A\C\S

ARTICLES

Published on Web 10/25/2006

The “Azido Gauche Effect” —Implications for
the Conformation of Azidoprolines
Louis-Sebastian Sonntag,” Sabine Schweizer,* Christian Ochsenfeld,** and
Helma Wennemers**

Contribution from the Department of Chemistry, uaiisity of Basel, St. Johanns-Ring 19,
CH-4056 Basel, Switzerland, and Institute of Physical and Theoretical Chemistryendity of
Tubingen, Auf der Morgenstelle 8, D-72076blingen, Germany

Received July 30, 2006; E-mail: christian.ochsenfeld@uni-tuebingen.de; Helma.Wennemers@unibas.ch

Abstract: The “azido gauche effect” was examined both experimentally and theoretically and was found
to determine the conformation of, for example, (4R)- and (4S)-azidoproline (Azp) derivatives. For (4R)Azp
derivatives, the azido gauche effect induces a preferred C(4)-exo conformation of the pyrrolidine ring, which
leads to stabilization of the s-trans amide conformer of, e.g., Ac-(4R)Azp-OCHjs (5R) via an n—x* interaction
between the nonbonding electrons of the oxygen of the acetyl group and the carbonyl group of the ester.
For (4S)Azp derivatives, the azido gauche effect results in a C(4)-endo conformation of the pyrrolidine ring
that does not allow for this stabilizing n—z* interaction of the s-trans conformer. Consequently, a significantly
higher s-trans:s-cis amide conformer ratio is observed for (4R)Azp compared to (4S)Azp derivatives (e.g.,
6.1:1 versus 2.6:1 in D,O for Ac-(4R)Azp-OCHs; (5R) compared to Ac-(4S)Azp-OCH; (5S)). These
conformational preferences are reflected in the higher tendency of (4S)Azp-containing peptides to form
cyclic peptides with all-cis amide bonds compared to (4R)Azp derivatives. Ab initio calculations demonstrate
that the strength of the azido gauche effect is comparable to that of the well-known “fluorine gauche effect”.
For azidoethane derivatives N3—CH,CH,—X (X = N3, NHCOH, NHAc, or N(CHs)Ac), the ab initio calculations
revealed energy differences of 5—13 kJ mol~* between the anti and gauche conformations in favor of the
gauche conformer. Calculations were also performed for the (4R)Azp and (4S)Azp derivatives 5R and 5S,
supporting the experimentally observed data.

Introduction which, for example, MgllerPlesset or coupled cluster methods

The conformation of flexible molecules is typically deter- Predict energy differences betweeT 12?4 gauche and the anti
mined by a complex balance of different factors, such as conformers on the order of 24 k mol=*>"**The gauche effect
noncovalent interactions (e.g., ionic interactions, H-bonding), @S been found to determine the conformation of small
steric hindrance, and stereoelectronic effects. In the absence offiolecules but also those of larger molecules, like 9,10-
stronger factors, even comparatively weak Stereoelectromcd'ﬂuorOStea”C acid, 4-fluoroproline, and fluoroproline-contain-
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effects, like the “gauche effect’, can have a large influence on INg Peptides and proteirfs.
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In comparison to the “fluorine gauche effect”, little is known  Scheme 1. Different Cyclization Tendegcies of Azp Derivatives
about the gauche effect exerted by azido substituents. AlthoughPePending on the Configuration at C(4)

organic and aliphatic azides have been studied both experimen- N, H 0

tally and theoretically, we are not aware of any systematic Z*—>‘ . =N .

studies on the gauche effect in conjunction with azido substit- COLCeFs N3 N N3

uents in organic compounds. There are only a few reports on ”-TFA G

investigations of the conformation of azido-substituted cycloal- (0]

kanes, mainly based on computational analy4$es. 1S:*=(S), 1R: * = (R) 2S: x =(S), 2R: * = (R)
From a synthetic viewpoint, the azide is a versatile functional 1s a) 28

group for a wide range of transformatiotisEor example, the 47%

Cu(l)-catalyzed Huisgen 1,3-dipolar cycloaddition, the “click a)

reaction”, allows for facile further functionalization of azides 1IR—— 2R

with alkynes under mild conditions in the presence of a wide N3 <5% N (0] N

range of other functional group&3° * 3WLN 8
Recently, we have used diketopiperazi@8and2R, derived Na_, N3 N /"H HE/

from (4R)Azp and (H)Azp, as templates for two-armed recep- mN ;

tors that bind peptides with high sequence selectitty. N N/; (@)

Furthermore, we prepared tripodal templates based on the H +H 0 O COH

cyclotriazidoproline derivative4Sand4R, derived from (4R)- cl 2

Azp and (®)Azp, respectively?? For both the cyclic di- and Ng

tripeptides, significant differences in the cyclization yield were 3S:%=(5),3R:*=(R) 4S:x=(5), 4R:*=(A)

observed, depending on the configuration at C(4) of the Azp 3s b) 4S

derivatives (Scheme 1): The diketopiperazine and cyclotripro- 71%

line derivatives2S and 4S with (4S-configuration, were b)

obtained in good yields of 47% and 71%, respectively, whereas 3R T 4R

the diastereomer2R and4R, with (4R)-configuration, formed
in less than 5% and 15% vyield, respectively, under identical
reaction conditiong3

Thus, the configuration at C(4) exerts a significant effect on
the cyclization tendency of Azp derivatives. These observations determines the conformation of R¥Azp and (&)Azp deriva-
led us to study the conformation of RfAzp and (HAzp tives and ultimately influences their different cyclization tenden-
derivatives in more detail with a combination of NMR and IR  cies. Furthermore, we demonstrate that the strength of the azido
spectroscopic studies, crystal structure analysis, and ab initiogauche effect is comparable to that of the well-known fluorine
calculations. We will show that an “azido gauche effect” gauche effect and can therefore be used as a conformation-
directing element.

2Reagents: (a) 2 equiv #PLNEt, THF or DMF, 0.3 M; (b) 3 equiv of
HATU, 9 equiv of ' PrLNEt, DMF, 8 mM.

(26) Panasik, N., Jr.; Eberhardt, E. S.; Edison, A. S.; Powell, D. R.; Raines, R.
T. Int. J. Pept. Protein Resl994 44, 262—269. . .
(27) Eberhardt, E. S.; Panasik, N.; Raines, RJTAm. Chem. S0d996 118 Results and Discussion
12261-12266. ) o ] . ) )
(28) DeRider, M. L.; Wilkens, S. J.; Waddell, M. J.; Bretscher, L. E.; Weinhold, The formation of cyclic di- and tripeptides requires all amide
F.; Raines, R. T.; Markley, J. LJ. Am. Chem. SoQ002 124, 2497

2205, bonds of the linear precursors to adopt s-cis conformations.
(29) ;hgerg%s,zﬁb l\él.; Naduthambi, D.; Tririya, G.; Zondlo, NCXg. Lett.2005 Thus, the observed higher cyclization tendencies of tig8- (4
(30) Bretscher, L. E.; Jenkins, C. L.; Taylor, K. M.; DeRider, M. L.; Raines, R. A_Zp derivatives1S and 3S compared t_O the R’)'Conf'gured_

T.J. Am. Chem. So@001, 123 777—778. diastereomer$R and3R suggest that this should correlate with
(31) Hodges, J. A.; Raines, R. 7. Am. Chem. SoQ003 125 9262-9263. . . . . .

(32) Horng, J-C.: Raines, R. Protein Sci.2006 15, 74—83. a higher s-cis:s-trans conformer ratio of the proline amide bond

(33) (a) Renner, C.; Alefelder, S.; Bae, J. H.; Budisa, N.; Huber, R.; Moroder, _a7i i . i i initi
L. Angew. ChemInt. Ed. 2001 40, 923-925. (b) Boulge, C.; Milbradt, of (48) aZIdOprO“neS To test this hypOtheSIS’ we |n|t|aIIy

A. G.; Renner, C.; Moroder, LJ. Mol. Biol. 2006 358, 846-856. analyzed the conformation of Ac§Azp-OCH (5S) and Ac-
(34) (a) Cabral, B. J.; Costa, M. LTHEOCHEM 1995 339 143-151. _ i i i
(b) Klaeboe, P.; Kosa, K.; Nielsen, C. J.; Priebe, H.; Schei, Sl.Hol. (4R)AZp QCH3 (SR) as S|mple_ model systems (Flgure 1)' _Thell’
Struct.1987, 160, 245-257. (c) Nielsen, C. J.; Priebe, H.; Salzer, R.; Schei, comparatively low complexity allowed for conformational
S. H.J. Mol. Struct.1987, 162, 41-56. (In these papers, the gauche effect i H it
around the &N bond of azides is studied and not that around theCC analySIS. not oqu by spectroscopic means but a[so by ab initio
bond.) calculations. SincéR and5S have the same functional groups
(35) Zhao, M.; Gimarc, B. MJ. Phys. Chem1994 98, 7497-7503. : ; ; _ _
(36) Wu, H.-S.: Xu, X.-H.. Jiao, HChem. Phys. Let@005 412, 299-302. as the putative intermediates HRYAzp-(4R)Azp-OGFs and
(37) For a recent review, see: Be S.; Gil, C.; Knepper, K.; Zimmermann,  H-(49)Azp-(49Azp-OGsFs for the formation of the diketopip-
V. Angew. Chemlnt. Ed. 2005 44, 5188-5240.

(38) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K.ABgew. era;mesZR and2s (a nonreactive methyl ester in place Qf the
Chem, Int. Ed. 2002, 41, 2596-2598. activated pentafluorophenyl ester and an acetyl group instead
(39) ggéﬂ'?e' C.W.; Christensen, C.; Meldal, 340rg. Chem2002 67, 3057~ of the second Azp residue), they can also be regarded as simple
(40) (a) Wennemers, H.; Conza, M.; Nold, M.; KrattigerFhem Eur. J.2001, models for these intermediates.
7, 3342-3347. (b) Conza, M.; Wennemers Hl. Org. Chem2002 67, . .
2696-2698. (c) Krattiger, P.; Wennemers, Bynlett2005 706-708. s-cis:s-trans Ratio of Ac-(R)Azp-OCH3; (5R) and Ac-(4S)-
(41) Wennemers, H.; Nold, M.; Conza, M.; Kulicke, K. J.; Neuburgerflem _ 1]
Eur 0 20030, 442-448. Azp OCHg3 (SS)'. H NMR spectra obR andSSwe're recorded
(42) Sonntag, L.-S.; Langer, M.; lvan, S.; Conza, M.; WennemersSylett in a range of different solvents at a concentration of 80 mM.
2004 1270-1272. Fhtoani ;
(43) The (®R)-configured diketopiperazine was obtained in an overall yield of Al spectra showed tW_O elght spin systems, CorreSpondl_ng to
79% by stepwise formation of the amide bonds; see ref 40a. the s-trans and the s-cis amide conformers. The s-trans isomer
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Ng N3 C(4)-endo conformation of 5
(&U Gy
N7 ~CO:CHg A:>‘0020H3
Ao Ao
58 5R

Q‘COZCH;,:’ A;>*cogr.“,H3 e Aé[ C Na e CN Ng Hy
Ao o )EaHV CB}?HY
Hg 5

s-trans s-cis
Figure 1. Ac-(4SAzp-OCH; (59), Ac-(4R)Azp-OCH; (5R), and the s-trans )
and s-cis conformations around the proline amide bond. C(4)-exo conformation of 5R
Hq-
Table 1. s-cis:s-trans Conformer Ratios of 5S and 5R As Hg: b CO,CHg
Determined by 'H NMR Spectroscopy in Different Solvents? H /)V
s-Cisis-trans Hy ¢ N—Ac
H§ H,,
entry solvent 58 5R Ng
1 DO 1:2.6 1:6.1 HB’? Hg- Hy
2 d7-DM‘F. 1:1.6 1:3.8 CN CCS Hy CCB Hy
3 Os-pyridine 1:2.0 1:45 c H C H N H
4 CDs0D 1:1.7 1:4.0 Sy B * Ng B Ng 8
5 ds-acetone 1:1.6 1:3.7 ] “ ) ) o
6 CDCh 1:1.9 1:3.9 Figure 2. C(4)-exo and C(4)-endo conformations with Newman projections
7 de-dioxane 1:2.0 1:4.2 of the dihedral angles. For clarity, the dihedral angles are shown fully

staggered rather than with ideal angles.

a All samples were measured at 295 K at a concentration of 80 mM.

was assigned on the basis of a nuclear Overhauser effect (NOERNd Hy, and between 1 and H' (Table 2). Judged by the
between the protons of the acetyl group and those at C(5); theKarplus curve, these values are indicative of torsion angles close
s-cis isomers showed NOEs between the protons of the acetylto 90°, which can be realized in a C(4)-endo but not a C(4)-
group and the proton at C(2). exo conformatiort® Furthermore, the long-rangd coupling

In each spectrum, the s-trans conformer was the major betv_vgen i .and. H' demons_trate§ their pseudoequatorial
conformer; however, the s-cis:s-trans ratios differed significantly, positions, which is only possible in a C(4)-endo or related
depending on the solvent and particularly the configuration at conformatiorf4

C(4). As expected from the synthesis, theRy4onfigured The conformation o6R is revealed by the small coupling
diastereomeBR favors the s-trans conformer over the s-cis constants betweengind H' and between K andHd, which
conformer more than the tconfigured diastereom&iS (Table are only in agreement with a predominant C(4)-exo conforma-
1), reflecting the lower cyclization tendency of theRj4 tion (Table 3). Also, the long-rang® coupling between A
configured azidoproline4R and 3R compared to their &- and Hb, indicating their pseudoequatorial positions, is only

configured diastereomelsSand3S. In comparison to Ac-Pro- possible in a C(4)-exo conformation. The common factor of
OCH; (s-trans:s-cis 4.6:1 in D), the proportion of the s-trans  both the C(4)-exo conformation d8R and the C(4)-endo
conformer is higher fobR and lower for5S. conformation of6Sis the pseudoaxial positioning of the azido
These results support the hypothesis that the s-cis:s-transsubstituents that are thereby in a gauche conformation relative
conformer ratio is closely linked to the cyclization tendency. to theN-acetyl groups.
To understand how the configuration at C(4) governs the s-cis:  This conformational analysis biH NMR spectroscopy is
s-trans conformer ratio of azidoprolines, we analyzed the supported by a crystal structure 8R as well as ab initio
conformation of5S and5R in more detail. calculations for5R and5S (Figure 3). Both the lowest energy
Conformational Analysis of the Pyrrolidine Rings of 5R conformations obtained by ab initio calculations (vide infra) and
and 5S.The pyrrolidine ring of Azp can adopt essentially two the crystal structure show the pseudoaxial position of the azido
main conformations, a C(4)-endo or a C(4)-exo conformation groups and their gauche relationship tofhacetyl group. These
(Figure 2)* Depending on which conformation is adopted, the results suggest that an azido gauche effect determines the overall
azido substituent occupies either the pseudoaxial or the pseu-conformation of the pyrrolidine ring of azidoprolines.

doequatorial position. The “Azido Gauche Effect”. To analyze and quantify the
Analysis of the vicinatH,*H coupling constants revealed that azido gauche effect observed 5% and5R, we performed ab
both the s-cis and the s-trans conformers of AR)&zp-OCH; initio calculations with simple azidoethane derivatives and

(5R) adopt C(4)-exo conformations, while both conformers of azidoprolines5S and 5R. The corresponding fluoroethane
Ac-(49)Azp-OCH; (59) adopt C(4)-endo conformations. Most  derivatives were calculated for comparison.

indicative of the C(4)-endo conformation 66 are the small (a) Ethane Derivatives.Calculations were performed on the
coupling constants observed betwean&hd H3', between i’ 1,2-disubstituted ethane derivatives-KH,CH,—Y (6—13),
with X being either N or F (Figure 4). These ethane derivatives

(44) Due to the facile rotation of five-membered rings, the C(4)-endo conforma-
tion is very similar to other conformations, like the C(3)-exo, the C(5)-
exo, and twist conformations thereof, which will not be dlstmgmshed here. (45) (a) Karplus, M.J. Phys. Chem1959 30, 11-15. (b) Roberts, G. C. K.
L|keW|se the C(4)-exo conformation is similar to the C(3)-endo, the C(5)- NMR of MacromoleculesA Practical Approach Oxford University
endo, and twist conformations thereof. Press: Oxford, UK, 1993; p 362.

J. AM. CHEM. SOC. = VOL. 128, NO. 45, 2006 14699
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Table 2. Vicinal Coupling Constants of the s-trans and s-cis Conformers of Ac-(4S)Azp-OCHjs (5S) in Different Solvents?@

D,0 DMF CD30D CDCls

entry 3J(H,H) s-trans s-Cis s-trans s-Cis s-trans s-Cis s-trans s-Cis
1 Ha—Hp 9.6 7.2 9.1 9.0 9.2 8.5 8.9 6.1
2 Ha—Hp' 2.5 3.1 4.2 15 3.7 15 4.3 4.1
3 HB—Hy 5.2 nd 6.0 5.2 5.7 4.8 nd nd
4 HpB'—Hy 2.4 nd 4.7 3.0 3.8 16 4.4 nd
5 Hy—Ho 53 5.3 6.1 5.4 59 5.5 6.1 nd
6 Hy—HJo' 16 <1 4.0 15 35 <1 4.2 13
7 HB'—Ho' P 15 nd <1 <1 0.7 16 nd nd

a“ngd” indicates that the coupling constant could not be determined due to overlapping stgh=és’J(H,H) coupling between B and HY' indicates
their pseudoequatorial positions at C(3) and C(5).

Table 3. Vicinal Coupling Constants of the s-trans and s-cis Conformers of Ac-(4R)Azp-OCHjs (5R) in Different Solvents?@

D0 DMF CDs0D CDCly
entry *J(HH) s-trans s-Cis s-trans s-Cis s-trans s-Cis s-trans s-Cis
1 Ha—Hp 8.0 8.6 8.2 7.5 8.2 8.5 8.2 8.3
2 Ho—Hp' 8.3 nd 7.1 6.7 7.5 6.0 6.4 5.8
3 HE—Hy' 3.3 4.7 4.4 nd 4.1 5.0 5.0 51
4 HB'—Hy' 5.3 nd 5.6 nd 5.5 5.9 6.1 6.1
5 Hy'—Ho 2.3 nd 3.5 nd 3.2 15 3.8 4.8
6 Hy'—Ho' 59 5.5 5.4 5.7 5.2 5.7 5.6 5.8
7 HB—HoP 15 nd 12 nd 14 14 1.0 1.2

a“ngd” indicates that the coupling constant could not be determined due to overlapping stjfadsJ(H,H) coupling between Bland H indicates their
pseudoequatorial positions at C(3) and C(5).

Table 4. Energy Differences (in kJ mol~1) between Anti and
Gauche Conformers of Ethane Derivatives 6—132

X X
H H H Y
anti gauche
H H H H
Y H

AE = Egni = Egauche (kJ mo|—1)

entry Y X=F X=Ns

1 F 3.7 nd?

Figure 3. _Structures 0BR (left) and5S (right). For5S the lowest energy g Hi’_' COH %‘% 555;
ponformatlon as calculated at the RI-MP2/TZVP//B3LYP/6-316** level 2 NHAC 6..0 6..8
is shown. For5R, the crystal structure is shown. The calculated lowest 5 N(CH)AC 70 13.9

energy conformation R is in good agreement with the crystal structure,
except for the flexible torsion angle of the azido group-(@4)—N—N);
see Supporting Information.

2 The calculations were performed at the MP2/QZ2P level, based on RI-
MP2/SVP-optimized structures. The ZPE corrections were computed at the
B3LYP/6-31G** level. P ZPE-corrected value: 4.0 kJ mdl ¢ ZPE-

Y /
XN corrected value: 4.6 kJ ndl. ¢ Not determined.

6X=Y=Ng 10X=Y=F calculations were performed at the MP2 level using larger basis

TR oNG o 2 NHOOH SN vivedl sets. Table 4 shows the energy differences between the anti and

9X= Nz: Y=N(CHgAc  13X=F,Y = N(CHz)Ac gauche conformers obtained by using the MP2 method and a

QZ2P basi% for structures optimized at the RI-MP2/SVP level.
Vibrational frequencies were calculated at the B3LYP/6-

allowed for an analysis of the azido gauche effect without 31G** level for diazido- and difluoroethand @nd 10) based

influence from other effects like ring torsions. on the B3LYP/6-31G**-optimized structures. The zero-point
The ethane derivatives with amide substituents as Y were energies (ZPEs) differ by 0.9 kJ m@élat most.

chosen as fragments of acetylated 4-azidoprolines. For all These data demonstrate that the gauche conformer is more
de_rlvat|ves, systematic conformatlona_l searches were perfo_rmedstame compared to the anti conformer for all azido- and
using molecular mechanics calculations with the force field
MMFF94.26 All conformers were then optimized at the HF/6-  (48) (&) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, 84 Rhys.

. P . Chem.1994 98, 11623-11627. (b) Lee, C.; Yang, W.; Parr, R. Bhys.
31G** level. The lowest energy structure was used as the initial Rev. B 1998 37, 785-789.

i (49) Weigend, F.; Hser, M. Theor. Chem. Accl997 97, 331-340.
structure for a seco.nd.confornjatlonal search. Thereafter, the(50) Eichkom. K. Weigend, F.. Treutier 0. Ahirichs. Rheor. Chem. Acc.
conformers were optimized again at the HF/6-31G** level. The 1997 97, 119-124.
energetically most favored conformer was optimized at both (51) Feyeresen, W.; Fitzgerald, G.; Komornickd, Shem. Phys. Let1993
the B3LYPY48 and RI-MP29-51 |evels using the basis sets (52) Hehre, W. J.; Ditchfield, R.; Pople, J. & Chem. Physl972 56, 2257-

_ *% 52,53 4 i iti i _ i 2261.
6-31G and SVP* respectively. In addition, single-point (53) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213-222.
(54) (a) Scthiter, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97, 2571~
(46) Halgren, T. AJ. Comput. Cheml996 17, 490-519. 2577. (b) Schter, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1992 100,
(47) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. 5829-5835.

Figure 4. Azido- and fluoroethane derivativés-13.
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Table 5. Energy Differences (in kJ mol~1) between Anti and
Gauche Conformers of the Azp Derivatives 5R and 5S and
between s-trans and s-cis Conformers of the Gauche Conformers?

AE= Eyyi— Egauche AE=E; yans — Es—qis
(kI mol 1) (kI mol 1)
entry compound s-trans S-Cis gauche conformer
1 5R 3.0(3.3) 6.3 (7.0) —6.7 (—6.1)
2 5S 29(.2) 13.6 (14.4) 1.1(1.9)

aThe calculations were performed at the RI-MP2/TZVP level based on
B3LYP/6-31G**-optimized structures. Zero-point-corrected energy differ-

ences are listed in parentheses. The ZPE corrections were computed at th

B3LYP/6-31G** level.

fluoroethane derivatives studied. The gauche effect exerted by
the azido group is either comparable to the fluorine gauche effect

(entries +-4) or slightly stronger (entry 5).

To check the accuracy of the relative energies, additional
single-point calculations were performed for 1,2-difluoroethane
(20). The influence of using different cc-pXZ basis setsX =
4,5, 69558 at the MP2 level for the RI-MP2/SVP structures is
rather small, with variations as compared to the MP2/QZ2P
value of 0.3 kJ mol* at most. Further calculations were carried
out at both the CCSD and CCSDIT] levéfswhich indicate a
preference for the gauche conformation by 2.9 kJth@CCSD/
QZ2P//IRI-MP2/SVP) and 3.2 kJ mdl (CCSD[T)/QZ2P/IRI-
MP2/SVP), respectively. This is in line with earlier quantum
chemical investigations for difluoroethaffe?* For N-acetyl-
2-fluoroethylamine 12), ab initio studies at the DFT and MP2
levels found energy differences in favor of the gauche conformer
of 7.5 and 7.1 kJ mol, respectively, which is also in agreement
with our studies?®.60

(b) Azidoprolines 5S and 5R.To analyze the azido gauche
effect on the conformation of azidoproliné€sS and 5R,
calculations of their s-cis and s-trans conformers were per-
formed. Systematic conformational searches with the MMFF94
force field were performed, and each conformer was optimized
at the B3LYP/6-31G** level. More accurate energies were
obtained by using single-point RI-MP2 calculations with a
TZVP basis?*

For the energetically most stable structures at the RI-MP2/
TZVP level, stationary points were confirmed as minima by
calculations of vibrational frequencies at the B3LYP/6-31G**
level based on the B3LYP/6-31G**-optimized structures. Table

5 shows the resulting energy differences between the anti and

gauche conformers with regard to the relative position of the
azido andN-acetyl groups, as well as between the s-trans and

s-cis amide conformers. Here “gauche” denotes the C(4)-exo

conformation of5R and the C(4)-endo conformation &5
whereas “anti” denotes the C(4)-endo conformatio®®fand
the C(4)-exo conformation &S.

The data clearly demonstrate that a gauche conformation of

the azido substituent relative to theacetyl group is energeti-

(55) Dunning, T. HJ. Chem. Phys1989 90, 1007-1023.

(56) Peterson, K. A.; Woon, D. E.; Dunning, T. Bl. Chem. Phys1994 100,
7410-7415.

(57) Wilson, A.; van Mourik, T.; Dunning, T. HJ. Mol. Struct.1997, 388
339-349.

(58) http://www.emsl.pnl.gov/forms/basisform.html

(59) (a) Purvis, G. D., lll; Bartlett, R. J. Chem. Physl1982 76, 1910-1918.
(b) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-GordoiChEem.
Phys. Lett1989 157, 479-483. (c) Bartlett, R. J.; Stanton. J. F.Reviews
of Computational Chemistryipkowitz, K. B., Boyd, D. B., Eds.; VCH:
New York, 1994; Vol. 5, pp 65169.

(60) Mooney, S. D.; Kollman, P. A.; Klein, T. EBiopolymers2002 64,
63—71.

2.85A

Figure 5. n—z* interaction in the s-trans conformer BR (left), whereas
the s-trans conformer &Sis not stabilized by an-rr* interaction (right).

%ally more favorable compared to an anti conformation for the

s-cis as well as the s-trans amide isomers of tdthand5S.
Thus, in the lowest energy conformations, the s-cis and s-trans
conformers of5R adopt a C(4)-exo conformation and the
conformers of5S a (4)-endo conformation (Figure 3 and
Supporting Information). For these preferred conformations, the
calculations indicate an energetic preference for the s-trans
amide conformer b¥%R and almost equal energies for the s-cis
and s-trans conformers f&S (Table 5, column on the right).
Although these predictions from the ab initio calculations were
obtained in the gas phase, they are in line with the s-cis:s-trans
ratios observed in solution bYH NMR spectroscopic studies
(Table 1). Here, a stronger preference for the s-trans amide
conformer by5R compared tbSis observed.

The studies so far clearly demonstrate that an azido gauche
effect determines the conformation of the pyrrolidine ring of
the azidoproline derivatives. To rationalize how this gauche
effect leads to a higher s-trans:s-cis amide conformer ratio of
the (4R)-configured azidoprolinebR compared to the @-
configured diastereoméesS, a closer analysis of the lowest
energy structures of the ab initio studies as well as the crystal
structure of5R was most revealing.

Stabilization of the s-trans Conformer of (4R)Azp by an
n—* Interaction. In the crystal structure and the lowest energy
conformation from the ab initio studies of the s-trans amide
conformer of5R, the oxygen of the acetyl group is at an angle
of 98° and 102, respectively, to the carbonyl group of the
methyl ester. This angle is typical for the trajectory’ (Gt
Dunitz trajectory) at which a nucleophile is known to approach
a carbonyl grou! The distance between the oxygen of the
acetyl group and the carbonyl carbon of the methyl ester is 2.85
A (crystal structure) and 2.86 A (ab initio structure), demon-
strating the good agreement between experiment and theory.
Thus, the angle between O- -=© and the distance between
O- - -C, which is well within the van der Waals radii, indicate
a stabilizing r~z* interaction of the s-trans conformati@#30.62
The n—x* interaction is only observed in the s-trans conforma-
tion of (4R)-azidoproline5R (Figure 5, left). The C(4)-endo
conformation of the (8)-diastereomebS does not allow for
such a stabilization of the s-trans conformer since the distance
between the oxygen of the acetyl group and the carbonyl group
of the methyl ester is too large and the angle does not fit, either
(Figure 5, right).

These results demonstrate not only that the pyrrolidine ring
conformation of azidoprolines is governed by the azido gauche
effect but also that this effect furthermore determines the relative

(61) (a) Bugi, H. B.; Dunitz, J. D.Acc. Chem. Re<l983 16, 153-161. (b)
Burgi, H. B.; Dunitz, J. D.; Shefter, El. Am. Chem. Sod973 95, 5065~
5067. (c) Bugi, H. B.; Lehn, J. M.; Wipff, GJ. Am. Chem. Sod974 96,
1956-1957. (d) Bugi, H. B.; Dunitz, J. D.; Lehn, J. M.; Wipff, G.
Tetrahedron1974 30, 1563-1572.

(62) Hinderacker, M. P.; Raines, R. Protein Sci 2003 12, 1188-1194.
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Table 6. IR Spectroscopic Data (in cm~1) of the Methyl Ester
C=0 Bond of 5R and 5S4

compound in CHCl3 in 1,4-dioxane
5R 1745 1748
5S 1749 1752

a Spectra were recorded at a concentration of 10 thit 298 K.

population of the s-cis and s-trans conformers by allowing for
a stabilizing r~z* interaction in the case of the s-trans
conformer of5R but not in the case d&S. As a result, a higher
content of the s-trans conformer BR is observed.

IR spectroscopic studies provided further evidence for this
stabilizing n—x* interaction of the s-trans conformer 6R.
Spectra of5R and 5S in CHCIl; and 1,4-dioxane revealed
vibrational stretching frequencies for the methyl esteibond
of 5R at slightly lower wavenumbers (difference o# cn?)
compared to those &S (Table 6). Lower wavenumbers indicate
lower bond orders, which is in agreement with a stabilizing
n—* interaction between the acetyl group and the methyl ester.

Conclusions

Our results demonstrate that the “azido gauche effect” can

Ac-(4S)Azp-OCH3; (5S).Boc-(45Azp-OCH; (340 mg, 1.258 mmol)
was dissolvedn 4 M HCI in dioxane (3.5 mL) and stirred at room
temperature for 1 h. After removal of all volatiles at reduced pressure,
the residue was triturated with £ (3 x 10 mL), providing the HCI
salt as a white solid. The crude product was reacted with acetic
anhydride (0.24 mL, 2.52 mmol) and triethylamine (0.52 mL, 3.77
mmol) in dry CHCI, (2 mL). The reaction was monitored by thin-
layer chromatography (TLC). After completioh M HCI (1 mL) was
added, and the mixture was extracted twice with EtOAc (2.5 mL). The
combined organic layers were dried, and the solvent was removed in
vacuo. After flash chromatography on silica gel (CH:CH3;OH 98:2
to 97:3), the acetylated methyl est&® (253 mg, 1.19 mmol, 95%)
was isolated as a colorless diH NMR (500 MHz, DMFd;, 25 °C):

o (s-trans conformery 4.53 (m, 1H; H), 4.49 (dd,J = 9.2 Hz, 4.3
Hz, 1H; Ho), 3.97 (dd,J = 11.0 Hz, 6.1 Hz, 1H; H), 3.68 (s, 3H;
OCHg), 3.54 (ddJ = 11.0 Hz, 3.9 Hz, 1H; K'), 2.62 (dddJ = 13.5
Hz, 9.2 Hz, 6.0 Hz, 1H; H), 2.03 (dt,J = 13.5 Hz, 4.3 Hz, 1H; "),
2.04 (s, 3H; Ac);0 (s-cis conformer)y= 4.84 (dd,J = 9.1 Hz, 1.5 Hz,
1H; Ho), 4.53 (m, 1H; H), 3.77(s, 3H; OCH), 3.69 (dd,J = 13.0
Hz, 5.5 Hz, 1H; H), 3.41 (dt,J = 13.0 Hz, 1.5 Hz, 1H; W'), 2.62
(m,J=09.1Hz, 5.2 Hz, 1H; I#), 2.38 (ddddJ = 13.7 Hz, 3.2 Hz, 1.5
Hz, 0.4 Hz, 1H; H8"), 1.98 (s, 3H; Ac)13C NMR (125 MHz, DMF4,
25°C): o (s-trans conformerF 172.3, 169.4, 57.7, 60.2, 52.3, 52.7,
34.9, 22.1) (s-cis conformery= 172.7, 170.1, 59.1, 59.1, 52.8, 51.7,
36.7, 22.1. IR (10 mM CHG}: v = 3021, 2108, 1749, 1652, 1420.

be used as a structure-directing element. We have shown howes|-Ms: mvz (relative intensity)= 235.0 (100) [M+ NaJ*, 447.0 (60)

the azido gauche effect determines the conformation of 4-azi-

[2M + NaJ*. Anal. Calcd for GH12N405 (212.09): C, 45.28; H, 5.70;

doproline derivatives and leads to a higher s-trans:s-cis amideN, 26.40. Found: C, 45.21; H, 5.60; N, 26.28.

conformer ratio for (R)Azp compared to (@Azp derivatives.
The higher s-cis content of §}/Azp derivatives can also be used
to explain their higher tendency to form cyclic di- and tripeptides
compared to (R)Azp derivatives. It is clear that the gauche
effect is energetically a relatively small effect, so that other
factors, such as kinetics, may be of importance for the different

cyclization tendencies as well. Nevertheless, in the absence of(

stronger noncovalent interactions, the azido gauche effect will
be the decisive element.
Furthermore, our ab initio calculations suggest that the

Ac-(4R)Azp-OCHj3 (5R). 5Rwas synthesized according to the same
procedure as described 5% and obtained in 96% yield (36 mg) as a
white solid. 'H NMR (500 MHz, DMFd; 25 °C): 6 (s-trans
conformer)= 4.53 (m,J = 9.3 Hz, 5.1 Hz, 3.9 Hz, 1H; ¥, 4.38 (dt,
J= 7.7 Hz, 1H; Hy), 3.89 (dd,J = 11.1 Hz, 5.3 Hz, 1H; W'), 3.66
(m, 1H; HY), 3.65 (s, 3H; OCH), 2.38 (ddddJ = 12.0 Hz, 8.2 Hz,
4.4 Hz, 1.2 Hz, 1H; 8), 2.25 (dd,J = 7.1 Hz, 5.6 Hz, 1H; I#") 2.03
s, 3H; Ac); 0 (s-cis conformer)= 4.78 (dd,J = 8.0 Hz, 6.4 Hz, 1H;
Ha), 4.43 (m,J = 9.2 Hz, 5.4 Hz, 1H; K), 3.75 (s, 3H; OCH), 3.66
(m, 1H; HY), 3.56 (dd,J = 12.3 Hz, 5.7 Hz, 1H; '), 2.48 (m, 1H;
Hp"), 2.23 (dd,J = 7.1 Hz, 5.6 Hz, 1H; I#), 1.91 (s, 3H; Ac)13C

strength of the azido gauche effect is comparable to that of the NMR (125 MHz, DMFd;, 25 °C): 6 (s-trans conformery 172.8,

well-known “fluorine gauche effect”. This is in line with the
fact that the conformations of 4-azidoprolines are very similar
to those described by Raines for the corresponding 4-fluoropro-
lines26-28 Thus, the azido group can be used as a conformation-
directing element which allows for, in contrast to fluorine, facile
functionalization by, for example, “click chemistry”. In light
of the importance of cistrans isomerism around the Xxx

Pro bond in natural peptides and proteifgi-azidoprolines
might serve as interesting new tools as well.

Experimental Section

Syntheses of 5S, 5R, 14S, and 14Rlaterials and reagents were
of the highest grade commercially available and used without further
purification. Reactions were monitored by thin-layer chromatography
using Merck silica gel 60 &4 plates. Compounds were visualized by
UV, ceric ammonium molybdate (CAM), and ninhydrin. Flash chro-
matography was performed using Merck silica gel 60, particle size 40
63 um. *H and*3C NMR spectra were recorded on Bruker DPX 400
and Bruker DPX 500 spectrometers. Chemical shifts are reported in
ppm. Infrared spectra were obtained on a Perkin-Elmer FT-IR Spectrum
spectrometer; peaks are reported in“énfFinnigan MAT LCQ and

169.3, 60.7, 57.9, 53.1, 52.3, 35.3, 221(s-cis conformery= 173.1,
169.8, 59.0, 58.9, 52.92, 51.2, 37.0, 21.6. IR (10 mM GHICV =
3021, 2106, 1745, 1651, 1420. ESI-MB¥z (relative intensity)= 235.0
(100) [M + NaJ*, 447.0 (60) [2M+ Na]*. Anal. Calcd for GH12N4O3
(212.09): C, 45.28; H, 5.70; N, 26.40. Found: C, 45.27; H, 5.64; N,
26.36.

Crystal Structure Determination of 5R. Crystals of 5R were
obtained by crystallization from acetone. Crystals of the compound
under investigation were mounted on a Nonius KappaCCD. Data
collection was carried out using the Nonius collect stfifEhe structures
were solved by using direct methods with the program SIR@2ast-
squares refinement was carried out using the program CRYSTALS.
Plots were produced using ORTEP3 for WinddWs.

The asymmetric unit within the unit cell &R consists of two
molecules, one of which is in a C(4)-exo s-trans conformation (Figures
3 and 5), and the other is in a C(3)-exo s-cis conformation. Judged by
the Karplus curvé? the dihedral angles of the C(3)-exo conformation
are not in agreement with the vicinidéd,'H coupling constants observed
in the solution phase. Thus, this conformer is probably stabilized in

(64) COLLECT, Nonius BV: Delft, The Netherlands, 1992001.
(65) Altomare, A.; Cascarano, G.; Giacovazzo, G.; Guagliardi, A.; Burla, M.
C.; Polidori, G.; Camalli, MJ. Appl. Crystallogr.1994 27, 435.

TSQ 700 instruments were used for electrospray ionization (ESI) mass (66) (a) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, P. W.; Cooper,

spectrometry.

(63) Fischer, GChem. Soc. Re 200Q 29, 119-127.
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R. . CRYSTALSChemical Crystallography Laboratory: Oxford, UK, 2001;
Issue 11. (b) Carruthers, J. R.; Watkin, D.Atta Crystallogr, Sect. A
1979 35, 698-699.

(67) Farrugia, L. JJ. Appl. Crystallogr.1997 30, 565.
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the solid state by packing effects within the crystal lattice, and such H, (14s,8p,4d,3f,2g,1h)/[6s,5p,4d,3f,2g,1h] for C and F; cc-pV6Z, (10s,-
stabilization occurs in the solution phase only to a minor extent. The 5p,4d,3f,2g,1h)/[6s,5p,4d,3f,2g,1h] for H, (16s,10p,5d,4f,3g,2h,1i)/[7s,-
dihedral angles of the molecule that adopts a C(4)-exo conformation 6p,5d,4f,3g,2h,1i] for C and F. The density functional theory calcula-
in the crystal are in good agreement with the torsion angles suggestedtions for the ethane derivatives were performed using the standard grid
by the vicinal*H,'H coupling constants observed in solution, as judged as implemented in Q-Cheffi Difluoroethane and diazidoethane were
by the Karplus curve (see Results and Discussion). additionally optimized using a grid with 110 radial points and 590
Experimental details of the structure determination5& are angular points. The frequency calculations and all calculations concern-
compiled in the Supporting Information. CCDC-615190, deposited with ing the proline derivatives were performed using a grid with 110 radial
the Cambridge Crystallographic Data Centre, contains the supplemen-points and 590 angular points.
tary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html.

Computational Details. Force field calculations were carried out
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