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Abstract: A new approach to the synthesis of alkene dipeptide isosteres is reported which features the use of the [2,3}-
Wittig-Still rearrangement, carried out in hexanes. Employing this rearrangement alkene dipeptide isosteres of "Gly-Xxx" are
accessible starting from an -B-unsaturated carbonyl compound. This is illustrated with the synthesis of the alkene dipeptide
isostere of Gly-Ala as part of the tripeptide isostere Cbz-Phe-Glyy[E-CH=CH]-(R,S)Ala-OH 20, starting from
crotonaldehyde. Alkene dipeptide isosteres of "Xxx-Gly" are accessible starting from an a-amino aldehyde derivative. As an
example the synthesis of the dipeptide isostere of Phe-Gly as part of the tripeptide isostere Cbz-Phe-Pheyw[E-CH=CH]-Gly-
OH 28 is described for which N-Tr-phenylalaninal was used as a starting material.

INTRODUCTION

Peptide analogues containing isosteric replacements of the amide bond are of increasing importancel. By
virtue of a close stereochemical resemblance to the parent peptide their biological activity is retained while they
are inert to enzymatic hydrolysis2. In addition, peptide analogues in which replacement of the amide bond led to
transition-state analogues have found a widespread use in the development of protease inhibitors!»3 and -more
recently- in the development of catalytic antibodies ("abzymes")4.

The trans-alkene moiety3-0 is a very suitable amide bond surrogate in terms of mimicking the rigidity,
bond angles and bond length of the amide bond. Moreover, the trans carbon-carbon double bond locks the
molecule in a trans-geometry whereas the amide bond can also exist in a cis-geometry. The importance of this
particular isosteric replacement is also underlined by the considerable attention-8 it has received since the
appearance of the seminal papers by Sammes et al.5 and Cox et al6.

We are engaged in a program towards the design and synthesis of transition-state analogues?, peptide
isosteres and (rigid) secondary structure mimetics of the reverse turn. For this purpose we are interested in the
development of new methods for the synthesis of alkene dipeptide isosteres.

A number of successful approaches towards the synthesis of alkene dipeptide isosteres has been
reportedd-7, Recently10, we reported the clearly advantageous approach (retrosynthesis: scheme 1) in which a
[2,3]-Wittig rearrangement11,12 is employed to shift the double bond to the location corresponding to that of
the amide bond in the parent peptide and, simultaneously, to introduce the carbon atom which will become the
carboxylic acid functionality in the isostere. Another advantage of this approach is the possibility to transfer the
chirality effectively from carbon-1 to carbon-3 when a homochiral reactant is used!1:13. The Wittig
rearrangement variant of Stilll4, denoted as the Wittig-Still rearrangement13-19, is excellently suited for the
preparation of alkene dipeptide isosteres, because the generated carbanion (scheme 1) does not contain an anion
stabilizing group20, which would have to be removed ultimately, in order to obtain the carboxylic acid function
of the isostere.

Two possible synthetic approaches of the amino alcohol necessary for the Wittig-rearangement are shown
in scheme 1. The retrosynthetic route involving disconnection a ends at an o~ unsaturated carbonyl compound
and is employed for the preparation of "Gly-Xxx" alkene dipeptide isosteres e.g. Gly-Ala (R=Me, R1=H). The
retrosynthetic route involving disconnection b ends at an a-amino aldehyde and a vinylic anion and is employed
for the preparation of "Xxx-Gly" alkene dipeptide isosteres ¢.g. Phe-Gly (R=H, R1=Bn).
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Scheme 1. Retrosynthesis of alkene dipeptide isosteres employing a [2,3]-Wittig rearrangement

In this paper we describe in detail the synthesis of alkene dipeptide isosteres of Gly-Ala and Phe-Gly to
demonstrate the versatility of the [2,3]-Wittig-Still rearrangement for the preparation of dipeptide isosteres as is
shown in scheme 3-5 and scheme 6, respectively.

RESULTS AND DISCUSSION

Starting from crotonaldehyde the amino alcohol 1 was prepared by treatment with trimethylsilylcyanide in
the presence of Znl; followed by reduction with lithiumaluminumhydride2!. Choice of the proper amino
protecting group turned out to be crucial (scheme 2). Originally, the amino alcohol 1 was converted to the Boc-
protected amino alcohol 2. After attempted formation of the tin compound followed by treatment with BuLi,
only the oxazolidine derivative 3 could be isolated. Using the triazone22 protective group, which has the
electrodeficient carbonyl-carbon further removed from the OH- function prevented the intramolecular reaction of
4 and gave the Wittig precursor 5. However, upon treatment with excess BuLi to effect the Wittig-Still
rearrangement the protective group was removed leading to an intractable reaction mixture. Next, we prepared
the Wittig precursor 7 of the tosyl protected amino alcohol 6. Although the sulfonamide- sulfur is less
susceptible to a nucleophilic attack, the tosyl protecting group was also removed upon treatment of the tin
compound 7 with BuLi.
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Scheme 2. Behaviour of protective groups containing an electrodeficient atom in theWittig-Still rearrangement

Thus, it was necessary to use a protective group without a electro deficient atom for a good preparation
of the Wittig precursor and to be able to carry out the Wittig-Still rearangement. An obvious choice was
therefore the use of two benzyl groups as a protection of the amino group as in compound 8, prepared from
the Boc-protected amino alcohol 2 (scheme 3). Indeed the Wittig precursor 9 could be prepared followed by
the [2,3]-Wittig rearrangement to yield a difficult separable mixture of the trans and cis product 10 and 11.
Jones oxidation afforded the carboxylic acid 12, but unfortunately removal of the benzyl groups could not be
accomplished. Nevertheless, compound 8 was as useful model compound and proved our concept that a
electrophilic site has to be absent in the protecting group.

We reasoned that the trityl group would have the same advantages as the benzyl groups with respect to
preparation of the Wittig precursor and possibility of the Wittig-Still rearangement and, in addition, it is
removable under mild acid conditions. Thus the amino group of 1 was protected with a trityl group to yield 13
(scheme 4). Subsequently the Wittig precursor 14 could be obtained in high yield (92%) after alkylation with
tributyltinmethyleneiodide and KH. Surprisingly, after treatment of the Wittig precursor 14 in THF with
excess of BuLi at low temperature, we found that the major product 15 (40%) was the result of a [1,2)-Wittig
rearrangement instead of the desired [2,3]-Wittig-Still rearrangement10. The products 16 and 17 resultin g
from the {2,3]-Wittig-Still rearrangement were obtained in a combined yield of 35% (trans/cis ratio 0.8/1).
However, when the solvent was changed from THF to hexanes we found that now the desired [2,3]-Wittig-
Still rearrangement predominated leading to formation of products 16 and 17 in a combined yield of 80%
(trans/cis ratio 1.5/1 23) and only a small amount (3%) of the [1,2] product 15. To our knowledge hexanes
have not been used as a solvent in the [2,3]-Wittig-Still rearrangement, THF is the commonly used solvent. So
far we have no satisfactory explanation for the observed solvent effect.
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Scheme 3. Benzylgroups as amino-protecting groups for the Wittig-Still rearrangement

TfCVEtaN/ /\(\/ KH/Bu,SnCH,V TrN’\(\/ BuLi
cnzm2 THF | THF, -100°C or

H (o]
SnBu, hexane, -110°C

14
J”‘
Tm’\E\/ ’W\ + TrN
17
[1.2]- product [2,3]-products

Scheme 4. Trityl group as a amino-protecting group for the Wittig-Still rearrangement

Preference for the formation of the trans product can be rationalized by examining the possible transition-
states leading to the trans- and cis-product. In the former transition-state the methylene amino group bearing the
trityl group assumes a pseudo equatorial position, whereas in the latter transition-state it has to assume the

sterically less favorable pseudo axial position (figure 1).

Finally, completion of the synthesis of the alkene dipeptide isostere Gly-Ala and the simultaneous
extension to the tripeptide isostere 20 is shown in scheme 5. Removal of the trityl group in 16 with TFA
followed by coupling of the thus obtained amino alcohol 18 with Cbz-Phe-OH by the mixed anhydride method,
gave -after Jones oxidation of 19- Cbz-Phe-Glyw[E-CH=CH]-(R,S)-Ala-OH 20 (overall yield 40%), i.e. the
peptide isostere of Cbz-Phe-Gly-Ala-OH. Employing the DCC/HOBt-method, instead of the mixed anhydride
method, for coupling of Cbz-Phe-OH gave a reaction mixture from which we were unable to obtain pure 19

although its presence is evident from NMR.



Synthesis of alkene dipeptide isosteres 6429

16

Fig. 1. Transition-states involved in formation of the cis- and trans product

TEACHCI chiorojormate!
2 chloroformal

—_ ! — -
16 e HZNW\OH N Coz-Phe-OFT Cbz Phe_,il/\/\r\OH

4-methylmorpholine H
18 19
o]
Jones Cbz-Phe-ril/\/\H‘\OH
H

20

Scheme 5. Synthesis of the alkene dipeptide isostere of Gly-Ala as part of the tripeptide isostere Cbz-Phe-
Glyy{E-CH=CH]-(R,S)Ala-OH

As an example of the synthesis of "Xxx-Gly" alkene dipeptide isosteres (scheme 1), we choose the
preparation of the dipeptide isostere of Phe-Gly. This sequence is present in the neuropeptide substance P
(SP)8.24 (figure 2) and replacement of the amide bond by the isosteric double bond prevents degradation by a
peptidase capable of hydrolysing this amide bond8.

H-Arg-Pro-Lys-Pro-Gin-Gin-Phe-Phe-Gly-Leu-Met-NH2
Fig.2. Substance P (SP)

The synthesis of the Phe-Gly isostere (scheme 6) commenced with N-Tr-phenylalaninal 22 which was

prepared by reduction of Tr-Phe-OMe 21 with DIBALHZ25 followed by Swern oxidation. In an addition
reaction with vinyl magnesium bromide the aldehyde was converted to a diastereomeric mixture of allylic
alcohols 23. Subsequently, the Wittig precursors 24 were prepared followed by the Wittig-Still rearrangement
by treatment with excess BuLi to give the rearranged product 25.
Remarkably, only the trans product 25 was formed in a good yield (80%) and only a trace of the [1,2]-product
could be isolated. The exclusive formation of the trans product 24 can be explained by examing the transition-
states. The transition-state leading to the trans product is even more favored, compared to the transition-state
leading to the cis-product, than is the case in the formation of 16 (see figure 1), because of the presence of the
additional benzyl group on the carbon next to the nitrogen atom. Finally, removal of the tritylgroup followed
by coupling of the amino alcohol 26 and subsequent Jones oxidation of 27 afforded Cbz-Phe-Phey[E-
CH=CH]-Gly (overall yield 28%) i.e. the peptide isostere of Phe(7)-Phe(8)-Phe(9) in substance P
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Scheme 6. Synthesis of the alkene dipeptide isostere of Phe-Gly as part of the tripeptide isostere Cbz-Phe-
Phey[E-CH=CH]-Gly-OH

In summary, we have shown that the Wittig-Still rearrangement, when carried out in hexanes, can be

successfully employed for the synthesis of alkene peptide isosteres. By varying the o-§ unsaturated carbonyl
compounds a variety of natural and unnatural amino acids can be substituted for "Xxx" in the alkene dipeptide
isosteres Gly-Xxx. In carrying out the Wittig rearrangement leading to these isosteres a remarkable solvent
effect was observed. In addition, alkene dipeptide isosteres with a substituted double bond are accessible. This
is presently applied to the development of reverse turn mimetics. Similarily, by varying the a.-amino aldehyde -
which are e.g. easily accessible from o-amino acids- a whole range of (unnatural) amino acids can be
substituted for "Xxx" in the alkene dipeptide isosteres Xxx-Gly.
Under present investigation is the use of enzymatically synthesized26 homochiral alcohols as well as amino
alcohols derived from amino acids to prepare homochiral peptide isosteres using the above described
methodology. In addition, we are investigating if the Wittig-Still rearrangement can be applied to the preparation
of reverse turn mimetics. This work is in progress.

EXPERIMENTAL

General methods. Hexanes, pentane, petroleum ether 40-60 (pet-ether), ether, dioxane and THF were
distilled from LiAlH4. Acetone was distilled from KMnO4 and N-methylmorpholine was distilled from CaH».
Silica gel 60 (Merck 70-230 mesh) was used for column chromatography. Gel filtration was performed on

Sephadex LH20 (Pharmacia). Thin layer chromatography (TLC) was carried out on Merck precoated silica gel F
254 plates (0.25 mm). Compounds were visualized by UV light, spraying with KMnOy4 (1%) in aqueous
NazCO3 (2%) or by dipping in a solution of ninhydrin followed by heating for a few minutes. NMR spectra

were recorded with a Jeol INM-FX200 (1H and 13C 200 MHz) or a Brucker WM-300 spectrometer equipped
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with an Aspect-2000 computer (1H 300 MHz). Chemical shifts are given in ppm (3) relative to TMS as internal
standard. CDCI3 was used as a solvent unless stated otherwise. The compounds were homogeneous according
to NMR and TLC.

E-1-amino-3-penten-2-ol (1)

The procedure described by Evans et al.21 for the preparation of B-aminomethy! alcohols was used with some
modifications. TMSCN (5.46 g, 7.33 mL, 55 mmol ) was added dropwise to a homogeneous mixture of
crotonaldehyde (3.5 g, 4.14 mL, 50 mmol ) and a catalytic amount of ZnI, present in a dry 25 ml roundbottom
flask. The reaction is exothermic and cooling -depending on the scale- may be necessary. The mixture was
stirred for 0.5 h at rt. Reduction was carried out by adding the crude cyanohydrin ether dissolved in 14 mL ether
to a mechanically stirred suspension of 2.09 g LiAlH4 (55 mmol) in ether (41 mL) in a 100 mL three-necked
flask, at a rate at which gentle reflux of the reaction mixture was maintained. Stirring and refluxing was
continued for an additional h. Excess LiAIH4 was destroyed by careful addition of a 2 mL water/2 mL THF
mixture, followed by addition of a 2 mL 15% NaOH/2 mL THF mixture and a 6 mL water/6 mL THF mixture.
Stirring was continued until a granular yellow precipitate was formed. Filtration, drying (Na2S04) and
evaporation of the ether solution gave a yellow oil which was distilled in vacuo to give 2.02 g (20.0 mmol,
40%) of the amino alcohol 1 (very hygroscopic crystals), bp 43 oC (0.5 mm); 1H NMR (300 MHz, CD30D) &
1.69 (dd, 3H, CH3, Jyic = 7.8 Hz, Jallyl = 1.2 Hz), 2.59 (m, 2H, CHNH3), 3.96 (4 lines, 1H, CHOH, Jyjc
= 6.6 Hz and 6.2 Hz), 5.45 (16 lines, 1H, CH=CHCH3, Jirans = 15.4 Hz, Jyic = 6.7 Hz, Jallyl = 1.7 Hz),
5.73 (16 lines, 1H, CH=CHCH3 Jirans = 15.4 Hz, Jyjc = 6.5 Hz, Jallyl = 1.2 Hz); 13¢ NMR (CD30D) &
18.0 (CH3), 74.6 (CHOH), 128.4 and 133.3 (CH=CH), CH7NH3 is masked by CD30D signals.

E-1-(t-butyloxycarbonyl)-amino-3-penten-2-0l (2 )

The crude amino alcohol 1 (1.0 g, 10 mmol) was converted to the corresponding amino protected derivative 2
using di-z-butyldicarbonate (2.4 g, 11.0 mmol) and Et3N (2.0 g, 2.8 mL, 20 mmol) in CH2CI2 (50 mL). After
stirring the reaction mixture overnight, the solvent was evaporated, followed by column chromatography (eluent
EtOAc/hexanes 2/3, v/v) to afford 2 as a pale yellow solid in 62% yield. Rf 0.29 ( ibid.). IH NMR § 1.44 (s,
9H, C4Ho), 1.69 (d, 3H, CH3, Jvic= 5.6 Hz), 2.98-3.36 (m, 2H, CH2N), 3.46 (s, 1H, OH), 4.14 (4 lines,
1H, CHOH), 5.23 (bs, 1H, NH), 5.45 (8 lines, 1H, C(OH)-CH=CH, Jirans = 15.4 Hz, Jvic = 6.4 Hz, Jallyt
= 1.5 Hz), 5.74 (m, 1H, CH=CHCH3 Jirans = 15.4 Hz, Jvic = 6.1 Hz); 13C NMR: § 17.6 (CH3), 28.2
(C(CH3)3), 46.3 (CH2), 71.7 (C(H)OH), 79.3 (OC(CH3)3), 127.7 and 130.9 (CH=CH), 156.5 (C=0)

E-3-(2-oxazolidone)-2-propene (3)

In an attempt to prepare the tin compound (see preparation of 14, vide infra) from 2 (301 mg, 3.0 mmol)
followed by the Wittig-Still rearrangement, compound 3 was isolated in 44% yield after column
chromatography (eluent EtOAc/hexanes 1/1 to 3/1 v/v). Rf 0.29 (EtOAc/hexanes 3/1, v/v); IH NMR § 1.75
(bd, 3H, CH3), 3.32 and 3.70 (two t, 2H, CH2N), 4.99 (g, 1H, CHO), 5.57 (8 lines, 1H, CO-CH=CH),
5.88 (m, 1H, CH=CHCH3), 7.34 (b, 1H, NH) 13C NMR: § 17.4 (CH3), 46.2 (CH2), 77.5 (C(H)O), 127.5
and 131.6 (CH=CH), 160.4 (C=0)

5-[1-(3-E-penten-2-ol)]-1,3-dimethyl-1,3,5-triazacyclohexan-2-one (a)

The triazone 4 was prepared from the amino alcohol 1 (436 mg, 4.3 mmol) according to procedure described by
Knapp et al. 22 and obtained as a colorless oil in 46% after column chromatography (eluent MeOH/CH2Cly
5/95 viv). Rf 0.29 (MeOH/CH2Cl2, 119, v/v); 1H NMR 8 1.72 (d, 3H, CH3z, J = 7.6 Hz), 2.80 (m, 2H,
CH2N), 2.87 (s, 6H, 2 x NCH3), 4.19 (m, 5H, 2 x NCH2N and CHOH), 5.42 (m, 1H, CH=CHCH3, Jirans
= 13.3 Hz, Jyjc = 6.7 Hz, Jaj1y] = 1.6 Hz), 5.75 (m, 1H, CH=CHCH3, Jirans = 15.3 Hz, Jyjc = 6.7 Hz,
Jallyl = 1.0 Hz);13C NMR 8 17.2 (CH3), 32.0 (NCH3), 57.3 (NCH3), 68.5 (NCH,N), 69.6 (CHOH), 127.1
and 130.8 (CH=CH), 155.5 (C=0).
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5-[1-(3-E-penten-2-O-methylenetributyltin)]-1,3-dimethyl-1,3.5 -triazacyclohexan-2-one (5)

Compound § was prepared from 4 (639 mg, 3.0 mmol) according to the procedure described for the
preparation of 14 and obtained as a yellow oil in 34% yield after column chromatography (eluent
MeOH/CH2Cl2 4/96 v/v). To ensure completion of the reaction stirring overnight and addition of 18-crown-6
(793 mg, 3.0 mmol) were necessary. Rf 0.66 (MeOH/CH2CI2 1/9 v/v); 1H NMR § 0.80-1.64 (m, 27H, 3 x
Bu), 1.75 (d, 3H, CH=CHCH3, J = 6.5 Hz), 2.73 (m, 2H, CH2N), 2.84 (s, 6H, 2 x NCH3), 3.44 and 3.76
(two d, 2H, OCH2SnBu3, J = 9.7 Hz), 4.17 (m, 5H, CHOH and 2 x NCHN), 5.31 (m, 1H, CH=CHCH3),
5.66 (m, 1H, CH=CHCH3).

E-1-Tosylamino-3-penten-2-ol (6) »

To a cooled (0 ©C) solution of the aminoalcohol 1 (0.41 g, 4 mmol) in dioxane (8 mL) 1 M NayCO3 (4 mL)
and TsCl (0.84 g, 4.4 mmol) were added. After stirring for 3 h, the mixture was concentrated under reduced
pressure, dissolved in EtOAc and washed with 5% NapCOj3 and brine, respectively. The organic layer was
dried (Na2S04) and evaporated in vacuo. Column chromatography using ether/pet-ether (4/1 v/v) as eluent gave
0.89 g 6 (3.47 mmol; 67%) as a colorless oil. Rf 0.51 (cluent EtOAc/hexanes 3/1 viv);IH NMR § 1.58 (d, 3H,
CH=CHCHg3, Jyjc = 6.4 Hz), 2.38 (s, 1H, CH3, Ts), 2.83 and 2.93 (m, 2H, CH2NH), 4.11 (m, 1H,
CHOH), 5.35 (m, 1H, CH=CHCH3), 5.64 (m, 1H, CH=CHCH3), 5.86 (t, 1H, NH, Jyic = 6.7 Hz) 7.27 and
7.73 (two d, 4H, CgHa, J = 8.2 Hz); 13C NMR 5 17.6 (CH=CHCH3), 21.4 (CH3, Ts), 48.5 (CHaNH),
71.0 (CHOH), 127.0, 129.6, 136.2, 143.4 (CgH4), 129.0 and 130.0 (CH=CH).

E-1-Tosylamino-3-penten-2-O-methylenetributyltin (T)

Compound 7 was prepared from 6 (399 mg, 1.6 mmol) according to the procedure described for the
preparation of 14 and obtained as a colorless oil in 85% yield after column chromatography (eluent
EtOAc/hexanes 1/9 v/v). To ensure completion of the reaction stirring overnight and addition of 18-crown-6
(415 mg, 1.6 mmol) were necessary. Rf 0.84 (EtOAc/hexanes, 3/1, viv);lH NMR (300 MHz) & 0.80-1.58 (m,
27 H, 3 x Bu), 1.71 (dd, 3H, CH3, Jyjc = 6.5 Hz, Ja1y] = 1.5 Hz), 241 (s, 3H, CH3, Ts), 2.94 and 3.27
(m, 2H, CH»NH), 3.26 and 3.66 (two d, 2H, J = 10.0 Hz, OCH2SnBu3), 3.57 (m, 1H, CHOH), 5.18 (8
lines, 1H, CH=CHCH3, Jirans = 15.4 Hz, Jyjc = 8.0 Hz, Ja)jy1 = 1.7 Ha), 5.64 (8 lines, 1H, CH=CHCHg3,
Jirans = 15.4 Hz, Jyic = 6.5 Hz, Ja)1y] = 1.2 Hz), 7.27 and 7.67 (two d, 4H, CeH4, J = 9.3 Hz, J = 8.2 Hz);
13C NMR 3 10.1, 13.6, 27.2, 29.0 (C 's Bu), 17.7 (CH=CHCH3), 21.3 (CH3, Ts), 55.7 (CH2NH), 58.5
(OCH;SnBug), 84.0 (CHO), 129.4 and 130.1 (CH=CH), 127.3, 129.2, 136.1, 142.5 (C6H4)

E-1-dibenzylamino-3-penten-2-ol (8)

Boc protected amino alcohol 2 (2.02 g, 10 mmol) was dissolved in CH2Cl2 (10 mL) and treated with ether
saturated with HCI (25 mL.). After stirring for 1.25 h at 1, the reaction mixture was evaporated to dryness and
cocvaporated twice with ether. Subsequently, the amino group was dibenzylated analogous to a procedure
described by Velluz et al. 27 by dissolving the residue in EtOH (25 mL) and water (15 mL) followed by
treatment with BnCl (4.6 mL, 40 mmol) and K2CO3 (3.45 g, 25 mmol). After refluxing the mixture for 3.5 h
an additional quantity of BnCl (1.15 mL, 10 mmol) and K2CO3 (1.38 g, 10 mmol) was added. After 4.5 h the
reaction mixture was concentrated to a small volume, acidified with concentrated HCI and the resulting brown
oil as well the aqueous layer washed with pet-ether to remove excess BnCl. Addition of concentrated NaOH,
followed by extraction with ether (4 x 50 mL) gave after evaporation of the collected organic layers an oil which
was chromatographed (eluent 150 mL pet-ether and ether/petroleumether 40-60/Et3N 1/3/0.005 v/v). The
dibenzylated product was obtained as a colorless oil in 59% yield (1.67 g). Rf 0.37 (eluent ibid.) 1H NMR 8
1.63 (dd, 3H, CH3, Jvic= 6.4 Hz, Jallyl=1.5 Hz) 2.32-2.72 (m, 2H, CH2N), 3.39 and 3.81 twod, 4H, 2 x
PhCH2 JAB=13.5 Hz) 3.60 (bs, 1H, OH), 4.12 (m, 1H, CHOH), 5.30 (m, 1H, COH-CH=CH, Jtrans=15
Hz, Jvic=6.5 Hz, Jallyl=1.5 Hz), 5.70 (m, 1H, CH=CHCH3, Jvic=6.4 Hz), 7.28 (m, 10H, 2 x Ph); 13C
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NMR 8 17.6 (CH3), 58.0 (PhCH?2) 59.5 (CH2N), 68.1 (C(H)OH), 127.8 and 131.1 (CH=CH), 127.0,
128.2, 128.8 and 138.2 (CgH5).

E-1-dibenzylamino-4-methyl-2-penten-5-ol (10), Z-1-dibenzylamino-4-methyl-2-penten-5-ol (11)

The Wittig precursor 9 was prepared according to the procedure described for the preparation of 14 (vide infra)
from 8 (1.12 g, 4.0 mmol). However, 9 was not isolated but immediately subjected to treatment with excess of
BuLi to effect the Wittig rearrangement as described for the preparation of 15-17 (vide infra). After column
chromatography (eluent ether/pet-ether/Et3N 1/1/0.005 v/v) the trans-product 10 and cis-product 11 are
obtained as a colorless oil in a combined yield of 70% (ratio ca. 1/1.9). Complete separation of the trans- and cis
product was unsuccessful, invariably the trans-product 10 was contaminated with the cis-product 11.

10: Rf 0.65 (ether/pet-ether/Et3N 1/3/0.005 to 1/1/0.005 v/v)|H NMR (only clearly distinguishable signals are
given) § 0.98 (d, 3H, CH3, J = 6.9 Hz), 2.34 (5 lines, 1H, CHCH3), 3.03 (2H, CH2N, Jvic = 6.2 Hz), 3.56
(s, 4H, 2 x PhCH2), 7.10-7.50 (m, 10H, 2 x Ph) 13C NMR §17.2 (CH3), 39.4 (CHCH3), 55.5 (CH»3N),
57.8 (PhCH?) 67.1 (CH»OH), 127.9, 135.7 (CH=CH), 127.0, 128.1, 128.5 and 139.6 (CcH5).

11: Rf 0.73 (ether/pet-ether/Et3N 1/3/0.005 to 1/1/0.005 v/v); IH NMR 8 0.83 (d,3H, CH3, J = 6.7 Hz), 2.40
(m, 1H, CHCH3) 2.82 and 3.15 (m, 2H, CH2N, HA: JAB =13.5 Hz, JAX="7.2 Hz, Hp: JAp =13.5, JBX=
6.9 Hz, Jallyl= 1.5), 3.24 and 3.43 (m, 2H, CH20H, HA: JAp =10.1 Hz, JAX=5.4 Hz, Hp: Jop =10.1,
JBX=9.1 Hz), 3.37 and 3.73 (two d, 4H, 2 x PhCH2, JAB=13.4 Hz), 5.35 (t, 1H, NCH=CH, Jgis = 10.5
Hz, Jyic = 10.0 Hz), 5.73 (dt, 1H, NCH=CH, Jjs = 10.8 Hz, Jyjc = 6.9 Hz, Jallyl = 0.6 Hz), 7.127.50 (m,
10H, 2 x Ph) 13C NMR & 16.8 (CH3), 34.8 (CHCH3), 49.6 (CH,N), 58.1 (PhCH?) 67.1 (CH,OH), 127.9,
137.1 (CH=CH), 126.9, 128.1, 129.1 and 138.6 (C6HS5).

Z-1-dibenzylamino-2-pentene-4-carboxylic acid (12)

The carboxylic acid 12 was obtained as a white foam in 75% yield (158 mg, 51 mmol) from the cis-alcohol 11
(200 mg, 0.68 mmol) by Jones' oxidation as described for the preparation of 20 (vide infra). 13C NMR § 17.1
(CH3), 39.2 (CHCH3), 48.9 (CH)N), 56.6 (PhCH2), 119.8 and 139.0 (CH=CH), 129.0, 129.5, 129.7 and
131.0 (CeHs), 175.8 (COOH)

(E)-1-tritylamino-3-penten-2-ol (13)

To a solution of of the amino alcohol 1 (1.11 g, 11.0 mmol) in CH2Cl2 (30 mL), TrCl (3.07 g, 11 mmol) and
Et3N (8 mL, 22 mmol) were added. The mixture was stirred for 1 8 at rt, followed by concentration under
reduced pressure. The residue was suspended in EtOAc and filtrated to remove Et3N-HCI. After column
chromatography (eluent EtOAc/hexanes/Et3N 1/9/0.005, v/v) 13 was obtained as a colorless oil in 79% yield
(2.99 g, 8.7 mmol). R¢ 0.48 (EtOAc/hexanes 1/1, v/v); 1H NMR (300 MHz) 8 1.65 (dd, 3H, CH3, Jyic =6.5
Hz, Jaj1y] = 1.2 Hz), 2.26 (d, 2H, CH2NH, Jyjc = 5.8 Hz), 4.11 (m, 1H, CHOH), 5.39 (m, 1H,
CH=CHCH3, Jirans = 15.3 Hz, Jyjc = 6.6 Hz, Jally1 = 1.6 Hz), 5.69 (m, 1H, CH=CHCH3 Jyraps = 15.3 Hz,
Jyic = 6.5 He, Jally1 = 1.1 Hz), 7.18-7.53 (m, 15H, (CeHs)3, Tr); I3C NMR § 17.7 (CH3), 49.4 (CHoNH),
72.2 (CHOH), 126.3 and 131.7 (CH=CH), 74.1, 127.8, 128.6, 145.7 (C(C6H5)3, T1).

(E)-1-tritylamino-3-penten-2-O-methylenetributyltin (14) :

After coevaporation twice with dry THF, the tritylated amino alcohol 13 (0.86 g, 2.5 mmol) was dissolved i

THF (15 mL). In a separate flask, a KH suspension (1.00 g, 20-25%, 5 mmol) was washed under Ar with
pentane (2 x 4 mL), to remove the mineral oil, followed by suspension in THF (5 mL) and addition to the
solution of 13. After stirring under Ar for 15 minutes at rt, Bu3SnCH2128 (1.62 g, 3.75 mmol) in THF (10
mL) was added. Stirring was continued for 1 h, after which the reaction mixture was poured in a saturated
NH4CI solution containing crushed ice. Organic and aqueous layers were separated and the aqueous layer was
extracted four times with ether. The combined organic layers were dried (MgSOj4), concentrated under reduced
pressure and the resulting yellow oil was chromatographed on silica gel (eluent: EtOAc/hexanes/Et3N
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1/9/0.005, v/v) to give the tin compound 14 as a colorless oil (1.31 g; 2.03 mmol, 82%). Rf 0.64
(EtOAc/hexanes, 1/1, v/v); 1H NMR & 1.64 (d, 3H, CH3, Jyjc = 6.5 Hz), 2.22 (d, 2H, CHpNH, Jjc = 5.8
Hz), 3.41 and 3.75 (two d, 2H, OCH2SnBu3, J = 9.7 Hz), 3.54 (m, 1H, NH), 4.13 (m, 1H, CHOH), 5.22
(8 lines, 1H, CH=CHCH3, Jirans = 13.3 Hz, Jyjc = 6.6 Hz, Jajiy] = 1.6 Hz), 5.60 (8 lines, 1H,
CH=CHCH3, Jirans = 15.3 Hz, Jyic = 6.5 Hz, Jallyl = 1.0 Hz), 7. 10—7 51 (m, 15H, (C6Hs)3, Tr); 13C
NMR & 8.9, 13.7, 27.2, 29.1 (C 's Bu), 17.8 (CH=CHCH3), 48.2 (CHaNH), 58.5 (OCH>SnBu3), 84.7
(CHOH), 129.1 and 130.6 (CH=CH), 70.4, 126.1, 127.7, 128.7, 146.3 (C(CeHs)3, Tr).

E-1-aminotrityl-2-hydroxymethyl-3-pentene (15)

The [1,2]-product was synthesized analogous to the preparation of the [2,3]-products 16 and 17 (vide infra)
and obtained in 40% yield as a colorless oil. However, THF was used to dissolve the tin derivative 14 (1.71 g,
1.81 mmol). The reaction mixture was cooled with pentane and liquid N2 at -70 to -100 0C. The temperature at
which the Wittig-Still rearrangement is carried out is less critical than is the case for the preparation of the [2,3]-
products 16 and 17. R¢ 0.89 (EtOAc/hexanes, 1/1, v/v), lH NMR (300 MHz) § 1.65 (d, 3H, CH3, J = 6.4
Hz), 2.09 (broad, 1H, OH) 2.26 (m ,2H, NCH3»), 3.21 (d, 2H, CH20H, J = 4.0 Hz), 3.59 (6 lines, 1H, CH,
Jyic = 1.6 Hz, Jyic = 7.9 Hz, Jjc = 5.2 H2), 5.25 (m, 1H, CH=CHCH3, Jirans = 15.3 Hz, Jyic = 8.1 He,
Jallyl = 1.7 Hz), 5.64 (m, 1H, CH=CHCH3, Jirans = 15.3 Hz, Jyjc = 6.5 Hz), 7.13-7.57 (m, 15H, (CeH5)3,
Tr), 13C NMR 8 17.7 (CH3), 48.1 (CH3N), 55.9 (CH), 70.5 (CH2OH), 82.3 (CH), 128.9 and 130.1
(CH=CH), 126.1, 127.7, 128.7, 146.2 (C(CgHj5)3, Tr).

E-1-aminotrityl-4-methyl-2-penten-5-ol (16), Z-1-aminotrityl-4-methyl-2-penten-5-ol (17)

The tin derivative 14 (0.65 g; 1 mmol) was coevaporated three times with THF (3 x 10 mL) and dissolved in
dry hexanes (13 mL). BuLi (1.6 N, 2 mmol; 1.25 mL) was added at -100 0C (pentane and liquid N7), under
Ar. The yellow- or red-colored reaction mixture was allowed to reach rt in the cooling bath and stirring was
continued for 1 h. The mixture was quenched with saturated NH4Cl solution (20 mL) containing crushed ice.
The aqueous layer was extracted four times with ether. The combined organic layers were dried (MgSO4),
concentrated under reduced pressure and the resulting yellow oil was chromatographed using a gradient of
ether/pet-ether (0/1 to 1/1, v/v), to give the [2,3]-trans-product 16 (0.161 g, 0.45 mmol, white solid) and the
[2,3]-cis-product 17 (0.090 g, 0.25 mmol, light-yellow oil) in 45% and 25% yield respectively. In addition,
6% (0.021 g, 0.06 mmol) of the [1,2]-product (vide supra) was isolated.

16: Ry 0.60 (EtOAc/hexanes, 1/1, v/v); 1H NMR (300 MHz) § 0.97 (d, 3H, CH3, J = 6.8 Hz), 1.78 (broad,
OH), 2.38 (7 lines , 1H, CHCH3, JC=CH = 7.5 Hz, JcH3 = 6.8 Hz, JcH2 = 6.7 Hz), 2.73 (dd, 2H,
CH2N, Jyjc = 5.8 Hz, Ja)1y] = 1.1 Hz), 3.39 (m, 2H, CH20H JAB = 10.5 Hz, JAX = 5.7 Hz, JBX = 74
Hz), 5.42 (12 lines, 1H, CH2CH CH, Jirans = 15.5 Hz, Jyjc = 7.6 Hz, Jajly) = 1.5 Hz, ), 5.67 (12 lines,
1H, CH2CH=CH, Jirans = 15.5 Hz, Jyic = 5.8 Hz, Jan1y] = 0.9 Hz), 7.13-7. 49 (m, 15H, (CeHs)3, Tr); 13C
NMR § 16.4 (CH3), 39.4 (CHCH3), 45.9 (CH2NH), 67.1 (CHROH), 130.1 and 133.3 (CH=CH), 70.8,

126.2, 127.7, 128.5, 145.9 (C(CeHs)3, Tr); PDMS: m/z 357.3.

17: Rf 0.65 (EtOAc/hexanes, 1/1, v/v); IH NMR (300 MHz) 5 0.82 (d, 3H, CH3, J = 6.8 Hz), 1.90 (broad,
OH), 2.33 (24 lines, 1H, CHCH3, JCH =10.3 Hz, JCH3 = 6.7 Hz, JCH2 =6.4 Hz), 2.81 (16 lines, 2H,
NCHj, JAB = 12.7 Hz, Jox=JBX = 7.1 Hz, Jally] = 1.3 Hz), 3.29 (8 lines, 2H, CH20H, JAB = 10.4 Hz,
JAX = 5.4 Hz, JBX = 8.5 Hz, ), 5.22 (9 lines, 1H, CH2CH=CH. J¢js = 10.7 Hz, Jyjc = 10.3 Hz, Jqj1y) = 1.3
Hz, ), 5.68 (12 lines, 1H, CH2CH=CH, J¢js = 10.7 Hz, Jyjc = 7.3 Hz, Jajjy] = 0.6 Hz), 7.14-7.50 (m, 15H,
CeHs)3, Tn), 13C NMR § 17.0 (CH3), 34.9 (CHCH3), 40.6 (CH2N), 67.2 (CH2OH), 129.5, 134.9
(CH=CH) 71.1, 126.3, 127.8, 128.6, 145.8 (C(C6Hs)3, Tr); PDMS: m/z 357.2.

E-1-amino-(Cbz-Phe)-4-methyl-2-penten-5-ol (19)
The [2,3]-trans-product 16 (0.36 g, 1.0 mmol) was detritylated in a 10% solution of TFA in CH2Cl2 (20 mL)
by stirring for 30 min at rt. Subsequently, the solvent was evaporated and the residue coevaporated twice with
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ether (10 mL).The TFA-salt was then dissolved in 10 mL MeOH/water (1/1, v/v) and 2mL Et20. The free
amine 18 was obtained after adding excess DowexR (OH- form) followed by filtration and evaporation, as a
colorless oil, which was used withhout further purification. After coevaporation with THF 18 was dissolved in
DMF (2 mL). A solution of dry Cbz-Phe-OH (0.30 g, 1.0 mmol) in THF (1 mL) was cooled to -15 oC and
neutralized with N-methylmorpholine; isobutylchloroformate (0.14 mg, 130 mL, 1.0 mmol) was added,
followed by addition of the DMF solution of 18. The reaction mixture was stirred for 2 h at rt, filtrated and
concentrated under reduced pressure using the oilpump to remove DMF. The resulting oil was redissolved in
EtOAc. The solution was washed with 1 N KHSO4, 5% NaHCO3, brine and dried (MgSOy4). After
evaporation and gel filtration over Sephadex LH-20 (eluent: MeOH/H;0 1/1, v/v) 19 was obtained as a white
solid in 55% yield (0.259 g, 0.65 mmol). IH NMR & 0.94 (d, 3H CH3, J = 6.8 Hz), 2.28 (m, 1H, CHCH3, J
= 6.3 Hz), 2.34 (s, 1H, OH), 3.05 (m, 2H, CH»Phe), 3.35 and 3.46 (12 lines, 2H, CHpOH , Jog = 10.6
Hz, JAX = 7.5 Hz, JBX = 5.4 Hz, Jallyl = 1.5 Hz), 3.72 (t, 2H, NCH3, J = 5.2 Hz), 4.39 (m, 1H,
CHCH3Ph), 5.02 and 5.07 (two d, 2H, OCHj, Cbz, J = 12.3 Hz) 5.35 (m, 2H, CH=CH), 5.60 (d, 1H,
NHPhe, J = 7.8 Hz), 6.17 (s, 1H, NH), 7.17-7.38 (m, 10H, Ph(Phe), Ph(Cbz)); 13C NMR 5 16.1 (CH3),
38.7 (CHyPhe), 38.9 (CHCH3), 41.2 (CH3N), 56.2 (CHCH;Phe), 66.8 (CH7OH and CH,0C(0)), 125.7-
135.4 and 136.0, 136.4 (CH=CH and CgH5), 156.0 (C=0, Cbz), 170.9 (C=0, amide).

Cbz-Phe-Glyy[E-CH=CH]-(R,S)Ala-OH (20)

To a cooled (0 ©C) solution of the alcohol 19 (405 mg, 1.02 mmol) in acetone (5 mL, distilled from KMnQy),
Jones' reagent (2.8 M Cr03)29 1.33 mL (3.6 mmol) was added. The reaction mixture was stirred for 0.5 h at 0
0C, and an additional 3.5 h at rt. Excess Jones' reagent was destroyed by addition of i-PrOH (5 mL), followed
by stirring for 0.5 h. After evaporation, water (2.5 mL) and EtOAc (10 mL) were added. The aqueous layer was
extracted with EtOAc (4 x 10 mL) and the combined organic layers were washed with brine (2.5 mL), dried
(Mg804), and evaporated to dryness. The resulting solid was purified by gel filtration over Sephadex LH-20
(eluent MeOH/HO 85/15, v/v) yielding 0.131 g (0.35 mmol; 35%) of the acid 20 (white solid). 1H NMR &
1.23 (d, 3H, CH3, J = 6.9 Hz), 3.04 (m, 3H, CHCH,Ph and CHCH3), 3.76 (m, NCH>), 4.34 (t, 1H,
CHCH2Ph, J = 5.3 Hz), 5.04 and 5.08 (two d, 2H, OCHj, Cbz, J = 12.3 Hz), 5.41 (dt, 1H, CH=CH, Jirans
= 15.3 Hz, Jyjc = 5.6 Hz), 5.58 (dd, 1H, CH=CH, Jirans = 15.3 Hz, Jyjc = 6.8 Hz), 7.16-7.36 (m, 10H,
Ph(Phe), Ph (Cbz)); 13C NMR 5 16.9 (CH), 38.7 (CH7Phe), 41.0 (CH2N), 42.6 (CH3CH), 56.3
(CHCH7Ph), 66.8 (CH,0C(0)), 125.9-129.2, 131.8 and 136.5 (CH=CH, CgHs), 156.1 (C=0, Cbz), 171.4
(C=0, amide), 178.7 (C=0, acid); PDMS of the corresponding methylester, obtained by treatment with
diazomethane: m/z 425.3.

N-tritylphenylalaninemethylester (21)

HCI-H-Phe-OMe was prepared using SOC12/MeOH30. The trityl group was introduced and purification of 21
was carried out as described for 13 (vide supra) to yield 17.57 g of a white solid (41.7 mmol, 92%) after
column chromatography (eluent). Rg 0.61 (EtOAc/hexanes 1/3, viv);lH NMR 5 2.85 (s, 1H, NH), 2.85-3.02
(8 lines, Jyjc = 6.3 Hz, 2H, CH)Ph), 3.02 (s, 3H, CH3), 3.55 (t, 1H, CH, J = 6.8 Hz), 7.08-7.42 (m, 20H,
Ph, Tr); 13C NMR §42.2 (CHPh), 51.0 (OCH3), 58.2 (CHPh), 70.8, 126.1, 129.7, 137.3, 145.7 (aromatic
C's), 174.7 (C=0).

N-tritylphenylalaninal (22)

To a cooled (-78 0C) solution of Tr-Phe-OMe 21 (15.22 g; 36.2 mmol) in toluene (75 mL) under an argon
atmosphere, was added a 1.0 M solution of DIBALH in hexane (72.3 mL) over a period of 30 min. After
additional stirring for 0.5 h the mixture was quenched with MeOH (7 mL) followed by addition of 1 M
Rochelle’s salt solution (100 mL) and ether (50 mL). Organic and aqueous layers were separated and the
aqueous layer was extracted three times with ether. Combined organic layers were dried (MgSO4) and
evaporated. The resulting oil was chromatographed on silica gel (eluent: EtOAc/hexanes/Et3N 1/9/0.003, v/v) to
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give 13.79 g of N-tritylphenylalaninol (35.1 mmol; 97%) as a colorless oil. Rg 0.49 (EtOAc/hexanes 1/9
v/v);1H NMR § 2.21 (s, 2H, OH and NH), 2.45 and 2.64 (8 lines, 2H, CHPh JAB = 13.0 Hz, Jox=4.7
Hz, JBX = 9.1 Hz, ), 2.93 (m, 1H, CH), 2.99 and 3.23 (8 lines, 2H, CH2OH, JAB= 10.6 Hz, JAX = 4.1
Hz, Jgx = 2.5 Hz), 7.05-7.72 (m, 20H, Ph, Tr); 13C NMR : § 39.0 (CH,Ph), 55.3 (CHCH,Ph), 62.2
(CH>OR), 71.1, 125.9-129.3, 139.0, 146.5 (aromatic C's).

Oxidation of the thus obtained N-tritylphenylalaninol (9.75 g; 24.8 mmol) to the aldehyde 22 was carried out by
the method of Swern31 using oxalylchloride and DMSO. The aldehyde 22 was obtained as a colorless oil,
which slowly crystallizes, and used without further purification. R¢ 0.68 (EtOAc/hexanes 1/9 v/v); IHNMR:§
2.60 (4, 2H, CH,Phe, J = 6.7 Hz and s, 1H, NH), 3.44 (1, 1H, CHCH2Ph, J = 6.7 Hz), 6.97-7.28 (m, 20H,
Ph, Tr), 8.70 (s, 1H, CHO); 13C NMR & 38.5 (CHyPhe), 62.8 (CHCH2Ph), 70.8, 126.5-129.7, 136.6,
145.7 (aromatic C's), 202.8 (CHO); Anal Calcd for C28H25NO (391.52): C, 85.90; H, 6.44; N, 3.58. Found:
C, 85.41; H, 6.65; N, 3.63.

(28,3RS)-1-phenyl-2-aminotrityl-1-penten-3-ol (23)

Reaction of the aldehyde 22 with vinylmagnesiumbromide was carried out analogous to a procedure described
by Shue et al. 7n. To a cooled (-78 ©C) solution of the crude 22 (7.88 g, 20 mmol) in THF (100 mL) stirred
under Ar, 1 M vinylmagnesiumbromide in THF (80 mL) was added over a period of 15 min. The reaction
mixture was stored overnight at -20 0C, quenched with saturated NH4Cl solution (50 mL) containing crushed
ice and extracted with ether. After drying (MgSO4) and evaporation of the solvent, the resulting oil was
chromatographed (eluent EtOAc/hexanes/Et3N 1/9/0.005 v/v) yielding 7.31 g (overall yield starting from N-
tritylphenylalaninol: 17.4 mmol; 87%) of the adduct 23 as a non-separable mixture of diastereomers. R 0.60
(EtOAc/hexanes 1/9 v/v);lH NMR § 2.30-2.90 (m, 5H, OH, CHyPh and CHCH2Ph), 3.45 and 3.86 (s of
each diastereomer, 1H, CHOH), 5.08-5.40 (m, 3H, CH=CH and NH), 5.57 and 5.85 (8 lines of each
diastereomer, 1H, CH=CH3, Jitans = 17 Hz, Jis = 10 Hz, Jyic = 4 Hz), 6.77-7.57 (m, 20H, Ph, Tr); 13¢
NMR & 36.5 and 37.6 (CH,Ph), 59.0 (CHCH,Ph), 71.6 and 72.1 (CHOH), 115.5 and 115.6 (CH=CH3),
137.8 and 139.7 (CH=CH2), 70.4, 70.6, 125.9-129.3, 139.1, 139.3, 146.3, 146.5 (aromatic C's).

(28 ,3RS)-1-phenyl-2-aminotrityl-1-penten-3-O-methylenetributyltin (24)
The tin compound 24 was prepared from 23 (6.84 g, 16 mmol) as was described for the preparation of 14 and
obtained as a colorless oil in a yield of 76% after chromatography (eluent). Rg 0.75 (EtOAc/pet-ether 1/1 v/v); 8

13C NMR : § 8.9, 10.7, 13.7, 27.3, 29.2 (C's Bu), 38.4 (CH,Ph), 58.6 (CHCH,Ph), 59.2 (OCH2SnBu3),
85.6 (CHOCH2SnBu3), 118.1 (CH=CH>), 136.3 (CH=CHj), 70.6, 125.5-129.6, 140.9, 147.1 (aromatic
C's).

(25)-1-phenyl-2-aminotrityl-3-hexen-6-ol (25)

The Wittig-Still rearrangement of 24 (856 mg, 1.1 mmol)was carried out as described above for the preparation
of 16. However, stirring overnight was necessary for completion of the reaction and only the trans-produkt
could be isolated in 80% yield as a white solid after column chromatography using EtOAc/pet-ether (1/1 v/v) as
an eluent. Rg 0.21 (EtOAc/pet-ether 1/1 v/v); 1H NMR & 1.94 (dt, 2H, CH=CHCH3, Jyic = 6.2 Hz, Jallyl =
1.2 Hz), 2.30 and 2.48 (8 lines, 2H, CHaPh, JAB = 13.0 Hz, JAX = 8.4 Hz, JRX = 5.4 Hz), 3.16 (6 lines,
1H, CHCH2Ph, JAX = 5.4 Hz, JBX = 8.2 Hz), 3.26 and 3.33 (dt, 2H, CH2OH, JAB = 10.7 Hz, JAX = 6.2
Hz, IBX = 6.0 Hz), 4.78 (dt, 1H, CH=CH, Jirans = 15.5 Hz, Jyjc = 7.1 Hz), 5.19 (12 lines, 1H, CH=CH,
Jtrans = 15.5 Hz, Jyjc = 8.0 Hz, Jallyl = 1.3 Hz), 6.83-7.61 (m, 20H, Tr, Ph); 13C NMR 8 35.6 (CHaPh),
43.9 (CH=CHCHy), 57.2 (CHCH7Ph), 61.5 (CHoOH), 71.4, 125.5-129.5, 138.8, 146.6 (aromatic C's and
CH=CH), 136.7 (CH=CH).
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Cbz-Phe-Phey[E-CH=CH]-Glycinol (2T)

Analogous to the preparation of isostere 19, compound 25 (2.04 g; 4.7 mmol) was detritylated to afford the
amine 26 which was coupled without further purification to give 27 as a white solid in 41% yield. R¢ 0.70
(EtOAc); 1H NMR 3§ 1.58 (s, 1H, CHOH), 2.17 (4 lines, 2H, CH=CHCH3, Jyic = 5.0 Hz), 2.72 (7 lines,
2H, CHCH)Phe, JAR = 13.1 Hz, JoAx = Jgx = 6.0 Hz), 3.01 (7 lines, 2H, CHCH2Phe, JoAR = 14.0 Hz,
JaAx =72 Hz, Jgx = 6.0 Hz), 3.51 (4 lines, 2H, CH9OH, Jyjc =5.0 Hz), 4.30 (4 lines, 1H, CHCH2Phe),
4.82 (5 lines, 1H, CHCH»Phe), 5.08 (s, 2H, CH20C(0)), 5.23 (m, 3H, NH and CH=CH), 5.59 (d, 1H,
NH, Jyic = 7.8 Hz), 7.02-7.36 (m, 15H, Ph(Phe), Cbz); 13C NMR 8§ 35.6 and 38.5 (2 x CH,Phe), 41.1
(CH=CHCH>), 52.1 and 56.5 (2 x CHCH>Phe), 61.4 (CH,OH), 67.1 (CH,OC(0)), 126.6 and 131.8
(CH=CH), 127.0-129.3, 135.8, 136.3, 137.0 (CgHs), 155.8 (C=0, Cbz), 169.8 (C=0, amide).

Cbz-Phe-Phey{E-CH=CH]-Gly-OH(28)

Alcohol 27 (421 mg, 0.88 mmol) was oxidized to the corresponding carboxylic acid according to the procedure
described for the preparation of compound 20. Gel filtration using MeOH/CH2Cl2 (1/1, v/v) as an eluent
yielded 28 (291 mg, 0.60 mmol, 68%) as a white solid. Rf 0,42 (EtOAc); IH NMR (300 MHz) 6 2.77 (m,
3H, CH»Ph and CHHPh(Phe)), 2.95 (4 lines, 3H, CH=CHCH, and CHHPh(Phe)), 4.31 (3 lines, 1H,
CHCHPh(Phe)), 4.54 (4 lines, 1H, CHCH»Ph), 5.03 (s, 2H, CH20OC(0)), 5.34 (5 lines, 1H, CH=CHCH,,
Jtrans = 15.8 Hz, Jyic = 6.5 Hz), 5.44 (dd, 1H, CH=CHCH3, Jizans = 15.7 Hz, Jyjc = 5.5 Hz), 7.08-7.36
(m, 15H, Ph); 13C NMR & 38.3 and 39.5 (CH,Ph, CHoPh(Phe)), 41.9 (CH=CHCH3), 53.2 and 58.0
(CHCH,Ph, CHCH»Ph(Phe)), 67.6 (CH,OC(0)), 124.7, 133.8 (CH=CH), 127.3-130.5, 138.2, 139.1
(CgHs), 157.8 (C=0, Cbz), 167.6 (C=0, Phe), 172.9 (C=0, Gly); PDMS: m/z 487.7 (M+H)+.

Acknowledgement. We wish to thank Ms A H. van Oijen and Mr. F. Lefeber for recording many (2D)
NMR-spectra, Mr. P.A. van Veelen for recording plasma desorption mass spectra (PDMS) and professor J.H.
van Boom for financial support.

References and Notes

1. Spatola, A.F. in: Chemistry and Biochemistry of Amino Acids, Peptides and Proteins,. Weinstein, B.
Ed.; Marcel Dekker, New York 1983 vol. 7 p. 267-357, and e.g. in the design of HIV-protease
inhibitors: Dreyer, G.B; Metcalf, B.W.; Tomaszek Jr., T.A.; Carr,T.J.; Chandler III, A.C.; Hyland, L.;
Fakhoury, S.A.; Magaard, V.W.; Moore, M.L.; Strickler, J.E.; Debouck, C.; Meek, T.D. Proc. Natl.
Acad. Sci. USA, 1989, 86, 9752.

2. e.g. Tourwé, D.; Jaspers, H.; Van Binst, G.; Borea, P.A.; Ucelli, L.;Salvadori, S. in: Peptides, Proc.
215t European Peptide Symposium 1990, Giralt, E.; Andreu, D. Eds; ESCOM Leiden 1991 p. 385-386.

3. Rich, D.H. in: Proteinase Inhibitors, Barrett , A J.; Salvesen, G. Eds.; Elsevier, New York 1986; p. 179-
217; Agarwal, N.S.; Rich, D.H. J. Med. Chem. 1986, 29, 2519-2524.

4. Janda, K.D.; Schloeder, D.; Benkovic, S.J.; Lerner, R.A. Science 1988, 241, 1188-1191; Iverson,
B.L; Lerner, R.A. Science 1989, 243, 1184-1188.

5. Hann, M.M.,; Sammes, P.G.; Kennewell, P.D.; Taylor, J.B. J.C.S. Chem. Comm. 1980, 234-235;
ibid. J.C.S. Perkin I, 1982, 307-314.

6. Cox, M.T.; Heaton, D.W.; Horbury, J. J.C.S. Chem Comm. 1980, 799-800; Cox, M.T.; Gormley,
1.1.; Hayward, C.F.; Petter, N.N. ibid. 1980, 800-802.

7. a. Johnson, R.L. J. Med. Chem. 1984, 27, 1351-1354; b. Miles, N.J.; Sammes, P.G.; Kennewell ,
P.D.; Westwood, R. J. Chem. Soc. Perkin I, 1985, 2299-2305; c. Allan, R.D.; Dickenson, HW.;
Johnston, G.A.R.; Kazlauskas, R.; Tran, HW. Aust. J. Chem. 1985, 38, 1651-1656; d. Spaltenstein,
A.; Carpino, P.A.; Miyake, F.; Hopkins, P.B. Tetrahedron Lett. 1986, 27, 2095-2098; e. ibid. J. Org.
Chem. 1987, 52, 3759-3766; f. Shue, Y-K.; Carrera Jr, G.M.; Nadzan, A M. Tetrahedron Lett., 1987,
28, 3225-3228; g. Shue, Y-K.; Tufano, M.D.; Nadzan, A.M. ibid., 1988, 29, 4041-4044; h. Lehman



6438

10.
11.
12.

13.
14.

15.
16.
17.
18.

19.

20.

21.
22
23.

24.
25.

26.
27.
28.

29.
30.
31.

K. M. BoL and R. M. J. Liskamp

de Gaeta, L.S.; Czarniecki, M. J. Org. Chem. 1989, 54, 4004-4005; i. Whitesell, J.K.; Lawrence, R.M.
Chirality 1989, 1, 89-91; j. Kaltenbronn, J.S.; Hudspeth, J.P.; Lunney, E.A.; Michniewicz, B.M.;
Nicolaides, E.D. Repine, J.T.; Roark, W.H.; Stier, M.A.; Tinney, F.J.; Woo, P.K.W.; Essenbrug, A.D.
J. Med. Chem. 1990, 33, 838-845; k. Ibuka, T.; Habashita, H.; Funakoshi, S.; Fujii, N.; Oguchi, Y.;
Uyehara, T. ; Yamamoto, Y. Angew. Chem. Int. Ed. Engl. 1990, 29, 801-803; 1. Allmendinger, T.;
Furet, P. ; Hungerbiihler, E. Tetrahedron Lett. 1990, 31, 7297-7300; m. Allmendinger, T.; Felder, E.;
Hungerbiihler, E. ibid. 1990, 31, 7301-7304; n. Shue, Y-K.; Carrera Jr., G.M.; Tufano, M.D;
Nadzan, A.M. J. Org. Chem. 1991, 56, 2107-2111.

Especially interesting is the isosteric replacement of the amide bond by a fluoro olefin (CF=CH) which,
upon incorporation, led to very potent substance P analogues; see references 71 and 7m.

Moree, W.J.; van der Marel, G.A.; Liskamp, R.M.J. Tetrahedron Lett., 1991, 32, 409-412; ibid.
manuscript in preparation

Bol, K.M.; Liskamp, RM.J. Tetrahedron letr. 1991, 32, 5401-5404

For a review see e.g. Nakai, T.; Mikami, K Chem. Rev. 1986, 86, 885-902.

Recently7i, a [3,3]-Claisen rearrangement was used to shift the double bond to the desired location in the
preparation of Ala-Ala isosteres. However this approach suffers from the disadvantage that a carbon atom
has to be removed before the carboxyl function is obtained.

This work will be reported in due course.

Still, W.C.; Mitra, A. J. Am. Chem. Soc. 1978, 100, 1927-1928; Still, W.C.; McDonald, III, J.H.;
Collum, D.B.; Mitra, A. Tetrahedron Lett. 1979, 593-594.

The Wittig rearrangement of Stili14 is referred to as the Wittig-Still rearrangement: reference 19.

Mori, K.; Kuwahara, S. Tetrahedron, 1982, 38, 521-525.

Balestra, M.; Kallmerten, J. Tetrahedron Lett. 1988, 29, 6901-6904.

Briickner, R.; Chem. Ber. 1989, 122, 703-710; Briickner, R.; Peiseler, B. Tetrahedron Lett. 1988, 29,
5233-5236 .

Kruse, B.; Briickner, R. Tetrahedron Lert. 1990, 31, 4425-4428; Priepke, H.; Briickner, R. Chem. Ber.
1990, 123, 153-168; Priepke, H.; Briickner, R.; Harms, K. ibid. 1990, 123, 555-563; Scheuplein,
S.W.; Kusche, A.; Briickner, R.; Harms, K. ibid. 1990, 123, 917-925.

In the classical and many derived [2,3]-Wittig rearrangements the carbanion is stabilized by e.g. a Ph, CN
or ester functionality, see reference 11.

Evans, D.A.; Carroll, G.L.; Truesdale, LK. J. Org. Chem. 1974, 39, 914-917.

Knapp, S.; Hale, J.J.; Bastos, M.; Gibson, F.S. Tetrahedron Lert. 1990, 31, 2109-2112.

In order to obtain a high trans/cis ratio and to minimize the [1,2]-rearrangement it is important to keep the
temperature as low as possible, avoiding solidification of the reaction mixture. The trans/cis ratio varied
from 1.2/1 to 1.8/1 and was generally higher when the reaction was carried out on a smaller scale.
Invariably more of the cis product was found using THF as the solvent: the trans/cis ratio varied from
0.7/1 10 0.9/1.

Merck Index, 11th edition, Merck & Co, Rathway NJ, USA, 1989 p.1398

In contrast to N-Boc or N-Cbz protected amino acid esters (see e.g. ref. Tn and Jurczak, J.; Golebiowski,
A. Chem. Rev. 1989, 89, 149-164), it was not possible to obtain N-Tr-phenylalaninal directly by
reduction of the ester 21 with DIBALH

Brussee, J. personal communication (1991)

Velluz, L.; Amiard, G.; Heymes, R. Bull. Soc. Chim. France, 1954, 1012-1015

Seyferth, D.; Andrews, S.B. J. Organomet. Chem. 1971, 30, 151-166; Still, W.C. J. Amer. Chem.
Soc. 1978, 100, 1481-1487

Fieser, L.F.; Fieser, M. Reagents for Organic Synthesis, 1, Wiley: New York, 1967; p 142
Houben-Weyl, Methoden der Organischen Chemie, 15/1; Georg Thieme Verlag: Stuttgart, 1974; p 317
Mancuso, A.J.; Swern, D. Synthesis 1981, 165-184



