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Abstract--Two kinds of phosphoserine-containing peptides related to HSP27 were synthesized by the Boc- or Fmoc-mode solid- 
phase method based on prephosphorylation strategy. In the case of the Boc strategy, the O-phosphono group of the phospho- 
serine residue was protected with the cyclopentyl or cyclohexyl group. On the other hand, N~-Fmoc-O-[(benzyloxy)- 
hydroxyphosphinyl]serine was employed in case of the Fmoc strategy. Consequently, it has become feasible to utilize conven- 
tional solid-phase methods for synthesizing any phosphopeptides which are required to elucidate biochemical significance of 
protein phosphorylation. Copyright © 1997 Elsevier Science Ltd 

Introduction 

Phosphorylation and dephosphorylation of proteins are 
presently known to be quite important phenomena in 
our life process. Understanding the biological role of 
protein phosphorylation is now a very attractive theme 
in the research of protein chemistry. In terms of 
further progress in biochemical study on protein 
phosphorylation, biological chemists investigating this 
field are required to prepare many kinds of phospho- 
peptides related to natural phosphoproteins. It is 
therefore a quite urgent subject to establish a versatile 
method for synthesizing phosphopeptides. In the initial 
study on this subject, many efforts were generally 
devoted to find the acid stable O-phosphono-protecting 
groups such as phenyl, '-3 trichloroethylfl and allyP '~' for 
employing the Boc strategy which was believed to be 
an appropriate methodology for synthesizing phospho- 
peptides. Unfortunately, these protecting groups were 
not so helpful in developing the study of phosphopep- 
tide synthesis7 

We recently reported a versatile procedure for synthe- 
sizing phosphopeptides based on the Boc strategy using 
not only the acid stable cyclohexyl (cHex) group, but 
also the acid labile benzyl (Bzl) group for protecting 
the O-phosphono group, s-L3 The most striking advan- 
tage of our procedure is that the cHex and Bzl groups 
are removable by treatment with TFMSA 14 and 
additives in TFA; j5 thus cleavage of the synthetic 
peptide from the resin and removal of all of the 
protecting groups can be concurrently carried out. ~'m' 
However, we realized that the removal of the cHex 
group requires a longer period of hard acid treatment 

than usual, '1'5 and the acid labile Bzl group tends to be 
gradually cleaved by repeated treatment with TFA for 
de-tert-butoxycarbonylation. 1<~7 In order to overcome 
the disadvantages observed in the use of these 
protecting groups, we newly proposed to use the cyclo- 
pentyl (cPen) and 3-chlorobenzyl [Bzl(3Cl)] groups for 
protecting the O-phosphono group; both are suffi- 
ciently stable to TFA, and more easily removable than 
the cHex group by treatment with TFMSA and 
additives in TFA. l~ So far as we examined, O-(dicyclo- 
pentyloxyphosphinyl) derivatives obtained as crystalline 
compounds are more favorable than oily O-[di(3- 
chlorobenzyloxy)phosphinyl] ones for use as build- 
ing blocks for an automated solid-phase peptide 
synthesis. 19 

Although the Boc strategy is well established as a 
conventional method for peptide synthesis, the Fmoc 
strategy is also presently a very common methodology. 
In particular, the latter method seems to be rather 
advantageous for investigators who are not so familiar 
with peptide synthesis. However, the Fmoc-mode 
prephosphorylation strategy has so far been believed to 
be inadequate for synthesizing phosphoserine- or 
phosphothreonine-containing peptides, since 13-elimina- 
tion of phosphate in these phosphoamino acid rcsidues 
readily occurs during a standard cycle for removing the 
Fmoc group with piperidineY' 22 As a result of our 
recent examination concerning base stability of the 
bis-protected O-phosphono group in the phosphoserine 
residue, we succeeded to propose an efficient method- 
ology for synthesizing phosphopeptides using N' -Fmoc - 
O-[(benzyloxy)hydroxyphosphinyl] [3-hydroxy u-amino 
acid derivatives. > 
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In the present paper we precisely describe the prepara- 
tions of novel phosphoamino acid derivatives with the 
cPen and BzI(3CI) groups for protecting the O-phos- 
phono group. Furthermore, the syntheses of two kinds 
of phosphoserine-containing peptides related to a 27 
kDa mammalian heat shock protein HSP2724'25 were 
carried out to demonstrate the usefulness of our 
methodologies for synthesizing phosphopeptides. 

Results and Discussion 

Synthesis of phosphopeptides based on the Boc 
strategy 

N~-Boc-O-(dicyclopentyloxyphosphinyl) and N'-Boc - 
O-[di(3-chlorobenzyloxy)phosphinyl] hydroxy a-amino 
acid derivatives were first prepared by amidite method 
as shown in Scheme 1: two amidites as phosphite- 
forming reagents, iPrzNP(OcPen)2 (1) and 
iPr2NP[OBzI(3CI)]2 (2), were obtained by a general 
method, z6'27 Of these phosphoamino acid derivatives, 
Boc-Ser[PO(OcPen)2]-OH (5a) and Boc-Thr- 
[PO(OcPen)2]-OH (Sb) were obtained as crystalline 
compounds; other derivatives, 5c and 7a-7c, were 
prepared as crystalline DCHA or CHA salts. 

HSP27(79-89)-Cys-NH2 (H-Arg-Ala-Leu-Asn-Arg-Gln- 
Leu-PSer-Ser-Gly-Val-Cys-NH2 9) was synthesized by 
the use of Boc-Ser[PO(OcPen)2]-OH (5a) as shown in 
Scheme 2. DCC-HOBt method was applied to the 
elongation of peptide chain; the use of BOP as 
coupling reagent resulted in the occurrence of undesir- 
able reactions as shown in Figure 1. 23'2~ The synthesis 
of 9 was also carried out by the use of Boc-Ser[PO(O- 

cHex)2]-OH (8) for comparison. The analysis of each 
crude product by reversed-phase HPLC (RPHPLC; 
Fig. 2) shows that the use of 5a gave a little better 
result than the use of 8; the yield of 9 after purification 
by means of preparative RPHPLC was of 29 and 24%, 
respectively. 

Judging from the above-mentioned results concerning 
the synthesis of 9, both 5a and 8 are useful as building 
blocks for synthesizing phosphopeptides? 9 However, we 
now suggest that the O-(dicyclopentyloxyphosphinyl) 
derivatives are rather favorable for use as building 
blocks, since the cPen group is removable under milder 
conditions compared with the cHex group. 

Synthesis of phosphopeptides based on the Fmoc 
strategy 

Although the syntheses of Fmoc-Ser[PO(OBzl) 
(OH)]-OH (10) and Fmoc-Ser[PO(OBzl)(OH)]-OH 
(11) for use in the Fmoc strategy were reported in a 
previous paper, 3° we herein present an improved result 
for preparing iPr2NP(OBzl)(OTce) (13) to be utilized 
as a phosphite-forming reagent. The amidite 13 
is conveniently prepared from trichlorophosphine 
(PCI3) via benzyl tetraisopropylphosphorodiamidite 
[(iPr2N)2P(OBzl)] (12) (Scheme 3). As shown in Table 
1, the yield of 12 increased with extending a period of 
reflux for reaction of PCI3 with diisopropylamine 
(DIPA). Furthermore, the subsequent reaction of 
TceOH with 12 purified by column chromatography 
gave 13 in an almost quantitative yield; the overall 
yield of 13 was thus improved from 48% in the 
previous study up to 83%. This result is quite helpful in 
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proposing our protocol 3u to use as a general and 
practical one for preparing not only 10 and 11, 31 but 
the corresponding phosphotyrosine derivative. 

The synthesis of HSP27(10-20)-Cys-NH2 (H-Leu- 
Leu-Arg-Ser-Pro-PSer-Trp-Glu-Pro-Phe-Arg-Cys-NH2, 
14) by the use of 10 was carried out as shown in 
Scheme 4. Protected peptide resin was treated with 
reagent K, i.e. TFA: PhOH: H20 : MTB :EDT = 
82.5 : 5 : 5 : 5 : 2.5 (v/v). 32 RPHPLC analysis of crude 
product (Fig. 3) clearly shows that the Fmoc strategy is 
also applicable to the synthesis of phosphopeptides. 
We finally obtained the purified peptide 14 in a 49% 
yield after preparative RPHPLC. So far as we compare 

the yield of 14 with that of 9 prepared by the Boc 
strategy as mentioned above, the use of the Fmoc 
strategy is favorable for investigators who are not so 
familiar with peptide synthesis. Biochemical studies 
using both 9 and 14 are currently being undertaken, 
and the results will be reported in the near future. 

Consequently, we suggest that both the Boc- and 
Fmoc-mode prephosphorylation strategies are applic- 
able to the synthesis of phosphopeptides by the use of 
phosphoamino acid derivatives with suitable O-phos- 
phono-protection; (1) the cPen group is an excellent 
O-phosphono-protecting group for the Boc strategy; 
(2) N~-Fmoc-O-[(benzyloxy)hydroxyphos~hinyl][3-hydroxy 

MBHA resin 

Coupling of the first amino acid residue 

i) Boc-Cys(MBzl)-OH/DCC-HOBt/NMP (each 4 mol eq) 
ii) Capping (10% Ac20) 

iii) 50% TFA/CH2C12 
iv) 5% DIEA/CH2CI 2 
v) Washing 

Elongation of peptide chain [repeat the workup of i) - v)] 

Boc-Val-OH 
Boe-Gly-OH 
Boc-Ser(Bzl)-OH 
Boe-Ser[PO(OcPen)2]-OH (Sa) 

or Boc-Ser[PO(OcHex)z]-OH (8) 
Boc-Leu-OH 
Boc-Gln-OH 
Boc-Arg(Mts)-OH 
Boc-Asn-OH 
Boc-Leu-OH 
Boc-Ala-OH 
Boc-Arg(Mts)-OH 

Scheme 2. 

H-[Protected HSP27(79-89)-Cys]-MBHA resin 

Deprotection, and cleavage from resin 
TFMSA : MTB : m-Cresol : EDT: TFA = 9 : 12 : 10 : 4 : 65 (v/v) 

0 °C, 2 h for cPen protection ] 
r.t., 4 h for cHex protection 

Precipitation from diethyl ether (0 °C) 

Extaction with 0.1% TFA aq 

Preparative HPLC 
YMC-Pack ODS-AM (20 x 250 ram) 
CH3CN/0.1% TFA aq (gradient: 10- 30%) 

H-Arg-Ala-Leu-Asn-Arg-Gln-Leu-PSer-Ser-Gly-Val-Cys-NH 2 (9) 

HSP27(79 - 89)-Cys-NH 2 
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cx-amino acid derivatives are confirmed to be quite 
useful building blocks for the Fmoc strategy? 3 

Experimental 

All of the raps are uncorrected and were measured by 
a Yanaco MP-J3 (Yanaco Co Ltd, Kyoto, Japan). 
Silica-gel column chromatography was carried out with 
Merck silica gel 60 (Art. 7734, 70-230 mesh). 
Boc-Arg(Mts)-OH and Rink amide resin (100-200 
mesh, Fmoc-NH/0.48 mmol eq/g) were purchased from 
Calbiochem-Novabiochem (Japan) Ltd (Tokyo, Japan). 

All other general protected amino acid derivatives and 
p-methylbenzhydrylamine (MBHA) resin (100-200 
mesh, NH2/0.41 mmol eq/g) were purchased from the 
Peptide Institute Inc. (Osaka, Japan); all of the amino 
acids used are of L-forms, except for glycine. Solid- 
phase peptide synthesis was carried out by use of 
Peptide Synthesizer 430A and 433A (Applied Biosys- 
terns Inc., Foster City, CA, U.S.A.) for the Boc strategy 
and the Fmoc strategy, respectively. Analytical 
RPHPLC was performed on Cosmosil 5C~,-AR 
(4.6 x250 mm, Nacalai Tesque, Kyoto, Japan), and 
preparative one was performed on YMC-Pack 
ODS-AM (20 x 250 mm, YMC Co Ltd, Kyoto, Japan). 
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Figure 1. Plausible pathways of undesirable reactions occurring through the activation of O-(dialkyloxyphosphinyl)serine derivatives by the use of 
BOP for peptide bond formation. 



Phosphopeptides related to HSP27 139 

'H NMR (270 MHz) and 3~p NMR (202.35 MHz) 
spectra were recorded on JNM-EX 270 and JNM-LA 
500 spectrometers (JEOL Co Ltd, Tokyo, Japan), 
respectively. The chemical shifts in 1H NMR are given 
in 8 values from TMS used as an internal standard, and 
those in 31p NMR from 75% aq phosphoric acid used 
as an external standard. The peptide mass number was 
determined by FABMS using a JMS SX-270 or 
JMS-HX 100 mass spectrometer (JEOL Co Ltd, 
Tokyo, Japan). Amino acid analysis was carried out by 
JLC-300 amino acid analyzer (JEOL Co Ltd, Tokyo, 
Japan). Samples (0.5 mg) for the analysis were hydrol- 
yzed with constant boiling 6 M HCI (0.2 mL) in evacu- 
ated sealed tubes at 110 °C for 22 h; Trp-containing 
peptide was hydrolyzed in the presence of thioglycolic 
acid (8 taL). The compounds containing phosphorus 

were characterized by a color reaction with the 
Dittmer-Lester reagent. 3~ 

Dicyclopentyl diisopropylphosphoramidite (I). To a 
solution of diisopropylphosphoramidous dichloride 
(iPr2NPCI2) 3s'36 (11.4 g, 56.3 mmol) in anhydrous tetra- 
hydrofuran (THF; 120 mL) was added dropwise a 
solution of cyclopentyl alcohol (9.69 g, 113 mmol) and 
triethylamine (TEA; 13.6 g, 135 mmol) in THF (80 
mL) with stirring at 0 °C in an atmosphere of nitrogen. 
After stirring for 2 h at 0 °C and 30 min at rt, insoluble 
TEA'HC1 was filtered off, and the filtrate was concen- 
trated in vacuo. To the residue were added ethyl 
acetate (AcOEt) and satd aq NaHCO~. The organic 
layer was separated, washed with aq NaHCO~ and 
NaCI, dried over anhyd MgSO4, and evaporated in 
vacuo. The thus obtained oily residue was purified by 
silica-gel column chromatography [75 g; silica-gel was 
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Figure 2. HPLC profiles of HSP27(79-89)-Cys-NH2: (a) crude 
product prepared by cHex protection, (b) crude product prepared by 
cPen protection, and (c) purified peptide. Peaks asterisked appeared 
after treatment with DTT. 
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Figure 3. HPLC profiles of HSP27(10-20)-Cys-NH< (a) crude 
product and (b) purified peptide. Peaks asterisked appeared after 
treatment with DT!r. 



140 T. WAKAMIYA et al. 

PCI 3 

Scheme 3. 

iPr;zNH .. I. ,[(iPr;zN)2PCI] BzlOH 
abs hexane TEA 

reflux* 0 *C, 1 h 

TceOH 
" (iPr2N)2POBzl 1H-Tetrazole iPr2NP(OBzl)(OTce) 

12 abs CH2C12 13 
r.t., 2 h 
97.4% 

*Table 1. Relationship between the yield of 12 and a period of reflux 

Entry Period of reflux Yield of 12 (%)" 

1 19 h 65.5 
2 2 days 74.8 
3 3 days 83.8 
4 4 days 85.4 

a After purification by silica-gel column chromatography. 

sufficiently pre-washed with hexane :TEA (10:1 v/v)]; 
pure amidite was obtained by elution with hexane:TEA 
(100:1 v/v) as a colorless oil [yield 13.0 g (76.9%)]. 1H 
NMR (DMSO-d6): 8 1.12 [d, 12H, J=6.8 Hz, 
CH(CH3) 2 x2], 1.48-1.77 (m, 16H, CHJcPen x8), 
3.43-3.62 [m, 2H, CH(CH3) 2 x 2], and 4.20-4.29 (m, 
2H, CH/cPen x 2). 31p NMR (DMSO-d6): 8 144.77 (s). 

Di.(3.chlorobenzyl) diisopropylphosphoramidite (2). 
Amidite 2 was prepared by the reaction of iPr2NPC12 
(8.20 g, 40.6 mmol) in THF (80 mL) with 3-chloro- 
benzyl alcohol (11.6 g, 81.2 mmol) and TEA (9.84 g, 
97.4 mmol) in THF (30 mL) under the same conditions 
as mentioned in the preparation of 1. Purification by 
silica-gel column chromatography (70 g) was also 
carried out in a similar manner as described above to 
obtain the amidite 2 as a colorless oil. Yield 14.2 g 
(81.1%). 1H NMR (DMSO-d6): 8 1.17 [m, 12H, 
CH(CH3)2 x 2), 3.51-3.73 [m, 2H, C_H_(CHs)2 × 2), 4.71 
and 4.72 [d, each 1H, J = 9  Hz, CHEPh(3C1)], 5.15 and 
5.16 [d, each 1H, J=9.5 Hz, CH2Ph(3C1)], and 
7.37-7.93 [m, 8H, CH~h(3C1) x 2]. 31p NMR (DMSO- 
d6): ~ 149.67 (s). 

N~-tert-Butoxycarbonyl-O-( dicyclopentyloxyphosphinyi) 
hydroxy ~-amino acid phenacyl ester (4). Boc- 
Ser[PO(OcPen)2]-OPac (4a), as a general procedure: 
To a solution of Boc-Ser-OPac (3a) is (4.52 g, 14.0 
mmol) in anhyd THF (30 mL) were added the amidite 
1 (5.90 g, 19.6 mmol) and 1H-tetrazole (2.94 g, 42.0 
mmol). After stirring for 2 h at rt, to the reaction 
mixture was added 80% mCPBA (7.51 g, 35.0 mmol) at 
0 °C, and the mixture was stirred for 10 rain at 0 °C. 
The oxidation was quenched by addition of NaHSO3 
(3.64 g, 35.0 mmol) in H20 (3 mL), and THF was then 
evaporated in vacuo. The residue dissolved in AcOEt 
(60 mL) was washed successively with 10% aq citric 
acid (10 mL x 3), brine (10 mL x 1), satd aq NaHCO3 
(10 mL x 3), and brine (10 mL x 3). The organic layer 
was dried over anhyd MgSO4, and concentrated in 
vacuo. The phenacyl ester obtained as an oily 
substance was subjected to the subsequent cleavage 
reaction of the Pac group without further purification. 

Boc-Thr[PO(OcPen)z]-OPac (4b) and Boc-Tyr[PO- 
(OcPen)2]-OPac (4c) were prepared by the same 
method as described above. The compound 4b was also 
obtained as an oily substance, and subjected to the 
subsequent reaction without further purification. 

The compound 4c was crystallized by trituration with 
hexane; the thus obtained crystalline product (yield 
90.4%) was pure enough to be subjected to the subse- 
quent reaction. A part of the product was recrystallized 
from AcOEt:hexane to obtain an analytical sample: mp 
108-110°C, [ct]t, 25 -6 .8  ° (c 1.1, EtOH). tH NMR 
(DMSO-d6): 8 1.33 (s, 9H, tBu), 1.51-1.83 (m, 16H, 
CH2/cPen×8), 2.94 (dd, 1H, J=9.9 and 14.2 Hz, 
CH2/Tyr×I/2), 3.18 (dd, 1H, J=4.5 and 14.2 Hz, 
CHJTyr x 1/2), 4.35 (broad m, 1H, CH/Tyr), 4.84-4.92 
(m, 2H, CH/cPen x2), 5.45 and 5.55 (d, each 1H, 
J=17Hz, CH2/Pac), 7.08-8.00 (m, 10H, Ph/Tyr, NH, 
Ph/Pac). 

N%tert-Butoxycarbonyl-O- (dicyclopentyloxyphosphinyl) 
hydroxy ~-amino acid (5). Boc-Ser[PO(OcPen)2]- 
OH (5a), as a general procedure: To a solution of 
Boc-Ser[PO(OcPen)2]-OPac (4a) in 90% acetic acid 
(80 mL) was added zinc dust (13.7 g, 210 mmol) in 
several portions. After stirring for 1 h, insoluble 
inorganic materials were filtered off, and the filtrate 
was concentrated in vacuo. The residue was dissolved 
in diethyl ether (130 mL), and insoluble materials were 
filtered off again; the inorganic materials combined 
were treated with 0.5 M HCI (40 mL) and diethyl ether 
(10 mL x 3). The separated diethyl ether layer and the 
first ethereal filtrate were combined; the ether solution 
was washed with 10% aq citric acid (20 mL x 3), and 
brine (20 mL x 3). The organic layer was dried over 
anhyd MgSO4, and concentrated in vacuo. An oily 
residue was crystallized by trituration with hexane; the 
thus obtained crystalline product was collected by 
filtration, and recrystallized from AcOEt:hexane. Yield 
4.99 g (84.7% from 3a); mp 110-113 °C; [Ct]D 2~ +15.0 ° 
(C 1.01, EtOH). Anal. calcd for C~sH32NO~P: C, 51.30, 
H, 7.65; N, 3.32; found: C, 51.18; H, 7.73; N, 3.41%. 1H 
NMR (DMSO-d6): 8 1.39 (s, 9H, 'Bu), 1.51-1.76 (m, 
16H, CHz/cPen x 8), 4.05-4.19 (m, 2H, CH2/Ser), 4.23 
(broad m, 1H, CH/Ser), 4.75 (m, 2H, CH/cPen x2), 
and 6.77 (broad s, 1H, NH). 31p NMR (DMSO-d6): 
8-2.67 (s). 

Boc-Thr[PO(OcPen)2]-OH (5b) was obtained as a 
crystalline compound by the same method as described 
above. Yield 90.3% (from 3b); mp 120-123 °C; [a]D 25 
+ 18.2 ° (C 1.00, EtOH). Anal. calcd for C19H34NOsP: C, 
52.40, H, 7.87; N, 3.22. Found: C, 52.11; H, 7.90; N, 
3.36%. ~H NMR (DMSO-d6): 8 1.30 (d, 3H, J=6.5 Hz, 
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CH3/Thr), 1.41 (s, 9H, 'Bu), 1.50-1.79 (m, 16H, 
CHffcPen x 8), 4.16 (m, 1H, a-CH/Thr), 4.71-4.77 (m, 
3H, [3-CH/Thr and CH/cPen x 2), and 6.46 (broad s, 
1H, NH). 31p NMR (DMSO-d~): 8-3.68 (s). 

Boc-Tyr[PO(OcPen)2]-OH (5c) was prepared from 4c 
(3.00 g, 4.87 mmol) by the same method as described 
above. The thus obtained oily product was dissolved in 
a small amount of diethyl ether. After CHA (589 ~tL, 
4.87 mmol) was added to the solution, the mixture was 
allowed to stand in a refrigerator overnight. The preci- 
pitated crystalline CHA salt was collected by filtration 
and recrystallized from diethyl ether. Yield 2.51 g 
(93.1%); mp 126-130°C (decomp); [a]D 28 +33.3 ° (C 
1.09, EtOH). Anal calcd for C3cJ-I49N2OsP'0.4H20: C, 
59.67; H, 8.31; N, 4.64. Found: C, 59.62; H, 8.37; N, 

4.77%. IH NMR (DMSO-d6): 6 1.06-1.88 (m, 35H, 
CH2/cPen x 8, CH2/CHA x 5, and tBu), 2.87-3.07 (m, 
3H, CH/CHA and CH2/Tyr), 3.81 (dd, 1H, J = 6  and 12 
Hz, CH/Tyr), 4.87 (m, 2H, CH/cPen x 2), 5.88 (broad s, 
1H, NH), and 6.99 and 7.14 (d, each 2H, J = 8  Hz, 
Ph/Tyr). 3Jp NMR (DMSO-d6): 5 -7.72 (s). 

N ~ - t e r t - B u t o x y c a r b o n y l . O .  [di(3-chlorobenzyloxy) phos- 
phinyl] hydroxy a-amino acid phenacyl ester (6). 
Boc-Ser(PO[OBzl(3Cl)]2)-OPac (6a), Boc-Thr(PO- 
[OBzl(3Cl)]2)-OPac (6b), and Boc-Tyr(PO[OBzl(3- 
Cl)]2)-OPac (6c) were prepared by the same method as 
described in the preparation of O-(dicyclopentyloxy- 
phosphinyl) derivatives. The compound 6a was 
obtained as a crystalline substance in a yield of 88.6%. 
An analytical sample was obtained by recrystallization 

Rink amlde resin 

Coupling of the first amino acid residue 

i) 20% Piperidine/NMP 
ii) Washing 

-iii) Fmoc-Cys(Trt)-OHIHATUIDIEA (4/4/6 tool eq) 
iv) Capping (Ac2OIHOBtlDIEA) 
v) Washing 

Elongation of peptide chain [repeat the workup of i) ~ v)] 

Fmoc-Arg(Pmc)-OH 
Fmoc-Phe-OH 
Fmoc-Pro-OH 
Fmoc-Glu(OtBu)-OH 
Fmoc-Trp(Boc)-OH 
Fmoe-Ser[PO(OBzl)(OH)]-OH (10) 
Fmoc-Pro-OH 
Fmoc-Ser(tBu)-OH 
Fmoc-Arg(Pmc)-OH 
Fmoc-Leu-OH 
Fmoc-Leu-OH 

Scheme 4. 

H.[Protected HSP27(10-20)-Cys]-Rink amide resin 

Deprotection, and cleavage from resin 
TFA: PhOH: H20 :MTB :EDT= 82.5 : 5 : 5 : 5 : 2.5 (v/v); r.t., 2 h 

Precipitation from diethyl ether (0 °C) 

Extaction with 0.1% TFA aq 

Preparative HPLC 
YMC-Pack ODS-AM (20 x 250 ram) 
CH3CN/0.1% TFA aq (gradient: 10-30%) 

H-Leu-Leu-Arg-Ser-Pro-PSer-Trp-Giu-Pro-Phe-Arg-Cys-NH2 (14) 

HSP27(10- 20)-Cys-NH2 
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from AcOEt; mp 79-80 °C; [(~]i) 25 -9 .7  ° (c 1.0, EtOH). 
~H NMR (DMSO-d6): 8 1.38 (s, 9H, tBu), 4.26-4.48 
(m, 2H, CH2/Ser), 4.55 (broad s, IH, CH/Ser), 5.07 and 
5.10 (s, each 2H, CH2Ph(3C1)× 2), 5.47 and 5.56 (d, 
each 1H, J=17  Hz, CH2/Pac), 7.32-7.42 (m, 8H, 
CHEPh(3C1) × 2), and 7.51-7.95 (m, 5H, Ph/Pac). 

Both 6b and 6c were prepared from 3b (2.01 g, 5.96 
mmol) and 3c (1.60 g, 4.00 mmol), respectively. The 
thus obtained oily products were subjected to the 
subsequent cleavage reaction of the Pac group without 
further purification. 

N ° - t e r t - B u t o x y c a r b o n y l - O .  [ di (3-chlorobenzyloxy) phos- 
phinyl] hydroxy a-amino acid DCHA or CHA salt (7). 
Boc-Ser(PO [OBzi(3CI)]2)-OH. DCHA (7a). To a 
solution of Boc-Ser(PO[OBzl(3C1)]2)-OPac (6a; 3.00 g, 
4.60 mmol) in 90% acetic acid (40 mL) was added zinc 
dust (4.51 g, 69.0 mmol) in several portions. After the 
same work up as described in the preparation of 
O-(dicyclopentyloxyphosphinyl) derivatives, the thus 
obtained oily substance was dissolved in a small 
amount of diethyl ether and hexane (1 : 1 v/v). DCHA 
(914 laL, 4.60 mmol) was added to the solution, and the 
mixture was allowed to stand in a refrigerator 
overnight. The thus precipitated crystalline DCHA salt 
was collected by filtration and recrystallized from 
diethyl ether. Yield: 3.00 g ( 91.2%); mp 105-108 °C; 
[C)~]D 25 +20.6 ° (c 1.06, EtOH). Anal. calcd for 
C34H4~N2OsC12P: C, 57.06; H, 6.90; N, 3.91. Found: C, 
57.25; H, 7.04; N, 4.00%. ~H NMR (CD3OD): 8 
1.15-2.06 (m, 29H, tBu and CH2/DCHA × 2), 3.11-3.21 
(m, 2H, CH/DCHA × 2), 4.17 (t × 2, 37 1H, J=3.6  Hz, 
CH/Ser), 4.40 and 4.42 (d, each 1H, 37 J=3.6  Hz, 
CHE/Ser), 5.02-5.06 [d × 3, 37 4H, J = 8  Hz, CH2Ph(3- 
C1) ×2], and 7.28-7.38 [m, 8H, CH2Ph(3C1)×2]. 3~p 
NMR (CD3OD): {5 -1 .00 (s). 

Boc-Thr(PO [OBzI(3CI)]2)-OH. CHA (7b). Boc- 
Thr(PO[OBzl(3C1)]2)-OPac (6b) prepared as men- 
tioned above was worked up in a similar manner as the 
preparation of 7a. In this case, however, Boc- 
Thr(PO[OBzl(3C1)]2)--OH was first purified chroma- 
tographically as follows. An oily crude product was 
dissolved in satd aq NaHCO3 (100 mL), and diluted 
with water (4 L); the solution was then applied to a 
column of Diaion HP 20 (Mitsubishi Chemical Co., 
Tokyo, 4.0x14 cm). The column was thoroughly 
washed with water, and Boc-Thr(PO[OBzl(3CI)]2)-ONa 
adsorbed on the resin was then eluted with 60% 
MeOH; the eluate was concentrated in vacuo. The 
residue was suspended in AcOEt (50 mL), and acidi- 
fied with 10% aq citric acid. The AcOEt layer was 
washed with brine several times, dried over anhyd 
MgSO4, and concentrated in vacuo. The thus obtained 
oily product (2.74 g, 5.00 mmol, 83.8%) was dissolved 
in a small amount of diethyl ether. CHA (605 ~tL, 5.00 
mmol) was added to the solution, and the mixture was 
allowed to stand in a refrigerator overnight. The thus 
precipitated crystalline CHA salt 7b was collected by 
filtration, and recrystallized from diethyl ether and 
hexane. Yield: 2.44 g (63.2% from 3b); mp 106-109 °C; 
[~]D ~9 +10.6 ° (c 1.01, EtOH). Anal. calcd for 

C29H41N2OsC12P: C, 53.79, H, 6.38; N, 4.33. Found: C, 
54.05; H, 6.61; N, 4.38%. ~H NMR (CD3OD): 8 
1.15-2.01 (m, 22H, tBu, CH3/Thr, and CHJCHA x5), 
2.96-3.07 (m, 1H, CH/CHA), 4.07 and 4.09 (each d, 3v 
1H in total, J = 3  Hz, ~-CH/Thr), 4.98-5.11 [m, 5H, 
CH2Ph(3CI) x 2 and [3-CH/Thr], and 7.25-7.39 [m, 8H, 
CH2Ph(3CI) x 2]. 3Jp NMR (CD3OD): 8 -2.09 (s). 

Boc-Tyr(PO [OBzI(3CI)]2)-OH. CHA (7c). Boc- 
Tyr(PO[OBzl(3Cl)]2)-OPac (6c) prepared as 
mentioned above was worked up in a similar manner as 
the preparation of 7a. In this case, the combined ether 
solution containing Boc-Tyr(PO[OBzI(3CI)]2)-OH after 
Zn reduction were washed successively with 10% aq 
citric acid, brine, 1% aq NaHCO3, brine, 1(}% aq citric 
acid, and brine. The organic layer was dried over anhyd 
MgSO4, and concentrated in vacuo. The thus obtained 
oily product was dissolved in a small amount of diethyl 
ether, and CHA (484 laL, 4.00 retool) was added to the 
solution; the mixture was allowed to stand in a refriger- 
ator overnight. The precipitated crystalline CHA salt 
was collected by filtration, and recrystallized from 
diethyl ether. Yield: 1.78 g (62.7% from 3c); mp 
120-124 °C; [a]D 26 +25.8 ° (C 1.(15, EtOH). Anal. calcd 
for C34H43N2OsCI2P: C, 57.54; H, 6.11; N, 3.95. Found: 
C, 57.52; H, 6.22; N, 4.07%. ~H NMR (CD3OD): 8 
1.30-2.00 (m, 19H, tBu and CH2/CHA × 5), 2.90 (dd, 
1H, J=13.5 and 7 Hz, 1/2×CH2/Tyr), 2.97-3.07 (m, 
IH, CH/CHA), 3.15 (dd, 1H, J=13.5 and 5 Hz, 
1/2 × CH2/Tyr), 4.17 (dd, 1H, J = 5  and 7 Hz, CH/Tyr), 
5.10 and 5.14 [s, each 2H, CH2Ph(3CI)×2], and 
7.02-7.34 [m, 12H, Ph/Tyr and CH2Ph(3CI)×2]. 3~p 
NMR (CD3OD): 8 -5.79 (s). 

Benzyl tetraisopropylphosphorodiamidite [(iPr2N)2P 
(OBzl)] (12) 5°. Under optimum conditions: To a 
solution of diisopropylamine (DIPA; 50.0 g, 544 retool) 
in anhyd hexane (230 mL) was added dropwise a 
solution of trichlorophosphine (18.7 g, 136 mmol) in 
anhyd hexane (30 mL) over 40 min with stirring at 0 °C 
in an atmosphere of N2. The mixture was stirred for 3 
h at rt, and then heated under reflux for 4 days. To the 
reaction mixture neutralized with TEA was added a 
solution of benzyl alcohol (BzlOH; 14.7 g, 136 mmol) 
and TEA (13.8 g, 136 retool) in anhyd diethyl ether 
(150 mL) over 1 h with stirring at 0°C in an 
atmosphere of N2. After stirring for 30 rain at rt, the 
precipitated salt was filtered off, and the filtrate was 
concentrated in vacuo. The residue was dissolved in 
hexane (310 mL), and the solution was washed with 
acetonitrile (30 mL×3),  followed by evaporation in 
vacuo. An oily residue was purified by silica-gel column 
chromatography (400 g; silica gel was sufficiently 
pre-washed with hexane:TEA 10:1) and pure 
(iPr2N)2P(OBzl) was obtained by elution with 
hexane:TEA (100:1) as a colorless oil. Yield 39.3 g 
(85.4%). 

Benzyl 2,2,2-trich|oroethyl diisopropylphosphoramidite 
[iPr2NP(OBzl)(OTce)] (13). To a solution of 12 (16.9 
g, 50.0 mmol) and 1H-tetrazole (3.5 g, 50.0 retool) in 
anhyd CH2CIE (200 mL) was added dropwise TceOH 
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(7.47 g, 50.0 mmol); the solution was stirred for 2 h at 
rt in an atmosphere of N2. The reaction mixture was 
washed with satd aq NaHCO3 (40 mL x 2), dried over 
anhyd MgSO4 in an atmosphere of N2, and concen- 
trated in vacuo. An oily residue was purified by silica- 
gel column chromatography (500 g; silica gel was 
sufficiently pre-washed with hexane:TEA 10:1) and 
pure iPrzNP(OBzl)(OTce) was obtained by elution with 
hexane:TEA 100:1 as a colorless oil. Yield 18.9 g 
(97.4%). 

HSP27(79-89)-Cys-N H2 (9). Use of Boc-Ser- 
[PO(OcPen)2]-OH (5a), as a general procedure: Solid- 
phase synthesis of the target peptide was carried out by 
the 0.5 mmol scale standard protocol of the benzotria- 
zole active ester method in the system software version 
1.40 NMP/HOBt t-Boc. 3~ The synthesis was started 
from p-methylbenzhydrylamine (MBHA) resin (1.22 g, 
0.500 mmol), and 2.19 g (theoretical: 2.30 g) of 
protected peptide resin was obtained. 

the target peptide was carried out by the 0.25 mmol 
scale standard protocol of FastMoc 0.25 MonPvPk 
(Monitor Previous Peak). The synthesis was started 
from Rink amide resin (0.521 g, 0.250 mmol), and 
1.046 g (theoretical: 1.128 g) of protected peptide resin 
was obtained. 

To a part of the thus obtained protected peptide resin 
(100 mg) were added TFA (1.65 mL), PhOH (100 ~tL), 
H20 (100 taL), MTB (100 gL), and EDT (50 laL) 
(82.5 : 5 : 5 : 5 : 2.5 v/v). After stirring for 2 h at rt (20 °C), 
the mixture was filtered through a glass filter in an 
atmosphere of nitrogen, and the resin on the filter was 
washed with TFA (4 mL). The filtrate was worked up 
in a similar manner as described in the synthesis of 9. 
Yield 22.5 mg (49% as 3TFA salt). FABMS (negative): 
m / z = 1 5 6 8  ( M - H )  (calcd for C~H.,~N2oO~SP-H: 
1567.7), 1682 ( M + T F A  - H )  . Amino acid analysis: 
Serl.64" Glu l.O] Pro2.o2Cysl,.~zLeu2.1,sPhe Ll~llTrpl~.~lArg2.1~ ~ (*in- 
cluding Ser from PSer). 

To a part of the thus obtained protected peptide resin 
(101 mg) were added TFMSA (408 I~L), MTB (544 
laL), m-cresol (453 laL), EDT (181 ~tL), and TFA (2.95 
mL) (9:12:10:4:65 v/v). After stirring for 2 h at 0°C, 
the mixture was filtered through a glass filter in an 
atmosphere of nitrogen, and the resin on the filter was 
washed with TFA (4 mL). The filtrate was poured into 
diethyl ether (200 mL) at 0 °C, and allowed to stand 
for 1 h in an ice bath. The thus obtained precipitates 
were collected by filtration using Fluoropore ® filter 
(Sumitomo Electric Inc., Type: FP-022, Pore size: 0.22 
~tm), and dried over NaOH in vacuo. The crude 
peptide was dissolved in 0.1% TFA aq, and filtered 
through Millipore ® filter (Millipore Corp., Type: HA, 
Pore size: 0.45 gm); the filtrate was then lyophilized. 
To a solution of the thus obtained powder (35.1 mg) in 
0.1% TFA aq was added DTT (179 rag, 1.16 mmol), 
and pH of the solution was adjusted to 7-8 with 
ammonium acetate. After stirring for 1 h at room 
temperature, the crude product was purified by 
preparative RPHPLC. Each fraction containing the 
desired peptide was combined, and lyophilized to 
obtain 9 as a powder. Yield 11.4 mg (29% as 3TFA 
salt). FABMS (negative): m / z = 1 3 8 0  ( M - H )  (calcd 
for CszH95N2jO~SP-H: 1379.7), 1494 ( M + T F A -  
H) , 1608 (M + 2 T F A - H )  . Amino acid analysis: 
Asp l.~,2 Serw0 * G1 u ~.01 Glyt.03 AI a jmVal l.,,l~Cyso.5~ Leu2. l zArg2. l )7  
(*PSer is analysed as Ser, although a part of this 
residue changes to the dehydroalanine residue under 
acidic conditions for hydrolysis, followed by rapid 
decomposition). 

The synthesis of 9 using Boc-Ser[PO(OcHex)2]-OH 
(8) ~3 was carried out by the same method as described 
above, except the protected peptide resin was treated 
with a mixture of TFMSA and additives in TFA for 4 h 
at rt (25 °C), and resulted in a 24% yield after prepara- 
tive RPHPLC. 

HSP27(10-20)-Cys-NH2 (14). Fmoc-Ser[PO(OBzl)- 
(OH)]-OH used for the experiment was prepared as 
reported in a previous paper?" Solid-phase synthesis of 
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