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A method for solid-phase peptide synthesis in the N- to C-direction that delivers good coupling yields and

a low degree of epimerization is reported. The optimized method involves the coupling, without preactivation,
of the resin-bound C-terminal amino acid with excess amounts of amino atgdttbutoxysilyl (Sil) esters,

using HATU as coupling reagent and 2,4,6-trimethylpyridine (TMP, collidine) as a base. For the amino
acids investigated, the degree of epimerization was typically 5%, except farB28r{vhich was more

easily epimerized (ca. 20%). Five tripeptides (AAA,-AA3) with different properties were used as
representative model peptides in the development of the synthetic method: Asp-Leu-Glu, Leu-Ala-Phe,
Glu-Asp-Val, Asp-Ser-lle, and Asp-Glu-Leu. The study used different combinations of HATU and TBTU

as activating agent$y,N-diisopropylethylamine (DIEA) and TMP as bases, DMF and dichloromethane as
solvents, and cupric chloride as an epimerization suppressant. The epimerization iof tAé coupling of

AA; was further reduced in the presence of cupric chloride. However, the use of this reagent also resulted
in a decrease in loading onto the resin and significant cleavage betweesndlAA.. Experiments indicated

that the observed suppressing effect of cupric chloride on epimerization in the present system merely seemed
to be a result of a base-induced cleavage of the oxazolone system, the key intermediate in the epimerization
process. Consequently, the cleavages were most pronounced in slow couplings. An improved synthesis of
fully characterized amino acid ttert-butoxysilyl (Sil) ester hydrochloride building blocks is presented.

The amino acid Sil esters were found to be stable as hydrochlorides but not as free bases. Although only a
few peptides have been used in this study, we believe that the facile procedure devised herein should provide
an attractive alternative for the solid-phase synthesis of short (six residues or less) C-terminally modified
peptides, e.g., in library format.

Introduction Considering the importance of C-terminally modified
peptides, for example, as protease inhibitors serving as
starting points in the subsequent conversion to nonpeptidic
drug-like entities, it is remarkable that relatively few reports
have been devoted to the development of a direct method

The introduction of solid-phase peptide synthesis (SPPS)
by Merrifield in 1963 was of great importance for the
development of peptide synthediOne reason for the

tremendous impact of this method was the fact that it ¢ i blv in the | directiére H
essentially allowed peptides to be synthesized without or peptide assemoly In € INVErSe directiom.” Fowever,

racemization when amino acids with®-protecting groups the_advantage§ _Of this approach have Igng bgen recognized.
of the urethane (carbamate) type were coupled in a stepwise €/x and Merrifield used protected amino acid hydrazides
fashion. SPPS is still executed almost entirely in the C- to 25 building blocks for the C-terminal elongation of peptides
N-direction. Even C-terminally modified peptides are fre- [N @n attemptto circumvent the problems of epimerization.
quently prepared in this way. The use of appropriately D€Protection and subsequent reaction of the liberated hy-
designed linkers, which may be attached to specific amino drazide function with nitrite allowed the next building block
acid side chairfs* or to the peptide backborié, allows to be coupled by the azide method, which at that time was
C-terminal incorporation of desired moieties at a suitable believed to proceed without racemization. However, the
stage of the synthesis. Other ways of approaching theProcedure was elaborate, requiring activation and coupling
C-terminal modification are based on linker structures that atlow temperature with moderate yields. Later investigations,
deliver specific end groups upon cleavadeor that can be ~ mainly by Bayer and co-workers, have included the use of
activated and/or cleaved with different nucleophited? base labile amino acid 9-fluorenylmethyl esters, which were
Recently, internal resin capture techniques where the pointcoupled with N-hydroxybenzotriazole (HOBt)/ diisopro-

of attachment to the resin is shifted from the C-terminal to pylcarbodiimide (DIC) orN-[(1H-benzotriazole-1-yl)-(di-
the N-terminal end of the peptide have been applied methylamino)methylendi-methylmethanaminium tetrafluo-
successfully3 roborateN-oxide (TBTU)N-methylmorpholine (NMM)-° In

10.1021/cc000022h CCC: $19.00 © 2000 American Chemical Society
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both cases, a 30-min preactivation step with a large excessTable 1. Yields of Amino Acid Sil Ester Hydrochlorides

of activator (8 equiv) was included before addition of the
amino acid ester. Using TBTU/NMM extensively racemized

H-AA-OSIl x HCI

products were obtained, whereas coupling using HOBt/DIC
gave moderate racemization but led to significant formation
of other byproducts.

In conjunction with our medicinal chemistry program
aimed at identifying orally available protease inhibit&ts
we became aware of a communication by Sharma et al. who
described a few C-terminally modified tetrapeptide HIV-1
protease inhibitors, generated in the inverse directidhie
desired a robust and general method that permitted the
attachment of a variety of functional groups, including
electrophilic, at the C-terminal of small peptides without the
need for special linkers. The simplicity of Sharma’s
approach®2” which relied on coupling of amino acid tri-
tert-butoxysilyl (Sil) ester® on solid phase, was attractive,
and we foresaw a large potential of the method in automated
parallel synthesis. Prior to library construction we wanted
to evaluate the method in our system with special focus on
yield and racemization. We report on the influence of factors

such as coupling reagents, bases, solvents, racemization

amino acid (H-AA-OH) yield (%)
Nonpolar

9 Gly 21 82

10 Ala 22 68

11 Val 23 92

12 Leu 24 91

13 lle 25 62

14 Pro 26 95

8 Cha 27 97

Aromatic

15 Phe 28 67
Polar

16 Ser 29 91

17 Ser(Bu) 30 87
Basic

18 Arg(Pbf) 31 39
Acidic

19 Asp(OtBu) 32 77

5 Asp(OFm) 33 95

20 Glu(OtBu) 34 82

6 Glu(OFm) 35 97

7 D-Glu(OFm) 36 95

suppressing additives, and the use of preactivation on the
yield and optical purity of a set of tripeptide models and
describe an improved procedure for N- to C-directed solid-
phase peptide synthesis. We also report on an improved
method for the preparation of the fully characterized amino
acid Sil ester building block%.

Results

Synthesis of Amino Acid Tri-tert-butoxysilyl (Sil) Ester
Building Blocks. Our approach to the amino acid tert-
butoxysilyl (Sil) ester building blocks utilized a one-step
generation of the hydrochloride salts of the amino acid Sil
esters from the zwitterions of the amino acids. The amino
acids that were not commercially available as zwitterions
were prepared from the correspondifNgBoc protected
derivatives. Boc removal was accomplished by treatment
with 1 M HCl/ethyl acetate (EtOAc) to yield the hydrochlo-
rides of H-Asp(OFm)-OHL, H-Glu(OFm)-OH2, and Hb-
Glu(OFm)-OH3. The hydrochlorided—3 and the hydro-
chloride of H-Cha-OH4 were then treated with propene
oxide to deliver the zwitterion§—8 (eq 1)32-34

R R
+ propene oxide, EtOH .
or HSN)\COOH HaN)\COO' @)
1 R= -CH,COOFm 5
2 R= -CH,CH,COOFm 6
3 R= -(D)-CH,CH,COOFm 7
4 R=-CH,CgH 14 8

The synthesis of the amino acid Sil ester building blocks
was effected by a modification of the protocol reported
previously by Gruszecki**and Sharma® The zwitterionic
amino acids5—20 were treated with tetrachlorosilane and
three equiv of pyridine in 2-methyl-2-propandtBuOH),
rather than the four equiv, used in the original procedure, to
give the hydrochlorides of the Sil esté&%—36in acceptable

a Cha= cyclohexylalanine.

yields, provided that dry conditions were maintained (eq 2
and Table 1). In previous reports the Sil esters were isolated

R

R
- SiCl4 (1 eq.), pyridine (3 eq.
HsﬁJ\n/o +(1 06 pyridine G a) rish’I)\n/()\Si(o-t-Bu)3
0

o} t-BuOH (excess)

@

5-20 (Table 1) 21-36 (Table1)
as free amines by basic aqueous extracttdrowever, we
experienced fast ester hydrolysis under these conditions.
Furthermore, attempted isolation of the hydrochlorides by
conventional silica chromatography produced the free amines,
which decomposed on evaporation of the solvent. Although
less practical, the free amines could be converted to the
hydrochlorides by the addition of an equimolar amount of
HCI prior to evaporation. The use of excess acid caused fast
hydrolysis of the ester, as did RP-HPLC in 0.1% aqueous
TFA—acetonitrile. Meette and co-workers have recently
reported similar problem®.The isolation of the hydrochlo-
rides21—36 was finally accomplished by extraction of the
crude residues with pentane or carbon tetrachloride which
dissolved the hydrochlorides of the amino acid Sil esters but
not pyridine hydrochloride. The remaining insoluble pyridine
hydrochloride and unreacted amino acid were subsequently
removed by filtration through Celite. By using 3 instead of
4 equiv of pyridine, no excess of (unprotonated) pyridine
had to be removed. The hydrochlorides were highly pure as
judged by elemental analysis and were stable for years in
the freezer. In addition, no racemization was observed in
the synthesis of the Sil esters, which was also verified by
reconverting Set{Bu)-OSil to the parent zwitterion (unpub-
lished result).

Loading of the First Amino Acid (Scheme 1). Two
methods were used for loading of Aanto the solid support.
We used TentaGel-P-Linker-87, as the solid support with
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Scheme 1

NO
jj)\ /©/ 2 {.H-AA,-OH, BSA i
5,612
H Meo:@ﬁ\o 0 ( : H MGOJC(LO AA-OH
O—restyo s, e Q-retyo ™,
o) o}

3. 2% TFA in CH,Cl,
TentaGel-P-Linker-5 37 38-40

0
1. H-AA,-OSil x HCI, TBTU, DIEA oo )y 1. H-AAg-OSil x HCI, study: see Table 2
(22, 24, 30, 33, 36) y 0" “AA[-AA,OH (23-25, 28, 35)
2.5% TFA in CHyCly PEG’Nj]/\o NO, 2. 5% TFA in CH,Cl
S 3.

41-45

o]

MeO OJKAA AAS-AAOH H-Asp-Leu-Glu-OH  (46*)

H 17 AR2TARST hv (350 nm), MeOH/H,0 1:1 H-Leu-Ala-Phe-OH  (47*)

. H-Glu-Asp-Val-OH  (48%)

&PEG W/\O NO. H-Asp-Ser-lle-OH (49%)

0 46-50" H-Asp-D-Glu-Leu-OH (50%)
aRemoval of the Fm group on Asp and Glu46 and48—50 was performed with 25% piperidine/DMF, followed by removal of the piperidine salt with
5% TFA/CHCl,. Thet-Bu ether on Ser iM9 was cleaved in 25% TFA/CIEI,. PFinal tripeptides still attached to the solid support. Used in amino acid

analysis.

a photolabile linke?®37In the first approach, the zwitterionic
amino acids H-Asp(OFm)-O13, H-Glu(OFm)-OH6, and
H-Leu-OH 12 were first silylated with TMS groups in order

to achieve sufficient solubility, using the reageéMiO-bis-
(trimethylsilyl)acetamide (BSAJ and then mixed with the
resin37in the presence of 4-pyrrolidinopyridine (PP). Only

1 equiv of the base was employed to avoid Fm deprotection.
4-Pyrrolidinopyridine rendered a much higher reaction rate
than N,N-diisopropylethylamine (DIEA), and loading onto
the TentaGel resin was complete within 20 min to 2 h
whereas 48 h was required for the related polystyrene resin 2 -] |, , b~ L
with (dimethylamino)pyridine (DMAP) as a ba3eSubse- T e T T e e T e e W e e R Ws W e e
quent desilylation in 2% TFA/CKCl, furnished 38—40 Fm e

(Scheme 1). In the second approach, the first amino acid
was added to the resin as the Sil ester in the presence of PP
followed by desilylation in 5% TFA/CELCI; (see Cleavage

of the Sil Protecting Group).

Coupling of the Amino Acid Sil Esters (Scheme 1)The
coupling of the Sil esters was performed without preactiva-
tion. The resin88—40were first mixed with the appropriate
amino acid Sil ester hydrochlorid2?, 24, 30, 33, or 36,
and TBTU. Thereafter, DIEA was added to initiate the
reaction. After complete coupling the Sil protecting groups
were cleaved in 5% TFA (see Cleavage of the Sil Protecting T A T T T e e e e
Group) to give the resin-bound dipeptides-45. Essentially Zopene g s e
the same method was applied for the coupling of the next Figure 1. Cleavage of the Sil ester monitored BSC NMR
amino acid Sil esteR3—25, 28, or 35 except that different spectroscopy. Complete cleavage indicated by total disappearance

. - f the —Si(OC(CHy)3)3 carbon at 31 ppm of TentaGel-P-linker-
coupling reagents, bases, additives, and solvents were use sp(OFm)-Leu-OH 41) (spectrum B). Reference: TentaGel-P-

(see Investigation of Coupling Conditions). The protecting jinker-Asp(OFm)-Leu-OSil (spectrum A). JEOL EX270 at 67.8
groups were chosen to suit this method. The carboxylic acid MHz, 60 mg in CDC}, transients= 81 000, pulse width= 4 us,
side chains of Asp and Glu were protected throughout the acquisition time= 0.410 s, relaxation delay 0.05 s, total time=
synthesis as base labile fluorenylmethyl estérshe hy- 103 h.

droxyl functionality of Ser was protected as the acid labile liberated from the linker by photolysis at 350 nm in 50%
t-Bu ether. Final deprotection was achieved with 25% aqueous MeOH and analyzed by RP-HPLC and plasma
piperidine in DMF and with 25% TFA in CkCl,, respec- desorption mass spectrometry (PDMS). We found the Sil
tively. After each step, the products were examineddy protecting group to be well suited for peptide synthesis.
NMR to verify complete cleavage of the Sil group (Figure Double couplings, which might result from the premature
1). In addition, the resin-bound peptides were examined by cleavage of the Sil esters during the reaction, were not
amino acid analysis. The final tripeptidd§$*—50* were observed.

00
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Table 2. N- to C-Directed Synthesis of the Tripeptidé6—50:2 Effect of Various Coupling Conditions on Coupling Yield,
Epimerization, Loading, and Stability of the Preformed A, Bond

(OQAA-AAOH + H-AAZOSIl x HCI ’ (Q—AA,-AA,-AA;-OH
i I il 46-50
coupling
condition$
reagent, base, __change in loading (%) change in AA/AA (%) yield, AAs/AA; (%)° LDL- epimer (%

entry additive 46 47 48 49 50 46 47 48 49 50 46 47 48 49 50 46* 47+ 48* 49* H0O*

1 TBTU, DIEA -2 +3 -11 -5 +2 4£0 -1 +3 -3 -2 100 94 91 90 96 10 13 5 14 11
2 TBTU,DIEA, -8 —-10 —-18 -4 -10 -8 -6 —2 -9 —-10 95 94 96 85 102 4 6 1 11 6
CuCh

3 TBTU, TMP -1 +2 -6 -3 42 +1 -1 +2 -4 4+0 90 94 91 8 95 22 16 23 30 30

4 TBTU, TMP, —-30 —19 —30 —26 —26 —35 —7 —29 —44 —-34 84 92 104 97 107 4 2 3 19 6
CuCh

5 HATU,DIEA -1 +1 -10 -1 -1 +0 -1 +5 -1 40 100 90 92 81 102 5 4 4 14 13

6 HATU,DIEA, -8 -4 —-13 -4 -8 -8 -1 £0 -2 —-14 100 91 96 83 98 4 1<1 13 5

CuCh,
7 HATU, TMP -1 +1 -10 -2 -2 +0 -1 +6 £0 +5 99 92 91 86 101 5 3 5 17 9
8 HATU, TMP, -12 -3 -20 -9 -9 -3 -1 +9 —-14 -4 98 92 86 87 104 4 1<1 14 3
CuCh,

a46 = Asp-Leu-Glu,47 = Leu-Ala-Phe 48 = Glu-Asp-Val, 49 = Asp-Ser-lle,50 = Asp-D-Glu-Leu.? See Experimental Section for
general procedure46—50); 2 h coupling in DMF/CHCI, (5:2) without preactivation. The molar ratios of I, Il, reagent, base, and LuCl
(if used) were 1:5:4:9:1, respectivelyChange in loading of AAon Il compared to the loading of Afon I, calculated from amino acid
analysis of | and Ill. The loading values (expressed as nmol per mg-teBitker) were corrected for the weight increase of Agnd for
the actual proportions of the amino acids includeAA JAA )" — (AASAA))(AA/AA,)' x 100. Calculated from amino acid analysis
of I and IIl. € Calculated from amino acid analysis of IlIDetermined by RP-HPLC of IlI after release from the solid supptét 50*,
* = released from the solid supporf)LLL-epimer.

Investigation of Coupling Conditions. Our objective was  the better coupling reagent (entries& see % LDL epimer).
to find conditions that made it possible to synthesize peptideslit is noted that the combination TBTU/TMP resulted in
in the N- to C-direction in high yields and with low extensive epimerization in all test peptides (entry 3).
epimerization. It is well-known that activated-acylated Coupling of lle to SeittBu) also gave a high level of
amino acids easily form 2-alkyl-5()-oxazolones, which are  epimerization (sequene). The addition of cupric chloride
prone to epimerizatiot?4%4* Five peptides of varying  suppressed the level of epimerization in all reactions studied
composition 46—50, Scheme 1) were selected as representa- (entries 2, 4, 6, and 8). However, amino acid analysis of the
tive targets for evaluation of epimerization and coupling yield crude resin-bound peptides revealed that although the degree
under various conditions. Val and lle which, due to the of epimerization was lower in the cases where cupric chloride
fB-branching of the side chain, are sterically hindered and was used, the loading was also decreased considerably. In
Ser, which is more readily racemized than most amino addition, the AA/AA; ratio was reduced, suggesting partial
acids?>-4" were included in the study in order to evaluate cleavage between Adand AA,. Entry 4 (TBTU, TMP,
the limitations of the method. The N-terminal amino acid CuChk) provides the most striking example with ca. 25%
(AA,) was attached to the linker as a carbamate in order toreduction of the resin loading and equally pronounced
suppress potential racemization upon its activation. Thus, cleavage (ca. 30%) between AAnd AA..

only the epimerization of AAduring the coupling of the The ambiguous results with the cupric chloride additive
third amino acid (AA) had to be considered. TBTU and prompted us to examine the coupling yield, epimerization,
N-[(dimethylamino)-H-1,2,3-triazolo-[4,56]pyridin-1-yl- change in loading, and change in the A8A; ratio as a

methylene]N-methylmethanaminium hexafluorophosphate function of the amount of cupric chloride added and of the
N-oxide (HATU) were examined as coupling reagents. The reaction times. The peptide Asp-Leu-G46 was selected
latter has been reported to provide higher optical yields and for this study. The results are shown in Tables 3 and 4.
is recommended for the coupling of sterically hindered amino Reduction of the amount of cupric chloride resulted in
acids#*+4748DIEA and 2,4,6-trimethylpyridine (TMP) were  decreased cleavage, but increased epimerization (Table 3).
employed as bases. Of these bases, TMP is reported to caus€he reaction time had a minor effect on the outcome of the
less epimerizatioftt#6:47:49.5ddition of cupric chloride has  reactions, except for those given in entries-22 of Table
proven beneficial to suppress epimerization in certain peptide4 in which both yield and cleavage increased with time,
couplings in solutior¥: 34 but its application in solid-phase  which suggested that the undesired cleavage occurs in parallel
peptide synthesis has not, to our knowledge, been examinedwith the coupling process.
previously. This additive was included in the present study. Dichloromethane has been employed successfully as
The results of couplings in DMF/CGEI, (5:2) are presented  solvent for peptide coupling, for example, in fragment
in Table 2. condensations where high levels of epimerization can also
As shown, the coupling yields (A#AA,) were satisfac-  be expected’505558 |n addition, a better swelling of our
tory. With respect to epimerization, HATU seemed to be resins was observed in dichloromethane compared to DMF.
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Table 3. N- to C-Directed Synthesis of Asp-Leu-Gldg):2
Effect of Various Equivalents of Cugbn Coupling Yield,
Epimerization, Loading, and Stability of the Preformed
Asp-Leu Bond

(D—Asp(OFm)-Leu-OH + H-GIU(OFm)-0Sil x HCl —— (-Asp-Leu-Glu-OH
| I o (46)

coupling condition$  change inchange in yield, LDL-
CuCk loading Leu/Asp Glu/Leu epimer

entry reagent base(equiv) (%)° (%)° %) (%)
9 TBTU DIEA 1 -8 -8 95 4
10 TBTU DIEA 0.25 -3 -4 101 12
11 TBTU TMP 1 —-31 —-27 77 10
12 TBTU TMP 0.25 —-13 —18 87 14
13 HATU DIEA 1 -8 -8 100 4
14 HATU DIEA 0.25 -3 -3 102 9
15 HATU TMP 1 —12 -3 98 4
16 HATU TMP 0.25 —10 -1 100 5

aSee Experimental Section for general procedut8);(2 h
coupling in DMF/CHCI, (5:2) without preactivation. The molar
ratios of I, Il, reagent, and base were 1:5:4:9, respectiVeRSee
corresponding footnotes in Table 2f).

Table 4. N- to C-Directed Synthesis of Asp-Leu-Gld8) in
the Presence of Cug? Effect of Coupling Times on

Coupling Yield, Epimerization, Loading, and Stability of the

Preformed Asp-Leu Bond

¢, CuCl,
(D-Asp(OFm)-Leu-OH + H-Glu(OFm)-OSil x HCI (@-Asp-Leu-Glu-OH

I I I (46)

coupling condition$ ¢cpange in change in  yield, LDL-

time loading Leu/Asp Glu/Leu epimer

entry reagent base (h) (%)° (%)° (%) (%)°
17 TBTU DIEA 2 -8 -8 95 4
18 TBTU DIEA 1 -10 —-12 92 5
19 TBTU DIEA 05 -10 —11 93 6
20 TBTU TMP 2 —30 —35 84 4
21 TBTU TMP 1 —-25 —34 72 7
22 TBTU TMP 0.5 —24 —29 61 11
23 HATU DIEA 2 -8 -8 100 4
24 HATU DIEA 1 -8 -9 99 4
25 HATU DIEA 0.5 -10 -9 94 5
26 HATU TMP 2 —12 -3 98 4
27 HATU TMP 1 —-11 -4 100 2
28 HATU TMP 05 -9 —6 98 2

a See Experimental Section for general procedd@. Coupling

in DMF/CH,CI; (5:2) without preactivation. The molar ratios of I,

I, reagent, base, and CuGlere 1:5:4:9:1, respectively.¢ See
corresponding footnotes in Table 2f).

Two of the peptides46 and49, were resynthesized using a

6:1 mixture of CHCI,/DMF (Table 5). A small amount of

Johansson et al.

all cases studied. The extent of deprotection was determined
by 3C NMR (Figure 1). Neither of the basic mixtures, 2%
DBU with 2% piperidine/DMF and 25% piperidine/DMF,
nor saturated BCOs/DMF was sufficient for deprotection
whereas 0.2 M tetrabutylammonium fluoride (TBAF) in THF
effected complete removal of the Sil group. However, the
tert-butyl esters of Asp and Glu were also cleaved in the
TBAF system.

We also examined the stability of the carbamate linkage
between P-linker-5 and the first amino acid and found that
even upon treatment with 95% TFA/GEI, for 3 h only
5% cleavage was observed. On the other hand, the corre-
sponding carbamate linkers with ArgoGel Wang and Tenta-
Gel PHB resins were not stable in 5% TFA/&H,, which
was used for removal of the Sil esters (unpublished results).

Discussion

In the past, few reports have thoroughly addressed the
importance of coupling conditions and amino acid sequence
on yield and epimerization in N- to C-directed SPPS. Henkel
et al., using TBTU and NMM with preactivation, observed
levels of epimerization ranging from 27.5 to 49.9% in
[Leulenkephalin and in fragment 6471 of HIV-1 protease
for amino acids located at positions where oxazolone
formation is likely to occut? The considerably lower degree
of epimerization observed in our system (Table 2 and Table
5) can most probably be attributed to the avoidance of
preactivation, since conditions that shorten the lifetime of
the activated intermediate (which can be expected to be the
case when activation is carried out in the presence of the
amino component) are known to suppress epimeriza-
tion.47:5059°61 Accordingly, the use of a more efficient
activating agent should also have a beneficial influence on
the degree of epimerization. Such a tendency is indeed
observed in our experiments when HATU (entries 5 and 7)
is compared to the more slowly reacting TBTU (entries 1
and 3)*%2The effect is particularly large when TMP is used
as base (entries 3 and 7). Most likely the high epimerization
level (16-30%) observed for the combination TBTU/TMP
can again be explained by a low coupling rate. TMP,
although claimed to yield less epimerization than DIEA and
NMM, 4446:47.49.5(may be too weak a base to deprotonate the
hydrochloride of the Sil ester efficiently. With TBTU, the
low concentration of available amine leads to slow reaction,
whereas the HATU-activated intermediate reacts more
rapidly, probably due to the beneficial neighboring group
effect of the nitrogen in the aromatic moettyin fact, HATU

DMF had to be included in order to dissolve the coupling seems to give the best results overall, particularly in

reagents. The extent of epimerization with Asp-Leu-@tu

was slightly decreased in all four couplings (c.f. Table 2 and

combination with TMP.
The use of cupric chloride as an additive for peptide

Table 5), and the yields were high. Notably, the couplings couplings insolutionresults in very low levels of epimer-

with HATU and TMP gaveless than 1%epimerization.

ization (<0.1%) but frequently also in low total yield§:%*

However, with Asp-Ser-1le19, the most easily epimerized Also in our system epimerization is suppressed efficiently,
and the most sterically hindered peptide in the present study,but analysis of the product composition after synthesis of

no improvements were observed.
Cleavage of the Sil Protecting Group.The Sil ester is

the five model peptides strongly suggests that undesired
cleavage of the AAAA;, and linker bonds occur with the

reported to be stable at pH-8 and cleaved both under acidic coupling of AAg in the presence of cupric chloride (entries

and basic condition®:3%35We found that treatment with 5%

TFA/CH.CI, for 20 min was adequate for deprotection in

2, 4, 6, and 8). Although no experimental data is available,
it is reasonable to assume that similar side reactions could
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Table 5. N- to C-Directed Synthesis of the Tripeptidé€ and 49:2 Effect of Dichloromethane on Coupling Yield,
Epimerization, Loading, and Stability of the Preformed A, Bond

b
(D AA-AA,-OH + H-AAz-OSil x HOl ——— (—AA;-AA,-AA5-OH

CH,Cl,/DMF
I I 6:1 Il 46 and 49°
coupling change in change in yield, LDL- epimer
condition$ loading (%Y AALIAA 1(%)? AAJAA, (Y%)e (%)
entry reagent base 46 49 46 49 46 49 46 49
29 TBTU DIEA +2 —4 -1 -1 99 87 6 21
30 TBTU TMP +0 -7 -2 +1 98 88 16 26
31 HATU DIEA +2 -6 +0 -1 98 89 3 23
32 HATU TMP +2 -3 +0 -2 97 89 <1 22
ac-f See corresponding footnotes in Table 2 (af)c ® See Experimental Section for general proceddfeand49); 2 h coupling without
preactivation. The molar ratio of I, I, reagent, and base was 1:5:4:9, respectively.

also account for the lower yields reported for the related residues (eq 3% Analysis of the product composition
peptide syntheses in solution. As described above, the mostevealed that the corresponding primary amides had been
pronounced effect on the epimerization is observed with formed (eq 3).

TBTU/TMP. In the presence of cupric chloride, the epimer-

ization levels for the same combination are considerably 0

reduced, in most cases to less than 5%, whereas ca. 30% WNHQ

decrease of the A#AA; ratio and ca. 25% decrease in the o R -

loading are observed. A higher concentration of cupric M&”\,ﬁo 3)
chloride leads to increased cleavage and decreased epimer- cILF*’N\ezO

ization (Table 3). However, the presence of cupric chloride T R2 AN 0 R “
is not by itself sufficient for cleavage. Incubation with cupric @—M/U\N)\r( 2
0

chloride for 24 h left the resin-bound peptide Asp(OFm)-

Leu unaffected. Furthermore, the effect of the coupling time

is negligible except for TBTU/TMP/CuGwhere both the Apparently, the suppressing effect of cupric chloride on
yield and extent of cleavage increases with time (Table 4). epimerization in the present system is a result of a base-
These results suggest that the undesired cleavage actualljnduced cleavage of the oxazolone intermediate. Conse-

precedes amide bond formation and is a consequence of &uently, the use of a fast coupling method without preacti-
slow coupling process. vation, rather than the addition of cupric chloride, is the better

Taken together, the data show that a long lifetime of the Way t0 Suppress epimerization.
activated intermediate will allow side reactions to compete ~ Dichloromethane was also tried as a coupling medium
Successfu”y W|th the pepude bond formation' In the absence Since |t was Observed that thIS SOlVent was able to SWe” our
of cupric chloride, epimerization via the oxazolone route esin somewhat more effectively than was DMF. It was
seems to be the major complication. In the presence of cupric@nticipated that the better swelling would lead to a higher
chloride, bond cleavage occurs. To confirm this hypothesis, coupling rate. However, the effects of changing the solvent
the synthesis of the peptide Asp-Leu-Glf was repeated, ~ composition from DMF/CHCI; (5:2) to DMF/CHCI; (1:6)
but this time a 90 min preactivation step with TBTU/TMP Were not conclusive (Table 5).
or TBTU/TMP/CuC} was included before addition of the
last amino acid. As expected, the effect of the extreme
preactivation was considerable and resulted in 35% epimer- In summary, a significantly improved method for the solid-
ization in the first case and in a 35% decrease in loading phase synthesis of short peptides in the inverse (N- to C-)
and a 47% decrease of the Leu/Asp ratio in the second casedirection that provides good yields and low degree of
To investigate if any specific intermediate or combination epimerization has been developed. The optimized method
of reactants could account for the cleavage in the presenceanvolves the coupling, without preactivation, of the resin-
of cupric chloride, some key experiments with an unactivated bound C-terminal amino acid with excess amounts of amino
peptide, an activated peptide (an OBt-ester of a proline- acid tritert-butoxysilyl (Sil) esters, using HATU as coupling
peptide, which is prevented from forming the corresponding reagent and 2,4,6-trimethylpyridine (TMP, collidine) as a
oxazolone), and a peptide with a preformed oxazolone werebase. Levels of epimerization were considerably lower than
performed (see Experimental Section). Clearly, cleavage bythose reported for other N- to C-methods, usually ca. 5%
cupric chloride only occurred when the oxazolone and baseand occasionally even below 1%. However, in unfavorable
were present at the same time. Formation of a tetrapeptidecases, as in the coupling of lle to Ser, the level was higher
with TBTU/TMP/CuClL showed that the cleavage is re- (ca. 20%). The low epimerization is probably due to the
stricted to the amino side of the last (activated) and the omission of preactivation and the use of reagents that allow
penultimate amino acid residue, suggesting the formation of fast coupling reactions. The observed suppressing effect of
an intermediate copper complex between the two involved cupric chloride on epimerization in the present system merely

Conclusion
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seems to be a result of a base-induced cleavage of thesynthesizer (Argonaut Technologies) was utilized in the
oxazolone system, the key intermediate in the epimerization peptide syntheses. The photolabile solid support was pro-
process. tected from light during handling and storage.

Although only a few peptides have been included in this  Materials and Abbreviations. The resin used in the solid-
study, we believe that the facile procedure devised herein phase syntheses was the photolabile TentaGel-P-linkK&r}5 (
should provide an attractive alternative for the solid-phase (loading capacity: 0.21 mmol/g), prepared by coupling of
synthesis of short (six residues or less) C-terminally modified 4-acetyl-2-methoxy-5-nitrophenoxy acetic acid to TentaGel

peptides, e.g., in library format. S NH;,, followed by reduction and coupling of 4-nitrophenyl
chloroformate®®3” Amino acids9—20 and Boc-Asp(OFm)-
Experimental Section OH, Boc-Glu(OFm)-OH, Bo®-Glu(OFm)-OH, and H-Cha-

General Methods.'H and*3C NMR spectra were recorded OH x HCI (4) were purchased from Bachem (Bubendorf,

on a JEOL INM-EX270 spectrometer at 270 (67.8) MHz or >"itzerland).N-[(1H-benzotriazole-1-yl)-(dimethylamino)-

a JEOL JNM-EX400 at 400 (100.58) MHz at ambient me_thylene]N-methyImethanamlnlu_m tetrafluorob_orat‘tlL
temperature. Chemical shifts are reported aslues (ppm) oxide (TBTU) andN-[(dimethylamino)-H-1,2,3-triazolo-
indirectly referenced to TMS by the solvent signal (CECI [4,5-D]pyridin-1-yl-methylene]N-methylmethanaminium

6 7.27, (CDCh) 6 77.23, (methanotk) 6 3.31, (methanol-  nexafluorophosphat-oxide (HATU) were obtained from
ds) 6 49.15, and (DMSGk) 6 2.50. Thin-layer chromatog- Richelieu Biotech and Millipore, respectively. Bases used

; ; N,N-diisopropylethylamine (DIEA) (Aldrich, 99%),
raphy (TLC) was performed using aluminum sheets precoat- were . T N
ed with silica gel 60 k4 (0.2 mm, E. Merck). Samples were 2,4,6-trimethyipyridine (TMP, collidine) (Merck, p.a), 4-pyr-

visualized by UV light and spraying with an ethanolic rolidino-pyridine (PP) (Aldrich, 98%), and pyridine (Sigma-
) 0 .

solution of ninhydrin (2%) followed by heating. IR spectra AIdnc_:h, 99'948 stored over molecular sieves, 4 A). DMF

were recorded on a Perkin-Elmer model 1605 FT-IR and ('_A‘Id“Ch’ 99'9+_/(” HPLC grade) was stor?d over molecular

are reported asma (cm-1). To obtain IR spectra of solid- sieves (4 A), dichloromethane (Riedel-deHpevas freshly

phase samples, the IR spectrometer was equipped with %lsulled over benzophenone, and 2-methyl-2-propamol (

Microfocus beam condenser with ZnSe lenses in a Dias- UOH) (Sigma-Aldrich, 99.5%) was used as received.

squeeze Plus Diamond compressor cell (Graseby Specaclnc.COpper(”) chloride (99.999%) and silicon tetrachloride

Smyrna, U.S.A.). Column chromatography was executed on(.SiCL‘) were_obtained fromoAIdrich, anN,O-bis(trimethyl-
Riedel-de Haen silica gel S (353 um) or Merck silica gel silyl)acetamide (BSA) (97%) from Eluka.

60 (40-63 um). Elemental analyses were performed by General Procedure for Preparatlon of Compounds
Mikro Kemi AB, Uppsala, Sweden. Optical rotations were 1—3- The N-Boc-protected amino acid was stirred in a
measured on a Perkin-Elmer model 241 polarimeter at Solution of 1.4 M HCl in EtOAc (10 equiv) for 3 h.
ambient temperature. Specific rotationa]¢]) are reported Precipitated pr_odqct was |sola'Fed by filtration, washed with
in deg/dm, and the concentratiod) (s given in g/100 mL  EtOAc, and dried in vacuo to yield puig®*® 2,5%°and3.

in the specified solvent. Mass spectroscopy was carried out DP-Glutamic acid y-9-fluorenylmethyl ester hydrochlo-

on an Applied Biosystem (Uppsala, Sweden) BIOION 20 ride [H-b-Glu(OFm)-OH x HCI] (3): white solid, yield
plasma desorption mass spectrometer. LC-MS was performed-82 g (96%); mp 18%185°C; IR (KBr) 1739 cm'; [o]p

on a HP 1100 LC/MSD with an analytical Zorbax SB c18 = —11.9 (c = 1.0, DMSO);*H NMR (CD;0D) ¢ 7.84-
column (0.46x 7.5 cm, 3.5um particles) and with APCI.  7-78 (m, 2H), 7.66.7.60 (m, 2H), 7.457.28 (m, 4H), 4.52
Compounds were separated by gradient elution; 10 to 90%(dd,J= 6.9, 10.9 Hz, 1H), 4.47 (dd,= 6.3, 10.9 Hz, 1H),

of solvent B (1% HCOOH /CECN) in solvent A (1%  4.25(m, 1H), 3.96 (m, 1H), 2.762.50 (m, 2H), 2.26:2.01
HCOOH [aqueous]), over 40 min; flow rate 1.5 mL/min; (M, 2H); **C NMR (CD;OD) 6 173.7, 171.4, 145.2, 142.7,
UV and MS detection. Melting points were determined in 129.0, 128.3, 126.1, 121.1, 67.7, 53.2, 48.2, 30.7, 26.7;
open glass capillaries in an electrothermal melting point PPDMS (MW 325.4) 326.5 (Mt H). Anal. Calcd for GeHzo-
microscope and are uncorrected. Amino acid analyses wereCINOa: C, 63.1; H, 5.6; N, 3.9. Found: C, 62.7; H, 5.8; N,
performed at the Department of Biochemistry, Biomedical 4-O-

Centre, Uppsala, Sweden, on 24 h hydrolyzates with an LKB ~ General Procedure for Preparation of the Zwitterions
4151 alpha plus analyzer using ninhydrin detection. Cleavage5—8. Propene oxide (11 equiv) was added to a solution of
of the peptides from the resin was performed in a RPR-200 the hydrochloride sall—4 in absolute EtOH (ca. 6 mL/
Rayonet chamber reactor equipped with the Rayonet Merry-mmol) in a round-bottomed flask fitted with a condenser.
Go-round model-RMA-500 (22 samples) working as a The reaction mixture was heated to 80 and stirred for 4
photoreactor. All samples were rotated past the light sourceh. The precipitated zwitterions,*” 6,°” 7, and 8°%~7° were

at a speed of 5 rpm. The stirring in each vial was carried isolated by filtration, washed with EtOH, and dried in vacuo
out using a rebuilt magnetic stirrer placed underneath the at 38°C.

reactor. The photoreactor was equipped with 16 25 W lamps  L-Glutamic acid y-9-fluorenylmethyl ester [H-Glu-
emitting 350 nm UV light. The distance to the sample was (OFm)-OH] (6): white solid, yield 2.59 g (96%); mp 179
1.7 cm. RP-HPLC was performed on an analytical LiChro- 180°C; IR (KBr) 1714, 1696-1490 cm?; [o]p = +10.C°
sphere C18 column (0.4 25 cm, 5um particles, 100 A (¢ = 0.5, DMSO);*H NMR (DMSO-ds) 6 7.94-7.86 (m,
pores) or on an analytical Vydac C18 column (04615 2H), 7.70-7.63 (m, 2H), 7.4#7.29 (m, 4H), 4.41+4.34 (m,
cm, 10um particles, 300 A pores). The Quest 210 organic 2 H), 4.30-4.22 (m, 1H), 3.19 (m, 1H), 2.642.37 (m, 2H,
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overlap with solvent signal, DMS@s), 2.04-1.74 (m, 2H);
PDMS (MW 325.4) 326.6 (M- H™). Anal. Calcd for GoH1e
NO,: C, 70.1; H, 5.9; N, 4.3. Found: C, 69.8; H, 6.1; N,
4.4lit.5” mp 156-158°C]; [a]p = +8.0° (¢ = 0.5, DMSO);
IH NMR (DMSO-ds, 250 MHZz)6 7.76 (d,J = 7.2 Hz, 2H),
7.65 (d,J = 7.2 Hz, 2H), 7.47.2 (m, 4H), 4.85 (br s, 2 H),
4.2-4.0 (m, 4H), 2.5-2.0 (m, 4H)].

D-Glutamic acid y-9-fluorenylmethyl ester [H-b-Glu-
(OFm)-OH] (7): white solid, yield 2.63 g (97%); mp 174
175°C; IR (KBr) 1716, 1696-1490 cm?; [a]p = —16.0°
(c = 0.5, DMSO);'H NMR (DMSO-dg) showed a mixture
of two conformations (A & B) A: 6 7.94-7.86 (m, 2H),
7.70-7.63 (m, 2H), 7.477.29 (m, 4H), 4.414.34 (m, 2
H), 4.30-4.22 (m, 1H), 3.20 (m, 1H), 2.642.37 (m, 2H,
overlap with solvent signal, DMS@s), 2.04-1.74 (m, 2H).
B: 6 7.91-7.82 (m, 2H), 7.76:7.63 (m, 2H), 7.427.26
(m, 4H), 4.09-3.95 (m, 2H), 3.7#3.70 (m, 2H), 2.42
2.21 (m, 1H), 2.16:2.07 (m, 2H) 2.041.74 (m, 1H); PDMS
(MW 325.4) 326.7 (M+ H*). Anal. Calcd for GeH1gNOy:
C, 70.1; H, 5.9; N, 4.3. Found: C, 69.7; H, 6.0; N, 4.5.

General Procedure for Preparation of the Amino Acid
Sil Ester Hydrochlorides 21—36. Dry conditions were of
importance in this synthesis. The amino a&e20 was
suspended itBUOH in a dried round-bottom flask. Pyridine
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from alaninel0 (1.00 g, 11.2 mmol), pyridine (2.72 mL,
33.6 mmol), SiC4 (1.28 mL, 11.2 mmol)t-BuOH (10 mL),
and CC} workup; IR (KBr) 1751 cm?; *H NMR (CDCly)

0 8.80 (br s, 3H), 4.11 (br s, 2H), 1.74 @= 7.1 Hz, 3H),
1.32 (s, 27H)2C NMR (CDCk) 6 167.3, 74.7, 50.2, 31.4,
16.1; PDMS (MW 335.5) 336.4 (M- H'). Anal. Calcd for
C15H34C|NO5Si X 1/3 Hzo: C, 477, H, 92, N, 3.7. Found:
C, 47.5; H, 8.9; N, 3.7.

L-Valine tri- tert-butoxysilyl ester hydrochloride [H-Val-
OSil x HCI] (23): solidified foam, yield 2.46 g (92%), from
valine 11 (785 mg, 6.70 mmol), pyridine (1.62 mL, 20.1
mmol), SiCl (0.768 mL, 6.70 mmol}-BuOH (10 mL), and
pentane workup; IR (KBr) 1752 cm;, *H NMR (CDCl) o
8.84 (br s, 3H), 3.92 (br s 1H), 2.62.42 (m, 1H), 1.32 (s,
27H), 1.25 (dJ = 6.9 Hz, 3H), 1.15 (dJ = 6.9 Hz, 3H);
13C NMR (CDCk) 6 166.4, 74.7,59.4, 31.4, 29.8, 18.8, 17.9;
PDMS (MW 363.6) 363.8 (M~ H™). Anal. Calcd for G/Hzg
CINGsSi x Y, HO: C, 49.9; H, 9.6; Cl, 8.7; N, 3.4.
Found: C, 49.7; H, 9.7; CI, 8.4; N, 3.6.

L-Leucine tri-tert-butoxysilyl ester hydrochloride [H-
Leu-OSil x HCI] (24): oil, yield 2.52 g (91%), from leucine
12 (879 mg, 6.70 mmol), pyridine (1.62 mL, 20.1 mmol),
SiCl, (0.768 mL, 6.70 mmol}-BuOH (10 mL), and pentane
workup; IR (neat) 1751 cnt; *H NMR (CDCl;) 8.85 (br s,

(3 equiv, stored over molecular sieves) was added, and the3H), 3.94 (br s, 1H), 2.231.77 (m, 3H), 1.30 (s, 27H),
flask was then fitted with a rubber septum and filled with 1.04-0.97 (m, 6H);**C NMR (CDCk) ¢ 167.3, 74.7, 52.7,
N,. SiCl, (1 equiv) was added dropwise via a syringe to the 39.6, 31.4, 24.5, 22.9, 22,1; PDMS (MW 377.6) 378.8 (M
stirred reaction mixture at room temperature. An exothermic + H*). Anal. Calcd GgH4oCINOsSi x Y4 H,0: C, 51.7; H,
reaction resulted in a clear solution during or immediately 9.8; N, 3.4. Found: C, 51.4; H, 10.1; N, 3.4.

after the addition. Stirring was continued fbh during which L-Isoleucine tri-tert-butoxysilyl ester hydrochloride [H-
time pyridine hydrochloride precipitated in most of the cases. Ile-OSil x HCI] (25): oil, yield 3.45 g (62%), from
The reaction was monitored by TLC (eluent: MeOH/CEICI isoleucinel3 (1.76 g, 13.4 mmol), pyridine (3.25 mL, 40.2
(1:9)). Thereafter, pentane or GGlas added to enhance mmol), SiCl (1.54 mL, 13.4 mmol)t-BuOH (20 mL), and
the precipitation of pyridine hydrochloride. The precipitate pentane workup; IR (neat) 1746 ctn'H NMR (CDCls) 6
was removed by filtration and the filtrate concentrated under 8.70 (br s, 3H), 3.99 (br s, 1H), 2.24 (m, 1H), 1-:6R41
reduced pressure (4C). The crude product was suspended (m, 2H), 1.32 (s, 27H), 1.21 (d, = 6.9 Hz, 3H), 1.02 (m,

in pentane or CGland filtered by gravity through Celite
(height: 3-4 cm, eluent: pentane or C{Ito remove all

3H); 13C NMR (CDCE) 6 166.5, 74.7, 58.6, 36.5, 31.4, 25.1,
15.6, 12.0; PDMS (MW 377.6) 378.6 (M H*). Anal. Calcd

pyridine hydrochloride. The filtrate was concentrated and for CygH4cCINOsSi x %3 H,O: C, 50.7; H, 9.7; N, 3.2.

dried in vacuo to yield the pure produ21—36 as a white/
yellow solidified foam or viscous oil*H NMR of the Sil
esters in CDGlfrequently resulted in broad signals, due to
proton exchange-<NH). Narrow signals were obtained in

Found: C, 50.7; H, 9.8; N, 3.3.

L-Proline tri- tert-butoxysilyl ester hydrochloride [H-
Pro-OSil x HCI] (26): solidified foam, yield 2.53 g (95%),
from proline 14 (771 mg, 6.70 mmol), pyridine (1.62 mL,

DMSO-ds. However, CDC{ was retained as solvent since  20.1 mmol), SiCJ (0.768 mL, 6.70 mmol)-BuOH (10 mL),
the water content in DMS@; partially hydrolyzed the  and CC} workup; IR (KBr) 1750, 1732 cri; H NMR
product. Measurement of optical rotations could not be (CDCl;) ¢ 11.46 (br s, 1H), 8.00 (br s, 1H), 4.46 (br s, 1H),
performed since the Sil esters interact with the glass surface.3.74-3.40 (m, 2H), 2.58-2.32 (m, 1H), 2.341.86 (m, 3H),
Glycine tri- tert-butoxysilyl ester hydrochloride [H-Gly- 1.30 (s, 27H)3C NMR (CDCk) 6 166.6, 74.9, 60.2, 46.4,
OSil x HCI] (21): solidified foam, yield 2.93 g (82%), from  31.3, 28.9, 23.8; PDMS (MW 361.6) 362.4 ((MH™). Anal.
glycine 9 (751 mg, 10.0 mmol), pyridine (2.43 mL, 30.0 Calcd for G7H3CINOsSi x Y%, H,O: C, 50.2; H, 9.2; N,
mmol), SiCl, (1.15 mL, 10.0 mmol){-BuOH (10 mL), and 3.4. Found: C, 50.1; H, 9.0; N, 3.7.
CCl, workup; IR (KBr) 1759 cm*; 'H NMR (CDCl) 6 8.73 L-Cyclohexylalanine tri-tert-butoxysilyl ester hydro-
(br's, 3H), 3.89 (s, 2H), 1.32 (s, 27HJC NMR (CDCk) 6 chloride [H-Cha-OSil x HCI] (27): solidified foam, yield
164.4, 74.6, 41.5, 31.2; PDMS (MW 321.5) no molecular 2 57 g (97%), from cyclohexylalanirg(1.00 g, 5.84 mmol),
ion but typical fragmentation pattern. Anal. Calcd fauts>- pyridine (1.42 mL, 17.5 mmol), Si¢l(0.669 mL, 5.84
CINOsSi x Y, H,0: C, 45.8; H, 9.1; N, 3.8. Found: C, mmol), t-BuOH (12 mL), and pentane workup; IR (KBr)
45.9; H, 9.1, N, 3.8. 1748 cm?; *H NMR (CDCls) 6 8.80 (br s, 3H), 4.00 (br s,
L-Alanine tri- tert-butoxysilyl ester hydrochloride [H- 1H), 2.16-1.58 (m, 7H), 1.56-0.83 (m, 6H), 1.32 (s, 27H);
Ala-OSil x HCI] (22): solidified foam, yield 2.84 g (68%), 3C NMR (CDCk) 6 167.4, 74.7,52.1, 38.1, 33.3, 33.2, 32.9,
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31.4,26.5, 26.0, 25.9; PDMS (MW 417.6) 418.9 (MH™).
Anal. Calcd for GiH4CINOsSi x Y, H,O: C, 54.5; H 9.8;
N 3.0. Found: C, 54.4; H, 9.8; N, 2.9.

L-Phenylalanine tri-tert-butoxysilyl ester hydrochloride
[H-Phe-OSil x HCI] (28): oll, yield 2.01 g (67%), from
phenylalaninel5 (1.11 g, 6.70 mmol), pyridine (1.62 mL,
20.1 mmol), SiCf(0.768 mL, 6.70 mmol)i-BuOH (10 mL),
and pentane workup; IR (neat) 1751 ¢imtH NMR (CDClg)

0 8.62 (br s, 3H), 7.497.12 (m, 5H), 4.33 (br s, 1H), 3.52
(dd,J = 14.5, 5.6 Hz1H), 3.40 (ddJ = 14.5, 4.9 Hz, 1H),
1.32 (s, 27H).13C NMR (CDCk) 6 166.1, 133.3, 130.3,
129.2, 128.0, 74.8, 54.8, 35.6, 31.4; PDMS (MW 411.6)
412.8 (M+ H™). Anal. Calcd for GiH3sCINOsSi: C, 56.3;

H, 8.6; CI, 7.9; N 3.1. Found: C, 56.1; H, 8.4; CI, 7.6; N,
3.2.

O-Tri- tert-butoxysilyl-L-serine tri-tert-butoxysilyl ester
hydrochloride [H-Ser(Sil)-OSil x HCI] (29): solidified
foam, yield 5.81 g (92%), from serin&6 (1.05 g, 10.0
mmol), pyridine (5.66 mL, 70.0 mmol), Sig(2.29 mL, 20.0
mmol), t-BuOH (20 mL), and pentane workup; IR (KBr)
1760 cn7?; *H NMR (CDCl3) 6 8.68 (br s, 3H), 4.384.17
(m, 3H), 1.32 (s, 27 H), 1.31 (s, 27HFC NMR (CDCk) 6
165.2,74.8,74.7,61.1, 56.3, 31.4; PDMS (MW 597.9) 598.8
(M + H+) Anal. Calcd for Q7H50C|NOQSi2 X 1/2 H.O: C,
50.4; H, 9.6; N, 2.2. Found: C, 50.8; H, 9.7; N, 2.2.

O-tert-Butyl-L-serine tri-tert-butoxysilyl ester hydro-
chloride [H-Ser(t-Bu)-OSil x HCI] (30). The starting
material 17 contained/, mole of HO per mole and was
therefore dissolved in MeOH and dried with molecular sieves
(4 A) overnight. The filtrate was concentrated in vacuo (50
°C) and the residue used in the synthesis: solidified foam,
yield 4.50 g (87%), from H-SetBu)-OH 17 (1.87 g, 11.6
mmol), pyridine (2.81 mL, 34.8 mmol), Sig(1.33 mL, 11.6
mmol), t-BuOH (10 mL), and pentane workup; IR (KBr)
1750 cmy; *H NMR (CDCl) ¢ 8.59 (br s, 3H), 4.23 (br s,
1H), 4.07 (br d,J = 9.5 Hz, 1H), 1.02 (br dJ = 9.5 Hz,
1H), 1.32 (s, 27H), 1.21 (s, 9H%C NMR (CDCk) 6 165.2,
74.7,74.5,59.5, 54.6, 31.4, 27.5; PDMS (MW 407.6) 408.6
(M + HT). Anal. Calcd for GoH4.CINOgSi x Y/, H,O: C,
50.4; H, 9.6; N, 3.1. Found: C, 50.1; H, 9.6; N, 3.0.

N©-(2,2,4,6,7-Pentamethyldihydrobenzofuran-5-sul-
fonyl)-L-arginine tri- tert-butoxysilyl ester hydrochloride
[H-Arg(Pbf)-OSil x HCI] (31). The starting material8
contained 1 mole of kD per mole and was therefore dried
as described foll7: solidified foam, yield 0.26 g (39%),
from H-Arg(Pbf)-OH 18 (400 mg, 0.938 mmol), pyridine
(0.227 mL, 2.81 mmol), SiGl(0.107 mL, 0.938 mmol), and
t-BuOH (5 mL). Heating (50C) was required. The workup
was performed in-BuOH/pentane (1:9). IR (KBr) 1747
cm % 'H NMR (CDCl) significantly broad signals were
obtainedd 9.6—-7.6 (br m, 4H), 7.2-6.0 (br m, 2H), 4.22
(br s, 1H), 3.64-3.12 (m, 2 H), 3.13-2.80 (m, 2H), 2.75
1.50 (m, 13H), 1.47 (s, 6H), 1.30 (s, 27HC NMR (CDCk)
very weak signals are reported in brack&t$67.1, (158.9,

156.3, 138.7, 134.3, 132.6, 124.7, 117.6), 86.5, 74.9, 53.8,

43.5, 31.5, 28.8, 24.9, 19.8, 18.2, 12.6; PDMS (MW 673.0)
673.2 (M+ H'). Anal. Calcd for G;Hs7CIN4OgSSi x 2
H,O: C,49.9;H,8.2; N, 7.5. Found C, 49.8; H, 8.0; N, 7.6.

Johansson et al.

L-Aspartic acid g-tert-butyl ester a-tri- tert-butoxysilyl
ester hydrochloride [H-Asp(Ot-Bu)-OSil x HCI] (32): oll,
yield 3.62 g (77%), from H-Asp(@u)-OH19(1.89 g, 10.0
mmol), pyridine (2.43 mL, 30.0 mmol), Sig(1.15 mL, 10.0
mmol), t-BuOH (15 mL), and pentane workup; IR (neat)
1751 cmt; *H NMR (CDCl) 6 8.72 (br s, 3H), 4.27 (br s,
1H), 3.40 (br dJ = 18.5 Hz, 1H), 3.05 (br d) = 18.5 Hz,
1H), 1.46 (s, 9H), 1.32 (s, 27H¥C NMR (CDCk) 6 169.5,
165.6, 83.2, 74.8, 50.5, 34.5, 31.4, 28.2; PDMS (MW 435.7)
436.8 (M+ H*). Anal. Calcd for GoH4,CINO;Si x 1 H,O:
C,49.0;H, 9.1; Cl, 7.2; N, 2.9. Found: C, 48.7; H, 8.9; CI,
7.0; N, 2.8.

L-Aspartic acid S-9-fluorenylmethyl ester a-tri- tert-
butoxysilyl ester hydrochloride [H-Asp(OFm)-OSil x
HCI] (33): solidified foam, yield 3.63 g (95%), from
H-Asp(OFm)-OH5 (2.00 g, 6.42 mmol), pyridine (1.56 mL,
19.3 mmol), SiC4 (0.736 mL, 6.42 mmol}t-BuOH (40 mL),
and CC} workup; IR (KBr) 1751 cm?; *H NMR (CDCls)

0 8.92 (br s, 3H), 7.797.67 (m, 2H), 7.657.48 (m, 2H),
7.45-7.20 (m, 4H), 4.684.08 (m, 4H), 3.84-3.14 (m, 2H),
1.30 (s, 27H);*C NMR (CDCk) ¢ 170.2, 165.3, 143.5,
143.3, 141.1, 127.7, 127.2, 125.4, 119.9, 74.7, 67.9, 50.7,
46.4,34.1, 31.2; PDMS (MW 557.8) 559.2 (MH™). Anal.
Calcd for GoH44CINO;Si x 2%, H,O: C, 56.8; H, 7.7; N,
2.2. Found: C, 56.7; H, 7.5; N, 2.2.

L-Glutamic acid y-tert-butyl ester o-tri- tert-butoxysilyl
ester hydrochloride [H-Glu(Ot-Bu)-OSil x HCI] (34):
solidified foam, yield 2.33 g (82%), from H-Glu{®u)-OH
20(1.19 g, 5.86 mmal), pyridine (1.42 mL, 17.6 mmol), SiCl
(0.671 mL, 5.86 mmol)t-BuOH (10 mL), and pentane
workup; IR (neat) 1749, 1732 crii '*H NMR (CDCl) 6
8.80 (br's, 3H), 4.27 (br s, 1H), 2.72.21 (m, 4H), 1.44 (s,
9H), 1.32 (s, 27H)*C NMR (CDChk) 6 172.3, 166.7, 81.5,
74.9,53.3,31.4, 31.0, 28.2, 25.2; PDMS (MW 449.7) 450.8
(M + HT). Anal. Calcd for GiH44CINO;Si x 1Y/, H,O: C,
49.2; H, 9.2; CI, 6.9; N, 2.7. Found: C, 49.2; H, 8.9; CI,
6.5; N, 2.7.

L-Glutamic acid y-9-fluorenylmethyl ester o-tri- tert-
butoxysilyl ester hydrochloride [H-Glu(OFm)-OSil x
HCI] (35): solidified foam, yield 3.64 g (97%), from
H-Glu(OFm)-OH6 (2.01 g, 6.18 mmol), pyridine (1.50 mL,
18.5 mmol), SiC4 (0.708 mL, 6.18 mmol)-BuOH (20 mL),
and CC} workup; IR (KBr) 1745 cm?; *H NMR (CDCls)

0 8.97 (br s, 3H), 7.867.67 (m, 2H), 7.657.50 (m, 2H),
7.45-7.22 (m, 4H), 4.46-4.08 (m, 4H), 3.09-2.25 (m, 4H),
1.31 (s, 27H);13C NMR (CDCk) 6 172.5, 166.7, 144.0,
143.8, 141.3, 127.9, 127.4, 125.5, 120.0, 74.9, 67.2, 53.4,
46.8, 31.5, 29.9, 25.4; PDMS (MW 571.8) 572.6 (MH™).
Anal. Calcd for GiH4CINO;Si x 2Y, H,O: C, 57.4; H,
7.9; N, 2.2. Found: C, 57.1; H, 7.6; N, 2.1.

D-Glutamic acid y-9-fluorenylmethyl ester a-tri- tert-
butoxysilyl ester hydrochloride [H-p-Glu(OFm)-OSil x
HCI] (36): solidified foam, yield 4.46 g (95%), from Id-
Glu(OFm)-OH7 (2.50 g, 7.68 mmol), pyridine (1.86 mL,
23.0 mmol), SiC4(0.880 mL, 7.68 mmol)t-BuOH (15 mL),
and CC} workup; IR (KBr) 1744 cm?; *H NMR (CDCly)

0 8.95 (br s, 3H), 7.867.69 (m, 2H), 7.657.51 (m, 2H),
7.45-7.21 (m, 4H), 4.46-4.12 (m, 4H), 3.09-2.30 (m, 4H),
1.32 (s, 27H),*C NMR (CDCk) 6 172.5, 166.8, 144.0,
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Table 6. Stability of Resin-Bound Compounds toward Cupric Chloride and Additives

TentaGel-P-linker-sequence conditions(equiv) time (h) result
-Asp(OFm)-Leu-OH CuGl(2) 24 no cleavage
-Asp(OFm)-Gly-Asp(OFm)-SerBu)-Pro-OH CuCi(1), TMP (4) 21 no cleavage
-Asp(OFm)-Gly-Asp(OFm)-Set{Bu)-Pro-OB# CuChL(1), TMP (4) 21 no cleavage
-Asp(OFm)-Leu-Glu(OFm)-OH Cu@(l), TBTU (4), TMP (9), 2 cleavage of the Asp-Leu

Val-0Sil (5) bond and Leu-Glu bord
oxazolone of -Leu-Ala CuCk (1) no cleavage

oxazolone of -Leu-Ala

CuCh (1), TMP (4)

2
2 cleavage of the P-linker-Leu
bond and Leu-Ala bond

aThe OBt-ester of Pro was formed with TBTU and TMP. Because of the secondary nitrogen, Pro-OBt is prevented from forming the
corresponding oxazoloneLC-MS analysis of the products released from the solid support showed three major peaks corresponding to
Asp(OFm)-NH (mass 310.1, found M- H* 310.9), Asp(OFm)-Leu-Nk(mass 423.2, found M- Ht 424.0), and Asp(OFm)-Leu-Glu(OFm)-
Val-OH (mass 830.4, found M- H™ 831.7). High NH levels in the amino acid analysis also supported the amide formafidre oxazolone
was formed by treating the TentaGel-P-linker-5-Leu-Ala-OH sequence with TBTU and TMP for 30 min. The oxazolone formation/
disappearance was monitored by IR using its characteristic peak at 1822%m

143.8, 141.4, 127.9, 127.4, 125.5, 120.0, 74.9, 67.2, 53.5,equipped with polypropylene frits or in Quest 210 columns.

46.8, 31.4, 30.0, 25.5; PDMS (MW 571.8) 572.7 (MH™).
Anal. Calcd for GiH4CINO;Si x 1Y, H,0: C, 58.6; H,
7.8; N, 2.2. Found: C, 58.9; H, 7.6; N, 2.2.

Loading of the First Amino Acid (AA ;) for the
Preparation of TentaGel-P-linker-Asp(OFm)-OH (38),
TentaGel-P-linker-Leu-OH (39), and TentaGel-P-linker-
Glu(OFm)-OH (40). Method I. Dry conditions were of
importance in this synthesis. Aliquots of the vacuum-dried
TentaGel-P-linker-87 (0.10 g, 21umol) were swollen in
DMF (1 mL) for 20-30 min in columns equipped with
polypropylene frits or in Quest 210 columns. A solution of
silylated amino acid was made by adding BSA (5415
210umol) to the amino aci®, 6, or 12 (105xmol) in DMF
(0.6 mL), in N, atmosphere, followed by heating. The

A freshly prepared solution of the amino acid Sil ester
hydrochloride22, 24, 30, 33, or 36 (105 umol) in CHCl,
(0.4 mL) was added to the swollen resin followed by a
solution of TBTU (27.0 mg, 84.@mol) in DMF (0.1 mL).
Finally, DIEA (32.3uL, 189 umol) was added. The column
was covered with aluminum foil and placed in an overhead
mixer or was magnetically stirred in the Quest 210 for 2 h.
The resin was washed with DMF (6 3 mL) and CHCI,

(4 x 3 mL). Removal of the Sil group was accomplished by
washing the resin two times with 5% TFA/GE,, followed

by stirring for 20 min in 5% TFA/CHCI, (4 mL). The TFA
solution was removed by filtration, and the resin was
subsequently washed with GEl, (5 x 3 mL) and MeOH

(7 x 3 mL). The final resins were dried in vacuo and

solution was thereafter added to the resin followed by PP analyzed by amino acid analyses &A@ NMR.

(3.11 mg, 21.0umol) dissolved in DMF (0.1 mL). The
column was covered with aluminum foil and placed in an

Preparation of the Resin-Bound Tripeptides: Tenta-
Gel-P-linker-Asp-Leu-Glu-OH (46), TentaGel-P-linker-

overhead mixer or was magnetically stirred in the Quest 210 Leu-Ala-Phe-OH (47), TentaGel-P-linker-Glu-Asp-Val-

for 2 h for product39 but only 20 min for produc88 and
40, to minimize hydrolysis of the Fm ester. The resin was
washed with DMF (5x 3 mL) and CHCI, (4 x 3 mL).

OH (48), TentaGel-P-linker-Asp-Ser-lle-OH (49), and
TentaGel-P-linker-Asp-p-Glu-Leu-OH (50). Aliquots of
the resing#1—45 (45 mg, 9.5«mol) were swollen in DMF

Removal of the TMS groups was accomplished by washing (0.3 mL-0.4 mL, Tables 24) or CHCl, (0.4 mL, Table 5)

the resin two times with 2% TFA/CiEl,, followed by
stirring for 2 min in 2% TFA/CHCI, (3 mL). The TFA
solution was removed by filtration, and the resin was
subsequently washed with GEl; (5 x 3 mL) and MeOH

for 20—30 min in columns equipped with polypropylene frits
or in Quest 210 columns. A freshly prepared solution of the
amino acid Sil ester hydrochlorid283—25, 28, or 35 (47.3
umol) in CHCI, (0.2 mL) was added to the swollen resin

(7 x 3 mL). The resin was dried in vacuo and analyzed by followed by a solution of HATU or TBTU (37.&mol) in

amino acid analyses arldC NMR.
Method II. Preparation of TentaGel-P-linker-Leu-OH

DMF (0.1 mL), and CuGl(1 or 0.25 equiv, Tables-24) in
DMF (0.1 mL) if used. Finally, DIEA or TMP (85.Lmol)

(39). Essentially the same procedure as was used above, butvas added. The column was covered with aluminum foil

H-Leu-OSil x HCI 24 (43.5 mg, 105umol) dissolved in
DMF (0.5 mL) was added, instead of the TMS-silylated
amino acid, to the swollen resi@7 (0.10 g, 21umol)
followed by PP (18.6 mg, 126mol) dissolved in DMF (0.2
mL). The reaction was stirred for 35 min. Removal of the
Sil group was performed with 5% TFA/GBI, for 20 min.
Preparation of the Resin-Bound Dipeptides: TentaGel-
P-linker-Asp(OFm)-Leu-OH (41), TentaGel-P-linker-
Leu-Ala-OH (42), TentaGel-P-linker-Glu(OFm)-Asp-
(OFm)-OH (43), TentaGel-P-linker-Asp(OFm)-Ser(tBu)-
OH (44), and TentaGel-P-linker-Asp(OFm)-o-Glu(OFm)-
OH (45). Aliquots of the resins38—40 (0.10 g, 21umol)
were swollen in DMF (0.9 mL) for 2630 min in columns

and placed in an overhead mixer or magnetically stirred in
the Quest 210 for 2 h. The resin was washed with DMF (5
x 3 mL) and CHCIl, (4 x 3 mL). Subsequent workup
procedure was somewhat different for each tripeptide:
Removal of the Sil group was accomplished by washing the
resin two times with 5% TFA/CLCI,, followed by stirring

for 20 min in 5% TFA/CHCI; (4 mL). Removal of the Fm
group was accomplished by washing the resin two times with
25% piperidine/DMF, followed by stirring in 25% piperidine/
DMF for 20 min. The resin was washed with DMF {53

mL) and CHCI, (4 x 3 mL), followed by removal of the
piperidine salt by washing the resin with 5% TFA/&H,

(4 x 3 mL). Cleavage of thé-Bu ether was accomplished
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by washing the resin two times with 25% TFA/GE,,
followed by stirring in 25% TFA/CHCI, (4 mL) for 20 min.

After final acidic treatment, each resin-bound tripeptide was

filtered off and washed with C¥I, (5 x 3 mL) and MeOH
(7 x 3 mL). The resins were dried in vacuo and analyzed
by amino acid analyses aféC NMR.

Release of the Tripeptides (46*50*) from the Resin.
The resins46—50 (10 mg each) were swollen in MeOH/
H,O (1:1) (0.5 mL) under Matmosphere in Eppendorf tubes

equipped with septa. The samples were placed in the
photoreactor, and the magnetically stirred samples were

irradiated for 3 h. The solid support was removed by

filtration. The solutions were analyzed directly by RP-HPLC.
Determination of the LDL-Epimer Content in 46* —

49* (LLL-Epimer for Sequence 50%). The epimeric tri-

Johansson et al.

(7) Songster, M. F.; Barany, G. Handles for Solid-Phase Peptide
Synthesisin Methods in Enzymology, Solid-Phase Peptide Synthesis
Fields, G. B., Ed.; Academic Press: New York, 1997; Vol. 289, pp
126-174.

(8) Salvino, J. M.; Mervic, M.; Mason, H. J.; Kiesow, T.; Teager, D.;
Airey, J.; Labaudiniere, R. Parallel Synthesis of Aldehydes and
Ketones Facilitated by a New Solid-Phase Weinreb Amid®©rg.
Chem.1999 64, 1823-1830.

(9) Zheng, A.; Shan, D.; Wang, B. A Redox-Sensitive Resin Linker for
Solid-Phase Synthesis of-derminal Modified Peptides]. Org.
Chem.1999 64, 156-161.

(10) Lelievre, D.; Chabane, H.; Delmas, A. Simple and Efficient Solid-

Phase Synthesis of Unprotected Peptide Aldehyde for Peptide
Segment LigationTetrahedron Lett1998 39, 9675-9678.

(11) Kaljuste, K.; Tam, J. P. A Novel On-Resin Synthesi€eferminally

Amidated PeptidesTetrahedron Lett1998 39, 9327-9330.

(12) Wang, P.; Shaw, K. T.; Whigham, B.; Ramage, R. Synthesis of

Peptide C-Terminal Derivatives Using the Transfer Active Ester
Condensation Techniqué&etrahedron Lett1998 39, 8719-8720.

peptides were Separated by RP-HPLC by gradient elution; (13) Davies, M.; Bradley, M. Internal Resin CaptureA Self-Purification

10 to 20% of Solvent B (0.085% TFA/GEN) in Solvent
A (0.1% TFA [aqueous]), over 32 min; flow rate 0.7 mL/

min; detection 220 nm. The epimer content was determined

by integration of the peak areas'@®/(A- + A'PLY)). The

separated products were analyzed by PDMS. For sequence
50 the corresponding LLL-peptide was synthesized as a

reference
Stability of Resin-Bound Compounds toward Cupric
Chloride and Additives. The general outline for the key

experiments was identical to that described for previous
couplings. The particular conditions used are indicated in

Table 6. After being washed with DMF and @El; the resins
were analyzed by amino acid analysis and IR.
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