
Jan. 5 ,  1954 NEW SYNTHESES OF HYDROXYPROLINE 139 

[CONTKIBUlION FROM THE DEPARTMENT O F  BIOCHEMISTRY, FACULTY OF MEDICINE, LAVAL UNIVERSITY] 

New Syntheses of Hydroxyproline1 
BY ROGER GAUDRY AND CLAUDE GODIN 

RECEIVED JULY 2, 1953 

The four 2,5-dihalogenated-4-valerolactones contaitiing chlorine or bromine have been prepared from the diethyl ester 
of allylmalonic acid, and their cyclization with ammonia has been investigated. The dichlorolactone, which gave the best 
yield of hydroxyproline (54%), was obtained in a 90% over-all yield from diethyl allylmalonate. 2-Carbethoxy-5-phthal- 
imido-4-valerolactone has been prepared by condensing 1,2-epoxy-3-phthalimidopropane with diethyl malonate. Chlorina- 
tion or bromination of this lactone gave the corresponding 2-halogenated lactones which upon acid hydrolysis and treatment 
with barium hydroxide gave hydroxyproline in a My0 yield from diethyl malonate, by way of the chlorolactone. 2-Cyano-5- 
phthalimido-4-valerolactone has been prepared by condensing 1,2-epoxy-3-phthalimidopropane with ethyl cyanoacetate. 
Chlorination or bromination of this lactone gave the corresponding 2-halogenated-2-amidolactones which, upon acid hydro- 
lysis and treatment with hot barium hydroxide, gave hydroxyproline in a 48y0 yield from ethyl cyanoacetate by way of the 
chlorolactone. Allohydroxy-DL-proline has been converted to hydroxy-DL-proline by inverting the configuration a t  C,. 
The ethyl ester of hydroxyproline hydrochloride has been isolated. 

Hydroxyproline (XV) was first isolated from gel- 
atine by FischerZ in 1902 and was first synthesised 
in 1903 by Leuchs.* Other syntheses were later 
developed by Fischer and K r h e r 4  in 1908, by 
Leuchs and co-workers6 in 1912, by Hammarsten6 
in 191G, by Traube and co-workers’ in 1923, by 
Feofilaktov and Onishchenko8 in 1938 and by 
McIlwain and Richardsong in 1939. However, 
none of these is really satisfactory for the prepara- 
tion of substantial quantities of this amino acid. 

Two methods of synthesis were investigated, the 
first one based on the cyclization with ammonia of 
a 2,5-dihalogenated-4-valerolactone and the second 
one based on the cyclization with barium hydroxide 
of a 2-halogenated-5-amino-4-valerolactone. The 
halogen atom was chlorine or bromine. 

The four 2,5-dihalogenated-4-valerolactones were 
prepared from the diethyl ester of allylmalonic acid 
I or free allylmalonic acid IX. 

tion and vacuum distillation. This lactone was 
also prepared in good yield by treatment of allyl- 
malonic acid (IX) with sulfuryl chloride or with 
water and chlorine. It was also prepared by re- 
action of the ethyl ester of allylcyanoacetic acid with 
sulfuryl chloride. Acid hydrolysis and decarboxyl- 
ation gave the lactone in a 34% yield. 

The 2-chloro-5-bromo-4-valerolactone (V) was 
prepared from allylmalonic diethyl ester in a 59% 
yield. By reaction with one equivalent of bro- 
mine in the cold, followed by vacuum distillation, 
2-carbethoxy-5-bromo-4-valerolactone (111) was 
obtained in a 72% yield. This lactone upon reac- 
tion with sulfuryl chloride, acid hydrolysis, decar- 
boxylation and vacuum distillation gave 2-chloro- 
5-bromo-4-valerolactone (V) . 

The 2,5-dibromo-4-valerolactone (XI) was pre- 
pared in an 85% yield by treating allylmalonic acid 
(IX) in chloroform with bromine. Vacuum distilla- 

CHz=CHCHzCH( COOR), + CHz=CHCHzCXi( COOR)* 

i12; E f 2% XIL, R = H, XI = Br 
HOCH-CH2 
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IV, R = GH6, X = Br, XI = C! V, X = Br, XI = C1 
VIII, x = XI = c1 

XI, X = XI = Br 
XIV, X = C1, XI = Br 

111, R = X = Br VII, R = CzHs, X = XI = C1 

The 2,5-dichloro-4-valerolactone (VIII)6 was tion of the halogenated product gave the pure lac- 
prepared in a 90% over-all yield from the diethyl tone. The crystalline 2-carboxy-2,4,5-tribromoval- 
ester of allylmalonic acid by reaction with sulfuryl eric acid (X) can be isolated in a small yield from 
chloride followed by acid hydrolysis, decarboxyla- the reaction mixture of allylmalonic acid and bro- 

123rd Meeting of the American Society, LOS Angeles, Calif., March The 2-bro~no-5-chloro-4-valerolactone (XIV) , 3  
1953. was prepared by treating allylmalonic acid (IX) in 

(2) E. Fischer, Ber., 35, 2660 (1902). chloroform with N-bromosuccinimide to  give 2- 
carboxy-2-bromo-4,5-pentenoic acid (XII) which 

(5) H. Leuchs, M. Giua and J. F. Brewster, ;bid., 45, 1960 (1912). was allowed to react with one equivalent of sulfuryl 
(6) E. Hammarsten, Comfit. rend. trau. lab. Carlsberg, 11,223 (1916). chloride to give the crude 2-carboxy-2-bromo-4,5- 
(7) W. Traube, R. Johow and W. Tepohl, Be?., 56, 1861 (1923). 
(8) V. V. Feofilaktov and A. S. Onishchenko, Compf. rend. mad. 

sci. U.R.S.S., 10, 133 (1938). this product gave 2-bromo-5-chloro-4-valerolac- 
(9) H. Mcnwain and G. M. Richardson, Biochcm. 1.. 88,44  (1939). 

(1) Paper presented before the Division of Organic Chemistry at the mine’ 

(3) H. Leuchs, ibid. ,  33, 1937 (1905). 
( 4 )  E. Fischer and A. Kramer, ibid., 41, 2728 (1908). 

dichlorovaleric acid (XIII). Decarboxylation of 

tone (XIV) in a 60% yield. 
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The four 2,5-dihalogenated-4-valerolactones were 
cyclized with an excess of ammonia into hydroxy- 
proline, under the same experimental conditions. 
The yields of hydroxyproline copper salts are given 
in Table I. 

TABLE I 
Yields of hydroxyproline, 

2,~-Dihalogenated-4-valerolactones % 
2,j-Dichloro- 
2-Bromo-5-chloro- 
2-Chloro-5-bromo- 
2,5-Dibromo- 

In  all cases approximately equal amounts of DL- 
and all0 DL-forms of hydroxyproline were obtained 
and isolated as copper salts. a-hereas the DL-for111 
is easily separated because of the insolubility in wa- 
ter of its copper salt, the all0 DL-form is difficult to 
obtain pure because its copper salt is very soluble. 

To overcome this difficulty, a method of synthesis 
was investigated, which was found to give the all0 
DL-form in a high state of purity. 1,2-Epoxy-;i- 
phthalimidopropane (XVI) , easily prepared from 
epichlorohydrin and potassium phthalimide, was 
condensed with diethyl malonate (XVII) to give a 
74y0 yield of 2-carbethoxy-5-phthalimido-4-valero- 
lactone (XVIII). This lactone was allowed to 
react with bromine to give 2-carbethoxy-2-bromo- 
5-phthalimid0-4-valerolactone.~~ Similarly, 2-car- 
bethoxy - 2-chloro-5-phthalimido-4-valerolactone 
(XIX) was prepared by reaction with sulfuryl chlo- 
ride. The chloro- and the bromolactones were not 
readily obtained in a crystalline form. They were 

with ethyl cyanoacetate. By reaction with sulfuryl 
chloride or bromine, a chloro- or a bromolactone 
was obtained. Acid hydrolysis and cyclization 
with barium hydroxide gave hydroxyproline i n  a 
73yo yield through the chlorolactone and a ti2..iC; 
yield through the bromolactone. These lactones 
were identified as 2-amido-2-chloro-5-phthalimido- 
4-valerolactone (XXII) and 2-arnido-2-bromo-5- 
phthalimido-4-valerolactone (XXII, C1= Er 1. 
When %-cyano - 3 - phthalimido - 4 - valerolactone 
( X X )  in dry chloroform or glacial acetic acid W ~ L S  
treated with sulfuryl chloride or bromine, hydrogen 
chloride or hydrogen bromine apparently reacted 
with the nitrile group to give the imino chloride 
(XXI) or imino bromide (XXI, C1= Rr), as in  the 
first step of Stephen's reaction. In presence of 
water the imino chloride or imino bromide was 
hydrolyzed to the amide. 

In order to prove definitely the structure of these 
amides, they were synthesized from 2-amido-5- 
phthaliniido-4-valerolactone, prepared by two dif- 
ferent ways: firstly, in a 947, yield from 2-cyano-.5- 
phthalimido-4-valerolactone (XX, by treatment 
with concentrated sulfuric acid; secondly, in a 107; 
vield from 2-carbethoxy-5-phthalimido-4-valero- 
iactone (XVIII) by reaction with concentrated 
aqueous ammonia. 2-Amido-;i-phthalimido-4-val- 
erolactone (XX, Ch' = CONH2) by reaction with 
sulfuryl chloride or bromine gave 2-amido-2-chloro- 
.7-phthalimido-4-valerolactone (XXII) or %amido- 
L'-bromo-.5-phthalimido-4-valerolactone (XXII, C1 
= Br 1 .  

HiO+ IIOCH-CH, 
CsHd( CO)~SCH~CHCHICCICO?C~H, I 

I Bd,OH)r CH: CHCOOH 
0-CO 'SH' 

hydrolyzed in acid media and cyclized with an ex- 
cess of hot barium hydroxide. A4 73% yield of hy- 
droxyproline copper salt was obtained through the 
chloro compound and a 62.570 yield through the 
bromo compound. In this synthesis the DL- and 
allo DL-forms were also obtained in equal quantities 
and both forms of the copper salt were obtained 
pure without difficulty. An acid synthetic resin, 
Dowex-50, was used to separate the amino acid 
from the inorganic salts. 

X I S  s\ 

Hydroxy-DL-proline and allohydroxy-DL-proline 
were recovered from their copper salts by means of 
hydrogen sulfide, and were recrystallized from 80% 
ethanol. A\llohydroxy-DL-proline was converted 
to hydroxy-DL-proline in a 20% yield, using the 
procedure devised by h'euberger, l1 who inverted 
hydroxy-L-proline to allohydroxy-L-proline and 
applied by Greenstein and Robinson12 to the in- 
version of allohydroxy-D-proline to hydroxy-D- 
proline. 

0-CO 
SX 

0-CO 
ss I 

S X I I  xv 
The synthesis of hydroxyproline from 2-cyano-.? 

phthalimido-4-valerolactone (XX) was also investi- 
The hydroxyproline ethyl ester hydrochloride 

I t  is formed when dry hydroxy- was also isolated. 
gated. This lactone was obtained in a 65% yield ; I , i  .\, J ,  S"r, ,  429 (1945), 
by condensing 1,2-epoxy-'~-phtha1i1nidopropane (12 )  J. P. Greenstein and D S Robinson. J .  B i d  Che?n., 196, 383 

(10) ;I, S. I>??, .i Chrii: .To, , ll(iC, (15137). '1952). 
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proline hydrochloride is dissolved in absoIute ethanol 
or when dry hydroxyproline is treated with absolute 
ethanol saturated with dry hydrogen chloride. The 
DL-form is obtained readily and melts a t  142'.15 
The all0 DL-form crystallized very slowly and melts 
a t  133-136". 

Hydroxyproline has a sharp melting point, easily 
reproduced and giving a good indication of purity. 
The best method for synthesizing large quantities 
of hydroxyproline is that  using the chlorination of 
2-carbethoxy-5-phthalirnido-4-valerolactone. The 
over-all yield is 54% based on 1,2-epoxy-3-phthali- 
midopropane and only one intermediate compound, 
2-carbethoxy-5-phthalimido-4-valerolactone, has to 
be isolated. 

Experimental 
2-Carbethoxy-5-bromo-4-valerolactone (111) .-To allyl- 

nialonic diethyl ester" (I) (40 g., 0.2 mole) cooled a t  -5', 
bromine (32 g., 0.2 mole) was added dropwise with stirring. 
The mixture was stirred for one hour in the cold and then 
fractionated in vucuo to give the lactone; yield 36 g. (71.7%) 
b.p. 153-154" (3  mm.). Anal. Calcd. for CoH1104Br: 
Br, 31.87. Found: Br, 31.96. 

2-Chloro-5-bromo-4-valerolactone (V) .-To allylmalonic 
diethyl ester'4 (I)  (40 g., 0.2 mole) cooled a t  - 5 O ,  bromine 
(32 g., 0.2 mole) was added dropwise with stirring. The 
mixture was stirred for one hour in the cold and air was 
blown through the solution to remove bromine in excess. 
Sulfuryl chloride (27 g., 0.2 mole) was added very slowly 
to the solution and the mixture was heated under reflux for 
two hours. The excess of sulfuryl chloride was removed 
under reduced pressure. The residue was dissolved in 200 
ml. of glacial acetic acid, 100 ml. of concentrated hydro- 
chloric acid was added, and the mixture was heated under 
reflux for two hours. The solution was then evaporated 
under reduced pressure and the residue fractionated in 
racuo; yield 25 g. (58.7%), b.p. 136-138' (3 mm.). Anal. 
Calcd. for CjH6O2C1Br: C1 + Br, 54.0. Found: C1 + Br, 
52.48. 

2-Carbethoxy-2,5-dichloro-4-valerolactone (VII) .-Sul- 
furyl chloride (580 g., 4.3 moles) was added dropwise to  
allylmalonic diethyl ester14 (I) (400 g., 2 moles) in the cold. 
The mixture was then heated under reflux for 20 minutes 
and the sulfuryl chloride in excess was removed under re- 
duced pressure. The residue was fractionated to give the 
lactone; yield 420 g. (87%), b.p. 14&150° (5 mm.); 
l i t .  178-179" (5 mm.).I Anal. Calcd. for C&aO&lS: 
C1, 29.45. Found: C1, 29.40. The solid isomer crystal- 
lized out. I t  was filtered and recrystallized from ethanol; 
yield 184.6 g. (38%), m.p. 58-57'; lit. m.p. 55O.8 Anal. 
Calcd. for CaHloO&lz: C1,29.45. Found: C1,29.72. 
2,5-Dichloro-4-valerolactone (VIII) .-Sulfuryl chloride 

(580 g., 4.3 moles) was added dropwise to cooled allylma- 
lonic diethyl ester (I)  (400 g., 2 moles). The mixture was 
stirred for one hour at room temperature and refluxed for 
20 minutes. The excess of sulfuryl chloride was then evap- 
orated under reduced pressure, the crude 2-carbethoxy-2,4,5 
trichlorovaleric ethyl ester was dissolved in 400 ml. of glacial 
acetic acid, 300 ml. of hydrochloric acid was added and the 
mixture was heated under reflux for 3 hours. The solution 
was then evaporated under reduced pressure and fraction- 
ated to give the dichlorolactone; yield 306 g. (90.5%), 
b.p. 137-140" (5  mm.); lit. 159-161' (13 mm.).6 Anal. 
Calcd. for CjH60zC12: C1, 42.0. Found: C1, 42.6. 
2-Carboxy-2,4,5-tribromovaleric Acid (X) .-To allylma- 

lonic acidl6 (1x1 (7.2 g., 0.05 mole) in chloroform (50 ml.) 
bromine (24.0 g., 0.15 mole) was added dropwise at  room 
temperature with stirring. The mixture was then stirred 
for 2 hours. The solid 
residue was recrystallized from chloroform; yidd 5.2 g. 
(27.2%), m.p. 123-124'. Anal. Calcd. for C&~04Bra: 
Br, 62.66. Found: Br, 62.29. 

2,5-Dibromo-4-valerolactone (XI) .-Allylmalonic acid" 
(IX) (28.8 g., 0.2 mole) was dissolved in chloroform (100 

The solvent was removed in vacuo. 

(13) All melting points are uncorrected. 
(14) J. F. Eihkman, Chcm. Cualr., 78, 11, 1210 (1907). 
(15) R. Marbury, Aan.,  119 (1897). 

ml.).  Bromine (80.0 g., 0.5 mole) was added dropwise with 
stirring at  room temperature. The mixture was stirred for 
2 hours a t  that temperature. Cpon fractional distillation, 
lactonization and decarboxylation occurred and the lactone 
was obtained; yield 44.2 g. (85.8'%), b.p. 159-161' (3 
mm.). Anal. Calcd. for C&OzBrz: Br, 62.01. Found: 
Br, 62.70. 

2-Bromo-5-chloro-4-valerolactone (XIV) .-Allylmalonicll 
acid (IX) (36.0 g., 0.25 mole) dissolved in 200 ml. of chloro- 
form and N-bromosuccinimide (44.5 g., 0.25 mole) was 
slowly added. The temperature was kept below 25". 
The solution was evaporated to dryness, the residue was dis- 
solved in water and the solution was extracted with ether to 
give the crude 2-carboxy-2-bromo-4,5-pentenoic acid. The 
acid was treated with sulfuryl chloride (40.5 g., 0.3 mole) 
with stirring for 1 hour, the sulfuryl chloride in excess was 
removed under reduced pressure, the residue was dissolved 
in water and the solution was extracted with ether. Frac- 
tional distillation gave the desired lactone; yield 36.8 g. 
(69%), b.p. 136-140' (3 mm.); lit. b.p. 156-164" (11 
mm.).a Anal. Calcd. for c&o~ClBr :  C1 + Br, 54.0. 
Found: C1 -I- Br, 52.1. 

Hydroxyproline Copper Salts. (Cyclization of a 2,S-Di- 
halogenated-4-valerolactone with Ammonia) .-2,5-Dichlo- 
ro-4-valerolactone (VIII) (169 g., 1 mole) was dissolved in 
750 ml. of concentrated ammonium hydroxide. The solu- 
tion was heated for 24 hours a t  100" in an autoclave. The 
excess of ammonium hydroxide was then evaporated under 
reduced pressure, 180 ml. of concentrated hydrochloric acid 
was added and the solution was evaporated to dryness. 
To the dry residue was added alcohol and the ammonium 
salts were filtered off. The alcoholic solution was evapo- 
rated to dryness, and the crude hydroxyproline hydrochloride 
was dissolved in water. The hot solution was stirred for 
one hour with 125 g. of yellow lead oxide. The solution 
was then cooled and filtered cold. The last traces of chlo- 
ride were removed with a few grams of silver carbonate and 
the solution was filtered. The solution was then saturated 
with hydrogen sulfide and filtered. The solution was evap- 
orated to dryness. The residue was dissolved in water, 
decolorized with norit and diluted to 1 liter. The solution 
was heated under reflux for one hour with an excess of copper 
carbonate (30 g.) and filtered hot. Upon cooling the blue 
hydrated hydroxy-DL-proline copper salt crystallized out; 
yield 54.8 g. (27.7%). Anal. Calcd. for CloH1606NZCu- 
2Hs0: N, 7.07. Found: N, 7.10. The filtrate was evap- 
orated under reduced pressure to a very small volume and 
the violet anhydrous dlohydroxy-DL-proline copper salt 
was filtered off; yield 43.0 g. (26.6%). I t  was recrystallized 
from a small volume of water. Anal. Calcd. for C10Hl6- 
OaN&h: N, 8.65. Found: iY, 8.64. 

2-Cyano-5-phthalirnido-4-valerolactone (XX) .-Ethyl 
cyanoacetate (23.7 g., 0.21 mole) was added to a solution of 
sodium (4.6 g., 0.2 mole) in absolute ethanol (200 ml.) 
cooled at  10'. The solution was stirred for 15 minutes and 
1,2-epo~y-3-phthalimidopropane~~ (XVI) (40.6 g., 0.2 mole) 
was added with stirring over a period of one hour. The 
mixture was then heated very slowly up to 40-45" and stirred 
a t  that temperature for 18 hours. The mixture was then 
poured on ice, acidified, diluted to one liter and stored in the 
refrigerator for 24 hours. A yellow-brown product was then 
filtered, washed with water and dried to give 44.2 g. of the 
crude lactone. Upon recrystallization from 100 ml. of gIa- 
cia1 acetic acid the pure lactone was obtained; yield 35.0 g. 
(65%),  m.p. 187'. After many recrystallizations from 
acetic acid the m.p. was 189-190'. Anal. Calcd. for 
C~~HUIO~NZ: N, 10.37. Found: N, 10.36. 

Hydroxyproline Copper Salts (from 2-Carbethoxy- or 2- 
Cyano-5-phthalimido -4 - valerolactone) .-2 - Carbethoxy - 5- 
phthalimido-4-valerolactone1~ (XVIII) (9.5 g., 0.03 mole) 
was dissolved in glacial acetic acid (100 ml.). Sulfuryl 
chloride (4.3 g., 0.032 mole) was added dropwise with stir- 
ring. The mixture was then heated for 2 hours a t  70". 
The solution was evaporated to dryness in vacuo. The 
residue was washed several times with water, glacial acetic 
acid (100 ml.) and concentrated hydrochloric acid (100 ml.) 
were added and the mixture was heated under reflux for 3 
hours. The mixture was evaporated to dryness under re- 
duced pressure, the residue dissolved in water and phthalic 
acid filtered off (calcd. 4.9 g., found 4.9 g.). The filtrate 

3.56 11'110) 
(16) M. Weizmann and S Malkowa, Bull soc ckrm France, 47, 
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was neutralized with barium hydroxide and an excess of 
barium hydroxide (12.6 g., 0.04 mole) was added. The 
mixture was heated under reflux for 6 hours, and filtered 
cold. The filtrate, neutralized with hydrochloric acid, was 
poured through a glass column containing Dowex-50 cation- 
exchange resin in thc acid form. The amino acid and the 
barium ion remained on the resin, while the anions were re- 
moved by rinsing with water. The amino acid was eluted 
from the resin with 200 ml. of 2 N ammonium hydroxide. 
The eluate was evaporated to  dryness in vacuo. The residue 
was dissolved in water, decolorized with norit and heated 
under reflux for 1 hour with an excess of copper carbonate 
(10 6.). The mixture was filtered hot. Upon cooling the 
hydroxy-DL-proline copper salt crystallized out. It was 
filtered off, washed with water and dried a t  110"; yield 1.75 
g. (36.4%). The filtrate was evaporated to dryness in 
i'acuo. The residue was dissolved in hot water (10 ml.) 
arid ethanol was added (400 ml.). The allohydroxy-DL- 
proline copper salt crystallized out. It was filtered off, 
uxshed with alcohol and dried a t  110'; yield 1.75 (36.4%). 

2-Carbethoxy-2-chloro-5-phthalimido -4-valerolactone 
(XIX) . - 2 - Carbethoxy - 5 - phthalimido - 4 - valerolactone'o 
(XVIII) (6.3 g., 0.02 mole) was dissolved in glacial acetic 
acid (100 ml.). Sulfuryl chloride (3.0 g., 0.022 mole) was 
added dropwise with stirring. The mixture was heated for 
2 hours a t  70' and evaporated to  dryness in vacuo. The 
residue was washed several times with water. The white 
sticky solid obtained was dissolved in a hot mixture of ace- 
tone and ethanol (1 : 1). To  the cooled solution, water was 
added until it  became cloudy and the solution was stored in 
the refrigerator for several days. A white solid separated 
out. I t  was filtered and air dried, m.p. 55'. Anal. Calcd. 

c1, 9.94. 
2-Amido-5-phthalimido-4-valerolactone (XX, CN = CO- 

"1) .-2-Cyano-5-phthalimido-4-valerolactone (XX) (9 .O 
g., 0.033 mole) was dissolved in concentrated sulfuric acid 
(25 ml.) cooled a t  0'. The solution was kept for 24 hours 
a t  room temperature. The mixture was poured on ice. A 
white solid was formed. I t  was filtered off, mashed with 
water and recrystallized from boiling ethanol; yield 8.9 g. 
(93.6%), m.p. 217-218'. Anal. Calcd. for C I ~ H I ~ O ~ N ? :  
N,9.72. Found: H,9.76. 

2-Halogenated-2-amido-5-phthalimido-4-valerolactone 
(XXII) . (a) From 2-Cyano-5-phthaliido-4-valerolactone 
(XX) .-2-Cyano-5-phthalimido-4-valerolactone (5.4 g., 0.02 
mole) was dissolved in glacial acetic acid (100 ml.) . Sul- 
furyl chloride (4.0 g., 0.03 mole) was added and the mixture 
heated for 5 hours a t  80". The mixture was evaporated to 
dryness in oacuo. The residue was washed several times 
with water and filtered off. The white solid obtained was 

for C I ~ H I ~ O ~ N C ~ :  N, 3.98; '21, 10.09. Found: N, 4.06; 

recrystallized from boiling ethanol; yield 5.9 g. (92.1%), 
1n.p. 208". Anal. Calcd. for Cl4HllOjK~Cl: N, 8.68; 
C1, 11.00. Found: N,8.57; C1, 10.61. 

When bromine was used instead of sulfuryl chloride, 
the yield was 95.9%, m.p. 201-202'. i lnal.  Calcd. for 
CIIHIIO~NZB~: N, 7.62; Br, 21.79. Found: S, 7.64; Br, 
90.42. 

(b) From 2-Amido-5-phthalimido-4-valerolactone (XX, 
CN = CONH2) .-%Amido - 5 - phthalimido - 4 -valerolactone 
(3.6 g., 0.012 mole) was dissolved in chloroform (100 ml.), 
Sulfuryl chloride (2.7 g., 0.02 mole) was added and the mix- 
ture was kept a t  room temperature for 24 hours. The mix- 
ture was evaporated to  dryness in vacuo and the residue 
washed with water several times. The white solid obtained 
was filtered ofl and recrystallized from boiling ethanol: 
yield 3 5 g. (92.10J0), m.p. 208'. Calcd. for Cl4- 
HIIOSNzC1: N, 8.68; C1, 11.00. Found: S, 8.68; C1 
10.67. 

LThen bromine was used instead of sulfuryl chloride, the 
yield was 98.1%, m.p. 202'. Anal. Calcd. for C14H11- 
OjSIBr: N, 7.62; Br, 21.79. Found: N, 7.64; Br, 21.87. 

Hydroxy-DL-proline (XV) .-Anhydrous hydroxy-DL-pro- 
line copper salt (6.4 g., 0.02 mole) in water (200 ml.) was 
acidified with glacial acetic acid (5 ml.) . The mixture was 
saturated with hydrogen sulfide. Copper sulfide was fil- 
tered off and the solution evaporated to  dryness in  v u c z ~ o .  
The residue was dissolved in hot water (10 ml.) filtered hot 
and ethanol (100 ml.) added. Upon cooling, a white solid 
separated out. It was recrystallized by dissolving in a small 
volume of hot water and adding 4 volumes of ethanol; yield 
4.9 g. (94%,), m.p. 247' (open capillary); lit. 255O.* Anal. 
Calrtl for CaHs03hT: N, 10.68. Found: S, 10.69. 

' l n a l .  

Allohvdroxv-DL-oroline (XV) .-The same exDerimenta1 
J - ~ -  -2 -- L - ~ 

procedure was used; yield 4.4 g .  (84.6%), m.p. 238' (open 
capillary); lit. 245O.3 Anal. Calcd. for C6H90aN: N, 
10.68. Found: N, 10.71. Mixed m.p. of DL- and allo-DL- 
forms was 230'. 

Hydroxyproline Ethyl Ester Hydrochlorides .-They were 
obtained by treating dry hydroxyproline hydrochloride with 
absolute ethanol. 

(a) Hydroxy-DL-proline ethyl ester hydrochloride readilv 
separated out; m.p. 142'. Anal. Calcd. for C~H1403NCl: 
E, 7.16; C1, 18.15. Found: N, 7.06; C1, 18.50. 

(b) Allohydroxy-DL-proline ethyl est:, hydrochloride 
very slowly separated out; m.p. 133-136 . Anal. Calcd. 
for C,H140sKCl: N, 7.16. Found: N, 7.56. 

N-Acetyl-allohydroxy-DL-proline .-Allohydroxy-DL-pro- 
line (13.1 g., 0.1 mole) was dissolved in glacial acetic acid 
(100 ml.). The solution was heated a t  its boiling point. 
Acetic anhydride (10.2 g., 0.1 mole) was added dropwise 
with good stirring. The solution was allowed to  cool and 
then evaporated to dryness in aacuo on a water-bath a t  35'. 
The oily residue was cooled and a solid separated out. 
Acetone (20 ml.) was added, the solid was filtered off and 
recrystallized from a mixture of ethanol and ether (1:4); 
yield 16.1 g. (93%), m.p. 143-144'; lit. 145.5" cor. for N- 
acetyl-allohydroxy-D-proline,lz and 144-145" for N-acetyl- 
allohydroxy-L-proline .I1 

N-Acetyl-allohydroxy-DL-proline Methyl Ester.-S- 
.hetyl-allohydroxy-DL-proline (5.2 g., 0.03 mole) in dry 
dioxane (100 ml.) was cooled a t  -10'. The mixture was 
treated with small quantities of diazomethane in ether until 
the yellow color of diazomethane remained. The excess of 
diazomethane was destroyed with a few drops of glacial 
acetic acid and the solution was evaporated to  dryness in 
Vacuo a t  room temperature. The solid residue was dis- 
solved in ethanol (10 ml.) and ether (50 ml.) was added. 
Upon cooling a solid separated out; yield 5.3 g. (95%), 
m.p. 79-80' ; lit .  78' for N-acetyl-hydroxy-L-proline methyl 
ester." 

N-Acetyl-0-toluenesulfonylallohydroxy-Do-proline Methyl 
Ester .-N-Acetyl-allohydroxy-DL-proline methyl ester (6.2 
g., 0.033 mole) was dissolved in dry pyridine (15 ml.). 
The solution was cooled a t  0" and p-toluenesulfonyl chloride 
(6.7 g., 0.035 mole) was added. The mixture was kept a t  
0' for 18 hours, poured on ice and N hydrochloric acid (145 
ml.) was added. The solution was stored in the refrigerator 
for 24 hours. The white solid obtained was filtered off ani1 
washed with ether; yield 8.3 g. (74.1%), m.p. 119-120 ; 
lit. 143.5' cor. for N-acetyl-O-toluenesulfonylallohydroxy- 
n-proline methyl ester , l a  and 60' for N-acetyl-O-toluene- 
sulfonylhydroxy-L-proline methyl ester." Anal. Calcd. 
for C l sHI8o6~S:  S, 4.10. Found: N, 4.26. 

N-Acetyl-O-toluenes~~lfonylallohydroxy-D~-prol~ne .-K- 
.\cetyl-O-toluenesulfony1allohydroxy-DL-proline methyl es- 
ter (8.0 g., 0.024 mole) was dissolved in methanol (150 ml.). 
The solution was cooled a t  O", N sodium hydroxide (24 ml.) 
was added and the mixture was kept a t  0' for 18 hours. 
Xormal hydrochloric acid (24 ml.) w t s  added and the mix- 
ture was evaporated to dryness in nacuo. A solid separated 
out. It was filtered and washed with water; yield 6.8 g. 
(goyG), m.p. 85-86'; lit. 143.5' cor. for K-acetyl-0- 
toluenesulfonylallohydroxy-D-proline12 and 181-182" for S- 
acetyl-O-toluenesulfonylhydroxy-L-proline .I1 Anal. Calcd . 
for C I ~ H ~ , O ~ S S :  K, 4.28. Found: N ,  4.40. 

Inversion. Hydroxy-DL-proline Copper Salt .-N-Acetyl- 
0-toluenesulfonylallohydroxy-DL-proline (6.5 g., 0.02 mole) 
was dissolved in 0.5 N sodium hydroxide (80 ml., 2 equiva- 
lents). The solution was heated under reflux for 20 minutes, 
cooled and neutralized with 0.5 rJ hydrochloric acid (80 ml.) . 
The solution was evaporated to dryness in  zlacuo. The oil?. 
residue, N-acetyl-hydroxy-DL-proline, was dissolved in 2 11; 

hydrochloric acid (200 ml.) , The solution was heated under 
reflux for 2 hours and evaporated to  dryness in vacuo. The 
residue vas dissolved in water and decolorized with norit. 
The solution containing the hydroxy-DL-proline hydro- 
chloride was poured through a glass column containing de- 
acidite "Permutit" anion-exchange resin in the basic form. 
The hydrochloric acid remained on the resin. The free 
amino acid in aqueous solution was heated under reflux 
with an excess of copper carbonate (10 g.) for 1 hour. The 
solution was then filtered hot. Upon cooling, the hydroxy- 
DL-proline blue copper salt crystallized out. I t  is filtered off 
and dried a t  l l O o :  yield 1.1 g. (34.30/0). Anal. Calcd. 
for c&16O6?\T2Cu: s, 8.63.  Found: s, 8.69. 
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Amino Acid Composition of Crystalline Pancreatic Amylase from Swine1 
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The amino acids present in three times crystallized electrophoretically and enzymically homogeneous pancreatic amylase 
from swine have been determined quantitatively. The results are presented and discussed briefly. 

Introduction 
Pancreatic amylase is a protein that, as far as is 

known, contains no non-protein prosthetic groups. 
It appears to exert its distinctive action, a t  least in 
part, by virtue of the active groupings of some of 
its amino acids3S4 and probably also because of the 
arrangement of the amino acids in the protein 
m ~ l e c u l e . ~  Free primary amino groups, presum- 
ably from lysine, are essential to the action of pan- 
creatic a m y l a ~ e . ~ . ~  There is also some indication 
that lysine may be lost early in the hydrolysis of 
this protein with an accompanying loss of amylase 
activity. 33 

It is evident that quantitative information about 
the amino acid make-up of the amylase is essential 
to an understanding of its action. This report 
gives results of analyses to  determine the amino 
acid content of crystalline electrophoretically and 
enzymatically homogeneous, highly active swine 
pancreatic amylase. 

Experimental 
Crystalline Amylase.-Several batches of three times 

crystallized pancreatic amylase were prepared from swine 
pancreatin as described previously.‘ They all gave the 
same high amylase activity of 16,000.6-~ After activity 
and other measurements had been made, the crystalline 
amylase was lyophilized9 and the dry composite sample 
used for most of the analyses. Holding the lyophilized 
protein in a vacuum oven a t  100’ for 24 hours‘o caused a loss 
of weight of 1.8%. N o  further loss of weight occurred in 
24 hours a t  110’ in the vacuum oven. Previous work 
had shown‘ the three times crystallized pancreatic amylase 
to be homogeneous by electrophoresis and by sedimenta- 
tion measurements. In addition, evidence that the crys- 
talline protein is enzymically homogeneous had been ob- 
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tained by selective inactivation studies‘ and by comparisons 
of the solubility of the protein and of the active amylase.‘ 

Hydrolyses.-For most of the work, and unless other- 
wise stated, the protein was hydrolyzed according to the 
method suggested by Block11 and by Reesl* by refluxing the 
protein at  120’ and a t  ordinary pressure for 20 hours with 6 
-V hydrochloric acid. The hydrochloric acid was removed 
by repeated distillation under reduced pressure and the resi- 
due dissolved in 10% isopropyl alcohol. The completeness 
of the hydrolysis was confirmed by measurements of amino 
nitrogen using the micromanometric Van Slyke appara- 
tus.18-1b Other hydrolysis procedures1a-16 gave the same 
results as judged by distribution of nitrogen measure- 
m e n t ~ . ~ 3 - l ~  

Methods of Analysis for Individual Amino Acids.-Al- 
though the yields of crystalline pancreatic amylase are con- 
sidered good,‘ nevertheless, the amounts of the crystalline 
protein available for the analyses were limited. Therefore, 
the selection of methods for the analyses also was limited. 
Chromatographic techniques were chosen for most of the 
work because they promised reliable information with 
relatively small expenditure of protein. Several colorimetric 
methods also were employed and in addition the amylase 
was analyzed for its distribution of nitrogen.1a-16 

Many chromatographic procedures were investigated. 
Those finally adopted were patterned, in general, upon 
methods described by Block11 and by Block and B ~ l l i n g ~ ~ ~  
but with variations and adaptations proposed by other 
w0rkers~~J9 and resulting from experience gained during the 
course of this investigation.aO Before being adopted for 
use with the crystalline amylase, the methods of analysis 
were applied to crystalline egg albumin.21 The methods 
finally selected gave values for the amino acid content of 
crystalline egg albumin20 that, except for alanine, agreed 
well with values considered satisfactory for this protein as 
reported by other workers. However, the values for ala- 
nine were consistently higher than those reported by other 
workers for this protein. 

In addition to the usual control of each chromatographic 
analysis by several concentrations of the pure amino acida2 
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