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problems associated with synchronously scanning doubling crystals. 
The AS3 radiation is quite weak («50 ""'/pulse, the lower Iimit 

of our power meter), and because it is produced by a highly 
nonlinear optical process, small pulse-to-pulse variations in the 
dye Iaser output are amplified in the AS3 output. A particular 
feature of the output is the flaring that occurs on particularly 
intense input pulses, due to amplification slightly off axis with 
respect to the main beam. This flaring can give rise to )arge 
scattered light signals within the chamber. To eliminate this 
problem, the AS3 beam was focused through a 0.5-mm pinhole 
and recollimated; this effectively filtered out the off-axis con· 
tribution. 

The excitation beam entered and exited the vacuum chamber 
at right angles to the jet through 500-mm light-baffled arms fitted 
with Brewster angle windows to reduce scattered light. A 

I OOO·mm focallength lens was used to produce a beam waist of 
-0.3-mm diameter in the region where the Iaser intersected the 
jet. Fluorescence was detectcd at right angles to both the jet axis 
and the excitation beam. A 50-mm collection Jens, situated 100 
mm from the Iaser beam, imaged the fluorescence onto a 3-mm 
slit which was positioned in front of a high-sensitivity photo
multiplier. The photomultiplieroutpul was averaged by use of 
a PAR 162/165 boxcar averager and displayed on a strip-chart 
recorder. 

The Iaser power was monitored from a reflection off the input 
Brewster window using an RCA 1 P28 photomultiplier tube and 
similarly averaged by use of a PAR 162/ 165 boxcar averager and 
recorded with a chart recorder. 
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Large-scale multireference configuration interaction calculations in a double·t·type AO basis including polarization functions 
are carried out for the potential surface of the ClC2H4 system. The charge distribution for various extreme points of the 
surface is discussed. The absolute minimum is found for an asymmetric ClC2H4 structure. The symmetrical bridged nuclear 
conformation is also found to be stable with respect to dissociation into Cl + C2H4• The activation energy for rotation about 
the C-C axis is calculated tobe around 18 kJjmol, which is comparable tothat for the 1,2 migration {around 26 kJjmol). 
The stereochemistry is governed by the fact that addition of CI to C2H4 (or dissociation) is a two-step reaction proceeding 
through a symmetrica1 intermediate. The direct addition pathway possesses a small barrier of about 8 kJ jmol. 

Introduction 
In a previous paper1 an extended study of the potential surface 

of the system F-c2H4 has been performed including dissociation 
and 1,2-fluorine migration, whereby most geometrical parameters 
have been optimized for all points of the surface. Generally such 
reactions of ethylene with radicals containing one unpaired electron 
have been of wide theoretical and experimental interest (see ref 
1 and references therein). In the series of X-c2H4 radicals with 
X = H, F, Cl, Br, and I the question arises whether an unsym
metrical or a symmetrical structure should be used to describe 
the system and how to interpret the observed 1,2 migrations, 
control of stereochemistry, dissociation, formation, enhanced 
reactivities, and other characteristics of these systems. 

In 1962 Thaler2 reported the unexpected preponderance of 
1,2-dibromobutane in the product mixture from the radical bro
mination of 1-bromobutene (not observed in chlorination or 
bromination of 1-chlorobutene) and attributed this result to a 
rate-enhancing effect of the bromo substituent on the vicinal 
position. Since then many sturlies to clarify this behavior have 
been undertaken.3 All exhibit a smaller effect if bromine is 

(I) Engels, 8.: Pcycrimhoff, S. D. J. Phys. Ch~m. 1989, 93, 4462. 
(2) Thalcr, W. J. J. Am. Ch~m. Soc. 1963, 8$, 2607. 
(3) A good summary of thc experimental rcsults is containcd in: Free 

Radicals; Kochi, J. K., Ed.; Wilcy-Intcrscicncc: Ncw York, 1973; Vol. 2, 
Chaptcr 26. 

replaced by chlorine, while the radical reactions involving fluorine 
behave in an entirely normal fashion. 

Skell and co-workers extended the Thaler observations and also 
found these substituents could control stereochemistry. They 
interpreted the unexpected behavior of the iodine, bromine, and 
chlorine compounds by invoking a bridged XC2H4 radical. For 
this bridged radical they discussed two possible structures: a 
symmetrically bridged radica1 with a single equilibrium position 
and an unsymmetrical bridged structure in which the bridging 
atom performs a fast shuttling motion between the two carbon 
centers. 3•4 

The experimental evidence does not distinguish these two 
possibilities when the substituent is ß-bromo, or ß-iodo, the con
clusion being that they are either symmetrical, or undergo rapid 
shutt1ing. An unambiguous decision in favor of an unsymmetrica1 
structure was made for ß-ch1oroalkyl radica1s, since here the 
barrier for shuttling is sufficiently large to permit trapping of the 
radical faster than shuttling. This interpretation is not free from 
dispute, and an alternative has been suggested. 5 In the series, 

(4) See, for cxamplc: Skcll, P. S.; Traynham, J. G. Au. Chem. Res. 1984, 
17, 160, and rcfcrcnces thcrcin. 

(5) Sec, for cxamplc: Tanncr, D. D.; Darwish, D.; Moshcr, M.; Buncc, N. 
J. J. Am. Chem. Soc. 1969, 9/, 7398. Tanncr, D. D.; Moshcr, W. M.; Das, 
N. C.; Blackburn, E. V. J. Am. Chem. Soc. 1971, 93,4802. Examination of 
thcsc and othcr criticisms can bc found in rcf 3 and 4. 
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H, F, Cl, and Br the hydrogen and fluoro substituents show none 
of the bridging characteristics associated with the heavier sub
stituents. 

The additionfelimination reactions, X+ C2H4 = XC2H4, have 
generally been describcd without consideration of a symmetrical 
intermediate, or the 1,2 migration. It is known that the dissociation 
energy for CIC2H4 is 87 kJjmol.6 The possibility of the 1,2 
migration has been investigated for the ethyl radical by theoretical 
methods.7·8 

The investigation by ESR spectroscopy9•10 has been restricted 
to ß-substituted radicals where the substiutuent is H, F, Cl, S, 
Si, Sn, etc., but with Iack of success to Br and I. Except for H 
and F, these radicals have structures in which the ß-substituent 
sits in the same plane as the half-filled p orbital, in an asymmetric 
structure, distorted to varying degrees toward the symmetric 
structure, and an enhanced rotational barrier. 

There is confusion regarding the definition, or significance of 
the title "bridged". From the experimental side it was used to 
encompass all the radicals that have certain unexpected properties, 
such as control of stereochemistry, rearrangement, enhanced 
barrier to rotation, and enhanced reactivity in the preparation of 
these radicals. It was clear that these characteristics did not 
indicate a unique structure, even if they were written symbolically 
with the bridge atom symmetrically disposed. The theoretical 
studies are directed to a more precise description of these radicals 
to determine if there is a structural uniqueness to which the title 
bridging might be applied. 

Various studies have been carried out using theoretical methods. 
Hopkinson et al. 11 studied the equilibrium structure and the ro
tation araund the CC axis using the UHF method in a minimal 
and a split-valence shell basis. They find no evidence of a bridging 
from chlorine. An analysis of the dissociation process from the 
absolute asymmetric minimum into Cl + C2H4 and H + C2H3Cl 
was performed by Schlegel et a1. 12 with emphasis on the transi
tion-state region in the dissociation process. They also employed 
UHF calculations followed by second-order M0ller-Plesset per
turbation procedures in a 3-21G and 6-31G• basis set and found 
a barrier toward dissociation. They did not consider a shuttling 
motion. Finally, Hoz et al. 13•1" investigated the equilibrium 
structure and the dissociation process in the symmetric nuclear 
conformation employing UHF and MCSCF procedures in a 
split-valence AO basis with one d polarization function on chlorine. 
They found the Cl-C2H4 curve to be repulsive in this geometry. 
None of the investigations studied the entire surface important 
for dissociation, bridging, and rotation, taking into account electron 
correlation for geometrical conformations, and none made a 
comparison with the analogous FC2H,. system. 

The present paper contains a theoretical study of the entire 
potential surface for the Cl-c2H4 system, in close analogy to what 
has been undertaken for the related F-C2H4 compound.l The 
emphasis lies on the reaction of the CI and C2H,. itself, on the 
chlorine I ,2 migration and on the rotationaraund the CC axis 
which is a competitive motion to the 1,2 migration. All calcu
lations employ a multireference CI treatment. In the previous 
paper on FC2H4 the influence of the excited states on the 
ground-state potential surface has been discussed only briefly. 
Since the spacing between ground and excited states becomes 
smaller in the heavier systems, their interaction becomes stronger 
and consequently more influential on the ground-state hyper-

(6) Franklin, J. A.; Huybrcchts, G. H. lnt. J. Ch~m. Kin~t. 1969, 1, 3. 
(7) Zvijac, 0. J.; Light, J. C. Ch~m. Phys. 1977, 21, 433. 
(8) Hase, W. L.; Bhalla, K. C. J. Chem. Phys. 1981, 75, 2807. 
(9) Edge, D. J.; Kochi, J. K. J. Am. Ch~m. Soc. 1971, 94, 6485. Ka

wamura, T.; Edge. D. J.; Kochi, J. K. J. Am. Ch~m. Soc. 1971, 94, 1752. 
Kochi, J. K. Adv. Fr~~-Radica/ Chem. 197!, 5, 274. 

(10) Chen, K. S.: Elson, [. H.; Kochi, J. K. J. Am. Ch~m. Soc. 1973, 95, 
5341. Elson,l. H.; Chen, K. S.; Kochi, J. K. Ch~m. Phys. Lett.1913, 21,572. 

(II) Hopkinson, A. C.; Lieu, M. H.; Csizmadia, I. G. Ch~m. Phys. Lett. 
1980, 71,557. 

(12) Schlegel, H. 8.; Sosa, C. J. Phys. Chem. 1984,88, 1141, and refer
ences therein. 

(13) Hoz. T.; Sprecher, M.; Rasch, H. Jsr. J. Chem. 1983, 13, 109. 
(14) Hoz, T.; Sprecher, M.; Basch, H. J. Phys. Chem. 198!, 89, 1664, and 

references therein. 
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Flpre I. Coordinate system employed in the present study. 

surface. The results for the chlorine system will be compared to 
those for F-c2H4 in order to explain differences between the two 
systems. Finally, a third paper in this series15 will show details 
of the corresponding Br-c2H4 system and an overall comparison 
of the three systems, in particular the relation to the various 
experiments available. 

Technical Details 

The coordinate system employed in the present work is given 
in Figure 1. The calculations were carried out using for the 
chlorine atom the standard ( 12s8p) basis by Dunning and Hay,16 

augmented by one d function with exponent a(d) = 0.6. For the 
carbon atoms the (9s5p) set of Gaussians given by Huzinaga in 
the [4s2p] contraction suggested by Dunning17 was used. For the 
description of polarization and correlation effects a d function with 
an exponent of 0.7 was added. For the hydrogen center, the 
five-component expansion by Whitten18 was used in the [2s] 
contraction with a scaling factor of 772 = 2.0. 

In order to obtain an adequate description of the CC band, an 
additional s-bond function with exponent a(s) = 1.4 was located 
between the two carbon atoms. Similarly ans-type bond function 
with exponent 1.2 was placed in the CCl bond. The total number 
of contracted Gaussians was thus 66. 

Several types of configuration interaction calculations are 
undertaken. In the first calculation only a single reference con
figuration is employed (standard notation SO-Cl) while the second 
CI generally used a large number of reference configurations. 
Such a multireference CI treatment is generally necessary as soon 
as the state in question cannot be represented by a single con
figuration. This is normally the case if a bond is broken, i.e., for 
nuclear geometries away from the minimum. In order to test the 
influence of an excited state on the ground state, simultaneaus 
configuration selection was undertaken with respect to both states 
in some instances. Such a procedure is sometimes necessary if 
the character of the ground state changes considerably along the 
reaction path, as has been shown in detail for various ionic diatornie 
molecules. 19 These calculations are referred to as two-root 
calculations (since selection is undertaken for two eigenvalues of 
the Hamiltonian matrix). 

( 15) Engels, 8.; Peyerimhoff, S. 0.; Skell, P. S. Manuscript in preparation. 
(16) Dunning, T. H.; Hay, J. P. In Mod~rn Theor~tica/ Chemistry; 

Schaefer, H. F., Ed.; Plenum Press: New York, 1976; Vol. 3, p I. 
(17) Dunning, T. H. J. Ch~m. Phys. 1970, 53, 53. 
(18) Whitten, J. L. Given in the Appendix of: Peyerimhoff. S. 0.; 

Buenker, R. J.; Allen, L. C. J. Chem. Phys. 1966, 45, 734. 
(19) Bettendorff, M.; Buenlccr, R. J.; Peyerimhoff, S. 0.; Römelt, J. Z. 

Phys. A 1982, 304, 125. Bettendorff, M.; Peyerimhoff, S. D. Chem. Phys. 
198!, 99, 55. Bettendorff, M.; Klotz, R.; Peyerimhoff, S. D. Chem. Phys. 
1986, 1/0, 315. 
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Flgure 1. Potential encrgy hypersurface for thc Cl + C2H4 ~ystcm. All points arc obt~i~cd from th~ 17M1 R. cal~ulations; estimatcd full Cl valucs 
are p1ottcd. Foreach pair of 8M• RM values thc othcr coordmates, Rcc• a2, ß2 arc opt1m1zcd. Relative energ1es m kcalfmol. 

The total MRD-CI configuration space which arises from single 
and double excitations with respect to the reference configurations 
was in the order of 800000; the SD-CI space (one reference 
configuration) was around 100000. The MRD-CI and estimated 
full Cl energies are evaluated in the standard manner.20 The 
values given in the tables are always the estimated full Cl results 
since they incorporate the influence of the higher excitations not 
explicitly included in the MRD-CI. The difference between the 
estimated full ·CI and MRD-CI values is quite small, however, 
so that it does not seem necessary to give both. 

Because of the size of the system, not all geometrical parameters 
have been fully optimized. First the values for a 1 and ß1 are set 
to their corresponding values in ethylene, i.e., 180° and 118 °, 
respectively, which can be justified by the small dependence of 
the total energy on these parameters. 1 Test calculations at the 
absolute minimum as weil as at the migration saddle point em
ploying a 1 • 160° or a 1 = 200° (instead of a1 = 180°) both I.ea~ 
to higher energy values. In analogy to the FC2H4 system 1t 1s 
expected that an optimization of a 1 and ß1 may change the total 
energy by no more than 1-2 kJ/mol. The effect is even smaller 
for the outer regions (Rcc1 > 5.0 au). 

The angle 4> is also kept to zero for all points on the surface 
and varied only at the absolute minimum to obtain the CHz 
rotational barrier. Furthermore, all CH bond lengths are chosen 
to be equal to 2.052 au after test calculations had shown that 
variations in the CH bond length have a minor influence on the 
total energy. All other parameters (a2, Rcc. and ß2) are varied 
and optimized for each value of 8M• RM, which are the leading 
coordinates in describing the shuttling motion and the dissociation 
process. 

The Potential Surface of CIC2H4 
A contour plot of the calculated potential energy for the ClC2H4 

system is shown in Figure 2. The important data of the system 
are contained in Table I. 

The shape of the potential surface shows an asymmetric 
structure for the absolute minimum and a saddle point for 8M = 
0°. The bent skeleton ClCC conformation with a band angle 
around 110° is expected on the basis of qualitative MO theory 
in the Mulliken-Walsh mode!21 and is typical for molecules with 
a triatomic skeleton in their electronic ground states and possessing 
19 valencc electrons. The optimal structure calculated by using 
the MRD-CI treatment has the following parameters: Rcc = 1.48 
A, a2 = 130°, RM = 2.25 A, 8M = 38°, and ß2 = 11 oo. The tot~ I 
SCF energy is -537.4996 hartrees, the MRD-CI energy 1s 
-537.863 hartrees and the estimated full CI energy is -537.910 

(20) Buenker, R. J.; Pcyerimhoff, S. D. In New Horizons of Quantum 
Chemlstry; Löwdin, P. 0., Pullman, 8., Eds.; Reidel: Dordrecht, 1983. 

(21) Mullikcn, R. S. Rev. Mod. Phys. 1942, U, 204. Wa1sh, A. D. J. 
Chem. Soc. 1953,2260, and following articles. Buenkcr, R. J.; Peyerimhoff, 
S. D. Chem. Rev. 1974, 74, 127. 

TADLE I: Extreme Points on the Hypersurrace for tbe Systems 
FC:zH4 aod CIC:zH4, Taken RelatiYe to tbe Dissoclation Limit 
(Estlmatecl Full a Energles Usecl) 

absolute minimum cncrgy, kJfmol 
XC distance, A 
8, dcg 
Rcco A 
{j 1, deg 
a2, deg 
{j2, deg 
a 1, deg 
barrier to direct dissociation, kJ/mol 
shuttling motion minimum for OM = 0° 

(transition state) 
XC distance, A 
Rcc. A 
activation cncrgy of 1,2 migration 
~ (absolute minimum, min BM = 0°), 

kJfmol 
activation encrgy of 4> rotation, kJfmol 

"Value assumed; sec text. 

-165 -41 
1.44 1.86 
108 112 
1.50 1.48 
118 118 
130 130 
110 110 
190 180" 
0 7.9 
-41 -14 to -16 

1.83 2.98 
1.38 1.38 
115-130 25-27 
115-130 25-27 

11-17 17-18 

hartrees. In analogy to what has been observed for the FC2H4 
system the minimum in the symmetric DM = 0° appr?ßch relative 
to dissociation is obtained only by the CI calculatJons. 

The shape of the potential surface is qualitatively similar to 
that for the FC2H4 system. A morequantitative comparison of 
important values on the two surfaces can be extracted from Table 
I. In the CIC2H4 system the absolute minima is only -41 kJ jmol 
below the separated Cl + C2H4 species in comparison to the !arge 
value of -165 kJ jmol in the FC2H4 system. The stabilization of 
the symmetric minimum-relative to dissociation into Cl and C2H4 
along the path with OM = 0°-is only -16 kJ/m~l; i.e., alo~g this 
coordinate the binding character is also small m companson to 
the fluorine system (-41 kJjmol). 

In comparison to the experimentally determined dissociation 
energy of 87 kJ jmol, the calculated ClC2H4 minimum is not deep 
enough. This is not surprising since a !arger AO basis, in particular 
one that includes more polarizationjcorrelation functions (of d 
and f type, for example), is required if the dissociation energy is 
to be obtained with an accuracy within a few kilojoules per mole. 
Normally the separated fragments are described somewhat better 
(the correlation energy error is smaller) than the combined .system, 
and hence the dissociation energy is calculated too low. Th1s break 
in the accuracy of the description is expected to take place at lar~e 
separations of Cl and C2H4• Hencc the shape of the potenu~l 
surface for the combined system should be reliable in the AO bas1s 
used over a large range of nuclear conformations, in p~rticu!ar 
the relative behavior for the intramolecular arrangements mcludmg 
rotation, shuttling, and the calculated barrier to dissociation (as 
will be discussed in the pathway for 8M = 40°). The extra com-
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Flcure 3. Calculated scctions of tbc potential surfacc for CJ-c1H4 ab
straction along a symmctrical patbway. Tbc ground and first cxcitcd 
states arc givcn. Tbc cstimatcd full CI values of thc 13 M2R calculation 
arc cmploycd. 

putational effort that would have been necessary for employing 
a !arger AO basis thus did not seem to be justified. 

Apart from thesequantitative differences between the fluorine 
and chlorine systems, a qualitative difference is only seen in the 
potential curve of the ciJ variation. The present calculations give 
an optimal angle of 0°, a pattern that will be discussed later. The 
geometrical values obtained for the absolute minima are in ex
cellent agreement with those of other calculations. 11-14 This is 
not surprising since the structure is an essentially one-configuration 
conformation at equilibrium and as such should be found within 
small differences by all types of ab initio methods. 

Separation into Cl + C2H4 

The separation of CIC2H4 into ethylene and chlorine will be 
discussed in analogy to the previous work dealing with FC2H4 
along two extreme pathways: first for 8M = 0°, i.e., dissociation 
maintaining the symmetric C211 structure, and second BM = 40° 
relating the minimum structure with the separated products. 

Pathway 8M • 0°. The bonding interaction between CI and 
C2H4 at BM • 0° is not only due to polarization effects. The same 
qualitative situation has also been found for FC2H4. Only with 
Cl, but not with SCF, calculations, does one find a minimum along 
this pathway, which is an indication that correlation effects are 
important or, in an alternative description, that interaction of the 
ground state with higher states is effective. lf the latter picture 
is assumed, qualitative arguments predict that the state mixing 
is more important in Cl-c2H4 than in the related fluorine system 
because the states are closer in energy in the heavier compound. 
Figure 3 contains the potential energy curves obtained from the 
MRD-CI calculations together with some important excited states 
that have been taken into account. Because the ground-state 
binding energy is quite small (14-16 kJjmol) along this pathway, 
the actual form of the potential depends somewhat on the theo
retical treatment. Various calculations have been performed 
including those in the lower C, symmetry in order to assess the 
errors; a sample of results is contained in Table II. lt is seen 
that the SCF treatment gives a very shallow minimum ( 1.4 
kJjmol) at large Separations which disappears in the more ap
propriate CI treatments. The CI treatments with fewer reference 
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TADLE II: Relative MlDIIDI in tbe IM • 011 DiiiiOCiatioD Patbway as 
a Function of Theoretlcal Treatment (Esdmated Full a Eneraies 
Used) 

minimum 
trcatmcnt01 R0, bobrs E, kJ/mol 

SCF 
Cl, 1M1R, C, symmetry 
Cl, 17M 1 R, C, symmetry 
Cl, 6M1R, Cl&> symmctry 
CI, 13M2R, Cl&> symmetry 

7 
5.6 
4.8 
5.1 
4.8 

1.4 
11.8 
14.5 
13.8 
15.5 

01 xMyR dcnotcs tbat x rcfcrcnce configurations arc cmploycd in thc 
MRD-CI calculations and that configuration sclcction is carricd out 
according to y roots. 

-0.3 

~ 
~ 

4 a1 
TT r z + z) 

~--
S a, / 
4 a, / 

/ 
2 b, -r... 

~ -0.5 

5 a1 p y r Cl I 
4 a1 --"""'\ 

\ 
>. 
0'1 r... 
Ql 
c: 

UJ 

ö ..... ·.c 
r... 

0 

-0.7 

\ 
\ 
\ 

p z fCl I \ 
\ 

2 b, 
\ ---, \ ---\---\ ---- b1 1b2u(y•yl 

1 b, 
~--

1 b, -- \ --\"-___ !,,_ 
p y r F l \ 

\ 
\ 
\ 
\ 

-0.8 \ 
\ 
\_2~,_ pz I F) 

Min 40.0 

RM (bohr) 

Flpe 4. Orbital encrgics of CIC2H4 and FC1H4 for relevant orbitals 
involvcd in tbc binding (symmctric approach, C211 symmetry). Dasbcd 
lincs correspond to FC1H4, and solid connccting lincs corrcspond to 
CIC1H •. 

configurations (one or six) give somewhat smaller potential depths 
and !arger bond lengths than the more extensive treatments. The 
difference in results between the 17M IR treatmen t in C, symmetry 
and the 13M2R treatment in C2v symmetry is quite smalJ; the most 
reliable results should be those of the 13M2R treatment, which 
have actually been plotted in Figure 3. 

An analysis of the MO's during the Cl-c2H4 separation process 
shows that there are only quantitative but no qualitative differences 
relative to the situation in the fluorine compound. The p Orbitals 
of chlorine transform according to the A1(p,), B2(p.~). and B1(p1 ) 

irreducible representation, whereby p, is the open-shell orbital. 
The relevant ethylene orbitals are the unoccupied r'(z-z) of 8 2 
symmetry and the occupied orbitals 11'(A1), the two in-plane CH 
binding orbitals of A2 and 8 1 symmetry, respectively, and the CC 
(p.,) bonding MO 3a1(x+x) of A1 symmetry. A noticeable rnixing 
in the combined system occurs only between the two orbitals 11' 
and p, of A1 symmetry (4a1 and 5a1 in valence electron notation). 
No mixing is possible in the A2 symmetry. Mixing between the 
lb2u and Py of 8 1 symmetry (lb1,2b1) is smaiJ because ofthe !arger 
difference in orbital energy and likewise between 11'' and P.r in 
the 8 2 irreducible representation. Details have been discussed 
in connection with the approach of fluorine to C2H4• 
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TADLE III: Orbital Enerales of tbe Inner Shells ln OC2H4 for tbe Tbree Extreme Points of the Potential Enel'l)' Hypenurface (EDtrafes Ia 
hartrees)• 

8M • 40° 8M • oo 
orbital t 1 (minima) t 1 (Rw • 40 au) .11 t1 (minima) .12 .13 

1s -104.8112 -104.8788 -Q.0676 -104.8513 -Q.0274 0.0403 
2s -10.5368 -10.6023 -Q.0655 -10.5750 -o.0273 0.0382 
2px -8.0023 -8.0674 -Q.0651 -8.0400 -o.0274 0.0377 
2p, -8.0000 -8.0639 -o.0639 -8.0367 -Q.0272 0.0367 
2p, -8.0000 -8.0639 -o.0639 -8.0367 -o.0272 0.0367 
u1(ethylene) -I 1.3051 6 -11.2379 0.0672 -11.2521 0.0142 -o.0530 
u u< ethylene) -11.24986 -11.2363 0.0135 -11.2505 0.0142 0.0007 

• .11 refers to the difference between the separated species and CIC2H4 in its absolute minimum (8M = 40°), .12 refers to the energy differences 
betwecn scparated species and the symmetric (8M = 0°) minimum, and .13 refers to the differencc between the orbital energies of the relative C211 and 
the absolute minimum. 6 In thc absolute minimum u1 corresponds to the ls orbital at C2 while uu becomes the 1s orbital of thc terminal carbon C1• 

The strength of the mixing, in particular when comparing 
CIC2H4 and FC2H4, can be seen from Figure 4, which contains 
the orbital energies of the relevant MO's involved in the binding. 
lt is clear that the type of binding is similar in both systems but 
that there are definite quantitative differences; on the basis of this 
MO analysis one expects a weaker bonding between the halogen 
and ethylene in the CIC2H4 compound. Similar arguments will 
also hold for the situation at the absolute minimum. 

Since the binding effects are quite small, a consideration of the 
intluence of higher states is also important. The ground state for 
8M = 0° is X2AI in clv symmetry with the valence electron 
configuration .. .4a125a11 b1

22b121 b2
22b22lal in C211 notation or 

... 6a'27a'la"23a"2 in C, symmetry. It dissociates into the lowest 
channel CI(2Pu) and C2H4(X1A11). Around the minimum, and 
even more strongly for smaller RM values, the electron configu· 
ration possesses some ionic Cl-C2H4 + character, which is repre· 
sented by the 22A1 state at larger separations (Figure 3). This 
situation is wholly analogous to that in the FC2H4 system. 

The ionic character can most easily be seen from the orbital 
energies of the inner shells given in Table 111. Generally it can 
be stated that the higher the K shell energy the more negative 
is the surrounding of the atom under consideration. The reduction 
in ls orbital energy goes from -104.8788 hartrees in the separated 
chlorine to -104.8513 hartrees in the relative c2o minimum and 
reaches finally -104.81 I 2 hartrees at the absolute minimum of 
the CIC2H4 compound. This shows a definite charge transfer 
toward the chlorine which is still small in the first step (from 
fragments to the 8M • 0° minimum) but considerable in the 
minimum structure. Conversely the charge reduction at the carbon 
sites is also obvious from the u1 and O'u orbital energies of ethylene 
which exhibitsalso the most dramatic effect when the absolute 
minimum is reached. Hence these data show already at the SCF 
Ievel the definite change from the neutral Cl+ C2H4 conformation 
toward a configuration with partial CJ-C2H4 + character. As 
expected, this ionic behavior is even more present in the corre· 
sponding tluorine compound which exhibits changes of ~2 = 
0.0284 for the ethylene inner shells compared to the present values 
of 0.0 142 hartree. 

From a theoretical point of view the change in character in· 
dicates that configuration interaction is important and that possibly 
a twe>root Cl treatment is necessary. Forthis reason the important 
excited states of CIC2H4 are also investigated, at least to the extent 
that their intluence on the ground·state surface can be evaluated. 
The results are contained in Figure 3. A more accurate description 
would probably be necessary if the main purpose were to obtain 
the proper spectroscopic data, i.e., reliable values for the transition 
energies and intensities, but within the present context the cal· 
culations undertaken most probably suffice. 

A characterization of states is contained in Table IV. The first 
two excited states with the same dissociation Iimit as the ground 
state are 282 and 28 1• ln the dissociation Iimit they correspond 
to the electronic configuration 11'2px2pyp,2(81) and 1r'i>xP/P/(82), 
respectively, whereby the ground state has the 11'2px2p/p,(A1) 
occupation. The 28 1 state possesses different symmetry not only 
for the Symmetrie C2o chlorine-ethylene approach but also for all 
asymmetric (A") pathways and is therefore not of interest in the 
present context, which is concerned with the influence of excited 

TABLE IV: Characterizatlon of the Low Exclted States of CIC2H4 
of Interest in the Present Context 

state 

c2u 
XlAI 

1282 
128, 
22A1 
2282} 
JlBl 

c, excitation fragments 
Cl+ C2H4 

Cl+ C1H4 

Cl+ C2H4 
CJ- + C2H4+ 

{ 
CJ+ + C2H4-
CI + C2Ht 

states on the ground-state potential. The 282 state has no direct 
intluence on the X2A1 ground state along the symmetric C2o 
approach but possesses the same symmetry (2A') as the ground 
state for all C, nuclear conformations and plays therefore a rote 
in determining the ground·state hypersurface. This will be dis· 
cussed in the next section. At smaller internuclear Separations 
the 282 state results from excitation out of the 2b2(3a') valence 
orbital into the 5a1 (7a') valence orbital which is a combination 
of 'II' and p, in this range; the state is repulsive in the range of 
internuclear separations calculated (Figure 3). 

The 22A1 state lies about 3.5 eV above the ground state; it can 
in principle interact with the ground state in both symmetries, 
the symmetric C2o as weil as the asymmetric C, nuclear ar· 
rangement. The present calculations predict binding character 
for this state. The electronic configuration around its minimum 
is ... 4a1

15a12lb122b12lbi2blla22 and corresponds to an ionic 
structure ct-c2H4 +. At smaller CI-C2H4 Separations (approxi
mately 4.8 au) the calculations find a crossing with another state 
of 2A1 symmetry. Since the 22A1 state dissociates into the first 
excited channel Cl(2P) + C2H4•(11',11'•) with three open shells, a 
crossing with a further state must take place beyond RM = 7.0 
au. Both crossings are not pertinent to the present study, and 
therefore further examination of this situation has not been un· 
dertaken. The calculations show a certain mixing between the 
22A1 and the X2A1 ground state in the range between RM = 4.5 
and 5.3 au. For )arger separations the ionic character is found 
in the upper state while the ground state dissociates into the neutral 
fragments. The difference in the results obtained from the 
MRD-CI calculations in which selection is undertaken simulta· 
neously for both states or only for the ground state (see also Table 
II) is quite small. This is an indication that most of the state 
mixing has already occurred on the MO Ievel. 

The higher 282 state which arises from an excitation from the 
open-shell p, chlorine orbital into the 'II'• ethylene orbital Ieads 
to the electron distribution CJ+ + C2H4- and is thus less important. 
Another 282 state arises from r - 'II'• excitation. This state is 
important in the lower C, symmetry since there it possesses the 
same symmetry as the ground state and correlates with the first 
excited dissociation channel. In the molecule the orbitals p, on 
chlorine and r mix (Figure 4) and hence the two 282 states cannot 
be distinguished uniquely anymore. Further mixing with the 1282 
state might occur at small values of RM as has been found for 
the related 8r-c2H4 compound 15 and has also been discussed by 
Hoz et a1.14 for CIC2H4. 8ut again this interaction is not of interest 
for the 8M = 0° pathway since in this symmetry 282 does not 
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TABLE V: ConYenion Table between RM ud Rca ln OC2H4 (See 
Flgure I)" 

3.75 
4.00 
4.25 
4.50 
4.75 
5.00 
5.50 
6.00 
7.00 

3.97 (2.60) 
4.21 (2.60) 
4.44 (2.60) 
4.68 (2.60) 
4.91 (2.53) 
5.16 (2.53) 
5.64 (2.53) 
6.13 (2.53) 
7.11 (2.53) 

3.05 (2.80) 
3.28 (2.80) 
3.52 (2.80) 
3.76 (2.80) 
4.02 (2.70) 
4.26 (2.70) 
4.77 (2.60) 
5.28 (2.53) 
6.26 (2.53) 

11 The optimized values of Rcc. which were used in the conversion 
calculation, are given in parenthescs. 

interact with the X2A1 ground state. 
In summary the present MRD-CI calculations definitely show 

a minimum in the 8,.. = 0° pathway. The angle a 2 has been kept 
fixed at the same value as a1, i.e., 180°. An optimization of both 
parameters is expected to lower the binding energy by at most 
1-2 kJjmol (if at all), on the basis of the experience with the 
calculations on FC2H4, in which the energy surface between a 
= 180° and 170° is very flat (changes of the order of 1 kJ /mol) 
and shows a definite rise for a values on either side of these two 
points. Hence the best prediction for the minimum in the sym
metric Ct-c2H4 approach is 14-16 kJ/mol according to the 
present behavior. 

This prediction is in contrast to earlier work of Hoz et al. 14 

Thcir MO analysis is in principle quite similar to that given here. 
On the other band, they find that all geometrical points for the 
symmetrically bridged structure lie above the C2H.- + Cl disso
ciation energy Iimit in an MCSCF framework evcn though UHF 
calculations show a very shallow minimum of 3.8 kJjmol at long 
CI-C2H4 (7.8 au) separations. In light of the present analysis, 
which also finds an essentially repulsive curve in the SCF treatment 
(Table II). we believe that usc of proper configuration interaction 
is essential for obtaining the correct results. 

Pathway BM = 40°. Thc scction of the potential encrgy with 
a fixed value of B,.. • 40° contains the absolute minimum of the 
CIC2H.4 system. Figure 5 shows the results of SCF and various 
CI calculations which have been undertaken to investigate whether 
there cxists a barrier toward dissociation or not. The parameter 
R,.. (see Figure 1). which isthebest choice for describing the 
shuttling motion. is replaced in this consideration by Rech which 
is the distance between the carbon atom and the chlorine atom 
and could be looked upon as reaction coordinate in this CI-C2H4 
separation. Table V is the conversion table from RM to Rcc1 for 
BM • 0° and 9M • 40°. 

In contrast to the 9M • 0° section of the potential surface the 
binding in this asymmetric Ct-c2H4 is already obtained in the 
SCF calculation. It is seen. however. that in this theoretical 

TABLE VI: Comparlson of Orllltal Eaerpes (Ia llartrte) for ~H4 
and FC1H4 in Tbelr Absolllte Mbdma and tlle Dlssoclallon Cba1111el 
(Valente Elec:tron Notation) 

CIC2Hc FC2Hc Cl F C2H4 

Ia" --o.668 --o.692 -().64 1 (I b211) 

4a' --o.592 -().652 -{).481 (p) --o.75 (p) 
5a' -().532 -o.623 -{).574 (3a1) 

2a" --o.546 -().589 -{).481 (p,) -().705 (p,) 
6a' -o.428 -o.527 -{).372 (r) 
3a" -().422 -o.Sl3 --o.sos ( 1 b11) 
1a'a -o.372 -o.388 -{).564 (p) -o.825 (p) 

"Note that 7a' are the open-shell orbitals. 

approach a large barrier toward dissociation appears. lf the more 
appropriate Cl techniques are employed, similar to what has been 
done for thc B,.. = 0° scction, the immediate barrier following the 
minimum disappears but a small barrier of about 7-8 kJfmol 
remains at larger (slightly above Rcc1 = 5 bohrs) internuclear 
separation (Figure 5). Becausc this barrier is quite small, there 
is the question whether this finding is of chemical significance 
of whether it is an artifact of the theoretical treatment. In this 
connection one notes that tbe ab initio calculations of Schlegel 
et a1.1 2 using UHF and MP2 treatments in a 6-310• AO basis 
also find a small barrier; on the other band, these types of cal
culations find also a barrier in the F-c2H4 system which is re
moved entirely if extended CI is employed as shown in our previous 
work. In favor of a reality of the barrier is the Observation that 
our calculations do not show a barrier in the BM = 0° approach 
of chlorine to ethylene, althougb the quality is the same for the 
8,.. = 0° and BM == 40° approach. Furthermore, studies on un
saturated hydrocarbons in the gas phase indicate that the rate 
of addition of chlorine atoms to olefins is affected little by the 
nature of the hydrocarbon.22 The barrier of reaction is small ( 6 
:1: 2 kJ jmol) or zero for a wide variety of chlorinated olefins. 

In order to clarify this question for CIC2H4, additional calcu
lations tagether with a more detailed analysiswas undertaken. 
First, the MO analysis with respect to composition along the 
reaction coordinate is qualitatively the same as for F-c2H.- and 
has been discussed earlier in detail. Tbc relative energies of the 
various orbitals given in Table VI differ in the same manner as 
discussed for the BM = 0° approach (Figure 4). The barrier in 
the SCF calculation is caused by the interaction of the ground 
state X2A' with the 32A' which corresponds to a 1r- r• excitation 
and the 42A1 which Ieads to the Cl-c2H4 + ionic structure. In the 

(22) Iyer, R. S.; Rosen, P. J.; Rowland, F. S. J. Ch1m. Phys. 1983, 87, 
3700, and refereacea cited. Ayscough, P. 8.; Dainton, F. S.: Fleiscbfresaer, 
8. E. Trans. FaNlday Soc. 1966, 62, 1845, and prior papcrs in the series. 
Franklin, J. A.; G~~cr. P.; Huybrechts, G. Bt~r.J!u~gsen-Ges. PIJys. CIJem. 
1968, 72, 173. Frankhn, J. A.: Huybrecbts, G.; Cdben, C. Tran.s. Faraday 
Soc. 1969, 65, 2094. Knox, J. H.; Riddick, J. Tran.s. Faraday Soc. 1966, 62, 
1190. Knox, J. H.; Waugh, K. C. lbid. 1969, 65, 1585. 



Stereochemistry in CJC2H, Reactions 

florine system a MRD-Cl calculation based on a single-root se
lection (namely, the ground state) removed the SCF barrier en
tirely. In the chlorine oounterpart an equivalent treatment removes 
the barrier at the SCF location but shows a 7-8 kJ jmol barrier 
about 1 bohr further to the dissociation Iimit. 

Contrary to the c2u symmetry, in this OM- 40° scction the 22A' 
state (which is 2B2 for 8M • 0°) can also interact with the X2A' 
ground state. It retains its character (at least from about the 
minimum of X2A' to the dissociation Iimit) so that caupling with 
the ground state is expected primarily at !arger Cl-C2H, sepa
rations due to the proximity in energy of the two states. lf two 
states couple strongly, a two-root calculation is the adequate 
treatment from a theoretical point of view. Hence two further 
calculations were undertaken, one in which the simultaneaus 
configuration selection was undertaken for X2A' and 22A' (referred 
to as 13M2R in Figure 5) and the other for X2A' and 42A' 
(referred to as 8M2R). Both calculations give results almost 
identical (variations up to 3 kJ fmol) with those of the MRD-CI 
calculation with 17 references configurations in which configu
ration selection was carried out only with rcspect to the X2A' root 
(denoted 17MJR in Figure 5); only the SCF and the 1M1R 
treatment differ markedly from the others. From this compu
tational experimentation and the fact that the 22A' can couple 
in this 8r.t = 40° geometry and not in Br.t = 0° in which no barrier 
is found, it is cancluded that it is very likely that the long-range 
barrier of 7-9 kJfmol is real. 

lf one cansiders the minimum energy path for this process of 
Cl-c2H4 separation, it is not a direct dissociation from the ClC2H4 
equilibrium to the separated fragments, as has been found for 
FC2H4, but rather a shuttling motion to 8M = 0° and then dis
sociation taking place from this saddle point ofthe 1,2 migration 
with only the endothermicity as the barrier to dissociation. This 
is different from FC2H4 in which no barrier exists for 8M = 40°. 
In order to obtain a morequantitative confirmation of this be
havior, calculations of the dynamics of the system would have to 
be carried out which are not the subject of the present paper. 

Rotation around the CC Bond 

A motion oompetitive to the 1,2 migration is the rotation around 
the CC bond. The migration can easily take place for 4» • 0° 
(sec Figure I) but is strongly bindered for 4» = 90° since the H 
atom of the C1 carbon prevents an approach of the chlorine atom. 
The calculated potential curve for the rotation around the CC axis 
is given in Figure 6. In this case the parameters of the absolute 
minimum in energy have been employed without accounting for 
further relaxation, and a 1 was fixed at 180°. In addition a 
somewhat smaller AO basis (without the d polarization function 
but the rcst unaltered) has been employed in this calculation, which 
do·es not show any symmetry element in most parts of the rota
tional movement. Generally it is found24 that a small AO basis 
without d polarization functions underestimate the calculated 
rotational barrier. On the other band, the present basis is fairly 
]arge and the Iack of d polarization functions is compensated to 
some extent by the use of bond functions so that the presently 
calculated barrier should be fairly realistic on theoretical grounds. 

In cantrast to the fluorine system (for which ~ is around 40° 
in MRD-CI calculations) the present calculations predict 4» = 
0° to be the absolute minimum and ~ • 90° the maximum of 
rotation at every Ievel of treatment. Tbc predicted barder height 
increases from 13 kJfmol in the SCF calculation to 17-18 kJfmol 
if carrelation effects are taken into account. This value of 17-18 
kJ/mol i$ in excellent agreement with the experimental results 
of Chen, Elson, and Kochi, 10 who derived a value of approximately 
17 kJfmol on the basis of ESR measurements. 

The present calculations agree qualitatively with those carried 
out by Hopkins et al. 11 and Hoz et al.;13 quantitatively the present 

(23) Bcckwith, A. L.; lngold, K. U. In R'arrangtm,nt in Ground and 
Excit'd Statts; de Mayo, P .• Ed.; Ac:ademic Press: New York, 1980; Vol. 
I, Chapter 4. 

(24) Carsky, P.; Urban, M. Ab lnlllo Calculatlons; Lec:ture Notes in 
Chemistry 16; Springer Verlag: New York, 1980. 
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Fipre 6. Calculated potential energy curves for rotation of the CH2 
groups around thc C-C axis in ClC2H4• Note that a smaller AO basis 
is employed in this case. 

barder is higher than in the earlier calculations. This is under
standable since AO basis set difTerences affect the barrier heights; 
in particular a flexible description of the 1r system, normally by 
addition of d function, is necessary. 

Posslblllty of the l,l Migration 

The earlier sturlies of Hopkinson et al. 11 and of Hoz et al.l3· 14 
have not found a definite stabilization of the symmetric CIC2H4 
(8M = 0°) campound relative to the separated fragments CI + 
C2H4. The UHF calculations of Hoz et a1. 14 find a shallow 
minimum at Reet - 6.o-7. 7 au that disappears if the more reliable 
MCSCF method is employed. Hence they could not support an 
intramolecular migration process passinf a saddle point for 8M 
= 0° which is indicated by experiments. 2 In order to overcome 
the differences between experiment and theory, Hoz et al. 14 in
voked a loose association between chlorine and ethy1ene for a 
transition state whereby it is argued that in solution cage effects 
will stabilize this type of comp1ex further. In cantrast to this 
general view our calculations predict a relative minimum in the 
8M • 0° pathway toward dissociation so that 1,2 migration can 
occur. 

Whereas in the fluorine system the 1,2 migration is possible 
but highly improbable because of the high activation barder 
( 115-130 kJ I mol), in the chlorine system the barrier is only 25-27 
kJfmol, making it an accessible pathway. Tbc campetitive process 
of rotation about the c-c axis has a lower barrier (17-18 kJ), 
however. 

Summary 

The global minima for CIC2H4 and FC2H4 are simiJar, ex
hibiting unsymmetrical structures, essentially those written in the 
classical manner; they differ mainly in the preferred angle of 
rotation about the c-c axis, the former with ~ = 0° and a rotation 
barrier of 18 kJ jmol and the latter with around 40° and a rotation 
barrier between 11 and 17 kJfmol, and the magnitude of the 
barriers to shuttling, 115-130 kJfmol for fluorine and 25-27 
kJfmol for chlorine. Tbc molecular orbital analysis shows that 
differences between the two compounds are only of a quantitative 
nature; from the electronic structure point of view the bond 
formation is the same in both campounds. Tbc smaller stability 
of CIC2H4 (with respect to Cl-C2H4 separation) can be traced 
to the different stabilities of the fluorine-carbon and chlorine-
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Flgure 7. Summary of energies and activation energies in the possible pathways on the FC2H4 and CIC2H4 energy surfaces. The symmetry of the 
corresponding point groups is also indicated. 

carbon bonds. The analysis of the charge distribution shows that 
the terminal carbon C1 is considerably morenegative than carbon 
c2. but both carbon atoms are less negative in the global minimum 
of CIC2H4 than in the separated C2H4 fragment. In other words, 
a definite charge transfer to the Cl center has taken place whereby 
the neighboring C2 centcr is understandably most affected. In 
comparison to the FC2H4 compound it is found that the charge 
at the terminal carbon is almost the same (based on the 1 s energies 
of -11.2465 in FC2H4 vs -11.2498 in ClC2H4) but that consid
erably more charge has been transfered from C2 toward the F 
center (-11.3244 in FC2H4 vs -11.3051 in CIC2H4). 

During rotation very little change in the total charge transfer 
is observed. The open-shell orbital, on the other band, becomes 
localized solely on the terminal carbon as discussed for FC2H4• 

The symmetrical bridged structures are saddle points on thc 
entire PQtential surface for both FC2H4 and ClC2H4 systems with 
a 1.38-A c-c bond length, whereby the stability relative to 
dissociation is larger in the FC2H4 compound. For this symme
trical structure a charge transfer occurs also from the carbons 
to the halogen center but is smaller than in the total minimum. 
lnterestingly the transfer in the fluorine compound is not )arger 
than in CIC2H4• (The 1 s orbital cnergies at the carbon centcrs 
are -11.251 in CIC2H4 and -11.244 in FC2H4 indicating a slightly 
more negative carbon surrounding in FC2H,.). The large difference 
in cnergies relative to the unsymmctrical minima account for the 
divergent behaviors exhibited in these two systems, the symmetrical 
FC2H4 lying about 120 kJjmol above the ground state and the 
ClC2H4 only around 26 kJ jmol, so that shuttling between the 
carbons is a readily accessible pathway for the latter, but not the 
former. 

The energies and activation encrgies are summarized in Figure 
7; they make it apparent that addition of Cl to C2H4 and the 
dissociation of CIC2H4 are two-step reactions proceeding through 
the symmetrical intermediate. The direct path to (or from) the 
unsymmetrical intermediates has a highcr activation barrier. For 
the analogous fluorine case there is no basis for distinguishing 
between the direct and thc two-step pathways since both have 
"zero .. barriers. 

The two steps in the minimal energy path for the Cl + C2H4 
combination are, in principle, first the symmetric approach of the 
chlorine to ethylene along the attractivc part of the potential 
surface to the local symmetric minimum (which is at the same 

time the transition state for the 1,2 migration) followed by the 
pathway to the absolute asymmetric minimum, which is part of 
the shuttling motion. Details of the actual pathway taken by thc 
system can only be obtained from dynamical calculations which 
are not the goaJ of the present work. 

Aside from the understandable (vide supra) differencc between 
calculated and experimental dissociation energies, the agreements 
between calculations and experiments are remarkable. The ex
perimental barrier to rotation about the c-c axis of 17 kJ /mol 
for CIC2H4, determined from changes of line broadenings with 
temperature, agrees with the calculated value of 17-18 kJ fmol. 
There is no experimental value for the shuttling barrier in ClC2H., 
but the rate of 1,2 migration of (CH3hCCt-cH2 to (CH3hC
CH2Cl, 1010 s-1, yields alS k:J/mol barrier (assumc log A • 12.S 
s-1) for this energetically more favorable rearrangement. In work 
that will be presented elsewhere, the rate of shuttling in the 
3-chloro-2-butyl radical is 109 s-1, corresponding to a shuttJing 
barrier of 20 kJjmol. Consequently the shuttling barrier of25-27 
kJ jmol for ClC2H4 can be considered to be in accord with ex· 
perimental values. 

The structure with C-cllying in the same plane as the half· 
occupied p orbital was initially proposed to explain stereochemical 
control and subsequently used to account for thc ESR spectra. 
A further consequence of the analysis of the ESR spectra was the 
placement of the Cl at some intermediate position between 8M 
= 38° and 0°. Here therc seems to be Iack of accord, in that 
calculations indicate 6M = 38° (Figure 2) at the global minimum. 
On the other band, the OM value of the global minimum does not 
correspond directly to the 8M value for CIC2H4 in its lowest vi
brational state. The broad and asymmetric characteristic of the 
potential weil (Figure 2) indicates that the maximum in the 
vibrational wave function, i.e., the average position of tl\e Cl, lies 
at (JM values smaller than thc calculated global minimum. Thus, 
there is no Japse of accord here cither. 

Finally, we must address the structural origin of the reaction 
properlies brought tagether under the rubric "bridged". The broad, 
shallow well, openins toward the symmetric position shown by 
CIC2H4 at the global minimum, results in a v = 0 vibrational state 
which places the chloro closer to that of the c~ condition, a state 
with shortened c-c bond, approaching that of a double bond with 
its very !arge barrier to rotation. Thus, the origin of bridging 
acquires this more concrete description, associating it with the 
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interaction which is set up when a chloro (bromo, iodo, etc.) and 
a half-filled orbital are in the same plane on adjacent atoms, 
resulting in a diminished shuttling barrier and the consequent 
relaxation in the direction of the c2D configuration, with increase 
in the rotational barrier. Thus, all aspects that have been asso
ciated with the bridging phenomenon are readily understandable 
with this construct. 
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Two mononuclear 11"-complexcs, Cu[C2H4] and Cu[C2H4b, have been positively identified by EPR spectroscopy from reaction 
of Cu atoms and ethylene at 77 K in inert hydrocarbon matrices on a rotating cryostat. The spectra of thcse copper(O) complexes 
are consistent with dative bonding for both specics and with a ClD structure for Cu[C2H4] and a Dv. structure for Cu[C2H4h 
Spectra of Cu[I3CH2CH2] and Cu[13CH2CH2h are consistent with these assignments. A third complex is formed in both 
adamantane and cyclohexane that could be Cu[C2H4b with a structure other than Dv. but is more likely tobe the mononuclear 
trisligand complex Cu[C2H4h with a D311 structure. In the absence of a well-resolved isotropic spectrum of Cu[13CH2CH2h, 
this assignment must however be taken as tentative. 

lntroduction 
There have been several spcctroscopic (EPR, IR, resonance 

Raman, and UV-visible) studies of the reaction of Cu atoms with 
ethylene under matrix-isolation conditions at cryogenic temper
atures (~77 K).3- 7 Ozin and co-workers3•5 suggested that three 
mononuclear zero-valent copper complexes are formcd with one, 
two, and three ethylene ligands, i.e., Cu[C2H4], Cu[C2H4h, and 
Cu[C2H4h Each complex displays intense visible charge-transfer 
and ultraviolet absorptions that red and blue shift, respectively, 
with increasing ethylene stoichiometry. IR bands have been 
assigned to the C=C stretching and CH2 deformation and 
wagging modes of Cu[C2H4] and Cu[C2H4h while positive 
stoichiometric assignment of Cu[C2H4h has proved difficult 
because of complications due to isotopic band overlap. 

EPR studies of the Cu/C2H4 system in argon6 have identified 
two spectra, one with a large Cu hyperfine interaction (hfi) as
signed to Cu[C2H,.] and one with a much smaller Cu hfi assigned 
to Cu[C2H4h- There was no evidence of an EPR spectrum in 
argon that could be assigned to Cu[C2H4h-

A recent resonance Raman and infrared study in pure ethylene 
and ethylene/argon mixtures7 confirmed the formation of the three 
copperfethylene complexes and provided sound evidence for the 
formation of the dimer, Cu2[C2H4h. The stability of these 
complexes was found to increase in the order Cu[C2H4] <Cu
[C2H4h < Cu[C2H4h· 

We have performed an EPR study of the reaction of Cu atoms 
with C2H4 in inert hydrocarbon matrices on a rotating cryostat 

(1) lssued as NRCC No. 30800. 
(2) NSERC postdoctoral fellow, 1987-1988. 
(3) Huber, H.; Mclntosh, D.; Ozin, G. A. J. Organomer. Chem. 1976, 112, 

CSQ-CS4. 
(4) Ozin, G. A.; Huber, H.; Mclntosh, D. Inorg. Chem. 1977, 16, 

307Q-3078. 
(S) Mclntosh, D. F.; Ozin, G. A.; Mcssmer, R. P. lnorg. Chem. 1980, /9, 

3321-3327. 
(6) Kasai, P. H.; Mcleod, D., Jr.; Watanabe, T. J. Am. Cltem. Soc. 1980, 

102, 179-190. 
(7) Mcrle·M~jean, T.; Bouc:hareb, S.; Tranquille, M. J. Phys. Chem. 1989, 

93, 1197-1203. 

at 77 K and report here tentative spectral evidence for the for
mation of Cu[C2H4h as weil as positive evidence for the mono
and diligand complexes. 

Experimental Secdon 

The rotating cryostat and instruments used to record and 
calibrate EPR spectra have been described previously.8 

Copperoxide enriched to 99.89% in the isotope 63Cu was ob
tained from Oak Ridge National Laboratory, TN. It was reduced 
to the metal by hydrogen at 500 °C. Ethylene (C2H4) was ob
taincd from Matheson, and 13CH2CH2 (99 atom % 13C) was 
obtained from MSD, Montreal. The inert hydrocarbon matrices 
used were adamantane and cyclohexane and were obtained from 
Aldrich. Cu:C2H4:matrix ratios were typically 1:-40:500; i.e., 
there was an excess of reactant over metal atom. While the metal 
and matrix fluxes were generally kept constant, the C2H4 inlet 
pressure was varied by a factor of 10 but the exact amount of C2H4 
deposited was not determincd. 

Values of a11 and g1 were obtained from directly measured 
transitions and are accuratc to 2::2 MHz and 2::0.0006, respectively, 
while a J. and KJ. values were obtained by computer simulation 
and are probably accurate to about 5 MHz and 0.0015, respec
tively. 

Results 
Adamantane. 63Cu atoms (25 mg) and C2H4 (0.07 Torr) in 

adamantane ( 1 g) gave a dark red deposit, the EPR spectrum of 
which at -4 K consisted of an almost isotropic quartet 1 with 
a63 = 3730 MHz and g • 1.9930 and a more intense central 
feature 3 (Figure 1a) that was indicative of a species with a1 » 
a J.. This centrat feature was not the same as the centrat feature 
given by CufC2H4 in Ar.6 A satisfactory simulation of this 
spectrum (Figure 1 b) was obtained by using the magnetic pa
rameters a.l. = 60 MHz, aa • 152.2 MHz, g.l. • 2.0121, g1 • 
2.0021, and P J. = 10 MHz., i.e., the carrier of the spcctrum bad 

(8) Bucl,, A. J.; Mile, 8.; Howard, J. A. J. Am. Chem. Soc. 1983, 105, 
3381-3387. 
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