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A new method of simultaneous solid-phase peptide synthesis has been developed and used, in combination 
with a competition method, to assess the relative efficiencies of a wide range of coupling reagents. Results from 
these studies have provided insight into the mechanism of action of carbodiimide and (benzotriazoly1oxy)tris- 
(dimethy1amino)phosphonium hexafluorophosphate (BOP) reagents. Use of BOP in the presence of HOBt was 
found to provide an efficient coupling method of great use in Fmoc-mediated syntheses. This variation and a 
number of other methods are more effective than the use of preformed symmetrical anhydrides. Conclusions 
have been confirmed by syntheses of the acyl carrier protein 65-74 sequence. 

Introduction 
Many procedures have been recommended for the for- 

mation of amide bonds during the solid-phase assembly 
of peptides. This paper proposes a combination of 
methods that allow valid comparisons to be made between 
both the efficiency and the effectiveness of different cou- 
pling procedures. Subsequent papers in this series will 
compare different support media, support linkages, side- 
chain protection, and N-protection methods. 

Simultaneous solid-phase peptide synthesis 
are mostly used for the preparation of peptides for im- 
munological applications and in the development of I 
structure-activity relationships. Their use for comparing 
different synthetic procedures has received little attention. 
Simultaneous synthesis allows exact and significant com- 
parisons to be made between a large number of procedures 
all performed under identical and carefully controlled 
conditions. The simultaneous syntheses and comparison 
experiments were performed by using polypropylene col- 
umn reactors of approximately 1-mL internal volume 
equipped with sealable end fittings containing disks of 
polypropylene mesh to retain the support material. All 
reactions occur under conditions identical with those 
pertaining in the usual larger scale batch reactors; and 
reaction rates are not influenced by diffusion through 
porous membranes or other physical phenomena which are 
limiting factors in other method~.~b  Groups of columns 
may be filled individually for all steps or linked in series 
or in parallel to facilitate implementation of common 
treatments. 

A competition method has been developed which pro- 
vides a simple means of assessing the relative efficiencies 
of different coupling procedures under the excess and 
concentration conditions employed in actual syntheses. 
Originally competition experiments were used to determine 
the relative reactivities of different amino acids in solid- 
phase peptide ~yn thes i s ,~?~  and subsequently they were 
used to assess many factors influencing a polyethylene 
glycol based liquid-phase synthesis Recently 
the same idea has found application in the determination 
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of the relative rates of coupling of tert-butyloxycarbonyl 
(Boc), [(fluorenylmethyl)oxy]carbonyl (Fmoc), and di- 
thiasuccinoyl (Dts) amino acidsS8 In the procedure 
adopted herein, Boc-Tyr(Bz1)-OH and Boc-Phe-OH, in 
equimolar amounts, were used as the components in the 
competition experiments and, after activation, were mixed 
and reacted with a Leu resin. The ratio of Tyr to Phe 
incorporated was then determined after resin hydrolysis. 
When the same reagent was used for activation of both Tyr 
and Phe components, the ratio of incorporation for these 
was 30:70. When one of the activation reagents was al- 
tered, then a variation in the incorporation ratio reflected 
the differing efficiency of activation of the new reagent. 
Mixing and addition to the support were performed rapidly 
(typically within 20 s) to diminish the danger of exchange 
of active species. In any event, exchange would result in 
a diminution of the observed differences in incorporations. 
Symmetrical anhydrides (preformed by literature meth- 
o d ~ * ~ ~  (PFSAs) were selected to act as reference substances 
in later parts of this study because they were considered 
to be unlikely to undergo exchange processes with the 
reagents and conditions used. 

Results and Discussion 
Initial experiments (Table I) were designed to illuminate 

the relative efficiency for the formation of symmetrical 
anhydrides provided by either diisopropylcarbodiimide 
(DIPCDI) or dicyclohexylcarbodiimide (DCCI) reagents 
under a variety of conditions. The incorporation figures 
showed (Table I) that when the same reagent was used for 
each component (1A and lB),  then the Tyr:Phe ratio was 
determined to be very close to 30:70. Similar ratios were 
obtained with use of DIPCDI and DCCI for individual 
components of the competition mixture (IC and 1D). 
Experiments 1E-1K were designed to determine the effect 
of dimethylformamide (DMF) on the completeness of 
anhydride formation in dichloromethane (DCM) solution 
(Table I, sol SA represents formation in solution of the 
symmetrical anhydride using one-half of an equivalent of 
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Figure 1. Mechanism of carhodiimide-mediated coupling reactions. 

Table I. Comparison of Procedures for Symmetrical Anhvdride Formation 
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33.3 

29.1 

37.7 
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carbodiimide). T h e  incorporation ratios determined in 
experiments l E l H  indicated completeness of symmetrical 
anhydride formation af ter  10 min in 3 1  DCM DMF. 
Experiments  1J a n d  l K ,  performed in 1:l DCM, DMF. 
showed tha t  t he  presence of a greater proport ion of D M F  
led to incomplete symmetrical  anhydride formation (as 
judged by diminished incorporations relative to thosr ob- 
tained with t h e  preformed standards). In  summary, these 
initial experiments showed that  DIPCIII a n d  DCCl were 
equally effective in the  formation of symmetrical  anhy-  
dr ides  a n d  tha t  isolation of the  anhydrides  was unneces- 

sary when the proportion of DMF present in the activation 
solvent mixture  d id  not exceed 2570. Pathways of CAI- 
hodiimide rouplingst6J- are  represented in Figure 1; cou- 
pling may be mediated by 0-ncylisourea (OAIU) 1, sym- 
metrical anhydride 2, or 2-alkoxy-4-alkyl-~(4H)-oxazolone 
3 intermediates. D M F  present in greater t h a n  25% may 

1161 Rwiwed by: Barany, C.;  Merrifield, I 1  In  The Pepcgdes. 
Anol,raii. S\nrheris. ond B d u g y ;  Grms, E., hleienhofer. J.,  Edr.; h a -  
dtmir: upw Yurk, 19d* 2A. pp ,23.12r 
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Table 11. The Relative Efficiencv of Direct DII 

- 
Ref. 
NO. 

2A 

- 

2B 

2c 

20 

2E 

2F - 

- 
- 

Method 

PFSA 

Direct 

PFSA 

Direct 

PFSA 

Direct 

- 
- 
Equivs 
DlPCDl 

0.5 

1 

0.5 

1 

0.5 

1 

Preactivalion 
Conditions 

Standard 

2minl:l DCMJDMF 
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D I  Acth - 
- 
Method 

PFSA 

- 

Eirect 

Direct 

PFSA 

DlE.3 

PFSA 

exert a solvent effect on the rate of formation of 1 and/or 
on conversion of 1 to 2; it may also accelerate decompo- 
sition of 1 to an inactive N-acylurea. Nevertheless, the 
presence of a high proportion (250%) of a polar solvent, 
such as DMF, is desirable in coupling to  decrease inter- 
and intrachain hydrogen bonding. 

The next series of experiments (Table II), in conjunction 
with the previous studies, was designed to determine the 
most efficient procedure with which to perform the direct 
carbodiimide method and then to compare the efficiency 
of this procedure with that obtained by using preformed 
or solution-generated symmetrical anhydrides. Compar- 
isons were made to the control values obtained with the 
mixed symmetrical anhydrides (Table 11, 2A) and with 
both components activated by the direct DIPCDI proce- 
dure (2B). Experiments 2C and 2D showed diminished 
coupling efficiency when 1 equiv of DIPCDI was mixed 
with the appropriate amino acid in 1:l DMF/DCM, left 
to  preactivate for  just  1 min, then mixed with the 
corresponding PFSA, and coupled. Conversely, when this 
preactivation process was performed for  2 min (2E and 
ZF), then more efficient coupling was achieved than  
that that  would have been obtained had t h e  same 
amount of amino acid been converted into a symme- 
trical anhydride. These observations are in direct con- 
tradiction with the widely held belief that the use of 
preformed symmetrical anhydrides provides an order of 
magnitude increased activity and efficiency over that ob- 
tained with the direct carbodiimide methodJ8 Since the 
literature studies have mainly made comparison to the use 
of DCCI in neat DCM, the improvement reported by the 
use of preformed symmetrical anhydrides may simply have 
resulted from elimination or reduction of the pore-blocking 
precipitation of dicyclohexylurea 4, whose presence di- 
minishes coupling rates by a physical process, rather than 
because of any intrinsic lack of reactivity provided by 
direct use of the carbodiimide reagent. Under the con- 
ditions reported above, involving 2-min preactivation with 
1 equiv of DIPCDI in 1:l DCM/DMF, no precipitation is 
observed even for reaction times longer than 2 h. 

It has also been believed, irrespective of the stoichiom- 
etry employed, that the direct carbodiimide method is 
mediated by symmetrical anhydrides.I6 This is de- 
monstrably true in deuteriochlor~form'~ and is probably 

(18) Reference 16, pp 131-138. 
(19) Benoitnn, N. L.; Chen, F. M. F. J.  Chem. Soe., Chem. Commun. 

1981,543. 
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true in neat DCM, but, when the coupling is performed 
as described, the data presented contradict this interpre- 
tation. Experiments 2E and 2F could not have resulted 
in more efficient coupling than would have been obtained 
with the preformed symmetrical anhydrides if a significant 
proportion of the reactive intermediate(s) present was not 
other than the symmetrical anhydride. Results 1J and 1K 
showed, from the inefficient coupling obtained, that sym- 
metrical anhydride formation was incomplete after 10 min 
in 1:l DCM/DMF. Clearly, after 2 min in that same 
solvent cocktail, only a small proportion of symmetrical 
anhydride can have been formed with 1 equiv of DIPCDI, 
and the majority of the coupling must have been mediated 
by the initially formed adduct, the 0-acylisourea 1, either 
alone or in conjunction with the 2-alkoxyoxazolone gen- 
erated from it'? (Figure 1). The OAIU intermediate has 
not been unambiguously identifiedIg although apparently 
erroneous NMR evidence of its existence has been pub- 
lished.M Despite this uncertainty, the method is desig- 
nated in subsequent discussions by the abbreviation OAIU. 

To compare the effectiveness of OAIU and PFSA pro- 
cedures in actual peptide synthesis, the simultaneous 
macrocolumn meethod was next employed to prepare the 
acyl carrier protein (ACP) sequence 65-74. This test 
peptide has been accepted as a standard since its synthesis 
requires a number of sterically hindered couplings and 
these are combined with segments that promote interchain 
aggregation with a corresponding dramatic reduction in 
amino group accessibility?1 Racemization during coupling 
of the two isoleucine residues is simply detected. The 
syntheses, using the Fmoc-protection strategy, were per- 
formed with single brief couplings either in 1:l DCM/DMF 
(OAIU method) or in neat DMF (PFSA method). The 
reverse phase HPLC chromatograms of the two crude 
products obtained after cleavage are depicted in Figures 
2a and 2b. Both syntheses were closely similar in regard 
to their yields and in the purity of product obtained. 
Between the two procedures, the OAIU method was un- 
questionably far simpler to perform, since brief mixing of 
solutions was all that was required for activation. The 
PFSA procedure required lengthy preactivation, filtration, 
evaporation, redissolution, and addition processes. The 

(20) Bates, H. S.; Jones, J. H.; Witty, M. J. J. Chem. Soe., Chem. 
Commun. 1980. 773. 

(21) Meister, S. M.; Kent, S. B. H. In Proceedings of the Eighth 
American Peptide Symposium; Hruby, V. J.. Rich, D. H., Eds.; Pierce 
Chemical: Rockford, IL, 1983; p 103. 
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Ref. 
N O  

3 A  

38 

3c  

Table Ill. The Effect of Additives on the Efficiency of the Direct DlPCDl Procedure 
I Tvr + Phe I 

%Tyr 
Melhod Condilions Method Conditions Inc. 

PFSA Standard PFSA Standard 29.1 

DlPCDl + HO-Dhobt. 2 + 10 mi" PFSA Standard 38.1 

PFSA Standard DlPCDl + HO-Dhobt.2 + l O m i n  24.0 

3D DlPCDl + HO-Dhobl.2 + lOmin  DlPCDl + HO-Dhobl.2 r l O m i n  33.0 

3E 

3F 

3G 

I PFSA Standard I 24.2 I 

DlPCDl + HOB1.2 + l O m i n  PFSA Slandard 38.8 

DlPCDl +telrazole.2+ lOmin PFSA Standard 7.6 

DlPCDl + benzotriazole, 2 + 10 min PFSA Standard 8.2 

Figure 2. HPLC chromatograms from syntheses of the acyl 
carrier protein 65-74 sequence H-Val-Gln-Ala-Ala-Ile-Asp-Tyr- 
Ile-Asn-Gly-OH. (Note: The offscale peak on all four chroma- 
tograms occurring 2-3 min after injection is caused by DMF and 
acetic acid added to solubilize the samples.) Runs 2a and 2h were 
performed by the simultaneous synthesis method either with 
coupling performed with preformed symmetrical anhydrides in 
DMF (2a) or by direct diisopropylcarbodiimide coupling in 1:l 
DCM/DMF (2b). Runs 2c and 2d were performed by automated 
synthesis either using the DIPCDI/HOBt additive procedure (2c) 
or using BOP reagent (2d). 

These conditions differ significantly in most cases from 
those advocated b y  originators of the methods. As pre- 
viously noted, the use of polar solvents is helpful to reduce 
hydrogen bonding and pept ide  chain aggregation?' Al- 
though the DBTO reagent (Table IV, l )  gave the highest 

3H DlPCDl + HO-PFP.2 + 10 min 
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Table IV. Relative Coupling Efficiency of Activation 
Methods for Solid-Phase Peptide Synthesis 
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27 

22 

23.24 

23,24 
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28 

31 

25 

32 

33.34 

35.36 

32 

37 

38.39 

efficiency, its use in synthesis of the ACP decapeptide 
sequence gave significantly leas pure product than obtained 
with other methods; the analyses indicated approximately 
5% chain termination a t  each coupling step. Under the 
conditions used, l-(isobutoxycarbonyl)-2-isohutoxy-1,2- 
dihydroquinoline (IIDQ), the  related 1-(ethoxy- 
carbonyl)-2-ethoxy-l,2-dihydroquinoline (EEDQ), (p- 
oxo)bis[tris(dimethylamino)phosphonium] hidtetra- 
fluoroborate) (Bates reagent), diphenylphosphoryl azide 
(DPPA), 2-ethyl-5-phenylisoxazolium-3'-sulfonate 
(Woodward's reagent K), and 2-tert-butyl-5-methyl- 
isoxazolium perchlorate proved to  provide unsatisfactory 
couolina efficiencv (Table IV. 13.17.16 and 19.18.20 and . I  . . .  
21 respectively). 

Recentlv the usefulness of his/2-oxo-3-oxazolidinvl)- _ .  
phosphinc chloride reagent (BOP-CI)~ has been reexa- 
mined,",3o relatively inefficient coupling being observed 
in DMF. Results from this study (Table IV, 12) confirm 
these findings. The similarity of the Tyr incorporation 
ratios obtained with Bop-C1 to those obtained with the 
PFSAs may be an indication that symmetrical anhydride 
intermediates were involved. This reasoning applies to the 
efficiency of coupling resulting from use of the (henzo- 
triazolyloxy)tris(dimethylamino)phosphonium hexa- 
fluorophsphate (BOP) reagent of CastroZ6 under certain 

(26) Castro, 9.; Darmoy, J. R.; Ed", G.; Selve. C .  Tetrahedron Lett. 

(21) Takuda, K.; Saweda, I.; Suzuki, A,; Ogurs, H. Tetrahedron Lett. 

(28) Tung. R. D.; Rich, D. H. J. Am. Chem. Soe. 1985, 107, 4342. 
(29) Van der Auwera, C.; van Damme, S.; Anteunis, M. J. 0. Int. J .  

(30) Van der Auwera, C.; Antemis, M. J. 0. Int. J .  Pept. Protein Rea. 

1975. 1219. 

1983,24,4451. 

P e p .  Protein Res. 1987,29,464. 

1987.29, 574. 

HOB1 

. 

. 

1 

1 

F i g ~ r p  3. Time cou18e of activation with BOP and BOP + HORt 
reagents (NMM stands for N-methylmorpholine). 

conditions (Table IV, 7 and E), but not others (Table IV, 
2 and 4). Timecourse studies (Figure 3) showed that when 
one-half of an equivalent of BOP reagent was used for 
activation, then the incorporation ratio rapidly attained 
a value closely similar to that found for the PFSA stand- 
ards; this figure then remained essentially unchanged. 
With one full equivalent of BOP, a slightly more rapid 
initial activation was  observed. followed by a linear further 
increase over the 10-min time span studied. When a 
mixture of BOP and HOBt was used, this resulted in a 
dramatic improvement in rate and magnitude of activation. 

These results are in accord with the speculative mech- 
anism displayed in Figure 4. With 0.5 or 1 equiv of BOP, 
the initially formed highly reactive (acy1oxy)phosphonium 
salt intermediate 5 react9 rapidly with amino acid car- 
boxylate to form the symmetrical anhydride 2'. The sec- 
ond-phase activation, seen with 1 equiv, is presumed to 
result from a relatively slow reaction of the liberated ion- 
ized hydroxyhenzotriazole with 2. Regenerated starting 
material is recycled, resulting in eventual conversion to the 
more effective benzotriazolyl active ester 6. If HOBt is 
added initially, this competes with carboxylate in attack 
on the (acy1oxy)phosphonium intermediate 5, forming a 
mixture of 2' and 6. When sufficient NMM is added to 
ionize 50% of the added HOBt, then the direct pathway 
to the active ester predominates. This explanation is 
supported by the previous findings (Table 111) that HOBt 
esters provide more efficient coupling than do symmetrical 
anhydrides. 

Thus, in its simplest form, the use of BOP reagent offers 
a method for the rapid and convenient formation, without 
precipitation or solvent exchange, of symmetrical anhy- 
drides in DMF. The method. in all variations, is ideally 
suited for Fmoc-mediated syntheses where the intransigent 
solubilities of several of the derivatives is a major problem 
for other coupling methods. All commonly used Fmoc 
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derivatives are rapidly and completely solubilized in DMF 
as their N-methylmorpholinium salts. Solid stable mix- 
tures of BOP combined with the Fmoc-amino acids (op- 
tionally with added HOBt) may simply be dissolved and 
activated by the addition of 0.2 or 0.3 M NMM in DMF. 
The HPLC chromatogram of the crude product from 
synthesis of ACP 65-74 (Figure 2d) illustrates the usual 
purity of product obtained with use of BOP reagent. This 
synthesis was performed with 1 equiv of BOP and with 
10-min preactivation before coupling. Inclusion of 1 equiv 
of HOBt represents the optimal variation of this method 
(Table IV, 2 and Figure 4). It has been used to synthesize 
the ACP 65-74 sequence in high purity and has subse- 
quently been used in correspondingly excellent syntheses 
of a variety of peptides, including substance P and human 
gastrin I. 

The practical value of the recommended methods 
(OAIU, DIPCDI + HOBt, BOP + HOBt) is further en- 
hanced by the lack of racemization that results from their 
use. This is evidenced by the absence of D-alloisoleucine 
in the amino acid analyses of the decapeptide products.* 
This represents, under actual solid-phase conditions, a 
simple yet rigorous test since both isoleucine residues are 
involved in slow couplings, which might be expected to be 
particularly prone to racemization. Additionally, numerous 
peptides have been synthesized by the OAIU method and 
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1973,96, 4501. 
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have been shown to be digested completely by amino- 
peptidase M.41 Reduction of racemization by addition of 
HOBt to carbodiimide couplings is well document- 
ed.23-24942-46 Absence of racemization with BOP has been 
reported47 in the standard Anderson test4* and in the 
fragment condensation of peptides with C-terminal Phe 
(expected to be particularly prone to racemization). These 
findings coupled with our results indicate that the use of 
BOP in the presence of HOBt not only provides highly 
efficient coupling in solid-phase synthesis but also pre- 
serves optical integrity. 

Conclusions 
The combination of simultaneous syntheses and com- 

petition experiments has allowed comparison of various 
methodologies for solid-phase synthesis, has given insight 
into the mechanism of two distinctly different classes of 
coupling reagent, and has defined several efficient proce- 
dures for solid-phase synthesis. It is expected that studies 
of this type should become a standard in methodological 
studies. It will no longer be sufficient for new approaches 
to be different from established procedures; they will need 
to be compared and demonstrated to be at  the very least 
fully equivalent to established procedures in regard to the 
efficiency of activation determined by competition ex- 
periments, and in the yield and purity of products obtained 

(41) Hudson, D; Kain, D., unpublished results. 
(42) Birr, C.; Voss, C. In Proceedings of the Seuenth American Pep- 

tide Symposium; Rich, D. H., Gross, E., Eds.; Pierce Chemical: Rockford, 
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(46) Arendt, A.; Kolodziejczyk, A.; Sokolowska Tetrahedron 1976,32, 

447. 
(47) Castro, B.; Dormoy, J. R.; Evin, G.; Selve, C. In Proceedings of 

the Fourteenth European Peptide Symposium; Loffet, A., Ed.; Editions 
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Simultaneous Solid-Phase Peptide Synthesis 

by simultaneous synthesis methods. 

Experimental Section 
Chemicals a n d  Equipment. Biosearch Macroscale DNA 

synthesis columns (Macrocolumns, 86OOC-0227; an assembly 
drawing is available as supplementary material) were used for 
simultaneous syntheses packed with 50-100 mg of support; in the 
competition experiments this was 50 mg of a standard Merrifield 
Leu polystyrene resin (Biosearch, AA7576,0.3 mmol/g) in a free 
amino form. Columns were fiied and emptied by uskg disposable 
polypropylene syringes (Aldrich, Milwaukee, WI, Cat. No. 
211,686-6,5 mL). Freshly opened bottles of dimethylformamide 
(Merck Omnisolve, EM Sciences, assay >99.9%, water <0.02%, 
dimethylamine <0.01%) were used for preparation of amino acid 
and reagent solutions. Boc- and Fmoc-amino acids were from 
Biosearch; other solvents were of HPLC grade. Biosearch supplied 
1-hydroxybenzotriazole (HOBt, AA7600) and BOP reagent 
(AA7650); Fluka supplied IIDQ (58625), dibenzotriazolyl oxalate 
(DBTO, 75710), EEDQ (02541), Bates reagent (11855), Wood- 
ward's reagent K (95440), Woodward's reagent L (95450), and 
3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine (HO-Dhobt, 
37305); Aldrich supplied diphenylphosphoryl azide (17,875-6) 
bis(2-oxo-3-oxazolidinyl)phosphinic chloride (Bop-C1, 27,096-2), 
N-methylmorpholine (M5,655-7), piperidine (10,409-4), and di- 
isopropylcarbodiimide (D12,540-7). 

Analytical  Methods. In all competition experiments, the 
reactions were left for 2 h and then the contents of the macro- 
columns washed with DMF (2X), 10% diisopropylethylamine in 
DMF, 1:l DCM/DMF (4X), DCM (6X), and methanol (2x). The 
thoroughly dried resin was removed from the column, and weighed 
samples were used in a quantitative ninhydrin assay49 and for 
amino acid analysis. For the latter, samples (1.5 mg) were hy- 
drolyzed, along with a standard, at  130 "C for 2 h in 1:l propionic 
acid/l2 M hydrochloric acid containing 0.1% phenol. Tyrosine 
incorporations are given as a percentage of the nanomoles of Tyr 
determined divided by the total nanomoles of Tyr and Phe in 
the sample. Peptide samples were hydrolyzed a t  110 "C for 18 
h in 6 M HC1 containing 0.1% phenol. All analyses were per- 
formed in duplicate with an LKB Model 4151 amino acid analyzer. 

Reverse phase HPLC analyses were performed on Vydac 
218TP54.6 columns at  1.7 mL/min, monitored at 230 nm, buffer 
A = 0.05% TFA/H20, buffer B = 0.05% TFA/CH,CN, gradient 
0-3 min, 5% B; linear gradient to  100% B 3-23 min. 

Procedures  Used for Experiments Listed i n  Table  I. 
Solutions of preformed symmetrical anhydrides were prepared 
by using 0.4 M t-Boc-Phe-OH in DCM (1.06 g made up to 10 mL) 
and 0.4 M t-Boc-Tyr(Bz1)-OH in DCM (1.484 g made up to  10 
mL). Samples (1.5 mL, 0.6 mmol) of each were rapidly mixed 
with 0.2 M carbodiimide reagent (1.5 mL, 0.3 m o l  prepared from 
either 0.41 g of DCCI or 0.252 g of DIPCDI in DCM made up to 
10 mL). After 15 min a t  room temperature, each mixture was 
filtered through a glass-wool plug, the precipitate and original 
vessel were washed with further DCM (2 X 2 mL), and the com- 
bined filtrates were evaporated in an ambient temperature bath 
under a stream of nitrogen. The residues were further dried under 
high vacuum for 1 h and then made up to 3 mL with 1:l 
DCM/DMF or neat DMF, and 0.5-mL aliquots were taken, 
rapidly mixed as required, drawn into the macrocolumn, in which 
the Leu support had been preequilibrated with the appropriate 
solvent, and shaken. Agitation in a horizontal plane was provided 
by a New Brunswick Model R-2 shaker operated a t  250 rpm. 
Solution-prepared symmetrical anhydrides were produced by 
dissolving the same masses of the amino acid derivatives in 1:l 
DCM/DMF and treating 1.5-mL samples with 0.2 M DIPCDI 
(1.5 mL, either in neat DCM, experiments 1E-lH, or in 1:l 
DCM/DMF, experiments 1J and 1K). After 10 min, samples (0.5 
mL) were removed, mixed with samples of the competitive PFSA 
(0.5 mL), and rapidly taken up in the macrocolumn containing 
the preequilibrated Leu support. 

Procedures Used for  the Experiments Listed in  Table 11. 
Direct DIPCDI (OAIU) components were prepared from 0.4 M 
solutions of the amino acid in 1:l DCM/DMF rapidly mixed with 
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(49) Sarin, V. K.; Kent, S. B. H.; Tam, J. P.; Merrifield, R. B. Anal. 
Biochem. 1981,117, 147. 

an equal volume of freshly prepared 0.4 M DIPCDI in the same 
solvent cocktail. Samples (0.5 mL) were removed at 1- and 2-min 
time intervals, mixed with the PFSA solutions, and treated as 
previously. Results are given as the average of two separate 
experiments. 

Procedures  Used fo r  Simultaneous Peptide Syntheses. 
Both syntheses of the ACP sequence 65-74 (products shown in 
Figures 2a and 2b) used 0.2 mmol of each Fmoc derivative (note 
Asn and Gln were added as their pentafluorophenyl esters in the 
presence of 0.2 mmol of HOBt in DMF). In the PFSA run (2A), 
these intermediates were prepared during the coupling stage of 
the previous cycle by adding DCM (0.5 mL) to the Fmoc-amino 
acid (0.2 mmol), followed by the minimum of DMF required for 
solubilization (ca. 0.1 mL), and then adding 0.2 M DIPCDI in 
DCM (0.5 mL). After 15 min, the mixture was evaporated under 
nitrogen (without prior fiitration) and dried further in a vacuum 
desiccator until required, a t  which junction i t  was dissolved in 
neat DMF (1 mL) and added to the column reactor. In the direct 
DIPCDI run (2b), the Fmoc-amino acid (0.2 mmol) was dissolved 
in DMF (0.5 mL), activated by the addition of 0.4 M DIPCDI 
in DCM (0.5 mL), and added directly to the reactor after 2 min. 
Asn and Gln, in both syntheses, were added via their penta- 
fluorophenyl esters, in the presence of 1 equiv of HOBt, in neat 
DMF. The synthesis protocol started from 50 mg of Fmoc- 
Gly-hydroxymethylphenoxyacetyl substituted 4-methyl- 
benzhydrylamine resin (Biosearch, AA77710-01). The support 
was washed with DMF (3X) and then treated with piperidine/ 
DMF/toluene (67:7) for 1 min and then for 10 min with fresh 
reagent. After 6 DMF washes, coupling of Asn was achieved by 
using Fmoc-Asn-OPFP (104 mg, 0.2 mmol) and HOBt (31 mg, 
0.2 mmol) in DMF (1 mL). In subsequent cycles, the OAIU 
activated and PFSA amino acids were prepared as described above 
(except for Gln, which in both syntheses was added as its PFP 
ester). Coupling times were as folllows: Asn, 1 h; Ile, 1 h; Tyr, 
1 h; Asp, 30 min; Ile, 45 min; Ala, 30 min; Ala, 30 min; Gln, 1 h; 
Val, 1 h. After three DMF washes, Fmoc removal in the next cycle 
was initiated. On completion of chain assemblies, the last Fmoc 
group was removed, and then the resins were washed with DMF 
(SX), DCM (SX), and methanol (2x1. After thorough drying, the 
resins were treated with TFA/dimethyl sulfide/DCM (14:1:5, 2 
mL) for 2 h. The resin was removed by filtration, the filtrate 
evaporated, and the residue lyophilized from glacial acetic acid. 
Run 2A: yield 19 mg; amino acid analysis, Asx 1.92 (2), Glx 1.09 
( l ) ,  Gly 1.24 ( l ) ,  Ala 2.00 (2), Val 1.03 (l), Ile 2.18 (2), Tyr 1.17 
(1). Run 2B: yield 20 mg; amino acid analysis, Asn 1.99 (2), Glx 
0.98 (l), Gly 1.13 (l), Ala 2.00 (2), Val 1.05 (l), Ile 2.47 (2), Tyr 
1.32 (1). D-Alloisoleucine was absent from both analyses. 

Procedures Used in Additive Experiments Listed in Table 
111. These were performed analogously to  the Table I1 experi- 
ments except that, after a 2-min preactivation, an aliquot of the 
solution (1 mL) was removed and added to the solid additive (0.2 
mmol), the mixture was sonicated to effect dissolution, and after 
10 min, 0.5 mL was removed and used in the competition ex- 
periment. 

Automated Syntheses of ACP 65-74. These were performed, 
either by solution sampling techniques, as with the DIPCDI/ 
HOBt synthesis (Figure 2C), or by solid storage and in reservoir 
dissolution and activation procedures, as with the BOP-mediated 
synthesis (Figure 2D), by using a Biosearch Model 9600 peptide 
synthesizer with standard operating programs. The amino acid 
analysis of the BOP product, obtained in 85% overall yield, as 
follows: Asx 2.00 (Z), Glx 1.00 ( l ) ,  Gly 1.07 (l), Ala 2.04 (2), Val 
0.93 (l), Ile 1.92 (2), Tyr 1.02 (1). The amino acid analysis of the 
DIPCDI/HOBt product, obtained in 85% yield, was as follows: 
Asn 1.84 (2), Glx 1.03 (l) ,  Gly 1.02 (l), Ala 2.21 (2), Val 1.02 (l), 
Ile 2.32 (2), Tyr 1.10 (1). D-Alloisoleucine was absent from both 
analyses. 

Procedures Used for Comparison of Alternative Activa- 
t o r s  (Table IV). These were performed by competition of al- 
ternately activated Tyr with Phe PFSA (prepared as previously). 
All were performed analogously, except i t  should be noted that 
Woodward's reagent K proved insoluble under the activation 
conditions described. A representative example, activation with 
0.5 equiv of BOP, follows. Boc-Tyr(Bz1)-OH (74.2 mg, 0.2 mmol) 
and BOP (44.2 mg, 0.1 mmol) were dissolved in 0.2 M N- 
methylmorpholine in DMF (1 mL). After 10 min, a sample (0.5 
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mL) was removed, added to Phe PFSA (0.5 mL), and loaded into 
the syringe reactor in which the Leu resin had previously been 
thoroughly washed with DMF. After reaction, workup, and hy- 
drolysis, the Tyr incorporation was determined to  be 28.7%, 
compared with the standard PFSA mixture in DMF which gave 
26.0% incorporation (average of four determinations). 

Procedures Used in BOP Time-Course Studies (Figure 
3). A typical series, using 0.5 equiv of BOP, was performed as 
follows. Boc-Tyr(Bz1)-OH (74.2 mg, 0.2 mmol) in 0.2 M N- 
methylmorpholine in DMF (1 mL) was treated with a solution 
of BOP (44.2 mg, 0.1 mmol) in DMF (1 mL). Samples (0.5 mL) 
were removed at  1-, 2-, 5-, and 10-min time intervals, mixed with 
Phe PFSA (0.5 mL, prepared from Boc-Phe-OH (53 mg, 0.2 "01) 
in DCM (0.5 mL) treated with 0.2 M DIPCDI in DCM (0.5 mL) 
for 15 min, evaporated, dried, and dissolved in DMF (2 mL)), and 
rapidly added to the reactor. Tyr incorporations were determined 
to be as follows: 1 min, 21.3%; 2 min, 23.1%; 5 min, 26.0%; 10 
min, 26.1%. Tyr PFSA + Phe PFSA standards gave 25% Tyr 
incorporation (average of four determinations). A duplicate series 
confirmed the results. 
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Substituted aryl halides were hydroxycarbonylated under 50 psi pressure of carbon monoxide in the presence 
of various formate salts and a homogeneous palladium catalyst to  give aromatic acids in good yields. Selectivity 
of formate salts in hydroxycarbonylation reactions depends on the metallic counter-ion and the reaction conditions. 
Calcium formate was found to  give the highest selectivity for hydroxycarbonylation. A mechanism coiisisting 
of the generation of mixed anhydrides as intermediates is suggested. 

Introduction 
The preparation of aromatic acids by a catalyzed hy- 

droxycarbonylation of aryl halides under low carbon 
monoxide pressure, in the presence of a strong inorganic 
base such as aqueous sodium hydroxide' or calcium hy- 
droxide2 (eq l), has been mentioned in the literature. 

ArBr + CO + M(OH), - ArCOzM + MBr + HzO 

(1) 
Such reactions were homogeneously catalyzed by tran- 

sition-metal complexes with the help of either a phase- 
transfer catalyst,28 photQstimulation,2d or the combination 
of both of them.2c No aromatic acids were formed under 
similar conditions when the strong inorganic base was 
replaced by a Brernsted base such as a tertiary amine or 
potassium carbonate.2b 

Since the heating of alkali or alkali earth hydroxides 
under carbon monoxide reaches an equilibrium with the 
formic acid salt,3 we have considered the possibility of 

catalyst 

M = Na, Ca 
n = l , 2  

(1) Cassar, L.; Foa, M. J.  Organomet. Chem. 1973,51, 381. 
(2) (a) Cassar, L.; Foa, M.; Gardano, A. J. Organomet. Chem. 1976, 

121, c55. (b) Foa, M.; Francalanci, F.; Bencini, E., Gardano, A. J. Or- 
ganomet. Chem. 1985,285,293. (c) Brunet, J. J.; Sidot, C.; Caubere, P. 
J. Org. Chem. 1983, 48, 1166. (d) Kashimura, T.; Kudo, K.; Mori, S.; 
Sugita, N. Chem. Lett .  1986,299. 

(3) (a) Dancy, W. B. In Kirk-Othmer Encyclopedia of Chemical 
Technology, 3rd ed.; Wiley-Interscience: New York, 1982; Vol. 18, p 938. 
(b) Whaley, T. P. In Comprehensive Inorganic Chemistry; Pergamon 
Press: 1973; Vol. 1, p 454. 

replacing the aqueous base by a formate salt, serving both 
as a base and as an hydroxyl donor. Direct use of formate 
would also avoid an excess of alkali hydroxide and enable 
reaction at a milder pH and under anhydrous conditions 
(eq 2). We report here that under suitable conditions, an 

ArBr + MOzCH + C*O - 
ArC*02H + MBr + CO (2) 

hydroxycarbonylation reaction between aryl halides and 
formate salts occurred under 1-3 atm of CO pressure, 
giving the corresponding carboxylic acids in fair to good 
yields. 

Results and Discussion 
The catalyzed hydroxycarbonylation reaction is in com- 

petition with the reductive formylation by formates4 (eq 
3). Indeed, it was found that the formylation reaction 

catalyst 

path A 
ArCHO + MBr + C02 

(3) -E ArC02H + MBr + CO 
ArBr + M02CH + CO 

Path E 

(path A) is accompanied by the much slower hydroxy- 
carbonylation reaction (path B). The reaction of sodium 
formate with 4-~hlorobromobenzene, in an anhydrous 
aprotic dipolar solvent (e.g. DMF) and in the presence of 
5 mol % homogeneous palladium catalyst, results in 4- 
chlorobenzaldehyde (70% 1, chlorobenzene (4%), and 4- 

(4) (a) Pri-Bar, I.; Buchman, 0. J. Org. Chem. 1984, 49, 4009. (b) 
Pri-Bar, I.; Buchman, 0. J.  Org. Chem. 1986,51, 734. 
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