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Abstract

A synthesis ofL-proline where all of the ring methylenes are stereoselectively labelled with deuterium is
described. A catalytic deuteration of protected 3,4-dehydpweline using transition metal catalyst followed by
RuQy-oxidation gave a [3,4-R)pyroglutamic acid derivative. Asynselective deuteration of the aminal derived
from the pyroglutamate with E8iD-BF;-OEt, furnished (&5,3S,4R,59)-[3,4,5-D;]proline. The present procedure
is also applied to the synthesis of the correspondiSg3&4R,5R)-isomer. © 1999 Elsevier Science Ltd. All rights
reserved.

1. Introduction

The availability of amino acids regio- and stereoselectively labelled with stable isotopes, such as D,
13C and®®N, is valuable both for stereochemical studies on the enzymatic transforntagiodgor the
determination of the three-dimensional structure of the proteins by NMR spectrdstopparticular,
stereoselective deuterium-labelling of the diastereotopic hydrogen and the methyl group is the most
important and essential technique for these investigations. In the light of the importance of these amino
acids, we have recently developed methods for regio- and stereoselective deuterium-labelling of amino
acid side chains.

Proline is the sole cyclic amino acid in mammalian proteins and is usually located in bend and loop
structures where it provides important conformational constraints in globular protEmghermore,
proline and its metabolites, mainly hydroxyproline, have also figured as components of biologically-
active compounds such as antibioticFherefore, specimens af-proline stereospecifically labelled
with deuterium(s) in the ring methylene(s) are required for understanding its unusual conformational
preference and the stereochemical course of its metabolic reactions.
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In connection with stereochemical studies on proline hydroxylase, stereoselective labelling-at the
carbon was achieved by reduction of tosylates derived from 4-hydroxyproline with LisdDiAIT 4°
with an improved protocol being recently developed by Baldwin étTie samples of [3,4-proline
prepared by catalytic tritiation of the dehydroproline were also used in the above® $tadgtereoselec-
tive labelling at theB-° or §-position® methods based on a combination of chemical and enzymatic
reactions were explored. In this paper we wish to report on the first synthesis of [3}pi®lide in
which all of the prochiral methylenes are stereoselectively labelled with deutétium.

2. Results and discussion

In order to incorporate deuterium atoms stereoselectively into the 3- and 4-positiangraline,
a catalytic deuteration of the corresponding dehydymroline seems to be the most efficient and
convenient procedure. We therefore chose both ethyltdndyl 3,4-dehydra--prolinate 1a'? and 1b
derived fromtrans-4-hydroxy+.-proline as starting materials (Scheme 1).
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Scheme 1.

Although a few papers concerning a catalytic deuteragiontritiation® of racemic 3,4-dehydroproline
itself have been published, no papers concerning the protected derivatives were found in the literature. A
catalytic deuteration of compouriéawas carried out using 10% palladium on carbon in MeOD for 24 h
under medium pressure of deuterium gas (5 kgfjcihe regio- and stereoselectivities of the deuteration
were checked byH NMR spectroscopy after being deprotected becauséHhidMR spectrum of the
deuterated ethyl prolinat2a was complicated by the-cis/s-trans isomerism often found in thé\-
acylproline derivatived? The'H NMR spectrum of the deuterated proliBeso obtained revealed that a
considerable extent of H-D scrambling occurred. Screening for a transition metal catalyst such as PdO,
PtO,, Rh/C, Ru/C, RhCI(PRf)s and RuC}(PPh)s was carried out and the selected examples which
resulted in relatively clean formation of the [3,4]proline 3 are listed in Table 1.

When RuC}(Phs); was used as a catalyst, the selectivity of deuteration was the best, giving the
[3,4-Dz]proline 3 in 77% vyield after deprotection of the ethyl [3,4]Jprolinate 2a with 1 M HCI
followed by Dowex 50W-X8 (entry 2). The enantiomeric excess was checked by HPLC analysis using
a chiral stationary phase column, and was found to be 98%-ém1f). The'H NMR spectrum of the
[3,4-D]proline 3 was shown in Fig. 1A. Although the deuterium content of tiepdoton cannot be
estimated due to the signal overlapping, the signal intensity of 8yer@on corresponds only to the
0.03 proton, indicating a stereoselective formation &334R)-isomer. This stereochemical outcome
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Table 1
Stereoselective deuteration of protected dehydroprolibatand1b

deuterated proline 3

entry dehydroproline catalyst

%"* % DP %ee’
1 1a RhCI(PPhs); 62 82 97
2 1a RuClL,(PPhs), 77 97 98
3 la Ru/C 92 93 99
4 1b RhCI(PPh;); 60 78 99
5 1b RuCl(PPhs), 64 87 99
6 1b Ru/C 97 90 99

2 Based on the starting olefin. ® Deuterium content of the 3S-proton determined
by 'H NMR spectroscopy. ¢ Determined by HPLC analysis. The value refers
to o-position.

can be attributed to a predominant deuterium addition to the dlefinti to the resident ester group.
The correspondintrbutyl esterlb was also subjected to the above deuteration and Ru on carbon proved
to be the most efficient catalyst in this case (entry 6, vide infra).
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Figure 1. 400 MHz 'H NMR spectra of (A) (83S4R)-[3,4-D:]proline 3, (B) (2S59-[5-D]proline 10, (C)
(2S53S4R,59)-[3,4,5-Ds]proline 6, (D) (2S5 3S4R,5R)-[3,4,5-Ds]proline 12, and (E) unlabelled proline in {®
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We next examined the selective deuterium-labelling of the diastereotopic hydrogendapalséion.
Since a stereoselective reduction of the amido carbonyl moiety was considered to be the most convenient
approach for this purpose, a preliminary examination was performed using unlabelled ettyduayld
pyroglutamatera and7b as starting materials. Among several methods for conversion of the pyrogluta-
mic acid into prolinet® we adopted a procedure of Pedregal éfathich involves a stepwise process for
reducing the carbonyl moiety. An additional advantage of this method for our purpose was the availability
of the corresponding deuterated-reducing agents. As shown in Scheme 2, a reduction of the protected
pyroglutamater with lithium triethylborohydride was carried out at —78°C to give 5-hydroxyprolirgate
and the resulting amino alcoh8lwas directly, or after conversion to the corresponding methyl ether
9, subjected to a reductive deuteration using the deuteriosilane—Lewis acid system. The results are
summarised in Table 2. For examptehutyl 5-methoxyprolinaté9b was treated with BSID in the
presence of BEOEbL at —78°C for 2 h and subsequent deprotection procedure gave [5-D]pidliime
78% yield based on the 5-methoxyprolin&te (entry 9). The enantiomeric excess at the C-2 position
was checked by HPLC analysis to be 99% edafm) and the stereoselectivity of the deuteration was
determined by*H NMR integration of theS-proton signals by comparison with the reported dats.
As shown in Fig. 1B, formation of @5S)-[5-D]proline 10, the synisomer, was predominant over the
(2S,5R)-isomer in the ratio of 90:10. Similaynselective addition in the acyliminium intermediate which
seemed to be inconsistent with the steric interaction was also observed in a few Lewis acid catalysed
amido alkylation reaction’. According to Danishefsky’s hypothesiéfavorable orbital interaction over
steric interaction, so-called Cieplak-type stereoelectronic effasgs responsible for the observeygit
selectivity. In our case the emerging orbital at thed carbon may be more stabilised by interacting with
the 0 C—H bond rather thaa C-ester bond at the carbon.
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0P N” NCOR 2 N z
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Scheme 2.

Other silanes such as tris(trimethylsilyl)deuteriosilane (BBIB®), PRSiD or PhSiD,, were also
tested as a reducing agent and a significant decrease in the selectivity was observed, probably due to

Table 2
Transformation of prolinat8 or 9 into [5-D]proline 10

) Lewis acid deuteride 10
entry  prolinate (2 equiv.) (2 equiv.) % 55 /5R®
1 8a BF;-Et,0 Et;SiD 64 87/13
2 9a BF;Et,0 Et;SiD 64 89/11
3 8a BF3-Et,0 TMS;SiD 74 74 /26
4 8a BF3-E(,0 Ph,SiD 55 55/45
5 8a BF;-Et,0 Ph,SiD, 87 59/41
6 8a TMSOTf Et;SiD 87 87/13
7 8a Ph;CClO, Et;SiD 52 88/12
8 8b BF;-Et,0 Et;SiD 96 89/11
9 9b BF3Et,0 Et3SiD 78 90/10

2 Determined by 400 MHz 'H NMR.
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an additional steric repulsion between the bulky silane and the ester moiety (entries 3-5). We previously
reported that the deuteriogermane and deuteriostannane were slightly more effective than deuteriosilane
for the synselective deuteratioh; however, here we employed only deuteriosilanes from ecological
and economical perspectives. Utilisation of trimethylsilyl trifluoromethanesulfonate (TMSOTTf) and trityl
perchlorate (P¥CCIO,) as a Lewis acid resulted in the same degree of selectivity (entries 6 and 7).
Focusing on the difference in the ester moiety,tthatyl ester proved to be slightly advantageous (entries
8 and 9).

Since a preparation of [3,4,5s[proline from ethyl [3,4-B]prolinate 2a was minutely described in
our previous communication, we here report a synthesisQ884R,59)-[3,4,5-Ds]proline fromt-butyl
[3,4-Dy]prolinate 2b obtained using the reaction conditions shown in entry 6 (Table 1). An oxidation of
the prolinate2b was carried out using RuQprepared in situ from Rufand NalQ,?° to affordt-butyl
[3,4-D2]pyroglutamatedb in a quantitative yield. After conversion of the pyroglutamébkeinto t-butyl
5-methoxy[3,4-D]prolinate 5b in 75% yield, the 5-methoxyprolinatBb was subjected to the above
deuteration procedure (Table 2, entry 9) to afford [3,4gpebline 6 in 94% yield. The enantiomeric
excess at thex-position was determined by HPLC analysis to be 99% le#om) and the relative
configuration was confirmed byH NMR spectrum. As shown in Fig. 1C, the signal intensity of the
residual &-proton of compound corresponded to 0.08 proton and the ratio f&nd 3R-proton signals
was 10:90, indicating a selective formation 0§&S 4R,59)-isomer.

Using the present protocol, it was logically possible to obtain the correspondR)gsimer simply
by changing the deuterium source. However, attempts to reduce the amido carbonyl moiety of the
ethyl [3,4-Dy]pyroglutamateda with lithium triethylborodeuteride resulted in failure due to insufficient
deuterium incorporation. The origin of the hydrogen atom incorporated ib-grasition is still not clear.
Therefore, we attempted to prepare thB)¢ssomer from the-butyl [3,4-D;]pyroglutamatetb as shown
in Scheme 3. Thus, the pyroglutamalie was initially reduced with lithium triethylborodeuteride and
the deuterated amino alcohol so formed was converted to methyl £thier55% yield. Finally, the
5-methoxy[3,4-D]prolinate 11 was subjected to ESiH-BF;- OEL system followed by deprotection to
give (253S4R,5R)-[3,4,5-Ds]proline 12 in 85% yield with 99% eel(-form). The relative configuration
was also confirmed byH NMR spectrum (Fig. 1D) and it was found that the ratio o)(5and (3R)-
isomer was 13:87.

1) LiEt,BD D D 1) Et3SiH, BF3°OEt, D
2) TosOH, MeOH b S 2) 1 MHCI D”'-. &
55% MeO N COzBut 3) DO\gg‘)’ZFOW X8 Du- N COzH
Boc H
1" 12
Scheme 3.

In conclusion, we have completed a stereoselective synthesisSES4S 59)-[3,4,5-Ds]proline 6
based on the catalytic deuteration of the dehyidyqmrolinate2 and thesynselective reduction of aminal
5 derived from the [3,4-PJpyroglutamate4 with EtzSiD-BFs-OEt system. During the course of
these investigations, [3,44proline 3 and [5-D]proline10 were also obtained. In addition, the present
procedure was applied to the synthesis of the correspond8832R,5R)-isomerl2 simply by changing
the deuterium source. These amino acids are considered to be useful for unambiguous assigikients of
NMR signals of the ring methylenes, especially th§ 83 4R,5S)-isomer which is a promising probe for
monitoring the ring dynamics through the vicinal spin—spin coupling constants.
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3. Experimental

1H and!3C NMR spectra were recorded in CRQir D,O on a Varian UNITY-400 spectrometer. All
chemical shifts are reported a@svalues (ppm) relative to residual chloroform (7.26 ppm) or sodium
3-(trimethylsilyl)[2,2,3,3-D ]propionate (0 ppm). High resolution mass spectra (El) were obtained on
a JEOL JMS-AX-500 spectrometer with DA7000 data system using perfluorokerosene as an internal
standard. For ion-exchange chromatography, Dowex 50W-X8 activated with 1 M HCI was used. Enan-
tiomeric excess was determined on a Senshu SSC-3100 high-pressure liquid chromatography system
equipped with chiral MCIGEL CRS10W column from Mitsubishi Kasei Co. and 2 mM Cusiution
as an eluent. Catalytic hydrogenation was performed in an Ishii CHA-S medium-pressure catalytic
hydrogenator. All other reagents were of commercial grade and used as supplied.

3.1. t-Butyl 29)-N-t-butoxycarbonyl-3,4-dehydroprolinafid

The t-butyl 3,4-dehydroprolinatelb was obtained as a colorless oil in 51% vyield (5 steps) from
trans-4-hydroxy+-proline according to the reported proceddredescribed for the preparation of the
corresponding ethyl estéa. 1H NMR (CDCls) § 1.440, 1.443, 1.45 and 1.47 (4 s, 18H), 4.10 and 4.27
(2 m, 2H), 4.81 and 4.88 (2 m, 1H), 5.69 and 5.73 (2 m, 1H), 5.90 and 5.94 (2 m, 1H). HR¥®IS
269.1586 (M, calcd for G4H23NO4: 269.1627).

3.2. (5,3S,4R)-[3,4-D;]Proline 3

To a solution of ethyl (8)-N-t-butoxycarbonyl-3,4-dehydroprolinatég 1.21 g, 5.00 mmol) in MeOD
(25 ml) was added a solution of RPPR)3 (23.9 mg, 0.025 mmol) in benzene (2 ml), and the resultant
solution was stirred under medium pressure (5 kgfjcusing deuterium gas at room temperature
overnight. After removal of the solvent, the residue was submitted to a short chromatography on silica
gel to remove the catalyst, giving eth\itt-butoxycarbonyl[3,4-D]prolinate Ra, 1.23 g) as an oil in a
quantitative yield*H NMR (CDCl) § 1.24 and 1.26 (2 t)=7 Hz, 3H), 1.40, 1.45 (2 s, 9H), 1.92 (m,
2H), 3.33-3.56 (m, 2H), 4.10-4.28 (m, 3H). HRM8z246.1698 [(M +HY, calcd for G2H20D2NOg:
246.1674].

Deprotection of the [3,4-R]prolinate2a (0.363 g, 1.50 mmol) was carried out in 1 M HCI (15 ml) at
110°C for 3 h followed by a treatment with Dowex 50W-X8 to give [3,4holine (3, 135 mg, 77%)
as a colorless solid, mp 214-217°C (detJ.NMR (D»0) & 1.97 (ddd J=7, 7 and 7 Hz, 1H), 2.05 (dd,
J=7 and 7 Hz, 1H), 2.33 (ddl=7 and 7 Hz, 0.03H), 3.33 (dd=12 and 7 Hz, 1H), 3.41 (dd=12 and 7
Hz, 1H), 4.13 (dJ=7 Hz, 1H). HRMSm/z117.0762 (M, calcd for GH;D2NO,: 117.0759).

3.3. t-Butyl (2S,3S,4R)-N-t-butoxycarbonyl[3,4-B]prolinate 2b

A mixture oft-butyl-N-t-butoxycarbonyl-3,4-dehydroprolinaték 1.03 g, 4.00 mmol) and Ru/C (0.1
g) in MeOD (40 ml) was stirred at room temperature overnight under the medium pressure (5kgf/cm
of deuterium gas. After removal of the catalyst using a Celite pad, evaporation of the solvent gave [3,4-
Dy]prolinate 2b (1.63 g, 97%) as an oitH NMR (CDCl) § 1.43, 1.44 and 1.45 (3 s, 18H), 1.89 (m,
1.8H), 2.00-2.18 (m, 0.2H), 3.32-3.54 (m, 2H), 4.09 and 4.17 (2 br s, 1H). HRK373.1874 (M,
calcd for C14H23D2NO4Z 2731909)
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3.4. t-Butyl (2S,3S,4R)-N-t-butoxycarbonyl[3,4-B]pyroglutamatedb

To an aqueous solution of 10% sodium metaperiodate (120 ml) was added Ri8ng, 1.65 mmol),
and the black suspension turned into a yellow solution. Then to this solution was added a solution of
[3,4-D;]prolinate2b (3.00 g, 11.1 mmol) in ethyl acetate (45 ml). The resulting two-phase mixture was
vigorously stirred at room temperature and monitored to completion by TLC. The layers were separated
and to the organic phase was added 2-propanol (2 ml) and stirred for 1 h. After removal of the precipitated
RuQ; using a Celite pad, the filtrate was dried over MgS€dncentrated, and chromatographed on silica
gel to afford [3,4-B]pyroglutamate4b (3.18 g, 100%) as an oitH NMR (CDCls) & 1.47 (s, 9H), 1.49
(s, 9H), 1.96 (ddJ=10 and 2 Hz, 0.9H), 2.25 (dd=10 and 10 Hz, 0.1H), 2.43 (d=10 Hz, 0.1H),
2.57 (d,J=10 Hz, 0.9H), 4.46 (dJ=2 Hz, 1H).13C NMR (CDCk) & 21.19 (t,J=21 Hz), 27.85 (6 C),
30.64 (t,J=21 Hz), 59.47, 82.10, 83.09, 149.37, 170.32, 173.11. HRM&288.1778 [(M+H], calcd
for C14H22D2N05Z 2881780)

3.5. (5,35,4R,55)-[3,4,5-Ds]Proline 6

To a solution oft-butyl [3,4-D;]pyroglutamatetb (578 mg, 2.00 mmol) in THF (20 ml) was added a
solution of 1 M LIEgBH in THF (2.4 ml, 2.40 mmol) at —78°C under Ar atmosphere and the reaction
mixture was stirred for 0.5 h. Then the reaction was quenched with saturated aqueous \N&HQID
at —78°C and the mixture was warmed up to 0°C. After addition of 3082, H1 ml), the mixture was
stirred for a further 20 min and concentrated. The residue was extracted with ether, washedQvith H
and dried over MgS@Q After removal of the solvent, the cruddoutyl 5-hydroxyprolinate was directly
treated with MeOH (13 ml) in the presence mfoluenesulfonic acid (30 mg, 0.174 mmol) for 16 h.
The mixture was diluted with CHgJ washed with saturated aqueous Nak@@Dd dried over MgSQ
After removal of the solvent, the residue was chromatographed on silica gel. Elution with a mixture of
hexane and ethyl acetate (7:3) afforded oilyutyl (2S5 3S4R,5R9-N-t-butoxycarbonyl-5-methoxy[3,4-
D,]prolinate 6, 457 mg, 75%) as unseparable diastereoisomerlMR (CDCls) § 1.437, 1.440, 1.45,

1.46, 1.48 and 1.49 (6 s, 18H), 1.84-2.11 (m, 2H), 3.34, 3.39, 3.40 and 3.43 (4 s, 3H), 4.14-4.20 (m,
1H), 5.12-5.29 (m, 1H). HRM$/z303.2043 (M, calcd for GsH25D2NOs: 303.2015).

To a solution oft-butyl 5-methoxy[3,4-D]prolinate 5 (457 mg, 1.50 mmol) in CLCl> (15 ml) was
added E4SID (352 mg, 3.00 mmol) and trifluoroborane etherate (468 mg, 3.30 mmol) in two portions at
intervals of 0.5 h at —=78°C under argon atmosphere and the resulting solution was stirred for 2 h. Then the
reaction mixture was quenched with saturated aqueou€®a(3 ml) and the organic layer was dried
over MgSQ and evaporated. Deprotection of the resultant crude [3,4]pr8linate was carried out in 1
M HCI (25 ml) at 110°C for 3 h, followed by a treatment with Dowex 50W-X8 to give [3,4gppbline
(6, 166 mg, 94%) as a colorless solid, mp 217-220°C (d&d.NMR (D,0) & 1.97 (dd,J=8 and 7 Hz,
1H), 2.05 (ddJ=8 and 7 Hz, 1H), 2.34 (m, 0.08H), 3.32 @7 Hz, 0.9H), 3.41 (dJ=7 Hz, 0.1H), 4.13
(d, J=7 Hz, 1H). HRMSm/z118.0813 (M, calcd for GHgD3NO,: 118.0822).

3.6. (&5,55)-[5-D]Proline 10

Using the procedure described for the synthesis of the [3]gfDlinate 5, t-butyl (2S5R9-N-t-
butoxycarbonyl-5-methoxyprolina@b was obtained as an oil from the pyroglutamaktein 74% yield.
IH NMR (CDCls) § 1.43, 1.44, 1.446, 1.454, 1.47 and 1.48 (6 s, 18H), 1.71-2.46 (m, 4H), 3.33, 3.385,
3.393 and 3.42 (4 s, 3H), 4.11-4.24 (m, 1H), 5.11-5.29 (m, 1H). HRWMS301.1936 (M, calcd for
C15H27N05Z 3011936)
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To a solution of 5-methoxyprolinatgb (300 mg, 1.00 mmol) in Cbl, (10 ml) was added E8iD
(234 mg, 2.00 mmoal) and trifluoroborane etherate (312 mg, 2.20 mmol) in two portions at intervals of
0.5 h at —=78°C under argon atmosphere and the resulting solution was stirred for 2 h. Then the reaction
mixture was quenched with saturated aqueougd@ and the organic layer was dried over Mg&Sahd
evaporated. Deprotection of the resultant crude [5-D]prolinate was carried out in 1 M HCI (15 ml) at
110°C for 3 h followed by treatment with Dowex 50W-X8 to giveS@S)-[5-D]proline (10, 91.0 mg,
78%) as a colorless solid, mp 212-216°C (ded)NMR (CDCls) § 2.01 (m, 2H), 2.08 (m, 1H), 2.35
(m, 1H), 3.33 (ddJ=7 and 7 Hz, 0.9H), 3.41 (dd=7 and 7 Hz, 0.1H), 4.13 (dd=9 and 6 Hz). HRMS
m/z116.0692 (M, calcd for GHgDNO,: 116.0696).

3.7. (55,35,4R,5R)-[3,4,5-Ds]Proline 12

t-Butyl (2S3S4R,5R9-N-t-butoxycarbonyl-5-methoxy[3,4,54]prolinate 11 was obtained as an oil
in 55% yield following the procedure described for the preparation of the [3]grblinate5 except that
LiEt3BD was used instead of LigBH. *H NMR (CDCls) § 1.44, 1.45, 1.46, 1.47, 1.486 and 1.491 (6 s,
18H), 1.85-2.11 (m, 2H), 3.35, 3.40, 3.41 and 3.44 (4 s, 3H), 4.14-4.21 (m, 1H). HR¥E4.2116
(M*, calcd for GsH24D3NOs: 304.2078).

To a solution of 5-methoxy[3,4,54]prolinate 11 (318 mg, 1.04 mmol) in CbCl> (10 ml) was added
Et3SiH (242 mg, 2.08 mmol) and trifluoroborane etherate (324 mg, 2.28 mmol) in two portions at
intervals of 0.5 h at —=78°C under argon atmosphere and the resulting solution was stirred for 2 h. Then the
reaction mixture was quenched with saturated aqueou€@®a(2 ml) and the organic layer was dried
over MgSQ and evaporated. Deprotection of the resultant crude [3,4]prBlinate was carried out in 1
M HCI (17 ml) at 110°C for 3 h followed by a treatment with Dowex 50W-X8 to give [3,4gpbline
(12, 104 mg, 85%) as a colorless solid, mp 207-213°C (d&d.NMR (D,0) § 1.97 (dd,J=8 and 7 Hz,
1H), 2.05 (dd,J=8 and 7 Hz, 1H), 2.34 (m, 0.08H), 3.32 @7 Hz, 0.13H), 3.41 (dJ=7 Hz, 0.87H),

4.13 (d,J=7 Hz, 1H). HRMSm/z118.0786 (M, calcd for GHgD3NO,: 118.0822).

Acknowledgements

This work has been supported by CREST (Core Research for Evolutional Science and Technology)
of Japan Science and Technology Corporation (JST) and a Grant-in-Aid for Scientific Research (No.
09740480) from the Ministry of Education, Science, Sports and Culture of Japan. We also thank Ms H.
Oikawa for MS measurements.

References

1. Young, D. W. Stereochemistry of Metabolic Reactions of Amino Acidgdpics In Stereochemistrigliel, E. L.; Wilen,
S. H., Eds.; John Wiley: New York, 1994; \ol. 21, pp. 381-465.

2. Wuthrich, K.NMR of Proteins and Nucleic AcidSohn Wiley & Sons: New York, 1986; Roberts, G. C. KMR of
Macromolecules. A Practical Approac@xford University Press: Oxford, 1993.

3. Nishiyama, K.; Oba, M.; Ueno, R.; Morita, A.; Nakamura, Y.; Kainosho,JMLabelled Compds. Radiopharh994
34, 831-837; Oba, M.; Ueno, R.; Fukuoka, M.; Kainosho, M.; NishiyamaJKChem. Soc., Perkin Trans. 1995
1603-1609; Oba, M.; Nakajima, S.; Nishiyama,JKChem. Soc., Chem. Comm@f96 1875-1876; Oba, M.; Terauchi,
T.; Miyakawa, A.; Kamo, H.; Nishiyama, Kletrahedron Lett1998 39, 1595-1598; Oba, M.; Terauchi, T.; Owari, Y;
Imai, Y.; Motoyama, |.; Nishiyama, KI. Chem. Soc., Perkin Trans1998 1275-1281.

4. Rose, G. D.; Gierasch, L. M.; Smith, J. Adv. Protein Cheml985 37, 1-109; Degrado, W. FAdv. Protein Cheml988
39, 51-118.



M. Oba et al./ TetrahedronAsymmetry10 (1999) 937-945 945

5. Hirschmann, RAngew. Chem., Int. Ed. Endl991, 30, 1278-1301; Giannis, A.; Kolter, Rngew. Chem., Int. Ed. Engl
1993 32, 1244-1267.
. Fujita, Y.; Gottlieb, A.; Peterkogsky, B.; Udenfriend, S.; Witkop JBAm. Chem. Sod964 86, 4709-4716.
. Baldwin, J. E.; Field, R. A.; Lawrence, C. C.; Merritt, K. D.; Schofield, Clelrahedron Lett1993 34, 7489—-7492.
8. Robertson, A. V.; Witkop, BJ. Am. Chem. Sod96Q 82, 5008-5009; Prockop, D. J.; Ebert, P. S.; Shapiro, BAkth.
Biochem. Biophysl962 8, 305-309; Ebert, P. S.; Prockop, DBiochem. Biophys. Res. Comm862 8, 305-309.
9. Dieterich, P.; Young, D. Wletrahedron Lett1993 34, 5455-5458.
10. Gramatica, P.; Manitto, P.; Manzocchi, A.; Santaniella].ELabelled Compd. Radiopharrhi981, 18, 955-962.
11. Oba, M.; Terauchi, T.; Hashimoto, J.; Tanaka, T.; Nishiyam&eirahedron Lett1997 38, 5515-5518.
12. Rueger, H.; Benn, M. HCan. J. Chem1982 60, 2918—-2920; Doromoy, J.-Bynthesid982 753—-756; Doromoy, J.—R.
Angew. Chem., Int. Ed. Endl98Q 19, 742—743.
13. Anteunis, M. J. O.; Borremans, F. A. M.; Becu, C.; Sleeckint]J. Peptide Protein Re4979 14, 445-450.
14. Hondrelis, J.; Lonergan, G.; \Voliotis, S.; MatsoukaSelrahedronl99Q 46, 565-576.
15. Montiero, H. J.Synthesisl974 137; Ohfune, Y.; Tomita, MJ. Am. Chem. Sod 982 104, 3511-3513; Langlois, N.;
Rojas, A.Tetrahedron Lett1993 34, 2477—-2480.
16. Pedregal, C.; Ezquerra, J.; Escribano, A.; Carreno, M. C.; Garcia Ruandeirdhedron Lett1994 35, 2053—2056.
17. Thaning, M.; Winstrand, L.-Gl. Org. Chem199Q 55, 1406—1408; Bernardi, A.; Micheli, F.; Potenza, D.; Scolastico, C.;
Villa, R. Tetrahedron Lett199Q 31, 4949-4952; Ryu, Y.; Kim, GJ. Org. Chem1995 60, 103—-108.
18. Jeroncic, L. O.; Cabal, M. P.; Danishefsky, S. J.; Shulte, Gl.\@rg. Chem1991, 56, 387—-395.
19. Cieplak, A. SJ. Am. Chem. S0d981, 103 4540-4552.
20. Yoshifuji, S.; Tanaka, K.; Kawai, T.; Nitta, €hem. Pharm. Bull1986 34, 3873-3878.

~N O



