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Figure 2. 3-21G geometries of transition structures for reactions of 
hydride with ethylene, methyl anion with ethylene, and hydride with 
acetylene. 
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Figure 3. Possible mechanism for the addition of an alkyllithium tet- 
ramer to ethylene. 

with some lateral displacement and a significant decrease of the 
C"-Li+ distance.17 

The angle of attack of H- or Me- on ethylene or acetylene is 
significantly larger than tetrahedral,18 even though little CC 
bonding has developed in the transition structures. The presence 
of the Li' counterion decreases this angle slightly, as compared 
to isolated anion additions. 

Activation energies and transition structures for additions to 
formaldehyde are not influenced significantly by dimerization of 
LiH or MeLi,7 perhaps because the aggregation of organolithium 
compounds arises primarily from electrostatic effects.19 A 
conceivable mechanism of addition of a solvated lithium tetramer 
to ethylene is shown in Figure 3. Displacement of solvent and 
coordination of ethylene should be slightly exothermic, since initial 
solvation energies of alkyllithium tetramers with THF are typically 
7-8 kcal/mol, and 2-6 kcal/mol with ether." Since the lone pair 
of the methyl anion is pointed toward the center of the lithium 
tetrahedron, two of the methyl-lithium bonds must be lengthened 
in order to allow rotation of the lone-pair to interact with the 
ethylene terminus. The activating effect of Lewis basic solvents 
upon the addition reaction2a may be due to greater ease of 
lengthening of these bonds when lithium is additionally coordinated 
in the transition state. 
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It is widely agreed that radical-chain C1, chlorinations of al- 
iphatic systems in noncomplexing solvents or in gas phase are 
slower when electronegative substituents are present:Ia For 
example, alkyl chlorides react less rapidly than the corresponding 
alkanes. Thus, the behavior we report here appears to be anom- 
alous: In CCl, or CFC1, solvents, photochlorinations with low 
conversions of cyclohexane, isobutane, neopentane, or 2,3-di- 
methylbutane, with careful exclusion of 0 2 ,  result in formation 
of unexpectedly large proportions of multiply chlorinated products, 
resulting from further chlorination of the monochloro products. 
Although this is an effect which gives the appearance that the 
chloro derivatives are more reactive than the alkane, the depen- 
dence on alkane concentration leads us to a novel proposal, a type 
of elementary process which appears to have been unrecognized 
heretofore. 

For example 1000 pmol of purified cyclohexane (purity 99.99%; 
0.10 M) with 309 pmol of Clz in CCI, (10 mL) shows no product 
formation in the dark, but on brief exposure to a tungsten lamp 
results in formation of 74 pmol of cyclohexyl chloride, 67 pmol 
of dichlorides, and 39 pmol of a mixture of trichlorides; these are 
produced in the presence of more than 800 pmol of unrearted 
cyclohexane. The composition of these multiply halogenated 
products is readily recognizable with GC-mass spectrum analysis. 
Thus, cyclohexyl chloride appears to be far more reactive than 
cyclohexane. The more usual behavior, cyclohexane more reactive 
than cyclohexyl chloride, is observed in chlorination of undiluted 
cyclohexane (18.5 mmol; no added solvent) with 483 pmol of Clz, 
resulting in formation of 460 pmol of cyclohexyl chloride and 15 
pmol of dichlorides (no trichlorides). 

With low conversion conditions we report here that the amount 
of polychlorinated product relative to the total amount of chlo- 
rinated product increases with decreasing concentration of cy- 
clohexane. This can be seen in Table I. In the first four reactions, 
each starting with 10 mol % C1, with respect to cyclohexane, the 
percentage of polychlorinated product increases from 6% in the 
photochlorination of neat cyclohexane to 56% in the reaction 
carried out with 0.030 M cyclohexane in CCL,. The same increases 
in the percentage of polychlorinated product were observed in the 
reactions that initially contained 30 mol % C1,. Despite the 3-fold 
greater conversion of the cyclohexane, there is only a slightly 
increased percentage of polychlorinated product. This effect is 
independent of the C12 concentration and is attributable to the 
change of cyclohexane concentration and to the percentage of its 
conversion. For example, a reaction of 0.020 M cyclohexane in 
CCl, in the presence of 0.03 1 M C12, stopped early by quenching 
with corn oil, resulted in -20% loss of the original 200 pmol of 
cyclohexane and production of 12.4 pmol of cyclohexyl chloride, 
16.0 pmol of dichlorides, and 11 .O pmol of a mixture of tri- 
chlorides, 68% polychlorinated product. A reaction identical 
except for 0.006 M C12 resulted in an identical product compo- 
sition. Thus, the percentage of polychlorination is independent 
of [Cl,] and dependent on [CsH12]. 

An analogous result is obtained with low conversion photo- 
chlorinations of 2,3-dimethylbutane (DMB). In pure DMB the 
two isomeric C6H13C1's are produced in - 100% yield; with 0.10 
M DMB in CFC13 (10 mL), 102 pmol of C1, produces 41 pmol 
of monochlorides and 24 pmol of dichlorides. This result is in- 
dependent of either the presence of HC1 produced in the reaction, 
or its presence initially a t  0.5 M, or of scavenging of HC1 by 
anhydrous K2C03. 

(1) Poutsma, M. L. In "Methods in Free-Radical Chemistry"; Huyser, E. 
S. ,  Ed.; Marcel Dekker: New York, 1969; (a) pp 138-163, (b) pp 84-87. 
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Table I. Photochlorinations of Cyclohexane a t  20 OC 

[cyclohexane], M solvent [C6Hi2I product, ’3%“ 
lOO[Cl,] / polychlorinated 

9.2 none 10 6 
1 .o CCI, 9.7 29 
0.10 CCI, I O  53 
0.030 CCI, 11 56 

3.0 CCI, 32 20 
1 .o CCI, 30 3 3 , 3 3  
0.30 CCl, 32 51 
0.10 CCI, 31 57, 59 
0.050 CCI, 30 63, 64 
0.020 CCI, 33 63, 64, 68 

0.10 CFCI, 31 58 
0.020 CFCI, 33 63, 68, 70 

1 .o CFC1, 34 33  

Polychlorides X 100 f xmonochlorides + polychlorides. 

Low-conversion photochlorinations of 0.10 M neopentane or 
0.10 M isobutane in inert solvents similarly result in formation 
of unexpectedly large amounts of the dichlorides. 

But, if benzene is used as the solvent, in place of C C 4  or CFCl,, 
the anomalous behavior is not observed: Chlorination of 0.10 M 
cyclohexane or 0.10 M DMB results in nearly exclusive formation 
of monochlorides in excellent yields, based on Cl,. 

In contrast, “normal” behavior is observed with methyl chloride, 
methylene chloride, ethyl chloride, and 1,l-dichloroethane under 
all conditions. For example, chlorination of 1000 pmol of methyl 
chloride (0.10 M) in CFC1, solvent (10-mL solution) with 103 
pmol of C12 (0.01 M) produces 78 pmol of CH2C12. Similar 
experiments (1) with methylene chloride in CFC13 produce 83 
pmol of CHC1, and (2) with ethyl chloride in CFCI, produce 90 
pmol of C2H4C12’s. With these compounds similar results are 
obtained at  high concentrations of substrate. There is no con- 
centration effect with these substrates such as that observed with 
alkanes. 

These results are understandable if one recognizes a consequence 
of attributing an encounter-controlled rate constant to the reaction 
of CIS with an alkane.Ib The alkyl radicals react with C12 to 
produce the alkyl chloride and a chlorine atom. These geminate 
reaction products are in the same solvent cage and react by transfer 
of a hydrogen atom from the alkyl chloride to the C1-, thus leading 
ultimately to the dihalides etc. 

C - C ~ H I ~  -I- C1. - HCI -I- C-C~HII .  (1) 

C-C~HI~.  + clz  + [ C - C ~ H I I C ~  c1.1, (2) 

(3)  

Reaction of the cage partners accounts for the multiple chlo- 
rinations; escape of C1. from the cage leads to monochlorides. This 
cage effect should be most notable at low concentrations of alkane 
in relatively inert solvents. With the alkane as the solvent, cage 
“walls” would also consist of alkane molecules which react faster 
than the alkyl chloride with the chlorine atom, thus giving a normal 
product distribution. The same result is obtained with any solvent 
for which the rate of reaction with C1. is encounter controlled, 
as, for example, benzene., 

With low reactivity substrates, for which the rate constants for 
reaction with CIS are substantially below the cage-escape rate, 
multiple consecutive cage chlorinations should not be important 
pathways. Substrates such as CH2C12 and CHC13 react with 
chlorine atoms at  rates 1-2 orders of magnitude less than those 
of primary C-H’s of  alkane^,'^,^ thus explaining the failure to 

(2) (a) Russell, G. A. J.  Am. Chem. Sac. 1958,80,4987. (b) Soumillion, 
J. P. Ind. Chim. Belge 1970, 35, 1065. (c) Skell, P. S.; Baxter, H. N., 111; 
Taylor, C. K. J .  Am. Chem. Sac. 1983, 105, 120. 

(3) Russell, G. A. In “Free Radicals”; Kochi, J. K., Ed.; Wiley: New York, 
1973; pp 283-293. 

observe the anomalous behavior with the substrates CH,Cl, 
CH2CIz, etc. 

One can predict this anomalous effect, resulting from reactions 
of the geminate pair, will be observed when (1) the solvent is 
relatively inert, (2) the substrate concentration is low enough to 
make improbable that substrate and chlorination product mole- 
cules will be found in the same cage, and (3) the rate of reaction 
of the geminate pair is equal to or greater than the rate of cage 
escape of the smallest member of the pair. 

We are seeking other instances of this “anomaly”. 
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This laboratory recently describedl steady-state electron con- 
duction through submicron films of electroactive polymeric 
transition-metal complexes sandwiched between two electrodes. 
Complexes like [O~(bpy)~(vpy),] (C104)2 were electropolymer- 
ized2-, onto polished Pt and then overlaid with a porous film of 
evaporated Au, which was contacted by an electrolyte solution 
containing reference and auxillary electrodes. In this paper, we 
show that voltammograms with large limiting currents can be 
obtained for similarly prepared’ Pt/p~ly[Os(bpy)~(vpy)~]- 
(C104),/Au sandwiches in the absence of an electrolyte solution, 
bathed only in acetonitrile vapor or dry N, gas. 

The essential features of the previous’ sandwich voltammetry 
in electrolyte solution are summarized in Figure 1A,B. Figure 
1A is a cyclic voltammogram where only Ept is controlled (vs. 
SSCE) and shows waves for the Os(III/II), Os(II/l), and Os(I/O) 
(formal) couples. In Figure lB, where both Ept and EAu are 
controlled (vs. SSCE), EA,, at 0 V and Ept being varied, a 
steady-state current-potential wave appears when E, passes each 
region of film electroactivity. In the wave at  positive EPt, for 
instance, the limiting current (iIIIjrl) means that all of the polymer 
next to the Pt electrode is Os(II1) and all that next t o the Au 
electrode is Os(II), with linear concentration gradients of Os(II1) 
and Os(I1) states in the interior of the film as in Figure 1B inset. 
This i l I I / I I  limiting current is controlled by the rate of electron 

‘Present address: AT & T Bell Laboratoris, Murry Hill, N.J. 
( 1 )  (a) Pickup, P. G.; Murray, R. W. J .  Am. Chem. Sac. 1983, 105,4510. 

(b) Pickup, P. G.; Murray, R. W. J .  Electrochem. Sac. 1984, 131, 833 .  (c) 
Pickup, P. G.; Kutner, W.; Leidner, C. R.; Murray, R. W. J .  Am. Chem. Sac. 
1984, 106, 1991. 

(2) bpy = 2.2’-bipyridine; vpy = 4-vinylpyridine. 
(3)  Calvert, J. M.; Schmehl, R. H.; Sullivan, B. P.; Facci, J. S.; Meyer, 

T. J.; Murray, R. W. Inorg. Chem. 1983, 22, 2151. 
(4). Stmilar results are obtained in pure acetonitrile liquid but because of 

an ionic impurity the limiting currents were less reproducible upon successive 
potential scans. 

( 5 )  Electroneutrality will not rigorously apply at the interphases between 
phases at equilibrium or at steady state.6 However, space charges will only 
lead to minor deviations from the predictions made here. These deviations 
will be examined thoroughly in a future report.’ 

( 6 )  Buck, R. P. In “Ion-Selective Electrodesin Analytical Chemistry”; 
Freiser, H., Ed.; Plenum: New York, 1978; Vol. 1, Chapter 1. 
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