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Abstract: We describe the development of a new non-acidolytic and non-nucleophilic
method for the selective cleavage by trimethyltin hydroxide of amino acids and dipeptides
at benzyl ester links attached to resins commonly used in peptide synthesis. © 1998 Elscvier
Science Ltd. All rights reserved.

INTRODUCTION

There is an increasing demand for specific cleavage of protected peptides fragments attached by benzyl or
phenacyl ester links to resins commonly used in peptide synthesis. The benzyl ester linkage is the most frequent
mode of attachment of the first amino acid or non-peptide carboxylic acid functional molecule to the polystyrene
chains crosslinked with divinylbenzene as in Merrifield,! PAM,2 Wang3 Sasrin® and Riniker> resins.

In many ways the final detachment of the completed peptide from the solid support is the key step in Solid-
Phase Peptide Synthesis (SPPS).6 A very fine balance is necessary since conditions that remove the peptide
from the resin should be, at the same time, sufficiently mild to allow sensitive structural features to
synthesis of free peptides, it is normaily accomplished by acidoiysis. The iwo most widely used protection
strategies in SPPS are the N-a-Boc/O-benzyl side chain in Merrifield and PAM resin, and the N-a-Fmoc/O-tert-

butyl side chain in Wang and Sasrin resins.
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Partially protected peptide fragments are useful as intermediates in the synthesis of cyclic peptides in
solution and in Convergent Solid-Phase Peptide Synthesis (CSPPS) to build up large sequences or the so-called
"difficult" peptides.” The protected peptides must be detached from the resin with all the side-chain protecting
groups and also that of the N-a-amino group in place, so, if that protected peptide is produced by Boc/OBn
strategy, acidolysis cannot be used for its cleavage from the resin. For this reason, standard solid supports used
for linear SPPS, such as Merrifield, Wang or PAM resins, are rarely applied to the convergent strategy and

> reagents such as tetra-n-butylammonium
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Merrifield type resins; however, the demand
protected peptide fragments still leaves open possible improvements using new methodology. CSPPS is one of
the most promising approaches to the synthesis of peptides and small proteins of 40 amino acid residues or
more, The method entails the solid-phase synthesis of protected peptide segments which, after purification, are
coupled together on a solid support giving the desired amino acid sequence.

Recently, we have introduced trimethyltin hydroxide (TMTOH) as a non-acidolytic, non-nucleophilic
reagent for the selective cleavage of N-a-Boc peptide phenacyl esters linked to a polystyrene resin. 10 Here we
report the preparation of N-a-Boc peptide segments by detachment from the resins of Merrifield, PAM and
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the most commonly used resins in SPPS. Treatment of Boc-Tyr(OBn)-Gly linked to Merrifield resin (1) with

TMTOH in refluxing 1,2-dichloroethane [(CH2Cl);] for 10 h furnished the corresponding protected dipeptide
(2) in 85% isolated yield.
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Scheme 1

The Merrifield resin! has historically been the standard support for the synthesis of peptide by Boc-SPPS
strategy. Model cleavage studies for this resin are shown in Table 1 demonstrating the efficiency of this method
with yields ranging from 85 to 100%. Entry 1 shows that the peptide bond is unaffected during the TMTOH
detachment. Entrics 2, 3, 4 and 5 illustrate that amino acids can be removed from the resin in very high yield and
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and side-chain protecting groups such as O-benzyl, S-p-methoxybenzyl and N-tosyl, which are conventionaily

employed in the Memrifield SPPS strategy.

Since SPPS was introduced by Merrifield in 1963, the impressive list of applications of Solid-Phase
Organic Synthesis (SPOS)!! for the preparation of peptide, peptidomimetic and non-peptide libraries has
encouraged the development of a very large variety of linkers and polymer supports. The 4-(hydroxymethyl)-

nhenvlacetamldnmethvl-reqm (PAM reqm\2 introduced by Merrifield in 1976, is the support of choice for the
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Reaction % Isolated

Entry Substrate Product?
time? yield
1 Boc-Tyr(OBn)-Gly-resin®(1) Boc-Tyr(OBn)-Gly-OH (2) 10 84
2 Boc-Cys(SpMeOBn)-resin (3) Boc-Cys(SpMeOBn)-OH (4) 10 85
3 Boc-Ser(OBn)-resin (5) Boc-Ser{(OBn)-OH (6) 13 100
4 Boc-Ile-resin (7) Boc-Ile-OH (8) 9 100
5 Boc-His(Tos)-resin (9) Boc-His(Tos)-OH (10) 9 93

@heated at reflux of 1,2-dichloroethane. ®time in hours. Cabbreviations: Bn = benzyl, Tos = tosyl (4-toluene
sulfonyl); Boc = t-butoxycarbonyl; SpMeOBn = S-p-methoxybenzyl.

We tested the usefulness of the cleavage by TMTOH of the benzyl ester linkage in PAM resins for the
preparation of Boc/O-benzyl ether/NG-Tos protected peptide and amino acid segments; the results are
summarized in Table 2. Boc-Phe-Met-PAM resin (11) and Boc-Ser(OBn)-Ala-PAM resin (13) liberate the
corresponding protected dipeptides in 80% and 97% yields respectively, without detection of any free amino
acid (entries 1 and 2). Different amino acids linked to this resin were also tested and yielded the protected amino
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peptides and amino acids by secondary amines (e.g. piperidine in DMF), whiie the side-chain protection and the
peptide-resin link are cleaved by mild acidolysis (TFA). We prepared Boc-Thr(OBn)-Leu-Wang resin (25) and
Boc-Ala-Wang resin (27) in order to test the feasibility of the cleavage of this resin linkage by TMTOH (entries
8 and 9, Table 2). Boc-Thr(OBn)-Leu-OH (26) and Boc-Ala-OH (16) were obtained in quantitative yield. The
very high yield of Boc protected segments by detachment with TMTOH and the ready commercial availability of
the Wang resins now makes possible the combination Boc-Wang resin as the final step of the synthesis of
protected fragments for CSPPS. The Boc-Wang resin combination should be also applicable to SPOS11 and

combinatorial chemistrv. 12
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Table 2. Release of protected amino acids and peptides from PAM and Wang resins by TMTOH.
Entry Substrate Producta Reaction - % lsolated
time? yield

1 Boc-Phe-Met-PAM resin® (11) Boc-Phe-Met-OH (12) 10 80
2 Boc-Ser(OBn)-Ala-PAM resin (13) Boc-Ser(OBn)-Ala-OH (14) 9 97
3 Boc-Ala-PAM resin (15) Boc-Ala-OH (16) 9 o4
4 Boc-Met-PAM resin (17) Boc-Mei-OH (18) 9 90
5 Boc-Pro-PAM resin (19) Boc-Pro-OH (20) 9 80
6 Boc-Arg(Tos)-PAM resin (21) Boc-Arg(Tos)-OH (22) 10 100
7 Boc-Thr(OBn)-PAM resin (23) Boc-Thr(OBn)-OH (24) 9 90
8 Boc-Thr{OBn)-Leu-Wang resin (25) Boc-Thr(OBn)-Leu-OH (26) 11 100
9 Boc-Ala-Wang resin (27) Boc-Ala-OH (16) 9 100

Zheated at reflux of 1 \2- dichloroelhane. btime in hours. Cabbreviations: Bn = benzyl, Tos = tosyl (4-toluene

v~

ieavage of amino acids and peptides linked to soiid supporis by TMTOH proceeded without noticeabie
racemization; five representative products had optical rotations which were in agreement with reported values
(see Experimental). Since the enantiomeric purity of protected peptide fragments is critical for convergent solid
phase synthesis as well as cyclization, a more sensitive and reliable assay for both D- and L- amino acids was
needed. For this purpose Boc-Alanine (16) and Boc-O-benzyl-Serine (6), were first N-deprotected, then
derivatized with Marfey's reagent!3 and analyzed by on RP-HPLC. The absence of D-Ala (19 min) and D-
Ser(OBn) (27 min) derivatives in the chromatograms suggests that there was no racemization of these amino

O
@

acids during the cleavage reaction
acids during the cleavage
We found that TMTOH selectively cleaves Boc-aspartic acid 8-cyclohexy! ester and Boc-glutamic acid y-

cyclohexyl ester attached to Merrifield and Pam resins affording Boc-Asp(OcHex)-OH and Boc-Glu(OcHex)-
OH in yieids ranging from 90 to 100% (see Tabie 3). These resuits demonstrate the potential of this new
orthogonal deprotection protocol for solid phase peptide synthesis, when aspartic and glutamic side chain
carboxylate groups are protected as cyclohexyl esters.

Table 3. Release of N-a-Boc-aspartic acid B-cyclohexyl ester and N-a-Boc-glutamic acid y-cyclohexyl ester
from Merrifield and PAM resins by TMTOH.

Reaction % Isolated

Entry Substrate Producta time? yield
1 Boc-Asp(OcHex)-Merrifield resin® (28) Boc-Asp(OcHex)-OH (29) 12 97
2 Boc-Glu(OcHex)-Merrifield resin (30) Glu(OcHex)-OH (31) 12 97
3 Boc-Glu(OcHex)-PAM resin (32) Boc-Glu(OcHex)-OH (31) 10 100
4 Boc-Asp(OcHex)-PAM resin (33) Boc-Asp(OcHex)-OH(29) 11 90

heated at reflux of 1,2-dichloroethane. btime in hours.Boc = t-butoxycarbonyl; cHex = cyclohexyl.



The main interest in these semiprotected fragments lies in the application to convergent solid phase
synthesis as well as cyclization methods.

A limitation of the TMTOH methodology is the instability of N-fluorenylmethoxycarbonyl (Fmoc) and N-
benzyloxycarbonyl (Cbz or Z) protecting groups.14

A mechanism for the cleavage of methyl phenylacetate by TMTOH had been proposed by us based on the
identification of trimethyltin phenylacetate.10 However, we now rather suggest the in situ formation of
phenylacetic acid and trimethyltin methoxide followed by a further reaction vielding the trimethyltin

nhenvlam:tare
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tributylesters almost quantitatively. In fact, phenylacetic acid reacted with tributyltin methoxide, under similar
conditions of the reaction of ester clevage with TMTOH, to afford tributyitin phenylacetate in a rapid reaction
and quantitative yield. Attempts to monitor the progress of the cleavage reaction by TH NMR spectroscopy failed
to reveal the presence of transient intermediates phenylacetic acid and trimethyltin methoxide. A plausible

mechansim that is capable of accounting for the formation of phenylacetic acid in this reaction is presented in

Scheme 2.
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Unlike other organotin compounds, TMTOH is soluble in water and very insoluble in most organic
solvents, this facilitates the removal of excess of TMTOH by acid diluted solution washings.
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General: NMR spectra were measured in CDCl3 or dg-DMSO at 200 MHz for protons an
13C, and recorded on a Bruker AC-200 spectrometer. Infrared spectra were taken on a Beckman Accul.ab
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spectrometer tical rotations were measured with a Jacen DIP- 1000 nolarimetar at amhient temnaratiire neing a
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gradient master from Laboratory Data Control (Riviera Beach, FL, USA). Samples were applied with a

Rheodyne 7125 injector (Cotati, CA, USA) and eluant absorption was detected in a 2140 rapid spectral detector
(LKB, Sweden). The column used was a Vydac C-18 ( 218TP54); 250 x4.6 mm id; 5 um particle diameter,
from The Separation Group, Hesperia, CA, USA. TLC and spectral analyses (IR, 'H and 13C NMR) indicated
that all products were identical with commercial authentic material. N-protected amino acids were purchased
from Calbiochem-Novabiochem Corp. Boc-Tyr(OBn)-Gly linked to Merrifield resin (1), Boc-Phe-Met linked to
PAM resin (11), and Boc-Ser(OBn)-Ala linked to PAM resin (13) were prepared according to Merrifield

procedure, and Boc-Thr(OBn)-Leu linked to Wang resin (25) was synthesized using Fmoc-chemistry.16

Cleavage of N-Boc amino acids and dipeptides bound to Merrifield resin by TMTOH.
Typical procedure: To a stirred suspension of N-Boc-O-benzyl-L-tyrosine-glycine-Merrifield resin (1) [0.43
meq Boc-Tyr(O-Bn)-Gly/g of resin (0.174 g, 0.075 mmol)] in 2 mL of (CH2Cl); was added TMTOH (0.050 g,

wacg than rafl:

N 1R mmal) at ranm temnaratuira nnder nitraaoen Tha reactinan mivinre vad nr 1N h and
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combined organic solution was evaporated to dryness under reduced pressure and the resuitant residuc was
dissolved in 25 mL of AcOEt, washed (3 x 10 mL) with aqueous solution of HCI 0.05 N and then extracted
with 5% NaHCOs solution (3 x 10 mL). The combined aqueous solution was acidified to pH 3-4 with 2.5 N
H2S0y4 solution and extracted with AcOEt (3 x 16 mL). The AcOEt solution was dried (NaSO4) and
evaporated to dryness to yield 0.027 g (84%) of N-Boc-O-benzyl-L-tyrosine-glycine (2), as a solid. The 'H
NMR analysis of the crude reaction product showed only 2. No other product was detected by 1H NMR.

N-Boc-O-benzyl-L-tyrosine-glycine (2): IR (KBr) v 3400 (N-H, urcthane), 3000 (O-H, COOH), 1755
(C=0, carboxylic), 1695-1660 (C=0, urethane, amide I band), 1525 (amide 1I band), 1260, 830, 740, 700 cm~
1 1H NMR (CDCl3) & 1.33 (s, 9H, Me), 2.90 (m, 1H, CH2-Ph), 3.05 (m, 1H, CH2-Ph), 3.90 (br d, 1H,
CH»), 4.05 (br d, 1H, CH>?), 4.50 (br s, 1H, CH), 4.96 (s, 2H, O-CH»>-Ph), 5.45 (br s, 1H, NH), 6.87 (d, J
=8.15 Hz., 2H, Ar), 7.10 (d, J = 8.15, 2H, Ar), 7.30-7.50 (m, 6H, Ar, NH). 13C NMR (CDCl3) 6 31.32

Mo DasY AN AN /OLID Tvr). 43.60 (CH5. Ca. Gly), 56.80 (CH. Ca. Tyr), 70.28 (CH»-Ph). 80.27 (C
LVIC, DUV, S9U.<V (Wl 1L, \.,p 1 yi), 200U (11, \Az, Ul] IOV (LI, LRE, LY, O TSI ), OVl \(\,
Boc), 112.26 (CH, Ar), 123.95 (CH, Ar), 124.40 (CH, Ar), 124.96 (C, Ar), 124.97 (CH, Ar), 126.67 (CH,
Ar), 132.81 (C, Ar), 150.58 (C=0, Boc), 152.22 (C, Ar), 165.81(N-C=0).

Al Drn Q@ = ccndbhncohameyl T awvcbaiea S AN [ 7() AQ N A YN in MMEY 134 17 2Q N0 74 DO i NAATN]
Y=DOC-D=P-~MTUIOXRY UCIIL l-h-byatellle (#): LGJ°YD -26.U (U 4.V ili viir) |iit ~3Z70 (\C v il Livirj .
iR (KBr) v 3370 (NH, urethane), 3000 (OH, COOH), 1730-1715 (C OOH), 1680 (C thane), 1520

=0, COOH), 1680 (C=0, urethane), 1520

(amide II band), 1255 and 1045 (C=C of vinyl ethers), 825 cm-1, iIH NMR (CDCI3) d 1.46 (s, 9H, Me); 2.68
(br s, 2H, CH2-S): 3.70 (s, 2H, CH2-Ph); 3.79 (s, 3H, OMe); 4.50 (br s, 1H, CH); 5.28 (br s, 1H, NH);
7.37 (d, J = 8.23 Hz, 2H, Ph); 8.06 (s, 1H, H-Ar). 13C NMR (CDCl3) & 28.15 (Me, Boc), 33.05 (CB), 35.95
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{C '2 Ph), 52.85 (Ca), 55.12 (OMe}, 80.41 (C, Boc), 113.90 (CH, Ar), 129.41 (CH, Ar), 129.92 (C, Ar),
40 (C=0, Boc), 175.33 (COCH).

N-Boc-O-benzyl-L-serine (6): [a]20p +22.3° (c 2.0 in EtOH) [lit.!8 +23.5° (c 2.0 in EtOH)]. IR (KBr) v

3300, 3066 (N-H), 3000 (O-H, COOH), 1745 (C=0, COOH), 1660 (C=0, urethane), 770, 730 cm-1. 1H

NMR (CDCI3) d 1.45 (s, SH, Me), 3.70 (dd. J = 9.45, 3.95 Hz 1H, CH?), 3.91 (dd, J = 9.45, 3.95 Hz, 1H,

CH2), 4.47 (m, 1H, CH), 4.52 (s, 2H, CH2-Ph), 5.46 (d, J = 8.16 Hz, 1H, NH), 7.29 (m, 5H, Ar). 13C

NMR (CDCl3) & 28.13 (Me, Boc), 53.63 (Ca), 69.50 (CB), 73.24 (CHp, Bn), 80.21 (C, Boc), 127.54 (CH,

Ar), 12830 (CH, Ar), 137.13 (CH, Ar), 15557 (C=0, Boc), 175.34 (COOH).

N-Boc-L-isoleucine (8): [a]20p +3.9° (c 2.0 in MeOH) [lit.18 +3.8° (¢ 2.0 in MeOH)]. IR (KBr) v 3340,
3320 (N-H, urethane), 3000 (O-H, COOH), 1760 (C=0, carboxylic, dimer), 1710 (C=0, carboxylic,
monomer), 1680 (C=0, urethane), 1530 (amide II band), 1420, 1300 cm-1. IH NMR (CDCl3) § 0.90-1.00 (m,
6H, Me), 1.10-1.35 (m, 2H, CHp), 1.45 (s, 9H, Me), 1.90 (br s, 1H, CH), 4.29 (br s, 1H, CH), 5.01 (br s,
1H, NH), 5.90 (br s, 1H, COOH). 13C NMR (CDCl3) 6 11.48 (Cd), 15.37 (Cy, Me), 24.73 (Cy, CH),
28.15 (Me, Boc), 37.60 (Cp), 57.70 (Ca), 79.94 (C, Boc), 155.64 (C=0, Boc), 176.83

AV . PBon AS vl-L-histidine (19): IR (KB v 3300 3070 ¢ R R Y 2 e NS
IN=DOT=1V -un-l.uayn Le=fiistigaine (1v)! in (KD{) V 33UU, SU/U (IN-11, urcunianc), suuvu (U-n1, Loovn),

1749, 1725 and 1705 (C=0, COOH, urethane and amide I band); 1530 (amide II band); 1370 and 1180 (SO»);

1095 cm-1. 1H RMN (CDCI3) 6 1.44 (s, 9H, Me); 2.45 (s, 3H, Me-Ph); 3.05-3.25 (m, 2H, CH2); 4.4 (br s,
1H, CH); 5.45 (br s, 1H, NH); 7.10 (s, 1H, H-Ar); 7.37 (d, J = 8.23 Hz, 2H, Ph); 7.81 (d, J = 8.23 Hz, 2H,
Ph); 8.08 (s, 1H, H-Ar). 13C NMR (CDCl3) & 21.61 (Me-Ar), 33.05 (CB), 35.95 (CH2-Ph), 52.85 (Cay),
55.12 (OMe), 80.41 (C, Boc), 113.90 (CH, Ar), 129.41 (CH, Ar), 129.92 (C, Ar), 155.40 (C=0, Boc),
17533 (COOH). 13C NMR (CDCI3) 8 28.15 (Me, Boc), 28.16 (Me, Boc), 29.58 (CB), 52.37 (Ca), 79.68
(C, Boc), 115.61 (=CH-N,Ar, C9), 127.38 (CH, Ar), 130.44 (CH, Ar), 134.16 (=C-N, Ar), 136.79 (-
N=CH-N, Ar), 137.96 (C, Ar), 146.62 (C, Ar), 155.08 (C=0, Boc), 172.73 (COOH).

Cleavage of N-Boc amino acids and dipeptides bound to PAM resin by TMTOH.

"I"vrnm:l nrmpdnr{t To a stirred sus

vaza

us
meq Boc-Phe-Met/g of resin (0.151 g, 0.083 mmol)] in 2.5 mL of (CH2C1)2 was added TMTOH (0.06

PO = o am 7 SO, R —— PPApa. N Q0N £ 1ML 1

0.245 mmol) at room tem mperature under nirogei. The reaction mixture was then reiluxed (83 L) 10r 1v i ana

ension of N-Roe-1., nhenvlalannne-? -methionine-PAM resin (11)
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the resuiting suspension fiitered and washed succesively with ('u-lzu )2, CHCl2, MeOH and AcOEt. The
combined organic solution was evaporated to dryness under reduced pressure and the resultant residue was
dissolved in 20 mL of AcOEt, washed with aqueous solution of HC] 0.05 N (3 x 7 mL) and then extracted with
5% NaHCOj3 solution (3 x 8 mL). The combined aqueous solution was acidified to pH 3-4 with 2.5 N H2SO4
solution and extracted with AcOEt (3 x 13 mL). The AcOE:t solution was dried (NapSO4) and evaporated to
dryness to yield 0.026 g (80%) of N-Boc-L-phenylalanine-L-methionine (12), as a colorless oil. The IH NMR
analysis of the crude reaction product showed only 12. No other product was detected by IH NMR.

N-a-Boc-L-phenylalanine-L-methionine (12): IR (film) v 3340-3300 (N-H, urethane, amide), 3000 (O-
H, COOH), 1735-1660 (C=0, COOH, urethane, amide), 1570 (amide II band), 750, 710 cm-1. IH NMR

(CDCl3) & 1.38 (s, 9H, Me); 1.95-2.20 (m, 2H, CH2); 2.06 (s, 3H, H3C-S), 2.42 (1, J = 14.3 Hz, 2H, -CH2-
1H, CH): 4.63 (br s, 1H, CH):; 5.27 (br s, 1H, NH); 5.78 (br s, 1H,

AL2y 1N 7 s 21X

); 3.06 (br s, 2H, CH2-Ph); 4.45 (br s

- 1 O, LXly, M2 TH Ry, TSAU (VL
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Boc), 29.63 (Cy, Met), 31.01 (CB, Met), 38.05 (CB, Phe), 51.66 (Ca), 55.90 (Ca), 80.00 (C, Boc), 126.91

TYrs sty ~

N-Boc-O-benzyi-L-serine-L-aianine (i4): iR (fiim) v 3340 (N-H, urethane, amide), 3000 (O-H,
COOH), 1730, 1710, 1660 (C=0, COOH, urethane, amide), 1530 (amide IT band), 1260 (amide III band),
770, 730 cm-1. 1H NMR (CDCl3) § 1.40 (s, 3H, Me); 1.44 (s, SH, Me); 3.59 (dd, J = 9.33 Hz., J = 6.27
Hz., 1H, CHp); 3.88 (dd, J = 9.33, J = 4.02 Hz, 1H, CH?); 4.29 (br s, 1H, CH); 4.54 (s, 2H, CH2-Ph);
4.57 (m, 1H, CH); 5.50 (br s, 1H, NH); 7.13 (d, 1H, NH); 7.30 (m, 5H, Ph). 13C NMR (CDCI3) & 17.97
(Me), 28.01 (Me, Boc), 48.16 (Ca), 53.72 (Ca), 69.63 (CB, Ser), 73.26 (CH2-Ph), 80.30 (C, Boc), 127.62
(CH, Ar), 127.74 (CH, Ar), 128.29 (CH, Ar), 137.19 (C, Ar), 155.55 (C=0, Boc), 170.22 (N-C=0), 175.51

N-Boc-L-alanine (16): [a]20p -22° (¢ 2.0 in AcOH) [lit.17 -22° (¢ 2.0 in AcOH)]. IR (KBr) v 3410 (N-H,
urethane), 3000 (O-H, COOH), 1760 (vC=0, carboxylic, dimer), 1700 (C=0, carboxylic, monomer), 1680

(C=0) nrethane) 1530 (amide IT band) 12 em-1 (ﬂmldP 111 ha d IH NMR (CDC ﬁ 1.43 (rl IT=620H7
A=, WICHERLT /, 2200 \Quautab 41 Vi, ;_vu Soaii AT 2ix wian FAFA 230N \.’uu uuuuuu el K Ly
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o1, VI€j; 1.45 (8, ¥, VIE), 4.04 (0Or 8, 1r1, LI1); J.UD(0Of § 1n, INmj, 0.40 (Of 8§, 1n, LCUUMNj *r1i NVIK

(DMSO-dg) 6 0.97 (d J=7.34, 3H, Me); 1.12 (s, 9H, Me); 3.67 (dd, J = 7.34, 7.62 Hz, 1H, CH); 6.76 (d, J
=7.62 Hz, 1H, NH). 13C NMR (CDCl3) & 18.25 (CB), 28.14 (Me, Boc), 48.97 and 50.05 (Car), 80.13 and
81.43 (C, Boc), 155.35 and 158.81 (C=0, Boc), 177.08 y 177.52 (COOH). 13C NMR (DMSO-dg) d

17.43(CP), 28.61 (Me, Boc), 49.25 (Cay), 78.46 (C, Boc), 155.76 (C=0, Boc), 175.19 (COOH).

N-Boe-L-methionine (18): IR (film) v 3390 (N-H, urethane), 3000 (O-H, COOH), 1740 (C=0, COOH),
1700 (C=0, urethane), 1530 cm™! (amide II band). I1H NMR (CDCR) & 1.45 (s, 9H, Me); 2.02 (m, 2H, CH?);
2.11 (s, 3H, S-CH3); 2.58 (t, J = 7.45 Hz, 2H, CH2-S); 4.42 (br s, 1H, CH): 5.17 (br s, 1H, NH); 6.41 (br
s, 1H, COOH). 13C NMR (CDCI3) d 15.20 (Me, C8), 28.10 (Me, Boc), 29.73 (Cy), 31.81 and 32.01 (CB),
52.48 and 53.32 (Ca), 80.24 and 81.91 (C, Boc), 155.47 and 156.87 (C=0, Boc), 175.89 and 176.53

(COOH).

N-Boc-L-proline (20): IR (KBr) v 3000 (O-H, COOH), 1750 (C=0, COOH), 1660 (C=0, urethane), 1420,
1210 (both due to coupling between in-plane O-H bending and C-O stretching of dimer), 910 cm-1 (O-H out of
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COOH), 1730-1690 (C=0, COOH, urethane and C-N, guanidinium I band), 1650 (C=N), 1595 (C-N,
guanidinium II band), 1530 (amide II band), 1420 (both due to coupling between in-plane O-H bending and C-
O stretching of dimer), 1370 and 1180 (SO2), 1095, 850 cm-1. IH NMR (CDCI3) & 1.38 (s, 9H, Me); 1.58
(m, 4H, -CH2-CH2-); 2.36 (s, 3H, Me); 3.16 (br s, 2H, CH2-N); 4.17 (br s, 1H, CH); 5.70 (br s, 1H, NH);
6.40 (br s, 2H); 7.20 (d, J = 7.9 Hz, 2H, Ar); 7.69 (d, J = 7.9 Hz, 2H, Ar); 7.80 (br s, 1H). 13C NMR
(CDCI3) 6 21.28 (Me-Ph), 28.18 (Me, Boc), 29.19 (CH2, ) 40.60 (CH2, ), 46.56 (CH2, ), 53.36 (CH, Co),



.02 (C, Boc), 125.86 (CH, Ar), 129.21 (CH, Ar), 140.04 (C, Ar), 142.20 (C, Ar), 156.04 (C=NH),

N-Boc-O-benzyl-L-threonine (24): []205 +16° (¢ 1.0 in MeOH) [lit.18 +15.8° (¢ 1.0 in MeOH)]. IR
(KBr) v 3500 (N-H, urethane), 3000 (O-H, COOH), 1755 (C=0, COOH), 1685 (C=0, urethane), 1540 (amide
I band), 1420 (both due to coupling between in-plane O-H bending and C-O stretching of dimer), 770, 730 cm-
1, TH NMR (CDCI3) 8 1.26 (d, J = 6.28 Hz, 3H, Me); 1.45 (s, SH, Me); 4.15-4.21 (m, 1H, O-CH); 4.36 (br
d, 1H, CH); 4.39 (dAB, J = 11.6 Hz, 1H, CH2-Ph); 4.59 (dAB, J = 11.6 Hz, 1H, CH2-Ph); 533 (d,J =
8.57 Hz, 1H, NH); 7.28 (m, 5H, Ph). 13C NMR (CDClz) & 16.01 (Cy), 28.12 (Me, Boc), 57.82 (Ca), 70.99

—iANA15) & 1

(CB), 74.20 (CH2-Ph), 80.07 (C, Boc), 127.57 (CH, Ar), 128.2 (CH, Ar), 137.41 (CH, Ar), 156.104 (C=0,

oo of N-Rar-O-han2vl.T .thrananina.
vage of [V-2oc-O-denzyl-L-tnreonine

a stirred suspension of Boc-Thr(OBn)-Leu-resin (25) [0.65 meq Boc-Thr(OBn)-Leu/g of resin (0.129 g, 0.084
mmoi)] in 1.5 mL of (CH,Cl); was added TMTOH (0.057 g, 0.209 mmol) at room temperature under nitrogen.
The reaction mixture was then refluxed (83°C) for 11 h and the resulting suspension filtered and washed
succesively with (CHaCl)2 CH2Clp, MeOH and AcOEt. The combined organic solution was evaporated to
dryness under reduced pressure and the resultant residue was dissolved in 20 ml. of AcOEt, washed with
aqueous solution of HC1 0.05 N (3 x 10 mL) and then extracted with 5% NaHCQj3 solution (3 x 8 mL). The
combined aqueous solution was acidified to pH 3-4 with 2.5 N H2SOy solution and extracted with AcOEt (3 x
10 mL). The AcOEt solution was dried (NapSOy4) and evaporated to dryness to yield 0.035 g (100%) of Boc-

product showed onlv
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Thr(OBn)-Leu-OH (26), as a colorless oil. The IH NMR analysis of the crude reaction

e i as v Uy i1 VALN. LEN (4BRaai) ¥ s sy Wrllazd Qs Jy SN \ASTR L,
ralaYay i iy 171N 175078 1AL £ N MAANANTT el PRV Y 1EAIN 1&E1N (o2 3 TT Lo I\ A1NELN -1 TIT
LU ), 171U, 1000, 1040 (UL=U, LN, uicinange, dmuic), 1o5U-101V (dlllide 11 vdiid), 120U (dmide il
band), 770, 730 cm-1. IH NMR (CDCl3) 8 1.22 (d, J = 11.1 Hz, Me); 1.44 (s, 9H, Me); 2.50-5.65 (m, 3H,

CH2, CH); 4.14 (br s, 1H, CH); 4.36 (br s, 1H, CH); 4.54 (d, J = 11.4, 1H, CH2); 4.64 (d, J = 11.4 Hz,
1H, CH2); 5.58 (d, J = 7.34, 1H, NH); 7.10 (d, J = 7.9 Hz, 1H, NH); 7.32 (m, 5H, Ph). 13C NMR (CDCl3)
8 14.72 (Cy, Thr), 21.45 (Cd, Leu), 22.88 (CJ, Leu), 24.59 (Cy, Leu), 28.14 (Me, Boc), 40.85 (CB. Leu),
50.72 (Ca, Leu), 57.10 (Ca, Thr), 71.28 (CH2-Ph), 74.74 (CB, Thr), 80.15 (C, Boc), 127.68 (CH, Ar),
128.28 (CH, Ar), 137.70 (CH, Ar), 155.76 (C=0, Boc), 172.00 (N-C=0), 177.00 (COOH).

Cleavage of N-Boc-L-alanine bound to Wang resin (27) by TMTOH: To a stirred suspension of
Boc-Ala-resin (27) [0.81 meq Boc-Ala/g of resin (0.273 g, 0.22 mmol)] in 2.5 mL of (CHCl), was added
TMTOH (0.154 g, 0.56 mmol) at room temperature under nitrogen. The reaction mixturc was then refluxed
(8°C) for O h and the rest ltjng Sl_qpep_qnn filtered and washed succesively with {CHZC“‘* CHyClp, MeOH and
AcOEt. The combined organic solution was evaporated to dryness under reduced pressure and the resultant
residue was dissolved in 20 mL of AcOEt and washed succesively with diluted aqueous solution of HCl (5x 6
mL), water (1 x 6 mL) and brine (I x 6 mL). Then the organic soiution was extracted with 5% NaHCO3
solution (3 x 7 mL), the combined aqueous solution was acidified to pH 3-4 with 2.5 N H28O4 solution and
extracted with AcOEt (3 x 11 mL). The AcOEt solution was dricd (NaxSOy4) and evaporated to dryness to yield
0.042 g (100%) of Boc-Ala-OH (16), as a solid. The IH NMR analysis of the crude reaction product showed

only 16. No other product was detected by 'H NMR.



oc-lupu tate P-cyclohexyl ester bound to Merrifield
To a stirred suspension of Boc-Asp(OcHex)-resin (28) [0.34 meq Boc-Asp(OcHex)/g of resin (0.331 g, 0.113
mmol)] in 3 mL of (CH,Cl); was added TMTOH (0.071 g, 0.257 mmol) at room temperature under nitrogen.
The reaction mixture was then refluxed (83°C) for 12 h and the resulting suspension filtered and washed
succesively with (CH,Cl)2, CH;Cl;, MeOH and AcOEt. The combined organic solution was evaporated to
dryness under reduced pressure and the resultant residue was dissolved in 16 ml. of AcOEt, washed (4 x 6 mL)

with diluted aqueous solution of HCl (pH=3-4) and then extracted with 5% NaHCOs solution (6 x 5 mL). The
combined aqueous solution was acidified to pH 3-5 with 2.5 N H2SOy4 solution and extracted with AcOEt (6 x

10 mI Y The AcQOFt eonlution was dried (NasS0D ) and evanarated to drunecs to vield 0 028 o Q7)) of Roc.
AN Lllu}l A AEW LR NS R OTVIABILIEL VY AT I IR (L Vu‘uv } LA W “t/\l‘“w“ " \‘.IJLL\IJLT wrs Jl\ll“ AN AW A P 6 \J i ’Ul NI AN
A am/MNMALIAv_ ALY 7900 a anlsAd T'ha !U NIMMD amaliiaia ~F tha Armsda sanntinn rsradiint clhmrsrad ~e;ls:y 90 NA
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other product was detected by IH NMR. IR (KBr) v 3420 (N-H, urethane), 3000 (O-H, COOH), 1740 (vC=0,

carboxylic ester), 1710 (C=0, carboxylic, urethane), 1530 (amide IT band), 1190 cm-i (vC-0, split ester band).
IH NMR (CDCl3) & 1.25-1.60 (m, 6H, CHp); 1.45 (s, 9H, Me); 1.62-1.90 (m, 4H, CH»2); 2.81 (dd, J = 17
Hz, J = 433 Hz, 1H, CH2); 3.00 (dd, J= 17 Hz, J = 4.3 Hz, 1H, CH?); 4.60 (sa, 1H, CH); 4.77 (m, 1H,
CH); 5.55 (d, J = 8.2 Hz, NH); 8.20 (sa, 1H, COOH). 13C NMR (CDCI3) 8 23.48 (CH2), 25.12 (CH?),
28.13 (Me, Boc), 31.30 (CH2), 36.81 (CB), 49.78 (Cu); 73.71 (CH); 80.28 (C, Boc), 155.50 (C, Boc),

170.37 (-COO-), 175.67 (COOH).

Cleavage of N-Boc-glutamate y-cyclohexyl ester bound to Merrifield resin (30) by TMTOH.
To a stirred suspension of Boc-Glu(OcHex)-resin (30) [0.48 meq Boc-Glu(OcHex)/g of resin (0.938 g, 0.45
mmol)] in 7 mL of (CH;Cl); was added TMTOH (0.270 g, 0.988 mmol) at room temperature under nitrogen.
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The reaction mixturc was then refluxed (83°C) for 12 h and the resulting suspension filtered and washed

hhl\r\l"t\l‘l wxrith 7MY MLI. AAANIT and AANEKt Tha anmalinad ~Araonios anlizfiae rag nuarnnratad ta
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dryness under reduced pressure and the resuitant residue was dissolved in 40 mL of AcOEt, washed (5 x 10

mL) with diluted aqueous solution of HCI (pH=3-4) and then extracted with 5% NaHCQ; solution (5 x 10 mL).
The combined aqueous solution was acidified to pH 3-5 with 2.5 N H2SOy4 solution and extracted with AcOEt
(4 x 15mL). The AcOEt solution was dried (NapSQOy4) and evaporated to dryness to yield 0.143 g (97%) of
Boc-Glu(OcHex)-OH (31), as a colorless oil. The !H NMR analysis of the crude reaction product showed only
31. No other product was detected by 1H NMR. IR (film) v 2990 (O-H, COOH), 1710-1750 (vC=0,
carboxylic ester, carboxylic acid, urethane), 1530 (amide II band), 1190 cm-! (vC-O, ester band). IH NMR
(CDCl3) & 1.19-1.62 (m, 6H, CH?2); 1.55 (s, 9H, Me); 1.62-1.92 (m, 4H, CH»); 1.93-2.35 (m, 2H, CH2);
431 (sa, 1H, CH);4.77 (q, 4.0 Hz, 1H, CH); 5.21 (sa

i SoxAfy s B adly, 153, Nidjy Sedw

Cleavage of N-Boc-glutamate y-cyclohexyl ester bound to Pam resin (32) TMTOH. To a
stirred sugnengion of Roc-GlufQcHex)-resin (32) [0.45 mea Roc-Glu(QOcHex)/e of resin (0.344 ¢, 0.155
stirreQ@ suspension Of 2OoC-CIiu(LUCHEexX )-res (24) | D mMeq pOoC-Ulu(LUCHCX)/g Ol resin (U.o g, U100
il im 2 £ (LIl N\a vine nddad TAATOH /N o 280 mmnl} at ravnvm tammnaratiira nindar nitranoan
11U} | 1k 9 1T AN WA AUlILU L IVII /LT (VW70 B, Vi 7 HHHIUL] QL IUVEL WLLPUIAatUlv Wiiuvi iRuVELil

succesively with (CH,Cl);, CHClp, MeOH and AcOEL The combined organic solution was evaporated to
dryness under reduced pressure and the resultant residue was dissolved in 20 mL of AcOEt, washed (4 x 7 mL)
with diluted aqueous solution of HCl (pH=3-4) and then extracted with 5% NaHCOj3 solution (3 x 8 mL). The
combined agqueous solution was acidified to pH 3-5 with 2.5 N H2SOy solution and extracted with AcOEt (3 x

10 mL). The AcOEt solution was dried (NapSOy) and evaporated to dryness to yield 0.051 g (100%) of Boc-



Glu(OcHex)-OH (31), as a colorless oil. The 1H NMR analysis of the crude reaction product showed only 31.
No other product was detected by !H NMR.

Cleavage of N-Boc-aspartate f-cyclohexyl ester bound to Pam resin (33) by TMTOH. To a
stirred suspension of Boc-Asp(OcHex)-resin (33) [0.44 meq Boc-Asp(OcHex)/g of resin (0.444 g, 0.195
mmol)] in 3.5 mL of (CH,Cl)2 was added TMTOH (0.117 g, 0.429 mmol} at room temperature under nitrogen,
The reaction mixture was then refluxed (83°C) for 11 h and the resulting suspension filtered and washed
succesively with (CH,Cl),, CH,Cly, MeOH and AcOEt. The combined organic solution was evaporated to

dryness under reduced pressure and the resultant residue was dissolved in 16 mL of AcOEt, washed (4 x 6 mL)
with diluted aqueous solution of HCI (pH=3-4) and then extracted with 5% NaHCOQj3 solution (6 x 5 mL). The

combined aqueous solution was acidified to pH 3-5 with 2.5 N H2804 solution and extracted with AcOEt (6 x
10 mL). The AcOE:t solution was dried (NapSOy) and evaporated to dryness to yieid 0.055 g (90%) of Boc-
Asp(OcHex)-OH (29) as a solid. The IH NMR analysis of the crude reaction product showed only 29. No
other product was detected by 1H NMR.

Study of the Optical Purity and Racemization-free Cleavage of amino acids by TMTOH
Boc-Ala-OH (16) and Boc-Ser(OBn)-OH (6) were deprotected by treating with 50% (v/v)TFA/DCM for 20
min at room temperature and the resulting solutions evaporated to obtain the free amino acids. Derivatization of
the amino acids was performed with 1-fluoro-2,4-dinitrophenyl-5-L-alanine amide (DNPA) (Calbiochem-
Novabiochem Corp.)(Marfey's reagent).

Typical procedure: 1 mL of a 10 mM solution of amino acid in 0.1 M NaHCO3 was added to 2 mL of
freshly prepared 10 mM 1-fluoro-2,4-dinitrophenyl-5-L-alanine amide in acetone and the solution kept at 40 °C

for 1h with frequent mixing. 1 mL of 0.2 N HCI was then added to the cooled solution. After degassing and
M " : T Jrent £ 10N t~ LNOL +, 1a 10 2N -
filtration, 10 uL samples were injected into HPLC. Conditions: 0.8 mIL/min of 10 to 60% acetonitrile in 30 min;

s A . ~ A Y T~ TTS A ~

0.1% TFA was maintained throughout elution. Elution times: L-Ala-DNPA 17 min, D-Ala-DN
Ser(OBn)-DNPA 25 min, D-Ser(OBn)-DNPA 27 min.
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