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respect the trichloromethyl ethers appear to be unique. More precisely whatever
effect there may be is usually smaller than or at most comparable in magnitude with
the effects of intermolecular field-gradients and of other intramolecular interactions.
This perhaps casts doubt on the mechanism which has been proposed in [1] to explain
the marked frequency variation of the a-chloroethers and [2] the difference between
cis- and frans-1,2-dichloroacenaphthylene. In this respect the frequencies of the tri-
chloromethyl group in compounds of the type Cl,C (CHy)n CH,Cl are of interest [10]
for sufficiently long chain-lengths (n = 8, 10, 12) the resonances fall into two groups:
one resonance at 38.6 MHz and two others very close together at 37.3 MHz. This is
in contrast to the situation with short chain lengths where, despite the proximity
of the CH,CI group, the resonances of the CClg group spread over only 0.6-0.7 MHz.
This observation is likewise in agreement with the results presented [2] for the vari-
ously oriented 1,2-dichloro compounds. The frequency variations which have been
observed may thus well be due to stronger sigma-sigma interactions between vicinal
C-Cl and C~C bonds than between two vicinal C-Cl bonds.

In conclusion this survey of 35Cl resonances of the trichloromethyl group shows
that with most planar conjugating groups the change in frequency with orientation
is less than of 1.0 MHz, far less than has been clearly demonstrated for the a-chloro
ethers. When the trichloromethyl group is attached to a tetracoordinated carbon
atom, shifts of at least the same order of magnitude can occur.
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173. Repetitive Excess Mixed Anhydride (REMA) Synthesis of Peptides.
The Protected C-terminal Hexadecapeptide of Secretin

by A.van Zonl) and H, C. Beyerman

Laboratory of Organic Chemistry, Technische Hogeschool, Julianalaan 136, Delft,
The Netherlands

(30.XV.73)
Summary. The usefulness of the repetitive excess mixed anhydride (REMA) method of

peptide synthesis was demonstrated by the prompt synthesis of the protected C-terminal hexa-
decapeptide of the gastrointestinal hormone secretin, Boc-Arg(NO,)-Leu-Arg(NO,)-Asp(Bzl)-

1) Taken in part from the Doctoral Dissertation to be submitted by 4. van Zon.
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Ser(Bzl)-Ala-Arg(NO,)-Leu-Gln-Arg(NO,)-Leu-Leu-GIn-Gly-Leu-Val-NH, (secretin 12-27). The
overall yield was 319, with an average coupling yield of 93%,.

Comparison of the physical constants of all intermediate sequences with those published, by
Bodanszky et al. and by Wiinschefal. in their syntheses of secretin, indicated identity. No significant
racemization could be detected in acid hydrolysates on digestion with r-amino acid oxidase.

Introduction. — The sequential synthesis of peptides by what we call the REMA
method (Repetitive Excess Mixed Anhydride Method) [1] is based on the use of
mixed anhydrides of the carbonates [2].

In the period when mixed anhydrides were first used racemization appeared to
be serious, but this difficulty could be overcome by finding the conditions for racemi-
zation-free coupling [3]. Weygand et al. then made use of an excess of symmetrical
anhydrides — sometimes not readily accessible —, a procedure by which reactions
were forced to proceed to completion, while coupling on the undesirable side of the
mixed anhydride (a side-reaction to which we will revert later) was evaded [4]. The
principle of excess is essential to obtain near-quantitative coupling [5], otherwise
sequential syntheses will result in deleted sequences. Tilak et al., when using excess
mixed anhydrides, found that the excess could be promptly destroyed by aqueous
potassium hydrogen carbonate [6]. The yields with small peptides were so high that
the method could be applied repetitively without purification of the intermediate
products.

Tilak et al. succeeded in producing a nonapeptide in this way [6). In our Labora-
tory the sequence 1-10 of human growth hormone (HGH 1-10) was synthesized by
the REMA method [1] [7]; the product, on deprotection, was found to be identical
with the corresponding peptide synthesized by the solid-phase method [8]. The
problem of reaction on the undesirable side of the mixed anhydride, which results
in carbamates, e.g. in the couplings to N-terminal proline peptides, was evaded by
the coupling of dipeptides and larger peptides.

One of us has discussed a comparison of the highly satisfactory REMA method {7]
with Merrifield’s solid-phase peptide synthesis [9]. A salient point still to be investi-
gated was the extension limit with respect to the chain length. It may be recalled
that by some authors the present limit of the solid-phase synthesis is considered to
be a chain length of about 12-15 amino acid residues, for a purifiable peptide {10].

Objective. — We started such an investigation, choosing as model the gastro-
intestinal hormone secretin, which with 27 amino acid residues is approximately
three times larger than the HGH 1-10 which was readily synthesized here.

Secretin was already synthesized stepwise by Bodanszky ef al. by means of the
active ester method [11], so that, if the same protecting groups are used, the physical
constants of the sequences synthesized by the REMA method can be compared with
the data from the literature. For a number of small sequences the physical constants
given by Wiinsch et al. [12] in their synthesis of secretin can also be involved in the
comparison.

We now wish to report the synthesis of the C-terminal hexadecapeptide sequence
of secretin, with which the previously mentioned limit of the solid-phase synthesis
was attained.
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Secretin. ~ Secretin was discovered as far back as 1902 by Bayliss & Starling [13]
in the mucous membrane of the duodenum, but it was not until 1961 that the attempt
to isolate the peptide hormone in the pure state was successful [14]. For the isola-
tion of 10 mg of hormone with an activity of 4000 clinical units per mg 10,000 hogs
were required. Finally the primary structure of secretin was elucidated in 1966 by
Jorpes & Mutt [15]. The hormone is found to consist of 27 amino acid residues (mo!-
weight 3056). The sequence is as follows?) (Fig. 1):

H-His-Ser-Asp-Gly-Thr-Phe-Thr-Ser-Glu-Leu-Ser-Arg-Leu-Arg
1 2 3 4 5 6 7 89 10 11 12 13 14

-Asp-Ser-Ala-Arg-Leu-Gln-Arg-Leu-Leu-Gln-Gly-Leu-Val-NH,
15 16 17 18 19 20 21 22 23 24 25 26 27

Yig. 1. The amino acid sequence of the (porcine) hormone Secvelin

The above sequence was corroborated by two syntheses of Bodanszky, Ondetti
et al. [11], and more recently by the synthesis of Wiinsch et al. [12]. In the elucidation
of the sequence use was made of degradation with the aid cf trypsin. This breakdown
of secretin is so distinct that the chromatographic pattern of the resulting peptide
fragments can serve as a criterion of purity.

The biological activity of secretin is as follows: (i) the pancreas is stimulated to
release hydrogencarbonate, (ii) gastrin activity is inhibited, (iii) (iv) the secretion
of bilious juices as well as of insulin is increased, (v) the motor activity of stomach
and duodenum is decreased [17].

A striking feature is the great resemblance between the sequence of secretin
from the duodenum and that of the hormone glucagon from the pancreas, although
the biological activity of these compounds is different. The high degree of homology
indicates that the two peptide hormones have the same ancestry.

Results. — In our REMA synthesis of the C-terminal hexadecapeptide of secretir.
(secretin 12-27) both the benzyloxycarbonyl group (Z) and the #-butoxycarbony!l
group (Boc) were used as a-amino protecting groups. The Z-group was removed by
hydrogen bromide/acetic acid and the Boc-group by trifluoroacetic acid. The choice
of Z- and Boc-groups was such that a comparison of the physical constants of the
intermediate products with those of Bodanszky [11] and Wiinsch [12] became possible.
The same argument applied to the choice of the protecting groups in the side-chains,
where Arg(NO,) was used four times, and Ser(Bzl) and Asp(Bzl) once each (Scheme).

All the amino acids occurring in secretin 12-27 (Fig. 1), including Z-Gln, which
might cause imide formation or dehydration, and Boc-Gly?3), where diacylation
appeared possible [6], could be coupled in high yields without any difficulty. It was
only the coupling of Z-Arg(NO,) and Boc-Arg(NO,) which involved the formation

2) Standard abbreviations are used for amino acids and protecting groups [16). In addition,
DCHA stands for dicyclohexylamine, DMF for N, N’-dimethylformamide, DMSO for di-
methylsulfoxide, NMM for N-methylmorpholine, TFA for trifluoroacetic acid, and TLC. for
thin-layer chromatography.

3) Dr K. Liibke, Schering A.-G., Berlin, also observed no difficulty in the coupling of Boc-Gly
by the REMA method (personal communication to H. C. Beyeyman, in Boston, June 1972).
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Schemc. REMA Synthesis of the Protected C-Teyminal Hexadecapeptide of Secretin (12-27)

12 13 14 15 16 17 18 19 20 2a 22 23 24 25 26 27
3
Arg Leu Arg Asp Ser Ala Arg Leu Gln Arg Leu Leu Gin Gly Leu vai
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of minor by-products, but these could be removed during working-up without causing
any appreciable reduction of the yield. These by-products are probably produced
upon lactam formation from the excess of the mixed anhydride of N-protected
Arg(NO,).

The process briefly described in the experimental part differs in one respect from
the one described by one of us in a previous communication [7]. The couplings now
were monitored by making use of fluorescamine, the new highly sensitive reagent
[18]. Fluorescamine was found to be ten to a hundred times more sensitive than nin-
hydrin for the detection of unreacted amino groups, dependent on the amino com-
ponent. ‘

As a rule we continued a peptide coupling until >>99.99 of the amino component
no longer reacted with fluorescamine, but this need not mean that the coupling
proceeded to such a high percentage.

With isolation of the intermediate products by precipitation by means of the
addition of water or aqueous sodium chloride, but without further purifications,
the hexadecapeptide secretin 12-27 could be synthesized in an overall yield of 319,
which means an average coupling yield of 939, (calculated on Z-Val-OH, and assum-
ing a quantitative yield in each deblocking step). All the intermediates gave a correct
amino acid analysis and, after one crystallization, a good elemental analysis (Tables
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3 and 4). The optical rotations and the melting points agree with the values given
by Bodanszky et al. [11] and Wiéinsch et al. [12] (Table 1).

The synthesis was repeated on a larger scale; the results did not differ essentially
from those of the first synthesis.

A sample of the hexadecapeptide was subjected, after acid hydrolysis, to digestion
with L-amino acid oxidase; no significant racemization (<< 29,) could be detected.

Conclusions and discussion. — The repetitive excess mixed anhydride (REMA)
method of coupling was found highly suitable for the synthesis of pure protected
secretin 12-27. The synthesis proceeds relatively quickly, since about one amino
acid a day can be added, and yields an unambiguous product without far-reaching
purification. With this hexadecapeptide the limit of the solid-phase synthesis men-
tioned in the introduction has been equalled or exceeded. In addition the REMA
method presents the advantage over the solid-phase synthesis that the quality of
the intermediates can always be checked, while the couplings can be monitored by
the use of the highly sensitive fluorescamine.

Difficulties which sometimes occur in the initial stage of a REMA synthesis,
in consequence of the solubility in water of some small peptides, and which neces-
sitate the use of extraction for the isolation {7}, did not present themselves in the
synthesis of secretin 12-27. All the intermediates could invariably be isolated by
precipitation.

The coupling times of reactions at the same concentration, as they were deduced
from spot tests with fluorescamine, were found to be less than 5 min for the prepara-
tion of small peptides, whilst for the addition to the pentadecapeptide nearly 2 h
were required (<< 0.19, of free amino component still present). The explanation of
this increase, which was not a gradual one, may be a conformational change of the
amino component.

As the solubility of the growing peptide chain decreases the reaction times may
increase even further, énter alia owing to the necessary lower concentration. We hope
to avoid an inconvenient increase of the reaction time by raising the concentration
of the acylating agent.

We are continuing the REMA synthesis of secretin, but it appeared useful to us
to communicate already now the result we have attained.

The investigation was carried out under the auspices of the Netherlands Foundation for Chemical
Research (S.O.N.}) and with support from the Netherlands Organization for the Advancement of
Puye Research (Z.W.0.).

We thank Dr Sidney Udenfriend, Roche Institutc of Molecular Biology, Nutley, N.]J., and
Dr Willy Leimgruber, Hoffmann-La Roche Inc., Nutley, N.J., for gifts of fluorescamine.

Experimental Part

Melting points were determined with A#uschiitz thermometers with the samples contained in
glass capillaries in a copper block. — Optical rotations were measured with a Perkin-Elmer P-141
photoelectric polarimeter in a 1-dm cell and are estimated to be correct to 4+ 1°. — Elemental
analyses were performed by Messrs M. van Leeuwen and M. A. Hoefnagel of this Laboratory. —
Amino acid analyses were carried out by Messrs H. 4. Billiet and C. Warnaar of the Analytical
Department and by Mr A. van Estyik of this Laboratory. Samples were hydrolyzed with 6m HC1
at 110° for 24 h and run on a Locarfe (bench model) automatic amino acid analyzer. — Thin-layer
chromatography was performed on silicagel plates (Merck F254) in the following solvent systems
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(composition by volume): A/Chloroform/acetic acid 9:1; B/Chloroform/methanol 4:1; C/Chloro-
form/methanol/acetic acid 85:10:5; D/Chloroform/methanol/179%, ammonia 2:2:1; E/Butanol/
pyridinefacetic acid/water 30:20:6:24. — Spots were visualized by UV. light, or on spraying with
ninhydrin, or fluorescamine (detection at about 390 nm), or the Reindel-Hoppe reagent after
chlorination.

Most protected amino acids were purchased from Protein Research Foundation, Osaka, Japan;
E. Mevck A.G., Darmstadt, Germany, and IFluka A.G., Buchs, Switzerland. Purity of all commer-
cial preparations was checked. Melting points, optical rotations, and TLC.-behaviour were found
to be in agreement with the data from the literature.

Synthesis via the REMA method. — Synthesis of the protected C-terminal hexadeca-
peptide of secretin, Boc-Arg(NO,)-Leu-Arg(NO,)-Asp(Bzl)-Ser(Bzl)-Ala-Arg(NO,)-Leu-Gln-Arg-
(NO,)-Leu-Leu-Gln-Gly-Leu-Val-NH,, secretin 12-27, was achieved by application of the REMA
method. The coupling reactions, the data of which are summarized in Tables 24, were carried
out according to the following General Procedure.

General procedure., — A 1.4-fold excess of mixed anhydride over amino compound was
obtained by adding 1.4 eq of isobutyl chloroformate to a solution of 1.5 eq of N-protected amino
acid and 1.5 eq of N-methylmorpholine (NMM) in tetrahydrofuran (THF) or in dimethylformamide
(DMF) at a temperature of —15°. The time for the formation of the mixed anhydride was 2 min,
after which the amino component (1 eq) was added at once. The reaction was performed with
mechanical stirring at —15 4+ 1° in a double-walled glass reaction vessel which was kept at the
constant temperature by means of a cryostat.

During the coupling 1 pl samples were taken and impregnated on a silicagel plate. After
reaction with fluorescamine, the intensity of the spots in long-wave UV, (390 nm) was compared
with the intensities obtained from known quantities of amino compound. In this way the amount
of amino component still present in the reaction mixture could be estimated. Couplings were
continued for 1 h after fluorescamine indicated the presence of less than 0.19, of free amino
component.

After a reaction time of 3 h at the utmost the temperature was raised to 0° and a 2m solution
of potassium hydrogen carbonate was added until a slightly alkaline reaction was obtained. The
mixture was stirred vigorously for 30 min, after which the peptide was precipitated by addition
of a 759, saturated aqueous solution of sodium chloride (generally four times the quantity of
organic solvent), or in the case of larger peptides by addition of water. The protected peptides,
after washing with water, were mostly dried in vacuo (at about 0.1 Torr) at room temperature
until constant weight. Occasionally preparations still containing moisture were used; this caused
no difficulty.

The N-protecting groups were removed by acidolysis, the benzyloxycarbonyl group by dis-
solving the peptide in 2N hydrogen bromide in acetic acid and keeping the solution at room
temperature for 1.5 h. The ¢{-butoxycarbonyl group was removed on treatment of the peptide with
trifluoroacetic acid at room temperature for 30 min. Deprotected peptides were isolated either by
precipitation with ether or by evaporation of the solvent in vacuo.

The synthesis described was repeated on a larger scale (about 10 mmol); we obtained 4 grams
of secretin 12-27.

L-Amino acid oxidase digestion. — Hydrolysed secretin 12-27 (600 nmol) was dissolved in
0.2 m! of 0.2m ‘Trisbuffer’ (pH 7.2~7.5). To this mixture a solution of 90 pl of L-amino acid oxidase
(Crotalus Adamanteus; 4 mg/ml; act. 4.9 units/mg Prot; Sigma Chemical Company, St. Louis,
U.S.A.) and 5 pl of toluenc were added, after which the mixture was shaken in an oxygen atmos-
phere at 37° for 24 h. The results of the amino acid analysis were compared with those of a hydro-
lysed mixture of amino acids which was also subjected to the conditions described above.

For the hexadecapeptide digested in this manner no significant racemization within the limits
of error (<< 29%) for Ala, Val, Leu, and Arg could be detected. Racemization of Ser, Asp, and Glu
could not be determined by this method, since they are digested very slowly by rL-amino acid
oxidase, if at all.
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