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The esterification s‘tep—att'achment of & N-protected amino acid »ia a benzyl ester linkage to a solid resin
support——of the Merrifield solid phase peptide synthesis has been improved significantly through the use of neu-

tral (2 and 4) and, particularly, basic (5) dialkyl(arylmethylene)sulfonium resing,

When 5 is mixed with a di-

oxane solution containing an equivalent amount or excess of a N-protected amino acid the neutralization reaction
which follows effects an irreversible ion exchange of the resin’s bicarbonate anion by the acid’s carboxylate anion.
On drying the mixture in vacuo at 25-35° and subsequent heating, dry or in a solvent of low dielectric constant,
ab 89—85° for 4-5 hr the ensuing displacement reaction proceeds essentially to completion forming resin esters (6)
in high yield, generally 87-96%; small amounts (4-13%,) of alkyl esters (7), easily removed from the resin, are
also formed. When R, R of 5 = tetramethylene, a mixture of benzyl (~65-80%,) and é-thiobutyl (~20-35%)
esters are formed, both of which are attached to the resin.

Since its inception by Merrifield? in 1962 the solid
phase synthesis of peptides has achieved substantial
acceptance as a method for synthesizing peptides.
Much of the research reported by Merrifield and
others in this area has dealt with the syntheses of
various peptides®—*? including the A and B chains of
insulin” and improvements in the methodology of the
technique.!?2-1* For the most part improvements in
the methodology have involved the coupling step,
e.g., use of N-ethyl-5-phenylisoxazolium-3-sulfonate as a
coupling agent for N-protected amino acids having
side-chain amide or hydroxyl functions,’® the termina-
tion step, e.g., the application of anhydrous hydrogen
fluoride for removal of the completed peptide from its
polymer support,*® and design of reaction apparatus.i6V
Relatively speaking, little work has been reported®
on improvement of the first step of the solid phase
peptide synthesis, .., attachment of the C-terminal
N-protected amino acid residue to a polymer support
via an ester linkage, This is surprising and ironic since
the esterification step is one of the poorer aspects of the
solid phase peptide synthesis from the standpoint of
vield and reaction conditions, In spite of the modified
esterification scheme of Bodanszky and Sheehan® the
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Merrifield procedure (Scheme I) still appears to be the
method of choice although ester yields are low to
moderate.

Therefore, in view of the importance of the ester-
ification step to solid phase peptide synthesis and its
present status we undertook a study to find ways of
improving it.

Results

We started with partially chloromethylated styrene-
divinylbenzene copolymer resin as did Merrifield as
well as Bodanszky and Sheehan. It was reasoned
that an esterification at a resin’s surface or in its
matrix by displacement of a group X from a benzylic
carbon by a N-protected amino acid carboxylate anion
could be facilitated by () making X a better leaving
group, (b) increasing the swelling of the resin during
the reaction to make ~CH,X more accessible, and (c)
a combination of these. Proceeding with this view,
resins were prepared which contained the more reactive
alkylsulfonium group (2, X = -S+Me,Cl™), a resin
swelling alkylammonium group in conjunction with a
chloromethyl group (3, X = =N +Me;Cl~ and Cl), and a
combination of alkylsulfonium and alkylammonium
groups (4) (Scheme IT). These resins were subjected to
the Merrifield esterification conditions with N-t-butyl-
oxycarbonylglycine and N-t-butyloxycarbony-L-valine.
The esterification results are summarized in Table 1.

During the course of this work our attention was
directed to another technique?! of utilizing sulfonium
compounds for preparing esters. This technique in-
volves conversion of the neutral sulfonium compound
to a basic sulfonium compound by exchange of its
chloride (or other ion) anion with a basic anion such as
bicarbonate and hydroxide ions. When the basic
sulfonium compound is brought into contact with a
carboxylic acid the neutralization reaction which
results thereby effects an irreversible ion exchange of the
basic anion by the corresponding carboxylate anion of
the acid such that on drying the sulfonium and car-
boxylate functions are left as the only opposing ions,
i.e., nucleophile and electrophile, and on heating
displacement of the sulfonium group occurs and an ester
is formed.

(21) R. A, Wessling, R. G. Zimmerman, J. H. Kerr, and T. Alfrey, Jr.,
The Dow Chemical Co., unpublished results,
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ScueMe I+
EsrtERIFICATION PROCEDURES
Merrifield
(“) R
| &
®—©—CHZCI + HOC—CH—NH—P + NEt; oo
or ethanol
24-65hr (“) 1|{
®—©>—CH200-——CH-—NHP
Bodanszky and Sheehan
1.CH,CO,K/ PhCH,0H oR
80° HOC—CH—NH~P
®‘©‘CH201 2 NaOH/ EtOH ®_©_CHZOH 9
Im—C—Im
or DDC
¢ P = protective group, #-butyloxycarbonyl (BOC) o-nitropher}ylsulfenfrl (NPS); ®- = styrene~divinylbenzene copolymer resin;
€e.

DCC = dicyclohexylearbodiimide; Im~CO-Im = N,N'-carbonyldiimidazo

TasrLe 1
Esreriricamion oF BOC-aLYciNE aND BOC-1L-vALINE WiTH VARIOUS a-SUBSTITUTED
ARYLMETHYLENESTYRENE-2Y, DVB REesiNg

O R ﬁ ’f
R CHQX + + "_E é ethanol .
® O NEtH O—C—CH—NHBOC = (R) CH,0C—CH—NHBOC
48hr
~—Functionality X, mmol/g of starting resin— .
BOC-amino A B Resin ester product, ———, yield based on——
Resin type acid ~N +MesCl~ -Cl -3 +Me;Cl~ mmol of amino acid/g B (o] B4+ C
. . Glyeine 1.74 0.695 44
CH,Cl
® @ Valine 0.86 54
1
c.H &CH 2T Glycine
? Valine 0.14 1.14 0.82 73 65
2
& @ CH,Cl Glycine
O)—cmmacr Valine 1.60 2.47 1.18 57
3
. -
@ CHSMe,C1™
&) Glycine 1.43 0.29 1.74 1.04 61 53
@ ch e Valine 1.43 0.29 1.74 1.17 73 63
€]
4
Screms II¢ Basic dialkyl- and cycloalkyl(arylmethylene)sulfo-
®—©~—CHZS+(CHQ)2CI" nium resins were conveniently prepared from the
(CH)S 5 chloride from of the resin by exchange with 1 M

@ CH,Cl
N(CH,);
®—©>—-CH201 — &
1 N _
@ CHN*(CH,),Cl

3

|
@ CH,S*(CH,),”

@ CH,N(CH,),CI™

4
@ This scheme depicts the general mode of preparation of these
resins and is not meant to imply that 2, 3, and 4 were necessarily
derived from the same batch of 1.

®)

solutions of potassium bicarbonate or carbonate on
a column. Various N-protected amino acids were
brought into contact with the basic sulfonium resins
in dioxane. After neutralization and drying the resin
was heated at 80° for 4-5 hr to effect the esterification
(Scheme IIT). At 45° about 3 days were required to
complete the esterification. Completeness of reaction
was generally determined by the amount of unchanged
amino acid carboxylate anion that could be removed
from the resin by washing with 1 N HCl in acetic acid.
The extent of the side reaction, ¢.e., formation of N-
protected amino acid alkyl ester (7, P = BOC), was
determined by isolation of the ester by washing the
resin with a solvent after the reaction. A number of
various modifications of the general procedure were
tried (See Experimental Section) and the data are
compiled in Table IT.
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ScueMme 111
1.so0lvent

®——©—CHZCI + RS ae

‘il
HOC—CH—~NH—~P
solvent

(ﬁ R
|
®—©—CH2S+R¢ 0"C—CH—NH—P-XH,0 + CO,

’

0
.
1.dry e
2.heat ‘@—CHZOC_CH NH—P -+ R,S

Rl
@ CHSR + ROC—CH—NH—P
7
TasLe I1e
EstrrIFICATION OF N-ProTECTED AMINO AciDs To REsiN SurrorT via Basic Surronium Funcrions
0 RII O R/l
+ R - + | | Ldry I K
®) CHS R HOC—CH—NH—P =5 (R) @ CHO—C—CH—NE—P + S

Ester % total —m————Reesin ester product
method resin % alkyl Mmol of amino —~~—Composition,® Fp=r—
Starting resin? (example ester ester acid/g of Benzyl Butyl
sulfonium group N-Protected amino acid no.) conversion  by-product resin ester ester ester
-CH,S +(CH;).HCO;~ N-BOC-r-valine 1 95 5 1.00 100
—CH,S *(CH;)HCO; - N-BOC-0O-benzyl-L-tyrosine 1 92 8 0.832 100
-CH,S +(CH,;),HCO; ™ N-BOC-L-proline 2 93 7 2.35 100
~CH,S *(CH;),HCO; ™~ N-BOC-L-phenylalanine 2 87 13 2.08 100
—CH2§+(0H3)1H003 = N-BOC-1-valine 2 95 5 2.40 100
"'CHESG HCO,” N-BOC-g-benzyl-L-aspartic 3 98 1.41 804 20
N-BOC-r-valine 3 08 1.61 844 16
N-BOC-L-proline 3 100 1.60 734 (65)¢ 27 (35)
N-BOC-¢-aminocaproic 4 100 1.58 784 22
N-NPS-r-glutamine 5 1.21 66 34
~CH,8 "(CH3).(CO3)1y,2~ N-NPS-L-threonine 6 76 1.22 100
~CH,S #(CH,;):HCO; - N-BOC-L-valine 7 93 7 1.01 100
-CH;S +(C;H;)»HCO;~  N-BOC-1-proline 8 96 4 1.43 100

o Abbreviations: P = protective group; BOC = t-butyloxycarbonyl; NPS = o-nitrophenylsulfenyl; X~ = HCO;7, (COg)r/a

® Resin, styrene-29%, divinylbenzene copolymer resin. ¢ Experimental Section (example 3) for definition.

* By cleavage with HBr in trifluoroacetic acid.

Discussion

I?erhaps the most serious drawback to the Merrifield
resin esterification procedure is the low to moderate
yields obtained, i.e., ca. 14-50%.22 In addition the
reaction conditions are somewhat exhaustive; hence
the likelihood of undesirable side reactions is increased.
A milder procedure was desirable.

Bodanszky and Sheehan’s procedure does repre-
sent an improvement over the Merrifield method
with respeet to mildness of the N-protected amino
acid ester forming step. These are, however, sev-
eral substantial limitations to this procedure. N-
Protected amino containing unprotected hydroxyl
groups (e.g., BOC-threonine and BOC-hydroxyproline)
cannot be used in this procedure because of the pos-

(22) Calculated from the data in ref 3, 4b, 8, 9, and 11.

¢ By elemental analysis.

sibility of self-condensation and polymer formation.
Side-chain amide functions of glutamine or asparagine
may be dehydrated to nitrile functions»?%24 by the
condensing agents used.

We believe that the esterification procedure
employing  basic dialkyl(arylmethylene)sulfonium
functions has some definite advantages over the other
two procedures just described for the attachment of a
N-protected amino acid to a resin through an ester
linkage. (a) The sulfonium function is a more reactive
group than the corresponding chloride function;
therefore, it is easier to displace by a nucleophile. (b)
By virtue of the basic nature of the resin the N-pro-
tected amino acid is converted irreversibly into its

(23) E. Schrider and K. Litbke, ‘“The Peptides,” Vol. I, Academic Press,

New York, N. Y., 1985, p 191.
(24) C. R. Marshall and R. B. Merrifield, Biochemistry, 4, 2394 (1965).
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carboxylate anion and simultaneously becomes the
resin’s anion which after removal of water and solvent
from the system becomes the sole nucleophile; thereafter
the ensuing displacement reaction is fast and proceeds
essentially to completion without the need of a swelling
agent. (¢) Only a stoichiometric amount of the
reacting N-protected amino acid is necessary for the
reaction and any unchanged acid can generally be
recovered; furthermore, since there is no excess base
available or other agents, racemization conditions are
diminished. (d) Resins containing higher capacities
of covalent attached N-protected amino acids—mea-
sured by mmoles of amino acid per gram of resin
ester—are readily available by this process (¢f. the
datain Table IT). (&) The reaction conditions involved
in the esterification process are compatible with
N-protected amino acids containing side-chain amide
and hydroxyl functions. Rotation measurements of
amino acids recovered from resin esters prepared by this
procedure indicate that racemization does not occur
during the esterification reaction. No p-alloisoleucine
formation was detected in the esterification of -BOC-
L-isoleucine.

The application of neutral dialkyl(arylmethylene)-
sulfonium resins (2 and 4) for esterification of N-
protected amino acids to resins also appears to offer
some advantages over the Merrifield as well as the
Bodanszky and Sheehan procedures when all factors
are considered. The presence of an alkylammonium
function—a resin swelling group—in the resin in
addition to the sulfonium function (4) does not improve
the esterification results over that when only a sul-
fonium function is in the resin (2) presumably the
resin swelling capability of the sulfonium function
itself is sufficient, Alternately, the resin swelling
enhancing feature of the alkylammonium group is
offset by the presence of additional chloride ions which
compete by mass action phenomena with the N-pro-
tected amino acid acyl nucelophile for the sulfonium
funetion.

The preferred dialkyl sulfide for use in preparing the
resin sulfonium function is dimethyl sulfide since higher
dialkyl sulfides (excepting some cycloalkyl sulfides)
react significantly slower.® On the other hand, higher
diatkylsulfonium derivatives give a smaller amount of
alkyl ester by-product (7) (¢f. Table II), but this
difference may be significant only in a few cases; e.g.,
with BOC-proline methyl ester formation oceurs to the
extent of ca. 119, while ethy! ester formation is ca. 4%.

The cycloalkyl sulfide, tetrahydrothiophene, reacts
on a par with methyl sulfide in the formation of a
resin sulfonium derivative. In its ester-forming re-
actions, a considerable amount of displacement ocecurs
on the tetramethylene side chain resulting in a mixture
of resin-attached benzyl and “‘butyl” esters, the latter
ranging from about 20 to 359,. Such a resin ester as
8 would probably find only specialized use in the
Merrifield solid phase peptide synthesis because only
the benzyl ester portion (e.g., of a completed peptide)
would be cleaved by hydrogen bromide, the alkyl
“butyl” ester portion? being stable to this condition.

(25) E. B. Trostyankaya, 1. P. Loser, and 8. B. MaKarova, Vysokomol.
Soedin., B, 1924 (1963); Chem. Abstr., 60, 9425 (1964).

(26) Possibly an alky! ester of this type could be cleaved by anhydrous
hydrogen fluoride; see ref 13,
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Scuems IV

i
®—©>—-CH2+S<:I HCO;™ + HOC—CH-—NH—P
R

||
@ CH,8”™~"~——0—C—CH—NH—P
“butyl” ester

. i 1
@ CH,~—0C—CH—NH—P" + S(:]
benzyl ester
8

1. steps to peptide
formation

2. NH(NH;NH,) @

O-ans~on

@ CH,0H

4

H,N—C—peptide—NH—P
(NH,NH-)

Such a resin ester, however, might be useful if an amide
or a hydrazide of the synthesized peptide was desired
since both ester forms would react in the terminal
step with ammonia or hydrazine (Scheme I'V).#

Although it was not of prime interest, per se, to
prepare resin esters of high capacity, s.e., with a large
percentage (~509%) of the aromatic rings substituted,
the feasibility of their preparation has been demon-
strated by this work. Indeed, it should be noted that
the desired extent of ring substitution can be controlled
by the extent of chloromethylation of the starting
resin.

N-Protected amino acid resin esters prepared by
procedures described in this work are currently being
used successfully for the solid phase synthesis of
various kininlike peptides and these results will be
reported elsewhere.

Experimental Section

Melting and boiling points are uncorrected. The N-t-butyl-
oxycarbonylamino acids were prepared according to the general
procedures of Schwyzer, ¢t al.2® The N-¢-nitrophenylsulfenyl-
amino acids were prepared as described by Zervas.?

The ionic chloride content of & resin (milliequivalents per
gram of resin) was determined by suspending a weighed sample
in 5 N nitric acid and titrating potentiometrically, while stirring,
with 0.1 N silver nitrate solution. Covalent content of a resin
was determined by allowing weighed samples to stand under
aqueous 259%, trimethylamine solution (at least a ten-fold molar
excess used) in a covered beaker for 18~24 hr. The uncovered
samples were then warmed on a steam bath for about 1-2 hr
longer, cooled, carefully acidified with an excess of 5 N nitrie
acid, and titrated potentiometrically with 0.1 & silver nitrate as
before. This treatment also gave the total, ionic and covalent,
chloride content when both forms were present; thus the covalent
chloride content was obtained by determining the ionic and total
chloride content and subtracting the former from the latter.

(27) M. Bodanszky and J, T. Sheehan, Chem. Ind. (London), 1423 (1964).

(28) R. Schwyzer, P. Sieber, and H. Kappeler, Helv. Chim. Acte, 42, 2622
(1959).

(29) L. Zervas, D. Borovas, and E, Gazier, J. Amer. Chem. Soc., 85, 3660
(1963).
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Amino acids were determined in aquecus solutions by the
ninhydrin method by S. Webber of the Special Services Labora-
tory.%® Infrared analyses of resin samples were recorded and
interpreted by R. A. Nyquist of the Chemical-Physics Research
Laboratory.® Elemental analyses on resin samples were de-
termined by L. Swim of the Special Services Laboratory.3

Dimethyl(arylmethylene)sulfoniumstyrene—29, Divinylben-
zene Copolymer Resins. A. Bicarbonate Form.—A stoppered
suspension of 756 ml each of methanol, methylene chloride, and
water, 25 g (113 mmol of ~CH,Cl) of chloromethylated styrene—
29, divinylbenzene copolymer resin (200-400 mesh; 4.53 mequiv
of Cl/g corresponding to about 69%, of the benzene rings of the
resin chloromethylated), and 13 g (210 mmol) of methyl sulfide
was stirred with the aid of a magnetic stirrer for 4.5 days, stirring
becoming more difficult as the resin swelled during the reaction.
The polymer was collected on a sintered-glass funnel and washed
successively with dioxane~water, (3:1) dioxane-1 N HCl (3:1),
dilute methanol, methanol, and twice with water. After the
last wash, the bulk of water was removed gently from the resin
and the wet resin was bottled, wt 136 g (approximately 809,
water). The ionic and total chloride content of the resin were
determined as 0.785 and 0.815 mequiv/g, respectively, making
the conversion of chloromethyl functions to sulfonium functions
95%.

For conversion to the bicarbonate form, 119 g (93.8 mequiv of
C17) of the chloride form of the resin was placed in a glass column
(0.9 X 12 in.) as a water suspension. The column was drained
free of water, care being taken to eliminate channeling. Then
250 ml (250 mequiv) of 1 N potassium bicarbonate was passed
slowly through the column followed by 150 ml of water. The
eluent and wash were collected and titration of an aliquot showed
that the total chloride ion exchanged was 93.3 mequiv (99.5%,).
The resin was removed from the column, collected on a filter and
further washed with water until the wash was free of bicarbonate
ions. There was obtained 139 g of the bicarbonate form of the
resin.

A potentiometric titration of the resin with 0.1 N sulfuric acid
showed the resin to contain 0.651 == 0.008 mequiv HCO;™/g.
The resin was stored wet in a refrigerator.

B. Carbonate Form.—A stoppered suspension of 10 g (33.2
mmol of —-CH,Cl) of chloromethylated styrene-2%, divinyl-
benzene copolymer resin (200-400 mesh), 5 ml (68.3 mmol) of
methyl sulfide, 50 ml of methanol, and 25 ml of methylene
chloride was stirred at room temperature for 5 days. The resin
was collected on a sintered-glass funnel and washed with metha-
nol. The mother liguor and wash were combined and retained.
The resin was further washed as described in A. Obtained was
48.7 g of wet sulfonium resin. The ionic and total chloride con-
tent of the resin were determined as 0.640 and 0.669 mequiv/g,
respectively. The combined mother liquor and initial wash
(above) were diluted with ca. equal volumes each of water and
methylene chloride and the resulting layers separated. The
organic layer was extracted twice with water and these extracts
were combined with the aqueous layer; aliquots were titrated
with 0.1 IV silver nitrate for chloride ion content and with 0.1 N
potassium hydroxide for hydrogen ion (acid) content. Chloride
ion content amounted to a total of 0.20 mequiv, and hydrogen
ion content 0.14 mequiv. The acid content is a measure of
solvolysis of the sulfonium (and possibly -CH,Cl) function
(eq 1). The chloride content is a measure of solvolysis plus

®—©>——CHZS+MeZCI_ + CHOH —
®—©—CHZOCH3 + SMe, + HCO (U

rearrangement of the sulfonium function (eq 2). From these

®—©>——CH28+Me201_ + MeS ==
®—@——CHZSCH3 + MeSTCIT (@

data, sulfonium conversion, unchanged chloromethyl, solvolysis,
and rearrangement were 94, 4.2, 0.4, and 0.2%, respectively.
The chloride form of the sulfonium resin was converted to the

(80) The Dow Chemical Co.
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carbonate form as described in A for exchange of chloride for
bicarbonate; 39.2 g (25.1 mequiv of Cl~) of resin required 190
ml of 1 N potassium carbonate for 95%, exchange. There was
recovered 29.5 g of light tan resin which contained 0.730 mequiv
of COs2~/g.

Tetramethylene(arylmethylene )sulfoniumstyrene-29, Divinyl-
benzene Copolymer Resin. Bicarbonate Form.—A stoppered
suspension of 20 g (66.4 mmol of ~CH,Cl) of chloromethylated
styrene-29, divinylbenzene copolymer resin (200-400 mesh;
3.32 mequiv of Cl/g corresponding to approximately 419 of the
aryl groups of the resin chloromethylated) in 50 ml each of methyl-
ene chloride and methanol and 12 g (137 mmol) of tetrahydro-
thiophene was stirred at room temperature. Because of severe
swelling of the resin it was necessary to add 25-ml portions of
methano] after the first and third days of the reaction to facilitate
stirring. At the end of 6 days, the resin was collected on a
sintered-glass funnel and washed well with methanol, the super-
natant liquor and methanol washes being collected together and
retained. The resin was further washed as described in the
preceding example, wet wt 87.5 g. 'The ionic and total chloride
content were 0.685 and 0.723 mequiv/g, respectively. The
acid content in the supernatant liquor and wash (above) was
determined by titration with standard KOH and amounted to
2.2 mequiv. Therefore, the values for sulfonium conversion,
solvolysis [of either ~CH,Cl or —CH,S*(CH,)], and unchanged
chloromethyl groups were 91.6, 3.4, and 5%, respectively.

Conversion of 66.8 g (45.8 mequiv) of the chloride form to the
bicarbonate form of the resin was accomplished as described in
the preceding experiment using 150 ml (150 mequiv) of 1 N
potassium bicarbonate. The resin contained 0.578 mequiv/g.

Esterification Reactions of N-Protected Amino Acids and
Basic Dialkyl(arylmethylene )sulfoniumstyrene-29, Divinylben-
zene Copolymer Resins. Example 1.~~To a suspension of 3.80
g (2.12 mequiv of HCO;~) of dimethyl(arylmethylene)sulfonium-
styrene-29%, divinylbenzene copolymer resin bicarbonate form
in 15 ml of dioxane was added a solution of 0.502 g (2.31 mmol)
of N-i-butyloxycarbonyl-r-valine in 10 ml of dioxane. The
resulting mixture was thoroughly stirred as carbon dioxide was
evolved. After standing for about 15 min the resin mixture was
filtered under suction through a tared sintered-glass funnel and
washed three to four times with 5-10 ml of dioxane. [The
mother liquor filtrate and wash were retained and upon evapora-
tion left 0.042 g (0.19 mmol) of unchanged acid, the infrared
spectrum of which was identical with that of the starting N-t-
butyloxycarbonyl-r-valine.] The resin, 5.595 g, was dried (in
funnel) in vacuo over solid KOH with the aid of a mechanical
pump at 25-35° for 3 hr, dry wt 2.442 g. 'The resin was then
heated in vacuo at 80° for 3.75 hr to complete the esterification
reaction, resin wt 2.021 g. The resin product was then swelled
and washed with methylene chloride to remove by-product N-¢-
butyloxycarbonyl-1-valine methyl ester (eq 3).

Evaporation of the combined methylene chloride washes left
0.024 g (0.10 mmol) of methyl ester. Identification of the methyl
ester was based on infrared data [» (Nujol) 3385 (NH), 1760
(ester >C=0), 1735 e¢cm™ (urethan >C=O0)}] and conversion
to L-valine methyl ester hydrochloride in methanolic HCl; mp
164-167°, on admixture with authentic r-valine methyl ester
hydrochloride (mp 168-169°), was not depressed. Treatment of
a 0.245-g sample of the resin product with 1 N HCl in acetic acid
(as described below) showed the esterification of the acid to the
resin to be complete.

The net amount of N-t-butyloxycarbonyl-r-valine used was
2.12 mmol of which 0.10 mmol (5%,) was converted to the methyl
ester and 2.02 mmol (95%) was attached to the resin (benzyl
ester). Therefore, the mmoles of N-{-butyloxycarbonyl-L-valine
per gram of resin = 1.00.

A sample of N-i-butyloxycarbonyl-r-valine resin ester (2.40
mmol of BOC-vL-valine/g resin of ester, prepared according to the
procedure in example 2) was suspended in trifluoroacetic acid
and anhydrous HBr was bubbled through the suspension for
1.5 hr to decouple the amino acid from the resin. After filtration
of the mixture and evaporation of the filtrate the crude valine
hydrobromide remaining was dissolved in water and put through
a Dowex 44 (acetate form) column. The valine obtained by
evaporation of the eluate was further purified on a Dowex 50X 4
(200-400 mesh) column, 1.25 X 37 cm, equilibrated at pH 4
with 0.1 N pyridine acetate buffer. For comparison a sample of
N-t-butyloxycarbonyl-r-valine, which was used to make the
resin ester, was “‘decoupled’’ and purified in an analogous manner.
Rotation values for valine recovered from the resin ester and the
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O CH(CH,).

Control were [a]¥p +25.5° (¢, 0.76, 6 N HCI) and [«] ¥p 425.7°
(¢, 0.64, 6 N HCl), respectively, showing, within experimental
error, that no racemization had occurred during the esterification.
The rotation value for r-valine used to prepare the N-i-butyloxy-
carbonyl-L-valine was [«]®*D +26.7° (¢, 0.71, 6 N HC) indicat-
ing that a little racemization had occurred during the preparation
of the N-t-butyloxyecarbonyl-r-valine.

Example 2.—A solution of 1.546 g (7.18 mmol) of N-t-butyloxy-
carbonyl-r-proline in 20 ml of dioxane was poured onto 10.63
g (6.92 mequiv of HCO;™) of dimethyl(arylmethylene)sulfonium-
styrene-2%, divinylbenzené copolymer resin bicarbonate form
in a tube and the mixture was stirred as carbon dioxide was
evolved. Additional dioxane was used to bring all of the resin
in contact with the acid’s solution. The mixture was filtered
(recovered 0.110 g, 0.51 mmol of unchanged acid) and the resin
(6.90 g) was dried for 2 hr as described in example 1. The resin
(3.82 g) was heated in vacuo as before at 80° for 4 hr, air cooled
(wt 2,735 g), swelled, and washed well with methylene chloride
to remove N-i-butyloxycarbonyl-L-proline methyl ester [»
{(Nujol) 1765 (ester >C==0), 1700 em~—* (urethan >C=0)],
0.108 g (0.47 mmol). The resin was finally dried at 45° in vacuo
for 2 hr, wt 2.639 g.

Examination of a 0.211-g sample of the resin product with 1
N HCI in acetic acid (see below) showed the esterification re-
action to be complete.

The net amount of N-{-butyloxycarbonyl-L-proline used was
6.67 mmol of which 0.47 mmol (79) was converted into methyl
ester and 6.20 mmol (93%,) was attached to resin as benzyl ester;
the mmoles of N-t-butyloxycarbonyl-r-proline per gram of
resin = 2.35,

Example 3.—A solution of 0.474 g (1.47 mmol) of N-t-butyl-
oxycarbonyl-g-benzyl-L-aspartic acid in 8 ml of dioxane was
added to 2.35 g (1.36 mequiv of HCO;~) of tetramethylene-
(arylmethylene)sulfoniumstyrene-29, divinylbenzene copolymer
resin bicarbonate form in a test tube (12 X 125 mm). The
mixture was stirred and the rest of the esterification procedure
was carried out as described in example 2. There was recovered
0.049 g (0.15 mmol) of unchanged acid making the net amount
of acid reacting 1.32 mmol. The resin weight after heating was
0.935 g; therefore, the mmoles of N-t-butyloxycarbonyl-g-
benzyl-v-aspartic acid per gram of resin = 1.41 (1.43 based on N
found, 2.09,).

Treatment of a 0.165-g sample of the resin product with 1 N
HCI in acetic acid as described below showed the esterification
reaction to be 98%, complete.

To estimate the proportion of benzyl and butyl ester content
of the resin arising from the course of the displacement reaction,
the resin was washed with methylene chloride, dried, and the
nitrogen and sulfur content was determined. (Found: N,
2.0; 8, 0.9.) This corresponds to ca. 80% benzyl ester and 209,
butyl ester based on the relative gram-atoms of N and 8 found
and their distribution in each ester type.

Example 4.3%—To 2.53 g (1.47 mequiv of HCO;~) of tetra-
methylene(arylmethylene )sulfoniumstyrene-29, divinylbenzene
copolymer resin bicarbonate form in a 125-ml round-bottomed

(31) This procedure which omits the filtration step before drying proved
excellent for e-aminocaproic acid and wv-leucine esterification reactions.
These acids consistently showed poor stoichiometry in their reactions with
the hasic sulfonium resins in the procedures in examples 1-3, the uptake of
acids being cu. 83~85%.

1y
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flask was added carefully a solution of 0.385 g (1.67 mmol) of
N-t-butyloxycarbonyl-e-aminocaproic acid in 10 ml of dioxane.
The mixture was gently mixed by swirling, then evaporated with
the aid of a rotary evaporator at 30-35° (3510 mm) for 1 hr.
The resin (1.13 g) was heated in vacuo at 80° for 4 hr, The resin
product was triturated with warm dioxane, removed by filtration,
further washed with dioxane, and dried, yielding 0.948 g. Evapo-
ration of the filtrate and washings left 0.040 g (0.17 mol) of
unchanged acid making the net mmoles of acid used 1.50.
Thus the mmoles of N-i-butyloxycarbonyl-e-aminocaproic acid
per gram of resin = 1.58. The esterification reaction was shown
to be complete (see below) in the usual manner. (Found: N,
2.1; 8,1.1.) .

Example 5.—To 11.69 g (6.77 mequiv of HCOs~) of tetra-
methylene(arylmethylene Jsulfoniumstyrene-2%, divinylbenzene
copolymer resin bicarbonate form in a 250-ml round-botto_med
flask was added a solution of 2.22 g (7.43 mmol) of N-o—mtro—
phenylsulfenyl-L-glutamine in 150 ml of dioxane. This mixture
was swirled gently and evaporated with the aid of a rotary
evaporator at 35-40° (45-10 mm) for 30 min and at 40° (<1
mm) for 45 min. The yellow colored resin (5.73 g) was then
heated at 80° in vacuo for 4 hr, cooled (wt 4.55 g), swirled _With
methylene chloride, collected on a filter, washed successively
with ethyl acetate and acetic acid, and dried in vacuo at 80° for
4 hr, resin dry wt 4.1 g. Evaporation of the combined wash
filtrates left 0.30 g of unidentified semisolid material.

Infrared (Nujol mull) analysis of the resin product showed
strong ester and primary amide carbonyl absorptions at ca.
1785 and 1670 em™, respectively. Absorptions for NH; were
observed at ca. 3470 and 3300 ecm™!. There was no apparent
absorption for ~C==N which would have been formed by de-
hydration of the ~CONH, function of the glutamine. (Found:
N, 5.1; 8, 5.2, corresponding to ca. 1.21 mmol of N-NPS-
glutamine per gram of resin ester.)

Example 6.—To & suspension of 0.990 g (0.72 mequiv of
CO527) of dimethyl(arylmethylene)sulfoniumstyrene-2% divinyl-
benzene copolymer resin carbenate form in 10 ml of dioxane
was 0.281 g (1.03 mmol) of N-o-nitrophenylsulfenyl-L-threonine.
After mixing, the mixture was evaporated as described in example
5. The resin, 0.536 g, was then heated in vacuo over solid potas-
sium hydroxide for 5 hr at 80°. When cooled it was swirle_d
in warm ethyl acetate, filtered, further washed with acetic
acid and methylene chloride, and dried at 80° for 3 hr in vacuo.
When cooled, a 0.368-g portion of the resin (0.448 g) was treated
with a 1:1 solution of 1 N HCI in acetic acid and chloroform for
15 min to remove the N-o-nitrophenylsulfenyl protective group.
The mixture was filtered and washed successively with acetic
acid, chloroform, and three times with ethanol and dried over
KOH in vacuo, resin wt 0.306 g. A 0.289-g portion of this was
suspended in 20 ml of anhydrous triflucroacetic acid and dry
hydrogen bromide was bubbled into the suspension (protected
from atmospheric moisture) to decouple threonine from the resin.
After 90 min, the mixture was filtered and the resin washed twice
with trifluoroacetic acid. The filtrate and washings were evapo-
rated, the residue was diluted to 10 ml, and an aliquot was
analyzed by the ninhydrin method for threonine. (Found:
5.02 mg of threonine/ml of solution equivalent to a total of
0.547 mmol or an ester conversion of 76%,; mmoles of threonine
per gram of HCl-treated resins = 1.45.) Infrared analysis (Nujol)
on the HCl-treated resin showed ester carbonyl absorption at
1747 em ™! and hydroxyl absorption at 3350 cm ™.
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Example 7.—The first part of this reaction was conducted as
described in example 2 using 3.088 g (1.72 mequiv of HCO;™)
of dimethyl(arylmethylene)sulfoniumstyrene-29, divinylbenzene
copolymer resin bicarbonate form and 0.403 g (1.86 mmol) of
N-t-butyloxycarbonyl-L-valine. There was recovered 0.030 g
(0.14 mmol) of unchanged acid. After the drying period the
resin was transferred to a 100-ml round-bottomed flask, covered
with ca. 30 m! of benzene. The mixture was stirred and refluxed;
a Dean—Stark water trap containing cg. 0.5 ml of potassium chlo-
ride crystals was used to remove final residual water. After
4.5 hr of reflux the resin was collected on a filter, washed, and
dried, wt 1.59. Evaporation of the mother liquor and wash left
0.023 g (0.12 mol) of N-t-butyloxycarbonyl-L-valine methyl ester.

Treatment of a 0.285-g sample with 1 N HCI in acetic acid
(see below) showed the esterification reaction to be 999 complete.

The conversion of N-t-butyloxycarbonyl-r~valine to resin
benzyl ester was 93%, to methyl ester 7%; the mmoles of N--
butyloxycarbonyl-1-valine per gram of resin ester was 1.01.

Example 8.—To 2.26 g (1.56 mequiv of HCO;™) of diethyl-
(arylmethylene)sulfoniumstyrene-29, divinylbenzene copolymer
resin bicarbonate form was added a solution of 0.336 g (1.56
mimol) of N-t-butyloxycarbonyl-L-proline in 10 ml of dioxane.
After carefully mixing by swirling, the mixture was evaporated
as described previously and heated in vacuo at 80-88° for 4.5 hr.
The beads at room temperature, 1.05 g, were washed well with
methylene chloride and dried. Esterification was shown to be
complete as previously with HCI in acetic acid. Evaporation of
the wash left 0.014 g (~0.06 mmol) of an oil, the infrared spec-
trum of which showed it to be N-i-butyloxycarbonyl-v-proline
ethyl ester, » (CHCL) 1700 [-NHC(=0)~] and 1750 cm™
[-C(=0)0Et]. Conversion of N-i-butyloxycarbonyl-z-proline
to resin benzyl ester was 96%, to ethyl ester 4%,; the mmoles of
acid per gram of resin ester was 1.43.

Determination of Completeness of Esterification Reactions.—
The following procedure was followed to determine the complete-
ness of esterification reactions of N-i-butyloxycarbonylamino
acids and sulfonium resin.

A weighed sample (150-350 mg) of resin ester product was
placed in a small sintered-glass funnel (10 X 27 mm) swelled
and washed briefly with methylene chloride, the wash being
discarded. The resin was then mixed with 0.5-1 ml of 1 ¥ HCI
in acefic acid. After several minutes the HCl-acetic acid was
removed by suction and the resin was washed with about 1 ml
each of acetic acid and water. (In this step any unchanged
carboxylate anion is converted into the free acid with concom-
itant removal of the i-butyloxycarbonyl protective group.)
The filtrate and washings were then evaporated in vacuo and the
amount of residue (amino acid hydrochloride) was determined by
weight or by ninhydrin analysis; from this quantity, the sample
weight, the weight of the resin batch, and the total quantity
of N-t-butyloxycarbonyl amino acid associated with the resin
batch, per cent esterification, was caleulated. An example of
this procedure follows.

A solution of 0.515 g (2.37 mmol) of N-t-butyloxycarbonyl-v-
valine in 10 ml of dicxane was mixed with a suspension of 3.43 g
(2.20 mequiv) of dimethyl(arylmethylene)sulfoniumstyrene-29%,
divinylbenzene copolymer resin as described previously. The
resin mixture was filtered and the resin was washed three times
with dioxane (recovered 0.049 g, 0.23 mmol of acid from filtrate
and wash). A 0.351-g sample of the wet resin (5.096 g) was
treated as described above with HCI in acetic acid. The residue
after evaporation of the filtrate and washings was diluted to 5
ml with water and the valine hydrochloride content was de-
termined colorimetrically by the ninhydrin method and found to
be 0.13 mmol, equivalent to 1.89 mmol for the entire resin batch.
The net mmoles of N-t-butyloxycarbonyl-r-valine associated
with resin were 2.14; therefore 889, of the theoretical amount
of unchanged acid anion, assuming no esterification, was re-
moved from the resin.

Esterification of N-{-Butyloxycarbonyl-r-isoleucine —This es-
terification was conducted essentially as described in example 4
above using 38.17 g (1.71 mequiv of HCO;™) of dimethyl-
(arylmethylene)sulfoniumstyrene-29, divinylbenzene copolymer
resin bicarbonate form and 0.432 g (1.80 mmol) of N-{-butyloxy-
carbonyl-r-isoleucine hemihydrate in 25 ml of dioxane. Affer
heating to effect esterification, the resin, 1.792 g, was washed
well with methylene chloride (to remove unchanged acid and
N-t-butyloxycarbonyl-r-isoleucine methyl ester) and dried,
1.687 g. Evaporation of the wash solution left 80 mg of residue.
This was redissolved in methylene chloride, extracted with satu-
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rated bicarbonate solution, washed with water, and dried (mag-
nesium sulfate) to yield 50 mg (~0.2 mmol, ~12%) of crude
N-t-butyloxycarbonyl-r-isoleucine methyl ester {» (film) 1760
(ester >C==0), 1730 (urethan >C==0), and 3400 ecm~! (N~H)].

The material extracted was presumed to be unchanged acid,
ca. 30 mg (~0.13 mmol). Computing as previously, the mmoles
of N-t-butyloxycarbonyl-L-isoleucine per gram of resin = 0.87.
A sample of the resin ester was suspended in trifluoroacetic acid
and treated with anhydrous hydrogen bromide to decouple the
amino acid from the resin. After filtration of the suspension and
evaporation of the filtrate the residue was dissolved in water and
applied to the long column of a Phoenix automatic recording
amino acid analyzer. No peak for p-alloisoleucine could be de-
tected in the chromatogram indicating that, at least within 1%,
no racemization of N-f-butyloxycarbonyl-r-isoleucine had oc-
curred during the esterification reaction.?

Esterification of Dimethyl(aryimethylene)sulfonium~ (Chlo-
ride) styrene-29, Divinylbenzene Copolymer Resin with N-i-
Butyloxycarbonyl-r-valine.—To & solution of 2.2 g (9.75 mmol)
of N-t-butyloxycarbonyl-r-valine, 1.23 ml (8.8 mmol) in 20 ml
of ethanol, was added 5.0 g [5.70 mmol of dimethyl(arylmethyl-
ene)sulfonium chloride, —CH:S*Me,, and 0.70 mmol of aryl-
methylene chloride, —CH,Cl] of dry sulfonium resin.®® This
suspension was stirred and heated at reflux for 48 hr. The mix-
ture was filtered and the resin collected was washed with ethanol,
water, and methanol and dried to yield 5.09 g of resin ester. A
portion, 4.96 g, of the resin was suspended in 20 ml of trifluoro-
acetic acid and treated with anhydrous hydrogen bromide for
1 hr to decouple the amino acid from the resin. The resin was
collected on a filter and washed twice with trifluoroacetic acid.
The combined filtrate and washings were evaporated in vacuo
on a rotary evaporator at room temperature and the residue was
further dried n vacuo over solid KOH. Ninhydrin analysis of
the residue, 0.913 g, showed it to contain 0.477 g of i-valine,
equal to a total yield of 0.488 g (4.18 mmol) or 0.82 mmol/g of
substituted resin ester. The yield was 659, based on the total
number of replaceable groups or 73%, based only on the sulfonium

TOup.
¢ Eslzeriﬁcation of chloromethylated trimethyl{arylmethylene)-
ammonium- (chloride) styrene-29, divinylbenzene copolymer
resin with N-i-butyloxycarbonyl-r-valine was carried out as
described in the previous experiment using 2.17 (10 mmol) of
N-t-butyloxycarbonyl-L-valine, 1.26 ml (9 mmol) of triethyl-
amine, 20 m! of ethanol, and 3.85 g (9.5 mmol of arylmethylene
chloride, ~CH,Cl) of chloromethylated trimethyl(arylmethylene)-
ammonium- (chloride) styrene-2% divinylbenzene copolymer
resin. The resin ester product (4.31 g) was found to contain
1.18 mmo! of valine/g of resin ester. The yield was 57%.

Dimethyl(arylmethylene )sulfonium~ (Chloride) trimethyl (aryl-
methylene)ammonium~ (Chloride) styrene-2% Divinylbex_lzene
Copolymer Resin. Preparation of and Esterification with /-
BOC-amino Acids.—A suspension of 10 g {24.7 mmol of aryl-
methylene chloride, ~CH,Cl, 16 mmol of ~CH,N* (CHa);Cl"} of
chloromethylated trimethyl(arylmethylene Jammonium- (chloride)
styrene-29, divinylbenzene copolymer resin, 16 ml (218 mmol)
of methyl sulfide, 30 ml each of methylene chloride and methanol,
and 40 ml of water was stirred at room temperature for 3 days
whereupon additional methy! sulfide, 10 ml, was gdded ar.ld the
suspension was heated at reflux for 1 day, stirring contm'ued.
The resin was collected on sintered glass and washed successively
with dioxane-water (3:1), dioxane-2 N HCl (3:1), water-
methanol, methanol, and ether and dried at room temperature,
yield 11.2 g. Analysis of the resin product showed it to contain
0.29 mmol/g of covalent chloride making the conversion of
-CH,Cl to -CH,S*Me,Cl~ 879, (assuming no hydrolysis, re-
arrangement, etc.). The total ionic content was 3.17 mmol/g =
1.43 mmol/g of ~CH,N+Me;Cl~ and 1.74 mmol/g of ~CH,S*Mer
Cl-. These calculations assume no material losses. .

This resin was esterified with N--BOC-amino acids (_glyclr}e
and r-valine) using triethylamine and ethanol as.deserlbed in
preceding experiments; the results are summarized in Table I.
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The condensation of a y- or 8-keto acid with a 1,2-, 1,3-, or 1,4-amino alcohol, diamine, or mercaptoamine gave
products containing lactams with an additional N-, O-, or S-containing ring fused on the a face of the lactam
ring. The nuclear magnetic resonance of several ring systems gave an unusually low field proton signal that was

assigned to the Hy proton of CHAHgNCO (21).
ring size and heteroatom present in ring B of 21.

The reaction of a 1,2- or a 1,3-amino alcohol,!®P
diamine,'»d or mercaptoamine'® (1) with an aldehyde
or ketone has found general synthetic application in
the preparation of heterocyclic systems 3.>. The forma-
tion of 3 arises from the intermediate Schiff base 2
which in some systems exists in a ring-chain tauto-
meric equilibrium? with 3. An extension of this syn-
thesis to an aldehyde or keto acid 4 suggests that the
expected Schiff base 5 can first cyclize to the amino
acid 6 and then proceed to form a second ring (7)
from the available amino and earboxyl groups (Scheme
I).

At the time our work was initiated no systematic
study of the synthesis of compounds 7 by this reaction
had been carried out. Limited studies of 2-mercapto-
ethylamine,?s—d cysteine,® o-phenylenediamine,’—2 2.
aminobenzylamine,¥ §,6’~diamino-o-xylene,* 1,8-naph-
thalenediamine,® and 2,2’-diaminobiphenyl® with se-
lected oxo acids (4) gave the heterocyclic systems 7
and their dehydrogenated®# analogs. Sulkowski4
reported that aliphatic diamines and o-phenylenedi-
amines react with 2-aroylbenzoic acids* and 3-aroyl-
propionic aecids?® to.give medium-sized heterocycles 8.
Geigy® workers carried out similar reactions with
diamines, aminothiols, and amino aleohols and have
assigned the fused-ring structure 9 to these condensa-
tion products. Very recently two papers®*® and a

(1) For a general survey, see (a) J, W, Cornforth in “Heterocyelic Com-
pounds,” Vol. 5,'John Wiley & Sons, Ine., New York, N. Y., 1957, pp 391-395;
(b) N. H. Cromwell, ref la, Vol. 8, pp 541~544; (¢) E. 8. Schipper and A. R.
Day, ref 1a, Vol. 5, p 245; (d) G. W, Kenner and Sir A. Todd, ref 1a, Vol. 6, pp
314-318; (e) J. M. Sprague and A. H. Land, ref 1a, Vol. 5, pp 697-702; (f)
J. W. Keana, 8. B. Keana, and D, Beetham, J. Amer. Chem. Soc., 89, 3055
(1967).

(2) For a discussion of this problem, see R. M. Srivastabe, K. Weissman,
and L. B. Clapp, J. Heterocycl, Chem., 4, 114 (1967).

(3) (a) G. L. Oliver, J. R. Dann, and J. W. Gates, J. Amer, Chem. Soc., 80,
702 (1058); (b) D. Todd and 8. Teick, ibid., 75, 1895 (1953); () R. G. Hiskey
and 8. J. Dominianni, J. Org. Chem., 80, 1506 (1965); (d) H. H. Wasserman,
F. M. Precopio, and T, C. Liu, J. Amer. Chem. Soc., T4, 4093 (1952); (e)
E. F. M. Stephenson, J. Chem. Soc., 2354 (1954); (f) E, F. M. Stephenson,
ibid., 5024 (1952); (g) H. Hatt and E. F, Stephenson, ibid., 199 (1952).

(4) (a) American Home Products Corp., Belgian Patent 646,221 (1965),
and Netherlands Patent Application 6,403,794 (1965); Chem. Abstr., 63, 9972
(1985). (b) T. 8. Sulkowski, U. 8. Patent 3,203,243 (Dec 20, 1866); Chem.
Abstr., 66, 4412 (1967). .

(8) J. R. Geigy, A.G. Belgian Patent 659,528 (Aug 10, 1965); Chem.
Abstr., 64, 3545 (1966); Belgian Patent 659,530 (Aug 10, 1965); Chem.
Abstr., 64, 6664 (1966), and Netherlands Patent Application 6,501,640 (Aug
12, 1965).

(6) (a) T: 8. Sulkowski, M. A. Wille, A. Mascitti, and J. L. Diebold, J.
Org. Chem., 82, 2180 (1967); (b) W. Metlesics, T. Anton, and L, H. Stern-
bach, ibid., 32, 2185 (1967); (¢) American Home Products Corp,, Belgian
Patent 679,508 (Oct 14, 1966).

The occurrence of this low-field proton was dependent on the
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patentf® appeared that presented evidence to show that
the products from 2-aroylbenzoic acids and ethylene-
diamines are 5H-imidazo[2,1-a}isoindol-5-ones (9) and
not 2,5-benzodiazocin-1-ones (8) as reported earlier.**
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8, R=H, alkyl 9,B=NR,0,S;

X = (CHp)y, 5 0-CeH,, 2,3-C;H N Z=(CH,),—s, 0°CeH;

In the present paper we report our findings on the
type of product formed when an amino alcohol, a dia-
mine, or a mercaptoamine is condensed with 2-benzoyl-
benzoic, 3-benzoylpropionie, or 4-benzoylbutyric acids.



