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Abstract: The influence of a bulky 5-position substituent on the amide isomer equilibkderminal to proline has

been explored via the synthesis and analysid-gacetyl)prolineN'-methylamide {) and its respectiveis- and
trans-5-tert-butylproline amide diastereome2saand3. The relative populations of the amidis- andtransisomers

as well as the energy barriers for amide isomerizatioi+&3 in D,O were ascertained using NMR with coalescence
and magnetization transfer experiments. The relative populations oCfteeminal amide and hydrogen-bonded
amide in they-turn conformation were also estimated by integrating theHNstretch absorbances in the FT-IR
spectra ofl—3 in CHCIl; and CC}. In the prolyl peptides, the &ert-butyl substituent was found to exhibit profound
effects on the amide isomer equilibrium, on the energy barrier for amide isomerization, and on the stability of the
y-turn conformation. Steric interactions between the 5-position substituent aNestbetyl group disfavor the amide
trans and augment theis-isomer population: 25% ith, 48% in2, and 66% ir8. In the case ofis-5-tert-butylproline

2, the energy barrier for amide isomerization is observed to be 3.9 kcal/mol lower than tha©uwf the other hand,

the amide isomerization barrier ftmans-5-tert-butylproline 3 is similar to that forl. Only a single amide NH

stretch band is observed at 3454 ¢nin the FT-IR spectrum o8 in CHCl; and indicates that the NH group is free

of intramolecular hydrogen bonding. Hendmns5-tert-butylproline amide3 does not adopt a seven-membered
y-turn conformation, which is a favored conformer fband2 in CHCl;. Maps, in which they- and w-dihedral

angles are plotted at 3ihtervals against the calculated energy of the local minimum conformation, predict qualitatively
and display clearly all of the observed effects of theeB-butyl substituent on the amide isomer in tRgacetyl)-

proline N'-methylamides. The results of this study suggest the useteftfutylprolines to prepare both X-Pro
cis-amide isomers and twisted amide surrogates for examining prolyl residue conformations in bioactive peptides.

Introduction

The rational design of therapeutics based on peptide lead
structures requires detailed knowledge of their conformational
requirements for biological activity. Since energetically similar
amidecis- andtransisomersN-terminal to proline may create
multiple low energy conformers (Figure 1), prolyl residues can
complicate the characterization of peptide structures using geometry can also serve as sensitive probes for examining
techniques such as X-ray diffraction and NMR spectroséopy. Protein biology at the molecular level.

Conformationally rigid surrogates of theis- and thetrans- (4) Azabicycloalkane Gly-Pro type \B-turn peptidomimetics are de-
isomers of X-Pro amide bonds have thus emerged as importantscribed: (a) Dumas, J.-P.; Germanas, T dtahedron Lett1994 35, 1493.
tools for studying the relationship between isomer geometry and (b) Gramberg, D.; Robinson, J. Aetrahedron Lett1994 35, 861. (c)

. . L9110 o : Kim, K.; Dumas, J.-P.; Germanas, J.POrg. Chem 1996 61, 3138. (d)
pepyde bloa.CtIVIWZ' Since c_qnforma.tlonal Change.s about Gramberg, D.; Weber, C.; Beeli, R.; Inglis, J.; Bruns, C.; Robinson, J. A.
proline can influence the stability, folding, denaturation, and Hel,. Chim Acta 1995 78, 1588. Bicyclic X-Pro amidecis-isomer
recognition of prolyl peptide¥} analogues that restrict prolyl ~ mimetics are also presented: (e) Curran, T. P.; McEnaney, P. M.
Tetrahedron Lett1995 36, 191. (f) Lenman, M. M.; Ingham, S. L.; Gani,
D. Chem Commun 1996 85.

(5) Lombart, H.-G.; Lubell, W. DJ. Org. Chem 1994 59, 6147 and
refs 3 and 5 therein.

(6) (@) Zabrocki, J.; Dunbar, J. B.; Marshall, K. W.; Toth, M. V.;
Marshall, G. R.J. Org. Chem 1992 57, 202. (b) Garofolo, A.; Tarnus,
C.; Remy, J.-M.; Leppik, R.; Piriou, F.; Harris, B.; Pelton, J. TPleptides:
Chemistry, Structure and Biologyivier, J. E., Marshall, G. R., Eds.;
ESCOM Science Publishers B.V.: Leiden, The Netherlands, 1990; pp 833
834. (c) Beusen, D. D.; Zabrocki, J.; Slomczynska, U.; Head, R. D.; Kao,
J. L.-F.; Marshall, G. RBiopolymers1995 36, 181.

(7) Abell, A. D.; Hoult, D. A.; Jamieson, E. Jetrahedron Lett1992
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Figure 1. Amide isomer equilibriuniN-terminal to proline derivatives.

® Abstract published ifAdvance ACS Abstractfecember 1, 1996.

(1) Recent examples include oxytocin and vasopressin: (a) Larive, C.
K.; Guerra, L.; Rabenstein, D. 0. Am Chem Soc 1992 114, 7331. Mor-
phiceptin: (b) Yamazaki, T.; Ro, S.; Goodman, M.; Chung, N. N.; Schiller,
P. W.J. Med Chem 1993 36, 708. Aureobasidin E: (c) Fujikawa, A.;
In, Y.; Inoue, M.; Ishida, T.; Nemoto, N.; Kobayashi, Y.; Kataoka, R.; Ikai,
K.; Takesako, K.; Kato, 1J. Org. Chem 1994 59, 570. TheC-terminal
binding domain ofPseudomonas aeruginasdd) Mclnnes, C.; Kay, C.
M.; Hodges, R. S.; Sykes, B. Biopolymersl1994 34, 1221. Segatalin
A: (e) Morita, H.; Yun, Y. S.; Takeya, K.; Itokawa, H.; Shiro, M.
Tetrahedron1995 51, 5987.
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Brady, E. J.; Raynor, K.; Reisine, T.; Veber, D. F.; Freidinger, R. M.
Tetrahedronl993 49, 3449. (b) Cumberbatch, S.; North, M.; Zagotto, G.
Tetrahedronl993 49, 9049. (c) Cumberbatch, S.; North, M.; Zagotto, G.
J. Chem Soc, Chem Commun 1993 641. (d) Horne, A.; North, M,;
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Figure 2. Representative examples of conformationally rigid amide
surrogates:®

Fluoro-Olefin®

Attempts to understand the relationship between X-Pro amide
isomer geometry and protein bioactivity have led to many
strategies for preparing conformationally rigid isosteres of X-Pro
amide bonds (Figure 2y.1° Efforts to mimic X-Pro dipeptide

residues in peptides have focused on the geometry of they, . presence of the 5-methy
backbone, the hydrogen acceptor properties of the amide

carbonyl, as well as the shape, function and geometry of the
amino acid side-chains. For exampigclo-cysting andcyclo-
lanthioné derivatives have been examined as angidésomer
mimics that replicate the backbone geometry of X-Pro resiéfues.
Dipeptide lactams in which either the 2- or the 5-position
carbons of the pyrrolidine ring is tethered to thecarbon of

the N-terminal amino acid residue have been used to mimic
the backbone geometry of type VI and B-turn conforma-
tions45 In addition, rigid sg hybridized amide isomer sur-
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effective means for preparing rigid X-Pro amideans
isomerst3-17 For example, only thransisomer ¢98%) was
observed in thé3C NMR spectrum oN-acetyl-2-methylproline
N'-methylamide!® This result motivated synthesis of 2,4-
methanoproliné? a natural achiral proline analogéfethat was
also shown to furnish X-Pro amideans-isomer ¢95% by3C
NMR) in model peptides.

The steric interactions of methylprolines have also been
employed to augment the population of the X-Pro aniide
isomer617 A single methyl substituent at the proline 5-position
was shown to have a subtle influence on the X-Pro amide isomer
equilibrium ofN-(acetyl)prolineN’-methylamidet® This effect
was contingent on the relative stereochemistry of the 5-meth-
ylproline. In the case of thérans-diastereomer, the steric
interactions of the 5-methyl group destabilized the anvides
isomer in N-acetyl-5-methylprolineN'-methylamide without
affecting the isomerization energy barrier. A 5% increase in
the amidecis-isomer population was observed in water for the
5-methyltrans-diastereomer. In the case of ttis-diastereomer,
group had no effect on the ratio
of amide isomers. However, the amide isomerization energy
barrier was observed to be 1.2 kcal/mol lower fbacetyl-5-
methylprolineN’-methylamidecis-diastereomer in watéf.The
combined effect of two methyl substituents at the proline
5-position was recently studied iN-BOC-phenylalanyl-5,5-
dimethylproline methyl ester which was reported to exist as a
9:1 mix of amidecistransisomerst’ The results so far obtained
with methyl substituent&17all point to the use of alkylprolines
with bulkier 5-position substituents in order to prepare X-Pro
amide analogues with greateis-isomer populations. In addi-

rogates, that forfeit the potential hydrogen acceptor propertiesiq, ‘since the lower energy barrier for amide isomerization of

of the carbonyl group, have been generated using heterocycle
such as tetrazolésnd pyrrole$ as well as olefif and fluoro-
olefin® amide bond replacements.

Rigid amide isomer analogues with biological activities
similar to the parent peptide can support the importance of a
particular conformation for bioactivity. For example, the
replacement of the Phe-Pro residues in a somatostatin an&ogue
with cyclo-cystine?2 dipeptide lactanfé and tetrazole derivativés
all have given potent peptide mimetics that implicate the
significance of a type Vp-turn conformation for bioactivity.
Inhibitors of proline specific enzymes, such as peptidyl prolyl
isomerase (PPlaseidnd proline-specific proteadehave also
been designed using olefins and fluoro-olefins as non-isomer-
izable, non-hydrolizable amide isosteres.
without biological activity may arise both from mimicking an
inactive conformation and from using a surrogate having
structural features that interfere with receptor recognition,

various innovative approaches to generate constrained X-Pro,

amide isomers are needed in order to precisely probe prolyl
peptide geometry.

The employment of alkylprolines and their steric interactions
to control amide isomer geometry is a particularly attractive
method for preparing conformationally rigid amide isomers
because libraries of X-Pro derivatives may be prepared by
coupling different amino acid residues to tReterminal of the
alkylproline. Pioneering studies on the influence of methyl
substituents on the amide isomer equilibrium N{acetyl)-
proline N'-methylamides have provided fundamental under-
standing of the steric effects of alkylprolines as well as an

(11) Reviewed in: (a) Yaron, A.; Naider, Erit. Rev. Biochem Mol.
Biol. 1993 28, 31. Discussed: (b) Wiliams, K. A.; Deber, C. M.
Biochemistry1991, 30, 8919.

(12) Veber, D. F.; Freidinger, R. M.; Perlow, D. S.; Paleveda, W. J., Jr.;
Holly, F. W.; Strachan, R. G.; Nutt, R. F.; Arison, B. H.; Homnick, C.;
Randall, W. C.; Glitzer, M. S.; Saperstein, R.; Hirschmanri\Bture1981,

292, 55.

Since analogues

She 5-methylprolinecis-diastereomer arises via destabilization

of both thecis- andtransisomer conformations, larger 5-posi-
tion substituents may give “twisted” amide mimetics by
perturbing the planar amide %pybridized geometry®

We have recently developed efficient methodology for
synthesizing all four stereoisomers ofért-butylprolines from
glutamic acid as an inexpensive chiral edtictVe are presently
using these 5-alkylprolines to alter th@s—trans isomer
equilibrium of the amide bondl-terminal to prolyl residues in
order to study the importance of X-Pcis-isomer populations
in the recognition and reactivity of bioactive peptid@sin this
manuscript, we describe the synthesis and conformational
analysis ofN-acetyl-5tert-butylprolineN'-methylamides. These
simple prolyl peptides are ideal model systems for illustrating
the influence of the bulky %ert-butyl substituent on the amide
isomer equilibriumN-terminal to proline. In the model peptides,
the 5tert-butyl substituent exhibits profound effects on both
the amide isomer equilibrium and the energy barrier for amide
isomerization. Moreover, we observe that thi&-butyl group
can alter the stability of the-turn conformation. In addition,
the effects of the Sert-butyl substituent on the amide isomer
in N-(acetyl)prolineN'-methylamides were predicted and dis-

(13) Delaney, N. G.; Madison, M. Am Chem Soc 1982 104 6635.

(14) Montelione, G. T.; Hughes, P.; Clardy, J.; Scheraga, Hl. Am
Chem Soc 1986 108 6765.

(15) Bell, E. A.; Qureshi, M. Y.; Pryce, R. J.; Janzen, D. H.; Lemke, P.;
Clardy, J.J. Am Chem Soc 198Q 102, 1409.

(16) Delaney, N. G.; Madison, Vnt. J. Peptide Protein Re4982 19,
543.

(17) Magaard, V. W.; Sanchez, R. M.; Bean, J. W.; Moore, M. L.
Tetrahedron Lett1993 34, 381.

(18) The characterization and reactivity of other distorted amides is dis-
cussed: (a) Shao, H.; Jiang, X.; Gantzel, P.; GoodmanCkem Biol.
1994 1, 231 and refs 1519 therein. (b) Bennet, A. J.; Somayaji, V.;
Brown, R. S.; Santarsiero, B. D. Am Chem Soc 1991, 113 7563. (c)
Bennet, A. J.; Wang, Q.-P.; Slebocka-Tilk, H.; Somayaji, V.; Brown, R. S.
J. Am Chem Soc 199Q 112, 6383.
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Scheme 1. Synthesis olN-(Acetyl)proline N'-Methylamides
2 and3
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played qualitatively by maps portraying energy vs conformation
as they- andw-dihedral angles are rotated about 3itervals.

In sum, our results indicate thatt&rt-butylprolines may be used
to generate prolyl peptide libraries possessing X-Pro agigle
isomers that mimic type VP-turn as well as twisted amide
conformations.

Results and Discussion

Synthesis ofN-(Acetyl)proline N'-Methylamides. 5-tert-
Butylprolines were synthesized from glutamic acid as de-
scribed!® Acylation of the dianion ofN-(9-(9-phenylfluorenyl))-
glutamatey-methyl ester with pivaloyl chloride, hydrolysis of
the methyl ester and decarboxylation gave 6,6-dimethyl-5-oxo-
2-[N-(9-(9-phenylfluorenyl)amino]heptanoates that were dia-
stereoselectivity reduced to tles- andtrans-5-tert-butylpro-
lines. Thecis- andtrans-diastereomers were purified as methyl
N-BOC-5+ert-butylprolinates4.

N-Acetyl-cis-5-tert-butylproline N'-methylamide 2) and
N-acetyltrans-5-tert-butylprolineN'-methylamide 8) both were
synthesized from their respectivé-BOC-5+ert-butylproline
methyl esters4 (Scheme 1). Sert-Butylproline N'-methyl-
amidesb were initially synthesized in 70% and 81% respective
yield by treatment of methyl estdrin CH,ClI, with a solution
of methylamine hydrochloride and trimethyl aluminum in
benzené! followed by solvolysis of the BOC group with
trifluoroacetic acid. SubsequeNtacetylation ofN'-methyla-
mides5 with acetic anhydride and triethyl amine provided the
respectiveN-(acetyl)prolineN'-methylamide® and 3 in 88%
and 96% vyield after purification by chromatography. Amide
was obtained from proline methyl ester hydrochloride via
treatment with a premixed solution of Al(GH and HHNCHs-

HCI in benzene as described férfollowed by N-acetylation
as described fob in the Experimental Sectiof?.

NMR Analysis of N-(Acetyl)proline N'-Methylamides 1—3.
Water (HO and DO) was chosen as the solvent for measuring
the populations of the amides- andtransisomers as well as
the energy barrier for amide isomerization. The rate of amide
isomerizationN-terminal to proline is known to be slower in
water than in polar non-protic and in nonpolar solvéatsSince

(19) Beausoleil, E.; L’Arche\gue, B.; Béec, L.; Atfani, M.; Lubell,
W. D. J. Org. ChemlIn press.

(20) For example, L'Archeeque, B.; Lubell, W. D. Exploring the C§s
Pro’ Isomer Equilibrium of Oxytocin with Sert-Butylproline. Presented
in part at the 14th Am. Peptide Symposium, Columbus, OH: Jure238
1995.

(21) Levin, J. |; Turos, E.; Weinreb, S. Miynth Commun 1982 12,

989.

(22)H NMR 6 (D20) 1.95 (m, 3 H), [2.03 (s, 0.75 H)] 2.13 (s, 2.25
H), 2.2-2.4 (m, 1 H), 2.74 (s, 2.25 H) [2.8 (s, 0.75 H)], 3:3.8 (M, 2 H),
4.35 (m, 0.75 H) [4.52 (m, 0.25 H)]*3C NMR 6 (D;0) (21.6) 21.9, (22.8)
24.5, 26.3 (26.4), 30.2 (31.9), (47.4) 49, 60.8 (62.3), 173.5 (173.7), 175.1)
175.2.

(23) The effect of the medium on the rotational barriers for amide
isomerization is discussed: (a) Wiberg, K. B.; Rablen, P. R.; Rush, D. J.;
Keith, T. A. J. Am Chem Soc 1995 117, 4261 and refs therein. The
effect of solvent on the rate afs—transisomerizatioriN-terminal to proline
is reviewed: (b) Stein, R. LAdv. Protein Chem1993 44, 1.

Beausoleil and Lubell
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Figure 3. N-(acetyl)prolineN'-methylamided—3 (amidetransisomers
shown).

Table 1. Selected Carbon Chemical Shift Values of Prolyl Amides
1-3

ce (o cr C?
prolylamide cis trans cis trans cis trans cis trans
1 62.3 60.8 319 30.2 228 245 475 49.1
2 69.9 67.6 36 359 28.3 30.7 62.6 63.6
3 69.4 66.7 316 295 254 266 624 63.1

the conformational distribution df-(acetyl)prolineN'-methyl-
amides has been shown to be solvent-deperidehg effects
of solvent on the isomer population -3 are presently being
examined and will be reported in due time.

The assignments of the isomer geometry were made based
on the chemical shift values for the signals of the and
o-carbons in RO (Table 1)?° In the 13C NMR spectra, the
o-carbon signal of théransisomer appears upfield to that of
thecis-isomer. Thej-carbon signal of theansisomer appears
downfield from that of thecis-isomer. Furthermore, the
y-carbon of thecis-isomer appears upfield to that of thrans
isomer and thes-carbon of thecis-isomer appears downfield
from that of thetransisomer. The populations of the amide
isomers were measured in thd NMR spectra by integration
of the isomericoi- and N-acetyl proton signals il as well as
the 6- andtert-butyl proton signals ir2 and3. The ratios of
amide isomers il—3 are listed as the percent of-isomer in
Table 2.

The energy barriersAG?) for amide isomerization ii—3
were determined by two different NMR techniques. In the case
of cis-diastereome®, a series ofH NMR spectra were recorded
at increasing temperatures until the resonances for the two
isomer populations were observed to coalesce atCGl5 The
energy barrier for amide isomerization 2was calculated to
be 16.5 kcal/mol in RO2¢ Insufficient exchange broadening
below the boiling point of water prevented us from obtaining
the coalescence temperatures fo(acetyl)prolineN'-methyl
amide () and 5tert-butylprolinetrans-diastereome8. Instead,

a series of magnetization transfer experiments were performed
in order to ascertain the energy barriers for amide isomerization
in 1and3. Inthese experiments, the signal of thearbon of

the major amide isomer was irradiated in®Hand the rate for
magnetization transfer to the minor isoneecarbon signal was
measured over a temperature range of88°C. The barriers

for amide isomerization id and3 were respectively calculated

to be 20.4 and 20.2 0.2 kcal/moP’ The results of these
studies are presented in Table 2 in which dataNeacetyl-5-
methylprolineN'-methyl amides in water has also been listed
for comparisor#$

(24) Madison, V.; Kopple, K. DJ. Am Chem Soc 198Q 102, 4855.

(25) Deslauries, R.; Smith, I. C. P. In Biological Magnetic Resonance;
Berliner, L. J., Reuben, J., Eds.; Plenum Press: New York, 1980; Vol. 2,
pp 275-280.

(26) Sandstim, J. Dynamic NMR SpectroscopyAcademic Press:
London, 1982; Chapter 6, p 79.

(27) The measured rates of magnetization transfer fransto cisisomer
for 1 were 0.1970 at 58C, 0.5030 at 60C and 1.0007 at 70C; for 3 the
rates were 0.2368 at 68, 0.5567 at 75°C and 0.8626 at 883C. The
values for the energy barriers and uncertainties were calculated as
described: (a) Mariappan, S. V. S.; Rabenstein, Dl. Org. Chem 1992
57, 6675. (b) Freeman, RA Handbook of Nuclear Magnetic Resonance
John Wiley & Sons, Inc.: New York, 1988; pp 19202. (c) Perrin, C.

L.; Thoburn, J. D.; Kresge, A. J. Am Chem Soc 1992 114, 8800.
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Table 2. Amide Isomer Equilibrium of ProlyN-Acetyl N'-Methyl Amides in QO

R1
H cH2 N
3! m/ -0
TH-N,
CH,

Trans-Rotamer

R!
R2 W
o N
B
ﬁo
3 HN_

CHg
Cis-Rotamer

AE (calcd) cis-rotamer cis-rotamer AG (cis—trang)
R! R? (kcal/molye % calcd % £39% T. (°C) AG* (kcal/moly (kcal/molye
H H 1.02 15 >85 20.4 0.57
Me H 82 19.0 0.65
t-Bu H 0.23 46 45 16.5 0.03
H Me >85 0.50
H t-Bu -0.72 77 >85 20.2 —0.38

2 Calculated with Macromodel 3:5and the AMBER force field® Determined by 300 MHz NMR in BD at 25°C. ¢ Determined by 300 MHz
NMR in D;O. 9 Values for 5-Me examples are from ref \egative values indicate a predominant populatioisisomer.
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Figure 4. FT-IR spectra of the NH stretch region of prolyN-acetyl
N'-Methylamidesl—3 in CHCl; and CCl.
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FT-IR Analysis of N-(Acetyl)proline N'-Methylamides
1-3. The FT-IR spectra of prolyl amideis-3 were measured
at 25°C at 1 x 1074 M concentrations in CDGland in CC}
in order to examine the presence ofdurn conformation in
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Figure 5. Amide proton NMR chemical shifts in C&lat room
temperature, as a function of the logarithm of the concentratid of
(A), NH amidecis-isomer; (), NH amidetransisomer.

In CCl, the area of the lower energy-™H stretch band
increased inl and remained the same &1 When the FT-IR
spectrum of prolyl amide8 was measured at X 10* M
concentration in CGla second broaderH stretch band was
observed at 3354 cmd. The relative areas of the lower energy
absorbance and that of higher energy %oin CCl, was 1:3.
Since the N-H stretch for3 at 3354 cnit in CCl, could be

which a seven-membered-ring intramolecular hydrogen bond dué to intermolecular instead of intramolecular hydrogen

exists between th€-terminal amide NH and the carbonyl of

theN-terminal amiddransisomer?82° The solvents CDGland

CCl, were chosen in order to directly compare spectraXor

and 3 with the reported spectra oN-(acetyl)proline N'-
methylamide {).1® The presence of the free-NH stretch band

was observed at 34413454 cnv! for the non-hydrogen bonded

amide in all cases (Figure 4). In prolyl amideand cis-
diastereomeR in CHCI;, an additional N-H stretch band was
respectively observed at 3328 and 3319 ¢éms the result of
hydrogen bonding in the-turn conformatior?® A predomi-
nance of hydrogen-bonded amideliand? is indicated by the

ratios of the relative areas of the lower vs higher energy

absorbance for the NH stretches which are 79:21 thand
85:15 in2. On the other hand, no second lower energyHN
stretch band was observed foans-diastereome8. This result
indicates the absence ofyaturn conformation fo3 in CHCls.

(28) (a) Tsuboi, M.; Shimanouchi, T.; Mizushima,B5Am Chem Soc

1959 81, 1406. The intensity of this stretch band results mostly from
intramolecular @ hydrogen bonding, yet may be due in part to intermo-
lecular hydrogen bonding as discussed: (b) Rao, C. P.; Balaram, P.; Rao
C. N. R.Biopolymers1983 22, 2091 as well as in the references in 29.

(29) The use of IR spectroscopy to study intramolecular hydrogen bonds
in model peptides is presented: (a) Haque, T. S.; Little, J. C.; Gellman, S.
H. J. Am Chem Soc 1994 116, 4105. (b) Maxfield, F. R.; Leach, S. J,;

Stimson, E. R.; Powers, S. P.; Scheraga, HBiapolymersl979 18, 2507.
(c) Avignon, M.; Huong, P. VBiopolymers197Q 9, 427.

bonding, the effect of concentration on the chemical shift of
the NH signal of3 was measured b{H NMR (Figure 5). The
Adl/Aconcentration for the NH signal was still noticeable at 1
x 1074 M and indicated intermolecular hydrogen bonding.
Attempts to record the FT-IR spectrum®t lower concentra-
tion were, however, unsuccessful at 2 10> M. The
predominance of the NH stretch at 3456 crii demonstrates
clearly that the/-turn conformation is not energetically favored
for trans-diastereomesB.

Molecular Mechanics Calculations and Maps of Energy
vs Conformation. In recent years, considerable effort has been
made to model the conformation preferences of ¢tse and
transisomers ofN-acetylprolineN'-methylamide {) and the
transition states for X-Pro amide isomerizati8i! These
investigations have focused on calculating the energy difference
between thecis- andtransisomers and the energy barrier for
amide isomerizatiof?31 We initially used the MacroModel
3.5x program and the AMBER force field with the GB/SA
solvent model for water in order to calculate the energy
differences between the amidés- andtransisomers in1—3

by comparing the minima for each isomer (Table2).

(30) Fischer, S.; Dunbrack, Jr. R. L.; Karplus, M.Am Chem Soc
1994 116, 11931.

(31) (a) McDonald, D. Q.; Still, W. CJ. Org. Chem 1996 61, 1385.
(b) Kang, Y. K.J. Phys Chem 1996 100, 11589.
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Chart 1. Maps 1-3: Conformation vs Energy of Prolyl Amideis—3
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We sought next to develop a visual model by which the

the cis- and transisomers { ~ 0° and 180) compare well

effects of the 5-alkyl substituent could be compared with proline with the populations observed by proton NMR. The magnitude

1. A systematic analysis was performed in which theand
w-dihedral angles were rotated at°3ftervals and the energy
of the local minimum was calculated for each conformation.
Maps -3 (Chart 1) were then constructed fgracetylproline
N'-methylamidesl—3 by plotting the minimum energy value
at each interval against the values for the and w-dihedral
angles.

Maps 1-3 provide a useful graphical representation of the
effects of the Sert-butyl substituent on the amide isomer in
N-(acetyl)proline N'-methylamides1—3. For example, the

relative sizes of the regions of minimum energy (blue lakes) at

(32) They, ¢, andw values for the calculated energy minima of the
trans- andcis-isomers inl—3 are as follows:1 transisomer; 128. =57,
—179; 1 cis-isomer; 132, —59°, 0°; 2 trans-isomer; 8, —77°, —169; 2
cisisomer; £, —82°, 9°; a second minima was also obtained with slightly
higher energy4 = 0.6 kj/mol) for2 cis-isomer: 133, —70°, 17°; 3trans-
isomer; 122, —25°, 152; 3 cis-isomer; 128, —26°, —32°. The ring
puckering for all minima inl—3 was consistent with a8 conformation.

of the saddles between the minima reflect the energy barriers
ascertained by coalescence and magnetization transfer experi-
ments. Furthermore, the white crosswet 180° andy = 80°
marks an ideay-turn conformatior?* which is located at energy
minima in the maps foll and 2, yet appears at higher energy

in the map for3. Maps }3 provide a visual aid that shows
the conformational liberty about the dihedral angle. Relative

to prolinel, the conformational freedom aboytappears to be
greater incis-5-tert-butylproline2 and more restricted itrans
5-tert-butylproline 3.

Conclusion

Amide cis-isomersN-terminal to prolyl residues in peptides
are presently being identified as important recognition elements
in protein biology. For example, the type ¥turn conforma-
tion, which features a@is-isomer, has been suggested to be a
key intermediate in the mechanism for PPlase catalyzed
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isomerization of X-Pro amide fromis- to transisomer3® In temperature, and stirred until the loss of Chas was no longer
addition, a type VI conformation has been suggested as adetectablé! From the resulting solution (0.067 M), 2.7 mL (1.74
requirement for thrombin catalyzed cleavage of thdoop of mmol, 300 mol %) was added dropwise to a room temperature solution

of cisN-BOC-5+ert-butylproline methyl esterc{s-4, 166 mg, 0.58

. _ : : 3 . . mmol, 100 mol %) in CHCI, (6 mL). The mixture was stirred for 72
tion of X-Pro amides in type V§-turns as well as in alternative h, treated with another 1.73 mL of the benzene solution, and stirred 48

StrUCtur.al mOtIf.S’. such as type | pon-_proIme h_e“é_é‘s “kely_ h when TLC showed complete disappearance of starting ester. The
to provide additional examples @is-isomer significance in  eaction mixture was treated with 6 mL of saturategCR; and
other recognition events. In order to facilitate their study, extracted with CHCI» (3 x 15 mL). The organic layers were combined,
methodology is thus desired for generating libraries of different washed with brine, dried with N8O, filtered, and evaporated to 122
peptide structures possessing conformationally restrained X-Promg of an oil (74%) that was used in the next step without further

HIV gp120, a prerequisite to viral infectidf. Further examina-

amidecis-isomers. purification. cis-N-BOC-5+ert-Butylproline N'-methylamide:'H NMR
Steric effects have been used to control the X-Pro amide ¢ (CDCk) 0.88 (s, 9 H), 1.47 (s, 9 H), 1.9 (m, 2 H), 2.15 (m, 1H),
conformation and favor theis-isomer population. Fert- 2.25(m, 1H),2.83(d, 3H]=4.9),3.87 (dd, 1 HJ=3.1,7.8), 4.32

d (t, 1 H,J=8.7), 6.8 (s, 1 H)*C NMR ¢ (CDCl;) 26.15, 26.18, 26.5,

Butylprolines were synthesized with stereocontrol and examine 274, 98.3, 356, 62.9. 67.6, 80.8, 157.8, 173.2.

n model pep'uc!eQ an.d 3. In N-(acetylprolineN -methyll- cis-N-BOC-5+ert-Butylproline N'-methylamide (100 mg, 0.35 mmol)
amidesl—3, the Intera(.:tlo.n.s of thmrt—buyl group on the _am'F’e was dissolved in 4 mL of dichloromethane, treated with 2600f
geometry augment significantly thes-isomer population in - yiyoroacetic acid (3.5 mmol), and stirred at room temperature for 5
water (Table 2). The barrier for amide isomerization is 3.9 kcal/ h, Evaporation of the volatiles on a rotary evaporator gave 99 mg
mol lower in cis-diastereomeg relative to prolinel. Maps 2 (95%) of cis-5-tert-butylprolineN'-methylamide trifluoroacetatdsg):
and 3 illustrate that the bulky 5-position substituent skews the *H NMR § (CDCls) 1.0 (s, 9 H), 1.6 (m, 1 H), 1.9 (m, 1H), 2.1 (m, 1
amide bond away from planarity such that twisted amide H), 2.3 (m, 1H), 2.76 (d, 3 H) = 4.7), 3.36 (m, 1 H), 4.49 (m, 1 H),
conformations appear with energy minimacaat> 0° and > 6.86 (br s, 1 H), 7.57 (br s, 1 H), 10.43 (br s, 1 H).

18C for cis-diastereome? andw < 0° and < 180 for trans- trans-5-tert-Butylproline N'-methylamide trifluoroacetaté) was
diastereomeB. Moreover, thetert-butyl group influences the generated in a similar way frotrans-4 in 81% overall yield:*H NMR

y dihedral angle such that minima are foundyat 125° for 0 (CDCk) 0.9 (s, 9 H), 1.38 (m, 1 H), 1.77 (m, 2 H), 2.25 (m, 1 H),
1 and 3, and aty =~ 0° for 232 The lower barrier for 3)8 (d,3H,0=5),2.81 (M, 1 H),3.73 (t 1 H]=75), 75 (brs, 1
isomerization incis-diastereome® may be due in part to this cis-5-tert-Butylproline N'-methylamide trifluoroacetatég, 50 mg,

effect on they dihedral angle, because toeterminal NH group g 31 mmol) and BN (60 L, 0.5 mmol) in CHCI, (3 mL) were treated
aty ~ 0° may stabilize the pyramidalized amide transition states yith acetic anhydride (44L, 0.47 mmol), stirred for 48 h at room

by interacting with either the nitrogen lone pair or the carbonyl temperature, and evaporated to a residue that was purified by chro-
oxygen3 In trans-diastereome8, a combination of effects on  matography using an eluant of 5% methanol in CH{CEvaporation
the w andy dihedral angles leads to a destabilization of the of the collected fractions gave 61 mg (88%) Mfacetylcis-5-tert-
y-turn conformation and no NH stretching band corresponding  butylproline N'-methylamide 2): 'H NMR ¢ (D20) 0.92 (s, 4.5 H)

to a hydrogen-bonded amide is observed by FT-IR spectroscopyl0-97 (s, 4.5 H)], 1.82.5 (m, 4 H), 2.02 (s, 1.5 H) [2.24 (s, 1.5 H)],
in CHCl (Figure 4). 2.75 (s, 1.5 H) [2.8 (s, 1.5 H)], 3.97 (d, 0.5 Bi= 7.6) [4.1 (d, 0.5 H,
J=8.2)], 4.55 (m, 1 H):C NMR 6 (D.0) 22.3 (23), 26 (26.2), 26.9,

b'I" foqdu.s'oné b&’} ?Itq”dyépg tmo‘fje't p?pgdﬁf?” é"etha"e ?}ee". ry 274 (28.3) 307, 35.9 (36), (62.6) 63.6, 67.6 (69.9), 175.3, 176.6; FAB
able to itemize both the efiects of steric bulk and Stereochemislty \,q yye 227 2 [MH]* (100%), 185.2, 168.2, 126.2. HRMS calcd for

of 5-position substituents on prolyl conformation. Since the ¢, 1,N,0, (MH*) 227.1760, found 227.1768.

bulky 5-position substituent influences amide geometry by  N-acetyltrans5-tert-butylprolineN'-methylamide §) was prepared
disfavoring thetrans-isomer, the population dafis-isomer will from 5b in a similar way in 96% yield*H NMR 6 (D,0) 0.85 (s, 3 H)
augment as the size of tiketerminal group increases. Further- [0.9 (s, 6 H)], 1.72.2 (m, 3 H), 1.92 (s, 1 H) [2.16 (s, 2 H)], 2.4 (m,
more, because thert-butyl group distorts the amide away from 1 H), 2.69 (s, 2 H) [2.73 (s, 1 H)], 4.02 (m, 0.66 H) [4.19 (d, 0.33 H,
planarity, potential exists to uset&rt-butylprolines to generate ~ J = 6.2)], 4.32 (d, 0.66 H) = 8.5) [4.57 (d, 0.33 H)) = 10)]; *C
twisted amide mimetics. Our preliminary results demonstrate NMR 6 (D;0) (22.9) 23.6, (25.4) 26.1, (26.3) 26.6, 27.3 (27.6), 29.5
already that Sert-butylproline can be introduced into different ~ (31.6), (37.3) 37.9, 62-4+(63.1)6 (66.7) 69.4, 175.3 (175.5), 176 (176.1);
amide and peptide structurt In future work, incorporation ~ FAB MS me227.2 [MH" (100%), 196.2, 168.2, 126.2. HRMS calcd
of 5-tert-butyl proline into a library of X-Pro analogues will be for CuaHzaNz0, (MH) 227.1760, found 227.1766.

lored . for studvina the i ¢ Magnetization transfer NMR experiments were performed on
éxplored as a promising new means for studying the Importance g, er AMx600 and DMX600 MHz spectrometers, both equipped with

of cis-isomer geometry in protein chemistry and biology. selective excitation units, arit and broadband heteronuclear probes.
Experiments were performed over several temperatures between 313
Experimental Section and 348 K for each compound. Selective inversion t&rbontrans

and cis-isomer signals were done with gaussian pluses centered on

Experiments involving chemical reactions were performed under the fesonancek25 Hz. Relaxation delays of 20 seconds and inversion-
general guidelines described in reference 19. The chemical shifts for fecovery delays of between 1 ms and 20 s were used. Data for each

the carbons and protons of minor isomers are respectively reported ininversion recovery point were averaged over 32 to 128 points,
parentheses and in brackets. depending on the concentration of the compound used. Aniides!

General Procedure for the Synthesis oN-Acetyl-5-tert-butyl- 3 were dissolved in distilled and deionized®or D,O at concentrations
proline N'-Methylamides 2 and 3. Methylamine hydrochloride (1.35 ~ Petween 1x 10°2M and 2x 102 M and extensively exchanged with
g, 20 mmol) in benzene (20 mL) at’& was treated with a solution of ~ Nitrogen gas in NMR tubes. For each compound at an individual

trimethylaluminum in hexane (2 M, 10 mL, 20 mmol), brought to room temperature, inversion-recovery results were collected with selective
inversion of the € transisomer peak. Data were fitted according to

(33) The importance of type \-turns in PPlase catalyzed isomerization —equations 1 and Z.
of X-Pro bonds is presented: Fischer, S.; Michnick, S.; Karplus, M.

Biochemistry1993 32, 13830. (36) Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, B. P.
(34) Johnson, M. E.; Lin, Z.; Padmanabhan, K.; Tulinsky, A.; Kahn, M. Numerical Recipes in C, The Art of Scientific Computiramd ed.;

FEBS Lett 1994 337, 4. Cambridge University Press: Cambridge, 1992; Chapter 15, p 683.
(35) Traub, W.; Shmueli, U. Ilspects of Protein StructurRamachan- (37) still, W. C.; Tempczyk, A.; Hawley, R. C.; Hendrickson,Jl Am

dran, G. N., Ed.; Academic Press: New York, 1963; pp-82. Chem Soc 1990 112 6127.
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MZ(A) M, (A) =1 — (2K /B p{ exp[—1/2(c. — B)T] —
exp[—1/2(a + B)t]} (1)

M2(X)/M.,(X) =
1= B (B + R — Ry) exp[-1/2(c. + P)r] +
(B + Ry — R exp[-1/2(c. = f)7]} (2)

Wherea = Ra + Rx, 8 = [(Ra — Rx)? + 4kakx]¥?2 andRa = ka +
(1/T1a), Rx = kx + (1/T1x). Where X is the inverted Csignal; A is
the passive signall;a and Tix are longitudinal relaxation timesa
andkx are rate constants for isomerizatidviz(A), M«(A), Mz(X), and
M..(X) are longitudinal magnetizations; ahandlx are proportionality

Beausoleil and Lubell

amide bond was drawn and minimized in water using the Steepest
Descent (SD) procedure followed by a Full Matrix Newton Raphson
(FMNR) method until a 0.001 kJnol gradient was reached. The
resulting structure was then used as the starting point for the generation
of the conformational energy maps. Thendy dihedral angles were
rotated about 30increments in order to generate 144 conformers. For
each conformer, two pyrrolidine ring puckerings were applied in order
to generate 288 starting conformers that were then minimized in water
using a Polack-Ribiere Conjugate Gradient (PRCG) and a force of 1000
kJ/mol in order to restrain the andy dihedral angles. The resulting
minima were then plotted against theandy dihedral angles using
the Mathematica program in order to furnish maps31 The global
minima for thecis- andtransisomers ofl—3 were obtained using a

constants used to correct the incomplete return of magnetization to Similar protocol in which no constraints were placed ondhandy

equilibrium. We used conjugate-gradient optimization (Marguart

Levenberg method) to simultaneously fit all eight parameters in 1 and

2 starting with estimates of values for the individual paramefers.
Analytical derivatives of 1 and 2 were calculated with the program
Mathematica (version 2.0).

IH NMR experiments to determine the effect of concentration on
the chemical shift o8 were performed in CGl(freshly distilled from
P,0s). The solutions were transferred to an NMR tube, and into the
sample a second tube was inserted containing acetoifiet was used
for the Lock signal and as the internal reference.

FT-IR spectra were measured atZ5on a Perkin-Elmer 1600 FT-
IR spectrometer using a DTGS detector at 4 tnmesolution.
Chloroform and CGlwere distilled from POs. Peptide solutions of 1
x 1074 M were examined in 1 cm quartz glass Infrasil cell and the
spectra were recorded with 1024 scans.

Molecular mechanics calculationswere performed on a Silicon
Graphics Personal Iris Workstation using the AMBER force field and
the GB/SA solvent model for water within the Macromodel program
3.5x.37 The modeling protocol on amideb—-3 was conducted as
follows. For eachN-(acetyl)prolineN'-methylamide, a@ransisomer

dihedral angle geometriés.
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