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result from some unusual solvent interaction as
sociated with the highly fluorinated substituent. The 
perfluoroisopropyl group also showed a decreased a 
value when determined from the pKa of benzoic acids 
in this solvent system; actually the <rm of the perfluoro
isopropyl group calculated from the pA"a of the benzoic 
acid in 50% ethanol-water had previously been noted 
to be low compared to parameters determined by 
other methods.9 Whether this solvent interaction 
effect involves the un-ionized or ionized form is not 
clear at this point. 

In conclusion, the pentafluorophenyl group is elec
tron withdrawing inductively, but much weaker than 
the trifluoromethyl group or single halogen atoms.17 

(17) A similar conclusion has been reached by C. A. Tolman [/. 
Amer. Chem. Soc, 92, 2953 (1970)] from a spectroscopic study of the 
electron donor-acceptor properties of phosphorus ligands. 

Free-radical reactions of certain allenes and isomeric 
acetylenes and their derivatives can in principle 

lead to the formation of common resonance-stabilized 
radical intermediates which may be considered as 
hybrids of propargylic and allenic structures, A and B. 

y . / 
— G = C - C •*-*• - C = C = C 

A B 

The physical and chemical evidence pertaining to the 
hybrid nature of propargylic free radicals and the 
factors influencing the distribution of propargylic 
and allenic products obtained with various atom trans-

(1) N.D.E.A. Fellow, 1967-present. 
(2) The authors wish to gratefully acknowledge the support of this 

work by the donors of the Petroleum Research Fund of the American 
Chemical Society (PRF 2357-A1.4). 

(3) Part II: W. S. Linn, W. L. Waters, and M. C. Caserio, J. Amer. 
Chem. Soc, 92, 4018 (1970). 

The interaction between the p electrons of the five 
fluorines and the w system obviously greatly disturbs 
the electron distribution in the phenyl ring so that it 
no longer behaves as a typical aromatic system. Many 
of the unusual properties of perfluoroaromatic com
pounds, particularly perfluorophenylorganometallic, 
cannot be simply ascribed to a strong electron-with
drawing effect of the pentafluorophenyl ring but rather 
to the unusual TT system that results from p-7r inter
actions. 
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fer agents have been carefully reviewed by Fantazier 
and Poutsma.4 In summary, the relative energies of 
the two possible transition states and hence the product 
distribution for reactions at the two nonequivalent 
termini of propargylic radicals appear to depend in 
part on the relative thermodynamic stabilities of the 
derived products and in part on the relative spin 
densities at the two reacting termini. Steric effects may 
also play a role but their importance is difficult to 
evaluate. 

In the case of photoinduced halogenation of allenes 
and acetylenes with chlorine and with /-butyl hypo-
halites, the major substitution products are propargylic 
halides even when the haloallene is known to be the 
more stable isomer. Reactions of this type therefore 
exhibit kinetic control and reflect a greater contribution 
of the propargylic structure A to the intermediate 

(4) R. M. Fantazier and M. L. Poutsma, ibid., 90, 5490 (1968). 
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Abstract: Free-radical chlorination of 2,3-pentadiene with /-butyl hypochlorite has been found to give substitution 
products that may be formally considered as arising from both allylic and allenic hydrogen abstraction. Allenic 
abstraction led to formation of 4-chloro-2-pentyne which was also formed in the related chlorination of 2-pentyne. 
No 2-chloro-2,3-pentadiene was detected in the products from either hydrocarbon. Also, optically active 2,3-
pentadiene gave racemic 4-chloro-2-pentyne. These results are discussed in terms of the radical intermediates in
volved, particularly with respect to the hybrid nature of the 2,3-pentadienyl radical. Competitive chlorination of 
2,3-pentadiene and 2-pentyne indicates that the order of reactivity of hydrogen toward /-butoxy radicals is allenic ~ 
propargylic > allylic. Addition products were also formed in the chlorination of 2,3-pentadiene and were identi
fied as cis- and ?ra/«-3,4-dichloro-2-pentene and cis- and /ran.s-3-r-butoxy-4-chloro-2-pentene. Chlorination of 
optically active 2,3-pentadiene produced racemic adducts, which suggests the intervention of symmetrical resonance-
stabilized allylic intermediates. Addition products were the major products of chlorination of 2,3-pentadiene and 
2-pentyne in ether solution which reactions were observed to proceed by spontaneous initiation. The major product 
of reaction with either hydrocarbon as solvent was 4-chloro-2-pentyne. The effects of solvation of f-butoxy radi
cals in determining product distribution and the question of spontaneous initiation are briefly discussed. 
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hybrid free radical. For example, Walling and co
workers6 demonstrated that chlorination of acetylenes 
1 with /-butyl hypochlorite and hypobromite led to 
substitution products having the propargyl structure 2 
(eq 1). Haloallenes 3 were not obtained. Similarly, 

R1-C=C-CHR2R3 

(-BuOX 
>• R 1 - C = C - C R 2 R 3 

: = Br, Cl I 
X 

2 

(D 

R i = CHj ' , R.2 = R3 = H. 
R i = CeHs; R2 = R3 = CH3 
R i = CeHs; R2 — R3 — H 
Ri = CeH^; R2 — H ; R3 = CH3 

R i C — C — C R 2 R 3 

1 
X 

3 (not formed) 
Caserio and Pratt6 reported that propargyl chloride 
was the sole substitution product formed in the chlo
rination of both propyne and 1,2-propadiene with 
/-butyl hypochlorite. 

(-BuOCl (-BuOCl 
CH 3 C=CH >• ClCH2C=CH < C H 2 = C = C H 2 

hf hv 

Perhaps the most unequivocal evidence that the 
same hybrid radical is formed from acetylene and 
allene precursors comes from the recent work of 
Poutsma7 on the photoinduced chlorination of 3-methyl-
1,2-butadiene (4) and 3-methyl-l-butyne (5) with /-butyl 
hypochlorite. The same mixture of propargylic and 
allenic chlorides, 6 and 7, in the ratio of 1.7:1 was 
formed from both hydrocarbons, as demanded by the 
intervention of a common hybrid radical 8 (Scheme I).7a 

Scheme 1 
(-BuOCl 

(CH; , ) 2 C=C=CH 2 v 

(CH,,),CHC=CH 
(-BuOCl 

[ (CH3 ) 2C=C-CH] '-BU0C1 * (CH3)2CC=CH 

Cl 
6 

+ 
(CHj) 2 C=C=CHCl 

7 

Poutsma also found that nearly 40% of the reaction 
products from the chlorination of 4 were derived from 
allylic hydrogen abstraction giving rise to 2-chloro-3-
methyl-l,3-butadiene (9) (38%) and 4-chloro-3-methyl-
1,2-butadiene (10) (2%). These products reflect the 
ambident character of the methyleneallyl radical 11 
and suggest that the odd electron spin density is con-

(5) C. Walling, L. Heaton, and D. D. Tanner, J. Amer. Chem. Soc, 
87, 1715 (1965). 

(6) M. C. Caserio and R. E. Pratt, Tetrahedron Lett., 91 (1967). 
(7) M. L. Poutsma, ibid., 2925 (1969). 
(7a) N O T E A D D E D IN PROOF. A recent paper reports the esr of free 

radicals from a number of acetylenes and allenes [J. K. Kochi and P. J. 
Krusic, J. Amer. Chem. Soc, 92, 4110 (1970)]. The authors ' findings 
are pertinent to the present study and may be summarized as follows: 
(a) the same paramagnetic species C3H3- is generated by hydrogen atom 
abstraction from methylacetylene and allene with (-butoxy radicals; 
other isomeric allene-acetylene pairs give identical radicals (e.g., 8 from 
4 and 5); (b) radicals generated by abstraction of allylic hydrogen 
atoms of methyl-substituted allenes give esr hyperfine splittings that are 
more consistent with the alkylene allyl structure than with the localized 
dienyl structure (e.g., 11 rather than 12); (c) the reactivities of allenic 
and propargylic hydrogens toward abstraction by (-BuO • are compar
able; allenic hydrogens are more reactive than allylic hydrogens, and 
the secondary propargylic hydrogens of 2-pentyne are more reactive 
than the primary propargylic hydrogens, which in fact were not ab
stracted by (-BuO • at - 93 °. 

centrated at the sp-hybridized carbon. Intervention 
of a dienyl radical 12 formed from 11 by a bond rotation 
of 90° cannot be rigorously excluded, however, and 
some of the product 9 may possibly arise from 12 
(Scheme II). 

Scheme II 

(CH 3 ) 2 C=C=CH 2 
(-BuO-

H2C, 

H3C 

^C=C=CH 2 

ClH2C. 

H3C 

\ 
i 

11 

1(-BuOCl 

H2C, 

LT p 
90 : rotation 2 ^ 

H3C CH2 

12 
(-BuOCl 

!C=C=CH2 + 
- a - / ' 

/ \ 
H3C CH9 

10 

The present work describes the photochlorination of 
2,3-pentadiene (13) and 2-pentyne (14) with /-butyl hypo-

C H s C H = C = C H C H 3 

13 
CH3CH2C=CCH3 

14 

chlorite. This work was initially undertaken to 
evaluate the relative reactivities of allylic, allenic, and 
propargylic hydrogens toward abstraction by /-butoxy 
radicals and to further study the ambident character 
of allylic and propargylic radical intermediates from 
the distribution of substitution products obtained. 
We also hoped to probe the stereochemistry of the 
radical intermediates involved by employing optically 
active 2,3-pentadiene as substrate. Thus, we planned 
to determine the stereochemical integrity of the allylic 
radical 15 by the preservation or loss of dissymmetry 
in the allenic product 16, if such were formed (Scheme 
III). 

Scheme ITJ 

H3C, ,CH3 
\ / (-BuO' 
Y = C = C ' « 

H H 
13 

H2C ' ^ N ,CH; 

H ^ H 
15 

ClH2C ,CH3 

/ C = = C = C S 
H ^ H 

16 

I (-BuOCl 

H2C C, 

H CHCH3 

17 + 18 

The results of this study are described forthwith. 
They proved to be relevant concerning the natures of 
the allylic and propargylic radicals involved in the 
component free-radical substitution reactions, as well 
as the natures of the radical intermediates involved in 
free-radical addition reactions. Thus, the chlorination 
of 2,3-pentadiene led to unexpectedly large amounts of 
addition products which proved to be informative as 
to the types of free radicals formed in the addition 
process. 

Results 

Reaction of /-butyl hypochlorite with a tenfold 
excess of 2,3-pentadiene as a 40% solution in ether was 

Byrd, Caserio / Addition Reactions of Allenes 



5424 

Table I. Product Distribution in the Reaction of 2,3-Pentadiene with /-Butyl Hypochlorite 

Compound No. 

Reaction products 
obtained in ether,"•'' % 

L" Dd 

Reaction products 
obtained in neat 13,b % 

/ra>«-CH3CH=CClCH=CH2 
C H - C H 3 C H = C C I C H = C H , 
CH3C=CCHClCH3 
/ra«j-CH3CH=C—CHCH3 

17 
18 
19 
20 

13.9 
19.0 
4.5 
4.5 

13.5 
17.4 
9.9 
9.2 

12.2 
17.2 
44.4 
Trace 

12.4 
12.9 
41.1 

2.5 

Cl OH 
/ra«i-CH3CH=C—CHCH3 

Cl Cl 
CH-CH 3 CH=C-CHCH 3 

Cl Cl 
/ram-CH3CH=C(/-BuO)—C(Cl)HCH3 

c«-CH3CH=C(/-BuO)—C(Cl)HCH3 

21 

22 

23 
24 

22.3 

7.5 

24.0 
4.2 

18.2 

7.1 

21.4 
3.3 

6.1 

6.8 

7.8 
1.0 

7.3 

11.0 

10.0 
2.8 

" An ~40% solution of 13 in ether was used. 6A 10:1 mol ratio of 13 to /-BuOCl was used, 
in light-induced reaction. d Per cent composition of product mixture in dark reaction. 

: Per cent composition of product mixture 

Table II. Nmr Spectral Parameters of Products of Reaction of 2,3-Pentadiene with /-Butyl Hypochlorite0 

Compd No. / ,Hz 

CH; Cl 

H, H., 

,,H Cl 

"a 

Hc Hb 

I = 
C H - C s C - C - C H , 

C H ^ 1 

Ha CHCHj 

Ic 
OH 

CH. Cl 

M., CHCHj 

Cl 

H Cl 

H 
.C Cl 

I 

Cl 

I, OBu 

X, , 
II., CHCH3 

Cl 

,,H OBu-( 
/ A d c 

HC CHCHj 
I 
Cl 

HC CHCH3 

Cl 

CH, OB0U-! 

17c 5.6 

18' 5.6 

22 

24 

5.10 

5.25 

6.37 

6.65 

5.85 (q) 

5.81 (q) 

19 1.84(d) 4.61 (m) 1.68(d) 

20 5.82 (q) 1.73(d) 1.34(d) 4.32 (q) 

21 5.93 (q) 1.75(d) 1.65(d) 4.67 (q) 

5.74 (q) 1.75(d) 1.63(d) 5.10 (q) 

1.79(d) 

1.84 (d) 

3.47 (s)6 

23 5.84 (q) 1.70(d) 1.25(d) 4.08 (q) 1.18 (s) 

5.57 (q) 1.74(d) 1.24(d) 4.50 (q) 1.20 (s) 

/ d e 

/ b e 

J EC 

/ d e 

/ b „ 

" a c 

JHb 

/ b e 

/ a b 

/ m l 

/ a d 

/ b d 

/ a b 

/ c d 

/ a d 

/ a b 

/ o d 

/ a d 

/ a b 

/ c d 

/ „ d 

/ a b 

/ c d 

= 7.4 
= 10.6 
= 17.0 

= 7.6 
= 10.5 
= 16.6 

= 2.3 
= 6.8 

= 6.6 
= 6.3 
= 0.7 
= 0.7 

= 6.7 
= 6.6 
= 0.4 

= 7.2 
= 6.5 
= 0.3 

= 6.7 
= 6.4 
= 0.9 

= 7.3 
= 6.4 

" Chemical shifts are reported in parts per million downfield from internal TMS; spectra were recorded as 25% solutions in CDCl3. 
h Chemical shift is concentration dependent. c The nmr spectra for 17 and 18 are very complex and a complete analysis to obtain all the 
spectral parameters was not made. 

conducted at room temperature in sealed Pyrex am
poules. The mixture was irradiated for 30 min with 
incandescent light. The reaction products included 
/-butyl alcohol, small amounts of methyl chloride and 
acetone, and eight products derived from 2,3-pentadiene 
detected by glpc. Each of these eight products was 
isolated by preparative glpc and identified from its 

nmr and ir spectra. The structures assigned to these 
eight products and the per cent composition of the 
overall product mixture are listed in Table I. The 
nmr spectral parameters of the products are summarized 
in Table II. A more detailed discussion of the struc
tural assignments based on nmr evidence is given in the 
Experimental Section. The orientation shown for the 
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Table III. Product Distribution in the Reaction of 2-Pentyne 
with r-Butyl Hypochlorite 

Compd 

CH3C=CCH(OH)CH3 

CH3C=CCHClCH3 
CH3C=CQ=O)CH3 
C H 3 C C I = C C I C H 2 C H 3 

CH3CH2C=CCH2Cl 
Higher mol wt products 

No. 

26 
19 
27 
28 
29 

Reaction 
products 

obtained in 
ether, 
L' 

0.7 
23.6 
2.8 

51.8 
11.6 
9.5 

a'b % 
D* 

Trace 
26.1 

56.9 
5.9 

11.0 

Reaction 
products 

obtained in 
neat 14,» % 
L« D* 

5.0 
58.0 82 
12.0 
4.0 

16.0 12 
4.0 Trace 

a An ~40 % solution of 14 in ether was used. 6 AlO: ! mol ratio 
of 14 to /-BuOCl was used. c Per cent compostion of product mix
ture in light-induced reaction. •* Per cent composition of product 
mixture in dark reaction. 

75%) with formation of only 2 1 % of the adducts 
21-24. The single product formed in the highest 
yield (44.5%) was the allenic abstraction product 19. 
The corresponding dark reaction of neat 13 produced 
the same product distribution as in the light-induced 
reaction, indicating that spontaneous initiation occurs 
whether ether is present or not. 

The comparable light-induced reaction of neat 
2-pentyne with /-butyl hypochlorite using a tenfold 
excess of the hydrocarbon produced five major products 
which were isolated by preparative glpc and identified 
on the basis of their respective nmr and ir spectra. 
These products and their distributions are listed in 
Table III and their spectral parameters are summarized 
in Table IV. Further discussion of the structural 

Table IV. Spectral Parameters of Products from Reaction of 2-Pentyne with /-Butyl Hypochlorite" 

Compd No. 8a Sc Sd J, Hz 

Hb 

a I 
C H 3 - C = C - C - C H 3 

I c 
OHd 

Hb 
I 

C H 3 - C = C - C - C H 3 

I c 
Cl 
O 
II b 

C H 3 - C = C - C - C H 3 

a b e 
C H 3 C C I = C C I C H 2 C H 3 

CH3CH2C=CCH2Cl 
a b c 

26 

19 

1.81 (d) 

1.84 (d) 

4.46 (m) 

4.61 (m) 

1.40(d) 

1.68 (d) 

2.63(S)6 

27 

28 

29 

2.00 or 
2.27(s) 

2.19 (t) 

1.13 (t) 

2.27 or 
2.00(s) 

2.55 (q) 

2.23 (m) 

1.10 (t) 

4.11 (t) 

Jab = 2.1 

/be = 6.5 

Jab = 2.3 

Jbo = 6.8 

Jab = <1 
Jbc — 7.6 
Jab = 7.3 
Jbc = 2.3 
Jac = 0.7 

"Chemical shifts are reported in parts per million downfield from internal TMS; spectra were recorded as 25% solutions in CDCl3 
'' Chemical shift is concentration dependent. 

adduct 23 was established chemically by its facile 
silver-catalyzed methanolysis to the corresponding 
methyl ether 25, showing that the chlorine of 23 must 
be allylic rather than vinylic (eq 2). 

CH3CH=C^ U ^ 2 L . CH3CH=C^ 
\ H C H 3

 Ag+BFV 

Cl 

O—Bu-t 

CHCH3 

OCH3 

(2) 

23 25 

The dark reaction of 13 with /-butyl hypochlorite 
in ether solution was also investigated and gave, after 
1.5 hr, the same distribution and overall yield as 
observed in the light-initiated reaction. This result 
suggests that reaction is spontaneously initiated5 and 
this point is discussed in more detail later. Overall, 
the major products obtained from 13 in ether solution 
were the adducts 21-24 (58%) whereas the substitution 
products 17-19 amounted to about 3 8 % of the product 
mixture of which only 4 . 5 % may be attributed to 
allenic hydrogen abstraction to give 4-chloro-2-pentyne 
(19). When, however, the light-induced chlorination 
of 13 was carried out in the absence of ether, a striking 
change in the product distribution was observed. 
The major products were substitution products (17-19, 

assignments may be found in the Experimental Section. 
The dominant course of reaction was that of substitution 
to give the propargylic chlorides 19 and 29. Only 
4 % of the dichloro adduct 28 was obtained and no 
products of addition of /-butyl hypochlorite were 
observed. The corresponding dark reaction of 
2-pentyne with /-butyl hypochlorite was extremely 
slow. After 2 days, the only products formed were the 
propargylic chlorides 19 and 29, and the yields were 
much reduced relative to those in the light-induced 
reaction. A substantial change in the product dis
tribution was observed, however, in the chlorination 
of 2-pentyne in ether solution. Both the light-induced 
and dark reactions gave essentially the same product 
distributions in which the major product was the di
chloro adduct 28. 

Chlorination of optically active 2,3-pentadiene, 
[a]25D —13.2° (c 21, ether), was carried out as described 
for the racemic material in ether solution. The 
product distribution was essentially the same as that 
reported in Table I for racemic 13 in ether. The major 
products capable of optical activity, 19, 21, and 23, 
were isolated by preparative glpc. All three products, 
namely, the propargylic chloride 19, the /rans-dichloro 
adduct 21, and the /rans-Z-butoxychloro adduct 23, had 
no observable optical activity. In contrast, however, 
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the recovered unreacted allene (13) had lost none of its 
initial activity. Since it was difficult to exclude the 
possibility that the products 19, 21, and 23 may have 
racemized under the conditions of separation by glpc, 
a different approach was used. Reaction of 13, [a]25D 
— 21.6° (c 32, ether), with /-butyl hypochlorite was 
carried out in ether as before; excess allene was 
recovered and the residual oily reaction mixture flash 
distilled at low pressure. The optical rotation of the 
recovered allene was [a]25D —20.6° (c 29, ether) while 
the rotation of the products in the mixture was es
sentially zero. Barring an extraordinary coincidence 
of mutual cancellation of optical rotations, we conclude 
that optically active 13 leads to racemic substitution 
product 19 and racemic addition products 21 and 23. 

Discussion 

Substitution Reactions. A striking feature of the 
product distribution obtained in the reaction of 2,3-
pentadiene with t-butyl hypochlorite (Table I) is the 
relatively minor amount of allenic abstraction product 
present, 4-chloro-2-pentyne (19; 4.5%), in the reaction 
mixture produced in ether solution and the relatively 
major amount of 19 (44%) formed in the neat hydro
carbon. Likewise, 19 is the major reaction product 
(58%) in the reaction of neat 2-pentyne with /-butyl 
hypochlorite (Table III), but the yield of 19 is much 
reduced in reactions of 14 in ether solution. The 
important point, however, is that both 13 and 14 
yield the propargylic chloride 19 with no detectable 
amount of the isomeric chloroallene, 2-chloro-2,3-
pentadiene. This result is consistent with the forma
tion of the hybrid radical 30 by the reaction sequence 
of Scheme IV. The finding that racemic 19 was ob-

Scheme IV 

«-BuOCl -^* (-BuO- + Cl-
(-BuO-

CH3CH=C=CHCHa s. 

y 
(-BuO- / 

CH3C=CCH2CH3
 / 

14 
CH3C=C=CHCH3 + t-BuOH 

30 
CH3C=C=CHCH3 + i-BuOCl —>• 

30 
CH3C=CCHCH3 + i-BuO-

Cl 
19 

tained from the reaction of optically active 13 is also 
consistent with the intervention of a symmetrical 
radical precursor such as 30. 

The absence of 2-chloro-2,3-pentadiene in the prod
ucts agrees with the related findings of Walling and 
coworkers5 who observed that chlorination of 2-butyne 
gave only l-chloro-2-butyne (eq 1), and with the work 
of Fantazier and Poutsma4 who found that chlorine 
abstraction of l-chloro-2-butyne with tri-n-butyltin-
hydride led to a 25:1 ratio of 2-butyne to 1,2-butadiene. 
Evidently, substitution of methyl groups at the sp 
terminus of propargylic radicals markedly favors 
atom abstraction at the sp'2 or propargylic terminus. 
Further evidence of this is apparent in the formation of 

l-chloro-2-pentyne (29) from 14. This product is 
presumably formed by the reaction sequence of Scheme 
V in which abstraction of the 1-propargyl hydrogen of 

Scheme V 

i-BuOCl -^* <-BuO- + Cl-

CH3Cs=CCH2CH3 + J-BuO- — 
14 

H2C=CsSECCH2CH3 + f-BuOH 
31 

1(-BuOCl 

ClCH2C=CCH2CH3 + J-BuO-
29 

14 occurs in the first propagation step to give the hybrid 
radical 31 which subsequently reacts at the unsub-
stituted terminus to give 29. N o 3-chloro-l,2-pen-
tadiene corresponding to abstraction of chlorine at 
the sp terminus was observed. 

The fact that there is a small but distinct preference 
for abstraction of hydrogen at the 4 position relative 
to the 1 position of 14 (Table III) is a clear indication 
that alkyl substitution stabilizes propargylic radicals 
{i.e., 30 is more stable than 31—the relative reactivity 
of hydrogen at C-4 vs. C-I being 6.2 ± 0.6 based on an 
average of five runs) but the reasons why both these 
radicals undergo further atom abstraction so pre
ponderantly at the propargylic position are not obvious. 
The most attractive explanation is that propargylic 
products are formed as the result of two comple
mentary factors, one being the substantial spin density 
at the propargylic position and the other being the 
greater stability of the propargylic product vs. the 
allenic products.8 

A second interesting feature about the chlorination 
of 2,3-pentadiene is the formation of trans- and cis-3-
chloro-l,3-pentadienes 17 and 18 in significant amounts 
(Table I). These products may be viewed as formed 
from the ethyleneallyl radical 32 derived from 13 by 
abstraction of allylic hydrogen (Scheme VI). If this 
is so, we must conclude that the ratio of allylic to 
allenic abstraction is strongly solvent dependent since 
this ratio changes by a factor of 10 on changing the 
solvent composition from hydrocarbon to a mixture of 
ether and hydrocarbon. Furthermore, if 17 and 18 are 
derived from 32, then chlorine atom abstraction occurs 
exclusively at the sp-hybridized carbon since none of the 
anticipated l-chloro-2,3-pentadiene (16) was detected. 
There is more than a superficial resemblance between the 
allylic radical 32 and the propargylic radical 31 since 
both have reacting termini that may be formulated as sp2 

and sp hybridized, yet one reacts exclusively at the 
sp2-hybridized terminus (31) while the other appears 
to react exclusively at the sp-hybridized terminus (32). 

(H) The relative thermodynamic stabilities of the isomeric chlorides 
19 and 2-chloro-2,3-pentadiene, 29, and 3-chloro-l,2-pentadiene are not 
known. While the rearrangement of primary and secondary 3-halo-l-
alkynes to 1-haloallenes is well documented, the corresponding rear
rangement of 1- and 4-halo-2-alkynes to the 4- or 2-haloallenes has not to 
our knowledge been reported. This may indicate that 1- and 4-halo-2-
alkynes are more stable than the isomeric haloallenes (cf. T. L. Jacobs 
and W. F. Brill, / . Amer. Chem. Soc, 75, 1314(1953); T. L. Jacobs and 
W. L. Petty, J. Org. Chem., 28, 1360 (1963). Thermodynamic data for 
hydrocarbons show that 1,3-disubstituted allenes are significantly less 
stable than the corresponding isomeric internal acetylenes (cf. W. R. 
Moore and H. R. Ward, / . Amer. Chem. Soc, 85, 86 (1963); T. L. 
Jacobs, R. I. Akawie, and R. G. Cooper, ibid., 73, 1273 (1951)). 

Journal of the American Chemical Society / 92:18 / September 9, 1970 



5427 
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Admittedly, the two radicals differ in hybridization at 
the central atom, but this difference does not suggest 
that the radicals should therefore have very different 
spin density distributions. One possible explanation 
for the observed difference in behavior is that the 
product distribution obtained from the allylic species 
32 is not controlled by the spin density distribution in 
the radical but is determined largely by the relative 
stabilities of the possible products. Format ion of the 
conjugated dienes to the exclusion of 16 then appears 
reasonable. It should be noted, however, that this 
view may be oversimplified since the transition state for 
chlorine-atom abstraction at the sp terminus of 32 does 
not appear to closely resemble the conjugated dienes 
since it is twisted 90° out-of-plane from that expected 
for the normal s-cis and s-trans conformations of 17 
and 18. 

A second explanation for the formation of 17 and 
18 may be that the radical precursor is a localized 
radical 33 formed from 32 by a 90° bond rotation 
(Scheme VI). This explanation is unattractive for 
several reasons. Theoretical calculations of the ex
tended Hiickel type predict that radicals of type 32 
should be more stable than 33.7a '9 Also, Walling and 
Thaler10 have shown that chlorine abstraction by 
allylic radicals is faster than rotation about the allylic 
bond. We had in fact planned to determine whether 
or not bond rotation in the allylic radical 32 could take 
place by measuring the preservation or loss of dis
symmetry in the allene 16 obtained from optically active 
13, but since 16 was not formed, our plans were foiled. 

There is yet a third, eminently reasonable explanation 
for the formation of the dienes 17 and 18. This 
involves a mechanism of addition of a chlorine a tom 
to the central allenic carbon of 13 to give the allylic 
radical 34 and a /-butoxy radical (Scheme VII). Hy
drogen abstraction, presumably within the radical 
cage, would then give the dienes 17 and 18. Al
ternatively, the reaction may be a concerted homolysis. 
This mechanism is plausible for the reason that the 
allylic radical 34 may be formed in the overall reaction 
as evidenced by the production of 3,4-dichloro-2-
pentenes, 21 and 22, which is discussed later in the 
paper. Also, Bumgardner and McDaniel 1 1 have 

(9) R. M. Kopchik and J. A. Kampmeier, / . Amer. Chem. Soc, 90, 
6733 (1968). 

(10) C. Walling and W. Thaler, ibid., 83, 3877 (1961). 
(11) C. L. Bumgardner and K. G. McDaniel, ibid., 91, 1032 (1969). 
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obtained evidence that photodifluoramination of allene 
gives the substitution product H C = C C H 2 N F 2 by 
way of an addition-elimination sequence rather than by 
hydrogen abstraction. A further point in favor of the 
mechanism of Scheme VII is the observation that the 
ratio of substitution products 17 and 18 to 19 formed 
in the chlorination of 13 is profoundly affected by the 
presence of ether (Table I). If the substitution products 
are all formed by way of hydrogen abstraction re
actions in a conventional radical-chain mechanism, it 
is difficult to explain why the presence of ether should 
greatly change the relative reactivities of allylic vs. 
allenic hydrogen toward r-butoxy radicals. Admit
tedly, solvent effects are known to change the distri
bution of hydrogen abstraction products, but they are 
rather small.12* More specifically, Walling and 
Mintz12b have shown that the chlorination of a mixture 
of cyclohexane and 2,3-dimethylbutane with ?-butyl 
hypochlorite in the presence of ether is spontaneously 
initiated and also involves chlorination of ether, but 
the relative reactivities of the two hydrocarbons and 
the product distributions obtained agree with those 
found in the normal photoinduced reaction in the 
absence of ether. In the present case of chlorination 
of 2,3-pentadiene, the main effect of ether in the reaction 
mixture is to increase the amount of addition products 
21-24 at the expense of the propargylic chloride 19. 
This suggests that 19 is formed by a chain reaction 
(Scheme IV) that becomes kinetically short in the 
presence of ether. The fact that the proportion of 
dienes 17 and 18 is the same with ether as without 
suggests that a different mechanism may be involved 
in their formation from that giving rise to 19. This is 
speculative, however, and our evidence is insufficient 
to allow for any firm conclusions at this time. What
ever the respective mechanisms are that lead to the 
substitution products, 17, 18, and 19, it is important 
to note that the ratio of propargylic product to chloro 
dienes formed in the absence of ether approaches 6:4. 
This ratio is in excellent agreement with that obtained 
by Poutsma7 in the related chlorination of 3-methyl-
1,2-butadiene under comparable conditions and verifies 
his findings that, under the stated conditions, allenic 
hydrogens are more reactive than allylic hydrogens 
toward substitution with /-butyl hypochlorite. In 
terms of a tom abstraction, this represents a relative 
reactivity of allenic vs. allylic hydrogen of 4.5. 

(12) (a) C. Walling and P. J. Wagner, ibid., 86, 3368 (1964); (b) 
C. Walling and M. J. Mintz, ibid., 89, 1515 (1967). 
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To assess the reactivities of allylic and allenic hy
drogen relative to propargylic hydrogen, /-butyl 
hypochlorite was allowed to compete for a large excess 
of an equimolar mixture of 2,3-pentadiene and 
2-pentyne. From the relative amounts of substitution 
products formed (see Experimental Section), the relative 
reactivities of allenic vs. propargylic methylene hy
drogen were estimated as 0.77 ± 0.18, allenic vs. 
propargylic methyl hydrogen as 4.7 ± 0.6, allylic vs. 
propargylic methylene hydrogen as 0.10 ± 0.01, and 
allylic vs. propargylic methyl hydrogen as 0.63. From 
these data, the estimated value for the relative reactivity 
of allenic vs. allylic hydrogen of 13 is 7.6 ± 2 which may 
be compared to the value of 4.5 determined by direct 
experiment (Table I). The agreement is not impressive 
but is probably within the limits of experimental 
uncertainty. It is interesting to note that the methylene 
hydrogens of 14 and the allenic hydrogens of 13 have 
similar reactivities. This substantiates earlier findings 
that abstractions of propargylic and allenic hydrogen 
to give the same ambident radical occur at comparable 
rates.6'7 Of equal interest is the observation that 
allylic hydrogens of 13 appear to be only slightly less 
reactive than propargylic methyl hydrogens of 14 
although they are tenfold less reactive than the methyl
ene hydrogens of 14.7a 

Before concluding the discussion of the substitution 
reactions of 13 and 14, some mention should be made 
of the origin of the minor products 20, 26, and 27. 
Formation of 3-pentyn-2-one (27) could occur by 
further chlorination of 19 to give 4,4-dichloro-2-
pentyne followed by hydrolysis, which may be expected 
to be rapid (eq 3). This explanation seems unlikely, 

(-BuOCl 
> CH3C=CCCl2CH3 

H2O 
C H 3 C E = C C H C H S 

Cl 
19 

O 
Il 

CH 3 C=CCCH 3 (3) 
27 

however, since 3-pentyn-2-one should then be formed 
in the chlorination of 2,3-pentadiene, but was not 
detected. Alternatively, both the ketone 27 and the 
alcohol 26 could be formed by autoxidation of the 
parent hydrocarbon 14 either during the reaction if 
traces of oxygen were present or during subsequent 
work-up. Similarly, formation of 20 from 2,3-penta
diene could result from the trapping of the intermediate 
radical 34 with traces of oxygen present followed by 
decomposition of the derived hydroperoxide during or 
subsequent to reaction. Formation of the alcohols 20 
and 26 by hydrolysis of the related chlorides 21 and 19 
may be ruled out for the reasons that precautions were 
taken to exclude moisture and attempts to hydrolyze 
the chlorides under conditions comparable to the 
chlorination reactions did not lead to alcohols. 

Addition Reactions. The major path in the reaction 
of 2,3-pentadiene with /-butyl hypochlorite in ether is 
one of addition to give trans- and c/s-3,4-dichloro-2-
pentenes, 21 and 22, and trans- and ds-3-/-butoxy-4-
chloro-2-pentenes, 23 and 24. Some 60 % of the overall 
product mixture consists of these monoadducts (Table 
I). Furthermore, the distribution of addition products 
is the same in the light-induced reaction as in the dark 

reaction. Similarly, the major product in the light 
and dark reactions of 2-pentyne in ether is the dichloro 
adduct 28. 

The addition of hypochlorites to alkenes is a well-
known reaction13 and the free-radical nature of the 
reaction has been demonstrated by Walling and 
Thaler10 for the light-induced reaction of /-butyl 
hypochlorite with butenes. The addition of /-butyl 
hypochlorite to 13 is accordingly formulated in Scheme 
VIII as a free-radical chain addition reaction in which 

Scheme Vm 
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the chain-transfer /-butoxy radical attacks the central 
allenic carbon to give the symmetrical, resonance-
stabilized radical intermediate 35; subsequent chlorine 
atom abstraction leads to the observed products, 23 
and 24. The intervention of a symmetrical radical 
intermediate 35 is implied by the observation that 
optically active 13 gave racemic adduct 23. Thus, if 
the dissymmetric radical 35b is initially formed, it 
must rotate 90° to the symmetrical species 35 faster than 
it undergoes chlorine-atom abstraction to give products 
(Scheme VIII). This is in contrast to representative 
electrophilic addition reactions of 13 which have been 
shown to proceed by way of dissymmetric allylic cat
ions.3'14 Electrophilic addition of /-butyl hypochlorite 
to 13 is conceivable but may be ruled out in the present 
case on the basis of the observed orientation. Attack 
of positive halogen is known to occur exclusively at the 
central allenic carbon of 1314 which would lead to the 
opposite orientation from that observed. 

The orientation of radical addition of /-butyl hypo
chlorite to 13 reflects that initial attack occurs at the 
central allenic carbon by the /-butoxy radical. This is 
consistent with previous work on the orientation of 
radical addition wherein methyl-substituted allenes 
react preferentially, if not exclusively, by central 
attack.1S'16 Similar conclusions as to the nature of the 
allylic radical intermediates involved have been made 
based on product distributions.10 

The recovery of unreacted 13 of unchanged optical 
purity in the light-induced hypochlorite reaction 
necessarily means that formation of 35 is essentially 
irreversible.17 It also means that radical attack at the 

(13) For a review, see M. Anbar and D. Ginsburg, Chem. Rev., 54, 
925 (1956), especially pp 929-933. 

(14) W. L. Waters, W. S. Linn, and M. C, Caserio, J. Amer. Chem. 
Soc, 90, 6741 (1968). 

(15) T. L. Jacobs and G. E. Illingsworth, Jr., J. Org. Chem., 28, 2692 
(1963). 

(16) (a) H. G. Kuivila, W. Rahman, and R. H. Fish, J. Amer. Chem. 
Soc., 87, 2835 (1965); (b) R. Y. Tien and P. I. Abell, J. Org. Chem., 35, 
956(1970). 

(17) The free-radical addition of HBr and thiols to allene has been 
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terminal allenic position occurs to a negligible extent 
since no products of this orientation were observed 
and reversible addition at the terminal position would 
be expected to lead to racemic 13. 

Reasons for the preponderance of the /rans-isomer 
23 over the c/s-isomer 24 are not obvious, although 
models do show that the trans isomer may be more 
stable since nonbonded interactions would appear to 
be more severe between ds-methyl and chloroethyl 
groups than between ds-methyl and /-butoxy groups. 
The fact that the cis isomer is formed at all suggests 
that the radical leading to products can exist at least 
in part in the conformation 35a. Reaction of 35a 
with /-BuOCl would give the cis isomer at one terminus 
and the trans isomer at the other. 

0—Bu-f 

Hv-VCH3 

m 
CH3 H 

35a 
There remains the problem of accounting for the 

formation of the dichloro adducts 21, 22, and 28 in the 
reactions of 13 and 14 with /-butyl hypochlorite. An 
explanation is also required of the change in product 
distribution in reactions of 13 and 14 with and without 
ether present. Walling and coworkers6 observed that 
substantial amounts of dichloro adducts were formed 
in the reaction of neat 2-butyne with /-butyl hypo
chlorite and they attributed this to a "spontaneous" 
initiation process involving the hypochlorite and the 
alkyne whereby homolysis of the hypochlorite is made 
energetically feasible by concomitant carbon-chlorine 
bond formation. Since 2,3-pentadiene resembles 
2-butyne in that it reacts rapidly with /-butyl hypo
chlorite whether or not the reaction mixture is ir
radiated, spontaneous initiation is probably occurring 
here also. We accordingly represent the formation of 
21 and 22 by the homolysis reactions of Scheme IX 

Scheme IX 
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which involve atom transfer to the central allenic 
carbon to give 34 followed by a second atom transfer 
at allylic carbon to give the products. 

carefully investigated by Heiba and Haag. These workers found that 
radical addition at the central carbon produces allylic radicals ir
reversibly whereas addition to the terminal carbon is reversible: E. I. 
Heiba, J. Org. Chem., 31, 776 (1966); E. I. Heiba and W. O. Haag, 
ibid., 31, 3814 (1966). Similarly, addition of HBr to methyl-substituted 
allenes, including 2,3-pentadiene, has been shown to proceed via ir
reversible attack at the central carbon. See ref 16b. 

However, the totally unexpected increase in the 
amount of dichloride formation when ether is present 
is more difficult to explain. Some 30 % of the products 
derived from 2,3-pentadiene are dichloro adducts 
while 52-57% dichloro adduct is formed from 2-pen-
tyne in ether. Walling and Mintz12b have shown that 
/-butyl hypochlorite reacts spontaneously, even ex
plosively, with ether to produce a-chloroethyl ethyl 
ether. They have also shown that the reaction of 
saturated hydrocarbons in ether solution can be con
trolled at low temperatures and proceeds normally. 
The present reactions of 13 and 14 with hypochlorite 
in ether cannot, however, be regarded as normal since 
the product distributions are drastically changed over 
those obtained in the neat hydrocarbons. If the 
dichlorides are produced by the molecule-assisted 
homolysis of the type shown in Scheme IX, then 
equivalent amounts of chain termination products 
should be formed, but the nature of these remains 
obscure—although formation of a small amount of 
resinous material was observed. In one experiment 
specifically designed to determine material balance in 
the chlorination of 13 in ether, 86% of the starting 
hypochlorite was accounted for in the products 17-24. 
Furthermore, the moles of /-butyl alcohol formed 
agreed well with the moles of substitution products 
17-19 and dichloro adducts obtained assuming that 
2 mol of /-butyl alcohol are formed for every mole of 
dichloro adduct (see Experimental Section). 

The presence of molecular chlorine may be implicated 
in the formation of dichlorides in ether solution since 
a-chloroethyl ethyl ether, which could be formed 
initially,1213 is known to resinify above 0° with probable 
loss of HCl.18 Any HCl formed would react with 
/-butyl hypochlorite to produce molecular chlorine 
which could then add to the hydrocarbon. Careful 
analysis of the crude reaction mixtures in ether failed 
to reveal any products of ether chlorination other than 
varying amounts of white resinous material. The 
choice of ether as a solvent in radical reactions is usually 
to be avoided, but it was dictated in the present work by 
the fact that our method of resolution of 13 utilizes 
boron trifiuoride etherate; the ether present is re
covered along with partially resolved 13 from which it 
cannot easily be separated. 

Whatever the origin of the dichlorides, it is im
portant to note that racemic 21 was isolated from the 
reaction of R-( — )-13 with /-butyl hypochlorite in 
ether. We conclude, therefore, that the precursor 
to 21 is a symmetrical intermediate. If a dissymmetric 
intermediate is formed initially by virtue of the dis
symmetry inherent in the parent allene, rotation to a 
symmetrical intermediate occurs faster than reaction 
to give the observed product. 

As previously mentioned, the amount of /-butyl 
hypochlorite adducts 23 and 24 formed from 2,3-
pentadiene is markedly increased at the expense of the 
substitution product 19 in ether solution (Table I). 
The importance of solvation in determining the fate of 
/-butoxy radicals has been amply demonstrated by 
Walling and Wagner12 who found that the ratio of 
/3 scission to hydrogen abstraction (eq 4 and 5) increases 

(18) O. Grummitt, E. P. Budewitz, and C. C. Chudd, "Organic 
Syntheses," Coll. Vol. IV, Wiley, New York, N. Y., 1963, p 748. 
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(CHa)3CO >- CH3 . + (CH 3 ) 2 C=0 (4) 

(CHa)3CO- + RH >- (CHa)3COH + R- (5) 

significantly with increasing polarity and polarizability 
of the solvent. The present results show that ether 
produces a substantial increase in the ratio of addition 
to substitution products. Solvation effects in the 
transition states for the two types of reaction may 
therefore be different. Hydrogen-abstraction reactions 
of solvated alkoxy radicals require desolvation in the 
transition state12 which would explain the reduced 
yields of 19 in ether. In contrast, our results would 
indicate that addition reactions of alkoxy radicals may 
not require desolvation of the forming radical and in 
fact may be stabilized by ether solvation. While 
admittedly speculative, this explanation of the dom
inance of addition products 23 and 24 in the chlorination 
of 13 is quite reasonable and merits further investi
gation. 

Experimental Section 
All nmr spectra were recorded with a Varian Associates A-56/60 

spectrometer. Optical rotation measurements were taken with a 
Zeiss polarimeter reading to 0.01 °. Gas chromatographic analyses 
and collections employed a Varian series 200 gas chromatograph 
with 20 ft X Vs in. aluminum column packed with 20% DC-550 
fluid on Chromosorb W (AW, DMCS, 45-60). A flow rate of 
a bout 150 cc/min was used; the column temperature was maintained 
isothermally at 85 or 125° as described below. 

The /-butyl hypochlorite used was prepared according to the pro
cedure described by Teeter and Bell.19 Racemic 2,3-pentadiene 
was prepared in 50% yield from the reaction of cis- and trans-
l,l-dibromo-2,3-dimethylcyclopropane20 with methyllithium ac
cording to the method of Skattebpl.21 The crude reaction mixture 
was flash distilled and then fractionally distilled through a 1-m 
spinning band column at a 20:1 reflux ratio to afford an approx
imately 50% solution of 2,3-pentadiene in ether, bp 36-45°. 
This sample was used without further enrichment. Samples of 2,3-
pentadiene (98% pure) were also purchased from Chemical Pro
curement Lab., New York, N. Y. Racemic 2,3-pentadiene was 
partially resolved by the method described previously.3'14 Samples 
of 2-pentyne (99% pure) were purchased from Chemical Procure
ment Lab., New York, N. Y., and were used without further puri
fication. 

Light-Initiated Reaction of 2,3-Pentadiene with /-Butyl Hypo
chlorite. A 9.6-g sample of 48% (w/w by glpc) solution of (±)-13 
(4.6 g, 67.7 mmol) in ether was mixed with 0.65 g (6.0 mmol) of 
/-butyl hypochlorite at —78° in a 12-cc Pyrex ampoule. The 
ampoule was sealed under nitrogen and irradiated at room tem
perature for 30 min with light from a 100-W unfrosted incandescent 
bulb positioned about 6 in. from the wall of the ampoule—the 
entire set-up being wrapped in aluminum foil. Ether and unreacted 
hydrocarbon (bp 35-40°) were removed by distillation through a 
20-cm Vigreux column. The residual yellow oil was analyzed by 
glpc (column conditions given above) at 85° for 0-30 min and 125° 
for 30-60 min. During the first isothermal range, products 17-19 
were eluted while during the second, 20-24 were eluted; no higher 
molecular weight products were evident. Using successive 200-^1 
injections, enough of each fraction was collected for spectral analy
sis and characterization. The product distribution obtained is 
listed in Table I. 

The reaction of /?-( —)-13 with /-butyl hypochlorite in ether was 
carried out as described for (±)-13 using 8.5 g of 48% (w/w by 
glpc) ethereal J?-(-)-13 having M26D - 1 3 . 2 ± 0.2° (c 21, ether). 
The excess allene was recovered and found to have [a] 26D —13.2 
± 0.2° (c 15, ether). About 120 mg of 19, 210 mg of 21, and 160 
mg of 23 were isolated by preparative glpc and their respective ro
tations taken in chloroform using a 1 mm X 1 dm polarimeter tube. 
Each sample showed [a] 26D 0.00 ± 0.02° (c 24-42, CHCl3). In a 
separate experiment, 6.80 g (44 mmol) of R-( — )-13 as a 44% solu-

(19) H. M. Teeter and E. W. Bell, "Organic Syntheses," Coll. Vol. 
IV, Wiley, New York, N. Y., 1963, p 125. 

(20) W. Von E. Doering and A. K.Hoffmann,/. Amer. Chem.Soc, 76, 
6162(1954). 

(21) L. Skatteb0l, Acta Chem. Scartd., 17, 1683 (1963). 

tion in ether, [a]25D - 2 1 . 6 ± 0.2° (c 32, ether), was allowed to react 
with 0.70 g (6.4 mmol) of /-butyl hypochlorite as previously de
scribed. Some unreacted allene was recovered by distillation and 
had H 2 6 D - 20.6 ± 0.2° (c 29, ether). The residual products were 
flash distilled at about 1 mm and a temperature below 90° to give 
0.9 g of a colorless oil. Analysis by glpc showed that 40% of 13 
was present, and the product distribution was the same as obtained 
with racemic 13. The observed rotation of the distilled reaction 
mixture was a0bsd = —2.32° (neat), and this residual rotation was 
accounted for solely from the amount of allene remaining in the 
mixture. Thus, products 19 and 21-24, which are capable of optical 
activity, were totally racemic. 

Reaction of neat 2,3-pentadiene (6.25 g, 91.7 mmol) with /-butyl 
hypochlorite (1.00 g, 9.17 mmol) was carried out as described for 
reactions in ether solution. After irradiation for 1 hr, 2.13 g of a 
yellow oil was isolated and analyzed by glpc. The products in
cluded /-butyl alcohol, acetone, and methyl chloride, as well as 
the products listed in Table I. 

Dark Reaction of 2,3-Pentadiene with /-Butyl Hypochlorite in 
Ether. This reaction was carried out essentially as described for 
the light-induced reaction except that a blackened Pyrex ampoule 
was used. A 5,2-g sample of a 30% (w/w by glpc) solution of 13 
(23 mmol) in ether was sealed with 0.6 g (5.5 mmol) of /-butyl 
hypochlorite. After 1.5 hr at room temperature the ampoule was 
opened and found to contain no unreacted hypochlorite. The 
product mixture was worked up as before to give 0.9 g of products 
which, by glpc analysis, showed the same product distribution as 
in the light-induced reaction (Table I). The dark reaction of neat 
13 with /-butyl hypochlorite was carried out similarly. 

Light-Initiated Reaction of 2-Pentyne with /-Butyl Hypochlorite. 
A mixture of neat 2-pentyne (4.25 g, 62.5 mmol) and /-butyl hypo
chlorite (0.78 g, 7.2 mmol) was sealed in a 10-cc Pyrex ampoule at 
— 78°. The ampoule was irradiated for 1 hr at room temperature 
as described for 13. Unreacted 2-pentyne (3.7 g, 98% of theo
retical) was removed by distillation through a 20-cm Vigreux col
umn. No unreacted /-butyl hypochlorite remained and only traces 
of acetone and methyl chloride were detected. The residual yellow 
oil was analyzed by glpc isothermally at 85°. After 40 min, prod
ucts 19 and 26-29 were eluted. Using successive 200-/^1 injections, 
enough of each product was isolated for spectral analysis and 
characterization. The product distribution is listed in Table III. 
The related reaction of 14 as a 40 % solution in ether was also carried 
out. 

Dark Reaction of 2-Pentyne with /-Butyl Hypochlorite. A mix
ture of 2-pentyne (4.3 g, 63.2 mmol) and /-butyl hypochlorite (0.75 
g, 6.9 mmol) was sealed in a darkened ampoule and allowed to 
remain at room temperature for 48 hr; the reaction mixture was 
worked up as before. About 4.1 g of material was distilled and 
found by glpc to contain 3.1 g of unreacted 14, 0.33 g of /-butyl 
hypochlorite, 0.15 g of acetone, and 0.51 g of methyl chloride, 
corresponding to about 20% consumption of /-butyl hypochlorite. 
The major products were a 7:3 mixture of 19 and 29 (Table III). 
The related reaction of 14 as a 40 % solution in ether was also car
ried out. 

Competitive Chlorination of 2,3-Pentadiene and 2-Pentyne. A 
mixture of 3.59 g (52.8 mmol) of 13 and 3.59 g (52.8 mmol) of 14 
was sealed under nitrogen at —70° in an ampoule with 0.59 g (5.44 
mmol) of /-butyl hypochlorite. After irradiation for 30 min the 
color due to the hypochlorite had disappeared. The ampoule 
was opened and the contents analyzed by glpc for the relative 
amounts of substitution products present (i.e., 17, 18, 19, 26, 27, 
and 29). If x mol of substitution products derived from hydrogen 
abstraction at C-4 of 14 are present (i.e., x mol of 19, 26, and 27), 
and if y mol of 19 are formed from 13, z mol of 29 from 14, and u 
mol of 17 and 18 from 13, then the relative amounts of substitution 
products are(x + y):z:w and were measured as 567:78:98. From 
these data and the known reactivity of propargylic hydrogens of 14 
(i.e., x/z = 4.1 ± 0.4) the following relative reactivities were calcu
lated: C H 3 C # = C = C # CH s /CH3Cff2C=CCH3 = ylx = 0.77 
± 0.18; CH3C//==C==CHCH3 /CH3CH2C=CC//3 = 3,y/2z = 
4.7 ± 0.6; Ctf3CH==C=CHC#3 /CH3Ctf2C=CCH3 = 2w/6x 
= 0.10 ± 0.01; C # 3 C H = C = C H C t f 3 / C H 3 C H 2 C = C C # 3 = 3w/6z 
= 0.63. 

Material Balance Determination in Chlorination of 2,3-Penta
diene in Ether. A mixture of 4.25 g (62.5 mmol) of 13 in 3.80 g of 
ether was sealed under nitrogen at —70° in an ampoule with 0.85 
g (7.18 mmol) of /-butyl hypochlorite. After irradiation for 30 min 
and removal of volatiles as before (7.57 g, 30-50°), a product frac
tion of 1.18 g was obtained by flash distillation (30-50° at 5 mm). 
A resinous material, 0.14 g, could not be distilled. 
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The moles of /-butyl alcohol and chlorinated products present in 
both fractions were estimated by glpc (isothermal ranges of 25, 
85,125°), assuming relative peak areas to be proportional to relative 
weight per cents. The results shown in Table V were obtained. 

Table V 

Component Mass, g mmol 

Initial/-BuOCl 0.85 7.18 
/-BuOH 0.48 6.51 
cw- and /ra«j-CH3CH=C(Cl)CH=CH2 0.18 1.73 
CH 3 -C=C-CHCH 3 0.04 0.40 

Cl 
cis- and /rara-CH3CH=C—CHCH3 0.28 2.03 

I 
Cl Cl 

cis- and /ra™-CH3CH=C—CHCH3 0.12 0.69 
I f 

/-BuO Cl 

Silver-Assisted Methanolysis of /rans-3-/-Butoxy-4-chloro-2-
pentene. To about 200 mg of 23 (collected in a capillary tube by 
preparative glpc) was added methanolic silver tetrafluoroborate. 
Silver chloride precipitated. The mixture was centrifuged and the 
supernatant analyzed by nmr. The spectrum showed, besides the 
resonances due to methanol, a one-proton vinyl quartet at 6.07 ppm, 
a one-proton allylic quartet at 4.6 ppm, a three-proton singlet at 
3.30 ppm, two sets of methyl doublets centered at 1.78 and 1.40 
ppm, and a nine-proton singlet at 1.23 ppm. This spectrum is 
entirely consistent with the structure assigned to the product as 
3-/-butoxy-4-methoxy-2-pentene. 

Spectroscopic Identification of Reaction Products. Configuration 
was assigned to the 3-chloro-l,3-pentadienes 17 and 18 by the first-
order generation of the fine structure for the Hd resonance of each 
compound (c/. Table II) using butadiene as the model for the mag
nitude of the long-range couplings.22 The observed fine structure 
for each isomer was thereby closely reproduced. The assignment 
was corroborated by comparison of the chemical shifts of the H0 
resonances of 17 and 18 with related compounds, namely cis-
piperylene for which H0 has <5 = 6.58 ppm23 and 2-methylbutadiene 
for which Hc has <5 = 6.35 ppm.23 The marked dependence of 
vc on geometry has been shown to be quite general in conjugated 
alkadienes and thus diagnostic of cis-trans geometry in such sys
tems.24 

H H H CH3 

H,cO-<H «0-<H 

Hc H Hc H 

(22) R. T. Hobgood, Jr., and J. H. Goldstein, J. MoI. Spectrosc, 12, 
76 (1964). 

(23) D. F. Koster and A. Danti, J. Phys. Chem., 69, 486 (1965). 
(24) C. G. Cardenas, Tetrahedron Lett., 4013 (1969). 

The configurations of 21 and 22 were assigned by analogy with 
the closely related trans- and cw-3,4-dibromo-2-pentenes whose 
nmr spectra have been reported.1* Thus, on going from trans-
to cw-3,4-dibromo-2-pentene, the vinylic proton resonance shifts 
upfield by 0.22 ppm while the allylic proton resonance shifts down-
field by 0.33 ppm. Similarly, on going from 21 to 22, the vinylic 
proton resonance shifts 0.19 ppm upfield and the allylic proton 
resonance shifts 0.43 ppm downfleld (cf. Table II). Accordingly, 
21 and 22 were assigned the trans and cis configurations, respec
tively. 

The configurations of 23 (vC=C 1670 cm-1) and 24 were assigned 
by the same analogy to trans- and c/i-3,4-dibromo-2-pentenes used 
to characterize 21 and 22. Thus, on going from 23 to 24, the vinylic 
proton shifts upfield by 0.27 ppm while the allylic proton shifts 
downfield by 0.42 ppm. Accordingly, 23 and 24 were assigned the 
trans and cis configurations, respectively. The assigned geometry 
is consistent with the fact that allylic coupling (7aa in Table II) is 
observed in 23 but not in 24. In general, such couplings are larger 
for systems in which the vinyl and ally! protons are in a cisoid re
lationship (trans isomer) than in a transoid one (cis isomer).26 

This behavior is likewise observed for the dichlorides since allylic 
coupling in 21 is slightly larger than in 22 (Table II). 

The structure of 20 was established by its nmr spectrum which 
showed a broadened, concentration-dependent singlet at 3.0-3.5 
ppm. Strong O—H absorption bands were also evident at 3600 
and 3420 cm-1 as well as C=C stretch at 1661 cm-1 in the infrared 
spectrum of 20. That 20 was actually a 9:1 mixture of trans and 
cis isomers was strongly suggested by the presence of nmr resonances 
identical in pattern with the major ones but chemically shifted and 
integrating in the ratio of 1:9 minor to major product. The assign
ment of the major product as trans is consistent with the observation 
that the trans adducts generally predominate in this system. Also, 
the major vinylic resonance exhibited a larger allylic coupling than 
that of the minor product. 

The structure of 19 was unambiguously established from its nmr 
spectrum. The 13-line fine structure of the resonance ascribed to 
the propargylic proton could be generated by a first-order analysis 
using the coupling constants determined from the methyl region. 

Compound 26 was characterized by the similarity of its nmr spec
trum to 19 and by the concentration-dependent broad singlet at 
about 2.5 ppm (cf. Table IV). 

The ketone 27 was identified by comparison of its nmr26 and 
infrared27 spectra with those reported in the literature. The infra
red spectrum of 27 showed »*C==C at 2220 and 2280 cm-1, and 
1-C=O at 1680 cm-1. 

The geometry about the double bond in 28 was not established. 
The structure of 29 was unambiguously assigned on the basis of 

its nmr spectrum (Table IV) and its infrared spectrum (^C=C 
2248 cm"1). 
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