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SCHEME I: GROUND STATE-EXCITED STATE RELATIONSHIP 
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4.29) in tetrahydrofuran.8 Diethylzinc added to I 
decreases the intensity of the 496 m/u absorption 
(eventually changing the color to orange) and produces 
a new absorption band at 375 m^.9 This is illustrated 
in Fig. 1. The molar absorptivity of the complex is 
5.4 X 103. Complete reversibility was demonstrated 
by first adding sufficient diethylzinc to reduce the ab
sorption of I to ~ 1 0 % of its original value, and then 
an excess of nonabsorbing organolithium compound (n-
butyllithium1 0) to regenerate ~ 9 5 % of the original 
absorption of I. Tha t the recovery was not 100% is 
due to a slow ( ~ 5 % in 40 min.) time dependent de
crease in the over-all absorptivity of the solution, which 
is probably due to solvent cleavage by the complex.2 

With aluminum alkyl complexes of I the decrease in 
absorptivity is much more rapid. 

Equilibrium constants are calculated from the known 
amounts of added Lewis acid (the diethylzinc was used 
as a 1.5 M solution in hexane) and the accompanying 
decrease in absorptivity of I at 496 mp. Consistent 
values are obtained for the association constant be
tween diethylzinc and I calculated as a 1:1 complex, 
i.e., [R-Li + ] + Et2Zn <=> [RZnEt 2 -Li + ]. For eight 
data the average value of K is 103 l./mole with ±1 .4 
average deviation from the mean. No time effects 
were observed, thus equilibrium must be established 
very rapidly. 

The bond energy of the complex is obtained by the 
difference between the transition energy of the com
plex and tha t of the free organolithium compound. In 
l , l-diphenyl-»-hexyllithium the carbon-l i thium bond 
electrons may be considered to have partial p-character 
and are able to delocalize over the 7r-system. Owing 
to electron dereal izat ion, I is an odd alternate ion in 
which the mobile electron pair of the C-Li bond occu
pies (to a first approximation) a nonbonding orbital. 
In the first electronic excited state, one of these elec
trons is promoted to the lowest antibonding 7r-orbital. 
Participation of the C-Li bond electrons in a dative 
bond lowers their energy.11 In the electronic excited 
state the dative bond of the complex is presumably 
very weak (it now being a single electron bond), so the 
energy of the excited state is assumed to be unchanged 
by complex formation. This relationship is shown in 
Scheme I. Identifying the difference between the transi
tion energy of the complex and the uncomplexed organo
lithium compound with the energy of the dative bond 
is analogous to the procedure used by Brealey and 
Kasha1 2 in evaluating the strength of hydrogen bonds 
formed between alcohols and carbonyl compounds. In 

(8) R. Waack and M. A. Doran, J. Am. Chem. Soc, 85, 16.51 (1963). 
(9) To illustrate this technique, we will detail our results for diethyl

zinc. A more complete report for other Lewis acids is in preparation. 
(10) Diethylzinc in THF or butyllithium and diethylzinc in T H F have 

only end absorption at short wave length. 
(11) The positive lithium counter-ion may also be thought of as a vacant 

orbital acceptor. The transition energy of the completely ionized organo
lithium should, then, be less than when the carbon-lithium bond has more 
covalent character: R. Waack and M. A. Doran, J. Phys.Chem.,67, 148 (1963). 

(12) G. J. Brealey and M. Kasha, J. Am. Chem. Soc, 77, 4462 (1955). 

-T- non-zero excited state bond energy 

this manner a bond energy of 18.6 kcal. is obtained for 
the dative bond between diethylzinc and I. The bond 
energies so determined may not be exact, owing to two 
effects.13 If the bond energy of the excited state of the 
complex is not zero, the bond energies we obtain will be 
smaller than the true bond energy by the amount of the 
excited state bond energy. Secondly, equilibrium sol
vent orientation and distances in the ground state of the 
complex may not be the most favorable arrangement in 
the excited state. Because the solvent cannot reorient 
during the electronic transition, the observed difference 
in transition energy may be larger than the bond energy 
by the amount of the Franck-Condon strain. The tran
sition of the free organolithium compound, however, 
should also be subject to similar excited state F ranck-
Condon strain. These effects are presumably small and 
of similar magnitude for a series of complexes. 

We are currently using this spectroscopic technique 
to study the complexes formed between other Lewis 
acids and with other organolithium compounds. We 
have also examined the p.m.r. spectrum of these com
plexes' which demonstrates conclusively tha t negative 
charge migration from the organolithium compound to 
the Lewis acid occurs on complex formation. This 
report is in preparation. 

(13) G. C. Pimentel, ibid., 79, 3323 (1957). 
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Insulin Peptides. IX. The Synthesis of the A-Chain 
of Insulin and its Combination with Natural B-Chain 

to Generate Insulin Activity 
Sir: 

We wish to report the synthesis of the A-chain of 
insulin and its combination with natural B-chain to 
generate insulin activity. This represents the partial 
synthesis of a protein possessing biological activity. 

Degradative studies by Sanger and co-workers led to 
the elucidation of the amino acid sequence of insulin 
from various species and the postulation of a complete 
structure for this protein.1 The proposed structure for 
sheep insulin is shown in Char t I. 

Studies have been undertaken in our Laboratory 
directed toward the synthesis of this protein.2 3 The 
assumption was made tha t if chemically synthesized 
A- and B-chains are available the eventual synthesis of 
insulin can be achieved by combination of the two 
chains. This assumption was substantiated by the 
recent reports of Dixon and Wardlaw,4 of Wilson, et a/.,5 

(1) F. Sanger and H. Tuppy, Biochem. J., 49, 463, 481 (1951); F. Sanger 
and E. O. L. Thompson, ibid., 83, 353, 366 (1953); H. Brown, F. Sanger, and 
R. Kitai, ibid., SO, 556 (1955); ]. 1. Harris, F. Sanger, and M. A. Naughton. 
Arch Biochem. Biophys., 66, 427 (1956). 

(2) P. G. Katsoyannis, J Polymer Sci., 49, 51 (1961). 
(3) P. G. Katsoyannis, K. Fukuda, and A. Tometsko, J. Am. Chem. SoC; 

88, 1681 (1963). 
(4) G. H. Dixon and A. C. Wardlaw, Nature, 188, 721 (I960). 
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NH2 

CHART I 

NH2 NH2 NHa 

H-Gly-Ileu-Val-Glu-Glu-Cy-Cy-Ala-Gly-Val-Cy-Ser-Leu-Tyr-Glu-Leu-Glu-Asp-Tyr-Cy-Asp-OH 

NH2 NH2 

/ ' 

H-Phe-Val-Asp-GIu-His-Leu-Cy-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-' 

and of Du Yu-Cang, et a/.6-7 These investigators were 
able to reduce insulin to its two chains, separate the 
chains in the S-sulfonate form, and regenerate insulin 
by the combination of the sulfhydryl form of the two 
chains. 

The present communication is concerned with the 
preparation of an uneicosapeptide with the amino acid 
sequence proposed by Sanger for the A-chain of sheep 
insulin, its purification as the S-sulfonate, and its com
bination with natura l B-chain to generate insulin 
activity. 

N-Carbobenzoxy-S-benzyl - L - cysteinyl - L - asparagine 
p-nitrobenzyl ester (I), m.p. 177-179°; [a]28D - 3 2 . 6 ° 
(c 1.02, dimethylformamide) {Anal. Calcd. for C29H30-
N4O8S: C, 58.6; H, 5.08; N, 9.4. Found: C, 58.7; 
H, 5.25; N, 9.4); Rt8 (hydrobromide) 0.77, was pre
pared from N-carbobenzoxy-S-benzyl-L-cysteine p-
nitrophenyl ester9 plus asparagine p-nitrobenzyl ester.10 

Decarbobenzoxylation of I on exposure to HBr in 
acetic acid and coupling of the ensuing product with 
N-carbobenzoxy-L-asparaginyl-L-tyrosine10 by the 
mixed anhydride method1 1 yielded N-carbobenzoxy-L-
asparaginyl-L-tyrosyl-S-benzyl-L-cysteinyl-L-asparagine 
p-nitrobenzyl ester (II) , m.p. 208-211°; [a]28D - 3 4 . 6 ° 
(c 1.12, dimethylformamide) {Anal. Calcd. for C42H46-
N7O12S: C1 57.8; H, 5.20; N, 11.2. Found: C, 57.8; 
H, 4.98; N, 11.5); Rf8 (hydrobromide) 0.65, com
pletely digestible by LAP. Removal of the carbo-
benzoxy group from II on t rea tment with HBr in 
acetic acid and coupling of the ensuing product with 
N-carbobenzoxy-7-benzyl-L-glutamic acid /3-nitro-
phenyl ester12 afforded N-carbobenzoxy-7-benzyl-L-
glutamyl- L- asparaginyl - L- tyrosyl -S-benzyl-L-cysteinyl-
L-asparagine />-nitrobenzyl ester (III) , m.p. 192-
194°; [a]27D - 4 6 . 8 ° (c 1, dimethylformamide) 
{Anal. Calcd. for C64H68N8O16S: C, 59.4; H, 5.35; 
N, 10.2. Found: C, 59.4; H, 5.47; N, 9.6); Rin 

(hydrobromide) 4.3 X his. N-Carbobenzoxy-L-leucyl-
L-tyrosyl-L-glutaminyl-L-leucine hydrazide (IV), m.p. 
242-245°; H 2 7 D - 2 9 . 4 ° (c 1, dimethylformamide) 
{Anal. Calcd. for C34H49N7O8: C, 59.7; H, 7.22; N, 
14.3. Found: C, 59.4; H, 7.19; N, 14.4) wasprepared 
by the reaction of the corresponding ester14 with hydra
zine. Conversion of IV to the azide and coupling of 
this derivative with the product obtained by H B r -
acetic acid decarbobenzoxylation of I I I afforded the 
fully protected nonapeptide; this, in turn, on exposure 
to HBr in acetic acid, yielded L-leucyl-L-

(5) S. Wilson, G. H. Dixon, and A. C. Wardlaw, Biochim. Biophys. Acta, 
62, 483 (1962). 

(6) D. Yu-Cang, Z. Yu-Shang, L. Zi-Xian, and T. Chen-Lu, Set. 
Sinica (Peking), 10, 84 (1961). 

(7) Tsou Chen-I.u, Du Yu-Cang, and Xu Oeng-Jun, ibid., 10, 332 (1961). 
(8) The Rf refers to the Partridge system [S. M. Partridge, Biochem. J., 

42, 238 (1948)]. 
(9) M Bodanszky and V. du Vigneaud, / . Am. Chem. Soc, 81, 5688 

(19.59). 
(10) P. G. Katsoyannis and K. Suzuki, ibid., 83, 4057 (1961). 
(11) J. R. Vaughan Jr., ibid., 73, 3547 (19.51). 
(12) M. Goodman and K-C. Stueben, ibid., 81, 3980 (1959). 
(13) The Ri refers to the system 1-butanol-pyridine-acetic acid-water, 

30:20:6:24 [S. G. Waley and G. Watson, Biochem. J., 55, 328 (1953)] and is 
expressed as a multiple of the distance traveled by a histidine marker. 

(14) P. G. Katsoyannis, K. Suzuki, and A, Tometsko, J. Am. Chem. Soc, 
88, 1139 (1963). 

S 
/ 

Tyr-Leu-Val-Cy-GIy-GIu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-AIa-OH 
tyrosyl - L- glutaminyl - L - leucyl- y - benzyl - L - glutamyl - L-
asparaginyl-L-tyrosyl-S-benzyl-L-cysteinyl-L-asparagine 
^-nitrobenzyl ester hydrobromide (V), m.p. 214-217° 
d e c ; H 2 8 D - 66.0° (c 0.6 dimethylformamide) 
{Anal. Calcd. for C72H98N13O22SBr-SHoO: C, 53.7 
H, 6.13; N, 11.3. Found: C, 53.5; H, 6.29; N, 12.0) 
Rf8 0.86, Ri13 4.7 X his; single ninhydrin-positive spot 
amino acid ratios in acid hydrolysate leu2.06tyr!.66S-
benzylcysteinet.ooglu2.16asp2.03; average amino acid 
recovery 8 3 % . 

N-Carbobenzoxy-L-valyl-S-benzyl-L-cysteinyl-L-ser
ine methyl ester (VI), m.p. 192-195°; [a]28D 
- 2 9 . 1 ° {c 0.94, dimethylformamide) {Anal. Calcd. 
for C27H36N3O7S: C, 59.4; H, 6.46; N, 7.7. Found: 
C, 59.1; H, 6.37; N, 7.6); Rt8 (hydrobromide) 0.82, 
was prepared by the reaction of N-carbobenzoxy-L-
valine p-nitrophenyl ester15 with the product obtained 
from N-carbobenzoxy-S-benzyl-L-cysteinyl-L-serine 
methyl ester16 by exposure to HBr in trifluoro-
acetic acid. Interaction of VI with hydrazine yielded 
N-carbobenzoxy-L-valyl-S-benzyl-L-cysteinyl-L-serine 
hydrazide (VII), m.p. 230-231°, M2 9D - 1 9 . 6 ° {c 
0.58, dimethylformamide) {Anal. Calcd. for C26H36-
N6O6S: C, 57.2; H, 6.46; N, 12.8. Found: C, 57.0; 
H, 6.37; N, 12.6). Conversion of VII to the azide and 
coupling of this derivative with V afforded the fully pro
tected dodecapeptide which on exposure to HBr in 
trifluoroacetic acid yielded the C-terminal segment of 
the A-chain, L-valyl-S-benzyl-L-cysteinyl-L-seryl-L-
leucyl-L-tyrosyl-L-glutaminyl-L-leucyl-7-benzyl-L-glu-
tamyl-L-asparaginyl-L-tyrosyl-S-benzyl-L-cysteinyl-L-
asparagine />-nitrobenzyl ester hydrobromide (VIII) , 
m.p. sinters a t 219°, decomposes a t 240°; [a]27D, 
— 27.3° {c 1.05, dimethylformamide) {Anal. Calcd. 
for C90H117N16O23S^Br-4H2O: C, 53.8; H, 6.27; N, 11.2. 
Found: C, 53.0; H, 6.24; N, 11.6); R,13 4.1 X his 
single ninhydrin-positive spot; amino acid ratios in 
acid hydrolysate val1.15S-benzylcysteine2.06ser0,97leu2.o6-
tyr1.41glu1.91asp2.o2; average amino acid recovery 9 5 % . 

Condensation of £-nitrocarbobenzoxyglycyl-L-
isoleucyl-L-valyl-7-/-butyl-L-glutamyl-L-glutaminyl-S-
benzyl-L-cysteinyl-S-benzyl-L-cysteinyl-L-alanylglycine3 

with VII I , using N,N'-carbonyldiimidazole,17 afforded 
the fully protected sulfhydryl form of the A-chain of 
insulin. The deblocked product was converted6 to 
the S-sulfonate form and purified by column chroma
tography. The S-sulfonate of the A-chain was con
tained in a single peak. Amino acid analysis of the 
synthetic material after acid hydrolysis gave a composi
tion, in molar ratios, which is consistent with the theoreti
cally expected values for the A-chain, asp2.ooglu4 28cys3.60-
sero,83val1.98leu1,78ileu1.ooala1.4gly2.11(tyrosine was not deter
mined). 

When this material was subjected to electrophoresis 
on a cellulose-supporting medium, the product obtained 
had the same amino acid composition as the starting 

(15) B. Iselin, W. R. Rittel, P. Sieber, and R. Schwyzer, HeIv. Chim. 
Ada, 40, 373 (1957). 

(16) St. Guttmann and R. A. Boissonnas, ibid., 43, 200 (1960). 
(17) G. W. Anderson and R Paul, J. Am. Chem. Soc, 80, 4423 (1958): 

R. Paul and G. W. Anderson, ibid., 82, 4596 (1960). 
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preparation and gave a sharp, single Pauly-positive 
spot on paper chromatography (i?f180.4, Rf19 0.5) and 
a sharp, single Pauly-positive spot on high voltage paper 
electrophoresis. 

Combination20 of the synthetic material obtained 
by column chromatography with natural B-chain21 

generated insulin activity in a yield of 0.5-1.2% 
(corrected for water content) . This compares favor
ably with the activity obtained4 5 '7 upon recombination 
of natural A- and B-chains. Insulin activity was 
determined by the mouse-diaphragm method2 2 and by 
immunological assays. In the lat ter case the insulin 
activity was neutralized by anti-ox-insulin serum.23 

Our studies toward the synthesis of the B-chain will 
be reported in a later communication. 

(18) The Rf refers to an ascending chromatography in the system (see 
ref. 6) 2-butanol-acetic acid-8 M urea, 12.5 :0.9: 11.5. 

(19) The Ri refers to a descending chromatography in the system (see 
ref. 6) 2-butanol-acetic acid-8 M urea, 12.5:1:11.5. 

(20) We wish to express our gratitude to Dr. G. H. Dixon and Dr. S. 
Wilson of the Department of Biochemistry, and Connaught Medical Re
search Laboratories of the University of Toronto, Canada, for carrying out 
the combination experiments of the synthetic A-chain with the natural B-
chain and the biological assays. 

(21) Natural B-chain from ox insulin was used in the combination experi
ments. 

(22) A. C. Wardlaw and P. J. Moloney, Can. J. Biockem. Physiol, 39, 695 
(1961). 

(23) P. J. Moloney and M, Coval, Biochem. J., 89, 179 (1955). 
(24) This work was supported by a Research Career Development Award 

(GM-K3-15151) from the Public Health Service and a grant (A-3067) from 
the National Institute of Arthritis and Metabolic Diseases, Public Health 
Service, for which we wish to express our appreciation. 

(25) The authors wish to express their appreciation to Mrs. Jemele Hud
son for the enzymatic analyses and amino acid analyses and Miss Joanne 
Janos for technical assistance. 
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Possible Vinyl Cation Intermediates, a 1,4-Chlorine 
Shift, and a Trimerization in the Reaction of 

Trifluoroacetic Acid with Alkynes1 

Sir: 
Vinyl cations are reputed to be of relatively high 

energy as judged in par t by the well known unreactivity 
of vinyl halides toward alcoholic silver nitrate.2 

We wish to report tha t addition of trifluoroacetic 
acid to alkynes occurs almost as rapidly (approximately 
0.2 as fast) as the previously studied comparable reac
tion of alkenes.3 4 Vinylic trifluoroacetates are formed 
which may be regarded as arising from intermediate 
substi tuted vinyl cations, as illustrated for the reaction 
of 1-hexyne.5 

(1) This research was supported by a grant (790 A) from the Petroleum 
Research Fund of the American Chemical Society. 

(2) (a) J. Hine, "Physical Organic Chemistry," McGraw-Hill Book Co., 
Inc., New York, N. Y., 1956, p. 148. Resonance stabilization of the vinyl hal
ides presumably also contributes to the lack of reactivity of these compounds. 
(b) R. L. Shriner, R. C. Fuson, and D. Y. Curtin, "The Systematic Identifi
cation of Organic Compounds," 4th Ed., John Wiley and Sons, New 
York, N. Y., 1956, p. 141. (c) We have been unable to locate a reference to 
a definitive study of the reactivity of vinyl halides toward alcoholic silver 
nitrate. We suspect that the widespread familiarity of chemists with the 
statement in ref. 2b that "vinyl halides . . . are unreactive . . ." accounts for 
the "well known" aspect of the reaction. 

(3) (a) P. E. Peterson and G. Allen, J. Org. Chem., 27, 1505 (1962); (b) 
P. E. Peterson and G. Allen, ibid., 27, 2290 (1962). 

(4) The hydration of alkynes to ketones in the presence of strong acids 
has long been known, but either concentrated sulfuric acid or high tempera
tures have been employed. Cf. R. E. Schaad and V. N. Ipatieff, J. Am. 
Chem. Sac, 62, 178 U940). Addition of hydrogen bromide to alkynes has 
been studied: M. S. Kharasch, J. G. McNab, and M. C. McNab, ibid., S7, 
2463 (1935). 

(5) We employ simple carbonium ion mechanisms in this communication 
in the absence of more detailed information regarding the nature of the inter
mediates or transition states involved. From the observed Markovnikov 

H - C = C - C 4 H 9 C = C - C 1 H 9 

-H 

O2CCF, 

C = C 

H C4H9 

If vinyl cations are, in fact, intermediates several 
interesting questions arise. Will the cationic carbon 
atoms exhibit sp or sp2 hybridization? Can the ready 
formation of these presumed energetic ions be accounted 
for by the high energy of the alkyne starting materials 
relative to the transition stage for reaction, as might be 
inferred from the large heats of hydrogenation of 
alkynes (to alkenes) relative to tha t of alkenes?6 Will 
unusual reaction products, possibly characteristic of 
hot carbonium ions, be formed ? 

Some initial observations concerning reaction prod
ucts are illustrated by the following equations. 

CF3CO2H 

O2CCF3 

3-hexyne, 
0.1 M 

3-hexyne, 
1.4 M 

3-hexen-3-yl 
trifluoroacetate 
cis and trans (98% hexaethylbenzene 
yield by g.c.) (2% yield by g.c/ 

CF3CO2H 24% hexaethylbenzene + dimers 4-
3-hexen-3-yl trifluoroacetate 

CF3CO2H 

Cl 'O 
Cl 

+ 
O2CCF3 

5-chloro-l-pentyne 50% yield, isolated 
as the hydrolysis 
product, 4-chloro-
4-penten-l-ol 

The formation of hexaethylbenzene is of interest be
cause products of this type have previously been found 
most commonly in reactions catalyzed by metallic 
species and possibly involving cyclobutadiene com
plexes as intermediates in some instances.7 Although 
acid-catalyzed trimerizations of alkynes are not com
pletely unknown,8 the ready formation of hexaethyl
benzene in our reaction takes on added interest when 
some of the possibilities for classical and /or nonclassical 
resonance in the presumed intermediate dimeric ion are 
considered. 

R R R 

R -
^ 

R 

R ^ 
14 ' -] 

» / R 
R. .R i R R 

> 

R^ 
I j 

\ ^ 
- [«-{TR~ 1 + H ^ R 

—— ' Ml 
1 ^ 

The reaction of 5-chloro-l-pentyne probably proceeds 
via the intermediate cyclic ion shown, which, interest-
orientation and from preliminary studies of the effect of inductive substi-
tuents, however, the reaction of alkynes is similar to that of alkenes in re
gard to the positive character of the transition state. 

(6) J. B. Conn, G. B. Kistiakowski, and E. A. Smith, J. Am. Chem. Sac, 
61, 1868(1939). 

(7) (a) Cf. J. C. Sauer and T. L. Cairns, ibid., 79, 2659 (1957); (b) C. 
McKinley, Ind. Eng. Chem., 44, 995 (1952). 

(8) See Almedigen, Zh. Russ. Fiz. Khim. Obschestva, 13, 392 (1881); 
Chem. Zentr., 12, 629 (1881); cf. Beilstein's "Handbuch der Organischen 
Chemie," 4th Ed., Vol. 1, p. 249, for a report of the sulfuric acid-catalyzed 
trimerization of 2-butyne to hexamethylbenzene. 


