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Anal. Calcd for ClzHzlN048: C, 52.36; H, 7.64; N, 5.09; Anal. Calcd for C,H1404S: C, 49..54; H, 6.42; S, 14.68. 
S, 11.64. Found: C,52.11; H, 7.53; N,4.95; S, 11.22. Found: C,49.41; H,  6.34; 8, 14.48. 

Hydrolysis of Thioacetate Oxazolidine XIa to Thioacetate 
XI1a.-The compound (57 mg) was treated with 10 ml of a 1 :  1 5736-03-8; ‘I, 38615-71-3; Ira, 
mixture of acetic acid and water for 15-30 min at  room temper- 38615-72-4; IIb, 38615-73-5; IIIa, 38615-74-6: IIIb, 
ature. The aqueous solution was extracted with three portions 
of melhylenc chloride and t8he combined extracts were dried and 
evaporated first on a rotatory evaporator (water aspirator) and 
then on a high vacuum line, to remove the last traces of acetic 
acid. In this way, 41 nig (91% yield) of analytically pure XIIa 
was obtained: nnir (cI)c13) 6 1.43, 1.5 (double singlet, 6) ,  

CH,OC), 10 ppm (9, 1, CHO). 
2.4,; (s, 3, SAC), 3.3 (s, 2, CH~SAC), 4.1 (AB g ,  2, J = 10 HB, 

38615-75-7; IVb, 38615-7618; Vi 38615-77-9; Va; 
38615-78-0; VI, 38615-79-1 ; VII, 38615-80-4; VIIa, 

38615-84-8; Xa, 38615-85-9; Xb, 38615-86-0; XIa, 
38615-87-1; XIIa, 38615-88-2; 1,l-dimethylhydrazine, 
57-14-7 ; trifluoromethanesulfonic anhydride 358-23-6; 
N-methylethanolamine, 109-83-1. 

38615-81-5; VIIb, 38615-82-6; VIIC, 38615-83-7; X, 

Relative Reactivities of Nucleophilic Centers in Some Monopeptides 

CHARLES C. PRICE,* HIROSHI AKIAIOTO,’ AND RICHARD Ho’ 
Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104 

Received Oclober 10, 1972 

The “monopeptide” derivatives of a number of amino acids with nucleophilic centers have been prepared and 
their icact ivity in water to diet hylaziridinium ion, iodoacetic acid, and iodoacetamide determined. The reac- 
liviiy of the imid:izole ring of histidine, the mercaptan group of cysteine, the phenolate ion in tyrosine, and the 
d f i d c  group in methionine are all very nearly the same as that of these groups in model compoundb. The sulfide 
 roup shows unexpectedly high reactivity when measured by iodoacetic acid or iodoacetamide. 

L i b  a b c ~ ~ u o l  i~ studivs of thc cffcct of structure and 
conformntiou of nuclcic acids on thc rcactivity of nu- 
clcopliilic contrrs to alkylation,2 we havc now undcr- 
takw a similar invostigation for proteins. As a pre- 
ludr t o  study of the rcactivity of nuclcophilic ccnters in 
pol\-prptid(~s, IW hnvr waminrd thc nucleophilicity of 
somcl of tlic mor(’ significant nuclcophilic centers in 
modcl “moii(~pcptid~~s,” thc N-acctylmcthylamidc dc- 
riv:itivcs of srvrral amino acids. Thc alkylating agent 
used most grncrally has brrn the ono utilized most cx- 
tcnsivrly in the carlicr nucleic acid studics, N,N-di- 
cthylaziridinium ion. 
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Experimental Section 
Materials.-.Y,2\‘-l)iethyl-2-chloroethylamine hydrochloride 

(Aldrich) w:is recrystallized from acetonitrile. 
The inonopeptides I:L, IC, Id, and Ie were prepared from the 

corresponding amino acids essentially as described in the litera- ___- 
( 1 )  Hul)lwr(e,l in part liy SI11 Grant So. NIGWS 10593. 
(2) (a) C .  C. Price, G. >I. Gauoher, P. Iioneru, R. Shibakewa, J. R. 

Sona, and AI .  Yamaxuchi, Biochina. BiophUs. Acta,  166, 327 (1968); (11) 
c‘. C. Price and >I. T. L. Tip, in press; (0) Xlei-Tak Lam Yip, “The Nitrogen 
Mustard .Ukylation of Polynucleotides and Ribonucleic Acids,” Ph.D.  
Dissertation. University of Pennsylvania, 1972. 

ture.an-o I b  was prepared from the correHponding cystine deriva- 
tive by zinc and acid reduction.3d 

L-Homocysteine monopeptide (If) was prepared in much the 
same way as Ib. After addition of 1.56 g of thionyl chloride 
dropwise with stirring to  a chilled suspension of 3.20 g of L- 
homocystine in 30 ml of absolute methanol, the reaction mixture 
was heat,ed under reflux for 2 hr. After cooling, the solvent was 
removed in  vacuo to give 4.4 g (theoretical yield) of colorless solid, 
L-homocystine dimethyl ester hydrochloride, which was used 
directly in the next step. This material and 5.35 g of triethyl- 
amine in 50 ml of CHCla was chilled and 2.12 g of acetyl chloride 
was added dropwise with stirring. The reaction mixture was 
allowed to stand for 1 hr a t  room temperature and then washed 
and dried. After removal of the solvent, the crude product was 
recrystallized from ethyl acetate to give 4.3 g (94%) of N , N ’ -  
diacetyl-L-homocystine dimethyl ester as colorless needles, mp 
105-106O, ir (Nujol) UNH 3800, uco 1770, 1670 cm-’. 

Anal. Calcd for C I ~ H ~ ~ O ~ N Z S ~ :  C, 44.19; H, 6.36; N ,  7.36; 
S, 16.85. Found: C, 44.07; H, 6.48; N, 7.39; S, 16.58. 

After 3 days at  room temperature, a solution of 3.8 g of this 
dimethyl ester in 40 ml of 40% aqueous methylamine was con- 
centrated to dryness in vucuo to afford the desired compound in 
theoretical yield. The crude product was recrystallized from 
methanol to give 3.2 g (85%) of pure N,N’-diacetyl-L-homo- 
cystinmethylamide as colorless prisms, mp 188-189’, ir (Nujol) 
VNA 3350, vco 1645, 1560, 1545 cm-l. 

Anal. Calcd for C14HzeOaN4Sz: C, 44.42; H, 6.92; N ,  14.80; 
S, 16.94. Found: C, 44.31; H, 6.86; N, 14.91; S, 16.76. 

After 400 mg of ginc dust was added to 757 mg of this disulfide 
dissolved in 30 ml of 2 N aqueous acetic acid, 300 mg of concen- 
trated sulfuric acid was dropped slowly into the stirred mixture 
over 15 min under nitrogen. The exothermic reaction raised the 
temperature to  35-40’. After this reaction mixture was warmed 
a t  45-50” for 2 hr, it was concentrated to dryness in vacuo. 
The residue was extracted with three 25-ml portions of warm 
isopropyl ether, and the combined extract was evaporated in vacuo 
to give 670 mg (88y0) of crude product. It was recrystallized 
from isopropyl ether under nitrogen atmosphere to yield 625 mg 
of iV-acetyl-L-homocysteinmethylaniide (If) as colorless prisms, 
mp 192-195”, ir (Nujol) VNH 3 3 5 0 , ~ s ~  2600, vco 1650 (sh), 1645, 
1565, 1545 cm-l. 

Anal. Calcd for C7H,0zN2S: C, 44.19; H, 7.42; N, 14.72; 
S, 16.85. Found: C, 44.33; H, 7.71; N, 14.64; S, 16.81. 

(3) (a) H. Zahn, 2. Phw. Chem., 344, 75 (1966); (b) T. H. Applewhite 
and C. Niemann, J .  Amsr. Ch,em. Soc., 81, 2208 (1989); (c) H. T. Huang 
and C. Niemann, ibid., 78, 3223 (1951) (d) T.  A.  Martin, D. H .  Causey, 
A. L. Sheffner, A.  G. Wheeler, and J.  R. Corrigan, J .  M e d .  Chem., 10, 1172 
(1967). 



RE.\CTIVITIES OF 1 [OXOPEPTIDES J. Orq. Chein., Vol. 38, No. 8, 1973 1539 

Alkylated .\-Acetyl- 1,-homocysteinmethylamide (Uf ) .-A soh- 
t i o i i  of 475 nig of If i n  25 1111 of distilled water was added to the 
c,ycllic* i i i l o n i r i n i  ion solrition prepared from 645 mg of N , N -  
~l i e~ l1y~-2 -c~ l i l~1 i~o~~t  Iiyl:imiiic hydrochloride in 25 ml of distilled 
watc,v :is desc:ril)etl I)plow in  the  method of alkylation. The re- 
aetioti inistriw ~s ni:iintaincd :it, pFI 7.0 and 37" for 24 hr under 
iiitriizw : ~ i i t l  c . o l l c v n t  r:ited t o  dryness on a warm bath under 
retlricc~cl p i w w r ( x .  'I'lic residiie was extrached with three 30-ml 
portions o f  mc~thnnol :md, after evaporation of the solvent, the 
resrill iiig rcsi(lii(h w i s  c~hroniatographed on both silica gel and 
a1riniiii:i sii(~(w>ivoly, iisiiig chloroform-methanol as an eluent. 
'Tl ic  \ \ - I i i t c ~  hil l i t1  (i i i~:i i i ied w i s  reo] illized from ether-tz-hexane 
l o  gives .!,-)2 I I I C  ((;:if I ( i f  cwtton-1 . colorless needles: mp 91- 
!)2"; i r  (Siijiil) ~ ~ 1 1  : H l O ,  uco l(ie50, 1575, 1530 cm-'; nmr 
(C1)~"1;,\ r 2.71) ( I )~~ i : i t l ,  1 ]I), 2.X3 (broad, 1 H), 5.34 (q, 1 H), 
7 . S  (s, :I  I I  1, i ' .OO-i. t i ()  (111, 10 II), 7.00 (t,  2 H),  8.00 (8, 3 H),  
8.OS ( t ,  (i 11). 

A I I / I / .  ( ' : l l (d  For C'I::112~02NsW: C, 53.95; H, 9.40; N,  14.52; 
S, 11.0s. I ~ o r i i i t l :  (', .-i:i.ii; 11, 9.3.5; N,  14.32; 8,  10.83. 

Alkylated 1,-homocysteine w m  obtained from 289 nig of IIf by 
dissolving i i i  5 nil  (I[ (i >V :iclucous hydrochloric acid and heating 
on :in oil 1i:itIi i 1 1 0 -  120') for 1.3 hr. hft,er evaporation of solvent 
iti m ~ ~ ' / / o ,  I 110 iy~.ii l t  ing rehidlie was redissolved in a minimum 
:iniornit, ( i f  t1i.l illcd water and chromatographed on an ion- 
oxchingc~ wsiii (2.-i nil of Ihwex .50W-V8), using distilled water 
: i t id  2.:)' , : i ( l i i ( v i i i h  : i i i i i i i o i i i i i i i i  hydroside as eluents, successively, 
to d i i i i i n : i ( c >  c l i l o i ~ i ~ l ~ ~  ion. The ninhydrin-positive fractions, 
(4ii10(1 l iy 2,,i' , : i ~ ~ i r ~ ~ o r i ~  :~niiiioniiim hydroxide, were collected 
:ind ev:il)iir:ilc(l l o  dryness i l l  mcuo to yield a pale yellow solid, 
which \vas tri([iwletl with ether to  give 165 mg (71Cj0) of the 
t l r 4 i w l  : i n i i t i o  :icitl: mp 210-215" dec; ir (Nujol) U N H ~ +  3000, 
-2 i ( ) ( ) ,  u ( Y ~ ? - .  I(i-IO (sli), 1590, 1330 cm-1; nnir (1)tO) T 6.50 
(l)ro:id t ,  1 II), I;.!); ((1, 4 H),  6.73-7.40 (m, 8 H), 8.60 (t, 6 H). 

At/ / ( / .  (;:ilul for CioH?zOe?i&: C, 31.23; H, 9.46; N,  11-95; 
S,  l:;.W. I ~ ~ i i ~ n d :  C, 51.:35; B, 9.24; N,  11.57; S, 13.39. 

Alkylated .V-Acetyl-1,-histidinmethylamide (IId).-A solution 
of 1 .O.-)(i g of .\-acetvl-r,-hiatidininethylaiiiide (Id) in 100 ml of 
disl illctl water  w:is added i.o the aziridinium solution prepared 
froni  0.M) g of .\-,*V-diet hyl-2-chloroet,hylamine hydrochloride in 
20 nil of dihtilled water as described below. The reaction 
inixiiiw was m:tintained at pH 7.0 and at  37" for 48 hr, concen- 
i i,:~tctl I O  diync:ss (in :i m r m  bath undei reduced pressure, and 
extr:ic-ietl with t h m  50-nil portions of methanol. After evapora- 
tion iu ~ W C I I O  t o  dryness, t,he resulting residue was chromato- 
grnphctl on x i l i d  gel, tising 15yo methanol in chloroform as an 

ivc 70s nig (46:';) of colorless, oily semisolid, which 
illixcd from bcnxeiic-/i-hesane-ether to yield colorless 

needles tiwing nip 12S-12!)', Oiir data do not indicate un- 
eqiiivocially whet her the product is 1- or &alkylated M-acetyl-L- 
histidinniet hy1:iinide (IId): ir (Nujol) YNII 3400, YCO 1645, 1650 
(sh),  157.5, 1555 cin-' (sh); ninr (CIICl,) 7 2.60 (s, 1 H),  3.22 
(s, 1 H), 5.4% (m, 1 11), 5.99 (d, 2 H),  6.12 (t, 2 H), 7.02 (d, 2 
II), 7.29 (d, 3 II),  7.50 (9, 4 H),  7.50 (t, 2 H),  8.01 (s or d, 3 H) ,  
0.40 (1, li 11). 

A d .  Calcd for Cl&02Ns: C, 38.23; H, 8.80; N, 22.63. 
Found: C, 57.77; H, 8.50;  N, 22.59. 

Alkylated A--Acetyl-IAyrosinmethylamide (IIa).-A solution 
af 2.30 g of .Y-:tcetyl-L-tyrosinmethylamide (Ia) in 236 ml of 
distilled water was added i o  the aziridinium solution prepared 
from S.01 I: of S,~\:-diethyl-p-chloroethylamine hydrochloride in 
L50 nil of tiihtillcd water as described previously. After incuba- 
lion :tt pR 7.0 :ind i l t  37' for 48 hr, the reaction mixture was 
concentraled l o  one-1 h i i d  volume on a warm bath under reduced 
presswe, :tcidified with Concentrated hydrochloric acid, and 
then extracted wit>h five 30-in1 portions of ethyl acetate. The 
ex1r:icts were w:iihed, dried, and evaporated in vacuo to dryness 
to Rive 1 .0.5 K (355;  ) of the st:trting material. The aqueous layer 
was ninde alkaline with concentrated aqueous NaOH and ex- 
t rac.tetl with fivr 50-nil portions of ethyl acetate. The combined 
estr:ic( w:is wwlicd w i t h  3';; ayrieous NaOH and saturated NaC1, 
dried over ni:~gnesiiini srilfat e, arid Lhen evaporated ~ T L  vacuo to 
thynebs Lo nil'orti 1.45 g of oily product, which rapidly solidified 
on 1 ritiir:ttioii with 11-hexane. The solid ((i30 mg) so obtained 

ti-hexane, then chromatographed 
no1 in chloroform as an eluent, to 
,()sine monopeptide in a yield of 

9.3';; (321) mg), :icvomp:tnied by n small amount of starting 
materid and -\.,.Y-diet hylethunolaniine. The crude product was 
recrystdlized from ~)enze~ieii-~iexane-ether to give colorless 
needles: mp 140-141'; ir (Nujol) UNH,OH 3400, YCO 1655, 1550, 

1525 ern-.'; nmr (CDCl,) T 2.98 (d, 2 II), 3.20 (d, 2 I I ) ,  5.34 
(m, 1 H), 6.00 (t, 2 H) ,  7.02 (d, 2 11), 7.14 (1, 2 H), 7.32 (s, 3 
H), 7.34 (q, 4 H), 8.04 (s, 3 II),  X.90 (t), f i  1-1). 

Anal. Calcd for C1RHZg0aN3: C, 64.45; 11, h.71;  N ,  12.53. 
Found: C, 64.17; H,  8.92; X, 12.52. 

Alkylated N-Acetyl-L-cysteinmeihylamide (IIb).-A solution 
of 352 mg of N-acetyl-~-cysteiii~nethyla~nidc (11)) i l l  20 nil of 
distilled water was added to the a diriinni s(iIi11 ion pi,cpared 
from 516 mg of N,M-diethyl-2-chloroethylaniine hydrochloride in 
20 ml of distilled water as described previonsly. The reaction 
mixture was maintained at pfl 7 .O and 37" for 24 hr rindtx nit  ro- 
gen, and concentrated t o  drynesh on a wiriii I):ith rintlcr rediiccd 
pressure. The resulting residue was extracted \vi1 h three 2.5-1111 
portions of methanol, and, aft,er evaporation of tho combined 
extracts, the residue was chroniat ographed GII b o ~  ti silica gel arid 
alumina, successively, using chloroforni-iiietti:iiiol (!I : 1 ) as an 
eluent, to afford 486 mg (88yc) of white solid, which was re- 
crystallized from a mixture of heiizene-ti-hexane-ether t,o give 
colorless needles: nip 124-12(i0; ir (Xujol) YSH :S:XiO, v(:o 1645, 
1.570, 1546 cm-I; nrnr (CI)Cla) T 2.50 (brad (1, 1 I{), 3.02 
(broad, 1 H), 5.50 (m, 1 H),  7.00-7.30 (ni, G II ) ,  7.34 (s, 3 A),  
7.43 (9, 4 H),  8.00 (s, 3 H), 8.99 (t', ci 11). 

Anal. Calcd for C1tH2;O??\j3S: C, 5 2 . 3 2 ;  11, !).17; S ,  15.26; 
S, 11.64. Found: C, 32.30; H,  9.15; K ,  15.13; S,  11.S1. 

Alkylation Rates.-A 0.1 !If solution of S,,Y-diet hyl-2-cbhloro- 
ethylamine hydrochloride in distilled water wan adjiisled 1 o pII 
10.0, allowed to stand at 0' for 30 min, and then reliirned t o  pII 
7.0. A 10.0-ml aliquot of this approxiniaicly 0.1 .I\ aziritlini1lnl 
solution was added to 20.0 in1 of 0.01 JI monopeptide in. distilled 
water. The react,ion mixture was maintained :it p l l  7.0 and 37' 
usually for 48 hr. The extent of reaction WLS nie:iriired by d e c -  
tive colorimetry appropriate for each nionopept ide, :is desci,it)eti 
below. 

Estimation of the cyclic imonium ion w:is c:irricd out on 10.0 
ml of ca. 0.1 Jf aziridinium soliition added to 20.0 in1 of distilled 
water and maintained at pH 7.0 and 37" for 4s hr. Then 10.0 nd 
of 0.1 M sodium thiosulfate was added to it 0.0-ml :iliquot, of this 
solution. After standing at room temper:iture for  ;I, h r ,  the excess 
thiosulfate was titrated by 0.1 JI iodine soliition using 8 starch 
indicator; the amount of the remaining aziridinium ion was 
70.2% based on ,V,~Y-diethyl-2-chloroeihylamine hydrochloride 
used, while a t  zero time, 88.8';; of the original hydroc:hloride was 
found to be converted to  aairidinium ion. From these data,  the 
second-order rate constant for hydrolysis (k,,) is estimated as 
k,"37 = 2.45 X 10-*1. mol-' sec-'. This is in gond agreement with 
the value of k,v45 = 3.0 X 10.-81. mol-' sec-l reported earlier.18L 

Competition Factor for Histidine Monopeptide (Id).-Aliquots 
(1.0 ml) of the reaction mixture, prepared from 0 . 1  dI cyclic 
imonium ion solution and 0.01 M histidine monopeptide solution, 
were taken a t  specified intervals and measured up to 100 ml by 
addition of distilled water. To 20.0 nil of (,his diluled reaction 
mixture was added 10.0 ml of 10% aqueous sodium carbonate and 
5.0 ml of freshly prepared diazotized reagent, which was made 
from the same volumes of 0.3$; sulfanilic acid i n  3.59; aqueous 
hydrochloric acid and 3.0% aqueoiis sodium nitrite ~ o l u t i o n . ~  
After 10 min a t  room temperature, the absorbancies of t,he solu- 
tion and the control were measured at  490 m~ against a reagent 
blank. The results are summarized in Table I. From these 

data, the second-order rate c ~ ~ n s l a i i ( ,  k,,, for alk~1:ition is e&- 
mated to be 2.35 X 10-4 1. mol-' S C C - ~  :ind tlic competition 
factor k * / L  t o  be 9.c; X lo3. 

Competition Factor for Tyrosine Monopeptide (Ia).-Afl,er 48 
hr, 5.0-ml aliquot,s of the reaction mixture, prcp:irc!d from 0.1 41 
cyclic imonium ion solution arid 0.01 JI i yrcisirie inonopeptide, 
were diluted to 100 ml by addition of 0.05 -V :iqwous sodium 
hydroxide solution. The optical densities of this si)lulion and 
the control solution were measured at 2!h5 nip t o  be 0.878 and 
0.710, respectively. From these valries, the percentage of i,he 
alkylated t,yrosine monopeptide was calculated to  be 4.44%, giving 

(4) H. T. MecPherson, Biochem. J., 40, 470 (1946) 
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a value for k, of 1.0 X 1. mol-' sec-l and for the competition 
factor k,/k," of 400. 

Competition Factor for Ionized Tyrosine Monopeptide.-The 
alkylations of the tyrosine monopept,ide a t  pH 8.0 and 9.0 were 
carried out in the same way as described above. The rate con- 
stants for aziridinium ion hydrolysis (k , , )  at  both pH 8.0 and 9.0 
were determined by the sodium thiosulfate-iodine method as 
described previously. Furthermore, using the value of the disso- 
ciation constant, for tyrosine itself ( K  = 4.0 X 10-"),5 the second- 
order rut>e constant for the phenolate ion was calculated from the 
data a t  pH 9 to be k ,  = 2.2 x 10-3 1. mol-' sec-1, giving the 
competition factor k,/k,v = 7 X lo4 (Table 11). 
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aliquot of the above reaction mixture was oxidized with perforrnic 
acid and, after lyophilization, hydrolyzed with 5.0 nil of 6 N 
aqueous hydrochloric acid by heating on an oil bath at, 115-120" 
for 24 hr. After evaporation of hydrochloric acid i l l .  uucuo, and 
suitable dilution for amino acid analyzer wit,h distilled water, 
the sample solution was analyzed and determined to contain 
9.8% of methionine sulfoxide, 78.1% of methionine sulfone, 7.6% 
of homoserine, 1.2% of homoserine lactone, 2.3% of methionine, 
and 1.2% of the a.lkylated homocysteine ( I I c ) . ~ ~  The peaks were 
identified by comparison with authektic samples. The formation 
of methione sulfoxide must arise from the alkylated methione 
monopeptide, since only methionine sulfone and ?to sulfoxide was 
observed when methione monopeptide was treated in the same 
way. 

Alkylations of Cystine and Tryptophan Monopeptides.- 
Although the alkylations of both cystine monopeptide (11:~) and 
tryptophan monopeptide (IId) were undertaken in exactly the 
same procedure as described above, no detcctable alkylat ion of 
either monopeptide was observed. The fliiorescein-mercuric 
acetate method was used8 for cystine monopeptide and the p -  
diniethylaminobenzaldehyde methodlo for tryptophan mono- 
peptide. Furthermore, no :ilkylated inonopcpt,ides were isolated 
from the reaction mixtures, arid only starting materials were 
recovered in almost t,heoretical yields (ca. 99%). 

Alkylation of Histidine Monopeptide and Methionine Mono- 
peptide with Iodoacetic Acid.-The alkylations of the mono- 
pept,ides with iodoacetic arid were (wried out in exactly the same 
way as for the aziridiiiiuin inn. The esteni, of reaction was 
estimated at  each period by colorinietric methods, the sulfanilic 
acid method for the histidine monopeptide and the pentaoyano- 
aminoferrate method for the methionine monopeptile. The data 
obtained are summarized in Table IV. 

Alkylaiions of pyridine, imidazole, and diethyl sulfide (0.0067 
M )  by aziridiniuni ion (0.0293 N) werc measured at pI-1 7.0 and 
37" by determining unreacted aziridinium ion by reaction with 
excess 0.1 hf thiosulfate, followed by titration of unre:ictcd ihio- 
sulfate with 0.01 hi' iodine. After 48 hr, pyridine wiis 55% 
alkylated (C. F. = 1.2 X lo,'),  imidazole 6270 (C. F. = 1.3 X 
lo4),  and diethyl sulfide 257; (C. F. = 2.6 X IO3). The result,s 
are included in Table V. 

Alkylations of the above three nucleophiles under the same 
condit.ions with iodoacetic acid were monitored by measurement 
of iodide liberated. The iodide from 3.0-mI aliquots was con- 
verted to iodine, extracted by chloroform, and diluted to  10 ml 
and the optical density was read at 510 m p .  Imidazole was 3.0% 
alkylated in 1 hr, 29',',;, in 17 hr; pyridine 9.0% in 1 hr,  28.X(Z0 
in 3 hr; diethyl sulfide 36';; i u  1 hr, 50.57; in 2 hr. Values for 
k,, and k,,/k," calculated from rhcse dat'a arc included in Table 
V. 

The solvolysis rate constant, k,,, for 0.0333 ill iodoricetumide 
was measured at  pH 7.0 and 37". After 48 hr, iodide liberated 
indicabed 2.69% reaction, correspnnding t o  I:," = 2.!) X 1. 
mol-' sec-1, exactly the saiiie us for iodoacetic acid. 

Alkylation by iodoacetamide wan carried out as for iodoacetic 
acid. 1niid:izole was (is( alkylated in 4 hr,  ZO.XS;, in 17 hr; 
pyridine 13.1% in 3 hr, 32.87, in 12 hi ;  diethyl sulfide 12.1% 
in 1 hr, 28% in 3 hi,; histidine monopeptide 2.3% in 3 hr, 14% 
in 24 hr; methione monopeptide 7.97:, iit 1 hr, 24.80; in 3 
hr. 

The Competition Factors for Sodium Thiosulfate with Iodo- 
acetic Acid and 1odoacetamide.-An the reaction of sodium thio- 
sulfate with iodoacetic acid or iodoacetaniidc was too fast, to be 
measurable by the usual iodine methods described previously, 
t,he reaction was quenched by an excess amount of iodine solution 
and the yenmining iodine was then back-titrated with standard 
sodium thiosulfate. Solutions of 0.1 Ai' alkylating agent and 
0.01 M sodium thiosulfate were held at pH 7.0 and 37" for 30 
min. After quick addition of 2.0 in1 of 0.01 Af sodium thio- 
sulfate solution to 1.0 nil of the alkylating agent, the mixture was 
allowed i o  react for a specified time and then quenched by quick 
addition of i4.0 1111 of iodine solrit ion wi th  siirring. The remaining 
iodine was back-titrated by sodium thiosulfate. The thiosulfate 
was 6670 alkylated in 1 niin with iodoacetic acid, 4,570 with 
iodoacetamide. Values for I;, and liJ/;,v are included in Table V. 

TAIJIL I1 

0.0293 Jlr I ) I E T H Y L , ~ Z I R I D I N I U ~ ~  ION (37", 48 HI<) 
111, ICTION OF 0.0067 d f  TYI~OSINIC h~0IVOPI;PTIDl: WITH 

pH 7 0 pI1 8.0 p l i 9  0 

57.7  
Hate constant k ,  ( X  108) 2 .43  2 .76  3.1.5 
Apparent li,, (x 105) 1 . 0  1 .1 , ;  9 , +i 
Apparent competition factor 400 420 3200 

- -  % Alkylation 4 . 4  .). .) 

Competition Factor for Cysteine Monopeptide (Ib).-A 1.0-ml 
aliquot of the react ion mixture prepared fioni aziridiniuni ion and 
cysteiric ~no~iapcptitle as debcribed previoudy wa5 taken period- 
ically and diluted with distilled water up to 100 ml. A 1.0-ml 
aliquot of this diluted reaction mixture, and 0.02 ml of 5,;'- 
dithiobi\(2-nit I otxmwicb arid) solution, whir11 was prepared from 
19.8 mg of 3,.i'-dilItiot~is(2-riitrol~eii~oic acid) and 5.0 nil of pII 
7.0, 0.1 .If p1ioq)liate b u f f ~ r ,  \!ere added to 2.0 ml of pH X.0, 
0.03 ,\I phospl~ate buffer solution i n  phot onieter cells6 After 
rapid color development, i he adwrbancy at  412 nip wab meahured 
again5t a reagent blank at earh time. The drita :ire summari~ed 
in Table 111. 

T.IIILI; I11 
RP:.I~TIOX OF 0.0067 ,If C w r i a m  MONOPI':PTIDIC WITH 

0.029.5 ill I)II':TIIYL.IZIRII,I~IU~~ ION AT 37", pH 7.0 
1, min 60 150 330 045 1230 1890 2880 
70 Alkylation 8.0 19.9 30.0 38.5 56.9 70.2 81.5 

From theie data, thr  rate constant is estimated as k? = 1.0 X 
1. mol-' sec-1 and the competition fartor as k,/k, = 4.2 

Competition Factor for Methionine Monopeptide (IC).-A 5.0- 
ml aliquot of the react ion mixture, prepared from aziridininm 
holut ion and incthionine monopeptide solution as dewxibed 
previously, was added after 24 hr to a mixture of 10.0 ml of 
distilled water and 20.0 nil of 0.2% aqueous pentacyanoamino- 
ferrate ammonium tli~odiiim salt.? After 1 inin at  room tempera- 
ture, 2.0 in1 of glacial acetic acid and then 1.0 in1 of 10% aqueous 
sodium nitrite were added to the above mixture. The optical 
densitie5 of the rcaction niixtrire and the control, read at  315 mp 
against a reagcnt blank within 30 inin, were 0.305 and 0.395, 
respectively. From the5e valuei, the percentage of the alkylated 
methionine monopeptide &'a\ calculated to  be 23%, the iecond- 
order rate conbtant k ,  to be 5.9 x 10-5 1. mol-' bet-', and the 
competition factor to be k,/k,, = 2400. 

Analysis of Methionine Monopeptide Alkylation by Amino Acid 
Analyzer.--As the direct isolation of the  alkylated methionine 
monopeptide wits very difficult, the hydrolyzed products of the 
alkylated methionine monopeptide were measured and identified 
by aniino acid analj/er, ab proposed by Gundlach.*" A 1.0-ml 

x 104. 

(0) 1'. Tamaaski, l i .  Fnjiki, and I'. JIurata, Bull. Chcm. So?. Jap . ,  38, 
8 (1965); E. Coates, P. G. Gordan, and B. Rigg, Trans. Paradnu Soc., 62,  
2577 (1966). The value for t,yrosine monopeptide estimated from p1-I 
titration was K;, = 3.7 X 10-11, as delermined by Dr. Arthur C. Breyer, 
Beayer College, Glenside, Pa. 

( 6 )  G .  L. Ellman, Arch. Bioehem. Biophys.. 8.9, 70 (1959). 
(7)  T .  A. LaRiie, Anal. Biochem., 10, 172 (1965). 
(8) (a) 11. G. Gnndlaoli. S. Moore. and W. H. Stein, J .  B i d .  Chem.. 284, 

1761 (1959). (13) \Ve are grateful to Dr. T. Yonetani and hliss I'. Sako for 
the amino acid analyzer data. 

(9) F. Iiarufili, N. R. Klinman, and R. hbrks ,  A n d  Biochen., 9, 100 

(10) D. Kupfer, A n d .  Riochem., 8, 75 (1964). 
(1964). 
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TABLE IV 
REACTION OF 0.0067 M HISTIDINE AND METHIONINE MONOPEPTIDES WITH 0.0333 M IODOACETIC ACID AT 37” 

t ,  min 60 120 240 360 1080 1650 2880 
Histidine 

% Alkylation 
c. F. (x 10-4)a 

4 .9  
3.8 

19.0 28.2 44.5 
3.8 3.8 4.0 

Methionine 
yo Alkylation 22.2 38.8 54.2 69.0 82.4 
C. F. (x 10-6)a 7.8 8.0 6.7 

a The second-order rate constant for hydrolysis of iodoacetic acid was measured by iodometry to be k ,  = 2.9 X 1. mol-‘ sec-l 

TABLE V 
SECOND-ORDER RATE CONSTANTS k ,  (AND COMPETITION FACTORS k,/k,) FOR REACTION OF VARIOUS NUCLEOPHILES 

WITH DIETHYLAZIRIDINIUM ION, IODOACETIC ACID, AND IODOACETAMIDE AT pH 7 AND 37” IN WATER 
Registry 

no. Nucleophile AS3 IAcONa Iodoacetamide 

14383-50-7 Sn032- 0.13” 0.55 0.29 
(5.3 x 1 0 6 ) b  (1.9 x 108) (1.0 x 108) 

1.5 x 10-4 
(1.3 x 104) (8.5 x 104) (5.0 x 104) 

Histidine mono- 2.4 x 10-4 i , i  x 10-4 5 . 5  x 10-6 
peptide (9 I 6 X lo8) (3.8 x 104) (1.9 x 104) 

110-86-1 Pyridine 3.0 X lo-‘ 1.0 x 10-3 3 .8  x 10-4 

Methionine mono- 5.9 x 10-6 2 .3  x 10-3 7 .2  x 10-4 

1.0 x 10-3 
(2.6 x 103) (1.5 X lo6) (3.5 x 106) 

288-32-4 Imidazole 3 .2  x 10-4 2 .5  x 10-4 

(1.2 x 104) (3 .4 x 106) (1.3 X 10’) 

peptide (2.4 x 103) (8.0 X lo6) (2.5 X lo6) 
352-93-2 Diethyl sulfide 6.4 x 10-6 4 .3  x 10-3 

Cysteine mono- 1.0 x 10-3 
peptide (4.2 x 104) 

Tyrosine mono- 1 .0  x 10-6 
peptide (400) 

38616-08-9 Anion (pH 9) 2.2 x 10-2 
(7 .0  x 104) 

7732-18-5 Water (k,) 2.45 x 10” 2.9 x 10-9 2.9 x 10-Q 
a Estimated graphically from the data in ref 1; k ,  in 1. mol-’ sec-1. * The nucleophilic constant n used by 0thers11-l~ is log (com- 

petition factor). 

Discussion 
There have been many efforts made to correlate rela- 

tive reactivities in S N ~  nucleophilic substitutions. 11-14 

Most of these published data and correlations rate the 
nucleophilicities of various nucleophiles in the same 
relative order and are in general agreement with our 
values for diethylaairidinium ion as alkylating agent, 
The most extensive listing, especially with many nu- 
cleophiles analogous to those we have studied, is for 
methyl iodide in ethanol. l 2  The authors indicate that 
their nucleophilic constants are 1.4 times those of 
Swain and Scott,’l which are very close to those for 
aziridinium and sulfonium compound. l5 Our values 
for imidazole (n = log k , / k ,  = 4.1), pyridine (4.1), 
diethyl sulfide (3.4)) phenolate ion (4.8), and thiosul- 
fate (6.7) are all reasonably close to the adjusted values 
of Pearson,12 3.55, 3.7, 3.8, 4.1, and 6.4, respectively. 

It was thus a considerable surprise to find that the 
relative order of imidazole (a “hard” base12) and di- 
ethyl sulfide (a “soft” base12) were markedly altered on 
going to iodoacetic acid or iodoacetamide as alkylating 
agent. The sulfide group of methionine changes from 
about fivefold lower reactivity ki th  aziridinium ion to 

(11) C. G. Swain and C. E. Scott, J. Amer. Chem. Soc., 76, 141 (1953). 
(12) R. G. Pearson, H. Sobel, and J. Songstad, J. Amer. Chem. Soc., 90, 

(13) A. Streitwieser, “Solvolytic Displacement Reactions,” MoGraw-Hill, 

(14) P. E .  Peterson and F. J. Waller, J. Amer. Chem. Soc., 94, 991 (1972), 

(15) C. C. Price, Ann. N .  Y .  Acad. Scz., 68, 663 (1958). 

319 (1968). 

New York, N. Y., 1962, p 11. 

T. W. Bentley, F. L. Schadt, and P. Y. R. Schleyer, abid., 94, 993 (1972). 

about 20-fold greater reactivity with the iodoacetate 
alkylating agents. Thus, selection for alkylation of 
histidine units aould be favored with aziridinium-type 
alkylating agents, while selection for methionine would 
be favored by iodoacetic acid or iodoacetamide. We 
are currently investigating a variety of alkylating 
agents to  explore the structural features contributing 
to this reversal of order. Incidentally, none of the 
many general equations developed for relating nucleo- 
philicities at  sp3 carbon accommodates such a reversal. 

Examination of the results summarized in Table V 
clearly indicates the very remarkable reactivity of 
thiosulfate as a nucleophile in substitutioh a t  spa car- 
bon. This is in marked contrast t o  its very low reac- 
tivity as a nucleophile in reactions at  sp2 carbon, such 
as in attack on an ester carbonyl.16 This dramatic 
reversal, and the failure to observe the “a effect’’ so 
prominent in attack at  sp2 carbon16 in substitution at 
sp3 carbon,17 clearly support markedly different factors 
influencing nucleophilicity in attack a t  sp3 and sp2 car- 
bon. 

Another feature of the data in Table V is that much 
of the difference in competition factor, and therefore 
the nucleophilic constant n, for the nucleophiles studied 
arises from the difference in the rate of reaction with 

(16) J. 0. Edwards and R. G. Pearson, J .  Amer. Chem. Soc., 84, 16 
(1962): T. C. Bruice, A. Doneel, R. W. Huffmann, and A. R. Butler, ib id . ,  

(17) M. J. Gregory and T. C. Bruice, J .  Amer. Chem. Soc., ED, 4400 
89, 2106 (1967). 

(1967). 
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water. For example, the tenfold difference in com- 
petition factor for imidazole-aziridinium ion us. im- 
idazole-iodoacetate arises from the nearly tenfold differ- 
ence in k, for the alkylating agents. It is thus a serious 
question whether i t  is, in this case, more revealing to 
compare ks)s or competition factors. Since there is no 
compelling reason, other than convenience and custom, 
to  pick water as the reference nucleophile, i t  is not the 
absolute magnitude of the nucleophilic constants which 
is significant but their relative order. Thus the sig- 
nificant change in relative rates for “hard” and “soft” 
nucleophiles with the iodoacetate alkylating agents, 
like the marked change in relative order for the thio- 
sulfate ion in nucleophilic attack a t  sp2 us. sp3 carbon, 
must signal major changes in the factors affecting the 
transition states involved. 

The alkylation of methionine monopeptide provided 
a difficult problem in isolating the reaction product. 
The primary product is a sulfonium salt. This product 
can then undergo hydrolytic cleavage a t  each of the 
three C S +  bonds to regenerate methionine or to form 
homoserine (or its lactone) or alkylated homocys- 
teine.8S18 Our data indicate that the cleavage condi- 
tions we used favored removal of the diethylamino 

(18) W. B. Larson, E. Gross, C. M. Foltz, and B. Witkop, J .  Amer. 
Chem. Soc., 84, 1716 (1962). 

group (a, 12.1%) followed by the amino acid residue 
(b, 8.6%) and least of all the methyl group (c, 1.273, 
or a:b:c 5534035, respectively. This ratio, which in- 
volves the assumption that the methionine sulfoxide 
measured by amino acid analyzer must have arisen 
from IIc, is supported by the fact that the sum of the 

a b ‘. I / 

Et 2NCH2CH2fSfCH2CH,CHCOOH 
& - I 4  I 

CH3 NH, 
IIC 

cleavage products observed (21.9%) is in good agree- 
ment with the extent of alkylation measured indirectly 
by colorimetry (23%). 

Registry No. -Ia, 6367-14-2; Ib, 10061-65-1; IC, 
29744-03-4; Id, 6367-1 1-9; Ie, 6367-17-5; If, 38615- 
99-5; IIa, 38616-00-1; IIb, 38616-01-2; IId, 38616- 
02-3; IIf, 38616-03-4; L-homocystine, 626-72-2; L- 
homocystine dimethyl ester hydrochloride, 38616-04-5; 
N,N’-diacetyl-L-homocystine dimethyl ester, 38616- 
05-6; N,N’-diacetyl-L-homocystinmethylamide, 38616- 
06-7; alkylated L-homocysteine, 38616-07-8; diethyl- 
aziridinium ion, 18899-07-5; iodoacetic acid, 64-69-7; 
iodoacetamide, 144-48-9. 
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The natural abundance carbon-13 magnetic resonance spectra of estra-l,3,5(1O)-triene and 17 derivatives 
Substituent effects upon the chemical shifts of each carbon atom are determined and discussed are reported. 

in terms of factors known to influence 13C chemical shifts. 

With the advent of instrumentation for the deter- 
mination of high-resolution nuclear magnetic reso- 
nance spectra of 13C in natural abundance, a number of 
papers have appeared describing its application to  the 
structural elucidation of natural products. The tech- 
niques of 13C magnetic resonance spectroscopy appear 
to  promise to  have as great an impact upon such studies 
as did the techniques of proton magnetic resonance in 
the last decade. Just as steroids provided model 
compounds from which much was learned with regard 
to  the relationship between the observed nmr parameters 
(chemical shifts and spin-spin coupling constants) 
and molecular structure in proton spectroscopy,2 so 
too this class of compounds, because of their well- 
defined structures, promises to  aid in relating the I3C 
magnetic resonance parameters to  molecular structure. 

In  1969, Reich, et al., published the first extensive 
13C investigation of steroids, examining chiefly the spec- 
tra of cholestane  derivative^.^ These authors in- 
dicated that in general carbon resonances are far more 
informative than proton resonances for structural 
analysis of steroids. 

(1) Supported by The Public Health Service, Research Grants No. 

(2) N. S. Bhacca and D. H. Williams, “Applications of NMR Spectros- 

(3) H. J. Reich, M. Jautelat, M. T. Messe, F. J. Weigert, and J. D. 

GM16928 and AM13582. 

copy in Organic Chemistry,” Holden-Day, San Francisco, Calif., 1964. 

Roberts, J .  Amer, Chem. SOC., 91, 7445 (1969). 

Since we have available to  us a large number of 
steroids of verified structure, incorporating a variety 
of the common functional groups, we have initiated a 
study of the carbon-13 magnetic resonance spectra of 
steroids. It is hoped that through these studies the 
nature of substituent effects upon 13C chemical shifts 
may be better understood. In  the present paper, the 
lac spectra of a number of derivatives of estra-1,3,5(10)- 
triene are reported, together with correlations of chem- 
ical shifts with carbon atoms of the steroids. Sub- 
stituent effects upon the chemical shifts of the aromatic 
carbon of ring A are discussed, as well as a preliminary 
report of substituent effects upon the atoms of the 
nonaromatic portion of the molecule. A fuller dis- 
cussion of these latter substituent effects will be pre- 
sented in a later paper. 

Experimental Section 
The steroids used in this study, all known compounds, are 

listed in Table I. They were dissolved in dioxane, whose lSC 
signal was used as the internal lock signal. Concentrations of 
steroids ranged from about 0.06 M to about 0.35 M .  Three 
milliliters of solution was used in each case for the analysis, and 
was contained in a 12-mm 0.d. sample tube. The tube was spun 
a t  18 rps during the analysis, which was performed at  room 
temperature. 

Spectra were obtained a t  25.1 MHe using a Varian Associates 
HA-100-15 spectrometer, together with a Varian Associates 


