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A method for the preparation of N-maleoylamino acids and esters is reported. These compounds were shown to in-
hibit both the oxytocin-induced smooth muscle contraction in the isolated rat uterus and the vasopressin-induced
water loss from the isolated toad bladder. The inhibitory ability of the maleimides in the toad bladder assay was
found to be related to their corresponding partition coefficients by the equation: log 1/C = —0.055 (log P)? + 0.227
log P + 3.96. N-Maleoylamino acids can be coupled to peptides to form alkylating reagents which react rapidly with
sulfhydryl groups. The synthesis of [1-(N-maleoylglycyl)cysteinylJoxytocin (3) and [1-(N-maleoyl-11-aminoundeca-
noyl)cysteinyl]oxytocin (4) as potential affinity labeling reagents is described. These oxytocin analogs were shown to
readily react with sulfhydryl-containing compounds; however, neither 3 nor 4 was seen to inhibit in the rat uterus
agsay at concentrations up to 3 X 1075 M. When tested on the mucosal and serosal surfaces of the toad bladder, assay
inhibition was seen only on the mucosal surface. These results are discussed with respect to the possible existence of

sulfhydryl groups at neurohypophyseal receptors.

The binding of & hormone to its receptor initiates a com-
plex sequence of events which ultimately produce a biologi-
cal response. In the case of the neurohypophyseal hor-
mones these responses are inhibited by the reagents N-eth-
ylmaleimide (NEM)? and p-chloromercuribenzoate
(PCMB) which bind sulfhydryl groups.2 These reagents in-
hibit the vasopressin-stimulated water loss from the isolat-
ed toad bladder and the oxytocin (1) induced contraction
of the isolated rat uterus.? In rat uterus, the degree of inhi-
bition produced by PCMB could be reduced by incubating
the uterus with oxytocin prior to the addition of PCMB.

Furthermore, the inhibition could be substantially reversed.

by treating the alkylated tissue with cysteine.* These re-
sults established that certain sulfhydryl groups are essen-
tial for the neurchypophyseal hormone induced responses
and suggested that preincubation of tissue with hormone
protected sulfhydryls from alkylation. Inhibition of metab-
olism did not appear to be important since this became evi-
dent only after periods of exposure to the reagent which
were longer than those required for inhibition.?

The possibility has existed that the essential sulfhydryl
groups, alkylated by NEM and PCMB, are at or near the
oxytocic receptor as well as elsewhere in rat uterus. The
finding that bromoacetyl-oxytocin (2), BrOxy, irreversibly
inhibited the vasopressin receptor in toad bladder estab-
lished that nucleophiles are present at or near this recep-
tor.’ Thus it was of interest to determine if these nucleo-
philic groups were sulfhydryl groups and to determine
whether there are any essential sulfhydryl groups present
on the serosal membrane surface of the toad bladder or on
the surface of the rat uterus membrane.

To study the nature of these essential sulfhydryl groups
we developed a method for preparing the maleimide deriv-
atives of oxytocin: [1-(N-maleoylglycyl)cysteinyl]joxytocin
(3), Mal-Gly-Oxy, and [1-(N-maleoyl-11-aminoundecano-
vl)cysteinyl]oxytocin (4), Mal-AUA-Oxy. These maleim-
ides, unlike NEM or PCMB, should possess a relatively
high affinity for the receptors and, because the maleimide

+Presented in part at the Tenth Midwest Regional Meeting of the Ameri-
can Chemical Society, Iowa City, Iowa, Nov 7-8, 1974.

tAFPE Edwin Leigh Newcomb Memorial Fellow, 1974-1975.

SAhbreviations used are NEM, N-ethylmaleimide; PCMB, p-chloromer-
curibenzoate; Mal-Gly, N-maleoylglycine; Mal-GlyOEt, N-maleoylglycine
ethyl ester; Mal-AUA, N-maleoyl-11-aminoundecanoic acid; Mal-Gly-Oxy,
[1-(N-maleoylglyeyl)cysteinyljoxytocin; Mal-AUA-Oxy, [1-(N-maleoyl-11-
aminoundecanoyl)cysteinyl]oxytocin; BrOxy, bromoacetyl-oxytocin; DMF,
dimethylormamide, DCC, dicyclohexylcarbodiimide; HOBt, 1-hydroxyben-
zotriazole; MepSO, dimethyl sulfoxide.

group reacts preferentially (although not exclusively) with
sulfhydry! groups,® 3 and 4 should inhibit responses to oxy-
tocin or vasopressin only if alkylatable sulfhydryl groups
are present at the receptor. We report here the synthesis of
the N-maleoylamino acids 6-14, 20, 21, and 23. Maleimides
6 and 12 were used to prepare the oxytocin derivatives 3
and 4. The biological activities of the N-maleoylamino
acids 6-14, their esters 15-19, and the oxytocin derivatives
3 and 4 on the oxytocin- and vasopressin-stimulated re-
sponses of the rat uterus and toad bladder are described. A
correlation between biological activity in the toad bladder
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assay and partition coefficient for compounds 6-19 is de-
termined. The activities of all derivatives are evaluated in
terms of the possible existence of sulfhydryl groups at the
neurohypophyseal receptors.

Results

N-Maleoylamino Acids and Esters (Table I). N-
Maleoylamino acids 6-13 were prepared by refluxing a so-
lution of the corresponding maleamic acids 24-31 (Table
II) and triethylamine in toluene or benzene. The best yields
were obtained using at least 2 equiv of the amine. It was
possible to prepare optically active N-maleoylamino acids
by this method (e.g., 20 and 21). Maleamide 14 could not be
prepared by this route and instead was prepared by a stan-
dard fusion technique.” No N-maleoylamino acids were
formed when the maleamic acids 6-13 were subjected to
several other standard cyclization procedures.® These re-
sults are consistent with other unsuccessful attempts to
prepare compound 6.°

The N-maleoylamino esters 15-19 were prepared by re-
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Table 1. N-Maleoylamino Acids and Esters

0]
| N(CH),COR,
o &
Purification Yield,

Compd n R, R, Mp, °C method* % Formula®
8 1 H H 113-113.5 A 46 C¢H:NO,
7 2 H H 105-105.5 B 57 CH;NO,
8 3 H H 90-92 B 40 CgHyNO,
9 4 H H 82-83 c 49 C4H,,NO,

10 5 H H 79-80 C 45 CH;3NO,
11 7 H H 72_75 C 41 C12H17NO4
12 10 H H 84.5-86 C 33 C sHyNO,
13 11 H H 81—84 C 46 C 13H25N04
14° 51.5-54 A 22 CyHyNO,
15 1 C,H; H d D 10 C4HyNO,

16 2 C,H; H d D 20 C,H;NO,

17 3 C,H, H 30.5-32 D 14 CyoH13NO,
18 5 C,H, H d D 59 CuH;NO,
19 10 C2H5 H 31.5"32 D 80 C17H27NO4
20° 1 H CH, 97-98 c 57 C;H;NO,

21f 1 H CH2C€H5 119“‘121 C 55 C13H11NO4
22¢ 1 CH, CH,CH(CH,), 3843 C 22 CHsNO,
23h 1 H CHzCstCH3 83"‘85 D 80 C9H“NO4S

aRecrystallization solvents: A, CHCl;; B, CHCl3-n-hexane; C, EtOAc-n-hexane; D represents a molecular distillation. ?Compound 14
was analyzed for C and H. All other compounds were analyzed for C, H, and N. All results were within £0.3% of the calculated values. <Com-
pound is N-maleoyl-12-aminooctadecanoic acid. 20il. ¢[a]?2p —16.3° (¢ 1.10, EtOHO. /[a]??p —108° (¢ 1.10, EtOH). &[«]22D —24.2° (¢ 1.27,
EtOH). "Synthesized from pL-methionine.

Table I1. Maleamic Acids

0 R
| NH(CH),CO,H
OH
0 Recrystn

Compd n R Mp, °C solvent® Yield, % Formula’®
24 1 H 187-188.5 A 96.5 CgH;NO;
25 2 H 159.5-160 A 92.0 CHyNO;
26 3 H 161.5-162.5 A 87.1 C4HyyNO;
27 4 H 160-160.5 A 91.2 C,4H,3NO;
28 5 H 159.5-161 B 93.6 CHsNO;g
29 7 H 162-163 C 91.2 CHgNOg
30 10 H 152-153 C 97.1 Cy5Hy5NOs
31 11 H 152-153 C 90.9 C 1gHyrNOs
32° 1 CH, 142-143 D 100 C7HyNO;
33¢ 1 CH,CH; 128-128.5 D 100 Cy3H3NOs
34¢ 1 CH,CH,SCH;, 153-154.5 A 94.9 CoH 3NOsS

aRecrystallization solvents: A, H20; B, MeOH; C, EtOH; D, MeOH-Et20. ®Compounds analyzed for C, H, and N. All results were
within £0.3% of the theoretical values. “Synthesized from L-alanine. ?Synthesized from 1-phenylalanine. ¢Synthesized from pL-methionine.

fluxing an acetic acid solution of the amino ester and male-

ic anhydride.!® The optically active derivative of leucine

(22) was prepared by this method. N-Maleoylamino acids ‘ NHCH2 C02 CHZ CH3

could not be prepared from the esters 15-19, as treatment OH

of the N-maleoyl ester 15 with dilute ethanolic sodium hy-

droxide gave only the maleamic ester 37 due to preferential 37

reaction of hydroxide with maleimides.!! Ester 37 can also

be prepared by reaction of maleic anhydride with glycine

ethyl ester in chloroform. malemides 38 and 39.12 The olefinic protons of both acids
The structures of the cyclization products 6 and 15 were 6-14 and esters 15-19 appeared as sharp singlets in the

shown to be maleimides and not the kinetically favored iso- NMR spectrum (at ca. 7 ppm) consistent with the symmet-
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38, R=H
39, R = CHCH,

rical maleimide structure.!® Furthermore, both acid 6 and
ester 15 reacted with cyclopentadiene to give adducts 35
and 36 which were identical with samples synthesized inde-
pendently!* (Scheme I).

Scheme 1
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Properties of the N-maleoylamino acids and esters are
shown in Table I. N-Maleoylamino acids can be coupled
with acylable peptides using DCC-HOBt!5 (e.g., 40). The
N-maleoyl derivatives were shown by NMR to alkylate the
sulfhydryl compounds glutathione and benzylmercaptan.

~CH,CONHCH,CONH,

40

Mal-Gly-Oxy (3) and Mal-AUA-Oxy (4). Compounds
3 and 4 were prepared by acylation of highly purified syn-
thetic oxytocin (1) with DCC, HOBt, Mal-Gly (6), and Mal-
AUA (12), respectively. Both analogs were purified by gel
filtration through Sephadex G-25. The use of partition
chromatography over either G-25 or LH-20 for purification
was not successful. The purified analogs 3 and 4 were
shown to migrate as single spots well resolved from oxyto-
cin itself in several solvent systems and were characterized
by amino acid analysis, TLC, and NMR. The NMR data
showed that compound 3 was a mixture of maleimide 3 and
maleamic acid 5. The maleamic acid 5 is probably formed
to some extent during the synthesis of 3 due to the known
base lability of the maleimide ring system.!! A sample of
N-maleoylglycylglycinamide (40) was stable for at least 24
hr in the pH 7.4 buffer used during bioassays and therefore
the maleimide rings of 3 and 4 were not hydrolyzed during
the bioassay. No maleamic acid was formed during the syn-
thesis of 4. Benzylmercaptan added to both maleoylamino
acid derivatives 3 and 4 in a normal fashion as shown by
the rapid disappearance of the maleimide olefinic protons
in the NMR spectrum. BrOxy (2) was prepared by the
method of Walter et al.®

Biological Results. The N-maleoyl acids 6-14 and es-
ters 15-19 inhibited the vasopressin-induced water loss
from the isolated toad bladder. Although most of the com-
pounds are highly active at concentrations approximating 1
mM, the concentration at which NEM completely inhibits
the system,3® acid 6 shows only weak activity at 10 mM and
requires a concentration of greater than 40 mM to com-
pletely inhibit the system. A similar result was observed in
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Figure 1. Dose-response curves (mean of three determinations) for oxytocin-induced contractions in isolated rat uterus: control (6—@),
Mal-Gly (@- - - -@), and Mal-GlyOEt (0—0). Inhibitor concentrations, 3 X 107* M.
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the inhibition of the oxytocin-induced contractions in the
isolated rat uterus by Mal-Gly (6) and Mal-GlyOEt (15)
(Figure 1). Preliminary analysis of the physical properties
of compounds 6-19 suggested that the low activity of acid 6
was related to its lipophilicity. A quantitative study was
undertaken to establish the nature of the relationship be-
tween lipophilicity and activity of all maleimides 6-19 and
to determine if lipophilicity adequately accounted for the
low potency of Mal-Gly (6). Several of the long-chain com-
pounds were synthesized for this purpose only. Maleimides
6-19 were assayed to determine concentrations which
would produce a standard inhibition (65%) of the vasopres-
sin-induced water loss. Partition coefficients of maleoyl es-
ters 15-19 were determined in an octanol-water system;
partition coefficients of maleoyl acids 6-11 were deter-
mined in an octanol-water system buffered to the pK, of
the acid according to the method of Hansch!6 and convert-
ed to values prevailing at pH 7.4, the pH of the buffer used
in the assay. These results are shown in Table III.

The data in Table III were subjected to a forward step-
wise regression analysis. The first equation generated by
the regression analysis was linear (eq 1); however, the final
or best fit regression was parabolic {eq 2) and was signifi-
cant at greater than the 99.9% level of significance as deter-
mined by the F statistic: Fo 11 = 389.08, F3,11,00.001 = 13.81.
The statistical parameters are defined: n is the number of
N-maleoyl derivatives assayed, r is the multiple correlation
coefficient, and s is the standard error of estimate for the
regression. The values in parentheses are the 95% confi-
dence limits. Log Py is defined as the ideal lipophilic char-
acter and is generated from eq 2 in the usual fashion.l?

log 1/C = 0.258 (x0.102) log P + 3.609 (+0.261)
-0.055 (+£0.008)(log P)* + 0.227 (+0.024) log P +

log 1/C
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Table II1. Physical and Biological Data for
N-Maleoylamino Acids and Esters

Partition Log 1/C*°

coeff Log A log

Compd pK, p P;»  Obsd® Caled® 1/C
6 2.88 0.36° —4.96 1.57 1.48  0.09
7 4.18 0.55° -3.48 2.34 2,50 0.16
8  4.56 1.26°  -2.74 2.95  2.92 0.03
9  4.62 1.97° -2.49 3.04 3.05 0.01
10 4.72 7.12¢  -1.84 3.35  3.36 0.01
11 4.907 49.0° -0.81 3.73  3.74 0.01
12 4.90 0.69¢ 4.00 4.09 0.09
13 4.907 1.19*  4.06 4.15 0.09
14  4.90 3.99°  4.00  3.99 0.01
15 3.12 0.49 4.00 4.06 0.06
16 2.58 0.41 4.21 4.05 0.16
17 4.64 0.67 4.27 4.09 0.18
18 31.4 1.50 4.17  4.18 0.01
19 4.00 3.96 3.99 0.03

aC is the molar concentration of drug required to produce a 65%
inhibition of the vasopressin-stimulated water loss from the iso-
lated toad bladder. For comparison purposes, NEM has a log P =
0.56 and a log 1/C = 3.43. ®Log P7.4 = log P — pH + pKa. ‘The
average weighted standard error of the log 1/C values is 0.095.
dCalculated from eq 2. ¢Value for un-ionized species. 'Estimated.
€Calculated from additivity rules; see ref 16.

biologically active compounds which contain acylable func-
tional groups. These compounds will be particularly useful

n ¥ s
14 0.846 0.447 8Y)
14 0.993 0.104 (2)

3.961 (+0.081) log P, = 2.06 (1.61-2.67)

When Mal-Gly-Oxy (3) or Mal-AUA-Oxy (4) was prein-
cubated with either the toad bladder (serosal side) or the
rat uterus, no irreversible inhibition was detected at con-
centrations up to 3 X 105 M. Higher concentrations were
not tested. Control experiments established that 3 weakly
stimulated water loss from the toad bladder system (10
mU/umol). Neither compound 3 nor 4 stimulated contrac-
tions in the rat uterus. Since the rat uterus is known to be
much more sensitive to oxytocin than is the toad bladder,®
the intrinsic activity of analog 8 cannot be caused by trace
amounts of contaminating oxytocin.

BrOxy (2) (at 107 M) caused 93% inhibition of the vaso-
pressin-stimulated water loss from toad bladder (lit.5 60%).
BrOxy (2) did not inhibit oxytocin-stimulated contractions
of rat uterus.

Mal-Gly (6) produced an 80% inhibition (average of
three runs), when added to the solution bathing the serosal
membrane of the toad bladder (3 X 10~2 M), but produced
a 95% inhibition (average of three runs) when applied to
the mucosal surface at the same concentration. Both Mal-
Gly-Oxy (3) and Mal-AUA-Oxy (4) produced 13% inhibi-
tion of vasopressin-stimulated water loss from toad bladder
when added to the mucosal bathing solution (10—¢ M). Nei-
ther 3 nor 4 stimulated water loss when added to the muco-
sal surface.

Discussion

The synthesis of the N-maleoylamino acids reported
here provides compounds that can be used to make sulfhy-
dryl alkylating reagents which can be used in affinity label-
ing studies.!® Acids 6-14, 20, 21, and 23 react rapidly with
sulfhydryl groups and can be coupled to peptides or other

for preparing maleimide derivatives of thermally and
chemically labile peptides and other compounds which
would be destroyed under the conditions normally used to
prepare maleimides.

As expected, the N-maleoylamino acids inhibited vaso-
pressin-stimulated water loss from toad bladder. The rela-
tionship between biological potency and partition behavior
was studied carefully because preliminary experiments had
shown that neither Mal-Gly (6) nor Mal-Gly-Oxy (3) inhib-
ited either toad bladder or rat uterus. Thus it was neces-
sary to establish that 6 could be an effective ligand for the
affinity labeling studies. The partitioning study established
that the low activity of 6 was due to its low lipophilicity
and pK, and was not caused by a low chemical reactivity
such as might result from the proximity of the carboxylate
anion in 6 to the maleimide ring. The partition studies also
demonstrate that compound 6, although not having special
chemical properties, does possess useful distributional
properties at physiological pH which could be used to
study the accessibility of sulfhydryl groups in membrane
systems, much as picric acid, which is a membrane imper-
meable uncoupler of oxidative phosphorylation, has been
used to differentiate binding sites for different biological
responses.’® The ideal lipophilicity, log Py = 2.06, also es-
tablishes that NEM with a log P = 0.56 is not the optimal
reagent for inhibition studies in the toad bladder system.

Having established that maleoyl acids 6-14 reacted with
sulfhydryl groups and inhibited vasopressin-stimulated
water loss and oxytocin-stimulated uterus contractions,
two maleimide derivatives of oxytocin were prepared, puri-
fied, and tested. Neither maleoyl-oxytocin derivative 3 nor
4 produced irreversible inhibition in either rat uterus or
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toad bladder whereas BrOxy (2), an analog which is modi-
fied at the same position in oxytocin and which is structur-
ally very similar, rapidly and irreversibility inhibited the
vasopressin-stimulated receptor. However, the maleimides
3 and 4, which both react rapidly with benzylmercaptan,
can alkylate only sulfhydryl groups, whereas the bromoac-
etyl group in 2 is capable of alkylating a number of nucleo-
philes at physiological pH.2! Analog 3 produced a small but
measurable water loss in the toad bladder assay not caused
by traces of oxytocin. This result suggests that maleimide 3
binds to the vasopressin receptor but does not alkylate it.

N-Acyl derivatives of oxytocin possess low biological ac-
tivities;>18 N-acetyl-oxytocin possesses low oxytocic activi-
ty and low activity in the toad bladder assay.!® This low ac-
tivity is caused by a reduced affinity of the derivative for
receptors.? BrOxy (2) would also be expected to possess a
low affinity for the toad bladder receptor, prior to forma-
tion of the covalent bond, because the bromoacetyl group is
of similar size and shape as the acetyl group. Since BrOxy
is such a potent inhibitor of toad bladder, the low affinity
of acyloxytocin analogs for the receptor does not prevent
the derivative from alkylating the receptor if a nucleophile
on the receptor is in proper position for the reaction to
occur. Mal-Gly-Oxy (3) and Mal-AUA-Oxy (4) should have
low intrinsic activities and affinities since they are N-acy!
derivatives.

The fact that maleimides 3 and 4 do not inhibit suggests
that the nucleophiles in the vasopressin receptor of toad
bladder alkylated by BrOxy (2) were not sulfhydryl groups
or that any sulfhydryl groups present in these receptors
can not react with the maleimides 3 and 4 but can react
with the bromoacetyl group of 2. Steric hinderance at the
receptor could cause this selectivity.

The biological activity of Mal-Gly (6) depends on wheth-
er it is added to the serosal or mucosal side of the bladder.
When added to the serosal side, 6 inhibits completely only
at high concentrations (>4 X 1072 M). It is apparent from
eq 2 and from the data in Table III that the unusually low
activity of 6 is caused by the low pK, and lipophilicity of
the molecule which prevent it from either binding to or
penetrating the serosal membrane. However, 6 does com-
pletely inhibit the vasopressin-induced water loss at a
lower concentration (3 X 1072 M) when added to the muco-
sal side. Similar results have been reported by Rasmussen
et al with NEM. Thus there are either fewer essential
sulfhydryl groups accessible from the mucosal side or they
are more sensitive than those accessible from the serosal
side. These results suggest that at least some of the sulfhy-
dryl groups essential for toad bladder response to vasopres-
sin are not on the serosal surface.

Further support for this conclusion is derived from the
observation that 3 and 4 irreversibly inhibited water loss
when added to the mucosal surface. Limited supplies of the
analogs prevented testing them at high concentrations to
see if complete inhibition could be achieved. The potency
of 3 and 4 to inhibit water loss is approximately intermedi-
ate to that of NEM and 6 at the same concentration.

The results obtained with Mal-Gly (6), Mal-Gly-Oxy (3),
and Mal-AUA-Oxy (4) neither prove nor disprove the pro-
posal that essential sulfhydryl groups are at or near the ox-
ytocin or vasopressin receptor. No irreversible inhibition
was detected in the normal assays but since the maleimide
group is not isosteric with the bromoacetyl group alkyla-
tion may have been prevented for steric reasons. The na-
ture of the essential sulfhydryl groups in the oxytocin and
vasopressin systems remains to be identified.

Experimental Section
Melting points were determined with a Thomas-Hoover Uni-
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Melt apparatus and are uncorrected. NMR specira were deter-
mined in CDCl3, MesSO-dg, or MeOH-d4 on a Varian EM-360,
Varian A-60A, or a Bruker HX 90-E spectrometer, interfaced with
a Nicolet 1080 data system for use with Fourier transform, with
MesSi as an internal standard. Uv spectra were determined in ab-
solute EtOH on a Cary 15 recording spectrophotometer and a Gil-
ford 240 spectrophotometer. Ir spectra (KBr) were determined on
a Beckman IR-5A spectrophotometer. Elemental analyses were
performed by Galbraith Laboratories, Inc., Knoxville, Tenn. The
pK. of compounds 6~10 were determined on a Sargent Model 7 pH
meter. Optical rotations were determined on a Bendix series 1100
automatic polarimeter (0.1-dm cell). Solid-phase synthesis of oxy-
tocin was performed on a Beckman 990 peptide synthesizer.
Amino acid analyses were determined on a Beckman Spinco 120B
amino acid analyzer. No correction was made for decomposition of
Tyr. All gel permeation chromatographies of oxytocin (1) or oxyto-
cin analogs 2, 3, and 4 were done at 4°, Thin-layer chromatography
was carried out on compounds 1, 3, and 4 using glass plates coated
with silica gel (E. Merck). The following solvent systems were
used: (A) n-BuOH-EtOAc-HOAc-H,0 (1:1:1:1) or {B) n-BuOH-
HOAc-H,O (4:1:5, upper phase). The peptides were located with
chlorine spray.??

The following commercially available reagents and solvents were
purified prior to use as follows. Triethylamine (Et;N) was distilled
from phthalic anhydride followed by redistillation from sodium
ribbon; toluene (benzene) was dried over KOH pellets and filtered
immediately before use; 1-octanol was washed with 4 N HsSOy, 0.5
N NaOH, and deionized Hy;O and fractionally distilled in vacuo;
bromoacetyl bromide was distilled in vacuo; dimethylformamide
(DMF) was purified by the method of Stewart and Young;?* dicy-
clohexylcarbodiimide (DCC) was distilled in vacuo; 1-hydroxyben-
zotriazole (HOBt) was recrystallized from deionized water; 1-buta-
nol was distilled from magnesium butylate; and acetic acid (HOAc)
was distilled from triacetyl borate.

Arginine-vasopressin and oxytocin used in the bivassays were
purchased from Sigma Chemical Co.

Protected amino acids were purchased from Cyclo Chemical Co.,
Sigma Chemical Co., and Beckman. The 1% chloromethyl resin
was purchased from Bio-Rad.

Determination of Partition Coefficients., Partition coeffi-
cients were determined according to the method of Hansch!® in a
1-octanol-water system in the case of compounds 15-18 and in a
1-octanol-0.1 M citrate, 0.2 M phosphate buffer? system in the
case of compounds 6-11 with the pH of the buffer adjusted to the
pKa of the corresponding N-maleoylamino acid. In this latter case
the experimentally derived partition coefficients were converted
first to that expected for the completely un-ionized species and
then converted to the values expected at pH 7.4,16 which is the pH
of the bioassays. The partition coefficients for compounds 12-14
and 19 were not determined experimentally due to low aqueous
solubilities coupled with the low extinction coefficients utilized in
the determination but rather were calculated by utilization of ac-
cepted additivity principles.!® The partitioning was carried out in
scintillation vials and phase volumes were adjusted to give ap-
proximately equal ratios of solute in each phase. Pipets used to
transfer the 1-octanol were allowed to drain for 5 min due to this
solvent’s high viscosity. Each vial was inverted 100 times by hand
in 2 min and then swirled for 2 hr at room temperature on a me-
chanical shaker. The separated layers were centrifuged. The malei-
mides were found to deviate from linearity with respect to Beer's
law when the absorbance was above 0.4. The organic or aqueous
layers were therefore diluted with enough absolute EtOH to give a
final absorbance between 0.2 and 0.4. All partition coefficients
were checked for a concentration dependence by running each
compound at three or more distinct concentrations. The final par-
tition coefficient for each compound represents the mean of from
three to nine determinations.

Biological Methods. Rat uteri, prepared from albino, female
rats {(Holtzmann Co., Madison, Wis.), were assayed following the
procedure of Holton.?> Mechanical movements of the uterine
strips were recorded on a Grass Model 5 polygraph via force-dis-
placement transducers (FT-03). Each strip was maintained at a
resting tension of 1 g during a 1-hr equilibration period before ad-
dition of any drugs. Dose-response effects of oxytocin were ob-
tained by adding threefold increasing concentrations to the bath.
After the peak contraction was obtained, the tissue was washed
each minute for 5 min and allowed to equilibrate for 5 min fol-
lowing the last wash before the next concentration was added. This
procedure was continued until the contraction produced by oxyto-
cin did not further increase. After obtaining the control dose-re-
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sponse curve to oxytocin, a single concentration of antagonist was
added to the bath and allowed to interact with the tissue for vary-
ing periods of time. The tissue was then washed seven times for 15
min and allowed to equilibrate for 15 min after the last wash be-
fore beginning the second dose-response curve to oxytocin.

Hemibladders from doubly pithed toads (Bufo marinus, Mogul-
ED, Oshkosh, Wis.) were attached to glass tubes with the mucosa
on the inside of the sac.26 The bladders were placed in 30 ml of a
physiological salt solution aerated with 5% COz in O; and the in-
side of the sac was filled with 2 ml of a 1.5 dilution of the physio-
logical salt solution.?” The inside and outside solutions were
changed twice during a 1-hr equilibration period before any drugs
were added. Flow of water out of the sac during 40-min incubation
periods was determined gravimetrically?® and basal water flow was
obtained during the first 40-min period after equilibration. A sin-
gle concentration of a maleimide dissolved in 95% EtOH was
added to one bladder and an equal volume of vehicle (0.1-0.3 ml)
was added to the paired control bladder and allowed to remain in
contact with the tissue for 30 min. The inside and outside solutions
were then replaced twice with drug-free salt solution during a 20-
min period and the bladders were incubated for 40 min in the pres-
ence of arginine-vasopressin (Sigma Chemical Co.), 1 ug/ml. All
drugs were added to the solution bathing the serosal surface of the
bladder unless otherwise indicated. Vasopressin-stimulated water
loss from the maleimide-treated bladder was calculated as a per-
cent of the stimulated water loss from the control bladder after
correction for basal flow. Effects of the maleimide derivatives are
expressed as percentage inhibition of vasopressin-stimulated water
flow. Each maleimide (6-19) was tested at varying concentrations
and a linear regression performed on the concentration vs. percent
inhibition data. A value was then computed from the generated
equation for each compound for the concentration required to give
a 65% inhibition.

Regression Analyses. The experimentally determined values
for the partition coefficient (P) and the molar concentration (C) of
maleimide required to produce a 65% inhibition of the vasopressin-
stimulated water loss from the isolated toad bladder were convert-
ed to log P and log 1/C values and subjected to a forward stepwise
linear regression analyses program generated at the Academic
Computing Center, University of Wisconsin, Madison, Wis., and
stored in a Univac 1110 computer. The 99.9% level of significance
was used as criterion for rejection or acceptance of each successive
term in log P.28 See Figure 2.

N-Maleoylamino Acids (6-13, 20, 21, and 23). The general
procedure may be illustrated by the following example. A solution
of maleic anhydride (41.7 g, 0.425 mol) in HOAc (175 ml) was
added to a solution of glycine (31.9 g, 0.425 mol) in AcOH (510 ml),
and the mixture was stirred at room temperature for 3 hr. The
white precipitate was filtered, washed with cold HoO (50 ml), and
dried (71.0 g, 0.410 mol, 96.5%). Crystallization from Hs0 afforded
analytically pure maleamic acid 24.%2 See Table II.

Maleamic acid 24 (2.91 g, 16.8 mmol) was suspended in dry tolu-
ene (500 ml) and treated with Et3N (3.55 g, 35.1 mmol). This solu-
tion was refluxed with vigorous overhead stirring for 1 hr with con-
comitant removal of formed H20 via a Dean-Stark apparatus. The
toluene solution was decanted away from an orange oil. The tolu-
ene was removed by evaporation to give the triethylammonium
salt of 6 as a hygroscopic solid. The solid was acidified to pH 2
with HCI, extracted with EtOAc, and dried (MgSO,). The EtOAc
was removed in vacuo to give 6 (1.21 g, 7.8 mmol, 46.4%). A work-
up of the orange oil by similar methods gave another 10% of 6. See
Table .

N-Maleoylamino Esters (15-19 and 22). The general proce-
dure!® may be illustrated by the following example. Maleic anhy-
dride (1.39 g, 14.2 mmol) was added to a solution of ethyl 11-ami-
noundecanoate (3.26 g, 14.2 mmol) in HOAc¢ (20 ml), and the solu-
tion was heated at reflux for 5 hr. The HOAc was removed in
vacuo, saturated NaHCOj; solution was added to pH 8, the solution
was extracted with EtOAc and dried (MgSQy), and the EtOAc was
removed in vacuo to give 19 (2.60 g, 11.3 mmol, 79.6%) as a slightly
yellow oil. Compound 19 was further purified by distillation in a
Kigelrohr apparatus to give an analytical sample of a clear color-
less liquid which solidified on standing. Yields were not optimized.
See Table I.

Oxytocin (1). The protected nonapeptide Z-Cys(SBzl)-Tyr-
{OBazl)-lle-GlIn-Asn-Cys(SBzl)-Pro-Leu-Gly was synthesized by
standard solid-phase peptide synthetic techniques on a 1%
resin.23% After removal of the peptide material from the resin by
ammonolysis it was recrystallized from DMF-MeOH. This puri-
fied protected nonapeptide amide was deprotected and oxidized to
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Figure 2. Relationship between biological activity and partition
coefficient of N-maleoylamino acid derivatives: acids, ®; esters, O.

the disulfide.3® The crude oxytocin was desalted and partially sep-
arated from dimers by the method of Manning et al.3! Highly puri-
fied oxytocin was obtained by partition chromatography on LH-20
using freshly prepared n-BuOH-HOAc-H»0 (2:1:10, lower phase).
Purity of the oxytocin was established by amino acid analysis,
NMR spectroscopy, thin-layer chromatography (R;, 0.51, Rgy
0.22), bioassay, and comparison with authentic oxytocin.

Bromoacetyl-oxytocin (2). Bromoacetyl-oxytocin was pre-
pared by the method of Walter et al.? and purified by gel filtration
over G-15 (50% HOACc) followed by partition chromatography over
LH-20; n-BuOH-HOAc-H;0 (2:1:10, lower phase).

N-Maleoylglyeyl-oxytocin (3). EtsN (1.07 mg, 10 umol) in
DMF (0.104 g) was added to the acetate salt of oxytocin (1) (10.5
mg, 9.8 umol). The solution was stirred at 0° for 0.5 hr. HOBt (36.7
mg, 220 umol), Mal-Gly (6) (15.1 mg, 97 umol), and DCC (21.9 mg,
106 ymol) in DMF (1.1 ml) were added. The solution was stirred at
0° for 2 hr and further for 22 hr at room temperature. The reaction
mixture was filtered, the precipitate was washed with DMF, and
the filtrates were evaporated to dryness in vacuo. The crude prod-
uct was dissolved in 0.2 N HOAc and the solution filtered to re-
move insolubles. The filtrate was lyophilized. The dried powder
was applied to a column of Sephadex G-25 in 0.2 N HOAc and the
column eluted with this solvent. Maleimide 2 eluted at 1.56 void
volume (2.3 mg, 20%), oxytocin at 1.92, Mal-Gly (6) at 1.94, and
HOBt at 2.10 void volumes. Amino acid analysis gave Aspg.ssPro-
1.08Glu; 07Gly2.00Cys2.14lleo seLeuosi Tyro11{NHa)3.15;, TLC  Rpy
0.39. The NMR (CD30D) of compound 2 showed the presence of
the maleimide protons as a sharp singlet at 6.92 ppm (30%) and an
AB quartet {(J/ = 12.0 Hz, v = 6.26 ppm, vg = 6.65 ppm) which was
assigned to the maleamic acid protons 5 (10% of sample).

N-Maleoyl-11-aminoundecanoyl-oxytocin (4). This com-
pound was synthesized in the same manner as 3 and purified by
dissolving in 50% HOALc, filtering to remove insolubles, and chro-
matographing on G-25 using 50% HOAc as solvent. From 12.0 mg
(11.2 gmol) of 1 and 31.6 mg (112 umol) of 12, 4.1 mg (3.23 umol,
28.8%) of pure 4 was obtained which eluted at 1.13 void volumes:
Ryy 0.45. The NMR (CD30D) of compound 4 showed the presence
of the maleimide protons as a sharp singlet at 6.78 ppm. Amino
acid analysis gave  Aspo.geProi1.03Glu 0sGly1.00Cys2.osller.oo-
Leu; .04 Tyro.7s(NHa)2 80.

N-Ethylaceto-5-norbornene-2,3-dicarboximide (36). (A) To
5-norbornene-2,3-dicarboximide (0.595 g, 3.65 mmol), prepared by
the method of Tawney et al.,32 in EtOAc (35 ml) was added 1.15 ml
of an alcoholic KOH solution (3.05 M in 95% EtOH). A white pre-
cipitate formed immediately. The mixture was stirred for 0.4 hr,
filtered, and triturated with boiling benzene to yield the potassium
salt (0.54 g, 2.68 mmol, 73%) which was used without further puri-
fication. Ethyl bromoacetate (0.202 g, 1.21 mmol) in DMF (1.0 ml)
was added to the potassium salt of 5-norbornene-2,3-dicarboxi-
mide (0.303 g, 1.51 mmol) in DMF (2.0 ml). The resultant milky
white suspension was stirred for 0.5 hr. Crude 36 was chromato-
graphed on silica gel eluting with a benzene-EtOAc gradient. The
ester was isolated as a solid (0.250 g, 1.00 mmol, 83%): mp 56.5-58°
(1it.32 53°).

(B) Compound 15 was allowed to react with freshly distilled cy-
clopentadiene in the usual manner.3? The product of this reaction
was shown to be identical with compound 36 prepared by method
A. See Scheme L.

N-Carboxymethyl-5-norbornene-2,3-dicarboximide  (35).
(A) Glycine (5.00 g, 66.6 mmol) and 5-norbornene-2,2-dicarboxylic
anhydride (10.81 g, 65.8 mmol) were suspended in toluene (100
ml). EtgN (0.624 g, 6.17 mmol) was added and the solution was re-
fluxed for 20 hr while H;O was removed via a Dean-Stark appara-
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tus. The solvent was evaporated, the solid residue triturated with
0.12 N HCI, filtered, dissolved in saturated NaHCOs solution, and
extracted with EtOAc, the basic aqueous fraction acidified to pH 2
with concentrated HCl, extracted with CHCls, and dried (MgSOy),
and the CHCI; removed in vacuo to yield 35 (4.08 g, 18.4 mmaol,
28.0%): mp 150-152°,

(B) Compound 6 was allowed to react with freshly distilled cy-
clopentadiene in the usual manner.® The product of this reaction
was shown to be identical with compound 35 prepared by method
A. See Scheme 1.

N-Maleoylglycylglycinamide (40). HOBt (2.34 g, 15.3 mmol)
and 6 (0.778 g, 5.02 mmol) were added to a solution of glycinamide
hydrochloride (0.555 g, 5.02 mmol) and Et3N (0.505 g, 4.99 mmol)
in DMF (10 ml). The reaction mixture was cooled to 0° for 0.5 hr.
A solution of DCC (1.05 g, 5.09 mmol) in DMF (6 ml) was added
and the mixture stirred for 1 hr at 0° and room temperature for 2.5
hr. The reaction mixture was filtered, the DMF was removed in
vacuo, and after recrystallization from MeOH the peptide 40 was
isolated as a white solid (0.804 g, 3.81 mmol, 76.4%): mp 189.5—
192° dec. Anal. (CgHgN3Oy4) C, H, N.

N-Maleoyl-12-aminooctadecanoic Acid (14). A suspension of
12-aminooctadecanamide (5.77 g, 19.3 mmol) in 6 N HCI (105 ml)
was refluxed for 22 hr. The product was extracted from the reac-
tion mixture with EtOAc and precipitated in the cold to yield 12-
aminoundecanoic acid hydrochloride (5.51 g, 16.4 mmol, 85.0%):
mp 91-93°. The amino acid hydrochloride was dissolved in 50%
EtOH (100 ml) and the pH was adjusted to 7.6 with 2 N NH4OH.
The free amino acid which precipitated out (4.39 g, 14.7 mmol) was
added to maleic anhydride (1.40 g, 14.3 mmol) dissolved in HOAc
{24 ml). The mixture was stirred for 17 hr at room temperature.
HOACc was removed in vacuo, and the maleamic acid was obtained
as a pale yellow liquid (5.69 g, 14.3 mmol, 100%). The maleamic
acid (0.91 g, 2.29 mmol) was heated at 185° for 2 hr in a round-bot-
tom flask. A saturated bicarbonate solution was added to the
brown oil and the solution washed with EtOAc. Compound 14 was
isolated as a white solid from the EtOAc washings (0.19 g, 0.50
mmol, 21.8%). See Table I.

Reaction of N-Maleoyl Derivatives with Thiols. Various N-
maleoylamino acids, esters, and amides were mixed with equimolar
amounts of glutathione or benzylmercaptan in D20, Me2S0-ds, or
MeOH-d, and NMR spectra obtained immediately. In all cases the
singlet for the olefinic protons of the maleimide had disappeared
within 10 min of addition of the thiol.

Spectral Data of N-Maleoyl Derivatives. The N-maleoyl de-
rivatives exhibited the following general spectral behavior: NMR
6.67-6.78 (CDCls), 6.78-6.92 (MeOH-d ), 7.00-7.13 ppm (Me2SO-
dg), singlet for olefinic protons; uv A max (EtOH) 289- 298 nm (log
€ 2.64-2.79); ir 1720 em~! broad (KBr), imide and acid carbonyls.
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