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The large effect of certain solvents (aromatics and CS2) on the isomer distributions obtained in the free radical chlorina- 
tion of hydrocarbons, first observed by Russell, has been confirmed and extended to  a number of other systems. These 
solvents also greatly increase the temperature dependence of this distribution, and the whole phenomenon is discussed in 
terms of the formation of relatively stable x-complexes by C1. which convert its reactions with primary, and perhaps second- 
ary hydrogen to  endothermic processes. Solvent effects in the chlorination of ethyl and n-butyl chlorides indicate that here 
the electron-accepting properties of C1. are increased by complexing. Competitive chlorination of small ring compounds a t  
68" shows a continuous decrease in reactivity from cyclohexane to  cyclopropane. Remarkably, the spread in reactivity 
decreases a t  O" ,  and evidence is presented that cyclopropane acts as a complexing solvent for C1.. 

It has commonly been assumed that solvents, 
providing they are not actually attacked by free 
radicals, exert only negligible or second-order 
effects on the rates or course of free radical reac- 
tions between uncharged species. Thus, the first- 
order rates of decomposition of benzoyl peroxide 
and azobisisobutyronitrile change only slightly 
with medium,2 and Leffler has noted small but 
largely compensatory changes in AH+ and AS+ 
in the decomposition of phenylazotriphenyl- 
methane. Extensive studies of copolymerization 
again have shown no significant change in the rela- 
tive reactivities of olefins in a wide variety of 
media. 

In contrast to this simple situation, recent results 
indicate that the reactive properties of chlorine 
atoms may be profoundly solvent dependent. In 
their survey of the field in 1935-1936, Hass, 
AlcBee and Weber5 noted that the selective 
tendency of chlorine atoms to attack aliphatic 
C-H bonds in the order primary < secondary < 
tertiary was somewhat greater in the gas than in 
the liquid phase, and, in 1955, Russell and Brown6 
reported that this selectivity is very notably larger 
when SOzC12 is used as the chlorinating agent. 
Again, Miller' has found that the relative reac- 
tivity of p-chlorotoluene ns. toluene toward chlo- 
rine atoms decreases from 0.69 to 0.46 when the 
predominantly aromatic medium of mixed toluenes 
is diluted with CCl+ This importance of solvent 
effects in chlorine atom reactions was very dra- 
matically emphasized, in 1957, by Russell8 who 
showed that the ratio of reactivities of tertiary to 
primary hydrogen in 2,3-dimethylbutane may be 
increased from approximately 3.5 to over 50 by 
carrying out the reaction in aromatic solvents. 
A parallel investigation was under way in this 
Laboratory a t  the time of Russell's striking com- 
munication, and this paper reports some of our 
results to date which give data on reactivities of 
primary, secondary and tertiary hydrogen in 
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various molecules, results of the halogenation of 
small rings, and some observations on solvent 
effects in the chlorination of molecules with polar 
substituents. 

Results and Discussion 
Relative Reactivities of Primary, Secondary and 

Tertiary Hydrogens.-Typical data comparing 
relative reactivities of neopentane, cyclohexane 
and 2,3-dimethylbutane toward chlorine atom at- 
tack in carbon tetrachloride and in benzene a t  68" 
appear in Table I. 

Experiments were run photochemically in sealed 
tubes using chlorine plus excess hydrocarbon and 
products analyzed by gas chromatography. Rela- 
tive reactivities of the hydrocarbons were de- 
termined by analysis for unreacted hydrocarbon 
which eliminates any error due to polychlorination. 
The reported values were calculated by the usual 
relation for competitive chain-carrying steps in radi- 
cal chain reactions involving the same attacking 
radicals 

where [RIH] and [RtH]@ are the initial concentra- 
tions of two hydrocarbons, [RlH] and [R*H] final 
concentrations and k l / k z  the ratio of rate constants 
for chlorine atom attack on the two species. For 
convenience all reactivities are referred to 2,3- 
dimethylbutane as standard. Partial rate factors 
were calculated from these relative reactivities 
together with gas chromatographic measurements 
of the relative amounts of primary and tertiary 
chlorides formed from the dimethylbutane. 

Our data on the ratio of tertiary to primary 
substitution in 2,3-dimethylbutane show the same 
sort of striking solvent dependence reported by 
Russell, although our results in benzene indicate a 
slightly higher selectivity than would be predicted 
by extrapolation of Russell's data to 68'. They 
also show that the solvent effect extends to competi- 
tive reactions between different molecules, to the 
relative reactivities of primary and secondary 
hydrogens, and even different types of primary 
hydrogen. 

A notable feature of these solvent effects, and 
one which has an important bearing on our in- 
terpretation of their origin, is the pronounced 
temperature dependence of chlorine atom selec- 
tivity in solvents where this selectivity is high. 
Tables I1 and I11 illustrate this phenomenon in the 
cases of the chlorination of n-butane and 2,3- 



TABLE I 
COMPETITIVE CHLORIKATIONS O F  NEOPENTASE (N),  CYCLOHEXANE ( e )  AND 2,3-DIMETHYLBUTANE ( D )  AT 68' 

, - -~-  Partial rate factorse------ 
System and solvent" N C D N(I0H) C(2'H) D(1'H) D(3'H) 

--Relative reactivitiess--- 

K,D,CC14 (4 .1)  0 . i 9  . .  1.00 1.38 . .  1 .00 3.7 
N,D,CeH6 ( 5 . 6 )  .34 . .  1 00 1,io , .  1.00 24 
C,D,CClr (5.2) . .  1.16 1.00 . .  2 . 1  1.00 4 . 1  
C,D,Ce.Hs (5.6) . .  1.42 1.00 . .  5 .8  1.00 18 
N,C,DCCla (4.5) .87 1.14 1.00 1.48 1.94 1.00 4 .2  
N,C,D,CeH( (5 .6)  .33 1.15 1.00 1.66 5 . 8  1.00 24 

a Solvent molarity in parentheses. * Relative to  dimethylbutane. Relative to a single primary hydrogen of dimethyl- 
butane. 

dimethylbutane in bulk and in carbon disulfide 
solution. Carbon disulfide was chosen as a solvent 
in which selectivities are particularly high,g and, 
in fact, measurements on 2,3-dimethylbutane 
were not made a t  above 11.1 M CS2 since selectivi- 
ties become too high for very accurate measure- 
ment. 

TABLE I1 
SOLVENT EFFECTS IN THE CHLORISATIOS OF WBUTANE 

AH'p - 
Re1 react. AH*s,  

Solvent T, OC. ( S I P ) "  (cal /mole) 

None 68* 2.69 i 0 08 
0 3.09 Z!C .03 400 

4 00 f .03 -- - 13 

CeHs (9 AT) 68 5 11 . .  
CS* (11.1 M )  68 6 55 

34 7 . 8  1800 
0 13 2 

CS2 (13 3 hl)  68 8 00 
34 39.6 5600 
0 62 5 
Actually in nitromethane (a non-com- Per hydrogen. 

plexing solvent) to reduce vapor pressure. 

TABLE I11 
SOLVENT EFFECTS I N  THE CHLORINATION OF ZJ-DIMETHYL- 

BUTANE 
Rel. react. 

Solvent T, "C. ( t /$) '  A H * p  - AH*t 

hTone 68 4.04 
0 4.96 800 

- 75 11.0 
cs, (11.1 nf) 68 34.0 

0 93.2 
34 51.4 2300 

a Per hydrogen. 

From the variation in ratios of secondary to 
primary and tertiary to primary halides in the 
products with temperature, differences in activa- 
tion energy for chlorine atom attack on the dif- 
ferent types of hydrogen may be calculated and are 
given in the tables. In  bulk, differences are small 
and comparable to those calculated from gas-phase 
data.5 However, in carbon disulfide the differ- 
ences amount to several kcal./mole, and are in fact 
significantly larger than the actual activation 
energy for chlorine atom attack on primary hydro- 
gen (0.7-1 kcal.) determined by Pritchard, Pyke 
and Trotman-Dickenson10 for the reaction in the 
gas phase. 

(9) G. A. Russell, private communication, July, 1957. 
(10) H. 0. Pritchard, J. B. Pyke and A. F. Trotman-Dickenson, 

Tms JOURNAL, 77, 2629 (1955). 

The foregoing certainly indicates that the proper- 
ties of chlorine atoms are profoundly altered in 
aromatic solvents and in carbon disulfide, and the 
most plausible explanation7vs appears to be that 
they associate with such solvents, presumably in 
the form of *-complexes. Since such complex 
formation should be accompanied by a loss of en- 
tropy, its occurrence indicates that it must be an 
exothermic process, and the resulting energetics are 
indicated in Fig. 1. The curves for uncomplexed 
chlorine atoms are drawn accurately from gas 
phase data and known bond dissociation energies." 
Those for complexed atoms are more schematic, 
but they indicate both the origin of the greater 
selectivity, and its greater temperature dependence. 
If complex formation is exothermic to the extent 
of 10 kcal., chlorine atom attack on primary and 
secondary C-H bonds is transformed from an 
exothermic to an endothermic process with a cor- 
responding increase in activation energy and also 
in selectivity between bonds of different strength. 
Here it may be noted that hydrocarbon chlorina- 
tion is probably a particularly favorable system 
for observing a large solvent effect of this sort, 
first because the chlorine atom is strongly electro- 
negative and accordingly shows a strong tendency 
to complex with electron-donating solvents and, 
second, because the energetics are so poised that a 
small amount of stabilization of the chlorine atom 
transforms its resulting reactions from exothermic 
to endothermic processes with a consequent great 
increase in selectivity. 

Both Russell's results* and our own indicate 
that the selective properties of chlorine atoms in- 
crease smoothly with increasing concentration of 
complexing solvents, as might be expected if an 
equilibrium is involved. However, plots of selec- 

c1. + s S t  c1- (2)  

tivity (;.e., k l / k z  ratios from eq. 1) us. concentra- 
tion of complexing solvent are in general concave 
upward, suggesting a series of complexes with one 
or more solvent molecules.8 Alternatively, since 
i t  is plausible that chlorine atoms are always to 
some extent associated with surrounding solvent, l2 
the fraction "complexed" could depend as a first 
approximation upon the ratio of the solvents present 
and thus account for the relation observed in terms 
of a single complex. Sufficient data are not yet 
available to attempt to work out these relations 
in detail, but, from the energetics indicated in 

(11) Cf. ref. 2, sec. 8.3. 
(12) The strength of such association should be a t  least of the same 

order of magnitude as the heat of vaporization of simple non-polar 
molecules, 1-5 kcal./mole. 
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TABLE IV 
CHLORINAIION OF SMALL RING COMPOUNDS (REACTIVITIES ALL RELATIVE TO CYCLOHEXANE) 

c Rel. react vs. CUHIX- 
Compound Solvent T, OC. Total Per C-H AH* - Aff*CrRuC 

Cyclopentane CClr ( 5  hl) 68 0.75 i 0.01 0.90 & 0.01 
0 .78 & .02 .94 f .03 - 140 

CeHe ( 7 . 3  M )  68 .67 i .04 .81 f .05 
Cyclobutane cc14 ( 5  M )  68 .57 * 02 .85 f .02 

CsHe ( 7 . 3  nf) 68 .57 f .03 0.85 f .04 
0 .69 i .03 1.03 =k .05 - 480 

Cyclopropane cc1, ( 5  M )  68 ,105 f ,014 .210 f .027 
0 ,157 f ,011 .315 3= .023 - 1700 

CeH6 ( 7 . 3  M )  68 .141 ,283 
n-Butane cc14 ( 5  M )  68 .60 + .01 1.17 f .02" 

0 .567 A .01 1.12 i .02" 
C6He ( 7 . 3  M )  68 .43 1.28 

Norcamphane CClr ( 5  iM) 68 .i5 f .05 1.04 & .05b 
Per secondary H. * For 2,3,5,6-hydrogens, see text. Cal./mole. 

Fig. 1, we would anticipate that kinetic chain 
lengths and the rates of chlorinations carried out 
in complexing solvents should both be markedly 
reduced. 

Reactivities of Cyclic Compounds.-The relative 
reactivities of small ring compounds toward hydro- 
gen abstraction by free radicals has been discussed 
by Brown13 in terms of the effect of "I-strain" on 
the stability of the resulting radicals. This 
approach predicts the order of reactivity cyclo- 
pentane > cyclohexane > cyclobutane > cyclo- 
propane. The gas-phase reaction of methyl radi- 
cals with cycloparaffins has been investigated by 
Trotman-Dickenson and Steacie14 with results in 
agreement with this sequence. Our own data on 
chlorination in carbon tetrachloride and in benzene 
appear in Table IV. At 68' in carbon tetra- 
chloride relative reactivities, both per molecule 
and per hydrogen, decrease continuously with ring 
size and there is no indication of any heightened 
reactivity of cyclopentane. Also, even in the case 
of cyclohexane, reactivity per hydrogen is less 
than that of the secondary hydrogens of n-butane. 

The most striking feature of the table is the 
decrease in selectivity when reaction is carried out 
a t  Oo, implying that chlorine atom attack on the 
smaller rings actually involves a lower heat of 
activation coupled with a more negative A S .  
Since all experiments were run in duplicate with 
good reproducibility, we believe that this effect is 
real, and it is paralleled by the apparent decrease in 
selectivity observed in experiments run in 7.3 M 
benzene. While we have no comprehensive ex- 
planation to offer, i t  is conceivable that chlorine 
atoms can actually complex with small rings, and 
this then provides a lower energy path for their 
reaction. In  support of this suggestion we find 
that when a mixture of 0.5 cc. of 2,3-dimethyl- 
butane and 2 cc. of cyclopropane is chlorinated a t  
0' the t / P  ratio of the resulting chlorohexanes in- 
creases to 34 f 4, compared with 5 (Table 11) 
without cyclopropane. We hope to investigate 
this interesting question further. 

Table IV also reports results on bicyclo I2.2.11- 
heptane (norcamphane) . Here chlorine atom 

(13) H. C. Brown, R. S. Fletcher and R. B. Johannesen, TEIS JOUR- 

(14) A. F. Trotman-Dickenson aud E. W. R. Steacie, J .  Chem. 
NAI,,  78, 212 (1951). 

Phrs., 19, 329 (1951). 

attack yields almost exclusively exo-2-chloronorcam- 
phane, 93%, plus small amounts of two other 
unidentified isomers in keeping with the observa- 
tions of Roberts on the chlorination using sulfuryl 
ch10ride.l~ In carbon tetrachloride a t  68' the 
reactivity of the whole molecule is 0.75 that of 
cyclohexane, but there is little if any attack on 
either the endomethylene group or the bridgehead 
tertiary hydrogens. The reactivity per hydrogen 
of the C-H bonds which are attacked is essentially 
the same as in cyclohexane. This of course 
assumes that both exo- and endo-hydrogens react. 
The formation of predominantly exo-chloride prob- 
ably has no bearing on this question due to the 
easy inversion (or planar structure) of carbon 
radicals. 

0 

0 ; 5  

5 3 10 
h4 

- - c 

II 
t - R  + HCL 

Fig. 1.-Energetics of reaction of complexed and uncom- 
plexed chlorine atoms. 

Molecules with Polar Substituents.-It is well 
recognized that electron-withdrawing substituents 
deactivate neighboring C-H bonds toward attack 
by chlorine atoms, the generally accepted explana- 
tion being that chlorine atoms are electron- 
accepting species. l 1  Our investigations of the 
effect of complexing solvents on this deactivation 
were carried out on ethyl chloride and n-butyl 
chloride. Additional work on acid derivatives is 
currently in progress. 

Results obtained with ethyl chloride, Table V, 
show that in CC14 the major product is 1,l-dichlo- 
ride and that the molecule as a whole is less reac- 
tive than neopentane. Both results are in quali- 

(16) J. D. Roberts, L. Urbanek aud R. Armstrong, TEIS JOURNAL, 
71, 3048 (1949). 



tative agreement with gas-phase data in the 
literature,l1 although extrapolation of Pritchard's'O 
results to 0' gives a reactivity relative to neo- 
pentane of only 0.09. In  complexing solvents the 
relative reactivity increases, as does the fraction 
of 1,l-dichloride formed. The values of D(CH8- 
CHC1-H) have not been directly measured, but, 
since D(CC13-H) and D(t-CbHg-H) are both 
approximately 90 kcal.,16 it is probably comparable 
to that of a secondary C-H bond. Both results 
are thus qualitatively in agreement with the energy 
arguments given previously and may be explained 
as arising from a decrease in the ease of reaction of 
complexed C1. with neopentane and the primary hy- 
drogens of ethyl chloride. More quantitatively, 
there is a 2.55-fold change in the relative reactivities 
of the 1- and 2-positions of ethyl chloride in going 
from CC14 to 11.1 M CS2, compared with a 4.3- 
fold change in the relative reactivities of the 
primary and secondary positions of n-butane a t  0' 
on going from no solvent to 11.1 M CS2 (Table 11). 
Although the difference between these numbers 
may not be very significant, if complexing both 

TABLE V 
SOLVEXT EFFECTS IS THE CHLORIXATIOX OF ETHYL CHLO- 

RIDE ( 0 ' )  
Kcl. react. ws. 

CClra (6 .9 ,ld) 3 .22 =!= 0 . 1  0.13 =t 0.02 
C6H6 (5.8 151) . .  0.23 

Solvent l,l-Cl/1,2-Cl neopentane 

CeH6 (7 .6  M )  i . 20  . .  
CsHsC1 (6 .6  211) 5.56 . .  
cs* (11.1 X) 8.2U . .  

Average of duplicate experiments. 

decreases the reactivity of chlorine atoms and de- 
creases their tendency to accept electrons as was 
suggested to interpret data on the chlorination of 
substituted  toluene^,^ the change in case of ethyl 
chloride would be expected to be the larger of the 
two. 

TABLE VI 
SOLVENT EFFECTS IN THE CHLORINATION OF ~ - B U , W L  

CHLORIDE 

Solvciit '6, l , l -C l / l , 3 -U  1,2-C1/1,3-CI 1,1-C1/1,3-CI 
Nune" G8 0.158 i 0.003 0.478 i 0 .05  0 . 3 9 7  i 0.01  

3 %  , 1 2 8  i ,003 ,458 & .05 , 3 5 8 i  .01 
0 ,099 rt ,002 .13F j= ,03 . 3 2 3  i .01 

CS: (11.1 .\I) 68 ,122  , 3 9 7  ,208 
34 ,0873 . 3 X 3 ,163 
0 ,0008 , 2 9 8  , 1 2 1  

CSr ( 7 . 9  hf) 08 ,138 . 1 : 3 0  , 2 6 5  
~ ~ € 1 ~  ( 5 . 7  M I  ii8 . ii .i  11:: ,317 

( 7 . 5  A I )  68 . n o  . 1.1 1 , 2li7 

A l I * , , l  - JlI*l.2 - - 
AI€*i,ah l I I*1 ,3b  A II *i I 8 h 

NUll'2 1290  270 GO11 
cs2 (11.1 .if) 20.40 8 10 1470 

a Average of duplicate experiments. 

Our most extensive experiments in this series 
were carried out with n-butyl chloride, Table VI, 
where measurements were made in several solvent 
systems and over a range of temperatures. At 68' 
bulk isomer distributions are similar to those re- 
ported by Brown and Ash using SOzC12 a t  7 0 O . I '  

Iri cal./mole. 

( I l i )  Rcfcrencc 3, 11. 50.  
(17) 11. C.  l jro%ii  and A. 13. A h h ,  'l'iiis JUI.I<NAL, 7 7 ,  4019 (1952) 

They report i'Y6 l ,L,  23% lj%, 4ti% 1,s- and 
1,4-dichlorides. On the same basis we obtain 
7.8, 23.5, 49.2 and 19.57,, respectively. At  lower 
temperatures the distribution widens. hctiva- 
tion energy differences thus appear to be the chief 
source of differences in reactivity of the various 
C-H bonds in n-butyl chloride, and these quantities 
appear a t  the bottom of Table VI. In  Table VI 
attack on the hydrogens of carbon 3 has been 
taken as the standard of comparison, but ap- 
parently even they are somewhat less reactive than 
normal secondary C-H's. A competitive experi- 
ment with cyclohexane gives an over-all reactivity 
of only 0.192. This result combined with the 
isomer distribution data of Table VI indicates that 
reactivity per 3 (C-H) is only 0.2s that per C-H 
of cyc1ohexane.l' 

In  complexing solvents the 1,4-/1 ,3-dichloride 
ratio decreases as would be anticipated from our 
hydrocarbon results. However the 1,2-/1,3- and 
1,1-/1,3- ratios (all of which involve attack on 
C-H bonds of similar strength) also decrease 
while activation energy differences increase. These 
results seem the strongest evidence that, contrary 
to the former conclusion, in these systems com- 
plexing increases rather than decreases the elec- 
tron-accepting properties of the chlorine atom. 
This conclusion, in terms of contributions of polar 
structures to the transition state, would suggest 
resonance structures such as 

S f C1- H-R t-f S.-Cl-H'R 
which would be particularly unlikely when I< 
possesses strongly electron-withdrawing groups. 
If so, some portion in the increase of selectivity in 
the order p < s < t observed in hydrocarbon chlo- 
rination in complexing solvents may arise from 
this change in electron-accepting properties of the 
chlorine atom, as well as from the (probably 
larger) effect due to change in over-all energetics. 
To put the matter another way, complexing may 
contribute something to the stabilization of the 
transition-state as well as to the chlorine atom 
reactant. 

Finally we may ask ourselves whether results in  
complexirig solvents shed any light on the question 
of the relative importance of polar effects and 
resonance stabilization of the resulting radical 
(i.e.) over-all energetics) in determining the p < 
s < t sequence observed in hydrocarbon chlorina- 
tion in their absence. We feel that they do not, 
although when the chlorine atom is sufficiently 
stabilized by coiiiplesing to producc the changes in 
cticrgetics indicated in Fig. 1 resonance stabilizn- 
tion certainly becomes a controlling factor. 

Experimental 

( 3 )  

Materials.-Except as indicated below a11 rcagciits aut1 
solvents mere commercial materials. Their purity was 
checked by measurement of plil-sical constants and by gas 
chromatographic analysis. Cyclobutane was prepared 
from 1,4-dibromobutane by treatment with sodiI" and 
purified by gas chromatogrrtpliy. This reaction gives a 
mixture of hydrocarbons, but they were n-ell resolved in the 
chromatography and the cyclobutane had an infrared spec- 

(18) Actually, this experiment was carried out in 3.3 .If benzene. 
IIowever, this low concentration of cotnplexing solvent does not sis- 
uilicai~tly distiirl) the isomer distributioii. 

u :atid I<. 1.. \V.ry. J .  Or ; .  ( 
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trum indicating pure material. Sorcamphane was pre- 
pared by hydrogenating a sample of bicyclo [2.2.l] hepta- 
diene kindly supplied by the Shell Chemical Co. 

Chlorinations were carried out in small sealed tubes using 
a 5-10-fold excess of hydrocarbon. This excess is important 
in isomer distribution studies to  eliminate complications 
due to  polychlorination. Measured amounts of hydrocar- 
bon and solvent were placed in the tubes, which were then 
attached to  a vacuum line and measured quantities of chlo- 
rine condensed in from a calibrated receiver. The tubes 
were finally degassed with liquid nitrogen cooling and sealed. 
Reactions were accomplished by placing the tubes in a ther- 
mostat and irradiating with a 100-watt incandescent light a t  
approximately 25 cm. until the chlorine color had disap- 
peared. When benzene was used as solvent, some hexa- 
chlorocyclohexane sometimes was formed. While this re- 
quired separation before analysis, its formation does not 
interfere with our relative reactivity measurements. The 
molar concentration of solvents employed was determined 
by the ratio of solvent to  substrate being chlorinated the 
balance of the system being substrate; see Table VI below 
for actual examples. 

Analyses were carried out by gas chromatography, using 
either a Perkin-Elmer Vapor Fractometer or a Wilkens In- 
strument and Research Inc. Aerograph and whichever of 
several column substrates gave the most satisfactory resolu- 
tion. Each reaction mixture was analyzed in duplicate or 
triplicate, and ratios of peak heights or areas usually agreed 
to  within 2-3y0. Experimental errors given in Tables I-V 
represent the spread of independent experiments. 

In competitive halogenation of different molecules relative 
reactivities were determined by change in peak height or 
area relative to  an internal standard (usually the solvent), 
and Table VI presents representative experimental results 
on pairs of cycloparaffins, chlorinated a t  68” in CCla. 
Cyclohexane and cyclopropane differ too much in reactivity 
for accurate direct comparison. Accordingly cyclopropane 
was chlorinated with neopentane, relative reactivity us. 
cyclohexane (determined independently) 0.555. Relative 
reactivities were calculated from original data via equation 1, 
assuming only that ratios of peak heights relative to  internal 
standards before and after reaction were proportional t o  
the amounts of substrate present. Thus in the first experi- 
ment of Table VI1 

0.76 react. of cyclopentane = log (1.385/1.151) - 
react. of cyclohexane log (1.909/0.712) - 

In experiments involving chlorine atom attack a t  different 
points on the same molecule t o  yield isomeric products, rela- 
tive reactivities were determined by the relative amounts of 
chlorides produced (using a large hydrocarbon/chlorine 

ratio t o  suppress further chlorination). The chlorination of 
n-butyl chloride represents the most complicated case, but 
clean separation was obtained using the “A” column in the 
Perkin-Elmer instrument a t  115” and 25 p.s.i. helium pres- 
sure. Retention times observed were 1,l-dichlorobutane, 
5.4 min.; 1,2-, 6.9 min.; 1,3-, 8.8 min.; 1,4-, 16.2 min. 
Experiments on known mixtures showed that peak areas 
were proportional to  concentrations of each component. 
The “9” column was used also for the separation of isomers 
in the chlorination of ethyl chloride ( a t  50”), 2,3-dimethyl- 
butane (at  114’) and for the analysis of the hydrocarbon 
mixtures in Table I (at  114’). Resolution of 1- and 2- 
chlorobutane in the presence of benzene (Table 11) required 
“-1” and ‘“2” columns in series a t  80”. 

TABLE VI1 
REPRESESTATIVE RESULTS IN CHLORISATIOS OF Cucro- 

PARAFFISS AT 68” IS CCl? 
Reten- 

Com- tion 
pound M1. time Rob RC 

CsHin 1.1 2.5” 1.385 i 0.036 1.151 rtto.031 
CsHi? 1.1 5 3 “  ,909 i ,051 ,712 i ,027 
CCla 2 . 0  6.5“ 
C4H8 0 . 2  1 . 4  ,0965 zt ,007 0 . 3 6 8 i  ,002 
CjHio 1 .9  3 . 2  . i 1 5  i ,038 .208r t  ,003 
CC1, 2 . 0  8 . 8  
CaH6 1.1 0 . 9  ,477 zk ,009 .303 i ,012 
Seo-CsHlz 1.1 1 . 0 1  . i 52  i ,012 ,0915 i .003 
cc14 2 . 0  8 . 8  

CjHio 1.1 3 . 2  ,734 f ,013 ,421 i ,004 
CCla 2 . 0  8 . 8  

* Ratio of peak height to  CC14 before reaction. 
Experimen- 

tal errors here and in R, are the spread of 3 analyses on the 
same reaction mixture. Using 0.3 cc. of Clz, analysis with 
Perkin-Elmer Fractometer, 2 meter “A” column, 25 p.s.i. 
helium Pressure a t  50” unless noted. 

The major product from the chlorination of norcamphane 
was separated and purified on an “.4” column a t  142O, nZ5D 
1.4837, lit. 1.482415 (other reported values range up to  
1.4849). I t  rapidly liberated chloride ion on treatment with 
alcoholic ilgNOa. 
NEW YORK 27, N. 1’. 

n-CaHio 1.1 0 . 9  1.42 i ,013 .886 rt ,003 

At 68’. 
Ratio of peak height to  CCl, after reaction. 

[CONTRIBUTION NO. 499 FROM THE CENTRAL RESEARCH DEPARTMEST, EXPERIMESTAL STATIOS,  E.  1. DU PONT DE XEMOURS 
AND CO.] 

Syntheses by Free-radical Reactions. VIII. Reactions of Amino Radicals with 
Olefins 

BY C. J. ALBISETTI, D. D. COFFMAN, F. W. HOOVER, E. L. JENNEK AND W. E. MOCHEL 
RECEIVED JULY 28, 1958 

A new synthesis uf diainincs Iins becn found ill the additive dimerization of dienes with atnillo radicals generated from 
Thus, 1,8-diainino-2,6-octadiene was obtained from butadiene, hydroxylamine and a 

Use of ethylene has given 
With titanium(II1) as reducing agent these products 

hydroxylaniine by reducing ions. 
titanium(II1) salt. 
products containing from one to  several ethylene units per molecule. 
are monoamines and diamines, whereas with vanadium(II1) the chief products are aminoalcohols. 

In  a similar reaction, 2-butene has given 3,4-dimethyl-2,5-hexanedianiine. 

Amino radicals have been shown to be inter- 
mediates in the reaction of hydroxylamine with a 
titanous salt,‘ and radicals produced in this way 

have been used to initiate vinyl polymerization.2 
NHsOH+ + Ti3+ ----f NH2. + HzO + Ti4+ 

(1) P. Davis, M. G. Evans and W. C. E. Higginson, J .  Chem. Soc., 

(2) E. Howard, U. S. Patents 2,693,140, July G, 19.54, and 2,587,109, 
2563 (1951). 

Sept. 4, 1051. 

The reaction of amino radicals with benzene has 
been reported to yield an unstable intermediate 
which decomposed to ammonia, aniline and bi- 
phenyL3 Toluene gave similar results, and cyclo- 
hexene formed cyclohexylamine. 

It has now been found that amino radicals gen- 
erated from hydroxylamine undergo additive dimer- 

(3) H. Seaman, P. J. Taylor and W. A. Waters, i b i d . ,  4690 
(1954). 


