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Summary: Procedures have been developed for increasing 
coupling efficiency in solid-phase peptide synthesis by 
microwave irradiation using a kitchen microwave oven. 

Recently there has been growing interest in applying 
microwave heating to rapid thermal digestion prior to 
element and chemical analysis of inorganic and biological 
samp1es.l The rapid heating capability of the microwave 
oven leads to a considerable saving in dissolution time, 
which may eventually replace some of the conventional 
flame and hobplate heating procotols?J We describe here 
a novel application of microwave technology to enhance 
coupling efficiency in solid-phase peptide synthesis. A 
significant improvement of the coupling efficiency (a rate 
increase of at least 2-4-fold), especially in side-chain-hin- 
dered amino acids, was obtained in the study. 
Figure 1 shows the reaction apparatus and veasels.4 The 

custom-made solid-phase reaction vessel was placed in the 
middle of the microwave oven, and a Teflon tube from the 
side arm of the reaction vessel was connected to a nitrogen 
source to introduce a stream of nitrogen. The Fmoc-pro- 
tected amino acids with two different coupling methods, 
symmetric anhydride and pre-formed N-hydroxybenzo- 
triazole active eater (HOBt), were used in the synthesise6l6 

In a preliminary test, two symmetric anhydride deriv- 
atives of Fmoc-Ile and Fmoc-Val were coupled with Gly- 
HMP-reain,’ respectively. The reaction was conducted via 
microwave irradiation for 2-6 min and stopped by fitering 
off the reaction solution via the side arm. For measuring 
the concentration of unreacted amino acid residue on the 
resin, the resulting resin (containing Fmoc-peptide-resin 
and weacted Gly-Resin) was further coupled with three 
equiv of Fmoc-Ala. The peptides were cleaved from the 
resin using trifluoroacetic acid. The yield of product was 
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measured by HPLC analysis, and the peak identification 
was compared with the authentic sample. Figure 2 shows 
the time course for the dipeptide formation. The coupling 
reaction of these two refractory and sterically hindered 
8-branched amino acid derivatives to form protected di- 
peptide on resin usually takes a longer time than do most 
other amino acid derivatives! The reaction was slow when 
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Figure 1. Microwave oven and the custom-made solid-phase 
reaction vessel. The vessel was left in the middle of the microwave 
oven, and a Teflon tube from the side arm of the reaction vessel 
was connected to a nitrogen source. During microwave irradiation, 
a stream of nitrogen was blown into the reaction veseel, and the 
nitrogen gas bubbles served as a stirrer. After irradiation was 
stopped, the reaction solution was filtered off via the side arm 
by suction. 
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Figure 2. Time comes for the solid-phase peptide synthesis of 
Fmoc-peptides with and without microwave irradiation in DMF 
 solutio^^ +, hoc-ne-Gly-resin with microwave irradiatioq -A-, 
Fmoc-Ile-Gly-resin without microwave irradiation; -0-, Fmoc- 
Val-Gly-min with microwave irradiation; -A-, FmooVal-Gly-resin 
without microwave irradiation. 

the coupling was conducted without microwave irradiation. 
In the case of microwave irradiation using the lowest power 
(10% of full power), the reaction rate increased at least 
2-3-fold under comparable conditions, and the coupling 
reaction of both dipeptides could be completed in 6 min 
whereas without irradiation both reactions only reached 
a level of 60% and of 79%, respectively. Under these 
reaction conditions, the temperature of the reaction solu- 
tion was near 55 oC.2b*c 

Significantly improved coupling efficiency with micro- 
wave irradiation was observed in all the tested amino acid 
 derivative^.^ In a further study, two peptide fragments, 
Fmoc-Val-IleOH and Fmoc-Ala-Val-&-OH, were coupled 
with Gly-HMP-resin. Surprisingly, all the coupling reac- 
tions were completed within 2 min. The coupling yield of 
each step was determined by quantitative ninhydrin as- 
saylo and by calculating the relative concentration of the 

(8) (a) Kent, S.; Clark-Lewis, I. in Synthetic Peptides in Biology and 
Medicine; Alitalo, K., Partanen, P., Vaheri, A., Eds.; Elsevier: Amer- 
sterdam, 1985; p 29. (b) Van Woerkom, W. J., Van Niepen, J. W. Znt. 
J .  Peptide Protein Res. 1991,38, 103-113. 

(9) Enhancement of coupling efficiency of following amino acid de- 
rivatives with prelode-amino acid resin was observed b o :  Phe+Val; 
Ile+Val; Leu+Val; Val+Ile; Gly+Val, Ala+Gly-Val; Leu+Ala-Gly-Val. 
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eigUre 3. Hplc analysis of three *74Acp’s. 3-a is a crude *I4Acp 
synthesized wing microwave irradiation. 3-b is a pure BcTI14Acp 
purified by HPLC from 3-a. 3-c is a crude &“Acp synthesized 
by an autoaynthesizer method. The HPLC was performed on a 
G h n  instrument, which consisted of a Model 302 pump, a Model 
305 pump, a Model 115 W detecter, and a Model 811b dynamic 
mixer. The signal of analysis was collected and plotted by a Rainin 
Dynamax which runs on a Macintosh W. The conditions for the 
analysis are as fol lm eluent A, 0.1% TFA in water/acetonibile 
(91), eluent B, 0.1% TFA in water/acetonitrile (1:9), gradient, 
BI, 0 - 1 0 0 1 ,  40 min, UV, 214 nm, flow rate, 1 mL/min, 

product and the unreacted peptide using HPLC analy~is.~~ 
For a representive test, three peptides, *‘%gment of 

acyl carrier protein (*74Acp, sequence see Scheme I), 
Gly-Val-Gly-Phe-Val-Ile-Gly, and Gly-Phe-Gly-Val-Ala- 

column, RP-18,4.6 X 250 m. 

(10) Sarin, V. K.; Kent, S. B. H.; Tam, J. P.; Merrifield, R. B. Anal. 
Biochem. 1981,117,147. 

(11) In a typical reaction, to amino acid on HMP-resin (0.5 g, ca. 0.26 
mequiv of amino acid) suapended in dimethylformamide (10 mL) was 
added 3.0 equiv (0.75 “01) of symmetric anhydride or of the pre-formed 
N-protected amino acid active eater. Nitrogen gas was bubbled through 
the side arm into the reaction v-1 and served aa a stirrer. The readion 
was conducted via microwave irradiation for 2-6 min and stopped by 
filtering off the reaction solution via the side arm. Small amounta of the 
sample with resin were taken for ninhydrine test. Then, Fmoc-Ala (3 
equiv), DCC (3 equiv) was added and reacted at  rwm temperature for 
6 h. The product was cleaved from the resin wing trifluoroacetic acid 
(cleavage conditione followed the procedure of the Howard Florey Fmoc 
Workshop Manwl (1985) by J. Wade & G. Tregear or see Applied 
Bioeystem User’s Manual, pp 2-21). The purity of product was meesured 
by HPLC analysis, and the peak identification was compared with the 
authentic sample. 
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Scheme Io 

674Acu: H-Val-Gln-Ala-Ala-Ile-~~T~-Ile-Asn-Gly-Res~ 

withmicrowaveidiation: 99.9 100 100 99.8 99.5 99.9 99.9 99.7 99.8 

without microwave idistion: 80.4 83.1 87.9 94.8 93.1 76.7 70,s 79.9 83.4 

AB1 431-A Synthesizer: 99.4 99.9 100 99.8 98.9 99.9 98.9 99.7 99.3 

H-Gly-Phe-Gly-Val-Ala-Val-Ile-Gly-Resin 
t 

99.8 with microwave irradiation: 100 99.9 

without microwave irradiation: 76.4 71.2 46.8 

t t  

PWde-*: H-Gly-Val-Gly-Phe-Val-ne-Gly-Resin 
t t t  

with microwave irradiation 9 9 8  99.7 100 
without microwave irradiaaon: 585  7 3 7  47.9 

"Based on a quantitative ninhydrine test in which the average 
coupling yield in Bb14Acp is 99.14%; for the other two peptides the 
positions of the peptide bond formation are denoted by an array, 
and the yields of each coupling step are shown on the array. 

Val-ne-Gly, were synthesized using pre-formed active ester 
in DMF, and each coupling step included irradiation for 
4 min. The w74Acp was synthesized by stepwise coupling 
of amino acid derivatives, and the other two peptides were 
synthesized by fragment coupling. After the elongation 
finished, the weight increase by the peptide coupled to the 
resin was measured and calculated to have an average 
coupling yield of 99.65%. The coupling efficiency (by 
ninhydrine assay) in each step is shown on Scheme L With 
microwave irradiation, peptide bond formation was com- 
pleted within 4 min. Compared with the reaction without 
microwave irradiation at room temperature for 30 min, the 
latter was relative slow, especially in the case of fragment 
coupling. Figure 3 shows the Hplc analysis multa of crude 
*74Acp, pure *74Acp (obtained by collecting the desired 
peak in crude Hplc analysis), and a crude sa-74Acp syn- 
thesized by an autosynthesizer method (ABL431A). The 
peak of crude *74Acp synthesized by the microwave ir- 
radiation method had a yield of 79.0% (3-a), whereas the 
peak of sa-74A~p from the autosynthesizer had a yield of 
69.4% (3-c). Figure 4 shows the HPLC analysis of the two 
crude products that were made by fragment coupling of 
Fmoc-Val-ne-OH and Fmoc-Ala-Val-ne-OH. The purity 
of each major peak was >85%. The product was charac- 
terized by amino acid analysis and FABMS.12 The D- 
amino acid content of each synthetic peptide was measured 
by a GC analysis of the TFA derivatives of the peptide 
hydrolysates using a chiral column.13 No detectable 
racemization was observed. This results coincided with 
a recent report which showed that when a pre-formed 
active ester of Fmoc-Val or of hoc-Me-Leu coupled with 

(12) T h e  data for all compounds are listad BO follows: peptide (mw), 
MS, amino acid analysis, calcd, found. (a) Val-Gln-Ala-Ala-Ile-Asp- 
Tyr-Ile-Am-Gly (1083.31, 1063, Asp-Glu-Gly-Ala-Val-Ile-Tyr, calcd 
21:1:21:21, found 2.0:1.01.0:2.0:1.01.80.9. (b) Gly-Phe-Gly-Val-Ala- 

Val-Ile-Phe, calcd 321:1, found 3.0.1.90.81.0. 
(13) Beyrmann, M.; Henklein, P.; Kloee, A; Sohr, R.; Bienert, M. In 

Peptrdes; Gualt, E., Andreu, D., Eds.; ESCOM Science Publishers: B.V., 
1991; pp 59-61. 

Val-IleGly (719.0), 719.5, Gly-Ala-Val-ne-Phe, calcd 31:21:1:1, found 
3.0: 1.0: 1.90.9 1.0. (c) Gly-Val-Gly-Phe-Val-Ile-Cly (647.9), 648.6, G l y  
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Figure 4. HPLC analysis of peptides H-Gly-Phe-Gly-Val-Ala- 
Val-ne-Gly-OH (ea) and H-Gly-Val-Gly-Phe-Val-naVal-na 
Gly-OH (4-b) wing the same HPLC. The conditione for analysis 
of both samples are ae follows: eluent A, 0.1% TFA in water/ 
acetonitrile (95:5), eluent B, 0.1% TFA in water/acetonitrile 
(25:75), gradient B%, 0 - 100%,0 - 35 min, W, 214 nm, flow 
rate, 1 mL/min, column, RP-l8,4.6 X 250 mm. 

an MBHA-resin or with an Me-Leu-BHA-resin in 
DCM/DMF (1:l) solution, respectively, no racemization 
(<0,1%) was found in HPLC." We reasoned that the 
reaction step that can easily cause racemization is during 
DCC activated to form peptide bond in the presence of 
tertiary &el6 and not in the formation of a symmetric 
anhydride or an active ester in the absence of amino 
component. 
Using microwave irradiation to hydrolyze peptides and 

proteins will result in substantially lees racemization?s We 
have studied microwave-accelerated coupling reactions in 
different solvents and at different reaction temperatures 
by control of energy input in microwave power.I7 It has 
been found that no significant racemization side reactions 
have occurred in the dipeptide products from the coupling 
reaction between different amino acid derivatives. In- 
creased coupling efficiency in solid-phase peptide syntheab 
using elevated temperature has been shown,18 but the use 
of microwave irradiation has not been investigated before. 
In conclusion, we have presented here a new reaction 

(14) Bodansky, M.; Bodansky, A.; Casaretto, M.; Zahn, H. Int. J .  
Peptide Protein Res. 1985,26, 550-566. 

(15) Abdnlla, S.; Bayer, E. Chromatographia 1987,23,83. 
(16) Lahm, H. W.; Lergier, W.; Manneberg, M.; Knorr, R. J .  Protein 

Chem. 1988, 7,258. 
(17) Wang, K. T.; Chen, S. T.; Chiou, S. H. In Techniques in Protein 

Chemistry II; Viranca ,  J. J., Ed.; Academic Press: New York, 1991; 
p 241. 

(18) Lloyd, H.; Petrie, G. M.; Noble, R. L.; Tam, J. P. In Peptides; 
=vier, J. E., Manhall, G. R, Ede.; Proceedinp of the Eleventh Americnn 
Peptide Symposium; ESCOM Science Publishers: B. V., 1991; p 909. 
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protocol by using a common microwave oven in solid-phase 
peptide synthesis. The procedure not only reduced the 
needed reaction time of 2-3 h reacting at room tempera- 
ture, or of 30 min by reacting at 60 "C, to less than 6 min 
via the microwave irradiation method but also accom- 
plished the complete coupling of difficult sequence pep- 
tides. The reaction apparatus is simple and can potentially 
be designed for an autosynthesizer. Under microwave 
irradiation conditione, the peptide fragments have higher 
reactivity than do the amino acid derivatives, which is very 
useful for the synthesis of big peptides. That using a 
dipeptide or a tripeptide instead of amino acid derivatives 
in the same synthesis steps will make a peptide which has 
longer amino acid residue. Also, in the synthesis of same 

peptide, the fragment coupling will only need half or 
one-third of the coupling steps especially for sterectically 
hindered amino acid. The development of a convenient 
method for preparation of peptide fragment will be very 
useful for the synthesis of big peptides.lg 
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Summary: Nitroarenes react with sulfenamides RSNH2 
in the presence of strong bases to give p- and o-nitro- 
anilines. 

The vicarious nucleophilic substitution of hydrogen 
(VNS) is presently a well-established methodology for 
introduction of carbon substituents into electrophilic 
aromatic rings? Recently, a similar reaction was discov- 
ered between nitroarenes and the anions of alkyl hydro- 
peroxides to produce nitr~phenols.~ 

Although direct nucleophilic amination of electrophilic 
arenes, particularly heterocycles, has been thoroughly in- 
vestigated: and important methods such as the Chichi- 
babin reaction or oxidative aminatiod are known, no 
simple and general method for direct amination of mo- 
nonitroarenes is available. An old method of amination 
with hydroxylamine is applicable only to nitro derivatives 
of bicyclic arenes or dinitroarenes? A much more general 
method of amination with 4-amino-1,2,4-triazoles, de- 
scribed recently by Katrizky, is of somewhat limited use 
because of moderate availability of the triazoles and some 
limitations of its scope.' 

Our experience in the VNS reaction with carbanions 
suggeated that X in an aminating agent of general structure 
X-NH2 should be able to stabilize the negative charge on 
the neighboring atom and to be eliminated from the in- 

~~~~ ~ 

(1) Reactions of Organic Anions. 194. Part 193: Oatrowicz, A.; Ba- 
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H. C.; Croat. Chim. Acta 1986,59,33. Chupakhin, 0. N.; Charushin, V. 
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1988, 112, 143. Mijller, F. In Houben-Weil Metoden der Organische 
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Table I 

NH2 

+ RSNHz 
DMF Z o  \ t '0 ' NH, 

NO2 NO2 NO2 

z RSNHz position of NH2 yield (%) 
H 1 2 14 

4 
2 2 

4 
2-Me0 1 4 
2-CF3 1 4 
3-C1 1 4 
3-CF3 1 4 
4-tBu 2 2 
4C1 2 2 

71 
34 
36 
39 
71 
86 
910 
63 
60 

aThe reaction waa carried out wing KOH in liquid NHS. 

termediate a-adduct in the form of HX. These require- 
ments should be best fulfilled by groups X = RS which 
are known to stabilize carbanions8 and are widely used in 
the VNS reactions? We expected therefore that sulfen- 
amides of general structure RSNH2 should be able to am- 
inate nitroarenes in the presence of strong bases, similarly 
as RSCH2CN10 or RSCH2SRl1 effect corresponding al- 
kylation. 

The possibility of using sulfenamides for nucleophilic 
amination of nitroarenes was, however, not obvious to us, 
because very little is known about anions of sulfenamides 
and existing data indicate that they are of low stability.'* 
Only sulfenamides which contain additional electron- 
withdrawing substituents at the nitrogen atom form stable 
anions,13 but the latter are insufficiently nucleophilic for 

(8) Bielmann, J. F. Ducep, J. B. Org. React. 1982,27, 1. 
(9) M+koeza, M.; Danikiewicz, W.; Wojciechowski, K. Phosphorw, 

(IO) Mgkoeza, M.; Winiarski, J. J. Org. Chem. 1984,49, 1494. 
(11) Mgkcaza, M.; Winiarski, J. J. Org. Chem. 1984,49, 5272. 
(12) De Maria, P. In Chemistry of Sulfenic Acids and their Deriua- 

tiues; Patai, S., Ed.; Wiley: New York, 1990, p 293. 
(13) Koval, I. V. Uspekhi Khim. 1990,35,681. Sandler, S. R.; Karo, 

W. Organic Functional Groups Reparations; Academic Press: New 
York, 1989; Vol. 3, p 162. 

Sulfur, Silicon 1990,53, 457. 
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