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Radicals such as GMCH,*, where X is a halogen, play an important role in the stereochemical control
observed in many chemical reactions. To elucidate the origin of the stereoselectivity, we calculated the structures
and potential energy surfaces of the haloethyl radicals;XCHH,*, X = F, CI, Br, I) using ab initio quantum
mechanics [HF, local MP2, DFT (both B3PW91 and B3LYP)]. We find that theB2&H," and CHICH*

radicals strongly favor the symmetrically bridged structures while thgQDEH," radical leads to similar

energy for symmetric bridging and classical structures. (In contrastHXand F leads to dramatically different
structures). This confirms the Skell hypothesis of symmetric bridging to explain the stereochemical control
of the CHBrCH* and CHICH, radicals, indicating that such bridged structures play an important role in
the dissociation processes involving &CH,* with X = CI, Br, and |. The trends in the rotational barriers

and structural parameters are consistent with hyperconjugation between the singly occupied carbon 2p orbital
and theo*(C-X) MO. We find that the rotational barrier, bridged structure, and dissociation of the radicals
are described much more accurately using DFT (with GGA) than with HF or LMP2.

1.0. Introduction X X
The class of halo radicals such as SI€H,* is important in S :
a number of chemical proces$esand determines the stereo- ' ‘V—x\.m
selectivity of the reaction products from halogenatid?r® of
alkenes and alkanes. Their role in stereoselective control is a) symmetrically bridged b) asymmetrically bridged

determined by whether the radical is classical (Figure 1c) or
bridged and if bridged whether the structure is symmetric (Figure

la) or asymmetric (Figure 1b). The possible minima and X

transition structures for rotation around the-C bond are "
schematically represented in Figure 2. Anti (1) and gauche (ll1) \y’—k
rotamers are candidates for local energy minima on the rotational

energy surface because Pauli repulsion between bonding pairs ©) classical non-bridged

would be minimized at these two conformations. The other two Figure 1. Hypothesized structures f@-substituted alkyl radical. (a)
structures (Il and IV) possessing eclipsed bonds are also possiblésymmetrically bridged, (b) asymmetrically bridged, and (c) classical
transition states on the rotational energy surface. non-bridged.

If the structure of the radical is bridged, we expect retention .
of the stereochemistry. However, if the radical prefers a classical surface for CHXCHz" with X =H, F, CI, Br, and I. These QM
asymmetric conformation, additional conditions must be fulfiled Methods are HF, local MP2 (LMP2), and two kinds of DFT
to exert stereochemical control. Namely, a strong preference(BsL_YP and _BSPW91). We find that = Br and | are
for high population of the anti conformer and nonplanarity of significantly different from the cases of x H, F, and CI.

the radical center are required. ExperimelftaP and theo- Section 2 reviews the current level of understanding for these
reticaP3 studies have led to a good understanding of the Systems. Section 3 explains the QM methods being used, and
structure and energetics for the cases ofXH, F, and Cl;  Section 4 presents the results.

however, little is known about X Br and |. The motivation _ _
for our studies was to elucidate the=XBr and | systems. But ~ 2.0. Previous Studies

we also studied x= H, F, Clin cases to compare to previous 2.1. Experiments.lt is well established that the carbonium

exl|oert|tr11jents and theory. ¢ techni ¢ first orinciol ion CG;HaX™ (where X=H, F, Cl, Br, I) has a bridged structure
n tis papﬁr we USTVI our r?cd niques of Trs hpr|nC|p es IWith one X' shared equally between the two carbéhg®
quantum mechanics (QM) methods to examine the potential | yever, there is no general agreement on whether the radical
" - CoH4X" is bridged?” On the basis of the stereochemical control
To whom correspondence should be addressed (E-mail: wag@ gpserved in the free radical addition of HBr to 1-bromocyclo-
wag.caltech.edu). . .
T Arthur Amos Noyes Laboratory of Chemical Physics. hexene and 1-methylcyclohexene, Goering &tafroduced the
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place between two or more different equilibrium conformations
which differ in energy by<0.3 kcal/mol and which are separated

S —m - -

by a barrier<1.5 kcal/mol. Edge and KocHicould not observe
the f-bromoalkyl (both theg-bromoethyl and thg-bromopro-

Hi H, pionyl) radical in solution even at120° by ESR. As they

Hi Hy pointed out, their inability to observe the ESR spectra of the

pB-bromoalkyl radicaln solutiondoes not indicate that such is
not possible. For example, the ESR spectrg8diromo and
p-iodoalkyl radicals were obtained in frozen solution at 77 K
by 6°Co y-radiolysis®*

2.2. Theoretical Studies.Since the experimental results
hardly distinguish the possibilities, many theoretical calculations
have been performed to determine the most stable structures.
Most theoretical studies have been devoted tgstfieoroethyl
radical (CHFCH,")21736 and to the S-chloroethyl radical
(CH,CICHy?)31-43 with very little attention to thg8-bromoethyl
radical (CHBrCHy)3® and -iodoethyl radical (CHICH,").

2.2.1. CHFCH;'. Early ab initio calculatior®—22-36generally
considered only two structures; the eclipsed structure (IV in
Figure 2), where the carbon 2p orbital is perpendicular to the
| FCC plane, and the anti structure (I in Figure 2), where the 2p
orbital is coplanar with FCC plane. Pople and co-workers
studied the rotational barriers in substituted ethyl radicals using

1 v

Figure 2. A schematic view of the possible rotational minima and the
transition structures of the GMCH, (X = F, ClI, Br, and ).

reported the unexpected preponderanceasfs-1,2-dibromide

in the product mixture from the radical bromination of several
alkyl bromides and suggested that the intermediate bromoalkyl
radical may exist as a three-membered ring species. To>~"""" . ) ! o
understand this stereoselectivity, many researchers have studie@P initio unrestricted HF (UHF) calculations with a minimal
the B-substituted alkyl radicals both experiment&y® and ba§|s set (STO-3G). They pointed out that thg barners of the
theoretically2—43 radicals are smallgr than t'hose of cprrespondlng cations. For

Three possible structures (Figure 1) could play a role in the the CHFCH;" radical, their calculation showed no energy
stereochemical retention observed in many reactions containingdifference between the eclipsed form and the anti conformation.
B-haloalkyl radical$? They rgtlonallzed the g_eneral decrease of r_otathnal_ barrler_ in

(a) symmetrically bridged radical, (b) asymmetrically bridged the radicals by suggesting that the hyperconjugative interaction
radical, and (c) classical radical (asymmetric and nonbridged). P€tween the 2p(C#) orbital and them(CHzF) or 7,(CH:F)

The early proposal by Goering et al. did not distinguish orb!tal at thes-carbon is reduced in the radicals because the 2p
between symmetrically or asymmetrically bridged species. Later, O'bital is no longer vacant. Pross and Radbneported UHF
Skell and co-workef@8 advocated asymmetricallybridged calc_:ulatlons (UHF/4-31G_orUHF/5-SlG) Bfsubstituted ethyl
structure forg-substituted alkyl radicals containing third- and fadicals where the substituents are second-row elements. They
higher row elements to explain the stereochemical control observed that the eclipsed form shov_vs only shght conformational
observed in many reactions. However, on the basis of the Preferences (0.6 kcal/mol) to the anti conformation obEGH,"
hyperfine coupling constants from the ESR spectrum, Bowles and_ r_atlonallzed sn_Jch behawor_ in terms of opposing changes in
et al13 suggested that thé-chloroethyl radical prefers the anti  POSitive and negative hyperconjugation between theFjoup
conformation in which the Cl atom is in the same plane as the 8nd the CHF center. In contrast, Kato and Morokuffeeported
singly occupied carbon 2p orbital. Also, Kochi and co-workers that the eclipsed form is the saddle _pomt for thg mternql fotatlon
disputed Skell's hypothesis based on the inequivalence- of around the &C bond while the anti structure is the minimum
and B-splittings of ESR spectrum in JMCH,CHy* radicals  (at the UHF/4-31G level of calculation).
containing third- and higher row elements. Instead, they Fossey and Nedel&cused the UHF method with the STO-
suggested asymmetrically bridged structures. Semiempirical 3G basis set to study 1,2-migrations observed in many free
INDO calculationé® on ethyl andB-chloroethyl radicals sup-  radical reactions. They considered only the anti conformation
ported this asymmetric bridging hypothesis. Howeygelbromo and the symmetrically bridged form. They reported that they
andg-iodo radicals have not been identified by E®fence, could not find an energy minimum for the bridged structure of
the argument of Kochi and co-workers cannot be applied the CHFCH;* radical. Schlegé? studied the F+ C,H,4 reaction
generally. In response, Skell and co-workémsuggested that by fully optimizing the equilibrium geometries and transition
stereochemical control could be explained also wittyaamic structures using UHF/3-21G, HF/6-31G*, and MP2/3-21G
asymmetric bridging (shuttle motion) where the substituent methods. In contrast with previous ab initio calculations, they
oscillates rapidly between the two carbon atoms. Alternatively, reported that the Ci#CH, radical adopts a gauche conformation
Lloyd and Wood° pointed out that the stereoselectivity can be (Il in Figure 2). They also reported that the anti structure is at
explained in terms of a high rotational barrier around theCGC the saddle point with one imaginary vibrational frequency at
bond in conjunction with a nonplanar radical centerfearhloro, the UHF/3-21G level. On the basis of UHF and MP2 calcula-
B-bromo, ang3-iodo alkyl radicals (based on the ESR study of tions, Clark and co-workers reported that protonétioand
B-halotert-butyl radicals and INDO calculations). Most inves- addition of a metal catidd enhance the stability of the
tigations using ESR techniques have been limited-gubsti- symmetrically bridged structures. Bernardi and co-worKets
tuted radicals containing H, F, Cl, S, Si, and Sn as a substituent.used perturbational MO approaches to rationalize the confor-
For the CHFCH,* radical, Chen et &P observed unusual  mational preference ifi-substituted ethyl radical in the frame-
selective line broadening in the ESR spectra and strongwork of the UHF calculations. They suggested that the
temperature dependence of fproton andg3-fluorine coupling hyperconjugation between the singly occupied carbon 2p orbital
constants. They suggested that a rapid interconversion takesand theo*(C-X) MO plays the major role in determining the
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preferred conformation. Engels and Peyerim¥atported that tion with the nonplanarity of the radical site and/or (ii) steric
the bridged form of CHFCH,* is stable with respect to the hindrance of thgs-substituent due to bridging.

dissociation but too high to allow any shuttle motion in their To distinguish between these two possibilities for explaining
large scale multireferenced configuration interaction (MRD-CI) the stereoselective control, it is important to study simulta-
calculation. They found only one minimum (gauche form) along neously the rotational barrier and the stability of the bridged
the rotation around the-&C bond. In contrast, Tschuikow-Roux  structure. The CkBrCH, and CHICH, radicals have rarely
and co-worker® reported there are two minima and two saddle been studied by ab initio methods. We know of just one ab
points along the rotational surface at the UHF and MP2//UHF initio study?® on the CHBrCH; radical and could not find any

levels of theory. theoretical study on the GHCH,, radical. Moreover, simulta-
2.2.2. CHCICH,*. On the basis of INDO calculations, Biddles Nn€ous studies on both the bridged structure and the rotational
and Hudsof? claimed that thes-chloroethyl radical has a €l barrier have been sparse and no systematic study encompassing

C—C bond angle of 92 supporting the asymmetric bridged all thgﬁ-;ubgtituted haloethyl radicgls has peen reported. This
structure proposed by Kochi and co-worké&t&xcept for this contribution is meant to remedy this situation.
early INDO calculation, there seems to have been no ab initio
calculations supporting an asymmetrically bridged structure for
the CHCICH," radical. Hopkinson et &f performed UHF/4- All calculations were performed using the Jaguar 3.0 pro-
31G* calculations on CKCICH, with minimal and split-valence  gram34which utilizes pseudospectral algorithms. The H, C, and
shell basis sets. They reported a rotational barrier of 2 kcal/ F atoms were described using the 6-31G** basis set. The |, Br,
mol and concluded that there is no evidence of bridging for the and C| atoms were described using the LAV3P relativistic
Cl atom. Molino et aP® studied the conformational preferences effective core potential (REC®)and basis set. The LAV3P
and structural trends for a series of fluorine- and chlorine- basis set consists of 3s3p1d valence primitive Gaussian functions
substituted methyl and ethyl radicals using MNDO type contracted to 3s2pld. The RECP was based on atomic calcula-
calculations with UHF and half-electron formalisms. Their tions including relativistic effects.
calculations suggested that the $F€H, radical prefers the For each system, the geometry was optimized at three levels
eclipsed conformation and the GEICH; radical prefers the  of theory restricted to be proper spin states: (1) Hartfemck
anti conformation. Fossey and Nedéfeceported that the  (HF), (2) second-order local MgllePlesse€€ perturbation
bridged CHCICH; radical is 53 kcal/mol higher than the anti  theory (LMP2) to account for electron correlation, and (3)
structure. Schlegel et & .studied the Ch C;H, reaction using density functional theory (DFT).
UHF/3-21G*, HF/6-31G*, and MP2/3-21G methods and re-  |n addition, we carried out LMP2 calculatici$® at the
ported that the CKCICH; radical adopts an anti conformation  optimized HF geometry, denoted LMP2//HF. We did not include
with a rotational energy barrier of 4 kcal/mol. Hoz et®s$tudied spin—orbital coupling. This has negligible effect for the mo-
the 1,2-rearrangement fhsubstituted ethyl radicals using active  |ecular radials since the states are orbitally nondegenerate. For
space multiconfiguration self-consistent field calculations. They the dissociated halo radials, the calculated bond energies should
reported that the symmetric bridged structure is above the Cl be decreased by (1/3)ERPy, - 2P35). This is significant only
+ C;H, dissociation energy limit, suggesting that symmetric for iodine, where the adiadatic bond energy would8kcal/
bridging in CHCICH, is not likely. In contrast, Engels et &. mol lower.
performed large-scale MRD-CI calculations and reported that Two flavors of DFT method were used, B3PW91 and
the symmetrically bridged form is stable to the dissociation and B3LYP. Both include gradient corrections, exact HF exchange,
only 6.2 kcal/mol higher than the anti conformation. Recently, making them much more accurate than the simple local density
Tschuikow-Roux and co-workers studied the rotation/inversion approximation (LDA). B3LYP employs a combination of
barriers of CHCICH,.3” They reported that the rotational barrier exchange terms: exact HF, the Becke 1988 nonlocal gradient
for CH,CICH; is only 1.5 kcal/mol at the MP2/6-311G*//HF/  correction®® and the original Slater local exchange functioifal.
6-31G* level with the anti conformation preferred. They did In addition, it uses the Voskewilk —Nusair (VWN) local
not study the bridged structure for the radicals. functionaf! and the Lee-Yang—Parr local and nonlocal electron

2.2.3. CHBrCHy". On the basis of ab initio large scale MRD- correlation functiona$? B3PW91 uses the same exchange
Cl studies of thes-haloethyl radicals for X= F, Cl, and B, functional as B3LYP but uses the PerdeWang 1991 local
Engels and Peyerimhdffreported that the absolute minimum  correlation functional and the GGA-II nonlocal correlation
in the potential energy surface is an asymmetric radical for all functional®
three cases. The structures of the asymmetric radicals in their For the minima and transition states, we calculated harmonic
calculations did not show evidence for asymmetric bridging. Vibrational frequencies at the HF, B3PW91, and B3LYP levels
On the basis of the energy difference between the absoluteof theory. This was used to obtain the zero point energy. All
minimum and the symmetric conformation, they suggested that minima were found to have all real frequencies and all transition
the shuttle motion is highly probable in GBYCH, but less states were found to have just one imaginary frequency except
favorable for CHFCH, and CHCICH,. It should be noted that  for the case of the CHFCH,* radical. The relative energies and
the shuttle motion in the Engels and Peyerimhoff discussion is dissociation energies were corrected for the zero point energy
different from Skell's dynamic asymmetric bridging in that the Using a scaling factor of 0.92 for HF and 0.98 for DFT methods.
latter refers to the rapid oscillation between two asymmetrically For the LMP2//HF and LMP2 calculations, we used the HF
bridged radicals while the former involves a symmetrically Zero point corrections. All (unscaled) zero point energies and
bridged structure between two asymmetric nonbridged radicalstotal energies are provided in Table 1.
(classical radicals). ) )

In the most recent study on tlfesubstituted ethyl radicals, él(-)l )?g;u'ti(fqﬂl;ﬂgsgm?d Haloethyl Radicals;
Guerr&! concluded that the observed stereochemical control 2 2 (X =F, ClLBrl
could be accounted for by (i) a high population of the anti ~ 4.1. Asymmetric Structures and the Rotational Barriers.
conformer in radicals bearing third-row substituents in conjunc- To find the global minima and correlate the structural changes

3.0. Calculations
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TABLE 1: Total Energy (Hartree) of CH ,XCH, Radicals Calculated at Various Levels of Theory

method GH4 | Br Cl F H
HF —78.03887 (34.19) —11.15723 —12.91863 —14.68120 —99.36175 —0.49823
LMP2//HF —78.31376 —11.17128 —12.93869 —14.70823 —99.48943 —0.49823
LMP2 —78.31430 (32.89) —11.17128 —12.93869 —14.70823 —99.48943 —0.49823
B3PW91 —78.56139 (32.10) —11.38531 —13.15084 —14.91530 —99.67926 —0.50217
B3LYP —78.59380 (32.07) —11.36306 —13.13069 —14.89608 —99.71429 —0.50027
method aCHsCH: (1) te-CHsCH, (1V)
HF —78.60129 (39.75) —78.60072 (39.07)
LMP2//HF —78.87128 —78.87102
LMP2 —78.87139 —78.87108
B3PW91 —79.13431 (37.43) —79.13416 (37.17)
B3LYP —79.16369 (37.35) —79.16354 (37.08)
method a-CHFCH; (1) g-CHFCH, (1) tex-CH.FCH; (1V) teh-CHFCH, (II)
HF —177.44560 (35.76) —177.44600 (35.65) —177.44535 (35.24) —177.44526 (34.87)
LMP2//HF —177.87046 —177.87244 —177.87218 —177.87082
LMP2 —177.87101 —177.87324 —177.87293 converge to |
B3PW91 —178.31942 (33.58) —178.32024 (33.29) —178.31993 (32.81) converge to |
B3LYP —178.38507 (33.49) —178.38582 (33.19) —178.38549 (32.70) converge to |
method a-CHCICH; (1) b-CH,CICH, te-CH,CICH; (1V)
HF —92.72628 (34.89) —92.72150 (34.55) —92.72221 (33.68)
LMP2//HF —93.02238 —93.02078 —93.01971
LMP2 —93.02272 —93.02137 —93.01986
B3PW91 —93.50166 (32.89) —93.49428 (32.86) —93.49547 (31.94)
B3LYP —93.50936 (32.77) —93.50664 (32.86) —93.50220 (31.82)
method a-ChBrCH; (1) b-CH,BrCH, te-CH,BrCH, (IV)
HF —90.94928 (34.55) —90.95898 (34.57) —90.94336 (33.25)
LMP2//HF —91.23914 —91.25103 —91.23406
LMP2 —91.23956 —91.25164 —91.23488
B3PW91 —91.72445 (32.62) —91.72603 (32.93) —91.71438 (31.57)
B3LYP converge to bridge —91.73727 (32.82) —91.71997 (31.46)
method a-CHCH; (1) b-CH,ICH. te-CHICH, (1V)
HF —89.17801 (34.30) —89.19758 (34.57) —89.17114 (32.99)
LMP2//HF —89.46416 —89.48363 —89.45770
LMP2 —89.46458 —89.48425 —89.45832
B3PW91 converge to bridge —89.95607 (32.88) —89.93640 (31.49)
B3LYP converge to bridge —89.96520 (32.70) —89.93985 (31.24)

2 The unscaled zero point energies (kcal/mol) are also presented in
a prefix of te-. The symmetrically bridged structure has a prefix of b-.

with the relative energies between each conformation, we
optimized the geometries at a HF level as a function of the
torsion anglev at 5 steps. Single point calculations with LMP2,

B3PW91, and B3LYP methods were then performed at the
geometries optimized at the HF level of theory. Figure 3 displays

parentheses. The anti conformer has a prefix of a- and the eclipsed form has

= F rather strongly favors gauche (lll) with = 64—70°. Here
the barrier through the IV* rotamew(= 90°) ranges from 0.16
to 0.4 kcal except for HF. While HF finds a minimum at the
anti conformation = 0°), the MP2 and DFT calculations do
notlead to a minima; they find a saddle point instead. (33X

the resulting rotational energy curves. Then, the geometries of Cl, Br, | strongly favors the antie{ = 0°) conformation and

the minima and the transition structures were fully optimized
also at LMP2, B3PW91, and B3LYP levels of theory. The

the rotational barrier through the IV rotamer increases in the
order of Cl, Br, and I.

calculated total energies at minima and transition states are given For the GHs and CHFCH, radicals, the internal rotation is

in Table 1 and the relative energies are provided in Table 2.

almost free. Our HF results on the eFCH, radical generally

The optimized structures at various levels of theory are presentedagree with the estimates based on ESR'datad are close to

in Table 3.

At all levels of calculations, the G&€ICH,, CH,BrCH, and
CH,ICH; radicals have only one minimum [the anti conforma-
tion (1)] and only one transition state (IV). In contrast, the £H
FCH;, radical shows different behavior for the various methods.
The HF calculation finds two minima (I and Ill) and two
transition states (Il and IV) while the LMP2 and DFT calcula-
tions show only one minima (l1l) and two saddle points (I and
V).

All methods give somewhat similar overall descriptions of
the various CHXCH; cases. Thus, in all cases: (1) X H
slightly favors anti (withw = 0°); the rotational barrier through
the IV* rotamer is less than 0.2 kcal/mol except for HF. (2) X

the results from recent ab initio calculations at the UHF and
MP2//HF levels of theory by TschuikowRoux and co-
workers?! In contrast, the LMP2 and DFT methods give only
one stable conformation (gauche) rather than two minima (anti
and gauche) for CHFCH,. Instead, the anti structure is located
at the saddle point at the LMP2 and DFT methods. There is no
general agreement on the nature of the anti rotamer. Sgfhe
previous ab initio calculations suggest a saddle point for the
anti structure ¢ = 0°) while otherg'-3find a minimum there.

For the GHs and CHFCH, radicals only, the energy difference
between rotamers is comparable to the difference of the zero
point energies. Indeed, some of the rotational barriers become
negative after the correction for the zero point energies. This



6642 J. Phys. Chem. A, Vol. 103, No. 33, 1999 Ihee et al.

HF LMP2//HF

8 - 8 1

+ X=H

- —— X=F =
2 6+ —A— X=Cl g 61
= (a) —— X=Br § (b)
‘x’ - X =1 x
- >
o [
z -
@ Q
c c
° o
Ny [
2 2
] , 5
° A TV oo @
= q 30 60 90 120 150 180 -

-2 4

torsion angle torsion angle
B3PW91//HF B3LYP/HF

E 5
£ E
= =
«© «©
o Q
S <
> >
o o
g Ly
o o
c c
o o
o o
= 2
s k:
e e

24 -2

torsion angle torsion angle

Figure 3. The energy of ChXCH, as a function of torsion anglej (In these calculations the torsion angle was fixed and all structural parameters
optimized.): &) HF, (b) LMP2//HF, () B3PW91//HF, ) B3LYP//HF.

reversal of Bora-Oppenheimer potential energy surface was  The structures optimized with the LMP2 method are very
also observed in previous ab initio calculati®hen the CH- similar to those with HF while DFT geometries show consider-
FCH, radical. able deviation from the LMP2 geometries. The DFT methods
Early UHF calculation® with the 4-31G* basis set suggested (B3PW91 and B3LYP) yield similar geometries.
that CHCICH, has two minima and two transition states, just The XCC bond angles in the haloethyl radicals at the
as for CHFCH,. However, later UHF resuftéwith the 6-31G* asymmetric bridging minima in the rotational energy curve are
basis set showed that the gEICH, radical has only one  only slightly less than the tetrahedral bond angle. At the anti
minimum and one transition state for internal rotation about conformations, the radical centers are slightly distorted from
the C-C bond. Our results also support this conclusion. the perfectly planar form so that the singly occupied carbon 2p
For CH,BrCH, and CHICH,, the potential energy curves orbital is anti to the halogen.
for the internal rotation have not been previously reported. The  An early INDO calculatiof® showed that CKCICH, has the
general form for the rotational energy curves for the,B¥CH, asymmetrically bridged structure. However, later ab initio
and CHICHj, radicals are very similar to that of the @EICH, studie$'*? showed no evidence of asymmetric bridging.
radical. They also have only one minimum at the anti conforma-  Figure 4 displays the changes in the structural parameters as
tion and only one saddle point at the IV rotamer. The LMP2// a function of the torsion angle. The behavior observed fbt:C
HF and HF calculations show comparable barriers while both and CHFCH;, radicals is quite different from that in the other
DFT//HF methods (B3PW91//HF and B3LYP//HF) lead to haloethyl radicals. For ££s and CHFCH, radicals, the €&C
barriers twice as high. bond length and €X bond length are independent of the torsion
Compared with the §Hs and CHFCH, radicals, the haloethyl ~ angle while the X-C—C bond angle decreases from the | to
radicals containing third-row or higher substituents have IV rotamers. However, for the GIEICH,, CH,BrCH,, and CH-
relatively high rotational barriers. The rotational barriers increase ICH, radicals the &C bond length increases and-& bond
in the order of Cl, Br and |. The results calculated at LMP2 length decreases from the | to the IV rotamer. The shape of the
level were very close to those of LMP2//HF. Kochi and co- X—C—C bond angle as a function of the torsion angle has
workerd® estimated~4 kcal/mol for the rotational barrier about  minima at the | and Il conformations and maxima at Il and IV
C—C bond of the CHCICH, radical from their ESR investiga-  conformations. The trends of-€C bond length and XC—-C
tion. DFT calculations lead to results in good agreement with bond angle might be explained solely by Pauli repulsion between
experiment (3.9 kcal/mol for B3PW91 and 3.5 kcal/mol for the singly occupied carbon 2p orbital and the halogen doubly
B3LYP) with larger errors for HF (2.6 kcal/mol), LMP2//HF  occupied orbitals. However, the trend in the-X bond length
(1.7 kcal/mol), and LMP2 (1.8 kcal/mol). is not rationalized by the same argument because it would
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TABLE 2: Relative Energies (kcal/mol) of CH,XCH, Radicals Calculated at Various Levels of Theor§y

CHsCH,

Method a-CHCH; (1) te-CHCH; (IV)
HF 0 0.360 (-0.259)
LMP2//HF 0 0.167 ¢0.452)
LMP2 0 0.193 (-0.426)
B3PW91 0 0.0950.160)
B3LYP 0 0.098 (-0.167)

CHFCH;

Method a-CHFCH; (1) g-CHFCH, (111) tex-CH.FCH; (1V) teh-CHFCH, (I1)
HF 0.253 (0.353) 0 0.413 (0.040) 0.465(.255)
LMP2//HF 1.246 (1.346) 0 0.1640.209) 1.015 (0.295)
LMP2 1.401 (1.501) 0 0.194+0.179) converge to |
B3PW91 0.513(0.797) 0 0.193-0.277) converge to |
B3LYP 0.469 (0.753) 0 0.20510.275) converge to |

CH,CICH,

Method a-CHCICH. (1) b-CH,CICH, te-CH.CICH, (IV)
HF —2.998 (-2.689) 0 —0.444 (-1.236)
LMP2//HF —1.000 (-0.691) 0 0.6730.122)
LMP2 —0.852 (-0.543) 0 0.942 (0.150)
B3PW91 —4.629 (-4.600) 0 —0.745 (-1.647)
B3LYP —1.705 (1.793) 0 2.786 (1.767)

CHzBI’CHz

Method a-CHBrCH; (1) b-CH,BrCH, te-CH,BrCH; (V)
HF 6.089 (6.071) 0 9.800 (8.599)
LMP2//HF 7.457 (7.439) 0 10.648 (9.447)
LMP2 7.583 (7.565) 0 10.519 (9.318)
B3PW91 0.991 (0.687) 0 7.310 (5.997)
B3LYP converge to bridge 0 10.855 (9.522)

CH3ICH,

Method a-CHICH (1) b-CH,ICH, te-CHICH> (1V)
HF 12.281 (12.035) 0 16.591 (15.153)
LMP2//HF 12.219 (11.973) 0 16.272 (14.834)
LMP2 12.345 (12.099) 0 16.268 (14.830)
B3PW91 converge to bridge 0 12.343 (10.981)
B3LYP converge to bridge 0 15.912 (14.481)

aThe values in parentheses are corrected for the zero point energies. The anti conformer has a prefix of a- and the eclipsed form has a prefix of
te-. The symmetrically bridged structure has a prefix of b-.

increase with the torsion angle to minimize the repulsion rather bond character and weakens theXCbond, the anti conformer
than decrease as observed in Figure 4. has the minimum €C bond length and the maximum-&X

On the basis of UMP2 calculatidh,Guerra explained the ~ bond length.
unexpected trend of the-<X bond length in terms of the highly By means of the electron transmission spectroscopten
stabilizing interaction between the singly occupied carbon 2p butyl halides (CH)3CX, Modeli et al®* observed that the*-
orbital and ¢*(C—X) MO. This interaction (referred to as (C—X) MOs lie low in energy only for X in the Br, I, and higher
hyperconjugation) was studied extensively by Bernardi and co- rows. They reproduced these experimental results usingdXsS
workers243239 They performed fragment interaction analysis calculations (an approximation to the LDA approximation of
of the UHF calculations and concluded that the contribution of DFT). We also examined the SOMO and LUMO energies for
hyperconjugation between the singly occupied carbon 2p orbital CH,XCH, radicals. Table 4 lists the SOMO and LUMO energies
ando*(C—X) MO is dominant in determining conformational  and also the differences for the rotamer IV calculated at various
preference in thg-chloroethyl radical. The trends of the relative levels of theory as discussed above. The rotamer IV is expected
energies and other structural parameters are also consistent withio have the least hyperconjugation. It is clear that the LUMO
this hyperconjugation. Figure 5 shows a schematic of the singly energies are very low for X ClI, Br, and | compared to X
occupied highest molecular orbital (SOMO) we find for rotamers H and F. Especially, the LUMO energies calculated with DFT
I and IV. The hyperconjugation is maximum in the anti methods seem to emphasize these trends. This might explain
conformation (rotamer I) and decreases with increasing torsion the higher rotational barriers (energy difference between | and
angle. The SOMO of rotamer | results from hyperconjugation 1V) calculated with the DFT methods compared to the LMP2
between the carbon 2p orbital and #1¢C —X) MO. In contrast, results. The more electronegative halogen (F) disfavors hyper-
the SOMO of IV has hyperconjugation between the 2p orbital conjugation by raising the energy of th&(C—X) MO. This is
ando*(C—H) MO, which is much weaker. Thus, the IV rotamer also consistent with the magnitudes of the changes in the
has the maximum energy due to the absence of this stabilizingstructural parameters, which increase in the order Cl, Br, and I.
hyperconjugation between the carbon 2p orbital anddthe From Table 3, we see that the<€C bond lengths of rotamer |
(C—X) MO. Since hyperconjugation enhances thedouble dramatically decrease from % F to X = | while rotamer IV
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TABLE 3: Optimized Structural Parameters of #-Substituted Ethyl Radicals (GH2X-CqH2)?

(a) HF level
X=H X=F X=Cl X =Br X=1
| I\VvV* | I* 1 I\V* | I\vV* | I\vV* | I\vV*
r(Ca—Cp) 1.498 1.497 1.490 1.489 1.489 1.489 1.474 1.488 1.467 1.488 1.464 1.490
r(Cs—X) 1.090 1.085 1.379 1.376 1.371 1.370 1.875 1.836 2.062 2.009 2.246 2.181
OXCsCy 111.7 111.4 110.7 110.5 110.0 110.0 110.6 111.5 110.6 112.0 111.3 113.1

r(Cs—Hap) 1.086 1.088 1.083 1.086 1.088 1.087 1.077 1.081 1.076 1.080 1.077 1.081
r(Cs—Hap) 1.086 1.089 1.083 1.083 1.085 1.087 1.077 1.081 1.076 1.080 1.077 1.081
OH3CC 111.3 111.5 111.2 111.5 111.8 111.6 1134 112.8 1141 113.0 114.1 112.7
OH4CC 111.3 111.6 111.3 111.4 111.3 111.6 113.4 112.7 1141 113.0 1141 112.7
OH33CHgs 108.0 106.8 108.8 108.5 108.1 107.8 110.7 109.0 111.3 109.2 111.2 108.7
r(Co—Hio) 1.075 1.074 1.074 1.072 1.074 1.073 1.073 1.074 1.073 1.074 1.073 1.075
r(Co—Hao) 1.075 1.072 1.074 1.073 1.074 1.071 1.073 1.070 1.073 1.070 1.073 1.070

OH;CC 119.7 120.5 119.6 1215 119.5 120.0 119.4 118.4 119.6 118.1 119.8 118.0
[OH,,CC 119.7 121.6 119.6 119.4 118.6 119.9 119.4 121.6 119.6 122.2 119.8 122.7
0 78.5 90.1 79.5 87.2 101.9 89.9 80.0 90.0 80.7 90.0 81.2 90.0
) 0.0 90.0 0.0 34.6 65.6 90.0 0.0 90.0 0.0 90.0 0.0 90.0
(b) LMP2 level
X=H X=F X=ClI X =Br X=I
| [\ I* 1] 1l I\V* | (\VAd | IV* | \VAd
r(Ca—Cp) 1.497 1.496 1.496 1.489 1.489 1.481 1.484 1.472 1.485 1.468 1.491
r(Cs—X) 1.096 1.089 1.405 1.399 1.398 1.855 1.822 2.035 1.986 2.212 2.153
OXCsCq, 111.6 1114 111.3 110.0 109.8 111.6 111.4 111.3 112.5 111.8 112.5
r(Cs—Hag) 1.090 1.094 1.091 1.097 1.096 1.086 1.091 1.086 1.090 1.086 1.091
r(Cs—Hap) 1.090 1.094 1.090 1.093 1.095 1.086 1.091 1.086 1.091 1.086 1.090
OHgCC 111.3 111.4 110.6 1115 111.7 111.2 112.2 112.8 111.8 112.8 111.7
OH4CC 111.4 111.5 110.9 111.3 111.8 112.3 111.4 112.9 112.0 112.9 111.8
OH3sCHgg 108.1 106.7 107.9 107.9 107.6 109.7 108.0 110.1 108.1 109.9 107.6
r(Co—Hio) 1.080 1.079 1.079 1.080 1.078 1.079 1.081 1.080 1.087 1.080 1.082
r(Co—Hzq) 1.080 1.078 1.079 1.079 1.077 1.079 1.077 1.080 1.078 1.080 1.077
[OH,,CC 120.2 120.5 120.5 119.2 120.1 119.6 118.7 119.8 116.4 119.9 118.4
OHCC 120.1 121.6 119.8 118.8 119.7 119.8 121.7 119.9 120.9 120.0 122.5
0 80.7 91.2 82.5 100.4 90.0 80.7 90.8 81.0 101.4 80.9 91.0
o 0.0 90.0 0.0 69.5 90.0 0.0 90.0 0.0 78.0 0.0 90.0
(c) B3PWOL1 level of DFT
X=H X=F X=Cl X =Br X=1
| I\ I* Il 1] I\ | I\ | Iv* | IvV*
r(Co—Cp) 1.485 1.485 1.482 1.478 1.478 1.451 1.476 1.427 1.476 1.477
r(Cs—X) 1.103 1.094 1.404 1.387 1.384 1.931 1.843 2.170 2.014 2.191
OXCsCy 1121 111.9 110.8 111.0 111.0 109.7 112.1 108.2 1125 113.4
r(Cs—Hasp) 1.096 1.100 1.096 1.105 1.104 1.089 1.096 1.087 1.096 1.094
r(Cs—Hap) 1.096 1.100 1.096 1.100 1.104 1.089 1.096 1.087 1.096 1.096
OH3CC 111.8 111.9 111.3 111.6 1115 114.5 112.9 116.4 113.2 112.9
OH4CC 111.8 111.9 111.3 111.2 111.5 114.5 112.8 116.4 113.2 113.1
OH3sCHag 108.0 105.8 108.5 106.9 106.5 114.4 107.7 113.1 108.0 107.8
r(Co—Hia) 1.085 1.085 1.085 1.084 1.084 1.084 1.085 1.084 1.086 1.087
r(Co—Hzq) 1.085 1.084 1.085 1.084 1.082 1.084 1.082 1.084 1.081 1.083
OH;,CC 120.8 120.6 120.5 120.2 120.2 120.4 118.6 120.6 118.3 117.6
OH2CC 120.8 121.7 120.5 119.5 120.1 120.4 121.8 120.6 122.4 122.2
0 84.3 90.0 83.3 96.5 89.6 83.9 90.0 85.0 90.0 98.5
) 0.0 90.0 0.0 64.4 90.0 0.0 90.0 0.0 90.0 81.5
(d) B3LYP level of DFT
X=H X=F X=Cl X =Br X=I
| IvV* I* 1] 1 \%d | (AVAd | I\vV* | \VAd
r(Co—Cp) 1.489 1.489 1.484 1.480 1.481 1.447 1.479 1.479 1.480
r(Cs—X) 1.104 1.094 1.411 1.393 1.390 1.970 1.858 2.030 2.204
OXCpCy 1121 111.9 110.6 110.8 110.8 109.2 112.1 112.5 113.5
r(Cs—Hap) 1.096 1.101 1.096 1.105 1.104 1.087 1.096 1.095 1.095
r(Cs—Hap) 1.096 1.101 1.096 1.100 1.104 1.087 1.096 1.095 1.095
OH3CC 111.8 112.0 1114 111.8 111.5 115.2 113.0 112.4 113.1
OH4CC 111.8 112.0 111.4 111.3 111.6 115.2 113.0 113.4 113.1
OH3CHap 108.1 105.7 108.7 106.9 106.6 112.0 107.8 108.1 107.7
r(Co—Hao) 1.085 1.083 1.084 1.084 1.083 1.084 1.085 1.086 1.081
r(Co—Hzq) 1.085 1.084 1.084 1.084 1.082 1.084 1.081 1.081 1.086
OH.,CC 120.8 121.7 120.5 120.2 120.2 120.5 118.5 118.2 123.0
OH2CC 120.8 120.6 120.5 1195 120.0 120.5 121.8 122.5 118.1
0 84.3 90.0 83.3 91.0 89.5 84.1 90.1 90.0 90.1
) 0.0 90.0 0.0 69.5 90.0 0.0 90.0 90.0 90.0

aThe bond lengths are in A and the angles are in degrees. The blanks indicate that the corresponding structure cannot be located either in a
minimum or in a saddle point.
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Figure 4. The geometric parameters optimized as a function of torsion anglaith the HF method: & C—C bond length (&), If) X—C—C
angle (deg),® C-X bond length (A).

g TABLE 4: SOMO and LUMO Energy (Hartrees) of the IV
< X Rotamer of CH,XCH ;
Y D, ey SOMO LUMO LUMO-SOMO
= g U HF
’ CoHs —0.17460 0.25865 0.43325
CHFCH, —0.18469 0.25851 0.44320
CHCICH,  —0.19116 0.18879 0.37995
a) SOMO of rotamer 1 b) SOMO of rotamer IV CH.BICH, —0.19098 0.14300 0.33398
— CH,ICH2 —0.18978 0.10579 0.29557
: LMP2
CoHs —0.17462 0.25781 0.43243
| CHFCH,  —0.18536 0.25583 0.44119
D) CHCICH, ~ —0.19032 0.19282 0.38314
CH,BrCH, —0.19497 0.14994 0.34491
CH,ICH; —0.18872 0.11009 0.29881
¢) SOMO of a bridged structure B3PW91
Figure 5. A schematic representations of the singly occupied highest ~ CaHs —0.10000 0.12519 0.22519
molecular orbital (SOMO) of CEKCH; radical (X= ClI, Br, and I): CHzFCH, —0.10881 0.10513 0.21394
(a) rotamer 1, b) rotamer IV, and € symmetrically bridged structure. CHCICH, —0.11457 0.01644 0.13101
CH,BrCH, —0.11455 —0.01626 0.09829
shows little change. This observation is also consistent with the CHICH2 —0.11541 —0.03897 0.07644
hyperconjugation explanation. B3LYP
4.2. Bridged Structures.At all levels of theory in this study, gi:'sFCHz :8-2%22 8-13;33 g-géggg
the radicals with X= ClI, Br, and | lead to symmetrically bridged 2 s : ’
. . . . . CH:CICH, 0.11213 0.01378 0.12591
minima with no imaginary frequency. For the gEICH; radical, CH,BICH, —0.11208 —0.01880 0.09328
all methods predict that the bridged structure is less stable than CH,ICH, -0.11132 —0.04026 0.07106

the anti conformer. In contrast, the bridged structures are the
global minima for CHBrCH, and CHICH, radicals at all levels radical is 53 kcal/mol higher than the anti structure, but still
of calculation. At the LMP2 level, the bridged form is more stable to the dissociation. However, Hoz et%studied 1,2-
stable than the anti form by more than 7 kcal/mol for £H rearrangement of C)#ICH, using the active space multicon-
BrCH, and 12 kcal/mol for CHHICH,. The B3PW91 and B3LYP  figuration SCF method and reported that the bridged structure
methods indicate that the anti conformation of the,(THH, is above the gH, + CI dissociation limit. In contrast, Engels
radical is not a local energy minimum. Also, the anti BHCH, et al3® reported MRD-CI calculations indicating that the
radical optimized with B3LYP converged to the bridged symmetrically bridged structure is stable with respect to the
structure. The calculated total energies and the relative energieglissociation reaction. Their bridged conformation corresponds
for the symmetrically bridged structures at various levels of to the transition state for the shuttle motion. From unrestricted
theory are presented in Tables 1 and 2, respectively. The MP2 calculations, Guerfaalso reported that theA; state of
optimized structural parameters calculated at various levels ofthe symmetrically bridged CiCICH, radical is below the
theory are also given in Table 5, and Table 6 lists the vibrational dissociation limit while the’B, state is dissociative without a
frequencies and assignments. minimum and lies above th#; state. The vibrational frequen-
The symmetrically bridged conformation of GEICH, was cies calculated for the symmetrically bridged £HCH, radical
studied previously. Fossey and Nedéfeesed UHF with the are all real in our calculation, indicating that it is located at a
STO-3G basis set to study the 1,2-migrations observed in manylocal minimum rather than a saddle point. Engels et al. studied
free radical reactions. They reported that the bridged@&H, also CHBrCH;, radicaf® where they reported that the bridged
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TABLE 5: Optimized Structure of the Bridged Radicals at of CH,XCH,. The SOMO of the symmetrically bridged form
Various Levels of Theory* is represented schematically in Figure 5. This SOMO is the
HF LMP2 B3PW91 B3LYP result of the interaction between the halogen p orbital and the
CoHa 7t orbital of the GH4 moiety. The C-X bond length in the
1(C—X) bridged structure is about 30% longer than that of anti
OCXC conformation due to the relatively weak interaction between
r(C-C) 1.317 1.336 1.329 1.330 halogen and carbon atoms. Engels éBatported a GCl bond
ru(ﬁz;g) 1151777 11ng5 11-%3; i-gfg length of 2.98 A for the symmetrically bridged conformation
' ’ ' ' of the CHCICH, radical. Our HF and LMP2 calculations give
CH.CICH, higher values and the DFT methods give slightly lower values.
(C=X) 3515 ??'5535 2.660 2705 Actually, our DFT values are very close to 2.58 A by Gué&rra
0CXC 21.6 21.9 295 29.0 and 2.68 A reported by Fossey and Nedéfedhe C-Br
r(C-C) 1.319 1.340 1.355 1.354 internuclear distances calculated with DFT for {BCH.
r(C—H) 1.076 1.082 1.085 1.085 radical are also very close to the 2.98 A from Engels &P al.
OHCC 121.7 121.4 1214 1215 The geometries optimized with the LMP2 method are slightly
CH,BrCH, asymmetric. However, the amount of deviation from the
r(C—=X) 3.620 3.704 2.829 2.889 perfectly symmetric form is too small to be attributed to the
3.562 asymmetrically bridged radical. The DFT methods describe the
dCcxc 21.0 20.7 27.7 27.7 . .
r(C—C) 1319 1.340 1.352 1.352 symmetrically bridged structures better than HF and LMP2
r(C—H) 1.076 1.082 1.086 1.085 methods.
OHCC 121.7 121.4 121.5 1215 4.3. Shuttle Motion and Dissociation.To study the shuttle
CH,ICH, motion and the dissociation mechanism, the geometries were
r(C—X) 3.894 4.028 3.079 3.159 optimized as a function of the position of halogen atom with
Jexc lo5 41-8412 05 3 o5 1 the B3PW91 method. The resulting potential energy surfaces
r(C-C) 1319 1339 1348 1347 fqr CH,CICH,, CH,BrCHs, _and CHICH, are _deplcted in
r(C—H) 1.076 1.082 1.086 1.086 Figures 6, 7, and 8, respectively. In the calculation, the halogen
(OHCC 121.7 121.5 121.5 121.6 atom was confined in the XC—C plane bisecting the HC—H
angle.

aThe bond lengths are in A and the angles are in degrees. ) B
The contour maps clearly show the relative stability of the

form has a local minimum. But they did not fully optimize the anti conformer and the symmetrically bridged structure. For the
geometries (due to the high computational cost for obtaining a CH,CICH, radical, the global minimum corresponds to the anti

whole potential energy hypersurface). While their results indicate conformer while the symmetric conformation corresponds to a
that the symmetrically bridged structure is less stable than the local minimum. The region around the symmetric conformation
anti conformer, the symmetrically bridged form is a global is very flat along the € C axis leading to the lowest vibrational

minimum in our calculation. frequency of only 33 cmt. The barrier from the symmetrically
The GH, moiety of the bridged structure has almost same bridged form to the anti conformation is almost zero. The
structure as the free8, molecule except that the-&C bond relative stability is reversed in the GBrCH, radical, and the

lengths are elongated, reflecting the interaction between theanti conformation is no longer stable for the @€H; radical.
halogen atom and the orbital of the GH4 moiety. However, The potential energy surfaces for the region of the symmetrically
the C-C bond length of the bridged structure is much closer to bridged conformations are bounded and also very flat. Therefore,
that of double bond character than that of the single bond. In we can expect high amplitude shuttle motion around the
Table 6, the vibrational frequency showing the most apparent symmetric conformation especially for the gB4#CH, and CH-
change from @H, to the bridged CHXCHy is the C-C stretch ICH> radicals. The shuttle motion should be considered as a
mode. Due to the weakened—C bond in the bridged CH rocking motion of the ethylene moiety around the heavy halogen
XCH,, the vibrational frequency for the-&C stretch is reduced  atom rather than the direct movement of the halogen atom. These
but still relatively close to that of 6, compared to anti form  shuttle motions can be visualized by examining the vibrational

TABLE 6: Vibrational Frequencies of CH,XCH , Radicals and GH,4 Calculated with DFT Methods (B3PW91 and B3LYP}
C,, b-CH,CICH, b-CHBrCH, b-CHICH, Dy CoHa Cs a-CH,CICH, a-CHBrCH,

cis CH stretch B 3300 (32868) 3294 (3280) 3288 (3273) B 3258 (3244) asym CH stretchw@@H, A" 3301 (3287) 3300
transCH stretch A 3278(3263) 3272 (3257) 3265 (3250)34B3234 (3219) asym CH stretch of XGH A" 3222 (3220) 3249
symm CH stretch A 3192 (3182) 3188 (3178) 3184 (3174)4 A3170 (3159) symm CH stretch afH, A’ 3188 (3177) 3187
anti CH stretch B 3185(3176) 3180 (3171) 3176 (3166),,B3154 (3145) symm CH stretch of XGHA' 3142 (3141) 3162
CC stretch A 1639 (1641) 1644 (1647) 1654 (1657)y A1720 (1717) CC stretch ‘A 1132 (1127) 1103
anti HCH bend B 1470 (1479) 1471 (1481) 1471 (1481),,B1471 (1480) anti HCH bend 'A 1465 (1473) 1463
symm HCH bend A 1358 (1360) 1361 (1362) 1365 (1367)q A1385 (1387) symm HCH bend 'A 1512 (1520) 1521
anti HCH wag A 1234 (1239) 1234 (1240) 1234 (1240)3,B1233 (1239) anti HCH wag ‘A 1252 (1250) 1241
H,C—CH,twist A, 961 (965) 988 (988) 1009 (1005) wA 1070 (1071) XCHscissor+ *CH, wag A’ 1052 (1039) 998
symm out of plane A 993 (993) 997 (996) 998 (994) 3B 976 (978) CHrock of*CH; A’ 688 (705) 750
antiout of plane B 971 (973) 975 (974) 977 (974) .B 964 (963) CHrock of XCH, A’ 1229 (1210) 1178
symmHCHwag B 829 (832) 828 (832) 827 (831) .B 825(828) symm HCH wag ‘A 781 (784) 780
shuttle perp.to CC B 323 (300) 327 (293) 300 (246) torsion "A277 (299) 356
X—(C;Hy) stretch A 218 (212) 178 (166) 141 (126) *CHzrock+ XCH,rock A’ 466 (403) 232
shuttle along CC B 33(86) 97 (96) 111 (90) XCC bend "A300 (291) 298

aThe anti conformer has a prefix of a- and the symmetrically bridged structure has a prefix of b-. Symmetry species in each row are symmetrically
correlated. Unscaled values and represented intchB3LYP values are presented in parentheses.
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Figure 6. The contour map constructed for @EICH, with the Figure 8. The contour map constructed for @BH, with the B3PW91

B3PW91 method. The position of halogen atom is referenced to the method. The position of halogen atom is referenced to the middle point
middle point of two carbon atoms. The zero of energy corresponds to of two carbon atoms. The zero of energy corresponds to the global

the global minimum (anti rotamer (1)). minimum (symmetrically bridged form).
0 8.0 8.0 C;Hs moiety along C-C axis is conceptually similar to the
/ : \ dynamic shuttle motion proposed by Skell and co-workérs,

except that the symmetrically bridged conformation actually
corresponds to a minimum rather than a saddle point. In other
word, it is more compatible with the shuttle motion of Engels
and Peyerimhof>
It is evident from the results that the bridged structures should
play an important role in the dissociation process obKEH
for the cases of X= ClI, Br, and I. In particular, the bridged
structures should be the dominant conformers for theBZEH,
and CHICH; radicals. This suggests that Skell's hypothesis of
symmetric bridging“® can explain the stereochemical control
of the CH:BrCH, and CHICH radicals. Engels and Peyerim-
hoff also proposed that the symmetrically bridged radical plays
an important role in the dissociation process of the,ClIgH,
00 05 10 15 20 radical®® They suggested that the symmetrically bridged
x position of Br atom (A) structure can be an intermediate species along the dissociation

. . process.
Figure 7. The contour map constructed for @BtCH, with the ; ; ;
B3PW91 method. The position of halogen atom is referenced to the The DFT methods lead to energetics considerably different

middle point of two carbon atoms. The zero of energy corresponds to than thaF of the HF and LMP2 methods. Table 7 lists the
the global minimum (symmetrically bridged form). dissociation energies for the-X bond cleavage. The global
minimum of the radical was taken for obtaining the dissociation
modes of the bridged radicals. The lowest vibrational frequency energy. Correcting for zero point energy, we see that fer X
corresponds to the rocking motion of theHz moiety along H DFT is high by 3-4 kcal/mol, LMP2 is low by 3-4 kcal/
C—C axis, and the second lowest one corresponds to themol, and HF is within 1 kcal/mol of the experimental data. For
X—(CzH,) stretch motion perpendicular to the-C axis. The X = F, DFT is within the range of experimental uncertainty,
rocking motion out of the X C—C plane bisecting the HC—H while LMP2 is low by at least 3 kcal/mol and HF is low by 22
angle is the third lowest frequency. The rocking motion of the kcal/mol (50%). For X= CI, DFT is low by 3-6 kcal/mol,

y position of Br atom (A)

TABLE 7: Dissociation Energy (kcal/mol) for CH,XCH* — CH,=CH, + X Reactior?

method X=H X=F X=ClI X =Br X=I
HF 40.28 (35.22) 24.48 (23.15) 3.90 (2.47) 0.93 (0.58) 0-93.%8yf
LMP2//HF 37.21 (32.15) 43.45 (42.12) 0.241.19) —0.89 (-1.24) —0.88 (-1.23p
LMP2 36.94 (31.88) 43.62 (42.29) 0.121.31) —0.85 (-1.20) —0.83 (+1.18}f
B3PW91 44.40 (39.18) 49.94 (48.77) 15.67 (14.90) 8.66 (7.75) 5.88 (5.12)
B3LYP 43.69 (38.52) 48.78 (47.68) 12.23 (11.54) 8.02 (7.29) 5.23 (9.61)
experiment 355 1.0 45-50° 182+ 2.% 84+22% —-10.1+ 1.6

2The values in the parenthesis are corrected for the zero point energies. EstimatetHising C-Hs) = 28.0+ 1.0 kcal/molé® and AHs ok (C2Ha)
andAHg ok (H) from JANAF 8° The thermal enthalpy is corrected for 0 KEstimated by Schlegel et &. ¢ Estimated using\H;(CH,CICH,*) from
Ref. 71 andAH¢(C;H4) andAH«(X) from the JANAF tableé® The thermal enthalpy is corrected for 0 K. The estimated value faQBEH; is close
to the 21.3 kcal/mol estimated in different w&yd Estimated assuming thB(CHXCH,;—H) = Do(CH3CH,—H). The AH¢{(CHg), AH{(CHXCHy),
AH¢(H), andAH(X) are taken from the JANAF tabRe. ¢ The calculated bond energy should be decreased&lcal/mol to reflect the spinorbit
coupling in the case of %= I.
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while LMP is low by ~19 kcal/mol (over 100%) and HF is
low by 14 kcal/mol. For X= Br, DFT is within the experimental
range, while LMP2 is low by 9 kcal/mol (over 100%) and HF
is low by 7 kcal/mol. Including a correction for spiorbit
interaction in the | atom, we see that for=XI, DFT is high by

7 kcal/mol while LMP2 is within the experimental range. It
should be noted that the experimental values fo>Cl, Br,
and | are obtained assuming tRf(CHXCH,—H) = DO(CHsz-
CH,—H). Overall the DFT methods lead to the most accurate
description for dissociation of the radicals.

5.0. Conclusion

To elucidate the origin of the stereoselectivity observed in

halogenation reactions of alkenes, we studied the structures and»

potential energy surface of haloethyl radicals (E8BH,, X =

F, Cl, Br, 1) using first principles quantum mechanics. We find
that radicals with X= Br and | are significantly different than
the cases of X= F and Cl. Thus, the CHFCH, radical prefers
the gauche conformation in the rotational potential energy
surface while all other haloethyl radicals have the global minima
at the anti conformation, which is stabilized by the donation of
electron density from the singly occupied carbon 2p orbital to
the 0*(C—X) MO. The rotational barriers and the behaviors of

the structural parameters along the rotational potential energy ;¢
surface are highly consistent with this hyperconjugative interac-

tion. The DFT results do much better at describing the

dissociation process and the bridged radicals than the HF and

LMP2 methods.

We conclude that the symmetrically bridged structure should

play an important role in the dissociation processes of the- CH
CICH*, CH,BrCHy*, and CHICH" radicals. The CkEBrCHy*
and CHICH?y" radicals strongly prefer the symmetric bridging

conformation, which explains the stereoselective control of these

radicals in the radical chemistry.

There has not yet been experimental observation of the CH
BrCH, and CHICH, radicals. Lee and co-workéPsreported
that stable CHBrCH, could not be unambiguously observed

in their photofragment translational spectroscopy experiment.

However, a very similar species, namely L, radical, was
observed recently by means of ultrafast electron diffraction
techniques® The structure of the short-lived«(L7 ps lifetime)
CRICF; radical was consistent with a mixture of anti and

gauche conformers rather than the symmetrically bridged
structure. The experimental observation is consistent with our

ab initio calculation$%67 In addition, the Zewail lab is using

the ultrafast electron diffraction techniques to investigate the

molecular structures of the GBrCH, and CHICH, radicals’?
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