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Peptide synthesis. Part 2.' Procedures for Solid-phase Synthesis using 
Na-Fluorenylmethoxycarbonylamino-acids on Polyamide Supports. 
Synthesis of Substance P and of Acyl Carrier Protein 65-74 Decapeptide 

r 
By Eric Atherton. Christopher J. Logan, and Robert C. Sheppard, M.R.C. Laboratory of Molecula 

Biology, Hills Road, Cambridge CB2 2QH 

Use of base-labile Na-9-fluorenylmethoxycarbonylamino-acids in combination with acid-labile t-butyl or p- 
alkoxybenzyl side-chain or carboxy-terminal (resin-linkage) protecting groups enables solid-phase peptide syn- 
thesis to be carried out under exceptionally mild reaction conditions. The repetitive and vigorous acidic treatments 
required in conventional synthesis are avoided. High-yield syntheses of a decapeptide and of an undecapeptide 
amide (Substance P) are described using this new combination of protecting groups on polyamide supports. 

IN  the preceding paper we described a procedure for 
solid-phase peptide synthesis utilising novel polar sup- 
port materials. For the evaluation of these polyamide 
supports vis li vis polystyrene, other changes in the basic 
solid-phase system2 were kcpt to a minimum. In 
particular a rather conventional combination of protect- 
ing groups was employed. Thus terminal amino-groups 
were protected as t-butoxycarbonyl (Boc) derivatives, 
and side-chain and carboxy-terminal (resin-linkage) 
groups as benzyl or substituted-benzyl ether or ester 
derivatives. This conventional combination is not 
necessarily optimum, and we now describe in detail 394 
experiments and reasoning which have led us to adopt 
Na-fluorenylmcthoxycarbonyl (I'moc) derivatives ( I  ) 
for routine use in polyamide-based solid-phase synthesis. 

From its beginnings 6 the Xlerrifield solid-phase 
technique has been firmly rooted in the near-exclusive 
use of acid-labilc protecting groups. Differential cleav- 
age has been achieved by use of groups of graded acid 
lability. This approach was typified in the original 
met hod using iN-terminal benzyloxycarbonyl deriv- 
atives together with a more stable nitrobenzyl ester 
resin linkage. Subsequently this Combination was 
replaced by use of the Boc group for a-amino-protection 
with the permanent protection of trifunctional amino- 
acid side-chains and the resin linkage provided by 
benzyloxycarbonyl or benzyl ether or ester derivatives.' 
A number of other acid-labile protecting groups have 
been suggested and used from time to time,2 but the 
Boc-benzyl combination has formed the basis for the vast 
majority of solid-phase syntheses reported.2 

As solid-phase peptide synthesis has developed and the 
synthetic targets have become larger and more sensitive, 
the limitations of this system have become more 
apparent. Both the repetitive cleavage of Boc groups, 

and especially the final cleavage of benzyl derivatives 
involve treatment with strong acids which are clearly 
destructive to some peptide sequences. Typically 
acidolysis of Roc groups requires ca. 30 min treatment 
with e.g. trifluoroacetic acid per cycle, giving a total 
contact time of many hours in the synthesis of a sub- 
stantial peptide. Likewise, final deprotection and 
detachment of the completed peptide from the resin 
requires treatment with even stronger acid, commonly 
liquid hydrogen fluoride, the damaging effects of which 
are well recognised.2b Selectivity in the cleavage of 
Boc groups in the presence of multiple benzyl functions 
may be inadequate, resulting in premature loss of side- 
chain protection and detachment of peptide from the 
resin.s Several acid-induced side reactions of benzyl- 
protected amino-acid derivatives have been recognised, 
notably reaction of benzyl cations with the nucleophilic 
sulphur atom in metliionine residues,1° 0 - C mi- 
gration in O-benzyl-tyrosine derivatives,ll cyclic imide 
formation from p-benzyl aspartyl esters,12 and formation 
of pyroglutamyl residues and other side-products 
derived from acyliuni ion intermediates in y-benzyl- 
glutamate cleavage.lZ Some of these last problems 
together with the lack of absolute selectivity in repetitive 
end group cleavage have been minimised by the intro- 
duction of more stable, nuclear-substituted benzyl 
derivatives for particular amino-acids, e.g. ~-2,4-di- 
chlorobenzyloxycarbonyl-lysine,8h O-Z-bromobenzyloxy- 
carb0ny1-l~ and Z,fi-dichlorobenzyl-tyrosine,ll and p -  
chlorobenzyl aspartate and g1~tamate . l~  A more stable 
fi-carbamoylbenzyl ester resin linkage has also been 
employed.16 All these negatively substituted benzyl 
derivatives are of course cleaved more slowly than their 
unsubstituted parents, and may therefore require even 
more vigorously acidic final deprotection conditions, 
exacerbating the first-me.ntioned problem. 

RESULTS AND DISCUSSION 

It seemed to us that the difficulties described above 
warranted reconsideration of the protecting group and 
resin-linkage system as a whole rather than piecemeal. 
The foremost requirement is to reduce the overall 
severity of reaction conditions in solid-phase peptide 
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539 
synthesis. This is a prerequisite to application to the 
synthesis of sensitive proteins. Any new system 
should, if possible, convey additional flexibility enabling, 
for example, synthesis and detachment of Protected 
peptides useful in fragment condensation strategies. 
This also may ultimately prove to be essential for useful 
protein synthesis. It strongly suggests abandonment 
of the concept of graded lability to the same reagent type 
as a feature of protecting group design. 

Our preferred system now uses base-labile groups for 
amino-protection in combination with acid-labile t- 
butyl-based derivatives for side-chain protection. Thus 
the multiple treatments with e.g. trifluoroacetic acid 
required for Boc-group cleavage are replaced by a 
single final treatment, and use of liquid hydrogen fluoride 
or other very strongly acidic reagents is dispensed with. 
Several possibilities were considered for the base-labile 
amino-protect ing group, v i z . ,  met hylsulphonyle t hoxy- 
carbonyl,17 cc-cyano-t-butoxycarbonyl,l8 5-benzisoxazol- 
ylmethoxycarbonyl,ls and fluorenylmethoxycarbonyl 
(l).5 Only the last of these appeared to combine the 
required degree of base-lability, complete acid stability, 
and ease of preparation of crystalline, readily purified 
amino-acid derivatives. Fmoc- amino- acids we re int ro- 
duced into peptide chemistry by Carpino and H a n s  in 
1970, but found little practical use until the present 
work and a contemporary, independently conceived 
application to polystyrene-based solid-phase syn- 
thesis.20 During the past year interest has quickened 
and detailed papers have now appeared on the pre- 
paration of a range of amino-acid derivatives21 and of 
their activated esters.22 Utility of Fmoc-derivatives in 
solution-phase peptide synthesis is being re-examined.22.23 

In our experience, Fmoc-amino-acids may be simply 
prepared by reaction of the appropriate amino-acid with 
a 10% excess of (crystalline) 9-fluoroenylmethyl chloro- 
formate in 10% aqueous sodium carbonate-dioxan, 
essentially Carpino and Han's  condition^.^ Reaction is 
continued until a negative ninhydrin reaction (t.1.c.) is 
obtained; usually 1-1.5 h a t  room temperature is 
adequate. Unduly prolonged reaction periods may be 
deleterious (cf. ref. 21). Chemical characteristics of a 
wide range of Fmoc-amino-acids have been tabulated.21 
Although general procedures have been described 22 for 
9-nitrophenyl ester preparation, the derivatives of 
asparagine and glutamine which present special solu- 
bility problems are described in the Experimental 
section. 

Fmoc-amino-acids and peptides show apparently 
quite exceptional lability towards secondary amines. 
In  our hands, Fmoc-valine was cleaved within seconds 
by piperidine in dimethylformamide solution (Table 1) .  
The rate of cleavage is evidently strongly influenced by 
both base strength and steric factors. The weaker but 
sterically similar bases piperazine and morpholine cleave 
Fmoc-valine a t  distinctly slower rates, although the 
former is still a practically useful reagent in solid-phase 
synthesis even at the lower concentration necessitated 

by its limited solubility. The more hindered secondary 
amine dicyclohexylamine is relatively ineffective, as are 
tertiary amines in general. The appreciable lability 
towards 9-dimethylaminopyridine is of significance in 
connection with its use as a catalyst for ester-bond 
(resin-linkage) formation, and is considered further 

TABLE 1 
Approximate half lives for cleavage of Fmoc-Val-OH by 

various amines in dimethylformamide 
20% Piperidine 6 s  

50% Morpholine 1 min 
50% Dicyclohexylamine 35 min 
loo/, p-Dimethylaminopyridine 85 min 
50% Ethyldi-isopropylamine 10.1 h 

below. Approximate rates of cleavage of the Fmoc- 
group by other basic reagents have been tabulated by 
Chang et aL21 

Of special importance in peptide synthesis is the 
possibility of Fmoc-group cleavage by the relatively 
weakly basic amino-component during the actual 
acylation reaction. If it occurred to a detectable 
extent, it would result in multiple addition of individual 
amino-acid residues. This possibility has recently been 
discussed elsewhere, both for the solution- 23 and solid- 
phase situations.21 In solution-phase experiments, rates 
have been determined for cleavage of Fmoc-glycine and 
alanine by a range of amino-components at 0 . 2 M  con- 
centration; half-lives were 10-70 h.% Our own 
experiments on the cleavage of neutral Fmoc-deriv- 
atives by poly( dimethylacry1amide)-bound secondary 
amine at relatively high concentration ( 2 4  milliequiv. 
g-') again gave extended times (8-12 1-1) for complete 
reaction. Both the concentration and base strength 
of these resin-bound amines are very much higher than 
are encountered a t  the start of a typical polyamide solid- 
phase acylation reaction (ca. 0.3 milliequiv. g-l amino- 
component, resin swollen volume ca. 20 ml, correspond- 
ing to ca. 0 . 0 1 5 ~ ) ,  and this declines rapidly to near zero, 
usually within a few minutes as judged by the sensitive 
ninhydrin test .25 Thus significant loss of Fmoc-groups 
during the acylation reaction would not be expected, 
and we have not yet detected side-products in which this 
has occurred. On the other hand it should be noted that 
Fmoc-derivatives are not completely stable to prolonged 
storage in polar aprotic solvents. Thus in dimethyl- 
ace t amide , dime t h ylf ormamide, and N-me t h ylp yrroli- 
done, Fmoc-glycine decomposed to the extent of 1, 5, 
and 14%, respectively during 7 days.26 For this and 
other reasons2' we now favour dimethylacetamide as a 
general solvent for peptide synthesis using Fmoc- 
derivatives, although much of the work described here 
utilises dimethylformamide. One cycle of solid-phase 
synthesis as described here occupying ca. 2 h would cor- 
respond to ca. 0.01 :h decomposition in dimethylacet- 
amide. Both dimethylacetamide and dimethyl- 
formamide need to be completely freed from traces of 
dimethylamine and from acetic or formic acids by careful 

5% Piperazine 20 s 
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540 J.C.S. Perkin I 
fractional distillation in vacuo immediately before use 
in solid-phase synthesis, especially in view of the rela- 
tively large volumes of solvents involved. 

The complete stability of Fmoc-derivatives to acidoly- 
sis was convincingly demonstrated by Carpino and H ~ I I , ~  
and is in line with our own experience. In  contrast, we 
were unable to confirm the reported resistance to hydro- 
genoly~is .~ In our hands, Fmoc-aniline and Fmoc- 
glycine were cleaved to 9-methylfluorene by hydrogen- 
ation over palladium-charcoal on palladium block 
catalysts under a variety of conditions with half-lives of 
2-30 h.26 Confirmatory results have since been 
obtained by others.% This surprising result indicates 
caution in applications involving hydrogenation of 
Fmoc-derivatives (cf. ref, 21). 

The very high repetitive yields in deprotection and 
acylation reactions demanded by solid-phase synthesis 
require a large margin of safety in assessing minimum 
reaction conditions. At least 13 half-lives are required 
to ensure 99.99% reaction. An additional rather 
arbitrary factor of 6 has been included to allow for end 
group and possible sequence variations from the data in 
Table 1, as well as for the transfer from free solution to 
solid-phase reaction conditions. On this basis we have 
adopted a standard lO-min contact time with 20yo 
piperidine-dimethylformamide for Fmoc-cleavage of 
resin-bound peptide. This treatment would seem to be 
without detectable effect on t-butyl-based side-chain 
protecting groups. The most base-labile t-butyl deriv- 
atives likely to be encountered are those protecting the 
side-chains of aspartyl residues, particularly when 
adjacent to glycine, serine, and t h r e ~ n i n e . ~ ~  Boc- 
Asp(OBut)-Gly-OBut and an analogous resin-bound 
dipeptide gave no (3-aspartylglycine * or other ninhydrin- 
reacting products after 24 h treatment with piperidine- 
DMF (equivalent to 144 reaction cycles) and acidic 
deprotection. The similarly base-labile asparaginyl- 
glycine sequence is present in the test decapeptide 
sequence described below ; we have recently successfully 
synthesised a tridecapeptide containing the -Asp-Ser- 
sequence without undue d i f f i ~ u l t y . ~ ~  

The polyamide solid-phase method allows complete 
flexibility in the choice of peptide-resin linkage group- 
ings.31 For use in combination with Na-Fmoc and t-  
butyl-based side-chain protection, the acid-labile p-  
alkoxybenzyl ester resin linkage 32 is generally applic- 
able. This is easily achieved through the linkage agent 
(2), analogous to (3) previously employed in combination 
with benzyl-based side chain pr0tection.l Esters of 
the benzylic hydroxy-group in (2) are cleaved under the 
same acidic conditions (c.g. trifluoroacetic acid, 30 min) 
as are t-butyl derivatives, enabling simultaneous side- 
chain deprotection and detachment of completed pep- 
tides. Esters of (3) require the more drastic hydrogen 
fluoride treatment associated with benzyl ester deriv- 
atives of normal reactivity. Essentially complete acid 

* Authentic samples of a- and P-aspartyl-glycine were kindly 
provided by the late Professor G. W. Kenner. 

stability (unaffected by liquid hydrogen fluoride) and 
enhanced nucleophilic lability is obtained with esters 
derives from the 1$-carboxy-substituted benzyl alcohol 
(4). Application of this linkage agent to the preparation 
of a peptide amide (Substance P) is illustrated below. 
Other potentially useful linkage agents have been 
tabulated elsewherea31 An additional reagent (5 )  offers 
special promise for the photolytic detachment 33 of 

( 3 )  

( 4 )  
02 N' 

(5) 

protected peptides for use in solid-phase fragment 
condensation ~ t r a t e g i e s . ~ ~  

The general protocol for use of Fmoc-amino-acid 
anhydrides and activated esters in polyamidc solid-phase 
synthesis is shown in Table 2, column A, together with 
the comparable procedure (column B) for Boc-amino- 
acid derivatives1 In procedure (A) all the reactions 
are carried out in a single polar reaction medium (dime- 
thylformamide or dimethylacetamide), resulting in 
considerable advantage in terms of speed and simplicity 
over (B). No special steps are taken, or appear to be 
necessary, to ensure decarboxylation of the presumed 
intermediate carbamic acid salt (7) [Scheme, equation 
(l)]  which could be stable under the basic conditions of 
its formation. It is possible that peptide bond form- 
ation occurs by acylation of this carboxylate and re- 
arrangement of the resulting AT-carboxy-anhydride (8) 
(arrows in Scheme). This reaction path may be com- 
pared to the formation of amide bonds through reaction 
of isocyanates with carboxylic acids.35 No mechanistic 
studies have apparently been carried out on the base- 
catalysed decomposition of fluorenylcarbamates, but 
fluoroenylmethanol itself follows an Elcb m e c h a n i s ~ n . ~ ~  
A similar path of initial conjugate base formation 
[equation (l)] would be favoured in the polar resin- 
polar solvent environment provided in the polyamide 
solid-phase method, and this may be a significant 
factor in the relative applicability of fluorenylmethoxy- 
carbonylamino-acids in polyamide solid-phase synthesis 
compared with more apolar polystyrene-based systems. 
No firm evidence has been obtained for significant 
(irreversible) back addition of dibenzofulvene (6) to 
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iiewly liberated terminal amino-groups, although trace 
impurities observed during purification procedures may 
show relatively high U.V. absorption compared with their 

and particularly effective catalyst for esterification of tlic 
first amino-acid to the resin-bound linkage agent. The 
opportunity was therefore taken to use a completely base 

(7) R *  CO-NHR1 

7.. 61 X + R ~ C O - O - C O - N H R ~  
b 

pq)ti(lc coritc1nt (see below). Qualitative cxperimeiits 
with alanine t-hutyl ester showed that this addition is a 
slow process, and rapid reaction with the very large 
excess of cleprotecting secondary base (piperidine) to 
form (9) would be expected to predominate. 

For the validation of the Fmoc-polyamide procedure 
in actual synthesis, we initially employed the same test 
decapeptide sequence (10) as bef0re.l The original (J- 
alanine-con t ain ing poly (dime th ylacrylarnide) support 27 

was employed with initial addition of leucine as internal 

H2- 

(9 )  

stable biphenylisopropoxycarbonyl (Bpoc) I)rotectiiig 
group for esterification of the first residue (glyc-ine) to 

H-Val-Gln-Ala-Ala-Ile-Asp-Tyr-Ile-Asn-Gly --OII 
(10) 

(11) 

H-L4rg-Pro-Lys-Pro-Gln-Gln-Phe -€'he-Gly-Leu- 
Me t-NH, 

tlie resin with subsequent very mild acidic treatment. 
I t  is not a t  all certain that this precautionary strategeni 

TABLE 2 
l'roccdurcs for p )lJ-aitiidc solid-pliasc peptide syiitlic.sis using (A) Na-l;nioc protection ; (€3) A'a-130c protection (H( )Et == 

1 - l i y d r o s y b c r i ~ o t r i ~ ~ ~ l ~ )  
(U) 

a-IZoc-w-benzyl 
(A) 

a-Filioc-w-butyl 
I:tCMe,OfI 5 x 2 min 

1)iMJ; * 5 x 1 I l l l I l  .Id )I-I 5 x 2 min 
I'ipcritlinc-1 )RIF 3 4- 7 min IICI- AcOlZ 5 + 25 min 
I ) A l l ?  10 x 1 inin AcOH 5 x 2 rnin 

EtCMc,OH 5 x 2 min 
IIMF 5 x 2 Inin 
Prl,NE t -DM 17 3 x 2 min 
DRIF 5 x 2 min 
Boc-Ah-an11 ydridc 

60-120 min 

5 x 2 min 
41 

5-6 h 

60-120 inin or active ester/ 
I-TOBt-DMF 

5 x 1 min DhlF 

2-3 h 
23 

130c-.l .I-anhydridc 
or active e+x /  
H 0 ?3 t -D M I; 
I)MF 
Total operations : 
Cycle time : 

* L>imcthylacctamiclc may universally replace dimctliylformainide (see text) .  

reference amino-acid arid the acid-labile P-alkoxybenzyl How- 
alcohol linkage agent (2). As mentioned previously, ever, on occasions when fluorenylmethoxycarbonyl- 
fluorenylmethoxycarbonyl groups are cleaved a t  an amino-acid derivatives are used in the presence of 13- 
appreciable rate by 9-dimethylaminopyridine, the usual dimethylaminopyridine for attachment of the first 

will prove to be generally necessary (cf. ref. 20). 
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0-2 
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- 

amino-acid, i t  will be appropriate to test by cleavage of 
a small resin sample that no dipeptide has been formed 
through premature loss of amino-protection and further 
acylation. 

The following eight amino-acid residues were intro- 
duced using exclusively Fmoc-amino-acids and the 
synthesis conveniently terminated using Boc-valine. 
Full details of the synthetic and purification procedures 
are given in the Experimental section. Two complete 
syntheses were carried out. In the first, 30-min exposure 
to 5yo piperazine was used for repetitive deprotection ; 
in the second, 10 min with 20% piperidine. Essentially 
identical results were obtained in both cases, the overall 
yield of decapeptide purified by a single ion-exchange 
chromatography being 75%. The elution profile for the 
sccond synthesis is shown in the Figure. On the rela- 

This is our present practice. 

08 I I 

I \  A 

I 

i 

Fraction Number 
I;IGVRE Ion-exchange chromatography of the synthetic tlecapep- 

tide (10) on diethylaminoethyl cellulose DE52 ; eluant, linear 
gradient of 0.01-0.5111 ammonium hydrogencarbonate, pH 
8.1. Insets: analytical h.p.1.c. on Partisil ODs ;  eluant 5-600;, 
MeCN in 0.01111 NH,OAc, p H  4.6; ( a )  total reaction product 
before fractionation ; (b)  main peak from ion-exchange chroma- 
togram 

tively small scale employed for research experimentation, 
an indeterminate but significant part of the resin is 
removed for analytical control during the course of the 
synthesis. The yield quoted therefore reflects the 
efficiency of repetitive peptide-bond formation and 
protecting-group cleavage, retention of peptide chains on 
the resin, and the recoveries during the detachment, 
protecting-group cleavage, and all purification steps. 
Peptide-resin loss for analytical or other reasons is not 
included ; previous experience suggests that  little if 
any polyamide resin is lost through physical attrition, 
providing its swollen gelatinous nature is retained 
throughout. The overall yield of decapeptide obtained 
is nearly two-fold better than that of the comparable 
synthesis utilising Boc and benzyl protecting groups and 
strongly acidic reagents.l In  the latter case, though, 
significant losses were probably incurred through in- 
efficiencies in the ion-exchange chromatographic pro- 
cedure.l 

A second test synthesis was provided by the unde- 
capeptide amide Substance P (11) utilizing the newer 
sarcosine-containing polyamide support .194 This resin 
is functionalised a t  the polymerisation stage with 

metlioxycarbonyl-groups, and is convertcd tu an amino- 
resin by aminolysis with an excess of ethy1enediamine.l 
An internal reference alino-acid (norleucine) was added 
by the standard Fmoc-amino-acid anhydride procedure 
given in Table 2 (A), followed by active ester coupling 
of the acid-stable linkage agent (4). A second treatment 
wit11 the active ester of (4) was necessary before a nega- 
tive ninliydrin reaction was obtained, although this 
has not proved generally necessary. Thereafter the 
synthesis proceeded similarly to that described above. 
The t-butoxycarbonyl derivative of methionine Was 
employed in the resin esterification step, avoiding the 
problem of lability of Fmoc-groups to dimethylamino- 
pyridine. The following nine amino-acid residues were 
incorporated as i;moc-anhydrides or 9-nitrophenyl 
esters (glutamine) following the standard procedure. 
Although reaction with Fmoc-Lys(Boc) anhydride was 
complete as judged by ninhydrin reaction, amino-acid 
analysis revealed that this and all subsequent residues 
were incorporated to the cxteiit of only 70% (see 
bqwrimental section). This problem is one which has 
r m m e d  in the synthesis of other sequences utilising the 
E-Boc-derivative of Fmoc-lysine (e .g .  ref. 36), and is 
clearly associated with the particular derivative. It was 
not encountered in a later synthesis of substance P 
using the E-trifluoroacetyl derivative of F m o c - l y ~ i n e , ~ ~  
nor in a very recent synthesis of a part sequence of 
cytochrome C.37 The c-trifluoroacetyl group is stable 
to prolonged treatment to piperidine,36 and provides a 
useful solution to the problem. The present synthesis 
was completed using the hydrochloride salt of Boc- 
arginine for the final coupling. Insolubility of this 
derivative precluded activation to the symmetrical 
anhydride with dicyclohexylcarbodi-imide in dichloro- 
methane in the usual way,l but a good incorporation 
was obtained by treatment with dicyclohexylcarbodi- 
imide in dimethylformamide and addition of the whole 
activation mixture to the resin after 5 min. Recent 
results indicated that the Na-FmO~ derivative of o w -  

bis(adaniantyloxycarbony1)arginine 38 may provide a 
general reagent for the introduction of this amino-acid. 

The undecapeptide was detached from the resin by 
animonolysis, side-cliain protecting groups were removed 
by a single trifluoroacetic acid treatment, and the amide 
piirified by ion-exchange chromatography. Isolation 
was complicated by the presence in the crude product of 
a substantial proportion of methionine sulphoxide 
derivative, easily distinguished by reversed-phase h.p.1.c. 
The oxide was smoothly reduced by excess of dithio-. 
threitol 39 and the purified substance P finally separated 
by Sephadex chromatography. The overall yield of 
material identical with authentic substance P by amino- 
acid analysis, h.p.l.c., and radio-immunoassay was 47 %,. 

These results show that fluorenylmethoxycarbonyl 
derivatives of amino-acids may be usefully employed in 
solid-phase peptide synthesis. Their application is not 
limited to polyamide-based systems although the polar 
reaction media characteristic of the latter may favour 
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srnoot h base-catalysed ,&elimination. Conditions for 
cleavage of fluorenylmethoxycarbonyl groups are 
exceptionally mild. Combination with t-butyl-based 
side-chain protecting groups and an appropriately labile 
peptide-resin linkage enables a substantial reduction in 
the overall severity of solid phase reaction conditions. 
Further applications embracing a wide range of amino- 
acid types lia\re been r e p ~ r t e d . ~ ~ . ~ ~  

EXPERIMENTAL 

p-Bromomethylbenzoic Acid.-a-Bromo-p-tolilonitrile (20 
g 0.102 mol) was heated with constant-boiling hydro- 
bromic acid (200 ml) for 5 h under reffux. After cooling 
the solid was collected, washed with water, and dried in 
wacuo. Recrystallisation from ethyl acetate gave p -  
bromomethylbenzoic acid (12.5 g, 57y0), m.p. 231-232 "C. 
A second crop (4.5 g, 20.5%) had m.p. 225-227 "C (lit.,40 
223-224 "C). 

p-f-13?droxymethylbenzoiG A cid.-p-Bromomethyl benzoic 
acid (12.5 g, 0.058 mol) was boiled in water (500 nil) for 1 11 
after dissolution. After cooling, the crystalline product 
was collected and recrystallised from water. p-Hydroxy- 
methylbenzoic acid (7.8 g, 88%) had m.p. 181-183 "C 
(lit. ,40 m.p. 179-181 "C). 

p-l~ydroxyinethylbenzoic Acid 2,4,5-Trichlorophen3,I 
Ester.-p-Hydroxymethylbenzoic acid (4.5 g, 30 mmol) 
and 2,4,5-trichlorophenol (6.5 g, 33 mmol) were dissolved 
in dimethylformamide (40 ml), cooled to  0 "C, and a solution 
of dicyclohexylcarbodi-imide (6.8 g, 33 mmol) in dimethyl- 
formamide added dropwise with stirring. The reaction 
mixture was stirred and allowed to warm to room teniper- 
ature overnight. The dicyclohexylurea was filtered off 
and the solution evaporated. The residual oil was dissolved 
in ethyl acetate (50 ml), insoluble urea filtered off, and petrol 
added. On cooling the trichlorophenyl ester (8 .5  g, 86%) 
crystallised, m.p. 130-135 "C. An analytical sample 
melted a t  139.5-141 "C (Found: C, 50.85; H, 3.05. 
C,,H,Cl,O, requires C, 50.71 ; €1, 2.74%). 

p-Ckloromethylphenoxyacetic Acid.-A mixture of phen- 
oxyacetic aid (24.5 g, 0.16 mol) and 40y0 w/v aqueous 
formaldehyde (38 ml) was stirred in an  ice-salt bath until 
the temperature fell to -5  "C. A gentle stream of hydro- 
gen chloride was passed through the stirred mixture for 40 
min. Excess o f  water was then added and after cooling in 
ice brieffy the product was collected by filtration, washed 
well with water, and dried. The combined yield from four 
such experiments ( 106.4 g) was recrystallised from chloro- 
form to give a first crop consisting of 43.6 g (340/,), m.p. 
125-129 "C. A sample recrystallised for analysis had m.p. 
128-129 "C (Found: C, 53.9; H, 4.55. C,H,C10, requires 
C, 53.88; H,  4 5 2 % ) .  

p-~~ydro,~ymethylphe.noxyacetic Acid.-Tlie chloromethyl 
derivative (25 g, 0.123 mol) was dissolved with effervesceiicc: 
in saturated aqueous sodium hydrogencarbonate (500 ml) 
and set aside overnight. The cloudy solution was filtered, 
washed with ethyl acetate ( 3 x ) ,  acidified to pH 2 with 
concentrated hydrochloric acid (cooling), and extracted 
again with ethyl acetate (3 x ). The ethyl acetate extracts 
were washed with water, dried (Na,SO,), and evaporated to 
give 17.1 g of product. Recrystallisation from ethyl 
acetate-light petroleum (b.p. 60-80 "C) gave 12.14 g 
(53%), m.p. 111-112.5 "C. The analytical sample had 
n1.p. 110.5-112 "C (Found: C, 59.25; H, 5.52. C,HloO, 
requires C, 59.34; H, 5.53%). 

The 2,4,5-trichlorophenytyl ester was prepared from the 
foregoing acid (12.0 g, 65 mmol), 2,4,5-trichlorophe11ol (14.3 
g, 72 mmol), and dicyclohexylcarbodi-imide (13.6 g, 65 
mmol) in ethyl acetate (80 ml) initially a t  ice-salt temper- 
ature and then overnight a t  room temperature. Recrystal- 
lisation of the product from ethyl acetate-light petroleum 
(b.p. 60-80 "C) gave 11.7 g (490/) m.p. 100-102 "C. Ail 
analytical sample had m.p. 97-105 "C (Found: C, 49.85; 
H, 3.2. C,,H,,Cl,O, requires C, 49.82; H,  3.07y0j. 
Na-Fluorenylmetlaoxycarbon~~l-~-glzctamine p-iVitropJLeng11 

Ester.-Fluorenylmethoxycarbonyl-L-glutamine (4 g ,  10.9 
mmol) and p-nitrophenol (8.06 g, 57.9 mmol) were sus- 
pended in dimethylformamide (20 ml) and warmed gently 
until dissolution was complete. Dicyclohexylcarbodi-imitle 
(2.45 g, 11.9 mmol) dissolved in djmethylformamicle (10 ml) 
was added dropwise to the stirred and cooled (ice-bath) 
solution. The mixture was stirred and allowed t o  warm to 
room temperature overnight. The precipitated dicyclo- 
hexylurea was filtered off and washed with ethyl acetate, 
and the combined filtrate and washings evaporated to an  
oil which solidified r3n addition of ether. The product was 
collected, washed well with ether, and crystallised from 
ethanol-dimethylformamide containing a few drops of 
acetic acid. The yield was 2.7 g (51%), m.p.  192- -193 'C, 
[0ilD18 -46.5" (c 1.01 in DMI;) {lit.,23 1m.p. 182---180 OC, 
[cr]D22 -40.3" (c 1-2 in DMF-l% L4cOH)) (Found: C, 
63.95; H, 4.95; 14, 8.55. Calc. for Cz6H,,N,0,: C, 63.80; 
H, 4.73; H, 8.58%). 

Na-FluorenylmetJioxycarbonyl-~-as~aragine p-iYitvophenyl 
Ester.-The asparagine derivative was prepared similarly to 
the foregoing ester and crystallised from nitromethane in 
52% yield, m.p. 188-189 "C, -39.1" (c 1.02 in DMF) 
{lit, 23 m.p. 170-172', [cr]D22 -37.8" (c  1-2 in DMF-10/, 
AcOH)} (Found: C, 62.85; H, 4.50; N, 8.95. i'alc. for 
C,,H,,N,O,, C, 63.15; H, 4.45; N, 8.84%). 

Rates of Cleavage of Fmoc-valine by Amines,-E g .  by 50% 
morpholine : Fmoc-valine (33.2 13 mg, 98 ymol) was dis- 
solved in dimethylformamide (10 ml). Aliquots (50 pl) 
were withdrawn from this solution with a Hamilton syringe, 
treated with morpholine (50 $1, and quenched zi time 
intervals of 0.5, 1 ,  2, 3, 4, 10, and 32 niin by addition of 5 cil 
of 0 . 2 ~  sodium citrate buffer, pH 2. Free valine was deter- 
mined in the resulting solutions by amino-acid analysis 
The approximate half-life determined graphically was 1 o 
min. Reaction rates with other amines were determined 
similarly (Table 1). 

Stability of 130c-Asp(OBut)-Gly-OBut to Piperidiw-The 
dipeptzde derivatzve (380,/,) was obtained by reaction between 
Boc-Asp( OBu t)-OH (from the dicyclohexylammonluni salt, 
0.94 g, 2 mmol), glycine t-butyl ester dibenzosulphoqimide 
salt (0.857 g, 2 Inniol), triethylamine (0.28 nil, 2 mmol), 
and dicyclohexylcarbodi-imide (0.41 2 g, 2 mmol) in chloro- 
form overnight, m.p. 81-83 "C (from ether-light petroleum) 
(Found: C, 56.75; H, 8 45; X, 7.15. C1,I-I,,N,0, requires 
C, 56.72; H, 8.46; N, 6.96%). The dipeptide clster (6 3 
mg, 15.65 pmol) was dissolved in D M F  containing piperidine 
(5 ml, 20% v/v) and aliquots (0.1 nil) removed after 5 min, 
1, 4, 24, and 96 h and quenched by addition to  an excess of 
trifluoroacetic acid. After 20 min, individual samples were 
evaporated rapidly, dissolved in pH 2.2 citrate buffer ( 5  
ml) and subjected to analytical ion-exchange cliromato- 
graphy (JEOL 5AH Amino-Acid Analyser). A single 
integratable ninhydrin-reacting peak eluting coincident to 
authentic a-aspartylglycine a t  ca. 140 min was found for 
reaction times of up to  24 h (equivalent t o  144 deprotection 
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J.C.S. Perkin I 
cycles). The 96 h reaction showed a second integrated 
peak (equivalent in ninhydrin colour yield to 7.5% of the 
main peak) eluting a t  86 min. Authentic P-aspartyl- 
glycine eluted a t  65 min under the same conditions. 

A similar experiment was carried out using 5% piper- 
idine-DMF with resin-bound Boc-Asp(OBut)-Gly-OCH,- 
C,H,-O-CH,-CO-Ala-Ala-polymer prepared by the general 
procedures described below. Aliquots (3-6 mg) of the 
peptide resin (Found: Ala 2.18, Gly 1.00, Asp. 1.03) were 
treated for 15 min, 2, 6, 18, and 42 1i with a solution of 5% 
piperidine in DMF. The resin was washed thoroughly with 
DMF, t-pentyl alcohol, and acetic acid, and then treated 
with excess of triffuoroacetic acid for 1 h. The trifluoro- 
acetic acid solution and washings were evaporated and the 
residue dissolved in pH 2 . 2  citrate buffer (10 nil) and 
analysed as above. ,4 single ninhydrin -reacting peak elut- 
ing in the position of authentic a-aspartyl-glycine was 
found in each case. A similar experiment with 50/, piper- 
azine in DMF gave the same results. In a control experi- 
ment, 95% of the dipeptide was cleaved from the resin by 
triffuoroacctic acid in 1 h, as indicated by residual resin 
analysis. 

Solid-phase Svntlaesis of A cyl Carrier P w t e i n  Residues 
6S-'i4.--(a) L'sing $,ipevazine f o v  cleavage 0.f jluorenyl- 
naetlzoxycarbonyl pvotecting g ~ o u p s .  General instructions for 
solid phase synthesis using polydime tliylacrylamide resins 
have been given previous1y.l The Boc-P-alanyl resin 
(1 g) was swollen in dimethylformamide (UMF) and acylated 
with pre-formed Doc-leucine anhydride ( 2  mmol) in D M F  
(15 nil) for 1 h using the coupling reaction, deprotection, 
and neutralisation cycle for Boc-amino-acids previously 
described.1 The incorporation of leucine was 0.26 milli- 
equiv. g-l. 9-Hydroxymethylphenoxyacetic acid 2,4,5- 
triclilorophenyl ester (2 mmol) was similarly coupled in the 
presence of hydroxybenzotriazole ( 2  mmol) in DRIF (15 
nil) for 20 min. To the washed resin, dimethylamino- 
pyridine ( 2  Inmol) in DMF (7.5 ml) was added followed after 
5 niin by a solution of Bpoc-glycine (from the dicyclo- 
hexylamnionium salt, 4 mmol) and dicyclohexylcarbodi- 
imide (2 mmol) in DMF (7.5 ml). After 17 h, the resin was 
thoroughly washed (DMF) and one-half stored under DhiF- 
N, at 0 "C. 

The remainder was deprotected using 0 . 0 9 ~  HC1-AcOH 
and the hydrochloride salt neutra1ised.l The following 
N-protected amino-acid anhydrides (1 mmol),l or their active 
esters (1 mmol) in the presence of hydroxybenzotriazole 
(1 mmol) were coupled in DMF (7.5 ml) for the times 
indicated using a modified Beckman 990 Peptide Synthe- 
siser. The reaction cycle was as in Table 2(A) except that  
5o/b yiperazine in D M F  (5 + 25 rnin.) was used as deprotect- 
ing reagent : Fmoc-Asn-ONp (1 7 h) ; Fmoc-Ile-OH (70 
min) ; Fmoc-Tyr(Rut)-OH (66 niin) ; Fmoc-Asp(OBut)-OH 
(66 rnin) ; Fmoc-Ile-OH (99 min) ; Fmoc-Ala-OH (65 
min) ; Fmoc-Ala-OH (65 min) ; Fmoc-Gln-ONp (2 h) ; 
Boc-Val-OH (99 niin). Samples of resin were removed 
for qualitative ninhydrin tests after every amino-acid 
addition and deprotection step, and for amino-acid analysis 
after each complete cycle. Negative ninhydrin tests were 
obtained after each acylation. The amino-acid ratios in 
Table 3 (expressed relative to glycine == 1.00) were obtained. 
The final loading of glycine on the resin was 0.17 milli- 
cquiv. g-l; 96% of the peptide chains were retained on the 
resin (Leu/Gly = 1.04). A sample of peptide-resin (53.8 
mg) which had been washed with t-pentyl alcohol, acetic 
acid , t-pentyl alcohol, DMF, and dichloromethane, and 

dried in V ~ G U O  was treated with anisole (0.05 nil) and tri- 
fluoroacetic acid (10 ml). After 50 min stirring the resin 
was filtered off, washed with triffuoroacetic acid (3  x 10 
ml) and then as above and dried (39.6 mg, Gly/Leu = 
0.145, 15% residual peptide). The filtrate and trifluoro- 
acetic acid washings were combined and evaporated to 
yield 7.4 prnol (81%) of peptide (Found: Gly, 1.00; Asp, 

step 

GlY 
Asp 

Leu 

Ile 
Tyr 
hla 
Glu 
Val 

TABLE 3 
1 2  3 4 5 6 7 8 9 10 

1.00 0.97 1.03 0.97 1.03 1.03 1.05 1.07 1.05 1.04 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

1.00 1.01 1.03 2.02 2.03 2.01 2.06 1.95 2.04 
0.94 0.S7 0.91 1.87 1.88 1.91 1.87 1.88 

0.96 0.91 0.98 0.96 0.99 0.95 0.98 
0.95 1.97 1.89 1.88 

0.93 0.98 
0.90 

1.99; Zle, 1.93; Tyr, 0.96; Ala, 2.06; Glu, 0.97;  Val, 
0.89).  This product (7.1 pmol) was applied to a column 
of cliethylaminoethyl-cellulose (Whatman DE52) (34 cm x 
1.5 cm diameter) and eluted with a linear gradient of 0 . 0 1 ~  
t o  0 . 5 ~  ammonium bicarbonate, p W  8.1.  Flow rate 0.9 
mllmin. The main peak emerged a t  294-336 ml (6.81 
pmol, 967/, recovery, overall yield 74.6%) (Found: Gly, 
1.00; Asp, 2.00; Ile, 1.96; Tyr, 1.03; Ala, 2.04; Glu, 
1.03; Val, 1.01). This product was identical on t.1.c. and 
paper electrophoresis with that prepared previous1y.l 

(b) Using Piperidine as deprotecting agent. The assembly 
was carricd out essentially a s  in (a) above with the principal 
exception that 20% piperidine in DMF (3  + 7 min) was 
used for the deprotection step [Table 2(A4)]. The coupling 
time for Fnioc-Asn-ONp was reduced to 70 min. Samples 
for qualitative ninhydrin tests were withdrawn a t  every 
coupling and deprotection step as before, but aniino-acid 
analysis was performed only after addition and deprotection 
of residues 1 (Bpoc-Gly-OH), 4 [Fmoc-Tyr(But)-OH], 7 
(Fmoc-Ala-OH), and 10 ( Fmoc-Val-OH). The initial and 

Step 
Leu 
GlY 
Asp 
lle 

2: 
Glu 
Val 

1 4 7 10 
0.97 1.06 1.10 1.09 
1 .00 1.00 1.00 1.00 

0.97 1.95 1.95 
0.89 1.87 1.84 
0.91 0.97 0.96 

0.95 1.96 
0.97 
0.91 

final glycine loading were 0.305 and 0.195 milliequiv. g-1 
respectively. 92% of the peptide chains were retained on 
the resin (Leu/Gly = 1.09). A sample (117 mg) of washed 
and dried peptide resin was treated with trifluoroacetic 
acid and anisole as in (a) above, yielding 21.15 pmol of 
peptide (93%) (Found: Gly, 1.00; Asp, 2.04; Ile, 1.88; 
Tyr, 1.00; Ala, 1.94; Glu, 0.97; Val, 0.84). Part (20.44 
pmol) of this product was chromatographed on a column 
of DE52 anion-exchange resin as before, giving the elution 
profile of the Figure. The principle peak contained 18.03 
ymol of peptide, 8Syo recovery, overall yield 74.5% (Found : 
Gly, 1.00, 1.00; Asp, 2.04, 2.00; Ile, 1.91, 2.06; Tyr, 
1.00, 1.07; Ala, 1.98, 2 .07;  Glu, 1.02, 1.00; Val, 1.00, 
1.04). The impurity peaks A, B, and C contained respect- 
ively 0.075, 0.21, and 0.13 ymol of peptide, total 0.415 
pmol (2.0%). The decapeptide was chromatographically 
identical with that obtained in (a) above. H.p.1.c. profiles 
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of the crude and single ion-exchange purified decapeptide 
are also shown in the Figure. 

Solid-phase Sjmthesis of Substance P.-The clinie- 
thylacrylaniide-e th ylenebisacrylamide-acryloylsarcosine 
methyl ester copolymer (0.5 g) was shaken with re- 
distilled ethylenediamine (16 ml) overnight a t  room 
temperature. The excess of etlrylenediamine was removed 
and the resin washed thoroughly with 1.5% aqueous KCl, 
water, dioxan, and DMF. (More recent procedures have 
successfully eniployed a simplified washing procedure using 
only IIMZ;, l0(),, ethyldi-isopropylamine in DMF, and DMF). 
Tlie aniiiio resin was acylated with symmetrical anhydride 
prepared from Fmoc-Nle-OH (2 mmol, 120 min) and the 
1;nioc-group cleaved with 20% piperidine-DMF [Table 2, 
column (A)]. The incorporation of norleucine was 0.24 
milliequiv. g l. The amino-resin was acylated with the 
2,4,5-trichlorophenyl ester of fi-hydroxymethylbenzoic acid 
(4), ( 1  nimol) in D M F  (7.5 ml) containing hydroxybenzo- 
triazole (1 mrnol). After 80 min a resin sample gave a 
strongly positive ninhydrin reaction. The resin was washed 
arid the acylation repeated as above for 17 h, when reaction 
was complete (negative ninhydrin test). Boc-Methionine 
aiiliytlride was prepared from the dicyclohexylammoniurn 
salt ( 2  mmol) and coupled with the hydroxymethyl resin 
in DMF containing P-dimethylaminopyridine ( 1 mniol) . 
‘I’he Boc-group was cleaved with HC1-AcOH and neutralisecl 
[Table 1, procetlure (B)] and the synthesis continued by 
procedure (A) using pre-formed symmetrical anhydrides 
(1 niiiiol) of the following protected amino-acids or their 
p-nitroplienyl esters ( 1  mmol) in the presence of hydroxy- 
benzotriazole (1  mmol) for the times indicated : Fmoc- 
I,eu-OH (90 rninj ; Fmoc-Gly-OH (60 min) ; Fmoc-Phe-OH 
(60 min) ; Fmoc-Phe-OH (60 min) ; Fmoc-Gln-ONp (60 
niin) ; I;moc-(;ln-ONp (60 min) ; Fnioc-Pro-OH (60 min) ; 
FInoc-Lys(Boc)-OH (60 niin) ; Fmoc-Pro-OH (99 niin). 
Synthesis was cLmpleted with Boc-Arg(HC1)-OH (2 mmol) 
activated by addition of dicyclohexylcarbodi-imide ( 1 
nimol) to the protected amino-acid hydrochloride salt in 
IIMF (7.5 nil) 5 niin prior t o  addition of the whole reaction 
inixture to  the resin. Acylation was continued for 140 
min. Samples were removed at each acylation and de- 
protection step for qualitative ninhydrin tests. Negative 
tests were obtained after each acylation. Samples for 
amino-acid analysis were removed after addition and dc- 
protection of residues 1 (methionine), 4 (phenylalanine), 6 
(glutamine), 9 (lysine), ancl 1 1  (arginine). The ratios in 
‘I’able 4 were obtained expressed relative to  norleucine 
(step 1)  antl leucine thereafter. 

Step 
Nlc 
Met * 
Leu 

l’he 
G1 u 
Pro 

Arg 

G1 y 

Lys 

TABLE 4 
1 4 6 9 11 

1 .oo 1.06 1.07 1.07 1.07 
0.80 0.94 0.85 0.99 0.97 

1 .oo 1 .oo 1 .00 1 .oo 
1.01 0.97 1.00 0.99 
1.01 2.03 2.05 2.02 

0.97 2.02 2.02 
1.00 1.69 
0.70 0.66 

0.64 
* Not including methionine sulphoxide. 

Approximately one-third of the residual resin (dry weight 
99 mg Leu = 0.16 mmol g-l) was swollen in DMF for 2 h, 
filtered off, and suspended in ice-cold methanolic ammonia 
(saturated, 20 ml) in a stoppered flask. After 160 min 
stirring a t  room temperature the resin was filtered off and 

washed well with DhfF  (Leu/Nle = 0.029, 3c”, residual 
peptide content). The combined filtrate and M ashings 
were evaporated, and the residue washed with cther, dried, 
antl treatecl with 90yo aqueous trifluoroacetic acid (10 nil) 
for 30 min before evaporation and re-evaporation several 
times with ether (Found: Met, 0.97; Leu, 1.00; Gly, 
1.06; Phe, 2.03; Glu, 2 . 1 6 ;  Pro, 1.70; Lys, 0.71; Arg, 
0.70), total peptide content 14.9 pniol, 94.376 recovery from 
the resin. The product (14.6 pnrol) was applied to  a column 
(10 cm x 1 cm diameter) of carboxyniethylcellulose CMS2 
and eluted with a linear gradient of 0.03--0.3~ ammonium 
acetate, pH 6.6, flow rate 0.6 ml n1in-l. The column 
eff-luant was monitorcd continuously a t  234 nm. The 
main peak eluted at 312-384 ml and contained 8.2 pmol 
(5676 recovery) (Found: Met, 0.88; Leu, 1 0 0 ;  Gly, 1.03; 
Phe, 2.08; Glu, 2.09; Pro, 2.07; Lys, 1.00; Arg, 1 0 0 ) .  
H.p.1.c. on p-Bondapak C18 (linear gradient of ZS-SO./;, 
MeCN in 0 . 0 1 ~  KH,OAc, pH 4.5 over 20 min, flow rate 1.5 
nil miIi-l) showed the product to be a mixture of Substance 
P (co-eluting with authentic undecapeptide amide, t = 11 
min, and its sulplroxide (co-eluting with hydrogen peroxide 
oxidised substance P, t L- 6 min). The peptide mixture 
(7.8 prnol) was dissolved in water (2 mi), purged with 
nitrogen, and dithiothreitol (0.2 g) ad~led.~S Tlie mixture 
was kept for 18 h a t  38 “C and 6 21 a t  45 “C, and then applied 
to a column (84 cni x 2.5 cm) of Sephadex G-25 equilibrated 
with 0 . 2 ~  AcOH. Elution with the same solvent affortld 
Substance P (7.55 ymol, 96% recovery) (Found: Met, 1.02; 
Leu, 1.00; Gly, 1.01; Phe, 1.92; Glu, 2.07; Pro. 2.15; 
Lys, 0.97; Arg, 0.98). The product co-eluted with authen- 
tic Substance P on h.p.1.c. and was equipotent in radio- 
imiiiunoassay . 

We thank Drs. P. Emson and L. Iversen of the M.1i.C. 
Neurochemical Pharmacology Unit for the gift of authentic 
Substance 1’ and for performing the radio-inimunoassay. 
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