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Stereocontrol During the Form: twu f 2-C Mono-Arylated

Abstract

When treated with anisaldehyde dimcthylacetal the O-benzyl ester protected dipeptide Fmoc-NMelle-
Thr-OBzl (2, cf. Scheme 3), cyclizes to the 2-C(S) epimer 3b assigned by NMR spectroscopy to chirality

SO PR A D St
(R) at the 2-C position of the resulting substituted 1,3-oxazolidine (¥Pro) unit, WIS it the acetalization

of the corresponding O-methylester Fmoc-NMelle-Thr-OMe (6), the 2-C(S) epimer 7a is predominantly
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formed stereoselectlvely and in quantitative yield. The course ‘of the reaction can be rationalized by
aromatic stacking interactions mvolvmg the benzyl ester and aryl ether groups in a transition state close to
a product struciure of (R) chirality, whereas the lack ot such interactions in the case of the methyl ester

can be used to direct the acetalization towards the 2-C(S) epimer. © 1998 Eisevier Science Ltd. All rights reserved.

Keywords: Acetals; Peptide analogues/mimetics; Substituent effects; Stereocontrol.
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10S imp0r tant processes, mod del com mpounas have been d aeblgnea
for mimicking or enhancing the native effects of Pro [4]. We have recently introduced a
class of Pro mimics referred to as pseudo-prolines (¥Pro, ¢f. Scheme I) [5]. Their use as
a tool to prevent secondary structure formation and self-aggregation of the growing
peptide chain during solid phase peptide synthesis (SPPS) [6] or as inducer of cis imide
bonds into peptide backbones has been demonstrated extensively [7].

From a rather synthetical methodological point of view, pseudo-prolines are
commonly used in peptide chemistry as orthogonal hydroxyl and thiol protection
technique for Cys, Thr and Ser. Whereas Cys-derived thiazolidines are stable to be
isolated as a monomeric building block, Thr- and Ser-derived oxazolidines are in
equilibrium with the open ring form and must be synthesized by the so called post-
insertion route via dipeptides. This way of synthesis is complicated by the formation of
epimeric mixtures upon condensation of aldehydes with Ser/Thr containing dipeptides.
Here, we study the mechanism of the stereocontrolled insertion of arylaldehydes into
dipeptides.

0040-4020/99/$ - see front matter © 1998 Elsevier Science Ltd. All rights reserved.
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Pseudo-prolines [Xaa(*¥Pro)] : Xaa = serine (X = O, R = H) and threonine (X = O, R = CH3) derived oxazolidines;
Xaa = cysteine (X = S, R = H) derived thiazolidines.

Scheme 1

The ready synthetic access of WPro derivatives allows for the preparation of a
variety of 2-C substituted Pro surrogates exhibiting novel structural and chemical features.
For example, by condensation of aldehydes to the a-NH> and the nucleophilic function of
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the side chain (i.e. hydroxyl or sulfhydryl; see Scheme 1), two diastereomers 2-C(R) and

2- (‘(S‘\ are obtained. However, this occurrence

are obtained. Ho , this e of epimers clearly was undesired in the
first instance, since it required their separatlnp by reversed phase HPLC. In our efforts to
understand the stereomechanism of these effects, we found that by using benzyl esters
(Bzl) as the carboxyl protection group for Thr and Ser, a thermodynamically controlled
course of the reaction leads quantitatively to one single isomer, the 2-C(R) epimer
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LC profile of the reaction of Fmoc-NMelle-Thr-OBzI (2, r, = 16.7 min) with anisaldehyde dimethylacetal in THF.
a) after 1h/66°C, h\ after 1h/66°(‘ ('\ after Th/66°C. Gradient: 50-100% R I'arpmmmlp/wafw 90:10, 0.09 % TFA]

whereas A [water containing 0. 09 % TFA]; 20 min; C 4. The 2-C(R) epimer 3b is eluted ca. 1 min. after the 2- C(S)-
epimer 3a, in chromatogram ¢ at r, = 23.52 min (cf. arrows). The stereochemical assignment is carried out on the
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level of the isolated and UCpl’O\CLWU amino acids \"Hl/ “ID ¢f. Scheme 6 and €xXp. pdl'[ ).

Scheme 2
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After one hour reaction time (Scheme 2a), two peaks of identical mass and intensity are
detected, corresponding to the 2-C stereoisomers. In the course of the reaction, one
epimer continuously transforms into the second one; after seven hours (c), the reaction
carried out at 66°C is completed to virtually one single stereoisomer, designated as 2-
C(R). Interestingly, at room temperature, a preference for the 2-C(S) epimer is
observed; however, in this case the reaction proceeds very slowly and stops at 5-10% of

product formation (Scheme 3).
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Fmoc-NMelle-2-(8)-4-(R)-(1,3)oxazolidine 4a

Thermodynamic versus kinctic control of the post-insertion of anisaldehyde dimethylacetal into Fmoc-NMelle-Thr-
OBzl (2) under acidic conditions. In the 2-C(S) derivative 3a (leff),
while in the 2-C(R) epimer 3b, it is cis (right).
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Fmoc-NMelie-2-(R)-4-(A)-(1,3)oxazolidine 4b

the 2-C substituent is trans to Cy-COOBzl,

N
W

These observations are consistent with an acid catalyzed ring opening mechanism as
depicted in Scheme 4[8]. In a first step, the kinetically controlied stereoisomer 2-C(S) 3a
is formed[9]. The acid (PPTS) catalyzed opening of the intermediate oxazolidine allows
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Proposed mechanism for the epimerization reaction at 2-C during the posi-insertion reaction of Fmoc-NMelle-Thr-
OBzl (2, cf. Scheme 3) with anisaldehyde dimethylacetal. A favourable aromatic stacking interaction between the two
aromatic rings drives the equilibrium towards the 2-C(R) epimer 3b.

Scheme 4

In order to exclude side chain effects arising from the steric propensity of the amino acid
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side chains, the insertion reaction was applied to the dipeptide Fmoc-V
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(Table 1). The above r sults on the stereocontrol of the reaction were fully confirmed.
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, the reaction does not proceed if toluene is used as solvent i
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. This finding is most probably due to a solvent effect; however,
it is somewhat surprising that no reaction at all occurs. The described intramolecular
stacking interactions are expected to be counteracted by stacking with aromatic solvents,
i.e. toluene, and hence the stereoselectivity to be lost by reaction in such a solvent.
However, a kinetically driven reaction product may emerge all the same, and the
observed stereoselectivity might therefore be reduced to a solvent effect and not
inherently correlated to the structure of the reactant. To verify this mechanism, the
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t the 2-C(S) epimer 4a occurred after boiling for 7 hours at 66 °C in THF
cheme 5); further continuation of heating under reflux during 16 h did not change the
ratio (K):(S) substantially, as detected by reversed phase HPLC (see Table 1).

MeO
K - 1) Anisaldehyde dimsthylacetal (5 eq) ==
T PPTS 10 3 oq) LNy
\Ueo N\/4
me-N/K/ H‘\/’ COOCHg THF/66°C/8RI » L o % (S)
g 2) LIOH (3.5 eq) 1 =9
< ou THF/MHo0 Fmoc-u/\r Ny
! (0] COOH
° 4a

Scheme 5

s}

solvent dependence of the post-insertion reaction 1ndependent of the C-terminal

protecting group.

Table 1. Stereocontrol During the Formation of 2-C Monoarylated ‘¥ Pro Containing Dipeptide Derivatives.

dipeptide dimethylacetal solvent temperature (R (SY(R)
[°C] [1h] [7h]
Fmoc-NMeiie-Thr-OBzi (3) anisaldehyde THF 66 50:50 2:98
toluene 80 n.r. n.r.
Fmoc-NMelle-Thr-OMe (6) anisaldehyde THF 66 95:5 92:8
toluene 80 n.r. nr.

Fmoc-Val-Ser-OBzl (5) anisaldehyde THF 66 30:70 10:90
toluene 80 n.r n.r.

“(S)/(R) ratios were determined by integration of their absorption in the HPLC (cf. Scheme 1). (S) and (R) designates 2-C of
WPro (see Scheme 3). Legend: n.r. is no reaction. THF is tetrahydrofuran.
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interactions between the two aromatic ring systems p-methoxy-phenyl at 2-C of ¥Pro
and the benzyl (Bzl) protection group of the carboxyl moiety of Thr (Scheme 6).
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Molecular modelling shows the thermodynamic preference of the cis-p-methoxy-phenyl [2-C(R), left] over the trans

[2-C(S), right] isomer due to aromatic stacking interactions inherently present in the cis-diastereoisomer.

Scheme 6
A % AR W - w
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methylester as the carboxyl protecting group
The stereochemistry of the 2-C position was determined on the basis of ROE cross peaks
between the 2-C proton of the WPro ring and the Cy-proton of the WPro derived amino

resonances of the ortho-protons of the p-methoxyphenyl (pmp) ring. Importantly, the

corresponding cross peaks are missing in the case of the 2-C(S) epimer 4a.
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Expanded region of the 2D 'H NMR ROESY spectrum of Fmoc-NMelle-Thr(‘¥ H,pm Ppro)-OH (4) showing the

assignment of the stereochemistry of 2-C(R) epimer 4b by a cross peak (circled) between C H-Thr (4.27 ppm) and 2-
CH-'¥Pro (6.73ppm), further the B-Thr (circled) and the ortho-protons of para-methoxy-phenyl (o-pmp, 7.55 ppm).

Scheme 7

In conclusion, using the model peptides Fmoc-NMelle-Thr-OBzI
Thr-OMe (6), we have shown that a stereocontrol of the post-inse

po .
achieved by appropriate choice of the carboxyl-protecting group to form either 2-C(S)-
(4a) or 2-C(R)-Fmoc-NMelle-Thr(¥"P™Ppro)-OH (4b) with nearly quantitative stereo-
selectivity. The initial predominant formation of the 2-C(S) oxazolidine 3a suggests an
;Dnmnr;vnf;!\ﬂ mo/\‘nnr\;om ;n‘ynlvnnn arid pratalurad rimo Amosmimo neard wanlamiiea 4~ +lana
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thermodynamically more stable 2-C(R) isomer 3b. Due to the presence of two aromatic
ring systems in close spatial proximity, a favourable aromatic stacking interaction shifts
the eqq t th 3b. This finding is of utmost relevance for

he equilibrium towards the 2
post-insertions using aromatic
containing peptides.

the stereoselective formation of ¥Pro

Experimental

Materials.  Reagents and solvents were purchased from Fluka (Buchs,
Switzerland) and used without further purification. HPLC was performed on Waters
equipment using columns packed with Vydac Nucleosil 300A 5 ym C, 13 particles unless
otherwise stated. Analytical columns (250 x 4.6 mm) were operated at 1 mL/min and

r_f_ap;_u';_it__e columns (2 0 x 21 mm) at 18 mL/min, with UV mnmmrma at 214 nm.

o
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Solvent A is water (purified on a Milli Q Ion exchange cartridge) containing 0.09% TFA,
and solvent B is acetonitrile HPLC-R (containing 10% water and 0.09% TFA), purchased
from Biosolve, Valkenswaard, Netherlands. Mass spectra were obtained by electron spray
ionization (ESI-MS) on a Finnigan LC 710. 'H NMR spectra were obtained on a Bruker
DPX-400 with trimethylsilane as internal standard for intermediate compounds.
Abbreviations were used as followed: NMM = N-methylmorpholine, THF =
tetrahydrofuran, DCM = dichloromethane, DMSO-d; = dimethylsulfoxyde deuterated,
DMF = dimethylformamide, PPTS = pyridinium-para-toluene-sulfonic acid. The synthesis
of compound 5 and a detailed 'H NMR analysis is described in reference 4.

Fmoc-NMelle-OH (1)
C,,H,sNO, =367 4 H-NMelle-OH (l1g, 7 mmol) was dissolved in a solution of
sodium carbonate (10%, 8.5 mL) before addition of Fmoc-OSu (2g, 7 mmol) in dioxane
(14 mL). After 3 h reaction time, water (20 mL) was added and the aqueous phase
extracted with ether (50 mL, 2x). The aqu

1., J

ay 3

hydrochloric acid (2N) to give a heavy precipitate, which was extracted with ethyl acetate

(50 mL, 4x). The organic layers were unified and dried over sodium sulfate. Purification

of the product was carried out by flash chromatography (eluent: ethyl acetate/ MeOH =
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C43HqN,O4 = 558.7 To Fmoc-NMelle-OH (1, 735 mg, 2 mmol) was added

pentafiuorophenol (405 mg, 1.1 equiv) and dicyclohexylcarbodiimide (454 mg, 1.1
equiv) in DCM (20 mL) and THF (20 mL) before stirring for 16 h. The white suspension
was filtrated over Celite and the solvent removed under vacuo. To this white solid, H-
Thr-OBzl hemioxalate (837 mg, 2 equiv) and NMM (463 mL, 2.1 equiv) in DMF (10
mL) was added and stirred for 16 h. The solvent was evaporated and ethyl acetate (50
mL) was added. The organic layer was washed with aqueous citric acid (50 mL 5%, 3x)
and water (50 mL, 3x) and dried over magnesium sulfate. Purification of the dipeptide
was effected by flash chromatography using CHCl3/MeOH/HOAc = 100/10/1 mL as
eluent. 436 mg (40%) of pure Fmoc-NMelle-Thr-OBzl (2) was obtained. MS-ESI (m/z):
559.7 [M+H]*, HPLC: 1; = 16.76 min, 50-100% B, Cis, single peak.

Fmoc-NMelle-Thr(¥P"?Hpro)-OBzl (3)
C4yHuN,O, = 676.8 50 mg (0.09 mmol) of the above synthesized dipeptide 2 was
i d

dissolved in THF (2 mL). PPTS (6.8 mg, 0.3 equiv) and anisaldehyde dimethylacetal (96
mL, 5 equiv) was added and heated under reflux for 7 h. Samples were taken after 1h, 3h
and 7h in order to follow the reaction. HPL.C: isomer 2-C(S) 3a- r; = 22 48 min. isomer

AV S A e AV RN AVIGLVE 4 Lidw LWwilAWw LIV A AL LN LOVARAINL b V\U} - 88, l[ st e L4 l‘-l-l‘-‘-, AJNLIAIAWA
2-C(R) 3b: r; = 23.47 min, 50-100% B, Ci8. Complete conversion to 2-C(R) 3b was
ctatad nftar 7 | Tha onlvant tne avranaratad and ranlarnad v athvul anstata 0 T ) and
stal€d aiter 7/ n. 1€ soiveill was evaporaied anda répiaCta oy Ciny: aCliaiC (Lvu Mo, anda
cxrachad cnileasmiimsemtlr xsrstb mrrirsasrie e Inminta N & ANA DN T 2w and wxrntasr DN
Wdasiicu Duubcquc lU._y WILil quCUUD DUUILUILLL LAalDuLalT (V.0 1vl, 4LV 111, OA) I walll (4v
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mL, 3x). The organic layer was dried over magnesium suifate, filtered and the solvent
removed under vacuo. To the slightly yellow oily residual was added methanol (100 mL),
before addition of ether (5 mL) to give oxazolidine 3b as a white precipitate, which was
collected on a glass filter and recrystallized from methanol (100 mL) / ether (5 mL).
HPLC: 23.52 min (95% purity). MS-ESI (m/z): 676.8 [M+H]".

Separation of the diastereomers: In a separate reaction, the same conditions as above
described were used, but the reaction was stopped after 1.5 h and the isomers separated
by means of reversed phase HPLC, using an isocratic mixture 40% A and 60% to obtain
20 mg of each epimer (3a and 3b) separately.

Fmoc-NMelle-Thr(¥YHP"Ppro)-OH (4)

C3sH3sN,O, = 586.7 Deblocking of the benzyl protecting group was achieved under
hydrogen atmosphere in methanol (5 mL) using Pd/C as catalyst. After completion of the
deprotection, the suspension was filtered over Celite and all solvent evaporated. HPLC: 2-
C(R) epimer 4b 15.9 min (95% purity), 2-C(S) epimer 4a 15.1 min (single peak), 50-

A N TTTTTTOANTTTTET T LT T 7

100% B, C1g. MS-ESI (m/z) 587.3 [M+H]".

""" I N A e |

'"H NMR (400 MHz, 10 mg/mL, CDCl;,300K):  2-C(R)-sterecisomer (m-frans in
CDCl,): 7.8 (d, 2H, J = 7.6 Hz, Fmoc), 7.62 (d, 2H, J = 7.6 Hz, Fmoc), 7.55 (d, 2H, J =
R 8 Hz o-nmn) 7.42 (dxd 2 Fmac) 735 (dxd 7H Fmoc) 728 (¢ CHCIY 694 (J
NalT 12 RLuy W Pllll—l}, [ o Vo \M’\W, ‘.Ll, i LLIUU}, T et o/ \“’\W, HL‘, A IIIUV,, Y A%} \d, \_/11\4!3}’ N ST \u,
M T=RQRR Hr sm_nmn) A7 (¢ TH 21N AA (A TH A Thel AKSQ /774 1H EFrmnac~ N
Llhy J O.C I1Ly INSPLIPJ, V13 (3, 101y &5I1J, T.U (&, 15k, gmiiil ), 5.07 (&, 11, rilivi=viy,
AAR (22 1L LBuamAan O A Al 1T 2T A2 (1 1T T~ LI ANQ 7 1T T — Q
T,V \I ty 111, 1 HIVUWTC T lz}, -+, \" g 111, IJ'llC}, .0 \/ ty 111y, 1'11IUC \/112 }, t.L7 \u, 111y J [6]
Hz, o-Thr), 3.835 (s, 3H, OMe), 2.88 (s, 3H, NMe), 2.03 (m, 1H, B-lle), 1.46 (d, 3H, J =
£ TT T N1 7. LT © 1ty N AT 7.1 DATTY T . £ OTY., .. T1_. .Y\
Oris, p-i1r), V./741 \(n, ori, 0-1i€), v.4/72 \d, d>r1, J — 0.0r14, Y-11€).

2-C(8)-stereoisomer (40%:60% w-cis/trans in DMSO-dy): 7.8 (d, 1H, J = 6.8 Hz,

m-pmp trans), 7.74 (d, 1-2H, J = 6.0 Hz, m-pmp cis), 7.6 (d, 1H, J = 6.2 Hz, o-pmp
trans), 7.52 (d, 1-2H, J = 6.4 Hz, o-pmp cis), 7.29-7.33 (m, 4-6H, Fmoc cis and trans),
7.04 (d, 1-1.5H, J = 8.8 Hz, Fmoc), 6.86 (d, 1-1.6H, J = 8.8 Hz, Fmoc), 6.15 (s, 0.2-
0.5H, a-Thr trans), 6.09 (s, 1-2H, a-Thr cis), 5.89 (s, 1-1.5H, 2-H trans), 5.49 (s, 0.8-
1.2H, 2-H cis), 4.28 (d, 1H, J= 7.8 Hz, §-Thr), 4.11 (m, 0.5-1H, «a-lle cis), 4.05 (m, 0.3-
0.7H, a-lle trans), 3.87 (m, 1-2 H, Fmoc-CH cis and trans), 3.79 (s, 3H, NMe), 3.74 (s,
3H, OMe), 3.66 (m, 2-3H, Fmoc-CH,), 3.3-3.5 (s, H,0), 2.65 (m, 1H, p-lle cis), 2.65 (m,
1H, B-lle trans), 2.49 (s, DMSO-d), 1.79 (m, 2-3H, p-lle-CHj, cis), 1.72 (m, 3-4H, B-lle-
CH,; trans), 1.43 (d, 3-4H, J = 5.6 Hz, p-Thr-CH; trans), 0.91 (d, 2-3H, p-Thr-CH; cis),
0.8 (m, 3-4H, y-1le-CH, trans), 0.72 (d, 2-3H, ] = 6.8 Hz, y-Ile-CH, cis).

Fmoc-NMelle-Thr-OMe (6)

<
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Fmoc-NMe r(¥ "™ pro)-OMe (7)

C36Hy N, O, = OUO 8 Fmoc-NMelle-Thr-OMe 6 (50 mg), PPTS (7.8 mg, 0.3 equiv)
and anisaldehydedimethyiacetal (110 uL, 5 equiv) in THF (2.5 mL) were heated under
reflux for 16 h. In the course of the reaction, samples were taken and analysed by HPLC
(Gradient 50—100 % B, 20 min, C,3). After 7 h/80°C, the reaction was finished. Only one
isomer could be observed by HPLC. Heating at 80°C was continued for another 10 h; very
weakly, a second peak close to the peak assigned to the (R)-epimer was observed. To the
yellowish liquid was added ethyl acetate (20 mL) and washed with sodium carbonate
(10%, 20 mL) and water (20 mL) before drying over magnesium sulfate. Deprotection of
the methylester was achieved using LiOH (3.5 equiv in THF/H,0 = 4:1, 5 mL, 2 h). The
epimers now were separated on the same gradient. The relation between the 2-C (R) and
(8)-1somer only changed slightly to 8:92. (S)-epimer: r, = 15.13 min, (R)-epimer r,= 15.84
min (50—100 % B, 20 min, Cg). The product was purified by flash chromatography over
silica using chloroform/methanol (100:15) as eluent to obtain 2-C(S) Fmoc-NMelle-
Thr(¥""™ pro)-OH. CysH;4N,0, = 586.7 Co-injection of the purified 2-C(S) compound

with the isolated kinetic pr roduct of the O-benzyl reaction gave one qmole peak in HPLC.
. 4A

Yield: 56 mg, 96%. MS-ESI (m/z) 587.6 [M+H]". Further 2D and 1D lH NMR spectra and

HPLC analyses available upon request to the corresponding author
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