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Abstract: The conformational preferences 
of chiral vinylogous aminosulfonic acids 
(vs-amino acids) and of the corresponding 
oligomers (vs-peptides) were investigated 
by a combination of X-ray crystallogra- 
phy, variable-temperature (VT) 'H NMR 
spectroscopy, FT-IR spectroscopy, and 
NOE experiments. The major source of 
conformational freedom in the monomers 
is the rotation around the C-C bond con- 
necting the double bond with the allylic 
stereocenter (N-C*-C=C). The allylic 
conformational preferences can be altered 
in the oligomers by the formation of sec- 

ondary structures enforced by hydrogen 
bonding. Twelve-membered-ring hydro- 
gen bonding is detected in the crystal 
structure of vs-dipeptide 9, while four- 
teen-membered-ring hydrogen bonding is 
the most common folding pattern for the 

peptides 

oligomers in chloroform solution. The ex- 
perimental results are complemented by 
computer modeling: suitable force-field 
(FF) parameters for the unsaturated sul- 
fonamide group were developed from ab 
initio calculations. A Goodman-Still sys- 
tematic pseudo-Monte-Carlo search was 
used for the conformational search. The 
conformers were minimized in chloro- 
form with the GBjSA model. The calcula- 
tions correctly predicted both the size of 
the hydrogen-bonded ring and its relative 
importance, in agreement with the experi- 
mental data in solution. 

Introduction 

Although during the past two decades a great deal of work has 
been devoted to the replacement of the scissile peptide bond 
with mimetic groups,". '1 relatively little is known about pseu- 
dopeptides characterized by the presence of the sulfonamido 
b ~ n d . [ ~ ~ - ~ '  This modification creates a peptide bond surrogate 
with significant changes in polarity, H-bonding ability and 
acid-base character (RS0,-NHR, plu, =lo-11). Further- 
more, the sulfonamido bond should show enhanced metabolic 
stability and structural similarity to the tetrahedral transition 
state involved in amide bond enzymatic hydr~ lys i s . [~" -~~  This 
makes sulfonamidopeptides interesting candidates for the devel- 
opment of protease inhibitors and new  drug^.[^'-'^ The 
oligomers and the polymers should also be interesting molecular 
scaffolds, with specific pseudopeptide backbone conformations 
based on the hydrogen-bonding network. Unfortunately a- 
aminosulfonamides are known to be unstable and to decompose 
immediately by fragrnentati~n.~~] We have recently described the 
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synthesis of chiral vinylogous aminosulfonic acids (vs-amino 
acids) starting from natural a-amino acids, the development of 
a straightforward protection-deprotection coupling chemistry 
for the sulfonamido bond, and the synthesis of sulfonamido- 
pseudopeptides by an iterative process, both in solution[5a3 b1 

and in the solid phase.[5c1 In collaboration with Clark Still at 
Columbia University and Peter Nestler at Cold Spring Harbor 
Laboratory, we have recently described the binding of tweezer- 
like molecular receptors based on vs-peptides to an encoded 
combinatorial tripeptide library, showing not only that vs-pep- 
tide-based receptors bind oligopeptides, but also that the bind- 
ing selectivity is just as high as that of receptors built with 
cc-amino acids.[5d] 

In this paper we report on the conformational preferences of 
this new class of compounds. The goal is to study simple vs- 
amino acids and vs-dipeptides in great detail in order to devise 
a set of rules and trends useful for the interpretation of the more 
complex vs-tripeptides and vs-tetrapeptides. Intramolecular 
dipolar attraction, including hydrogen bonding, is expected to 
be a principal driving force for folding in these systems. 

Results and Discussion 

We have investigated the conformational preferences of the 
monomers 1-6 (Fig. 1) by a combination of X-ray crystallogra- 
phy (1 -3), variable-temperature (VT) 'H NMR spec- 
troscopy,[61 and FT-IR spectroscopy.[6] Carbamate 7 and sul- 
fonamide 8 were studied as reference compounds (Fig. 2). We 
have also studied the conformational preferences of the 
oligomers 9-13 (Fig. 3) by a combination of VT 'H NMR spec- 
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1 X=Boc R ‘=Me R=OMe 
2 X=Boc R ’ = P r  R=OEt 
3 X=Boc R’=Bn R=OMe 
4 X=Boc R ’ = B u  R=OhAe 
5 x =  BOC R’= Me R=NH(s)Bn 
6 X=S02Me R’=Me R=NH(qBn 

Fig. 1 .  Protected vinylogous aminosulfonic acids (vs-amino acids) 

0 o,\ 00 
‘BuOKNAPh MdS‘NnPh 

H H 
7 8 

Fig. 2. Reference coApounds. 

9 X=Boc R ’=Me R2=Pr  
10 X=SO,Me R1=Me R2=Rr 

11 X=OEt R’=CHpPh R2=Me R3=Pr 
12 X = NH(13)Bn R’ = CH2Ph R2 = Me R3= Pr 

13 X = NH(17)Bn R’ = CH2iPr R2 = CH2Ph R3 = Me R4= PI 

Fig. 3. Protected vinylogous sulfonamidopeptides (vs-peptides) . 

troscopy, FT-IR spectroscopy, and nuclear Overhauser effect 
(NOE) experiments. Vs-dipeptide 9 was also investigated in the 
solid state by X-ray crystallography. The conformational pref- 
erences of the oligomers 9-13 were studied in an organic solvent 
(chloroform) in an effort to elucidate the manner in which non- 
covalent interactions control the adoption of molecular confor- 
mations. 

X-ray crystallography : X-ray crystallographic analysis provided 
the first insight into the conformational preferences of this new 
family of compounds and gave detailed parameters for their 
molecular geometry. The crystal structures of the monomers 
L-Boc-vs-Ala-OMe (l), L-Boc-vs-Val-OEt (2), and L-BOC- 
vs-Phe-OMe (3) are shown in Figures 4-6 (Boc = tert-butyl- 
oxycarbonyl) .[’I 

The conformational preference of the allylic stereocenter with 
respect to the double bond does not appear well-defined: inspec- 
tion of the crystal structures reveals that either the CH-eclipsed 
conformer [as in 1, H-C6-C8=C9 = 0.9(5)0], the CN- 
eclipsed conformer [as in 3, N-C6-C8=C9 = -10.9(4)”], 
or a more staggered conformer [as in 2, H-C6- 
C8=C9 = 47.6(8)”] are all possible. The allylic conformational 
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Fig. 4. X-ray crystal structure of L-Boc-vs-Ala-OMe (1). H-C6- 
C 8 4 Y  = O.Y(5)”; N-C6-C8=CY =112.9(5)”. 

c13 b 
112 

2 

Fig. 5.  X-ray crystal structure of L-Bw-vs-Val-OEt (2). H-C6- 
C8=C9 = 47.6(8)”; N-C6-C8=C9 =151.1(8)”. 

0 3  

3 
Fig. 6. X-ray crystal structure of L-Boc-vs-Phe-OMe 3. H-C6- 
C8=C9 = -126.3(4)”; N-C6-C8=C9 = -10.9(4)”. 

preferences can be altered in the oligomers by the formqtion of 
organized secondary structures enforced by hydrogen bonding. 
For example, in the crystal structure the vs-dipeptide L-BOC-VS- 
Ala-L-vs-Val-NHBn (9, Fig. 7) shows an intramolecular hy- 
drogen bond between the hydrogen of the Boc-NH group and 
the oxygen of the S0,NHBn group forming a, twelve-membered 
ring [(Nl)H-06 = 2.22(S)A; NI-H(N1)-06 =155(5)”; 
N 1 -0 6 = 3.037 (5) A]. The folded twelve-membered structure 
is further stabilized by a CH -n-arene interaction[’] between the 
Boc tert-butyl group and the NHBn aromatic ring [H-ring 
plane distance = 2.948 (7) A]. The strongest hydrogen bond in 
this crystal structure is intermolecular, between the oxygen of 
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Fig. 7. X-ray crystal structure of L-Boc-vs-Ala-L-vs-Val-NHBn (9). H-C 10- 
C14=C15 = - 2.5(7)"; N2-C10-C14=C15 =111.4(5)"; H-C6-C8=C9 = 
-119.5(7)"; Nl-C6-C8=C9 = 0.7(7)". 

the Boc group and the hydrogen of the S0,NHBn group of a 
neighbor vs-dipeptide [(N3)Hii-02' = 1.95(5) A; N3"- 
H(N3)"-02' =170(5)"; N3"-02' = 2.804(4) A, symmetry 
codes: = x, y ,  z ;  ii = x - 1, y + 1, z ] .  

In the structure in chloroform solution, this hydrogen bond is 
intramolecular and gives rise to a tightly hydrogen-bonded four- 
teen-membered ring (see the discussion of conformational pref- 
erences in solution). Inspection of the crystal structure of 
the vs-dipeptide L-Boc-vs-Ala-L-vs-Val-NHBn (9, Fig. 7) 
reveals the presence of two different allylic conformers, 
one CH-eclipsed [in the vs-Val subunit, H-C10- 

and one CN-eclipsed [in the vs-Ala subunit, N 1 -C 6- 
C8=C9 = 0.7(7)", H-C6-C8=C9 = -119.5(7)"]. It isinter- 
esting to observe that vs-Ala is CH-eclipsed in the monomer (1, 
Fig. 4), and CN-eclipsed in the vs-dipeptide (9, Fig. 7), while 
vs-Val is partially staggered in the monomer (2, Fig. 5) and 
CH-eclipsed in the vs-dipeptide (9, Fig. 7). This is again indica- 
tive of a rather flat potential energy surface including two 
eclipsed conformers (CN and CH) of similar energy. 

The conformational preferences around the sulfonate ester or 
the sulfonamide bond are quite similar in all the crystal struc- 
tures examined, and show a gauche arrangement (C-S-O- 
C = 69-78"; C-S-N-C = 62-69") of the two carbon chains. 
The double bond is nearly eclipsed by one of the two S=O bonds 
in the cr$-unsaturated sulfonate esters (C=C-S=O = 4-14') 
and in the sulfonamides (C=C-S=O = 11-31"). In the sulfon- 
amides, the hydrogen of the allylic stereocenter tends to eclipse 
the sulfur atom (S-N-C-H = 23") (Fig. 8). 

C14=C15 = - 2.5(7)", N2-ClO-C14=C15 =111.4(5)"] 

VT 'H NMR spectroscopy of the monomers and of the o l igomew 
conformational studies based on 35 couplings: We have used VT 
'H NMR spectroscopy to study the conformational preferences 
in solution (chloroform). Our choice of chloroform was moti- 
vated by interest in the conformational preferences of the sul- 
fonamido-pseudopeptides in a solvent of low dielectric constant 
and polarity.[g1 

Initially we studied the conformational preferences of the al- 
lylic stereocenters. The rotation around the allylic C*(sp3)- 
C(spz) bond was monitored in chloroform solution by the 

H 
C 

I Jc-S-N-c = ca. w I 
Fig. 8. Average C-N-S-C dihedral angles from X-ray crystal structure analysis. 

'HNMR coupling (3J) between the protons H 2  (at the stereo- 
center) and H 3 (at the double bond) at variable temperature for 
the compounds in Figure 1. In the temperature range of 240- 
300 K, all peaks of the NMR spectra remained sharp, indicating 
rapid rotation around all single C-C bonds; the coupling con- 
stants measured are therefore weighted averages of all rotamers. 
The trans three-bond coupling ( J z  10 Hz) is about five times as 
large as the gauche coupling ( J z 2  Hz). Therefore, a change in 
the population of the CH2-eclipsed rotamer will in turn cause 
a change in the observed coupling constant (3J). To facilitate 
analysis of the data, we have introduced AJlATvalues (Table l ) ,  

Table 1. AJ/AT(103 HzK-I) of compounds 1-6 and 9-13 for 1 mM CDCI, solu- 
tions in the 240-300 K temperature range. 

AJ/AT 1 2 3 4 5 6 9 10 11 12 13[a] 

H2-H3 0.0 0.0 0.0 6.1 14.0 14.0 -8.1 28.0 0.0 -19.6 -[b] 
H6-H7 16.3 7.1 9.1 4.8 19.6 
H 10-H 11 -6.1 5.0 68.4 
H 14-H 15 19.6 

[a] Measured in the 250-300 K temperature range. [b] Not detectable 

which are calculated by dividing the coupling constant change 
over the temperature range at which the change in coupling was 
observed. Physically, a positive AJ/AT value indicates that the 
CN-eclipsed form is more stable at lower temperatures, while a 
negative AJ/AT value indicates that the CH-eclipsed rotamer is 
more stable.[101 

The observed coupling constants for compounds 1-3 (typical 
value 4.88 Hz) remain essentially unchanged at different tem- 
peratures. In contrast, AJ/AT values for compounds 4-6 are 
positive; this indicates a preference for the CN-eclipsed con- 
former. It is interesting to observe that oligomers 9, 11, and 12 
show a preference for the CH-eclipsed rotamer (negative AJ/AT 
value) for one of the allylic stereocenters (Table 1). As this trend 
is not observed in the monomers, it is probable that the allylic 
conformational preferences are altered in the oligomers by the 
formation of secondary structures enforced by hydrogen bond- 
ing (see the discussion below). 

3J coupling constants between the sulfonamide NH and the 
hydrogen of the allylic stereocenter are quite large (9-10 Hz) for 
all compounds examined (9- 12) and tend to increase at lower 
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temperatures. This behavior is indicative of quite a large dihe- 
dral angle H-N-C*-H, in agreement with the X-ray analysis 
(see Fig. 8). 

VT 'H NMR spectroscopy of the monomers and of the ol igomers 
detection of intramolecular hydrogen bonding : Vinylogous sul- 
fonamidopeptides (9-13) show two aspects of the covalent 
structure that are essential for the formation of intramolecular 
hydrogen bonds: a) the repeating backbone structure should 
contain both hydrogen-bond donors (NH) and hydrogen-bond 
acceptors (C=O and S=O); b) the covalent spacing of these 
repeating hydrogen-bonding groups should be such that inter- 
actions between nearest neighbor sulfonamide groups are not 
favorable. 

In order to gain insight into the conformational behavior of 
monomers 1-6 and oligomers 9-13, we have analysed the NH 
chemical shifts of these compounds. An amide NH chemical 
shift is very sensitive to that proton's hydrogen-bonding status. 
Typically, it moves upfield as the temperature is raised, which is 
interpreted as indicating a heat-induced disruption of hydrogen 
bonding. Equilibration between hydrogen-bonded and non-hy- 
drogen-bonded states is usually fast on the NMR timescale, 
which means that observed chemical shifts are weighted aver- 
ages of the observed chemical shifts of the contributing states.[61 

The resonances of NH protons of all compounds described 
below are resolved at all temperatures studied. These resonances 
were assigned either by their splitting patterns or by homonucle- 
ar decoupling experiments. 

For all compounds described in the following text, NMR 
experiments show that the NH proton chemical shifts are inde- 
pendent of concentration at 300 K, at or below 5 x M, and 
therefore all experiments were conducted in 1 x 1 0 - 3 ~  solu- 
tions. Variable-concentration 'H NMR data indicate that the 
NH protons can be additionally classified in two different cate- 
gories: protons whose chemical shifts are independent of con- 
centration at 240 K in the range 5 x 1 x 1 0 - 3 ~  (all NH 
protons of compounds 1-5, 7-9, 11, and 13), and protons 
whose chemical shifts are dependent on concentration at 240 K 
in the same concentration range (selected NH protons of com- 
pounds 6, 10, and 12). Figure 9 shows the effect of concentra- 
tion on the NH chemical shifts for compounds 6 and 10 over the 
range 1-5 x 1 0 - 3 ~  at 240 K. These data indicate that monomer 
6 aggregates avidly in this concentration range (both H 1 and 
H 5 chemical shifts change greatly). In the case of vs-dipeptide 
10, the chemical shifts of H 1 and H 9 are concentration-inde- 
pendent, while that of H 5 is not; a possible explanation for this 
behavior is the involvement of H 1 and H 9  in intramolecular 
ring formation driven by hydrogen bonding (see the discussion 
below for vs-peptides 10 and 12) that leaves H 5 available for a 
selective intermolecular association. VT 'H NMR experiments 
(300-240 K; 1 x 1 0 - 3 ~  chloroform solution) conducted with 
the aim of detecting intramolecular hydrogen bonding are reli- 
able only for the first category of protons, while for the second 

+Hlof 6 
t H 5 o f  6 
+ H l o I  10 
-O-H5Of 10 
+H90f 10 

-2,3 -2,4 -2,5 -2,7 -3 

logconcentration (M) 

Fig. 9. NH 'H NMR chemical shifts of compounds 6 and 10 in CDCI, at 240 K as 
a function of concentration. 

category they are confused and invalidated by the formation of 
intermolecular aggregates." '1 

For relatively simple (sulfono)amides, including small vs-pep- 
tides, variable-temperature 'H NMR data obtained in a weakly 
polar solvent like chloroform (specifically the temperature de- 
pendences of (su1fono)amide proton chemical shifts, A6(NH)/ 
AT) can provide qualitative and sometimes quantitative infor- 
mation on the thermodynamic relationships among alternative 
folding patterns, when appropriate reference molecules are 
available.t61 In a flexible molecule, small A6(NH)/AT values 
have been associated with amide protons that are either com- 
pletely locked in an intramolecular hydrogen bond or complete- 
ly free of hydrogen bonding over the temperature range exam- 
ined. These two extreme possibilities can be distinguished either 
by analysis of the IR spectrum or by observation of the chemical 
shift value in comparison with the appropriate reference mole- 
cules. Table 2 shows the AG(NH)/ATvalues derived from the VT 
NMR data for compounds 1-5 and 7-13. 

The AG(NH)/AT signature for the amide proton of 7 
represents the behavior of a carbamate proton in the non- 
hydrogen-bonded state. This resonance appears in the range 
6 = 4.82-4.88, and the temperature dependence is small 
( - 1 . 0 ~  ppmK-') (Table 2) .  The AG(NH)/ATfor sulfon- 
amide 8 is also relatively small (- 2.8 x lop3 ppmK-', 
Table 2); the NH chemical shift of 8 represents the behavior of 
a typical sulfonamide in the non-hydrogen-bonded state. 

The presence of a trans double bond in vs-amino acids and 
vs-peptides prevents seven-membered-ring hydrogen bonding 
between S=O and HN. As expected, compounds 1-4 show 
very small Ah(NH)/AT values. Monomer 5 could experience 
nine-membered-ring intramolecular hydrogen bonding with the 
Boc carbonyl group (H5-0=C). Comparison of the H I  and 
H 5 NMR data of 5 with the data for 7 and 8 indicates that the 
NH protons of 5 are not involved in hydrogen bonding: firstly, 
the A6(NH)/AT signatures for H1 and H 5  of 5 are small 
(Table 2); secondly, the H 1 and H 5 resonances (6 = 4.38 and 
4.40, respectively, at 300 K;  4.56 and 4.49, respectively, at 
240 K) are slightly upfield of the NH resonances of the reference 

Table 2. A6(NH)/AT (10-3ppmK-') of compounds 1-5 and 7-13 for 1 mM CDCI, solutions in the 240-300K temperature range 

A6/AT 1 2 3 4 5 7 8 9 10 11 12 13 [bl 

NH 1 -1.6 -1.3 -1 -1.4 - 2.4 -1.0 -2.8 ~ 0.6 - 10.2 -0.7 -0.4 I 

NH 9 -11.1 -6.4 -1.4 -8.1 -9 
NH 13 -5.1 -6.2 
NH17 -7 

NH 5 -2.1 -3.3 -[a1 -1.8 -[a1 2 

[a] The AS(NH)/AT values are reported only for protons whose shifts are concentration-independent in the temperature range examined. [b] Measured in the 250-300K 
temperature range. 
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compounds 8 (6 = 4.50 at 300 K and 4.69 at 240 K) and 7 
(6 = 4.82 at 300 K and 4.91 at 240 K) throughout the tempera- 
ture range examined (240-300 K). This inability to form in- 
tramolecular hydrogen bonds between the nearest neighbor 
amide-type groups leading to small (9-membered) rings has a 
major consequence for the hydrogen bonding of the oligomers 
(see below) 

A sulfonamide NH is more acidic (pKazlO-ll) and there- 
fore is a stronger hydrogen-bond donor than a carbamate NH. 
Clear evidence of this behavior is obtained by adding increasing 
amounts of [D6]DMS0 to a 1 x 1 0 - 3 ~  solution of 5 in CDCI, 
at room temperature. The sulfonamide NH (H 5) moves to low- 
er field more rapidly than the carbamate NH (H 1): on addition 
of 3000 equiv of DMSO H 5 moves from 6 = 4.42 to a plateau 
value of 6.90, while H 1 moves from 4.43 to 5.48. 

All three NH proton (H 1, H 5, H 9) chemical shifts of vs- 
dipeptide 9 were shown to be concentration-independent be- 
tween 1 and 5 x 1 0 - 3 ~  at both 300 K and 240 K, which is con- 
sistent with a monomeric state throught this range. Vs-dipeptide 
9 shows a strong preference for a single fourteen-membered-ring 
hydrogen-bonded species (H 9-0=C). This is quite evident 
from the chemical shifts of H 9, which are consistently downfield 
(1.2-2.0ppm) of the H 5  proton and the NH proton of the 
reference compound 8 in the 240- 300 K temperature range. 
Moreover, the A6(NH)/AT value of H 9  is quite large 
(-11.1 ~ l O - ~ p p m K - ' ,  Table2), compared with H 5  and 
H I  of the same compound ( - 3 . 3 ~ 1 0 - ~ p p m K - '  and 
-0.6 x ppmK-', respectively, Table 2). Figure 10 shows 
the temperature dependence of the amide proton NMR chemi- 
cal shifts for 1 mM samples of vs-dipeptides 9 and 10. 

t i t 3 o f  10 
+Hl of 10 
+H1 of 9 
-0-HSOf 9 

4 -- 300 290 280 270 260 250 240 -H90f9 
Temperature (K) 

Fig. 10. NH 'HNMR chemical shifts of vs-dipeptides 9 and 10 in 1 mM CDCI, 
solutions as a function of temperature. 

Vs-dipeptide 9 could in principle also form a twelve-mem- 
bered-ring hydrogen-bonded species (H 1 -O=S). However, 
both the chemical shift and the AG(NH)/ATvalue of H 1 exclude 
this possibility. The formation of a tight fourteen-membered- 
ring hydrogen bond (H 9-0=C) is also plainly demonstrated at 
room temperature by the strong NOE at H 9  upon irradiation of 
the tBu of the BOG group and the IR shift to lower frequencies 
of v(C=O) (which appears at 1705cm-') and v(N-H) 
(3253 cm-l), both the bonds involved in the hydrogen bonding 
(see the IR section below). These observations indicate that 9 
adopts a compact intramolecularly hydrogen-bonded folding 
pattern that is sufficiently robust to inhibit intermolecular asso- 
ciation. 

The allylic conformational preferences of vs-dipeptide 9 are 
also strongly altered by the formation of the fourteen-mem- 
bered-ring hydrogen-bonded species. The AJ/AT value for the 
vs-Val subunit is strongly positive (16.3 x HzK-', 
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Table I), indicating a preference for the CN-eclipsed rotamer, 
while forthem-Alasubunititisnegative(- 8.1 x l o T 3  HzK-' ,  
Table I), indicating a preference for the CH-eclipsed rotamer 
(compare with the AJ/AT values of the monomers 1 and 2, 
Table 1). 

In vs-dipeptide 10 the H 1 and H 9 chemical shifts are indepen- 
dent of concentration at 240 K, while the H 5 chemical shift is 
not, even below 1 x 1 0 - 3 ~  (Fig. 9), and therefore its A6(NH)/ 
AT value is not significant. The other two sulfonamide hydro- 
gens (HI ,  H9) show relatively large AG(NH)/AT values 
(Table 2, Figure 10). In particular, H 1 can form a hydrogen- 
bonded twelve-membered ring (H 1 -O=S), and H 9  a hydro- 
gen-bonded fourteen-membered ring (H 9-0=C). Competition 
between the two different folding patterns probably contributes 
to the diminution of the population of each hydrogen-bonded 
ring (compare, for example, vs-dipeptide 9 where only one 
hydrogen-bonding pattern is present, Fig. 10). The sulfonamide 
proton H I  chemical shift shows a larger temperature depen- 
dence than that of H9, which indicates that formation of the 
twelve-membered hydrogen-bonded ring is enthalpically more 
favored than that of the fourteen-membered ring. 

As with vs-dipeptide 9, the allylic conformational preferences 
are also strongly altered in 10 by the formation of the hydrogen- 
bonded species. The AJlAT values for both the vs-Ala and vs- 
Val subunits of vs-dipeptide 10 are positive (28.0 x and 
7.1 x HzK-', respectively, Table 1) indicating a distinct 
preference for the CN-eclipsed rotamers (compare with the AJ/  
AT values of the monomers 1 and 2, Table 1). 

Vs-tripeptide 11 has the same type and number of NH protons 
as 9. The presence of an additional vinylogous sulfonoester unit 
in 11 does not alter its conformational preferences compared 
with 9. Vs-tripeptide 11 also shows a strong preference for a 
single fourteen-membered-ring hydrogen-bonded species (H 9 - 
O=C). The resonance of H 9  appears at 6 = 5.8-6.2 in the 
240-300 K temperature range. Moreover, the A6(NH)/AT val- 
ue o f H 9  is rather large ( - 7 . 4 ~  ppmK-', Table 2), com- 
pared with H 5  and H I  ( - 1 . 8 ~ 1 0 - ~ p p r n K - ~  and 
-0.7 x ppmK-', Table 2). Figure 11 shows the tempera- 

+Hl Of 11 
U H 9 O f 1 2  
+H1 Of 12 
+H9of 11 
+H50f11 
+ Hi3  of 12 

:- 4 
300 290 280 270 260 250 240 

Temperature (K) 

Fig. 11. NH 'HNMR chemical shifts of vs-tripeptides 11 and 12 in l m ~  CDC1, 
solutions as a function of temperature. 

ture dependence of the amide proton NMR chemical shifts for 
1 mM samples of vs-tripeptides 11 and 12. 

Formation of the fourteen-membered-ring hydrogen-bonded 
species alters the allylic conformational preferences of vs-tripep- 
tide 11. The AJ/AT value for the vs-Val subunit of vs-tripeptide 
11 is negative (- 6.1 x HzK-', Table I), indicating apref- 
erence for the CH-eclipsed rotamer, while it is positive for the 
vs-Ala subunit (9.1 x HzK-', Table 1) indicating aprefer- 
ence for the CN-eclipsed rotamer (compare with the AJ/AT 
values of vs-dipeptide 9 and of the monomers 1 and 2, Table 1). 
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In vs-tripeptide 12, H 1, H 9 and H 13 chemical shifts are inde- 
pendent of concentration at 240 K, while H 5 chemical shift is 
not, even below 1 x 1 0 - 3 ~ ,  and therefore its A6(NH)/ATvalue 
is not significant (see Fig. 11). Vs-tripeptide 12 has one more 
NH group, and therefore it experiences more competition be- 
tween the various possible hydrogen-bonded rings. H 13 can 
form either a fourteen-membered hydrogen-bonded ring with 
the O=S group of the vs-Phe subunit, or a nineteen-membered 
ring with the carbamate C=O group; H 9  can form a fourteen- 
membered ring with the carbamate C=O group. Comparison of 
the NMR data of H 9  and H13 shows that 6 H 9  is always 
farther downfield from 6 H13, indicating that the fourteen- 
membered ring of H 9  and C=O occurs more frequently than 
the rings involving H13. The formation of these hydrogen- 
bonded rings is evident from the downfield shift of H 9 and H 13 
and their A6(NH)/AT values (Fig. 11, Table 2). 

The chemical shift value for H 9  of vs-tripeptide 11 is con- 
stantly downfield of H 9 of vs-tripeptide 12 at all temperatures 
(Fig. 11). These differences should largely reflect differences in 
the extent of the internal hydrogen bonding of these protons. 
Competition between the alternative folding patterns (H 9- 
O=C vs. H13-0=C) probably diminishes the population of 
the hydrogen-bonded species involving H 9 of 12. 

Strong Overhauser effects were observed for vs-tripeptide 12 
at room temperature between H11 and H I  or H 2  
(isochronous), H 9 and tBu, H 6 and H 1 or H 2 (isochronous), 
tBu and CH, of the SO,NHCH,Ph group, and are indicative of 
a distinct folding of the molecule. The IR data are treated below. 

The 'H NMR spectrum of vs-tetrapeptide 13 is fairly compli- 
cated because of extensive signal overlap ; the resonances of all 
protons were assigned at various temperatures in the 250- 
300 K range by homonuclear correlation spectroscopy (COSY 
and TOCSY). Variable-temperature NMR data for H 1 and H 5 
show positive AG(NH)/AT values, in complete contrast to all 
other cases (Table 2). The strong negative Ad(NH)/ATvalue for 
H 9 is indicative either of the usual fourteen-membered-ring hy- 
drogen bonding with the carbamate C=O (see the discussion of 
IR data below) or of hydrogen bonding with the available S=O 
groups. H I 3  and H17 show rather large negative A6(NH)/AT 
values, which indicates their involvement in various hydrogen- 
bonded rings. These rings involving H9, H 13, and H 17 are 
probably enthalpically favored compared with other rings in- 
volving H 1 and H 5, and are therefore more common at lower 
temperatures. 

Discussion of IR data: Hydrogen-bonding equilibria are slow on 
the IR timescale, in contrast to the NMR timescale, giving rise 
to discrete N-H stretch bands for hydrogen-bonded and non- 
hydrogen-bonded states of a given secondary amide group. IR 
has the disadvantage, relative to NMR, of signal overlap when 
more than one N-H group is present.16]Table 3 shows the N-H 
stretch region FT-IR spectral data for 1 mM CHCl, solutions of 
sulfonamides 5-13 in CHCl, at room temperature. No inter- 
molecular amide-amide hydrogen bonding is detectable in a 
solution of 7 and 8. The only absorption observed in the N-H 
stretch region [v(N-H)] under these conditions occurs at 
3458.5 cm-' for 7 and at 3394.1 cm-' for 8. We shall refer to 
these N-H stretch absorptions as indicative of a non-hydrogen- 
bonded state to distinguish them from IR absorptions arising 
from a hydrogen-bonded state. 

Monomers 5 and 6 experience no intramolecular hydrogen 
bonding at room temperature (Table 3). 

Vs-dipeptide 9 displays three signals in the N-H stretch re- 
gion in 1 mM CHCl, solution: a broad signal at 3252 cm-' cor- 
responding to an intramolecularly hydrogen-bonded sulfon- 

Table 3. IR spectra of compounds 5- 13 for 1 mM CHCI, solutions at 300 K. 

Compounds v(NH) non v(NH) non v(NH) v(C=O) 
bonded bonded bonded 
(carbamate) (sulfonamide) (sulfonamide) 

5 
6 
7 
8 
9 

10 
11 
12 
13 

3458 3386 1713 
3386 

3458 1730 
3394 

3446 3390 3252 1705 
3394 3281 

3450 3390 3252 1699, 1717 [a] 
3444 3389 3249 1698, 1719 [a] 
3450 3386 3265 1696, 1713 

Sulfonamido-pseudopeptides 644 - 655 
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[a] Shoulder. 

amide hydrogen, a sharp signal at 3390 cm-' corresponding to 
a non-hydrogen-bonded sulfonamide hydrogen, and a sharp 
signal at 3446 cm- ' corresponding to a non-hydrogen-bonded 
carbamate hydrogen. Vs-dipeptide 10 equilibrates between non- 
hydrogen-bonded and intramolecularly hydrogen-bonded 
states as shown by the presence of non-hydrogen-bonded 
(3394 cm- ', sharp) and hydrogen-bonded (3281 cm- ', broad) 
signals in the N-H stretch region. Vs-tripeptides 11 and 12 
display three signals in the N-H stretch region in 1 mM CHCl, 
solution : a broad signal (3389 and 3390 cm- ', respectively) cor- 
responding to a non-hydrogen-bonded sulfonamide hydrogen, 
a sharp signal (3249 and 3252 cm- ', respectively) correspond- 
ing to an intramolecularly hydrogen-bonded sulfonamide hy- 
drogen, and a sharp signal (3444 and 3450 cm-', respectively) 
corresponding to a non-hydrogen-bonded carbamate hydrogen. 
The bands at 3450, 3386, 3265 cm-' for vs-tetrapeptide 13 re- 
sult from non-hydrogen-bonded carbamate hydrogen, non-hy- 
drogen-bonded sulfonamide hydrogen, and H-bonded sulfon- 
amide hydrogen, respectively. 

In the C=O stretch region (Table 3), carbamate 7 shows a 
strong band at 1730cm-', while vs-dipeptide 9 has a single 
band at 1705 cm-', that is, the band shifts approximately 
25 cm- ' to lower frequency owing to hydrogen bonding. Unlike 
the variable-temperature NMR data (Table 2, Fig. lo), which 
show the presence of an equilibrium between hydrogen-bonded 
and non-hydrogen-bonded states, IR data do not detect these 
two different species, probably because the H-bonded induced 
shift is similar to the width of the band. However, vs-tripeptides 
11 and 12 show two bands, a strong band (1698 and 1699 cm-', 
respectively) corresponding to a hydrogen-bonded carbonyl 
group, and a shoulder (1719 and 1717 cm-', respectively) corre- 
sponding to a non-hydrogen-bonded carbonyl group. Vs-te- 
trapeptide 13 shows two separate bands of about the same 
intensity, at 1696 and 1713 cm-', corresponding to a hydrogen- 
bonded and a non-hydrogen-bonded carbonyl group, respec- 
tively. 

Thermodynamic analysis of the folding of the oligomers: For an 
amide proton equilibrating between a non-hydrogen-bonded 
state and a hydrogen-bonded state, the equilibrium constant for 
the two-state system may be calculated from 6(NH) if the limit- 
ing chemical shifts for the non-hydrogen-bonded and hydrogen- 
bonded states are known at any temperature [Eq. (l), where sobs 

is the observed chemical shift, 6,  is the limiting chemical shift for 
the non-hydrogen-bonded state, and 6, is the limiting chemical 
shift for the fully hydrogen-bonded state]. In CDCI, the chem- 
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ical shift of the sulfonamide NH (H 5)  of 5 can serve as 6, at all 
temperatures. Determining the limiting chemical shift for the 
intramolecularly hydrogen-bonded state is more problematic, 
because both the absolute value and the temperature depen- 
dence of 6, may vary with hydrogen-bond geometry. We esti- 
mated the required value of 6, at room temperature from the 
chemical shift of the sulfonamide NH of 5 in 1 mM CDCl, solu- 
tion after the addition of 3000 equiv of DMSO. We also as- 
sumed that this value applies to a hydrogen bond of optimum 
geometry. 

Table 4 shows the results of van? Hoff analyses of the confor- 
mational equilibria of vs-peptides 9-12 based on Equation (1). 

Table 4. Summary of thermodynamic parameters for vs-peptides 9-12. 

9 (H9) 10 (Hl)  10 (H9) 11 (H9) 12 (H9) 12 (H13) 

AHo (kcalmol-I) -3.4 -2.3 -1.3 -1.9 -1.7 -1.2 
ASo (eu) -10.7 -8.3 -5.6 -5.6 -6.2 -5.3 
correlation coeff. 0.998 0.994 0.986 0.991 0.992 0.992 

The data shown in Table 4 imply that the intramolecularly hy- 
drogen-bonded states are more enthalpically favorable than the 
non-hydrogen-bonded states, but are less favorable entropical- 
ly. Obviously, the hydrogen-bonded and the nonbonded state 
are not single conformations, but refer to all possible conform- 
ers. 

Computer modeling: Although the sulfonamide group is not 
specifically parametrized in the most popular force fields, ab  
initio studies of the sulfonamide group have been reported," 
and the corresponding FF parameters have been developed by 
the appropriate combination of ab initio data with specific geo- 
metric features extracted from crystal structures.[lZa,dl We un- 
dertook an ab initio study of the cr,S-unsaturated sulfonamide 
CH,=CH-SO,-NHMe (14) in order to develop the torsional 
parameters for the C(sp2)-C(sp2)-S-N dihedral angle. Bond 
lengths and bond angles were calculated by averaging the values 
from the ab initio data. The newly developed parameters were 
added to the previously reported MM 2 force-field parameters 
for the sulfonamide group['2a3 dl (the complete force-field sub- 
structure is reported in Table 5). Bond dipole moments were 
assigned to stretching interactions in the sulfonamide substruc- 
ture (Table 5 )  so that partial atomic charges were equal to half 
of the RHF/6-31G* Mulliken charges.['2a*d1 Ab initio molecular 
orbital calculations were carried out with the Gaussian 90 pro- 
grams:[131 the ab initio calculated (RHF/6-31G*) conformers 
for 14 (14a-e) are shown in Figure 12 with the respective rela- 
tive energies. The conformational minima were located with 30" 
resolution around the C=C-S-N torsion angle, starting from 
the two different conformations for the C-S-N-C dihedral 
angle (99 and 72") .[12a1 The force-field torsional parameters for 
the C(sp2)=C(spZ)-S-N dihedral angle (V, = 1.8, V, = - 1.6, 
V, = - 1.4) were developed by trial and error, in order to repro- 
duce geometries and relative energies of the ab initio calculated 
structures. The differences between the ab initio and the force- 
field calculated relative energies, and between the ab initio and 
the force-field calculated C=C-S -N dihedral angles, are re- 
ported in Table 6. 

Molecular modeling studies were carried out to gain insight 
into preferred conformations for intramolecularly hydrogen- 
bonded forms of the sulfonamido oligomers and relative stabil- 
ities of the conformers that make up the various hydrogen- 
bonded 14] The ratios between the various families 

Table 5. MM 2 Force-field substructure (MacroModel format) for the vinylogous 
sulfonamidopeptides. The first character of a line in the MacroModel force-field 
substructure describes the contents of that line: C indicates a comment, 1 specifies 
constants for stretching interactions, 2 specifies constants for bending interactions, 
3 specifies constants for stretch-bend interactions, 4 specifies constants for dihedral 
interactions, and 9 specifies substructure linear notation; numbers < 0 indicate the 
format for subsequent statements (e.g., - 2 indicates special substructure interac- 
tions). 

C Sulfonamide 
9 02=S1 -N3 [a] 
-2 

1 
1 
1 
1 
1 
1 
1 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

3 
3 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

3 
2 
1 
3 
2 
3 
2 

c 3  
H3 

H3 
1 
1 
c 3  
c 3  
c 3  
c 3  
c 2  
c 2  
c 3  
3 

LP 

00 
H3 

1 
1 
H3 
c 3  
H1 
HI 
c 3  
H1 
H1 
1 
c 3  
c 2  
c 2  
c 2  
c 3  
0 3  
3 
c 3  
H1 
c 3  
c 3  
Hl  
c 2  
c 2  
c 2  

H3 
3 
2 
c 3  
c 3  

c 2  
LP 

3 
3 
3 
3 
2 
2 
3 
3 
2 
2 
2 
2 
3 
c 3  

3 
3 

2 
2 
3 
3 
c 3  
c 3  
2 
c 3  
c 3  
2 
3 
2 
c 2  
c 2  
c 3  
c 3  
c 3  
c 3  
c 3  
c 3  
c 3  
c 3  
c 3  
c 3  
c 3  

LP 
LP 
2 
2 
0 2  
3 
H3 
2 
3 
1 
1 
3 
c 3  
0 3  

00 
00 

3 
3 
2 
2 
2 
3 
3 
3 
3 
3 
2 
3 
2 
2 
3 
3 
0 3  
3 
3 
3 
c 3  
c 3  
c 3  
3 
3 

H3 
c 3  
c 3  
c 3  
3 
2 
LP 
LP 
H3 
LP 
c 2  
LP 
3 
1 
2 
c 3  
c 3  
c 3  
c 3  
LP 
3 
3 
3 
2 
c 3  

[bl 
1.0020 
1.6500 
1.4350 
1.4400 
1.7870 
0.6000 
1.7600 

[el 
100.0000 
100.0000 
100.0000 
114.7200 
122.0800 
109.0600 
115.6100 
1 1 1.1900 
104.0700 
107.6200 
107.7000 
104.3000 
110.1000 
103.1000 

kl 
0.1200 
0.0900 

[hl 
0.0000 
0.0000 
0.0000 
0.0000 
0.0393 
0.0009 

-3.2092 
0.0000 
0.0000 
0.0000 
0.0000 

-3.2092 
1 ,8000 
0.0000 
0.0000 

-0.3000 
-0.2000 
-0.1000 

0.0000 
0.0000 
0.0500 

-0.0750 
0.0000 
0.0000 
0.0000 

[CI 
8.0300 
5.8300 
11.6400 
5.4600 
4.0900 
6.1000 
4.0900 

[fl 
0.5000 
0.5000 
0.5000 
0.7522 
1.5081 
1.3971 
0.9711 
0.6890 
1.4405 
1.1688 
1.1688 
1.4400 
0.7000 
0.4500 

[il 
0.0000 
0.0000 
0.0000 
0.0000 
0.0151 
0.0005 
5.0672 
0.0000 
0.0000 
0.0000 
0.0000 
5.0672 

- 1.6000 
0.0000 
0.0000 
0.0000 
0.0000 
0.3650 
0.0000 
0.0000 
0.2000 
0.0000 
0.0000 
0.0000 
0.0000 

[dl 
-0.9600 

0.7900 

-0,9700 
-0.9000 

-0.9000 

-2.4000 

[Jl 
0.0000 
0.0000 
0.0000 
0.0000 
0.8602 

-0.2707 
2.4880 
0.0000 
0.2500 
0.0000 
0.0000 
2.4880 

- 1.4000 
0.0000 
0.0000 
0.0000 
0.0000 
0.8550 
0.0000 
0.0000 
0.4500 
0.2750 
0.0900 
0.0000 
0.2000 

[a] Notation: Substructure atoms: 1 = 0 2  = 0=, 2 = S1 = S, 3 = N3 = sp3 N; 
H1 = H(-C); H3 = H(-N); C2 = sp2 C, C3 = sp3 C; 0 3  = 0-; Lp = lone pair. 
[b] Bond length (A). [c] Stretching constant (mdynla). [d] Bond dipole moment 
(Debye). [el Bond angle ("). [f] Bending constant (mdynlrad'). [g] Stretch-bend 
constant. [h] V, (kcalmol-I). [i] V2 (kcalmol-I). [j] V, (kcalmol-I). 

of hydrogen-bonded and non-hydrogen-bonded conformations 
were calculated by a Boltzmann distribution at 298 K of the 
family conformers within 2.0 kcalmol- ' above the global mini- 
mum. These studies were not intended to evaluate quantitatively 
the relative energetics of intramolecularly hydrogen-bonded 
and non-hydrogen-bonded conformations, but rather to 
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146 piiq 14e p i G q  
Fig. 12. Ab initio calculated conformers for CH,=CH-S0,NHMe (14) and rela- 
tive energies. 

Table 6. Ab initio and force-field (FF) calculated relative energies and C=C-S-N 
dihedral angles of conformers 14a-e. Torsional parameters V,  = 1.8, V2 = - 1.6, 
V, = -1.4 are used for the C(sp2)=C(sp2)-S-N torsion. 

~~~ 

Relative Energies (kcalmol-') C=C-S-N (") 
Ab initio FF Ab initio FF 

14a 0.00 0.00 -119 -115 
14b 1.11 0.10 +119 +116 
14c 2.55 2.57 + 14 +11 
14d 1.17 1.24 -113 -115 
14e 1.68 1.39 +113 +I15 

provide a qualitative pictorial view of the low-energy conform- 
ers and match the pictures from the calculations with the spec- 
troscopic data. Nevertheless, it is interesting to observe that in 
most cases the calculations correctly predict both the size of 
the hydrogen-bonded ring and its relative importance in agree- 
ment with the experimental data in solution (see discussion 
above). 

Vs-peptides 9, 10, 12, and 13 were subjected to the calcu- 
lations; simplified structures in which all R substituents 
were replaced by methyl groups were used (Fig. 3, 

gen-bonded and non-hydrogen-bonded conformational 
families are shown in Table 7. In the case of vs-dipeptide 9, the 
predicted lowest-energy conformation is the fourteen-mem- 
bered-ring hydrogen-bonded conformation (H 9- O=C) found 
experimentally in solution (Fig. 13). In the case of vs-dipeptide 
10, the predicted lowest energy conformation is a doubly hydro- 
gen-bonded conformation where both the fourteen-membered 
ring (H 9-0=S hydrogen bonding) and the twelve-membered 
ring (H 1 -O=S) found experimentally in solution are present 
(Fig. 14). The calculations suggest that the twelve- and four- 
teen-membered-ring hydrogen-bonded conformations and the 
non-hydrogen-bonded conformations are all relevant for this 
compound, as found experimentally by the VT-NMR data 
(competition between various hydrogen-bonding networks), 
and IR data (equilibration between hydrogen-bonded and non- 
hydrogen-bonded states). 

In the case of vs-tripeptide 12, the predicted lowest-energy 
conformation is a fourteen-membered-ring hydrogen-bonded 
conformer (H9-0=C) (Fig. 15). The calculations suggest that 
both the fourteen-membered-ring conformations (H 9 -C=O 
and H13-S=0) are important, in agreement with the experi- 
mental data in solution. The calculations overestimate the pop- 
ulation of conformers involving H 1 in hydrogen bonds (H 1 - 
O=S, seventeen-membered ring) in clear contradiction to the 
spectroscopic data discussed above. 

R ' = R  - - R3 = R4 = Me). The ratios of the various hydro- 

Table 7. Calculated percentages of the various hydrogen-bonded and non-hydrogen-bonded families of conformers within 2.0 kcal mol- I (Boltzmann distribution at 298 K) 
for vs-peptides 9, 10, 12, and 13 (R' = R2 = R3 = R4 = Me); H-bond type in parentheses. 

Conformers 9 10 12 13 

non-hydrogen-bonded 7.9 37.8 4.3 0.5 

14-membered-ring hydrogen-bonded 74.7 26.0 39.2 5.6 
(H9-0=C) (H9-0=S) (H9-0=C) (H9-0=C) 

1 '-membered-ring hydrogen-bonded 8.7 5.7 - - 

(H 1 -O=S) (H 1 -O=S) 
12- and 14-membered-ring hydrogen-bonded 8.7 30.5 5.2 - 

( H 9 - 0 4 )  (H 9-0=S) (H9-0=C) 
(H 1 -O=S) (H5-0=S) (H 1 -O=S) 

17-membered-ring hydrogen-bonded - - 25.1 - 

19-membered-ring hydrogen-bonded - 5.7 3.9 

14- and 14-membered-ring hydrogen-bonded - - 13.4 45.1 

14- and 19-membered-ring hydrogen-bonded - - 4.9 

14- and 22-membered-ring hydrogen-bonded - - - 13.6 

(Hl-O=S) 
- 

(H13-0=C) (H 13-0=C) 

(H 9 - O=C) (H9-0=C) 
(H13-0=S) (H 17-0=S) 

- 

(H9-0=C) 
(H17-0=S) 

(H9-0=C) 
(H 1 -O=S) 

various hydrogen-bonded rings 7.1 - 

(12-, 14-, 17-, 19- combinations) 

(12-, 14-, 17-,19-, 22- combinations) 

- - 

various hydrogen-bonded rings - - 26.4 - 
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'Bu 

Fig. 13. Lowest-energy conformation (FF calculations) of vs-dipeptide 9, 
R1 = R2 = Me, X = Boc. H9-0=C hydrogen-bonding distance =1.94 A .  N- 
H9-0(=C) =140.2", (N-)H9-O=C = 135.8" 

.................. 

.. ..! ....... 

Fig. 14. Lowest-energy conformation (FF calculations) of vs-dipeptide 10, 
R' = R2 = Me, X = S0,Me. H9-0=S  hydrogen-bonding distance = 2.27 A. N -  
H9-0(=S) =169.9", (N-)H9-O=S =103.5". HI-O=S hydrogen-bonding dis- 
tance = 2.08.k N-Hl-O(=S) =149.4", (N-)HI-O=S =121.3". 

Fig. 15. Lowest-energy conformation (FF calculations) of vs-tripeptide 12, 
R1 = R2 = R3 = Me, X = NHBn. H9-0=C hydrogen-bonding dis- 
tance =1.93 A. N-H9-0(=C) =163.0", (N)H9-O=C =158.0". 

652 ~ 0 VCH Verlagsgesellschaft mbH, 0-69451 Weinheim 

In the case of vs-tetrapeptide 13, the predicted lowest-energy 
conformation is a doubly hydrogen-bonded conformer where 
both the fourteen-membered hydrogen-bonded ring involving 
the Boc carbonyl group (H9-0=C) and that involving the 
terminal benzyl sulfonamide proton (H 17-0=S) are present 
(Fig. 16). The calculations suggest that the fourteen-membered- 
ring hydrogen-bonding motif becomes increasingly important 
in more structurally complex substrates. 

Fig. 16. Lowest-energy conformation (FF calculations) of vs-tetrapeptide 13, 
R1 = R2 = R3 = R4 = Me, X = NHBn. H9-0=C hydrogen-bonding dis- 
tance = 1.90 A.N-H9-0(=C) = 154.6",(N-)H9-0=C = 157.3". H 17-0=S hy- 
drogen-bonding distance is 2.04 A. N-H17-O(=S) = 159.0", (N-)H 17- 
O=S =127.5". 

Conclusion 

We have investigated the conformational preferences of chiral 
vinylogous aminosulfonic acids (vs-amino acids) and of the cor- 
responding oligomers (vs-peptides) by a combination of X-ray 
crystallography, variable-temperature (VT) 'H NMR spec- 
troscopy, FT-IR spectroscopy, and NOE experiments. The ma- 
jor source of conformational freedom in the monomers is the 
rotation around the C- C bond connecting the double bond 
with the allylic stereocenter (N-C*-C=C). The allylic confor- 
mational preferences can be altered in the oligomers by the 
formation of secondary structures enforced by hydrogen bond- 
ing. Twelve-membered-ring hydrogen bonding is detected in the 
crystal structure of vs-dipeptide 9, while fourteen-membered- 
ring hydrogen bonding is the most common folding pattern for 
the oligomers in chloroform solution. With little competition 
from different hydrogen-bonding networks, the fourteen-mem- 
bered ring is largely favored and strengthened by a more linear 
N-H-0 angle. The experimental results were complemented 
by computer modeling: the calculations correctly predict both 
the size of the hydrogen-bonded ring and its relative impor- 
tance. 

Experimental Section 

Computer modeling: A Goodman- Still systematic pseudo-Monte-Carlo search 
[15a], part of the BATCHMIN-MacroModel4.5 molecular mechanics program 
[15b], was used for the conformational search on a Silicon Graphics Iris worksta- 
tion. The conformers were minimized in chloroform with the GBjSA model includ- 
ed in BATCHMIN [ I ~ c ] .  For this solvation model, molecular electrostatics calcula- 
tions were carried out with a constant dielectric treatment (molecular dielectric 
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constant E,., = 1.0). A solvent dielectric constant E , , ~ ~  of 4.8 was used for chloro- 
form. The force-field calculations were carried out by means of the MM 2* force 
field implemented in the MacroModel program [15b], augmented by the sulfon- 
amide substructure described above. MM 2' resembles the Allinger MM2 force 
field, but electrostatic effects and improper torsion are treated differently in the 
MacroModel version. 
The low energy conformations (within 2.0 kcalmol-' from the global minimum) 
were analyzed with respect to their hydrogen-bonding pattern. Hydrogen-bonding 
populations were estimated by analyzing the geometry around the acceptor (0) and 
the donor (H) atoms: a hydrogen bond was counted as present if the (N)H-0 
distancewas 12 .5  A, theN-H-Oangle was >12O0andtheH-O=C (orH-O=S) 
angle was 290" [15d,16]. 

Crystal structure analysis (Table 8 1171): Unit cell parameters and intensity data 
were obtained with an Enraf-Nonius CAD-4 diffractometer and graphite 
monochromated Cu, radiation (A = 1.54184 A). Calculations were performed with 
SDP and MolEN software [IS] on a MicroVax-3100 computer. The space groups 
were obtained by systematic extinctions and intensity statistics, and confirmed by 
the solution and refinement of the structures. The cases of space group P I  (2 and 
9) are quite surprising, but any attempt to describe the crystal structures in a higher 
symmetry space group according to refs. [I91 and [20] failed. Data were collected at 
room temperature by w-28 scan type in the 0 range 0-70". Lone pair (Ip), decay, 
and absorption [21] corrections were applied. The structures were solved by direct 
methods (MULTAN 80) [22]. All the non-hydrogen atoms were anisotropically 
refined by full-matrix least squares. The positions of all the hydrogen atoms were 
experimentally determined, but refined with success only in the case of 1 and, 
partially, in the case of 9 (amidic hydrogen atoms only). Atomic scattering factors 
were taken from reference [23]. 

Physical data: 
L-be-vs-Ala-OMe (1): Crystallized from n-hexane/EtOAc 7:3; m.p. = 89- 
91 "C; [a];' = - 22.3" (C =1.0, CHCI,); 'HNMR (300 MHz, CDCI,, 300K, 
TMS): 6 =1.33 (d, 'J(H,H) = 7 . 0 H ~ ,  3H;  CH,CH), 1.45 (s ,  9H;  [CH,],C), 3.82 

NH), 6.27 (dd, 'J(H,H) =15.10Hz, 4J(H,H) =1.60Hz, I H ;  CH=CHSO,), 6.86 
(dd, 'J(H,H) =15.10 Hz, 'J(H,H) = 4.97 Hz, 1H;  CH=CHSO,); l3C NMR 
(50.28 MHz,CDC13,300K,TMS):6 =19.61 (CH3),28.15([CH,],),46.75(CHN), 

(s, 3H; CH,OSO,), 4.45 (m. 1H;  CH,CHN), 4.61 (d, 'J(H,H) = 4.40Hz, 1H;  

56.16 (OCH,), 122.71 (CH=), 150.66 (CH=); C,,Hl9NOSS (265.3): calcd C 45.27, 
H 7.22, N 5.28, S 12.08, 0 30.15; found C 45.21, H 7.28, N 5.25. 

L-Boc-vs-Val-OEt (2): Crystallized from n-hexane; m.p. = 53-85°C; [a];' = 
+ 3.15" (C = 1.0, CHCI,); 'HNMR (300 MHz, CDCI,, 300 K, TMS): 6 = 0.95 (d, 
'J(H,H) = 6.4 Hz, 3H;  CH,CH), 1.36 (t. 'J(H,H) =7.5 Hz, 3H; CH,CH,OSO,), 
1.44 (s, 9H;  [CH,],C), 1.88 (m. ,J(H,H) = 6.4 Hz, 1 H; [CH,],CH), 4.15 (4. 
'J(H,H) =7.5Hz, 2H; CH,CH,OSO,,), 4.20 (m. 1H;  H2), 4.58 (br, 1H;  H I ) ,  

Table 8. Crystal structure analyses 

6.32 (dd, ,J(H,H)=14.65Hz, 4J(H,H)=1.90Hz, 1H;  H4), 6.80 (dd. 
3J(H.H) = 14.65 Hz, 'J(H,H) = 4.88 Hz, 1 H;  H3); ''C NMR (50.28 MHz, CD- 
CI,, 300K, TMS): 6 =14.69 (CH,), 17.95 (CH,), 18.74 (CH,), 28.14 ([CH,],), 
31.78 (CH), 56.38 (CHN), 66.81 (CH,), 125.16 (CH=), 147.63 (CH=); 
C,,H,,NO,S (307.4): calcd C 50.79, H 8.20, N 4.56, S 10.41, 0 26.04; found C 
50.71, H 8.25, N 4.52. 

L-Boc-vs-Phe-OMe (3): Crystallized from n-hexanelEtOAc 70:30; m.p. =115- 
117°C; [a];'= +10.76" (C =1.05, CHCI,); 'HNMR (300 MHz, CDCI,, 300K, 
TMS): 6 = 1.42 ( s ,  9 H ;  [CH,],), 2.95 (d, 3J(H,H) = 6.63 Hz, 2H; CH,Ph), 3.73 (s ,  
3H;  CH,OSO,), 4.37 (m, 1H;  H2), 4.47 (m. 1 H ;  HI ) ,  6.24 (dd, 
3J(H,H)=14.65Hz,4J(H,H)=1.27H~,  lH;H4),6.83(dd,  ,J(H,H)=l4.65Hz, 
,J(H,H) = 5.37 Ha, 1 H; H3), 7.10-7.35 (m, 5H; ArH); "C NMR (50.28 MHz, 
CDCI,, 300 K, TMS): 6 = 28.84 ([CH,],), 40.88 (CH,Ph), 52.71 (CHN), 56.79 
(OCH,), 124.64 (CH=), 127.83 (Ar), 129.41 (Ar), 129.87 (Ar), 136.28 (Ar), 149.35 
(CH=), 185.40 (CO); C,,H,,NO,S (341.4): calcd C 56.29, H 6.79, N 4.10, S 9.39, 
0 23.43; found 56.35, H 6.82, N 4.07. 

L-Boc-vs-Leu-OMe (4): Crystallized from n-hexanelEtOAc 95:5; m.p. = 59- 
61 "C; [a];' = - 15.36" (C =1.0, CHCI,); 'HNMR (300 MHz, CDCI,, 300 K, 
TMS): 6 = 0.95 (d, 'J(H,H) = 6.6 Hz, 6H;  [CH,],CH), 1.40-1.54 (m, 2H; mr- 
CH,), 1.45 (s, 9H;  [CH,],C), 1.64 (m, 1 H; Me,CH), 3.81 (s, 3H;  CH,OSO,), 4.40 
(m, 1H; CHN), 4.50 (brd, 1H; NH), 6.28 (dd, 3J(H,H)=15.10Hz, 
4J(H,H) =1.20Hz, I H ;  CH=CHSO,), 6.79 (dd, ,J(H,H) =16.10 Hz, 
'J(H,H) = 5.37 Hz, 1 H;  CH=CHSO,); "C NMR (50.28 MHz, CDCI,, 300 K, 
TMS): 6 = 21.77 (CH,), 22.58 (CH,), 24.56 (CH), 28.18 ([CH,],), 42.61 (CH,), 
49.42 (CHN), 56.12 (CH,), 122.81 (CH=), 150.30 (CH=); C,,H,,NO,S (307.4): 
calcd C 50.79, H 8.20, N 4.56, S 10.43, 0 26.02; found C 50.72, H 8.25. N 4.50. 

L-Boc-vs-Ala-NHBn (5): 'HNMR (300 MHz, CDCI,, 300 K, TMS): 6 = 1.25 (d, 
,J(H,H) = 6.78 Hz, 3H; CH,CH), 1.46 (s, 9H;  [CH,],C), 4.21 (d, 2H; 
NHCH,Ph), 4.36 (m, I H ;  NCHCH,), 4.45 (d, 'J(H,H) =7.3 Hz, I H ;  NHCH), 
4.45 (m. 1H; SO,NHCH,), 6.24(dd, 3J(H,H)=15.1Hz, 4J(H,H)=1.3Hz, 1H;  

CH=CHSO,), 7.35 (m, 5H; ArH); C,,H,,N,O,S (340.4): calcd C 56.45, H 7.11, 
N 8.23, S 9.42, 0 18.80; found C 56.43, H 7.16, N 8.20. 

CH=CHSO,), 6.67 (dd, 'J(H,H) = 4.65 Hz, 'J(H,H) =15.1 Hz, 1 H; 

L-MeS0,-vs-Ma-NHBn (6): 'H NMR (300 MHz, CDCI,, 300 K, TMS): 6 = 1.34 
(d, 'J(H,H) =7.1 Hz, 3H; CH,CH), 2.96 ( s ,  3H; CH,SO,), 4.23 (d, 
'J(H,H) = 6.1 Hz, 3H; NCH,Ph +NHCH), 4.20 (d, ,J(H.H) = 8.3 Hz, 1 H; 
MeSO,NH), 4.58 (t, 'J(H,H) = 6.1 Hz, 1 H; SO,NHBn), 6.38 (dd, 
'J(H,H) = 15.1 Hz, 4J(H,H) = 1.6 Hz, 1 H;  CH=CHSO,), 6.66 (dd, 
,J(H,H) = 5.13 Hz, 'J(H,H) =15.1 Hz, 1 H;  CH=CHSO,), 7.35 (m, 5H; ArH); 
C,,H,,N,O,S, (318.4): calcd C 45.27, H 5.70, N 8.80, S 20.14, 0 20.10; found C 
45.22, H 5.75, N 8.78. 
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formula 
FW 
system 
space group 
a (A) 
b (A) 
C (A) 
12 ("1 
B (") 
v (") 
V ( ' 4 3 )  

Pcalod (Mgm-3) 
absor. coeff. (Imm-') 
cryst. size (mm) 
no. refl. meas 
no. unique refl. 
no. refl. obs. 
criterion for obs. 

variation obs. stand. 
decay correction 
refinement type 
R 
R, 
no. refined param. 
weighting scheme (w =) 

Tmm, L a x  

(AIP)mtn 
(A/dmSx (e A - 3, 

C16HZ3NoSS 

341.42 
trigonal 
R3 (no. 146) 
29.142(6) 
29.142 (6) 
5.419(1) 
90 
90 
120 
3986(1) 
1.281 
1.79 
0.4 x 0.1 x 0.1 
4941 
3256 
2832 
I >  2 a(1) 
0.932, 0.996 
-4.5% 
linear 
on F 
0.034 
0.034 
299 
1 
- 0.09 
0.10 

C',H,,NOSS 
307.40 
triclinic 
PI (no. 1) 
5.318(6) 
6.728(4) 
12.292(9) 
78.43(7) 
88.44(6) 
84.66 (6) 
429.0(7) 
1.190 
1.79 
0.1 x 0.1 x 0.08 
2505 
1616 
1528 

0.903, 0.996 
-7.1 Yo 
linear 
on F 
0.056 
0.055 
181 

-0.12 
0.18 

I>2U(I) 

ll[W)I* 

C10H19N05S 

265.33 
monoclinic 
P2, (no. 4) 
7.944(2) 
9.620 (1) 
9,948(3) 
90 
112.98 (1) 
90 
699.9(3) 
1.259 
2.12 
0.5 xO.1 x 0.1 
1876 
1418 
1256 

0.928, 1.000 

linear 
on F 
0.053 
0.049 
154 

-0.15 
0.10 

1>2a(I) 

-2.3% 

l l ~ ~ ~ ~ I Z  

C22H3SN306S2 

501.67 
triclinic 
P1 (no. 1) 
5.599 (1) 
9.193(2) 
f 3.672(3) 
73.34(2) 
88.00(2) 
75.37 (2) 
651.8(3) 
1.278 
2.15 
0.4 x 0.4 x 0.3 
2616 
2348 
2296 
1>2a(l)  
0.961, 0.999 
-5.2% 
linear 
on F 
0.037 

306 

-0.12 
0.12 

0.038 

1/[wN2 
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L-Boc-vs-Ala-L-vs-Val-NHBn (9): Crystallized from n-hexane/EtOAc 50: 50; 
m.p. =134-136'C;[~]g' = -7.9"(c =l.Ol,CHCl,); 'HNMR(300 MHz,CDCI,, 
300K, TMS): 6 = 0.92 (d, 'J(H,H) = 6.84Hz, 3H; CH,), 0.96 (d, 
'J(H,H) =6.84Hz,3H;CH3),1.21 (d,,J(H,H) =7.08Hz,3H;CH3), 1.44(s,9H; 
[CH,],), 3.86 (br, 1 H ;  H6), 4.15 (b, 1H;  H2), 4.20 (br, 1H;  H5), 4.2 (d, 
'J(H,H) = 5.2Hz, 2H; CH,Ph), 4.59 (br, 1H;  H l ) ,  5.96 (br, 1 H ;  H9), 6.12 (d, 
'J(H,H) =14.65Hz, 1H; H8), 6.31 (d, 'J(H,H) =15.63Hz, 1H; H4), 6.46 (dd, 
3J(H,H)=5.86H~,3J(H,H)=14.65H~,lH;H7),6.57(dd,3J(H,H)=15.63Hz, 
'J(H,H) = 4.88 Hz, 1 H; H3); NMR (50.28 MHz, CDCI,, 300 K, TMS): 
6 =18.001 (CH,), 18.724 (CH,), 19.536 (CH,), 28.215 ([CH,],), 32.361 (CH), 
46.524 (CH), 46.954 (CH,), 59.330 (CH), 127.663, 127.901, 128.269, 128.547, 
130.366, 141.986, 145.450; C,,H,,N,O,S, (501.7): calcd C 52.67, H 7.03, N 8.38, 
0 19.14, S 12.78; found C 52.62, H 7.09, N 8.32. 

L-MeS0,-vs-Ala-L-vs-Val-NHBn (10): 'H NMR (300 MHz, CDCI,, 300 K, TMS): 
6 = 0.93 (d, ,J(H,H) = 6.84 Hz, 6H; CH,Val), 1.36 (d, ,J(H,H) =7.8 Hz, 3H; 
CH,Ala), 1.85 (m, 1 H;  CH(CH,),), 2.95 (s, 3H;  CH,SO,), 3.8 (m, 1H; H6), 4.1 
(4. 'J(H,H) ~ 7 . 8  Hz, 1H;  H2), 4.19-4.26 (4. 'J(H,H) =7.80 Hz, 2H;  CH,), 4.43 
(d,3J(H,H)=8.8Hz,1H;H5),5.02(d,3J(H,H)=8.89Hz,1H;H1),5.23(t, 
'J(H,H)=5.86Hz, 1H;  H9), 6.31 (d, ,J(H,H)=15,63Hz, 1H;  H4), 6.36 (d, 
'J(H,H)=14.65Hz, 1H;  H8),6.45 (dd, 'J(H,H)=15,63Hz, 'J(H,H)=6,84Hz, 
lH;H3),6.68(dd,3J(H,H)=4.88H~,3J(H,H) =14.65Hz, lH;H7),7.25(~,5H; 
Ph); ClaH2,N306S3 (479.6): calcd C 45.08, H 6.09, N 8.76, S 20.05,O 20.01 ; found 
C 45.05, H 6.13, N 8.70. 

L-Boc-vs-Phe-L-vs-Ala-L-vs-Val-OEt (11): 'HNMR (300 MHz, CDCI,, 300 K, 
TMS): 6 = 0.96 (d, 'J(H,H) =7.5 Hz, 3H; CH,Val), 0.98 (d, 'J(H,H) =7.0 Hz, 
3H; CH,Val), 1.33 (d, 'J(H,H) = 6.5 Hz, 3H;  CH,Ala), 1.39 (s, 9H;  [CH,],C), 
1.41 (t, ,J(H.H) =7.0 Hz, 3H; CH,CH,OSO,), 1.88 (m, 1 H; Me,CH), 2.82 (dd, 
,J(H,H) =14 .0H~,  'J(H,H) =7.0Hz, 1 H ;  CHHPh), 3.01 (d, 'J(H,H)=14,0Hz, 
1H;CHHPh),3.91(q,3J(H,H)=7.5Hz,1H;H10),4.19(m,1H;H6),4.25(m, 
2H; CH,OSO,), 4.34 (d, 'J(H,H) =7.8 Hz, 1H;  H5), 4.62 (m. 2H; H 2  + H l ) ,  
5.80 (d, 'J(H,H) = 8.8 Hz, 1 H; H 9), 6.21 (d, 'J(H,H) = 15.0 Hz, 1 H; H 4). 6.29 (d, 
'J(H,H)=l5.3Hz, 1H;  H12), 6.39 (ad, 'J(H,H) =15.4Hz, 1H;  Hg), 6.46 (dd, 
'J(H,H)=15.4Hz, 'J(H,H)=4,64Hz, 1H;  H7), 6.75 (dd, 'J(H,H)=15,3Hz, 
)J(H,H)=7.57Hz, 1H;  H l l ) ,  6.83 (dd, 3J(H,H)=15.0Hz, 'J(H,H)=4,0Hz, 
lH;H3),7.25(S,5H;Ph);"CNMR(50.28 MHz,CDC13,300K,TMS):6 =14.89 
(CH,), 18.19 (2CH3), 18.73 (CH,), 28.19 ([CH,],), 32.48 (CH), 39.79 (CH,Ph), 
49.23 (CHN), 52.11 (CHN), 59.89 (CHN), 67.09 (OCH,), 126.67, 127.01, 128.65, 

(649.8): calcd C 49.90, H 6.67, N 6.47, S 14.80, 0 22.16; found C 49.80, H 6.70, N 
6.46. 

128.72, 129.20, 130.05, 143.00, 144.87, 146.08, 155.32 (C=O); C,,H,,N,O,S, 

L-Boc- vs-Phe- L-vs-Ala - L-vs-Val- NHBn (12) : ' H NMR (300 M Hz, CDCI , , 
300K, TMS): 6 = 0.93 (d, 'J(H,H) = 6.84Hz, 6H; CH,Val), 1.23 (d, 
'J(H,H) =7.0 Hz, 3H; CH,Ala), 1.37 (s, 9 H ;  [CH,],C), 1.81 (m, 1 H;  Me,CH), 
2.82 (dd, 'J(H,H) = 6.8 Hz, 'J(H,H) =13.6Hz, 1H;  CHCHHPh), 3.0 (dd, 
'J(H,H) = 3 . 0 H ~ ,  'J(H,H) =13 .6H~,  1H;  CHCHHPh), 3.83(q, lH;H10),  3.91 
(m, 1 H ;  H6), 4.26 (d, ,J(H,H) = 6.8 Hz, 2H; NCH,Ph), 4.46 (d, 
3J(H,H)=7.8Hz,1H:H5),4.58(m,2H;H2 tH1),5.24(t , ' J (H,H)=6.8Hz,  
1 H;  H13), 5.5 (d, 'J(H,H) = 9.7 Hz, 1 H;  H9), 6.13 (d, 'J(H,H) = 15.63 Hz, 1 H; 
H8). 6.18 (d, 'J(H,H) = 15.63 Hz, 1 H; H4), 6.23 (d, 'J(H,H) = 15.63 Hz, 1 H; 
H12), 6.38 (dd, 'J(H,H)=15.63Hz, 'J(H,H)=5,86Hz, 1H; H7), 6.53 (d, 
'J(H,H)=15.63Hz, ,J(H,H)=7.8Hz, l H ; H l l ) ,  6.88(dd, 'J(H,H)=15,63Hz, 
'J(H,H) = 3.9 Hz, 1 H; H3), 7.1 -7.4 (m, 10H; ArH); "C NMR (50.28 MHz, 
CDCI,, 300K, TMS): S =18.014 (CH,), 18.780 (CH,), 28.158 ([CH,],), 40.1 
(CH,), 46.895 (NCH,Ph), 49.280 (CHN), 126.90, 127.8, 127.940, 128.585,128.662, 
129.241, 130.546, 142.086, 144.881; C,,H,,N,O,S, (710.9): calcd C 54.06, H 6.52, 
N 7.88, S 13.53, 0 18.00; found C 54.00, H 6.59, N 7.86. 

L-Boc - vs-Leu- L-vs-Phe - L-vs-Ala - L-vs-Val- NHBn (13) : ' H NMR (300 MHz, 
CDCI,, 300 K, TMS): 6 = 0.92 (d, 'J(H,H) = 6.6 Hz, 6H;  CH,Val), 1.25-1.35 (m. 
5H; CH,Ala +iF'rCH,), 1.45 (s, 9H;  [CH,],C), 1.64 (m, 1 H; Me,CHCH,), 1.83 
(m, 1 H; Me,CH), 2.76 (dd, ,J(H,H) = 9 Hz, 'J(H,H) = 14.1 Hz, 1 H; CHCHH- 
Ph), 3.0 (dd, 'J(H,H) = 4.9 Hz, 'J(H,H) =14.1 Hz, 1H;  CHCHHPh), 3.82 (m, 
1 H ;  H14), 4.04 (m, 1H;  HlO), 4.1-4.3 (m, 2H; H6 +H2), 4.2 (d, 
'J(H,H) = 6.21 Hz, 2H; NCH,Ph), 4.4 (d, 'J(H,H) = 8.0 Hz, 1 H; H 5 ) ,  4.65 (d, 
'J(H,H)=8.0Hz,1H;H1),4.94(d,3J(H,H)=8.8Hz,1H;H13),5.35(m,1H; 
H17),5.60(d,3J(H,H)=7.3H~,1H~H9),5.94(d,3J(H,H)=15.1H~,1H;H8), 
6.23 (d, 'J(H,H) = 15.0 Hz, 1 H;  H 16), 6.39 (d, 'J(H,H) = 15.1 Hz, 1 H; H4), 6.45 
(dd, 'J(H,H) = 6.3 Hz, 1H;  H l l ) ,  6.52 (dd, 'J(H,H) = 6.84Hz, 
'J(H,H)=15,0Hz, 1 H ;  H15), 6.61 (dd, ,J(H,H)=5,0Hz, ,J(H,H)=15.1Hz, 
lH;H3),6.64(dd,,J(H,H) =5,86Hz,'J(H,H) =15.1 Hz, lH;H7),7.2-7.4(m, 
10H; ArH); ',C NMR (50.28 MHz, CDCI,, 300 K, TMS): 6 =18.014 (CH,), 
18.715 (CH,), 20.944 (CH,), 21.651 (CH,), 22.821 (CH,), 24.582 (CH), 28.225 
([CH,],), 32.535 (CH), 40.264 (CH,Ph), 43.077 (CH,), 46.925 (NCH,Ph), 49.060 
(NCH), 49.559 (NCH), 55.208 (NCH), 59.363 (NCH), 126.815, 127.269, 127.870, 
127.975, 128.684, 128.836, 129.705, 129.901, 130.267, 130.656, 142.020, 143.490, 
143.767, 146.483; C,,H,,N,O,,S, (886.2): calcd C 52.86, H 6.71, N 7.90, S 14.47, 
0 18.05; found C 52.80, H 6.79, N 7.85. 
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