency
step; that is, the hydrogen abstraction is replaced by halogencalculation. Several theoretical studies have shown that it is
addition to alkene. better to use the same method for both geometry optimization
To shed light on the stereochemistry of radical halogenation and frequency calculation in studying a reaction profilén
of alkanes and alkenes, we have investigated steps b and c ofjeneral, the geometry of a transition state is sensitive to the
the radical fluorination, chlorination and bromination (i.e., Y effect of electron correlation. Therefore, the HF method may
= F, Cl, and Br) of the model system XGBH3z with X = H, even fail to locate the desired transition state in extreme cases.
F, Cl, and Br using the high-level G2(MP2,SVP) theory: In the present study, we found that both the UHF and UB3-
LYP36 methods fail to locate the transition states for fluorine
XCH,CH, + Y* — XCH,CH," + HY (R1) and bromine abstraction of GHand XCHCH,* radicals. Hence,
we have employed the MP2(full)/6-31G(d) level for both
geometry optimization and frequency computation for the G2-
(MP2,SVP) calculations carried out in this study. It is important
. . to note also that the transition states for the halogen abstraction
XCH,CH, + Y, = XCH,CH,Y + Y*. (R2) reactions considered here are highly spin-contaminated. In such
cases, the MP2 geometries and frequencies may be errone-
In addition, the rotational barriers of the intermediate XCH  ous3738 Thus, it is instructive to evaluate the reliability of the
CH* radicals have been examined. It is important to note that MP2(full)/6-31G* geometry and ZPE. To this end, we have
hydrogen abstraction from bothandf positions of alkyl halide studied the following two reactions (X F, Cl, and Br)
(XCH,CHg) have been observed. In faat, abstraction is

and

observed to be slightly more favoraBfeOur focus here is to CH, + X*— CH; + HX (R3)
investigate the reason for radical halogenation which produces
stereoselective products at thfe position. Hence, onlyj and
abstraction of reactionR1 andR2 is considered in this paper.
N th tical studies h b ted th . .
umerous theoretical studies have been reported on the CH," + X, — CHyX + X, (R4)

structures, 1,2-migration barriers, rotational barrierg-afkyl

i —24,26 i i _
3525 et enorination of nlbety radiedput e Wi the G2(MP2,SVP) method, and compare the calulated
are not aware of any theoretical studies on the gauche/transeRrAeégaet'rﬁzt\r’]Vgg rasélﬂgs %t:atagggqv'\gﬁ trlgiurl]tlgigezlsz\:jela?:
selectivity of radical halogenation of alkanes and alkenes. S e .
benchmark, since this method has proven to be more reliable
than the G2 types of methods for calculating thermochemical
properties of radicals and studying radical reactit8.Al-

All calculations in this work were carried out using the though the CBSRAD method is very accurate, it is prohibitive
Gaussian 98 suite of programs. The G2(MP2,S\?Ptheory and expensive for large systems, and it is not applicable for
was employed to examine the reaction profiles of the model reactions involving bromine atoms, such as the reaction BrCH
reactionsR1 and R2. The transition states of both reactions CH, + Br,.
were optimized for abstraction occurring at the gauche and trans  For the CBS-RAD method employed in this study, the
positions relative to the X atom. The G2(MP2,S¥ethod QCISD geometry optimization was carried out using the 6-31G-
is a variant of the Gaussian-2 (32}heory. It requires two (d,p) basis set, instead of 6-31G(d), because the 6-31G(d,p) basis
single-point energy calculations, QCISD(T)/6-31G(d) and MP2/ set is a more balanced basis set for describing the hydrogen
6-311+G(3df,2p) at the MP2(full)/6-31G(d) optimized geom-  apstraction reactions. The ZPEs obtained at the MP2(full)/6-
etry. An effective energy at the QCISD(T)/6-3%®(3df,2p) 31G(d) and the QCISD/6-31G(d,p) levels were scaled by 0.9646
level is obtained by applying the basis-set additivity assumption and 0.9776, respectivef{.In the present study, it is the energy
at the MP2 level. Zero-point energy (ZPE), calculated at the difference between the transition states, rather than the absolute
HF/6-31G(d) level and scaled by 0.8929, and the higher level yalue of the energy barrier, that is important. Thus, we have
correction (HLC) are added to the effective energy leading to also applied the G2(MP2,SVP) and CBRAD methods to

2. Computational Methods

an energy expression for the total energy at 0 K: reactionsR1 and R2 with X = Cl and Y = F and Cl to
determine whether the calculated energy difference between the
E, = E[QCISD(T)/6-31G(d)+ gauche and trans transition states is strongly influenced by the
E[MP2/6-31H-G(3df,2p)]— E[MP2/6-31G(d)[+ ZPE+ effect of geometry and the level of theory employed for
HLC calculating the energy barrier. Unless otherwise noted, calculated
barriers and enthalpies reported in the text include ZPE
where HLC= —An, — B(n, — ng), with A = 5.32 andB = correction.

0.19 mhartree. It is worth noting that the recently introduced
G3(MP2§* method is a more accurate method than the G2-
(MP2,SVP) method and the calculations involved are essentially 3.1. Reactions R3 and R4We begin our discussion by
the same except for the use of a larger GTMP2Large basis setexamining the structures and energetics of reactR8sand

for the basis-set addivitity calculation. Unfortunately, the R4 calculated using the G2(MP2,SVP) and CBSAD meth-
GTMP2Large basis set is not currently available for bromine ods. For reactioR3, we found that the transition states obtained
atom. Therefore, we have considered only the G2(MP2,SVP) at the MP2/6-31G(d) and QCISD/6-31G(d,p) levels are similar
method in this study. For the open-shell systems examined in(see the Supporting Information). Likewise, the choice of
this paper, calculations were carried out using an unrestrictedcomputational method has a small influence on the ZPE
(UHF) Hartree-Fock starting point. correction to energy barriers of reactiB3. On the other hand,

3. Results and Discussion
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TABLE 1: Calculated Barriers and Enthalpies (kJ mol~?) of ered. Here, the QCISD frequency was not calculated because
Reactions R3 and R4 at Various Levels of Theory ZPE difference between the gauche and trans transition states
barrier enthalpy is expected to be small. As is evident in Table 2, the effect of

G2(MP2,SVP) CBS-RAD G2(MP2,SVP) CBS-RAD J€0metry on the G2(MP2,SVP) energy difference is small. The
X @8 MPZE lCISDi IS MPZE (;ISD’ CIsD energy difference calculated with the standard G2(MP2,SVP)
Q Q Q Q method is close to that calculated using the CBR\D theory

CHs + X*(R3) in all of the cases considered. This may be attributed to the
(F:| 8'% 33"51 33'3 _;'53 3 _1212'?? 4_1212'% 4 _120'273 7 fact that both the trans and gauche transition states have a similar
Br 078 814 816 ' 84 3 84.4 ' [F[value, which leads to a cancellation of errors. In fact, for

all of the cases examined in this paper, the trans and gauche

CH™ 4 Xo(R4) transition states are calculated to have an almost ideriféal

F 1.05 242 8.2 13.4 —332.4 —3325 —3225

Cl 088 -103 -7.2 —154 —1287 —-129.1 -122.3 value (see subsequent sections). Thus, we are confident that

Br 0.86 —11.8 —10.4 —110.0 —110.3 the G2(MP2,SVP) method can provide reliable energy difference
aWithout ZPE correction® The spin-squared expectation values be.tween. the gaL.JChe. and trans transition states, which is the

(C3’0) UHF/6-31G(d)) of the transition states. TEEvalues of CH, primary interest in this study.

F, CI, and Br are 0.76, 0.75, 0.76, and 0.76, respectiveljlP2/6- 3.3. Hydrogen Abstraction Reaction R1 with X= H, F,

31G(d) optimized geometrie$ QCISD/6-31G(d,p) optimized geom-  C|, Br and Y = F, Cl, and Br. The calculated barriers and
etries. reaction enthalpies of reactidR1 are given in Table 3. The
. calculated reaction enthalpy increases on going from F to
the level of theory used for geometry optimization and frequency g\ -y qrogen abstraction by fluorine atom is an exothermic
calculation for reactiorR4 is very important, particularly for  o50ti0n whereas abstraction by bromine atom is predicted to
the fluorlne apstracuo_n (see the Sup_portmg Info.rmatlon), be slightly endothermic. In the transition states of these hydrogen
The activation barriers and reaction enthalpies calculated abstraction reactions, the forming and breaking bonds are
u5|tr)1|g the G”2(M|P2|,SV5’) and CB{"R'AD methodsbar_e gg’ef? Ihn roughly linear, i.e., @-H---Y is almost collinear. Because the
'I;la gplé All caleulate : energy vla ur(]es were obtained WIthout o4 ctants of both the gauche and trans abstractions are the same
:ngtho i h(;c;rrl(iat(tzltéor;f.ecrt] gﬁn;r: ,retagtigr?o;?ggl ?g;”g'fzfgt’g in reactionR1, the difference between the energy barriers of
reactions calculated with the G2(MP2,SVP) methog In addition the gauche and trans abstractiak) is in fac_t_the eneray
' : ' difference between the gauche and trans transition states. In this

the reaction enthalpy dR3 is not affected by the choice of 0 the ZPE difference between the gauche and trans transition
energy calculation method. The difference between the valuesg;aias is small. Therefore, the difference between the energy
calculated with the two methods is small, only 0.3 and 1.3 kJ 15 riers of the gauche and trans hydrogen abstraction can be

) - !
mol . for X = Cl and F, rgspec_nvely. On _the other hand, the attributed to the difference in the electronic structures of the
reaction enthalpy of reactioR4 is greatly influenced by the two transition states

choice of energy calculation method, where the G2(MP2,SVP) Examination of Table 3 shows thAE. increases from Y=
a

values are always too large by-20 kJ moi™. . . .
The effect of geometry on the calculated barrier of reaction Fto Br for any given Y..For *= F, the gauche transition state
R3is small. The largest variation is only 0.5 kJ mblHowever I(Sl; always sllghtly Ifl\;ver ('jn energy th?n the trlansdtransmon state
; I N 0.4-2.7 kJ moft) and vice versa for %= Cl and Br. Except
the magnitude of barrier is strongly dependent on the choice of \°Y
g gy dep for the case of X= Cl and Y = Br, the absolute valupAE,|

the energy calculation method. The G2(MP2,SVP) barrier is . ) . .
consistently higher than the CB&RAD value by about 7 kJ increases on decreasing the halogen group for any given X. This
clearly indicates that, as the abstraction barrier increases, i.e.,

mol~1. The choice of both geometry optimization level and vb I tive. th tion b locti
energy calculation method has a large effect on the energy@S Y Pecomes less reactive, the reaction becomes more selective.

barrier of reactionR4. With the G2(MP2,SVP) method, the This finding is, perhaps, not new for chemists. The main intgrest
fluorine abstraction barrier at the MP2 geometry is too high by hereis to understand.\(vhy tiAek, value ghanges from a negative

16 kJ motL, whereas chlorine and bromine absfraction barriers Y2lué 1o a large positive value on going from F to Br.

are too low, compared with values based on the QCISD Several semiempirical methods have been proposed to predict
geometry. Using the same QCISD geometries, the G2(MP2,- the magnitude of hydrogen abstraction barrféiglost of these
SVP) barrier is too low by about 5 kJ m@l for fluorine methods are based on properties of the reactants and products,
abstraction but too high by about 8 kJ mblfor chlorine such as bond energies, reaction enthalpies, electron affinities,
abstraction. The trend observed here is irregular. It is worth and ionization potentials. These quantities are all the same for
noting that the transition state of the most problematic case (X Poth trans and gauche abstraction pathways of reaBtipand

= F of reactiorR4) is suffered from severe spin contamination therefore, they are not site specific. Hence, these approaches
(0= 1.04). Perhaps, this is the major cause of the problem cannot provide insight into factors governing the stereoselective
in the UMP description of reactioR4. Although the energy ~ behavior. Possible properties which are unique to reaction site
difference between the gauche and trans transition states mayare the atomic charge of hydrogen atom, and the bond order
be only several kJ mot, the error associated with this method ~and bond length of the-€H bond of the reactant. A conceivable

is of the same order of magnitude. On the basis of these resultsalternative approach to understand the stereochemistry is to
it is clearly desirable to determine whether the relative energies analyze the geometry and electronic properties of the transition
between the gauche and trans transition states of readtibns ~State involved.

andR2 can be predicted reliably by the G2(MP2,SVP) method.  To examine the atomic charges of the hydrogen atoms and

3.2. Reactions R1 and R2 with X= Cland Y = F and ClI. the Wiberg bond order indic#of the C-H bonds in the XCh+
We have chosen X Cl as a benchmark for reactiof&l and CHs; reactant, we have performed the natural bond order
R2 because the effect of the Cl substituent on the energy barrier(NBO)*® analysis on the basis of the HF/6-31G(d) wave
is expected to be in the middle of the series frons=> to Br. function. The calculated atomic charges and bond indices,

For economical consideration, only %¢ F and ClI are consid- together with the €H bond lengths in XCHCHj3, are listed in
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TABLE 2: Calculated Energy Differencest (kJ mol~1) between the gauche and trans Transition States for Reactions R1 and R2

[FM G2(MP2,SVP) CBSRAD
reaction trans gauche MP2/6-31G¢(d) QCISD/6-31G(d,p) QCISD/6-31G(d,p)
CICH.CH; + F 0.77 0.77 1.8 1.3 2.6
CICH,CHy* + 1.04 1.04 6.2 6.5 7.3
CICH,CH; + CI* 0.78 0.78 4.7 6.8 4.8
CICH,CH; + Cl, 0.87 0.87 5.6 5.8 8.1

aWithout ZPE correction? The spin-squared expectation valug[(] UHF/6-31G(l)) of the transition state$.Level of geometry optimization.

TABLE 3: Calculated? Barriers and Enthalpies (kJ mol~?) attributed to a mixing between the-&1 bonding orbital and
of Reaction R1 (XCH,CHs + Y* — XCH,CHz* + HY) the G-X antibonding orbital ¢*), and the strength of this
barrier E,)° interaction increases from F to Br. Thus, hyperconjugation
X Y trans gauche AE.¢  enthalpy makes the €H bond at the trans position weaker from F to
H = “16.1(0.77) “152.0 Br. This explains why the trans-€H bond order dec_reases from
F = ~104(0.77) —10.8(0.77) —0.4 —142.8 F to Br, whereas the gauche-El bond order remains the same
cl F  -135(0.77) —11.7(0.77) 1.8 —1486 (Table 4).
Er (F:I —lg-i ((8-;2)) —11.1(0.76) 31 —1i13§-§ At the first sight, the use of bond order to explain the trend
E o d 76(0.78) 54(0.78) -22 735 It? the differences between the gauche and trans abstraction
cl a ~04(0.78) 4.4(0.78) 27 98 arriers is contradictory to_the fact that energy barrierRbf
Br Cl —4.9(0.78) 3.7(0.79) 86 —16.5 with X =F, Cl, and Br are higher than that with=XH, whereas
H Br 40.6 (0.78) 457 the bond order of the €H bond in XCHCHs with X = F, ClI,
F Br 56.5(0.78) 53.8(0.78) —2.7 55.0 and Br is smaller than that with X% H. The increase of the
(83' gr 33-8 (0.78) 52.0(0.78) 4.2 49.1  energy barrier from X= H to X = F, Cl, and Br is due to the
' ' 0(0.78) 52.9(0.79) 10.9 42.4 inductive effect of the electronegative halogen atom. This is
3G2(MP2,SVP) values (include ZPE correctiohlhe [¥[values reflected in the calculated atomic charges on the hydrogen atoms

of the transition states are given in parenthe$&sfference between in XCH,CHs (X = F, Cl, and Br), which are always smaller
the barriers of gauche and trans abstractions. than those of the parent analogue £XH). When calculating

TABLE 4: Calculated Atomic Charges of Hydrogen Atoms, the energy difference between the gauche and trans transition
C—H Bond Lengths, and C-H Bond Orders of the gauche states, this inductive effect is effectively canceled out.
and trans Positions of the X Group in XCH,CHs Plausible factors which may influence the magnitudeABf,
charge on hydrogén C—H bond length (&) C—H bond ordet of reactionR1 include (1) polar effect, represents the dipole

X trans gauche trans gauche trans gauche dipole interaction bgtween the bonds on the two carbon atoms,
H 0213 0213 1093 1093 0942 0942 (2) steric effect, malnly the repulsion bet\_/veen X a_md Y atoms,
F  0.220 0.226 1.093 1.092 0936 0934 and(3) stereoelectronic effects. The steric effect is expected to
Cl 0.225 0.230 1.094 1.091 0929 0934 be small here because the X and Y atoms are far apart from
Br 0.225 0.232 1.095 1.091 0.927 0932  each other. Therefore, only the dipeldipole interaction and

2 NBO analysis, based on HF/6-31G(d)//MP2/6-31G(d) wave func- the Stereoelectronic effect are likely to be important. The
tion. ® MP2/6-31G(d) geometrie§ Wiberg bond order indices. dipole—dipole interaction favors the trans transition state. Its

contribution can be roughly indicated by the difference in dipole
moment between the two transition states. In all cases, the dipole
Table 4. As seen in this table, when X is a halogen atom, the moment of the gauche transition state is always higher than that
hydrogen atoms at the reaction site are no longer equivalent.of the trans transition state, as indicated in Table 5. For ¥
For instance, the H atom at the gauche position always carriesand Br, the difference in dipole moment first decreases and then
a more positive charge than that at the trans position. Further-increases from F to Br, whereas the energy difference between
more, the trans €H bond is always shorter by 0.06D.004 the two transition stateg\E;) increases steadily on going from
A. The bond order analysis, however, shows a different trend X = F to Br. This suggests that the dipeldipole interaction
compared with the trends of atomic charge and bond length. is too weak to affect the sequence of the energy differences.
The C-H bond order at the trans position is larger than that at  As with the XCHCH; reactant, one may employ a similar
the gauche position for X= F but smaller for X= Cl and Br, population analysis to examine the stereoelectronic effect in the
indicating the C-H bond at the gauche position is weaker for  transition state of reactioR1. Here, we have calculated the
X = F while stronger for X= Cl and Br. The C-H bond order  hyperconjugation contribution to the energy of the transition
at the trans position de_creases from F to Br, whereas that at thestates Enype) based on the NBO analysis. Thgyper value is
gauche position remains almost the same. The trend in bondcomputed by deleting all of the possible delocalization interac-

orders parallels the trend in energy barriers, where the gauchetions between the unit 1 and unit 2 of the transition state (Figure
abstraction barrier for the same Y remains almost the same anth) je., all of the bonding orbital and antibonding orbital

the trans abstraction barrier decreases from F to Br for the samepteractions between the bonds of the two units, in the NBO
Y (Table 3). Thus, it seems that the-€i bond order is a better  analysis. A negative value means that the interaction stabilizes
index than the calculated charge and bond length for indicating the molecule. For both the gauche and trans transition states,
the reactivity of hydrogen abstraction. Enyper beCcomes more negative on going from=XF to Br.
Second-order perturbation analysis indicates that the strengthHowever, the magnitude dnyper Of the trans transition state
of the hyperconjugation interaction between theXCbond and decreases faster than that of the gauche transition state. The
the trans G-H bond in XCHCHg increases on decreasing the net effect is that hyperconjugation energy difference between
halogen group. The hyperconjugation interaction is mainly the two transition state@\Enype) increases from F to Br (Table
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TABLE 5: Calculated Dipole Moments (u, Debyes), C-C Bond Orders, C—C Bond Lengths (A), and Hyperconjugation

Contributions (Enyper, kJ mol~1) of the Transition State (XCH,CH -

-*H+--Y) of Reaction R1

Enyper® uP bond ordet bond length
X Y trans gauche AEnyper? trans gauche trans gauche trans gauche
F F —151.5 —149.4 2.2 1.511 2.202 1.030 1.033 1.505 1.502
Cl F —160.3 —157.2 3.1 1.764 2.405 1.034 1.033 1.507 1.506
Br F —167.2 —163.1 4.1 1.766 2.436 1.041 1.039 1.504 1.504
F Cl —156.9 —162.3 —5.4 1.127 4.105 1.031 1.043 1.498 1.490
Cl Cl —175.6 —170.1 55 1.138 4.016 1.046 1.043 1.491 1.493
Br Cl —193.1 —-177.0 16.1 1.281 4.036 1.062 1.050 1.485 1.491
F Br —166.0 —169.0 -3.0 0.848 3.695 1.037 1.048 1.494 1.487
Cl Br —185.2 —177.4 7.8 0.816 3.652 1.053 1.047 1.486 1.489
Br Br —205.4 —186.7 18.7 0.847 3.724 1.073 1.054 1.478 1.487

aNBO analysis, based on HF/6-31G(d)//MP2(full)/6-31G(d) wave functidnP2/6-31G(d) values: Wiberg bond order indices.Difference

between the gauche and trans transition states.

unit 2 unit 2

unit 1 unit 1

hydrogen abstraction halogen abstraction
transition state transition state

Figure 2. Partition scheme used in the NBO analysis of the transition
states of reactionR1 and R2.

5). This hyperconjugation interaction argument only fails to
predict theAE, value (-0.4 kJ mot?) for X =Y = F, where

for X = F, Cl, and Br, respectively. For the chlorine and bromine
substituted systems, their calculated barriers are somewhat
higher than our values. Our study confirms that the EFCH
radical has a negligible rotational barrier. Therefore, we conclude
that for X=H, CHs, and F the G-C bond rotation of the XCH
CHy* radical is free, whereas for X Cl and Br, the CG-C
rotation is hindered. This suggests that the configuration of
p-fluorine substituted alkyl radicals and the unsubstituted alkyl
radicals (represented by H and CH) cannot be maintained
during the abstraction reaction, whereas it is possible for
B-chlorine andB-bromine substituted alkyl radicals.

Hoz et al. pointed out that for the XGBH,* radical,
hyperconjugation interaction between the-X bond and the
Cq unpaired electron (in SOMO) of the radical center would
stabilize the ground staté Hyperconjugation interaction is less
important in the rotational transition state. As a consequence,
there are significant differences between the equilibrium
structure and transition state in the-& and C-C bond lengths

the energy of the gauche transition state is predicted to be higher2d the XCC angle (Table 7). The equilibrium structure is

than that of the trans transition state by 2.2 kJ TholA
correlation plot betweeAE; and AEpypershows an almost linear
relationship R? = 0.95; Figure 3). On the other hand, there is
no apparent correlation between the difference in dipole momen
andAE,. These results clearly show that the hyperconjugation
interaction is an important factor in determining the magnitude
of AE,.

Other properties which characterize the hyperconjugation
interaction are the €C bond length and bond order. The
hyperconjugation interaction should lead to a shorte@®ond
and a larger €C bond order in the transition state. As is evident
in Figure 3, there are strong correlations betwaé¢n and the
difference in C-C bond order as well as betwea, and the
difference in C-C bond length.

3.4. Rotational Barrier of the XCH,CH»* Radical with X
= H, CH3, F, Cl, and Br. For all of the XCHCH" radicals
examined in this study, the ground-state structure favors an
eclipsedconformation, where the €X bond has an eclipsed
arrangement with respect to the radical center (i.e., SOMO),
whereas the transition state for—C bond rotation has a

calculated to have a shorter<C bond, a longer €X bond,
and a smaller XCC angle compared with the rotational
transitional state. NBO analysis indicates tBajper increases

ton going from X= H to Br for both the ground state and

transition state (Table 6). Howevéi,yyerincreases significantly
faster for the ground state than the transition state. This leads
to an overall increase of the hyperconjugation-interaction energy
difference between the transition state and the ground state
(designated ad\Enype) from H to Br. It is worth noting that
AEnyperis larger than the corresponding rotational barrier. This
suggests that other factors, such as steric and electrostatic effects,
may also contribute to the overall rotational barrier. Unfortu-
nately, the present population analysis schemes cannot accurately
calculate these effectd*>Given the good correlation between
the rotational barrier andEnypes, it is reasonable to conclude
that hyperconjugation is the key contributing factor in determin-
ing the rotational barrier of the XCI€H,* radical.

Based on DFT and LMP2 calculations, Goddard et al.
predicted that the symmetrically bridged structure is the global
energy minimum of the BrCKCH,* radical?* However, we have

perpendicular arrangement. As seen in Table 6, the calculategshown in a very recent stutihat, although the bridged structure

rotational barriers without ZPE correction for=XH, CHs, and

(?A,) of bromoethyl radical corresponds to a stable equilibrium

F are all close to zero, and they have a negative barrier whenstructure, it is 25.5 kJ mot (G2(MP2,SVP) less stable than

ZPE correction is included. On the other hand, both GICH
CHy and BrCHCH,* are predicted to have a significant
rotational barrier, 5.0 and 10.7 kJ méKafter ZPE correction),
respectively. The rotational barriers of haloethyl radicals (i.e.,
X = F, Cl, and Br) have been studied recently by Zheng and
Philips at the B3-LYP/6-31%+G(3df,3pd) levek® Their
calculated rotational barriers are2.5, 7.9, and 18.4 kJ mo},

the open structure. Similarly, we predict that the stable bridged
chloroethyl radical is 45.4 kJ mol (G2(MP2,SVP) higher in
energy than the open form.

3.5. Halogen Abstraction Reaction R2 with X=H, F, ClI,
and Br and Y = F, CI, and Br. The calculated barriers and
enthalpies of the halogen abstraction reacthare given in
Table 8. All halogen abstraction reactions are calculated to be
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Figure 3. Correlation plots for the hydrogen abstraction reactRinand halogen abstraction reactiB®2.

TABLE 6: Calculated Rotational Barriers (kJ mol ~%) and TABLE 7: Calculated Structural Parameters? of the
Hyperconjugation Contributions (Enyper, kJ mol™?) of the Ground State and Rotational Transition State (TS) of
XCH,CH3* Radical XCH,CH_* Radical
rotational barrier Enyper® r(C—C) r(C—X) OXxcc

X without ZPE  with ZPE  ground state transition state ground ground ground

H 03 10 1573 1566 X state TS state TS state TS
CHs 0.1 -138 —163.3 —162.4 H 1489 1489 1100 1.092 111.8 1116
F 0.9 -2.0 -173.0 —167.1 CHs 1491 1492 1537 1526 1128  113.0
Cl 8.5 5.0 —192.5 —-174.1 F 1.483 1.482 1411 1.396 110.3 110.3
Br 14.7 10.7 —212.3 —=179.7 Cl 1.474 1.481 1.819 1.786 111.2 112.2

aG2(MP2,SVP) values (include ZPE correctionNBO analysis, Br 1.462 1.484 2.009 1.959 1100 1119
based on HF/6-31G(d)//MP2(full)/6-31G(d) wave function. aMP2/6-31G¢(l) values.

exothermic, with the exothermicity decreases down the halogen (Figure 2). Interestingly, many of the halogenation abstraction
group. As with reactioriR1, the transition state of reactidr2 reactions are calculated to have a negative energy barrier. This
is characterized by an almost linear----Y framework is due to the fact that the XGE&H,* radical and halogen
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TABLE 8: Calculated Barrier and Enthalpies (kJ mol ~1) of
Reaction R2 (XCH,CH7* + Y, — XCH,CH,Y + Y*)

Li et al.

difluoroethane (FCHCH,F) which prefers a gauche conforma-
tion, all of the other systems prefer a trans rotamer. The

barrier E2)° enthalpy unexpected gauche preference for the 1,2-disubstituted ethanes
X Y trans gauche AE.,¢ trans gauche with the first-row substituent is the well-known gauche effect.
HF 229 (1.02) 3267 Numerous theorgtlcal studies have begn reported on this gauche
FF 271(1.04) 247(1.04) —2.4 —3213 3248 e.ffect.‘”*53 The important factors which govern the energy
cl F 24.2(1.04)  29.5(1.04) 53-321.4 —319.4 difference between the gauche and trans conformations are polar,
Br F 24.9(1.04) 359(1.05) 11.0-317.3 -312.38 steric, and stereoelectronic effects.
H Cl —16.4(0.85) —1186 Wolfe explained the gauche effect in terms of the attractive
(F:l gll __13'.2 ((8"2?) —_1;):8 ((8:2;)) _25;.56 :ﬂ?:i :ﬁ;% electron-nuclei interaction, the repulsive electreelectron and
Br Cl -12.3(0.87) -1.0(0.87) 113 —112.1 —106.1 nuclei-nuclei interaction, and kinetic energy of electrdf.
F Br -99(0.84) -115(0.84) —1.6 -101.8 —97.2 Basically, all of the interactions can be divided into attractive
Cl Br -135(0.84) -81(0.83) 53 —98.8 —927 and repulsive terms. The dipetelipole interaction is repulsive
Br Br -135(0.85 -10(0.84) 125  -937 -856 in the gauche conformation but attractive in the trans form. The

steric effect is repulsive in both conformations but favors the
trans conformation. The hyperconjugation interaction in both
the gauche and trans conformations is attractive (energy
lowering). The total effect is a combination of the three factors.
If one employ the hyperconjugation interaction argument alone,
Dipole Moments (u, Debyes) of the gauche and trans the gauche conformation of FGBH,F and FCHCH,CI is

Conformations of XCH>CH,Y predicted to be the preferred conformation. However, the trans

Enyper® uP conformation of FCHCHCl is calculated to be more stable by

the G2(MP2,SVP) theory. Because both the dipagole

aG2(MP2,SVP) values (include ZPE correctiohY.he [$[values
of the transition states are given in parenthe$&sfference between
the barriers of gauche and trans abstractions.

TABLE 9: Calculated Energy Differences (AEy, kJ mol—1),
Hyperconjugation Contributions (Enyper, kKJ mo?*l), and

X Y AEg© trans auche trans auche . . h . .
el g g interaction and the steric effect favor the trans conformation, it

F F —3.50  —1455  —156.2 0.000 3.064 is the combined effect of these three factors that leads to a

Cl F 1.98 —-161.1 —-162.7 0.136 3.169 . .

Br F 458 —169.6 —1683 0058 3152 preference of the trans conformation in F&CHH,CI. Although

cl cl 4.72 —173.7 —169.3  0.000 3.119 the steric effect favors the trans conformation, its contribution

Cl Br 6.03 —181.0 —175.0 0.091 3.074 is difficult to estimate. This is due to the fact that the atomic

Br  Br 8.16 —189.2 1822  0.000 3.017 radius of the X atom increases from F to Br as well as the

distance between X and Y also increases from F to Br for a
given Y. Moreover, there is no apparent correlation between
the energy difference and the difference in dipole moment.
Because the hyperconjugation interaction correctly predicts the

. sequence of the energy differences between the gauche and trans
molleculle () readily forms a stable van der Waals complex, conformations, it is safe to conclude that hyperconjugation is
which is more stable than the transition state. However, the probably the major factor in determining the energy difference
complex is just slightly more stable than the transition state, petween the gauche and trans conformations of XTHBY.

eg. by2kJ m_oll for X = Fand Y= Br._T_hus, itis unlikely The transition state of reactidR2 is analyzed in the same
that the formatlon of a str_:lble complex w_|II influence the overall way as the transition state of reacti®l and the XCHCH,Y
stereochemistry of react|d3§2. A comparlson.of Talples 3 and product. The dipole moments,~C bond lengths, an&nyper
8 shows that for both reactiof&l andR2 the inductive effect values of the transition state XGBH,++Y --+Y are summarized
of F, Cl, and Br increases the abstractiqn barrier compared \./vithin Table 10. As with XCHCH,Y, both the dipole-dipole
that for X = H. For the trans abstraction, the energy barrier jo.eraction and steric effect favor the trans transition sate.
first decreases from F to Cl and then increases slightly from Cl yqever their contributions should be smaller than those in
to Br for a given Y, whereas for the gauche abstraction, the o x cH,CH,Y systems, because the dipole moment difference
energy barrier increases steadily from F to Br. ForX, the poqyeen the gauche and trans transition states is smaller and
gauche abstraction is favored in energy over the trans abstraction,|gq the %--Y distance is longer compared with that in the
and vice versa for X= Cl and Br. This trend is similar to that XCH,CH,Y product. As seen in Table 10, the dipole moments
of the hydrogen abstraction reactid®l. However, unlike ot he gauche and trans transition states vary irregularly on going
reactionR1, the AE, value of reactiorR2 is almost the same  fom X = F to Br for a given Y. The same is observed for the
for a given X. dipole-moment difference between the two transition states with
Compared with reactioir1, the reaction enthalpies &2 Y = F and Br. There is no apparent correlation between the
for the gauche and trans abstractions are not distinctly different. difference in dipole moment and the energy difference between
According to Polany-Evans relationshiff factors affecting the  the two transition sates\Es).
reaction enthalpy would also affect the energy barrier. Therefore,  The trend ofAE, can be explained in terms of hyperconju-
it would be instructive to determine the factors affecting the gation interaction. According to this argument, one predicts that
enthalpy difference between the two abstraction pathways, i.e.,the gauche transition state is lower in energy than the trans
the energy difference between the gauche and the transyansition state for X= F, whereas for X= Cl and Br, the
conformations of the product XGEHY. trans transition state is lower in energy. The € bond length
The energy difference between the two conformations of and bond order, properties reflecting the strength of the
XCH2CHyY, their dipole moment, anényper Values are sum-  hyperconjugation interaction, also indicate the same pattern as
marized in Table 9. ThEnyperterm is also calculated by deleting  the hyperconjugation-interaction energy. In all cases, a strong
all of the delocalizatiorrinteraction terms between the bonds correlation is found betweefE, and the properties character-
on the two carbon atoms of the molecule. Except for 1,2- izing the hyperconjugation interaction (Figure 3).

aNBO analysis, based on HF/6-31G(d)//MP2/6-31G(d) wave func-
tion. ® MP2/6-31G(d) values’ Energy difference between the gauche
and trans conformations; G2(MP2) values.
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TABLE 10: Calculated Dipole Moments (u, Debyes), G-C Bond Orders, C—C Bond Lengths (A), and Hyperconjugation
Contributions (Enyper, kJ mol~1) of the Transition State (XCH,CH,:+-Y---Y) of Reaction R2

Enype? uP bond ordet bond length
X Y trans gauche AEnyper? trans gauche trans gauche trans gauche
F F —173.0 —173.2 —-0.2 1.123 2.549 1.045 1.051 1.488 1.480
Cl F —192.8 —181.4 11.4 1.290 2.678 1.058 1.048 1.479 1.483
Br F —211.0 —193.1 17.9 1.277 2.714 1.080 1.056 1.469 1.480
F Cl —169.3 —-172.3 -3.0 0.599 3.721 1.039 1.052 1.492 1.482
Cl Cl —191.2 —179.8 11.4 0.557 3.632 1.057 1.051 1.481 1.484
Br Cl —210.5 —188.5 22.0 0.634 3.652 1.081 1.058 1471 1.482
F Br —175.3 —-177.2 -2.0 0.454 3.451 1.044 1.053 1491 1.482
Cl Br —196.5 —184.7 11.8 0.463 3.331 1.062 1.052 1.480 1.484
Br Br —217.4 —195.6 21.8 0.382 3.400 1.088 1.059 1.469 1.481

aNBO analysis, based on HF/6-31G(d)//MP2/6-31G(d) wave functidfiP2/6-31G(d) values: Wiberg bond order indice$.Difference between
the gauche and trans transition states.

3.6. Implication of Calculated Results on the Stereochem-  observable under a condition which constrains the radical from
istry of Radical Halogenation of Alkanes and Alkenes.In undergo rotation, such as the use of the cyclic alkanes and
the previous three sections, we have explained the patterns inalkenes.
the energy differences between the gauche and trans transition The calculated results of chlorination and bromination are
states of both reactionR1 and R2, as well as the rotational  very different from that of fluorination. For the reaction of the
barriers of the XCHCH;* radicals in terms of hyperconjugation  XCH,CH,* radical with C} or Br», the activation barrier is very
interaction. Here, we discuss the implication of our calculated |ow or even negative. In the case of=XF, Ch and Bp prefer
results on the stereochemistry of radical halogenation of alkanesto attack the gauche position of the F atom. However, because
and alkenes. of the facile C-C bond rotation of the FC¥CH,® radical, the

For the hydrogen abstraction reacti®f, the X group vicinal gauche preference of radical chlorination and bromination of
to the reaction site could change the reactivity of the hydrogen fluorine-substituted alkanes can only be observed for alkanes
atom at the reaction site and thus make the two hydrogen atomsyith constrained structure, such as cyclic alkanes. In distinct
at the gauche and trans positions diastereotbfior X = F, contrast, for X= Cl and Br, C} and Bp prefer to attack the
the abstraction at the gauche position is slightly preferred, gauche position of Cl or Br. These theoretical results are in
whereas for X= ClI and Br, the trans position is preferred. excellent accord with experimental observations. For instance,
Hydrogen abstraction by Cl and Br at the trans position for X Bellucci and Chiappe reported that in the radical bromination
= Br is strongly preferred. The strong preference of the trans of 1,2-diphenylethylenes the gauche abstraction is preferred over
position for the Br atom was explained in terms of the the trans abstractiof.
anchimeric effect by Thaléf. Our calculations also predict that For radical chlorination and bromination, we found that the
for X =F and Y= Cl and Br the gauche abstraction is slightly = yotational barrier of the CICKCH," radical is lower than that
preferred in energy. To date, no direct experimental results cangf the BrCHCH, radical, and for both reactiorR1 and R2,
be found to support our prediction. Radical chlorination or the trans abstraction is preferred in a larger extent with Br
bromination of fluorine substituted cycloalkanes can be used than with X= CI. From these data, one can predict that for the
to prove our prediction. It is pertinent to note that these radical chlorination and bromination of the chlorine substituted
experiments may be difficult because the inductive effect of zkanes the reaction is less stereoselective compared with those

the F atom strongly disfavors the abstraction at/itgosition,  of the bromine substituted alkanes. Similarly, radical chlorination
as indicated in Table 3, and the abstraction barrier of the reactiongf glkenes is less stereoselective than bromination. Again, our
R1 with X = F is much higher than that with % H. theoretical findings are in excellent accord with experimental

The XCH,CH;" radical represents the product of the hydrogen resylts23 For many years, the Skell hypothesis has been used
abstraction reactioiR1 and the reactive intermediate in the to rationalize the stereospecificity of radical halogenations
halogenation of alkene. A high rotational barrier is required to reaction-424 In this study, we show that it is not necessary
maintain the radical Conﬂgura“on dunng the reaction and thus to use the Concept Of “bridged" radical to explain the Observed
to give final stereoselective products (Figure 1). In addition, stereochemistry in radical halogenation.
the subsequent halogen abstraction must be fast enough to ensure
that the C-C bond rotation does not occur before the radical , Concluding Remarks
reacts with the halogen molecule JY In other words, the
halogen abstraction barrier must be significantly lower than the  In this paper, we have studied the stereochemistry of radical
corresponding rotational barrier. Our calculation results indicate halogenation of alkyl halides using the G2(MP2,SVP) method.
that for X = H, CHjs (represents an alkyl substituent), and F For both reactiond®R1 and R2 with X = F, the abstraction
the C-C bond rotation is nearly free. Thus, the radical prefers a gauche position of the F atom, whereas when X is Cl
configuration cannot be maintained during the abstraction or Br, the abstraction prefers a trans position. The energy
reaction. In addition, due to the significantly higher barrier of difference between the gauche and the trans transition state
the reactionR2 with Y = F (Table 8) compared with the increases on going from > F to Br for any given Y. Because
rotational barrier of the XCKCH,® radicals with X= CI and of the almost free €C bond rotation of the XCLCH,* radical
Br (Table 6), the radical configuration of CIGAH,* and with X = H, CHjs, and F, the halogenation of fluorine substituted
BrCH,CH,* cannot be retained during radical fluorination alkanes and ordinary unsubstituted alkanes is predicted not to
reaction. Thus, we predict that stereoselective products in thebe stereoselective. The activation barrier of the fluorine abstrac-
radical fluorination of alkanes and alkenes with unconstrained tion reactionR2 is significantly higher than the rotational barrier
structure cannot be observed directly. However, it may be of the corresponding XCHCH,* radical. Thus, although the
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rotation of the CICHCH,* and BrCHCH,* radicals is hindered,
the radical fluorination of chlorine- or bromine-substituted

Li et al.

(23) (a) Chen, Y.; Rauk, A.; Tschuikow-Roux, E.Chem. Physl99Q
93, 6620. (b) Chen, Y.; Tschuikow-Roux, E.Phys. Cheml992 96, 7266.

(24) Ihee, H.; Zewall, A. H.; Goddard, W. A., 1ID. Phys. Chem. A

alkanes with unconstrained structure is also predicted not to be1999 103 6638.

stereoselective. On the contrary, chlorination and bromination

(25) (a) Sekusak, S.; Gusten, H.; Sabljic,JAPhys. Chenl1996 100,

of alkenes and chlorine- and bromine-substituted alkanes are6212. (b) Sekusak, S.; Liedl, K. R.; Rode, B. M.; Sabljic JAPhys. Chem.
calculated to be stereoselective. This is readily attributed to the A 1997 101, 4245. (c) Sekusak, S.; Sabljic, £hem. Phys. Let1997

trans preference of the hydrogen reacti the hindered €C
bond rotation of the XChCH,* radical, and the low energy
barrier and the trans preference of halogen abstra&biThe

stereochemical control in the radical halogenation reactions can

272, 353. (d) Sekusak, S.; Bartlett, R. J.; SabljicJAPhys. Chem. A999
103 11394.

(26) Zheng, X.; Phillips, D. LJ. Phys. Chem. 200Q 104, 1030.

(27) Martell, J. M.; Boyd, R. JJ. Phys. Chem1995 99, 13402.

(28) (a) Talhaoui, A.; Louis, F.; Devolder, P.; Meriaux, B.; Sawerysyn,

be understood without the use of the Skell hypothesis. The trends)--P-; Rayez, M. T.; Rayez, J. G. Phys. Chem1996 100, 13531. (b)

in the calculated energy difference between the gauche and tran

transition states of reactioi®l andR2, the rotational barrier
of XCH,CHj® radical, as well as the energy difference between
the gauche and the trans conformations of XCH.,Y can be
explained in a uniform manner in terms of hyperconjugation
interaction.
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