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5-(2-Aminoacetyl)-1,3-dibenzyl-1 H,3H-2,1,3-benzo-
thiadiazole 2,2-Dioxide (6d). Hexamethylenetetramine (0.9 g)
was added to a solution of 6b (3.0 g, 0.0064 mol) in THF (200 mL).
The mixture was stirred for 3 h at room temperature and filtered,
the residue (crude 6¢) was dissolved by heating in a mixture of
methanol (50 mL) and 48% aqueous HBr (5 mL), and the solution
was refluxed for 3 h. The hot solution was cooled and water (25
ml) was added. The precipitate formed was filtered off and
recrystallized from methanol to yield pure 6d as the hydrobromide
(1.55 g, 52%) as white crystals, mp 210-222 °C. Anal. (Cyy-
HﬂNaOaS'HBl‘) C, H, N.
N-Benzyl-N-(3-acetylphenyl)trifluoromethanesulfon-
amide (9m). N-(3-Acetylphenyl)trifluoromethanesulfonamide!®
(8m; 6.75 g, 0.025 mol), benzyl bromide (4.7 g), and anhydrous
potassium carbonate (13.8 g) in acetone (125 mL) were refluxed
for 2 h, evaporated to low bulk, and partitioned between ether
(50 mL) and water (50 mL); the organic layer was evaporated to
yield the product 9m (9.7 g, 112%) containing a little occluded
solvent. Prolonged drying gave a pure sample, with satisfactory
spectra. Anal. (CygHF3NO;gS) C, H, N.
N-Benzyl-N-(4-acetylphenyl)trifluoromethanesulfon-
amide (9p) was obtained similarly to 9m, starting from 8p:¥ mp
55-57 °C (from petrol, bp 60-80 °C); yield 86%. Anal. (Cye-
H,F,:NO,S) C, H, N.
N-Benzyl-N-[3-(bromoacetyl)phenyltrifluoromethane-
sulfonamide (10m). Compound 9m (0.025 mol) in chloroform
(80 mL) was treated with 40% hydrogen bromide in acetic acid
(1 mL) and then bromine (4 g in 20 mL chloroform) was added
dropwise over 3 min. (The bromine was decolorized instanta-
neously; if the HBr/AcOH initiator was omitted, the reaction was
unreliable.) After 5 min, the mixture was evaporated to dryness
to give the desired product (quantitative) as an oil. Side-chain
bromination was confirmed by NMR (CDCl,), showing CH,;Br
at 6 4.26 (compare 9m CHj; at 4 2.45). Anal. TLC, accurate MS.
The 4-(bromoacetyl) isomer (10p) was obtained similarly
from 9p. Anal. TLC, MS.
N-Benzyl-N-[3-(2-bromo-1-hydroxyethyl)phenyl]tri-
fluoromethanesulfonamide (11m). Bromo ketone 10m (9.6 g,
0.022 mol) was stirred in methanol (100 mL) at 0-5 °C and sodium
borohydride (0.83 g, 0.022 mol) was added portionwise over 5 min.
The mixture was allowed to warm to ambient temperature over
0.50 h. The mixture was evaporated to dryness and the residue
was triturated with chloroform (2 X 50 mL); the chloroform layer
was evaporated to low bulk and filtered, and the filtrate (~5 mL)
was diluted with petrol, bp 40-60 °C (30 mL), depositing product
(6.2 g, 64%) in two crops. This product slowly solidified (mp 61-63
°C) and was of adequate purity for conversion to 12m. The mother
liquors slowly deposited a pure sample of 11m, mp 66-67 °C. Anal.
(CmHlﬁBl’FaNO3S) C, H, N.
N-Benzyl-N-[4-(2-bromo-1-hydroxyethyl)phenyljtri-
fluoromethanesulfonamide (11p), an oil, was prepared

(analogously to 11m) from 10p in 77% yield. Anal. TLC, accurate
MS

N-Benzyl-N-[3-(2-oxiranyl)phenyl]trifluoromethane-
sulfonamide (12m). A methanolic solution (100 mL) of crude
bromohydrin 11m (0.025 mol) was treated with aqueous 2 N
sodium hydroxide (25 mL to pH 11), then diluted with water (200
mL), and extracted with ether (200 mL). The ether extracts on
evaporation gave the crude product as an oil (8.0 g), which was
chromatographed over Kieselgel (Merck 60H no. 7736, 200 g),
developing and eluting with dichloromethane, collecting product
at Ry ~0.75. Evaporation of the fractions containing product gave
pure 12m (4.0 g 45%), mp 36-40 °C. Anal. (C,¢H,F3;NO;S) C,
H,N.

N-Benzyl- N-[4-(2-oxiranyl)phenyl]trifluoromethane-

sulfonamide (12p). Bromohydrin 11p (3.6 g, 0.00826 mol) in
methanol (30 mL) was treated with 4 N sodium hydroxide (4.3
mL) over 5 min, stirred for a further 5 min, and diluted with water
(60 mL), and the mixture was extracted with petrol, bp 40-60 °C
(4 X 20 mL), and ether (2 X 30 mL); the organic extracts on
evaporation yielded product 12p (an oil, 2.5 g, 85%) of high purity.
Anal. (CieHF3NO3S) H, N; C: caled, 53.78; found, 53.30.

4,4-Dimethoxybenzhydrylamine (15). From Chloride 17b.
4,4'-Dimethoxybenzhydrol (Aldrich; 7.33 g, 0.03 mol) in ether (100
ml) was saturated with hydrogen chloride. The mixture was
evaporated to dryness, and the residue was redissolved in ether
(80 mL), decanted from ~1 mL aqueous phase, and reevaporated
to yield 4,4'-dimethoxybenzhydryl chloride (7.7 g, 98%) as an oil,
which quickly solidified, mp 79-81 °C (lit.? 83-84 °C). This
chloride (0.5 g, 0.00191 mol) in chloroform (5 mL) was added to
chloroform (100 mL) saturated with ammonia gas (1.1 g) dropwise
with stirring; the mixture was stirred for 2 h and then washed
with water (2 X 20 mL); the chloroform layer on evaporation
yielded product 15 (0.5 g, 100%) as a clear oil, which solidified
(mp 50-54 °C): previously reported? as an oil.
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Alkylating Angiotensin IT Analogues:! Synthesis, Analysis, and Biological Activity
of Angiotensin IT Analogues Containing the Nitrogen Mustard Melphalan in
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Melphalan derivatives suitable for peptide synthesis, i.e., Boc-Mel and Mel-OBzl-HC], have been prepared, and the
integrity of their nitrogen mustard alkylating groups was examined by NMR, Volhard chlorine analysis, and colorimetric
assay with 4-(p-nitrobenzyl)pyridine. By using the sensitive colorimetric assay, the stability of melphalan toward
conditions commonly used for peptide synthesis, purification, and bioassay was evaluated. Further qualitative and
quantitative assessment of the integrity of nitrogen mustard groups in angiotensin II was attempted in order to
evaluate the significance of the observed biological results. [Ac-Asn!,Mel®]angiotensin II was a potent competitive
antagonist of angiotensin II in vitro (rat uterus) but a transient and reversible inhibitor in vivo.

Although a wide scope of effects has been shown for
many peptide hormones, their clinical application has been

fairly limited,? partially due to the rapid inactivation of
these peptides in vivo. One approach to counter this lim-

0022-2623/81/1824-1304$01.25/0 © 1981 American Chemical Society



Alkylating Angiotensin II Analogues

itation has been accomplished by introducing enzymatic-
resistant features into strategic positions of the peptides.®4
Another direction to develope ultra-long-acting therapeu-
tics in general has been the use of alkylating analogues,
such as those of oxymorphone® and naltrexone.® The
latter inhibitor produced selective and sustained blockade
(over 3 days) of the mice opioid receptors at a significantly
lower dosage than the parent naltrexone. These findings
illustrate the potential benefits of affinity-labeling ligands,’
which can associate with the receptors irreversibly on a one
to one basis. In contrast, a large excess of competitive
ligands is required to occupy a receptor because of their
reversible nature of binding. Unfortunately, affinity la-
beling requires the presence of a suitable receptor nu-
cleophile and its proper alignment with the alkylating
group in order for alkylation to occur. Although this lim-
itation can be partially overcome by the photoaffinity
labeling agents, #1° which have found wide application in
in vitro systems due to their unusual reactivity upon ir-
radiation, a generalized method for photoactivation in vivo
has yet to be developed.

In angiotensin II, Asp-Arg-Val-Tyr-Val-His-Pro-Phe,
prolonged inhibition of the target tissues of guinea pig
ileum! and rat uterus!? had been demonstrated for
[chlorambucil}]angiotensin II, which specifically blocked
further tissue response toward angiotensin II for over 6 h.
More recently, similarly prolonged inhibition (2-6 h) of
the rabbit aorta and rat stomach receptors was elicited by
photoaffinity labeling analogues of antiotensin IL.%4
These results clearly demonstrate that the affinity-labeling
approach can prolong the transient effect of peptides,
which in the case of angiotensin II normally lasts for
several minutes.!%¢ However, irreversible blockade of the

(1) (a) The abbreviations used to denote amino acids and peptides
are those recommended by the [UPAC-IUB Commission on
Biochemical Nomenclature [J. Biol. Chem., 247, 977 (1972)
and Biochemistry, 14, 499 (1975)]. (b) This report was pres-
ented in part. See “Abstracts of Papers”, 172nd National
Meeting of the American Chemical Society, San Francisco, CA,
1976, American Chemical Society, Washington, DC, 1976,
Abstr MEDI 015.
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University Press, New York, 1973; (b) Annu. Rep. Med.
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Physiol., 232, H223 (1977); (b) T. B. Paiva, M. E. Miyamoto,
and A. C. M. Paiva, Pharmacology, 12, 186 (1974).

(13) E. H. F. Escher, T. M. D. Nguyen, G. Guillemette, and D. C,
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Table I. Relative Stability of Melphalan toward
Various Solvent Mixtures

approximate time, h, for

solvent 50% dec 25% dec
CH,CI, ND¢ ND
DMF ND ND
4 N HCl/dioxane ND ND
25% F,AcOH/ ND ND
CH,Cl,
5% Et,N/CH,Cl, 66 38
BAW (4:1:5)b ND 90
BPAW (8:1:2:9)¢ ND 72
1 N NH,OAc 10 4
10% AcOH 20 12
normal saline 42 31

@ Not detectable in 6 days. ? The upper organic phase
of the mixture of 1-butanol-acetic acid-water in the ratio
of 4:1:5, ¢ The upper organic phase of the mixture of
é-butanol-pyridine-acetic acid-water in the ratio of

:1:2:9,

angiotensin response in vivo was not demonstrated by
either inhibitor.}¥* Because position 1 of angiotension II
does not participate strongly in either binding or activation
of the receptor,!” it is possible that while [chlor-
ambucill]angiotensin II might bind tightly to the tissues
either covalently or noncovalently, it did not alkylate the
receptor. Since receptor activation is primarily by posi-
tion-8 phenylalanine and, to a lesser extent, by position-4
tyrosine,1”-2! these residues become inviting candidates for
introducing a specific affinity label because of their access
to the angiotensin II receptor active center.

Among the clinically and experimentally tested alkyla-
ting groups,?>* some are only suitable for NH, substi-
tution of a peptide, i.e., chlorambucil and bromoacyl and
chloroacyl, while others are exclusively for COOH deriv-
atization, i.e., aldehyde, chloromethyl ketone, isocyanate,
imido ester, and methanesulfonate. For side-chain mod-
ification, melphalan (Mel), which contains a bulky nitrogen
mustard attached to a para position of phenylalanine, is
attractive in that bulky substituents in position 8 of an-
giotensin II have been shown to produce angiotensin in-
hibitors with low residual agonistic activities.!8!°
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Previously, [melphalan®]angiotensin II was reported by
Park et al. to have insignificant pressor activity (0.3%),%
although it was not shown whether the nitrogen mustard
remained intact. Neither the inhibitory activity nor the
detailed chemistry of this analogue was described. In order
to address these questions, we extended their study and
prepared [Ac-Asn!,Mel®]AIl, as well as its benzyl and
methyl ester analogues, in the hope to minimize potential
undesirable interaction of the nitrogen mustard with the
amino and the carboxylate termini. Furthermore, the
integrity of the alkylating group in melphalan and its
derivatives was established by NMR spectroscopy and
chlorine analyses, and the results were further corroborated
by a sensitive colorimetric assay. This assay was used to
evaluate the stability of melphalan toward various con-
ditions used for peptide synthesis, purification, and
bioassay and was further applied to thin-layer chroma-
tography to detect nitrogen mustard containing com-
pounds in general. Finally, the inhibitory activities of these
angiotensin analogues both in vitro and in vivo were
evaluated.

Results and Discussion

Synthesis of melphalan and its derivatives was ex-
tensively investigated by Bergel and Stock and their as-
sociates.”>% However, in these early studies, the NH, and
the COOH termini of melphalan were protected by groups
which were not readily removable, such as the phthalyl,
the ethyl ester, and the amide. We, therefore, introduced
the widely used tert-butyloxycarbonyl (Boc) and benzyl
ester (OBzl) groups into melphalan. In addition, the
methyl ester of melphalan was prepared and incorporated
into angiotensin II.

Although esterification of melphalan?” proceeded
smoothly and nearly quantitatively, separation of the
methyl and benzyl esters of melphalan from the unreacted
amino acid or from benzyl alcohol and other side products
could not be easily achieved by countercurrent distribution
or by recrystallization. We observed that dry column
chromatography using vacuum-packed silica gel efficiently
purified the melphalan derivatives and gave homogeneous
products containing the theoretical amount of nitrogen
mustard.

In accordance with findings of Bergel et al.,” conden-
sation of the Ac-Asn-Arg-Val-Tyr-Val-His-Pro hepta-
peptide with melphalan ester derivatives (2-3 mol excess)
by dicyclohexylcarbodiimide and 1-hydroxybenzotriazole®
(DCC/HOBY) in dimethylformamide (DMF) presented no
difficulty. Amino protection of melphalan also proceeded
smoothly to Boc-Mel upon treatment with Boc-azide and
triethylamine in acetonitrile.®

However, removal of various protection groups can be
problematic. Although the nitrogen mustard group of
chlorambucil appeared stable toward HF treatment and
AcOH extraction,®? TLC analysis showed that storage (24
h) of melphalan in either trifluoroacetic acid (FsAcOH) or
triethylamine (Et;N) produced a significant amount of side

(25) W. K. Park, C. Choi, F. Rioux, and D. Regoli, Can. J. Bio-
chem., 52, 113 (1974).

(26) F. Bergel, V. C. E. Burnop, and J. A. Stock, J. Chem. Soc.,
1223 (1955).

(27) F. Bergel and J. A. Stock, J. Chem. Soc., 3658 (1960).

(28) J. M. Johnson and J. A. Stock, J. Chem. Soc., 3806 (1962).

(29) F. Bergel, J. M. Johnson, and R. Wade, J. Chem. Soc., 3802
(1962).

(30) W. Konig and R. Geiger, Chem. Ber., 103, 788 (1970).

(31) N.F. Estrin, A. A. Alemany, and D. F. DeTar, Biochem. Prep.,
13, 18 (1971).

(32) R. J. Freer and J. M. Stewart, J. Med. Chem., 15, 1 (1972).
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products. Further evaluation by the sensitive colorimetric
assay indicated that the nitrogen mustard of melphalan
was stable toward F3AcOH/CH,Cl, (25%) but was de-
composed to a large degree by Et;N/CH,Cl, (Table I).
These findings suggest that repetitive deprotection by
F3AcOH/CH,CI, in peptide synthesis may be less pref-
erable than by 4 N HCl/dioxane, which, because of its
mineral acid nature, did not require excessive neutraliza-
tion by EtsN/CH,Cl,, While deprotection (1.5 h) of
Mel-OBzI-HC] by HBr-saturated trifluoroacetic acid or
HBr-saturated acetic acid® resulted in incomplete removal
of the ester group, alternative treatment (0.5 h) of Mel-
OMe-HCl and Mel-OBzI-HC1 with boron tribromide® was
equally unsatisfactory. When catalytic hydrogenation of
Mel-OBzl-HCl in DMF was examined, the benzyl group
was removed completely within 10-20 min, and excessive
hydrogenolysis was not observed within 3 h. Nevertheless,
prolonged hydrogenation or excessive hydrogen pressure
was found to convert the melphalan generated in situ to
additional ninhydrin-positive side products, probably
through reductive elimination® of the chlorine molecules
in the mustard.

Physicochemical Analyses of Melphalan and Its
Derivatives. A variety of alkylating ethylenimine com-
pounds were thoroughly studied by NMR,* titration,3-%
and colorimetric assays.®* Of the various methods,
NMR and titration analyses are suitable for simple de-
rivatives of melphalan but are less useful for the more
complex peptides. The small amount of mustard in these
compounds can not be adequately measured because of the
low sensitivity of these methods in addition to potential
interference by other functional groups. On the other
hand, the colorimetric assay using 4-(p-nitrobenzy)pyridine
appears to be well suited for melphalan-containing pep-
tides because of its specificity for alkylating halogens but
not for ionic halides. In addition, its high sensitivity*4!
(10® mol) in theory will permit small samples of a peptide,
i.e., as little as 0.01 mg for a peptide with a molecular
weight of 1000, to be analyzed accurately for its molecular
content of nitrogen mustard, if standard curves for the
respective melphalan derivatives can be obtained.

In order to explore this possibility, we first examined
the presence of reactive nitrogen mustard in melphalan
and its ester derivatives by NMR according to reported
procedures.®®¥ Although the characteristic triplet pair
(A;B,) of the nitrogen mustard was observed for Mel-HCl
(6 3.68, 4.03) and Mel-OMe-HCI-H,0 (5 3.5, 4.1), Mel-
OBzI-HCl] was too sparingly soluble in deuterated water
to permit meaningful analysis. Subsequent neutralization
of the samples by NaO%H further reduced their solubility,
and formation of the cyclic aziridinium intermediates could

(33) (a) M. J. Marquisee and J. C. Kauer, J. Med. Chem., 21, 1188
(1978); (b) A. M. Felix, J. Org. Chem., 39, 1427 (1974).

(34) 1. D. Entwistle, A, E. Jackson, R. A. W. Johnstone, and R. P.
Telford, J. Chem. Soc., Perkin Trans. 1, 443 (1977).

(35) P.L. Levins and Z. B. Papanastassiou, J. Am. Chem. Soc., 87,
826 (1965).

(36) J. R. Sowa and C. C. Price, J. Org. Chem., 34, 474 (1969).

(37) W. C. J. Ross, J. Chem. Soc., 2257 (1950).

(38) L. A, Elson, A, Haddow, F. Bergel, and J. A. Stock, Biochem.
Pharmacol., 11, 1079 (1962).

(39) E. Allen and W. Seaman, Anal. Chem., 27, 540 (1955).

(40) J. Epstein, R. W. Rosenthal, and R. J. Ess, Anal. Chem., 27,
1435 (1955).

(41) E. Sawicki, D. F. Bender, T. R. Hauser, R. M. Wilson, and J.
E. Meeker, Anal. Chem., 35, 1479 (1963).

(42) O. M. Friedman and E. Boger, Anal. Chem., 33, 906 (1961).

(43) O. Klatt, A, C. Griffin, and J. S. Stehlin, Proc. Exp. Biol. Med.,
104, 629 (1960).
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not be monitored adequately. When Boc-Mel or its
well-characterized dicyclohexylamine salt (Boc-Mel-
DCHA) was dissolved in deuterated chloroform instead,
an 8-proton singlet at 3.60 ppm was observed for their
bis(2-chloroethyl) groups. Because identification of the
reactive nitrogen mustard based on NMR assignments
proved tenuous, the various derivatives were subsequently
characterized by elemental analyses, which were supple-
mented by Volhard titration to quantitatively determine
the amount of ionic and covalent chlorine present in these
compounds. For example, direct titration (method A) of
10-20 mg samples indicated the lack of free chloride in Mel
and Boc-Mel-DCHA but gave 1 mol of chloride per mole
of melphalan ester derivatives. Simultaneous treatment
of the samples with excess NaOH (method B) released the
covalently bound chlorine quantitatively, and subsequent
titration gave the total moles of chloride and chlorine in
each mole of melphalan derivative, i.e., 2 for Mel, 2 for
Boc-Mel-DCHA, 3 for Mel-OMe-HCI-H,0, and 3 for
Mel-OBz-HCl.

Stability of Melphalan. As the integrity of the mel-
phalan derivatives was thus demonstrated, establishment
of the colorimetric standard curves for Mel, Mel-OMe-
HCI-H,0, Mel-OBzI-HCl, and Boc-Mel was attempted by
using the procedures of Klatt, Griffin, and Stehlin.¥® The
results were unsatisfactory in that the color yields of
melphalan always decreased with time, even when the
standard solutions were stored at —20 °C, while the color
yields of the ester derivatives also varied. Further analysis
of these solutions by TLC indicated partial hydrolysis of
the esters as well as gradual decomposition of the nitrogen
mustard in 25% ethanol/saline or ethanol /water. Since
significant (20%) and rapid (30 min) loss of nitrogen
mustard was similarly observed in aqueous acetone* and
in blood,*® it became important to examine the stability
of melphalan toward various conditions commonly used
for peptide synthesis, purification, and bioassay.

This was accomplished by using the colorimetric assay
to evaluate the amount of residual nitrogen mustard from
melphalan stored in the solvent CH,Cl,, DMF; the de-
protection reagent F3AcOH/CH,Cl,, HCl/dioxane; the
neutralization reagent Et;N/CH,Cl,; the countercurrent
distribution system BAW, BPAW; NH,OAc solution for
ion exchange; aqueous AcOH for gel filtration or lyophi-
lization; or normal saline for bioassay. The results (Table
I) indicated that while melphalan was relatively stable
toward the organic mixtures, it was rapidly decomposed
by aqueous protic solvents. Evaporation of the melphalan
solutions (after 6 days) to dryness in a vacuum dessicator,
followed by TLC analysis of the residues, further corrob-
orated these findings. Thus, substantial loss of nitrogen
mustard is possible during conventional column chroma-
tography, countercurrent-distribution purification, and
lyophilization of melphalan-containing peptides. In ad-
dition, the surprisingly rapid loss of melphalan in normal
saline suggests that solutions containing melphalan pep-
tides should be prepared immediately before the bioassay
experiment.

Standard Curves of Melphalan and Derivatives.
Since the nitrogen mustard compounds were poorly soluble
in most nonaqueous and aprotic solvents, except in di-
methyl sulfoxide (Me,SO), the compatibility of this solvent
with various melphalan derivatives was investigated next.
In addition to the colorimetric analysis which indicated
that the nitrogen mustard contents did not diminish upon
prolonged storage (—20 °C) with frequent thawing in the

(44) F. Bergel and J. A. Stock, J. Ckem. Soc., 2409 (1954).
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Figure 1. Determination of Mel, Mel-OMe-HC1-H,0 (1), Mel-
OB:zI-HCI (2), and Boc-Mel (3) with 4-(p-nitrobenzyl)pyridine.

readily freezable Me,SO (mp 18.5 °C) for over a month,
subsequent examination of the solutions by TLC further
indicated the presence of the appropriate melphalan de-
rivatives only.

Although storage of melphalan compounds in Me,SO
considerably improved their stability, the Klatt procedure®
was still unsatisfactory in that duplicate samples often
exhibited variations in their color yields. When the pro-
cedure was further modified by dissolving 4-(p-nitro-
benzyl)pyridine in a mixture of Me,SO, aqueous AcOH,
and 2-butanone, thus permitting chromogenic reaction
with the nitrogen mustard compounds in a homogeneous
rather than a two-phase system, the reproducibility of the
assay was significantly improved, and the resultant
standard curves are shown in Figure 1.

When we used the modified procedure, [Ac-
Asn! Melf]AIl was shown to contain 62% of the theoretical
amount of nitrogen mustard, whereas [Ac-Asn!,des-
Phe®] ATl lacking melphalan was indistinguishable from the
reagent blank. This value is in reasonable agreement with
the peptide content (75%) found in the same sample,
;)vhich vaas shown to contain minor decomposition products

y TLC.

TLC Detection of Melphalan and Melphalan-Con-
taining Peptides. Since thin-layer chromatography
(TLC) is often used to monitor the progress of chemical
reactions and to assess the purity of various compounds,
combination of its high resolution power with the unusual
sensitivity of the colorimetric assay can, in theory, dis-
tinguish closely related melphalan derivatives in microgram
quantities. We tested this possibility by applying the
colorimetric procedure to TLC and observed that mel-
phalan derivatives were detectable at the 1-5 ug level, a
sensitivity equal to those of the Pauly (1 ug of histidine)
and chlorine-toluidine (10 ug) sprays for peptides.t
Conjunctive application of fluorescamine-melphalan
sprays with the Pauly and chlorine-toluidine sprays on
different sections of a TLC plate, containing both simple
and complex melphalan derivatives developed in an ap-
propriate solvent, enabled sensitive and selective detection
of the amino- and melphalane-containing compounds from
the mixture of tyrosine- and histidine-bearing peptides.

Biological activity for angiotensin II analogues con-
taining melphalan was evaluated in the oxytocic and
pressor assays. In isolated rat uterine strips, [Ac-

(45) J. M. Stewart and J. D. Young, “Solid Phase Peptide
Synthesis”, Freeman, San Francisco, 1969.
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Figure 2. Inhibition of [Asn!]angiotensin II induced rat uterine
contraction by analogues containing melphalan in position 8:
[Ac-Asn!,Mel®]AIl, [Ac-Asn!,Mel-OMe®]AIl, and [Ac-Asn! Mel-
OBzI®) AIL

Asn!,Mel®]AIl antagonized the effect of angiotensin II
(Figure 2) in a dose-dependent manner, with a pA, of 8.50
+ 0.11. Exposure of the tissue preparations to a large
dosage (20 ng/mL) of this analogue, followed by thorough
washing (4 times), reduced the tissue responsiveness to-
ward All, although maximal contraction could still be
elicited. Such reduced sensitivity lasted for 2-3 h, a du-
ration longer than that reported for tissue recovery from
tachyphylaxis (30 min).!2 Thus, the melphalan analogue
appeared to inhibit angiotensin II reversibly but with a
prolonged effect similar to that of an irreversible inhibitor.
Similarly, [Ac-Asn!,Mel-OMe?]AIl and [Ac-Asn!,Mel-
OB:zI®]AIl inhibited the oxytocic effect of AIl with the
respective antagonistic potencies of about one-tenth and
one-hundredth of that for [Ac-Asn! Mel?]AIL

In pentobarbital-anesthesized, phenoxybenzamine- and
propanolol-treated rats, bolus injection of [Ac-
Asn!, Mel®JAII inhibited the pressor response toward AII
(data not shown). However, this inhibition was both re-
versible and transient, indicating possible rapid degrada-
tion of the inhibitor, as well as its lack of irreversible
inhibition.

Conclusion

Our results with the physicochemical analyses of various
melphalan derivatives suggested that the colorimetric assay
using 4-(p-nitrobenzyl)pyridine could be a useful tool for
qualitative or quantitative assessment of microgram levels
of the nitrogen mustard moiety in peptides. Furthermore,
certain aqueous solvents, as well as alkaline or nucleophilic
environments encountered in peptide synthesis, purifica-
tion, or bioassay, were shown detrimental to the alkylating
group.

Because a major application of the affinity labels is to
probe receptoral conformation and topography in addition
to their potential for selective and irreversible receptor
blockade, it is important to demonstrate the integrity of
the alkylating group in the probe prior to its biological
analyses. By using the colorimetric assay in conjunction
with TLC, the presence of the nitrogen mustard group in
[Ac-Asn!, Mel3]AIl was established, yet results of the ox-
ytocic and the pressor assays clearly indicated that this
analogue did not alkylate the receptor. This finding,
supplementing the previous proposal that the receptor sites
essential for biological activity are primarily of a hydro-
phobic and aromatic nature,2! further suggests the absence

Hsieh, Marshall

in these sites of an appropriate nucleophile adjacent to the
alkylating nitrogen mustard. However, [Ac-Asn!,Melf]AIl
appeared to inhibit angiotensin II on a one to one basis
in rat uterine preparations, suggesting high affinity of the
inhibitor to the receptor with slow dissociation, a finding
which was not observed in vivo. Similarly, Park et al.
reported insignificant agonistic activity (0.3%) for
[Ile5,Mel®]AII in vivo,? while Paiva et al. reported irre-
versible inhibition in vitro but not in vivo for [chlor-
ambucil!]AIL} Since plasma is abundant in proteolytic
enzymes, the significantly reduced potency of [Ac-
Asn!, Mel®]AIl in vivo suggests that the affinity-labeling
approach alone may be insufficient to produce long-acting
peptide inhibitors and that combination of proteolytic
resistance with affinity labeling may be necessary for the
development of therapeutically useful peptides.

Experimental Section

All chemicals were of reagent grade. N©°-(tert-Butyloxy-
carbonyl)-substituted L-a-amino acids were supplied by Bachem,
Inc., Torrance, CA. Melphalan was a generous gift from Burroughs
Wellcome Co., Research Triangle Park, NC. Anhydrous HCl in
dioxane (4 N) was obtained from Pierce Chemical Co., Rockford,
IL. 1-Acetylimidazole and 2-butanone were obtained from Aldrich
Chemical Co., Milwaukee, WI, and 4-(p-nitrobenzyl)pyridine was
from Sigma Chemical Co., St. Louis, MO. Silica gel (CC-7, neutral,
100-200 um) for dry column chromatography of melphalan-con-
taining compounds was supplied by Mallinckrodt, MO, and was
washed with the appropriate solvents and dried in vacuo prior
to column packing. Melting points (Thomas-Hoover Uni-melt)
are uncorrected. Microanalyses were performed by the Robertson
Laboratory, Florham Park, NJ. Proton magnetic resonance
spectra in deuterated water using sodium 3-(trimethylsilyl)-
proprionate-2,2,3,3-d, as internal reference or in deuterated
chloroform containing tetramethylsilane were obtained on a Varian
Associates T-60 (60 MHz). Absorbance measurements were ob-
tained on a Gilford Model 240 spectrophotometer. Homogeneity
of melphalan derivatives and of the synthetic peptides was as-
sessed by thin-layer chromatography (TLC) on Merck precoated
silica gel glass plates (Type G60-F254) in different solvent systems:
1, chloroform-methanol (9:1); I, 1-butanol-acetic acid—water (4:1:5,
upper phase); III, 1-butanol-pyridine—acetic acid-water (8:1:2:9,
upper phase); IV, sec-butyl alcohol-3% NH,OH (100:44). The
products were identified by a combination of UV, fluorescamine,
chlorox-toludine, and Pauly sprays, and by the melphalan spray
as described under Experimental Section. For melphalan content
analysis, stock solutions of the melphalan-containing peptides
(10 gmol/mL of Me,SO) were used for the colorimtric assay and
for obtaining their peptide contents by hydrolyzing samples
containing norleucine as an internal standard in 6 N HCI con-
taining 0.2% phenol at 110 °C for 24 h in sealed tubes. Amino
acid analyses were performed on a Beckman Model 119 analyzer
equipped with a Beckman system AA computing integrator.

Melphalan Methyl Ester Hydrochloride Salt Mono-
hydrate (Mel-OMe-HCI'H,0; 1). Melphalan (5 g, 14.7 mmol)
was suspended in 50 mL of methanol, and the suspension was
saturated with anhydrous HCI for 2 h at room temperature,
followed by evaporation to dryness. The residue was washed with
anhydrous ether, and dissolved in CH;OH. The methanolic so-
lution was applied immediately on a vaccum-packed, dry column
(2 X 100 cm) of silica gel and eluted with a mixture of 9:1
CHCl3/CH,0H. The eluates were analyzed by TLC, and the
appropriate fractions were combined and evaporated to dryness.
The residue was crystallized from CH;OH-CHCl3-Et,0 to give
2.9 g (55% yield) of 1: TLC R, (I) 0.41, R, (II) 0.46, R, (III) 0.53,
Ry (IV) 0.64; mp 165.5-166.5 °C; IH NMR (3H,0) 5 3.35 (d, 2 H,
J =7 Hz, Cs Hy), 3.60 (t, 4 H, J = 6 Hz, 2 CH,N), 3.80 (s, 3 H,
COOCH,), 4.10 (t,4H,J = 6 Hz, 2 CH,C]), 443 (t, 1H,J =7
Hz, C H), 7.53 (s, 4 H, C¢H,). H NMR for the reference mel-
phalan in 2H,0-?HCI showed resonance bands at & 3.35 (d, 2 H,
J = 7Hz, Cs H,) 368 (t, 4 H, J = 5 Hz, 2 CH;N), 4.03 (t, 4 H,
J = 5 Hz, 2 CH,Cl), 4.37 (t, 1 H,J = 7T Hz, C, H), 7.48 (s, 4 H,
CgH,). Anal. (C(H33N;0,Cly) C, H, N; Cl: Caled, 28.4; found,
27.8.
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Preliminary attempts to purify this compound by methods
other than dry column chromatography, such as acid-base ex-
traction or countercurrent distribution (4:1:5, 1-butanol-acetic
acid—water), produced heterogeneous material.

Melphalan benzyl ester hydrochloride salt (Mel-OBzl-
HCI; 2) was prepared from melphalan (5 g, 14.7 mmol) and benzyl
alcohol (50 mL, 450 mmol) and purified by dry column chro-
matogtaphy on silica gel as described for 1. The product was

from methanol-2-propanol—chloroform—ether to give
2 4 g (38% yield) of 2: TLC R; (I) 0.55, R, (IT) 0.57, R; (III) 0.68,
Ci (IV) 0.72; mp 209-210 °C. Anal (CooH5N-0,Cly) C, H, N,

Coumpound 2 was only sparingly soluble in ?H,0 or in 1:1
deuterated water-methanol. No meaningful NMR analysis was
obtained.

N (tert-Butyloxycarbonyl)melphalan (Boc-Mel; 3).
Melphalan (5 g, 14.7 mmol), tert-butyoxycarbonyl azide (2.6 g,
18 mmol), and triethylamine (9 mL, 65 mmol) were stirred in 60
mlL of acetonitrile at room temperature for 3 days. The mixture
was evaporated to dryness, dissolved in ether, and washed with
1 N HCI, H;0, and dried (Na,SO,). The ether solution was
evaporated to dryness, and the residue was chromatographed on
a dry column (2 X 50 cm) of silica gel as described for 1. Evap-
oration of the appropriate eluate fractions gave 5.12 g (86% yield)
of an oil, which solidified upon prolonged freezing: TLC R; (I)
0.31, R; (II) 0.80, R, (IIT) 0.84, R, (IV) 0.36; 'H NMR (CDC{;,) )
14 (s,9H, C4H9060), 3.02(d,2 HJ =6 Hz, C;4Hy), 3.60 [s, 8
H, N(CH,CH,Cl),], 4.43 1 H, C, H), 4.88 (1 H, N, H), 6.48 and
7.02 (2d, 4 H, J = 9 Hz, C;H)), 10.30 (s, 1 H, COOH).

Neutralization of a sample of 3 in ether with dicyclohexylamine
in petroleum ether (bp 30-60 °C) produced a crystalline precip-
itate, which was recrystallized from ether-petroleum ether to give
Ne-(tert-butyloxycarbonyl)melphalan dicyclohexylammonium salt
(4), mp 134-136 °C; the 'H NMR (CDCl,) spectrum of 4 was
identical with that for 3, except for the absence of a COOH
resonance and the presence of bands for the dicyclohexyl-
ammonium salt. Anal. (CyHgN;0,CL) C, H, N, ClL

Ac-Asn-Arg-Val-Tyr-Val-His-Pro (5) was prepared by
Merrifield’s stepwise solid-phase method.* Boc-Pro was attached
to the chloromethylated polymer of polystyrene-1% divinyl-
benzene through the cesium salt procedure.*” F;AcOH/CH,Cl,
deprotection of Boc-Pro-resin (8 g, 4 mmol), followed by neu-
tralization and sequential incorporation of Boc-His(Tos) with
HOBT, Boc-Val, Boc-Tyr(Bzl), Boc-Val, Boc-Arg(Tos), and Ac-
Asn with HOBT, by dicyclohexylcarbodiimide gave the fully
protected peptide-resin. Cleavage of the peptide from the resin
by HBr/F;AcOH, followed by HF/anisole treatment of the
peptide, gave 3.04 g of product.

A portion (2.7, g) of this was purified by countercurrent dis-
tribution in 1-butanol-pyridine—acetic acid—water (8:1:2:9) for 1200
transfers, and the appropriate fractions were combined to give
900 mg (36% yield) of 5: TLC R, (II) 0.15, R, (III) 0.16. An acid
hydrolysate had the following amino acid ratios: Asp, 1.11; Arg,
0.98; Val, 2.02; Tyr, 0.93; His, 1.01; Pro, 0.92.

Ac-Asn-Arg-Val-Tyr-Val-His-Pro-Mel-OMe (6). Mel-
OMe-HCI-H;0 (36 mg, 100 umol), the heptapeptide 5 (50 mg, 50
pmol), and hydroxybenzotriazole monohydrate (9 mg, 60 umol)
were dissolved in 5 mL of dimethylformamide, and dicyclo-
hexylcarbodiimide (12 mg, 60 umol) was added. The mixture was
stirred at 60 °C for 20 h and evaporated to dryness in vacuo. The
residue was washed with CH,Cl,;, EtOAc, and Et,0 and chro-
matographed on a dry column (1 X 12 cm) of silica gel. The
peptide was eluted with the organic phase of the solvent mixture
of 8:1:2:9 of 1-butanol-pyridine-acetic acid-water, and the eluate
was analyzed by TLC. The appropriate fractions were combined,
evaporated to dryness, and lyophilized from aqueous dioxane to
give 25 mg (40% yield) of 6 containing traces of contaminants:
TLC R, (II) 0.27, R; (III) 0.36. Melphalan analysis of a sample
indicated the presence of 32% of reactive nitrogen mustard ac-
cording to the standard curve for Mel-OMe-HCI-H;0. An acid
hydrolysate had the following amino acid ratios: Asp, 1.07; Arg,
0.98; Val, 2.00; Tyr, 1.02; His, 0.95; Pro, 0.93; peptide content 34%.

(46) R. B. Merrifield, J. Am. Chem. Soc., 85, 2149 (1963).
(47) B.F. Gisin, Helv. Chim. Acta, 56, 1476 (1973).
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Melphalan subjected to either acid hydrolysis or NH,OH treat-
ment did not elute from the column during regular amino acid
analysis. Based on the observed melphalan content and peptide
content, the ratio of melphalan present in the peptide was
0.32/0.34 or 0.94.

Ac-Asn-Arg-Val-Tyr-Val-His-Pro-Mel-OBzl (7). Mel-
OB:zI-HCI (216 mg, 0.5 mmol), the heptapeptide 5 (200 mg, 0.2
mmol), and hydroxybenzotriazole monohydrate (38 mg, 0.24
mmol) were dissolved in 10 mL of dimethylformamide, and di-
cyclohexylcarbodiimide (102 mg, 0.25 mmol) was added. The
mixture was stirred at 60 °C for 7 h and evaporated to dryness
in vacuo. The residue was washed with CH,Cl,, EtOAc, and Et,0
and chromatographed on a dry column (1 X 12 cm) of silica gel
as described for 6. The appropriate eluate fractions were combined
and evaporated to dryness, and the residue was precipitated from
DMF-Et,0 to give 235 mg (82% yield) of 7 containing traces of
contaminants: TLC R, (II) 0.27, R, (IIT) 0.38. Melphalan analysis
of a sample indicated the presence of 70% of reactive nitrogen
mustard according to the standard curve for Mel-OBz'HCL. An
acid hydrolysate had the following amino acid ratios: Asp, 1.06;
Arg, 0.98; Val, 0.99; Tyr, 1.04; Val, 0.99; His, 0.95; Pro, 0.95; peptide
content 81%; with a calculated ratio of 0.86 for melphalan.

Ac-Asn-Arg-Val-Tyr-Val-His-Pro-Mel (8) was prepared by
hydrogenolysis of a suspension of 220 mg of 7 and 85 mg of 10%
Pd/C in 5 mL of DMF at 1 atm of H, for 1.5 h. The suspension
including the Pd/C catalyst was evaporated to dryness in vacuo,
and the residue was immediately chromatographed on a dry
column (1 X 12 ¢m) of silica gel as described for 6. The appropriate
fractions were combined and evaporated to dryness, and the
residue was precipitated from DMF-Et,0 to give 142 mg (51%
yield) of 8 containing traces of contaminants: TLC R; (II) 0.23,
R; (III) 0.27. Melphalan analysis of a sample indicated the
presence of 62% of reactive nitrogen mustard according to the
standard curve for Boc-Mel. An acid hydrolysate had the following
amino acid ratios: Asp, 1.03; Val, 0.98; Tyr, 1.02; Val, 0.98; His,
0.98; Pro, 0.99; peptide content 75%; with a calculated ratio of
0.83 for melphalan.

Chloride and Chlorine Analyses by Volhard Titration.
Method A. Approximately 10- to 20-mg samples were dissolved
in 1 mL of HNOj; and sequentially added 10 mL of 0.02 N AgNO,
and 5 drops of FeNH,(S0,),-12H,0 indicator solution, and the
mixtures were titrated with 0,02 N KSCN until a reddish-brown
color appeared. The amount of ionic chloride present in the
samples could be evaluated from the amount of AgNO; consumed,
which was the difference between the milliequivalents of KSCN
used and the milliequivalents of AgNO; added.

Method B was identical with method A, except that samples
were first treated with 0.5 mL of 10 N NaOH and 0.5 mL of
glycerin at 130 °C for 20 min to release covalently bound chlorine
from the nitrogen mustard group. The samples were subsequently
neutralized with 3 mL of AcOH and 1 mL of HNOj; and titrated
as above.

Calibration curves for Mel, Mel-OMe-HCI-H,0, Mel-
OBzl-HC], and Boc-Mel were established for standard solutions
containing, respectively, 0.1, 0.2, 0.4, and 0.6 mM compounds in
Me;SO. The chromogenic reagent was prepared by mixing 12
mL of 5% 4-(p-nitrobenzyl)pyridine in 2-butanone with the
mixture of 30 mL of Me;SO and 50 mL of 0.2% AcOH. For the
colorimetric assay, samples (0.5 mL) were vortexed with the
chromogenic reagent (4 mL) in capped test tubes, which were then
heated at 100 °C for 30 min and cooled by centrifugation at 4
°C for 15 min. Mixing of this solution with an equal volume (e.g.,
1 mL each) of 50% triethylamine in ethanol-2-propanol (2:1:1,
v/v) produced a purple solution, the absorbance of which was read
immediately at 565 nm. For a reagent blank, 0.5 mL of Me,SO
was reacted with the chromogenic reagent as above.

This modified procedure gave highly reproducible results
(within £3% variation) not only among duplicate samples but
also between different experiments, probably because errors
produced by multiple pipettings of the original procedure* were
significantly reduced by dispensing all reagents in a single solution
and through a single dispension. In addition, the resultant solution
permitted subsequent chromogenic reaction to proceed homo-
geneously to a steady state under a more vigorous condition than
that of )the reported procedure*® (100 °C for 30 min vs. 80 °C for
15 min).
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Sensitivity of melphalan spray was evaluated by applying,
respectively, 5-, 1-, and 0.5-ug samples of melphalan and ester
derivatives on TLC plates, which were developed immediately
and dried with cold air. Spraying of the plate with 5% 4-(p-
nitrobenzyl)pyridine in 2-butanone, followed by heating at 110
°C for 5 min, and spraying with either 1 N NaOH or 50% Et;N
in acetone produced an intense but rapid-fading blue color. This
spray can be used sequential to fluorescamine identification of
primary amines but is not compatible with either of ninhydrin,
chlorox-toluidine, or Pauly reagents. The detection limits (in
micrograms of melphalan) for these sprays were 0.5 for fluores-
camine, 1 for ninhydrin, and 5 for melphalan.

Bioassays for angiotensin II and analogues were performed
on anesthetized rats (Zivic-Miller) and on uterine preprations
(albino Wistar rats) suspended in de Jalon’s solution (calcium
0.5 mM, pH 7.4) according to reported procedures,*® with 1 g

of contractile tension in the oxytocic assay equivalent to 3 cm on
the recorder scale.

Acknowledgment. This investigation was supported
by the National Institutes of Health (Grant HL-14509) and
the American Heart Association (73-754). In addition, K.
H. H. acknowledges the support of the NRSA (Grants
HL07081 and HL07275), the NIH (Grant HL22642), and
the Jewish Hospital (Grant BRSG 88587).

(48) P. Needleman, R. J. Freer, and G. R. Marshall, Arch. Int.
Pharmacodyn. Ther., 200, 118 (1972).

(49) P. Needleman, G. R. Marshall, and J. Rivier, J. Med. Chem.,
16, 968 (1973).

Synthesis and Antibacterial Activity of Some Esters, Amides, and Hydrazides of
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Esters, amides, and hydrazides of 3-carboxyrifamycin S were synthesized by oxidizing the cyanohydrin of 3-
formyirifamycin SV to 3-(cyanocarbonyl)rifamycin S, followed by treatment with alcohols, amines and hydrazines.
The in vitro microbiological activity of the derivatives was quite low, especially toward Gram-negative bacteria.
This poor activity was not shown to be due to the inadequate inhibiting action on the bacterial DNA-dependent
RNA polymerase but to the poor penetration of the compounds through the bacterial cell wall. The microbiological
activity was correlated to the chemical properties of the substituent on Cs.

It is known that rifamycins S and SV (1a,b) form a very

CH
§H 3

rifamycin SV (1b)

rifamycin S (1a)

stable complex with the bacterial DNA-dependent RNA
polymerase (RNAP). The formation of this complex
prevents the transcription process in bacterial cells.!?
From structure—activity relationship studies carried out
on rifamycins and related compounds,®* the hypothesis was
advanced that the essential requirements of the antibiotic
to form the RNAP-antibiotic complex are the presence of
at least a naphthalenic nucleus with a hydroxyl group on
Cg and an oxygen atom in C,, either in the quinone or
hydroquinone form, and two free hydroxyl groups on Cy

(1) W. Wehrli, F. Knsel, K. Schmid, and M. Staehelin, Proc.
Natl, Acad. Sci. U.S.A., 61, 667 (1968).
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and Cy5. Moreover, the steric characteristics of the ansa
chain must be such that the two hydroxyls on Cy; and Cyg
can take a specific orientation with respect to the na-
phthalenic nucleus.?

To test this hypothesis, we tried to relate the differences
of in vitro microbiological activity in a series of 3-substi-
tuted derivatives of rifamycin S and related compounds?®
to the influence on the ansa conformation of the steric
characteristics of the substituents.

We suggest that the substituents introduced in position
3 may influence the ansa conformation and, consequently,
the stability of the RNAP-antibiotic complex.

Dampier and Whitlock,® on the other hand, examined
the relationship between the activity of a series of 3-sub-
stituted rifamycin S derivatives on RNAP isolated from
Escherichia coli and the electronic nature of the substit-
uents. They concluded that the activity is increased by
electron-withdrawing substituents and decreased by elec-
tron-donating substituents. This conclusion is in agree-
ment with the hypothesis that the formation of the com-
plex between RNAP and the aromatic nucleus involves a
donor-acceptor = complex.

Assuming the conformational stabilization produced by
the substituents at position 3 is due to a direct interaction
between this substituent and the amide group on C, of the
ansamycin,>” we synthesized a series of esters, amides, and

(5) P. Bellomo, M. Brufani, E. Marchi, G. Mascellani, W. Melloni,
L. Montecchi, and L. Stanzani, J. Med. Chem., 20, 1287 (1977).
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