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ABSTRACT A conformational analysis of t-Boc-L-Pro-PPro-OH and t-Boc-L-Pro-D-Pro-OMe was performed 
in the solid state and in solution. The crystal and molecular structures of the two dipeptides were found 
to be close. Both peptides exhibit a cis tertiary urethane bond and a trans tertiary amide bond. In the structure 
of the free acid the molecules are held together through an intermolecular O-H4=C (urethane) hydrogen 
bond; i.e., the oxy analogue of the trans-I1 4 - 1 intramolecularly hydrogen-bonded peptide conformation 
appears to be absent. In solvents of high polarity solvated species largely predominate. In the free acid, even 
in a solvent of low polarity a t  high dilution, the extent of intramolecularly hydrogen-bonded forms, if any, 
should be small. 

The conformational versatility of regularly alternating 
high molecular weight linear D,L-peptides is well estab- 
l i ~ h e d . ~ , ~  These polypeptides are of interest not only be- 
cause of their novel conformational possibilities, associated 
with their stereosequence, but also as models for the 
transmembrane ion-conducting channel-forming peptide 
antibiotic gramicidin A.5,6 More recently, a limited number 
of investigations of the structure of low molecular weight 
linear D,L-peptides7-" and deps ipept ide~~J~- '~  have been 
carried out and, in some cases, the results compared to 
those of the L,L-diastereoisomers to obtain information on 
the effect of a-carbon chirality on peptide conformation. 
In general, these studies have dealt with N-unsubstituted 
a-amino acid residues, the N-alkyl-a-amino acids being 
considered only in the depsipeptide field. 

We are currently performing a systematic analysis of the 
conformation of proline derivatives15-17 and homooligo- 
prolines (to the tetrapeptide), the latter having all possible 
chiral sequences, various N-protecting groups, and dif- 
ferent capabilities of forming hydrogen bonds, i.e., the 
presence or absence of the hydroxyl group on the C-ter- 
minal carboxylic acid moiety. 

Seven structures of proline derivatives and homooligo- 
prolines have been solved so far by X-ray diffraction by 
our group and other g r o ~ p s . l ~ - ~ ~  They include (i) t-Boc- 
L-P~o-OH,'~ (ii) t-Aoc-L-Pro-0H,l6 (iii) A C - L - P ~ O - N H ~ , ~ ~ - ~ ~  
(iv) Ac-L-Pro-NHMe,20 (v) Z-(L-Pro)z-OH,21 (vi) t-Aoc-(L- 
P ~ O ) ~ - O H , ~ ~  and (vii) t -Boc-(~-Pro)~-OBzl .~~ Conforma- 
tional regions A and F,24 cis urethane and trans amide and 
peptide conforrnati~ns,~~ pyrrolidine conformations A and 
B,% and intermolecularly hydrogen-bonded forms involving 
urethane, amide, and peptide carbonyls as acceptors have 
been shown to occur in the aforementioned compounds. 
The conformational properties of all-L oligoprolines have 
been c a l ~ u l a t e d ~ ~ - ~ ~  and molecular models of poly(L-pro- 
line) examined,31 taking into account not only the main- 
chain cp, $, and w torsion angles25 but also the pyrrolidine 
conformation.26 

The purpose of the present study is to carry out a de- 
tailed conformational analysis, both in the solid state and 
in solution, using infrared (IR) absorption and X-ray 
diffraction, of the two dipeptides t-Boc-L-Pro-D-Pro-OH 
and t-Boc-L-Pro-D-Pro-OMe (t-Boc stands for tert-but- 
yloxycarbonyl and OMe for methoxy). On the basis of IR 
absorption evidence Deber has proposed for the un-ionized 
acid derivative in the solid state the oxy analogue of the 
trans-I1 4 - 1 intramolecularly hydrogen-bonded peptide 
conformation; in chloroform solution, however, no ordered 
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conformation was detected.= The ester dipeptide is a solid 
material a t  room temperature, a unique property among 
the N-tert-butyloxycarbonyl and methoxy dipeptides 
formed by two N-alkyl-a-amino acid  residue^.^^-^^ 

Experimental Section 
Synthesis of Peptides. The synthesis and characterization 

of t-Boc-L-Pro-OHS and Ac-L-Pro-OHn (where Ac is acetyl) have 
already been reported. 

Ac-L-Pro-OMe was prepared by reacting acetyl chloride with 
HC1-H-L-Pro-OMe and N-methylmorpholine in chloroform: oil; 
[aI2lD -99.1' (c 1, methanol); R, 0.70 (TLC, Merck, 9:l 
chloroform-ethanol). Anal. Calcd for C8H13N03: C, 56.1; H, 7.6; 
N, 8.2. Found C, 55.3; H, 7.5; N, 8.1. 

t-Boc-~-Pro-~-Pro-OMe,~~ t-Boc-L-Pro-D-Pro-OMe, and t- 
Boc-L-Pro-L-Pro-OBz13g40 (where OBzl is benzyloxy) were syn- 
thesized from t-Boc-L-Pro-OH and the pertinent proline ester 
hydrochloride in chloroform in the presence of N-methyl- 
morpholine and isobutyl ch l~roformate .~~ 

t-Boc-L-Pro-L-Pro-OMe: oil; [(Ul2lD -97.1' (c 1, methanol); R, 
0.80. Anal. Calcd for C16Haz05: C, 58.9; H, 8.0; N, 8.6. Found .. .. ~ . 

C, 58.2; H, 7.9; N, 8.5. 
t-Boc-L-Pro-D-Pro-OMe: mp 99-100 'C, after recrystallization 

from ethvl acetateDetroleum ether: lalZ1, 49.2' (c 1. methanol): . .  ~ " 
Rfl 0.80,- Anal. Caicd for C16H26N205: C, 58.9;'H,'8.0; N, 8.6: 
Found: C, 58.3; H, 8.1; N, 8.7. 

t-Boc-L-Pro-L-Pro-OBzl: oil; -93.6O (c 0.98, methanol); 
R,,, 0.80. Anal. Calcd for C22H30N205: C, 65.6; H, 7.5; N, 7.0. 
Found: C, 64.8; H, 7.4; N, 6.9. 
t-Boc-~-Pro-~-Pro-OH~~~~~,~~~~~-~~ was prepared by catalytic 

(Pd/C) hydrogenation in tert-butyl alcohol of t-Boc-L-Pro+ 
Pro-OBzl: mp 188-189 'C, after recrystallization from hot ethyl 
acetatepetroleum ether; [aI2lD -110.15' (c 1, methanol); R, 0.20, 
R, 0.65 (TLC, Si02, Merck, 6:2:2 n-butyl alcohol-water-acetic 
acid). Anal. Calcd for C1&IaN205: C, 57.7; H, 7.7; N, 9.0. Found 
C, 57.1; H, 7.7; N, 8.9. 

Z-L-Pro-L-Pro-OH- (where Z is benzyloxycarbonyl) was 
prepared by alkaline hydrolysis in an aqueous methanol solvent 
mixture of Z - L - P ~ O - L - P ~ O - O M ~ : ~ ~  mp 191-192 'C, after recrys- 
tallization from hot ethyl acetatepetroleum ether; [aIz1D -91.6' 
(c 1, methanol), [aI2lD -80.3' (c 1.04, dimethylformamide); Rp 
0.10, R, 0.70. Anal. Calcd for C18H22N205: C, 62.4; H, 6.4; N, 
8.1. Found: C, 62.0; H, 6.3; N, 8.0. 

t-Boc-L-Pro-D-Pro-OH was prepared by alkaline hydrolysis in 
an aqueous methanol solvent mixture of t-Boc-L-Pro-D-Pro-OMe: 
mp 199-200 'C, after recrystallization from hot ethyl acetate- 
petroleum ether; [ a I 2 l ~  45.7 (c 1, methanol); R, 0.20, R, 0.85. 
Anal. Calcd for C15HaN205: C, 57.7; H, 7.7; N, 9.0. Found: C, 
57.2; H, 7.6; N, 8.9. 

Infrared Absorption. Infrared absorption spectra were re- 
corded with a Perkin-Elmer Model 580 spectrophotometer. For 
the solution measurements a 10-cm cell was employed a t  low 
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Table I 
Crystal Data for f-Boc-L-Pro-DPro-OH and 

t-Boc-L-Pro-D-Pro- OMe 
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acid ester 
dipeptide dipeptide 

molecular formula 
mol wt 
crystal system 
space group 
2, molecules/unit. cell 
a, A 
b,  A 

0, deg v, A3 
Pexptl,= g.cm-3 

c,  

P cdFd,. g'cm- 
radiation 

no. of independent refl 
temp, "C 

By flotation. 

C15H,P*Os C16H*,N*OS 

p 2 ,  

312.37 326.40 
monoclinic orthorhombic 

4 2 
6.486 ( 7 )  6.664 (8 )  
15.046 ( 9 )  15.567 (10)  
8.682 (8 )  17.439 (11) 
106.45 (8 )  90.00 
812.5 1809.2 
1.28 1.20 
1.277 1.198 
Cu Ka ( h  

1.5418 A )  1.5418 A )  
1618 918 
23 (ambient) 23 (ambient) 

p21212 L 

Cu Ka ( h  

concentrations (- lod M), whereas cells with path lengths of 0.2, 
0.1, and 0.05 mm were used for measurements a t  high concen- 
trations (- M). 

Trimethyl phosphate (TMP), deuteriochloroform (99.8% D), 
methanol (MeOH), and deuterium oxide (99.9% D) were pur- 
chased from Merck, Darmstadt. For the solid-state measurements 
the KBr disk technique was employed. The band positions are 
accurate to f l  cm-'. 

X-ray Diffraction. Samples of t-Boc-L-Pro-D-Pro-OH and 
t-Boc-L-Prc-DPro-OMe, both in the form of colorless needles, were 
crystallized from ethyl acetate solution and used as such for the 
X-ray investigation. The CAD4 Enraf-Nonius diffractometer of 
the Centro di Metodologie Chimico Fisiche of the University of 
Naples, equipped with PDP-8/E and PDP-11/34 digital com- 
puters, was used for the data collection, structure determination, 
and refinement. The SDP package of crystallographic programs 
(structure determination programs) was employed. The refined 
unit cell parameters and the orientation matrix for data collection 
were determined by a least-squares fitting of the setting values 
of 20 and 25 centered high-angle reflections for t-Boc-L-Pro-D- 
Pro-OH and t-Boc-L-Pro-D-Pro-OMe, respectively, using Cu Ka 
radiation. Crystallographic data are reported in Table I. 

Data collection for t-Boc-L-Pro-D-Pro-OH and t-Boc-L-Pro+ 
Pro-OMe was carried out by using an w2B scan mode with a range 
of (1.00 + 0.15 tan 0)' for the peak measurements; background 
counts were taken a t  each end of each scan. A crystal-counter 
distance of 368 mm was used with a counter entrance aperture 
of 4 mm. The tube placed between the goniometer head and the 
detector was evacuated by a vacuum pump. 

Prescans were made with a speed of 4'/min. Reflections with 
a net intensity I < 0.5u(Z) were flagged as "weak"; those having 
I 1  0.5u(Z) were measured at a lower speed (in the range 1-4'/min, 
depending on the value of u(Z)/Z). The maximum time allowed 
for the scan was set to 60 s. Two intensity-control reflections were 
recorded every 60 min of X-ray exposure time; no significant 
change in their intensity was observed during data collection. 
Orientation checks were made with respect to the scattering 
vectors of two strong reflections every 200 reflections; reorientation 
was made with 20 high-angle reflections if displacement exceeded 
the calculated value by 0.2O. 

A total of 1653 and 1985 reflections were collected in the range 
1-140" of 20 for t-Boc-L-Pro-D-Pro-OH and t-Boc-L-Pro-D-Pro- 
OMe; of these reflections 1618 and 918, respectively, had a net 
intensity greater than 3u(Z). All reflections were corrected for 
Lorentz and polarization factors; no absorption corrections were 
applied. 

The structures were aolved by using the direct methods program 
MULTAN included in the SDP package. The 232 and 192 largest 
E's with E 2 1.40 and E 2 1.62 and a total of 2000 and 1554 x2 
relationships for t-Boc-L-Pro-D-Pro-OH and t-Boc-L-Pro-D-Pro- 
OMe, respectively, were used. From the eight sets of phases 
obtained for t-Boc-L-Pro-D-Pro-OH, the set with the highest 

combined figure of merit led to an E map from which the positions 
of all the nonhydrogen atoms were recovered. For t-Boc-L-Pro- 
D-Pro-OMe 32 sets of phases were produced. The E map, cor- 
responding to the set of phases having the highest figures of merit, 
again led to the determination of the positional parameters of 
all nonhydrogen atoms. 

The structures were then refined by using a least-squares 
procedure to final R values of 0.042 and 0.076 for t-Boc-L-Pro- 
D-Pro-OH and t-Boc-L-Pro-D-Pro-OMe, respectively, with an- 
isotropic temperature factors for C, N, and 0 atoms and isotropic 
temperature factors for hydrogen atoms in their calculated ste- 
reochemically expected positions. In both cases the parameters 
of the hydrogen atoms were kept fixed with the isotropic tem- 
perature factor for each hydrogen equal to that of the carrier atom. 
Atomic scattering factors for all atoms were calculated from 
Cromer and Waber." For both compounds all reflections with 
F,2 > 3u(F,2) were considered in the least-squares refinement and 
a weight w = 1/2(F,J was employed. Refinement was ended when 
the maximum shift in the atomic coordinates and anisotropic 
thermal parameters were less than ' / 5  and i /3  of the corresponding 
standard deviations for t-Boc-L-Pro-D-Pro-OH and t-Boc-L-Pro- 
D-Pro-OMe, respectively. All calculations were carried out on a 
PDP-11/34 digital computer using the SDP system. 

The final atomic parameters for both structures are presented 
in Table 11. 

Results and Discussion 
Solid-state Conformational Analysis. A preliminary 

conformational analysis of t-Boc-L-Pro-D-Pro-OH and its 
methyl  ester in t h e  solid s ta te  was performed b y  IR ab- 
sorption. A number  of model compounds were also in- 
vestigated to place the assignments on a sound basis. T h e  
spectral  pa t te rns  of t-Boc-L-Pro-D-Pro-OH and its L , L - ~ -  
diastereoisomer are in  agreement  with those reported by 
Deber.32 

The 1800-1700-cm-' region of t-Boc-L-Pro-D-Pro-OH 
shows a band at 1747-1746 cm-', Le., i n  the region of t h e  
carbonyl stretching absorption of free un-ionized carboxylic 
acid groups of N-protected N-alkyl-CY-amino a ~ i d s . ~ ~ * ~ ~ , ~ r ~ ~ * ~ ~  
This conclusion is corroborated by  t h e  position of the 
corresponding absorption of t-Boc-L-Pro-OH (1740 cm-'), 
t-Aoc-L-Pro-OH (where t-Aoc is tert-amyloxycarbonyl) 
(1754 cm-'),16 and Z-L-Pro-L-Pro-OH (1742 cm-l), which 
are  known t o  have a free acid C=O group in  the solid 
~ t a t e . ' ~ # ' ~ , * ~  In t h e  same spectral  region t-Boc-L-Pro-D- 
Pro-OMe has a band a t  1748 cm-l, appropriate for a free 
methyl  ester carbony1.'6,32,33,51-53 

A strong tertiary urethane C=O stretching vibration is 
seen at about 1650 cm-' for t he  acid dipeptide and at 1688 
cm-' for the methyl  ester derivative. The position of the 
corresponding band in compounds containing a free ure- 
thane  group is in t h e  1710-1680-~m-~ range;'6~32,33*51 in 
compounds containing a hydrogen-bonded urethane group, 
however, the band is apparent  a t  1670-1635 cm-1.16,323951 

The tert iary amide  C=O stretching absorption of t-  
Boc-L-Pro-D-Pro-OH should also contribute to the large 
band near 1650 cm-'. Its assignment t o  the free amide 
group is readily given by  the occurrence of a band  in this 
spectral  region for t-Boc-L-Pro-D-Pro-OMe (1644 cm-'), 
t-Boc-L-Pro-L-Pro-OMe (1662 cm-'), t-Boc-L-Pro-L-Pro- 
OBzl (1660 cm-'), Z-L-Pro-L-Pro-OMe (1650 ~ m - ' ) , ~ ~  and 
Ac-L-Pro-OMe (1641 cm-'), all having an amide group but 
lacking acid hydrogens. 

All assignments proposed above are  in line with the IR 
absorption data of Z-L-Pro-L-Pro-OH (1742 and 1652 cm-'), 
which is characterized by  a hydrogen bond connecting t h e  
OH and ure thane  C=O groups.21 T h e  spectral  pa t te rns  
d o  not change on changing the solvent from which the  solid 
materials a r e  obtained. 

Interestingly, a comparison between t h e  IR absorption 
data of t h e  two t-Boc L p d i p e p t i d e s  and their  L,L-dia- 
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t 
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Figure 1. Molecular structure of t-Boc-L-Pro-D-Pro-OH showing bond lengths, bond angles, and relevant torsion angles. 
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CI-CcC3 112.3 
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OT b 

CI1) 

Figure 2. Molecular structure of t-Boc-L-Pro-D-Pro-OMe showing bond lengths, bond angles, and relevant torsion angles. 

stereoisomers (and the L,L-benzyl ester analogue) has in- 
dicated that (i) the urethane C=O group of the acid L,D- 
dipeptide (near 1650 cm-l) is hydrogen-bonded, whereas 
that of its L,L-diastereoisomer (at about 1685-1690 cm-') 
is free,32 (ii) the amide C=O group of the acid L,D-di- 
peptide (near 1650 cm-') if free, whereas that of its L,L- 
diastereoisomer (1606-1608 cm-') is hydrogen-b~nded,~~ 
and (iii) the urethane and amide C=O groups of the 
methyl ester L,D-dipeptide (1688 and 1644 cm-') experience 
a different environment from that of the ester L,L-di- 
peptides (1700-1705 cm-' and 1650-1662 cm-', respec- 

tively) (this finding should probably be associated with 
their different physical states (see above)). 

From the IR absorption data it is possible to conclude 
that a hydrogen bond occurs in the solid state between the 
OH hydrogen and the urethane carbonyl oxygen in t-  
Boc-L-Pro-D-Pro-OH. However, this technique cannot 
determine unambiguosly whether the hydrogen bonds are 
(i) intramolecular, forming the oxy analogue of the trans-I1 
4 - 1 intramolecularly hydrogen-bonded peptide struc- 
ture, as proposed by Deber,32 or (ii) intermolecular, forming 
a dimeric or a polymeric structure. 
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Table I11 
Internal Rotation Angles (Deg) for t-Boc-~-Pro-~-Pro-OH and t-Boc-L-Pro-D-Pro-OMe 

angle 
OT-C,'-C,"-N, 
0,-C,'-C,"-N,, 
C,'-(2,"-N,-C, 
C,"-N,-C,'-C," 
(2,"-N,-C,'-0, 
N,-C,'-C,"-N, 
0 , -C, '-C ,"-N I 

C,'-C,"-N,-C( 5 )  
C1"-N,-C(5)-O( 2) 
C," -N ,-C( 5)-O( 1) 
N,-C( 5)-O( 1)-C(4) 
C(5)-0(1)-C(4)-C(l) 
C(5)-0(1)-C(4)-C(2) 
C(5)-0(1)-C(4)-C(3) 
CI6 -N -C,"-C,P 
N,-Cld-C,P-C,~ 

C , ~ - C , 6 - N , - C , ~  

N,-C d-C:P-C,T 

C , " - C , ~ - C , ~  -c ,6 

C,"-&,P-C2~-C,6 

ClP-C,"'-Cl6 -N 

C,"N -C "-C,P 

acid 
-151 

3 2  
70  

1 7 3  
-3 

1 4 0  
-4 3 
-7 0 
1 7 5  
-4 

-177 
59 

176  
-66 

-9 
-10 

25 
- 29 

24 
1 2  

-32 
40  

ester 

32  
70  

174  
-2 

1 4 3  
-41 
-7 2 
176  
-1 

180 
57 

176  
-68 
-12 

28 
-36 

29 

-153 

-10 
7 

-28 
40  

To ascertain unambiguously the structure of ~-Boc-L- 
Pro-D-Pro-OH and that of t-Boc-L-Pro-D-Pro-OMe in the 
solid state we have examined the two dipeptides by X-ray 
diffraction. 

The molecular structures of t-Boc-L-Pro-D-Pro-OH and 
t-Boc-L-Pro-D-Pro-OMe are shown in Figures 1 and 2. 
Bond lengths and bond angles are also given, together with 
the torsion angles25 defining the conformation of the main 
chain for both peptides. The complete sets of torsion 
angles are listed in Table 111. 

The geometries of the two molecules show some dif- 
ferences due to the fact that in the methyl ester dipeptide 
the atoms present larger temperature factors, indicative 
of their larger thermal motion. Since no correction of the 
geometrical parameters has been applied, the bond lengths 
and bond angles in the two dipeptides are slightly different. 
The values of the bond lengths and bond angles given for 
the un-ionized acid dipeptide, which, in general, shows 
smaller estimated standard deviations (0.004 A and 0.4', 
respectively), are in agreement with literature data on 
proline  residue^,^^,^^,^^^ the peptide  nit,^,^' and t-Boc ur- 
ethanyl  derivative^.^" As an example, the angle involving 
the nitrogen atoms show the same trend encountered in 
other peptides having cis or trans X-Pro bonds. 

The overall conformation of the two dipeptides is very 
close. In fact, with the exception of the torsion angles of 
the pyrrolidine ring of the L-proline residue, the differences 
observed in the values of corresponding conformational 
angles are not larger than 4'. The conformational simi- 
larity is reflected in the nearly identical bent shape of the 
two molecules. Consequently, the unit cell dimensions are 
closely related: in fact the a axes (Table 11) in both crystals 
are nearly equal, the c axis of the acid (8.68 A) is nearly 
half of the c axis of the ester (17.44 A), due to the change 
in the crystal system and space group, and the b axis of 
the acid (15.04 A) is slightly shorter than the b axis of the 
ester (15.57 A), due to the presence of the additional 
methylene group. 

Both peptides show a cis urethane bond and a trans 
peptide bond. The occurrence of a tertiary urethane group 
in the cis conformation has recently been shown to be 
rather frequent and minimum-energy calculations have 
demonstrated a much lower difference in the energy be- 
tween the cis and trans urethane bond, if compared to the 
difference between the cis and trans amide bonds.58 In 

angle acid ester 

C,P-C,T-C,' -N, 
C,T-C,6 -N,-C," 
0(2)-C(5)-N1-C,' 

N,-C,'-(2,"-C P 
0 , -c, '-c ," -c ,P 

0,-C,'-C,"-C,P 

C,'-C,"-C,P-C,Y 

0 , -C, '-N ,-C ,6 
oT-C,'-C,"-C,P 

C,'-C,"-N,-C,6 
C(4)-0(1)-C(5)-0(2) 
O( 1 )-C( 5)-N,-C16 
C(5)-N,-CI6 -C," 
C( 5 )-N ,-C ," -C , P  

CI6 -N,-C,"-C,' 
C,~-C,'-N,-C,6 
C,'-N,-C,"-C,P 
C,'-N,-C,6 -C,r 
C( 6)-OyC,'-C," 
C( 6) -0~-C, ' -0 ,  

C,~-C,P-C,"-C,' 

-32 
13 
-1 
69 

-107 
174  
-81 

95 
88 

-107 
4 

-179 
-160 

175  
-127 

107 
-10 

-171 
-164 

-36 
1 7  
-3 
74 

-102 
177  
-81 

94 
89 

-110 
3 

179 
169  
168 
-91 
108 
-7 

-174 
-162 
-175 

0 

addition, this trend (cis OCO-Pro bond and trans Pro-Pro 
bond) is that always observed in crystals of the all-L N- 
urethane homooligoprolines21-23 investigated so far. 

The (m and J/l torsion angles of the L-proline residues 
(-70, 140' and -72, 143' for the acid and the ester di- 
peptide, respectively) correspond to one of the calculated 
minimum-energy regions (region F in the letter code in- 
troduced by Zimmermann et al.24) for Ac-L-Pro-"Me. 
The sets of (p2 and J/z* (for these compounds the q2* no- 
tation corresponds to the Nz-CZa-Ci-OT internal rotation 
angle) torsion angles for the D-proline residues (+70, -151' 
and +70, -153' for the acid and ester dipeptide, respec- 
tively) fall in the corresponding F* region of enantiomeric 
amino acid residues. 

The N-blocking t-Boc group presents in both structures 
the same conformational parameters, within the ranges 
recently summarized for a series of N-t-Boc amino acids 
and ol ig~pept ides .~~ In particular, in both molecules the 
C(4)-0(1) bond is in the usual trans arrangement relative 
to the C(5)-N1 bond; this feature, accompanied by the cis 
conformation of the urethane group, allows one to classify 
the urethane moiety of these two molecules as type ~ 1 . ~ ~ 9 ~ ~  

The pyrrolidine ring of both proline residues in the ester 
derivative exhibits approximate Cz symmetry with CB-exo 
and CY-endo" (conformation B, according to the nomen- 
clature of Balasubramanian et al.,= provided that reflection 
is made in the values of the torsion angles of the D residue). 
In the un-ionized acid molecule, however, the pyrrolidine 
ring of the L-proline residue has an approximate C, sym- 
metry with CY-exo (conformation A), while the pyrrolidine 
ring of the D-proline residue presents again an approximate 
Cz symmetry with C@-exo and CY-endo (conformation B). 
This finding confirms the great flexibility of this ring 
system;30 in fact, in the two molecules, for which the same 
overall conformation is observed, one of the pyrrolidine 
rings adopts a conformation (A) different from that (B) 
present in the other three pyrrolidine rings, probably as 
a result of packing forces. In both the acid and ester 
crystals the intermolecular interactions involving the atoms 
of the annular system are all above 3.5 A. On the contrary, 
several short intermolecular interactions would occur if the 
L-proline residue in the un-ionized acid structure had a 
pyrrolidine ring in an approximate Cz symmetry with 
CB-exo and CY-endo (conformation B). 

The acid and ester groups assume a conformation with 
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Figure 3. Mode of packing of t-Boc-L-Pro-DPro-OH as projected 
down the a axis. The hydrogen bonds are indicated as dashed 
lines. 

respect to the Ca-N2 bond which is halfway between the 
syn-planar and synclinal conformations, since the 
O2-C;-C2*-N2 torsion angle presents a value of 3 2 O  in both 
crystals.59 

In the structure of the ester dipeptide no hydrogen bond 
occurs because of the lack of hydrogen-bonding donors. 
In the structure of the un-ionized acid the hydroxyl group 
of the carboxylic acid is intermolecularly hydrogen-bonded 
to the carbonyl oxygen of the urethane group (the 0-0 
distance is 2.68 A, i.e., close to the most probable range 
for 0-Ha-0 hydrogen bonds in the crystal state with a 
carbonyl group as hydrogen acceptorm), forming long rows 
of molecules along the b axis (Figure 3). The same type 
of rows, even if no hydrogen bond is present, is observed 
in the mode of packing of the molecules in the structure 
of the ester dipeptide along the same axis (Figure 4). 
Packing in the other directions in both crystals is achieved 
by van der Waals interactions among atoms belonging to 
molecules of neighboring rows. The present structural 
analysis clearly shows that, at least in some instances, the 
role of hydrogen bonds is rather secondary in directing 
crystal packing. 

To summarize, in t-Boc-L-Pro-D-Pro-OH in the solid 
state the oxy analogue of the trans-I1 4 - 1 intramolec- 
ularly hydrogen-bonded peptide form, proposed by Debel.32 
for this compound on the basis of an IR absorption in- 
vestigation, appears to be absent. A comparison with the 
structure of Z-L-Pro-L-Pro-OH21 indicates that (i) the 
conformational sequence of the urethane and amide bonds 
(w angles) is identical (cis, trans), (ii) in both N-protected 
dipeptides the disposition of the urethane moiety is of type 
a, according to the classification proposed by Benedetti 
et al.,16@ (iii) the sets of p, + angles of all proline residues 
are close (conformational regions F or F*),24 (iv) the type 
of puckering of the two pyrrolidine rings partially diverges 
in the sense that in Z-L-Pro-L-Pro-OH both rings exhibit 
the same conformation (type A), while in t-Boc-L-Pro-D- 
Pro-OH different conformations (A, B)%@ are present, and 
(v) the intermolecular 0-H-0 hydrogen bond has the 
urethane carbonyl as the acceptor in both compounds, 
despite their different chiral sequences (L,L vs. L,D). 
Clearly, it would be of interest to also have in hand the 
structure of t-Boc-L-Pro-L-Pro-OH, which has the same 
chiral sequence as Z-L-Pro-L-Pro-OH and the same N- 
protecting group as t-Boc-L-Pro-D-Pro-OH; in this context, 
it is worth recalling that, according to the IR absorption 

I I I 

I 
-b I I 

Figure 4. Mode of packing of t-Boc-L-Pro-D-Pro-OMe as pro- 
jected down the a axis. The short CH3-0 distance is indicated 
as a dashed line (see text). 

data, in t-Boc-L-Pro-L-Pro-OH it is the amide carbonyl and 
not the urethane carbonyl that is the hydrogen-bonding 
acceptor. This study is currently in progress in our labo- 
ratories. 

As far as t-Boc-L-Pro-D-Pro-OMe is concerned, its con- 
formation and intermolecular interactions are similar 
(apart from the puckering of one pyrrolidine ring) to those 
of the corresponding un-ionized acid. Consequently, it is 
reasonable that also their IR absorption data (apart from 
the position of the intense urethane C = O  stretching band, 
due to the behavior of this carbonyl as a hydrogen-bonding 
acceptor in the un-ionized acid dipeptide) and physical 
(melting point) properties would be close. Conversely, as 
stated above, all the N-protected L,L-dipeptide esters are 
oily products and exhibit urethane and amide IR absorp- 
tions at higher frequencies than those of t-Boc-L-Pro-D- 
Pro-OMe. 

Solution Conformational Analysis. The possible 
formation of intramolecular or solute-solute intermolecular 
hydrogen bonds in t-Boc-L-Pro-D-Pro-OH was investigated 
by IR absorption in solvents of divergent polarity and 
hydrogen-bonding properties and at different concentra- 
tions, using the ester derivative, analogues, and model 
compounds to interpret the experimental findings (Tables 
IV and V). 

In the strongly hydrogen-bonding acceptor (TMP) 
(Table IV) all t-Boc-L-Pro-D-Pro-OH molecules are sol- 
vated, showing bands at 1741 (free C = O  group of a COOH 
moiety with a O-H-O=P hydrogen bond), 1696 (free 
urethane C=O group from an N-t-Boc, N-alkyl-a-amino 
acid residue), and 1659 cm-' (free Pro-Pro C = O  group).'6b' 
The locations of the urethane and amide bands of the three 
ester dipeptides and the urethane bands of t-Boc-L-Pro- 
OMe16 and t-Boc-~-Pro-Sar-OMe~l are consistent with the 
above interpretation. The type of N-protecting group and 
stereosequence do not seem to have any influence on the 
spectra. 

In DzO, which can act as both hydrogen-bonding donor 
and acceptor, t-Boc-L-Pro-D-Pro-OH and its diastereoiso- 
mer t-Boc-L-Pro-L-Pro-OH behave differently, in the sense 
that only the latter is readily soluble. Clearly (Table IV), 
all its carbonyl groups are strongly solvated, as indicated 
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Table IV 
Infrared Absorption Data (cm-’) for f-Boc-L-Pro-D-Pro-OX (X = H, Me), Their Analogues, and 

Model Compounds in Solvents of High Polarity (Concentration 3 X 10- l  M) in the 1800-1600-crn” Region 

compd TMP DlO 

~-Boc-L-P~o-D -Pro-OH 1741 1696 1659 a 
~-Boc-L -PrO-D -Pro-OMe 1747 1697 1660 1732 1650 1622 
t - B o c - ~  -Pro-L -Pro-OH 1739 1697 1661 1710 1651 1624 
~-Boc-L -Pro-L-Pro-OMe 1746 1699 1661 1727 1656 1624shb 
~-Boc-L -P~o-L -Pro-OBzl 1744 1698 1660 a 
Z-L -Pro-L -Pro-OH 1738 1708 1660 a 
t-Boc-~-Pro-OH 1742 1697 1705 1650 

a Not soluble. sh = shoulder. 

Table V 
Infrared Absorption Data (cm-’) for f-BoC-L-PrO-D-PrO-OX (X = H, Me), Their Analogues, and 

Model Compounds in Deuteriochloroform in the  1800-163O-cm-’ Region 
concn 3 x I O - ’  M concn 3 x l o - *  M concn 5 x M compd 

t-Boc-L-Pro-D -Pro-OH 174 9 1 7 2 3 1693 1657 1754 1695 1656 1754 1693 1662shb 
t-Boc-L -Pro-D -Pro-OMe a 
t-Boc-L-Pro-L-Pro-OH 1746 17  1 9  1684 1659 
t-Boc-L-Pro-L-Pro-OMe a 
t-Boc-L-Pro-L-Pro-OBzl a 
Z-L-Pro-L-Pro-OH 1746 1720shb  1696 1657 
t-Boc-L-Pro-OH 1753 1722 1691  1650shb  
Ac-L -Pro-OH 1757 1723 1635 
Ac-L-Pro-OMe a 

sh = shoulder. 

by the occurrence of the three bands at 1710 (bonded acid 
C=O g r o ~ p ) , ’ ~ , ~ ~ , ~ ~  1651 (bonded urethane C=O group 
from an N-t-Boc, N-alkyl-a-amino acid r e ~ i d u e ) , ~ ~ ~ ~ ~ ~ ~ ’  and 
1624 cm-l (bonded Pro-Pro C=O Below 1700 
cm-’ the spectrum of t-Boc-L-Pro-L-Pro-OH in D20 is 
similar to those of the two dipeptide methyl esters and 
above 1640 cm-’ to that of t-Boc-L-Pro-OH. 

In a solvent of low polarity, deuteriochloroform, at high 
concentration (3 X lo-’ M) bands at 1749-1746,1723-1719, 
1696-1684, and 1659-1657 cm-’ are visible for the three 
acid dipeptides (Table V). They are attributed to free 
C=O groups of the acid m ~ i e t i e s , ~ ~ ~ ~ ~ ~ ~ ~  bonded C=O 
groups of the acid moieties associated as dimers and/or 

free tertiary urethane C=O groups,51 and 
free Pro-Pro C=O groups.64 These assignments are sub- 
stantiated by (i) the bands shown by the model compounds 
t-Boc-L-Pro-OH and Ac-L-Pro-OH under identical exper- 
imental conditions, (ii) the bands shown by the three ester 
dipeptides, lacking acid hydrogens (at 3 X M con- 
centration), and (iii) their spectra in more dilute solutions, 
characterized by the disappearance of the 1723-1719-cm-l 
absorption and the constancy of the position of urethane 
and peptide C=O absorptions. However, since in the acid 
dipeptides the ratio of intensities of the bands at 1690 and 
1660 cm-’ decreases with increasing concentration, it 
cannot be excluded that a t  high concentration in deuter- 
iochloroform hydrogen-bonded urethane C=O groups also 
contribute to the observed absorption at 1660 cm-l; in any 
case, the dominant type of association which seems to 
occur under these experimental conditions, involving the 
acid C=O groups as the hydrogen-bonding acceptors, is 
similar in all three acid dipeptides but different from that 
found in the solid state.51 The highest tendency to form 
this type of association is shown by t-Boc-L-Pro-OH, the 
lowest by t-Boc-L-Pro-D-Pro-OH. The experimental data 
and conformation assignments for t-Boc-L-Pro-D-Pro-OH 
and its diastereoisomer in deuteriochloroform at  high 
concentration agree with those reported by Deber.32 

I t  may be concluded that in deuteriochloroform 
nonaggregated and aggregated species coexist in ~-Boc-L- 
Pro-D-Pro-OH and the two other acid dipeptides, the 

Q Not  examined. 

1742 1691 1658 a 
1755 1719shb  1686 1660shb  1756 1685 1660shb  
1743 1689 1659 a 
1741 1688 1659 a 
1756 1720shb  1697 1659 1758 1695 1660shb 
1759 1721 1692 1758 1690 
1756 1723 1638 a 
1744 1640 a 

amount of aggregation increasing with increasing concen- 
trationa51 Even at 5 X lo4 M concentration the percentage 
of intramolecularly hydrogen-bonded  specie^^^*^@ appears 
to be minor.51 
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Triple Helix of Schizophyllum commune Polysaccharide in Dilute 
Solution. 3. Hydrodynamic Properties in Water 
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ABSTRACT: A native sample of a Schizophyllum commune polysaccharide (schizophyllan) and its sonicated 
fragments, ranging in weight-average molecular weight (M,) from lo5 to 6 X lo6 g mol-’, were studied by 
ultracentrifugation and viscometry in water a t  25 “C, in which schizophyllan has been found to exist as a 
triple helix. Measurements of intrinsic viscosity [77] and limiting sedimentation coefficient so showed that 
the schizophyllan triple helix is almost perfectly rigid up to M, = 5 X lo5 g mol-’ but acquires flexibility for 
higher M,. The data in the lower molecular weight range were analyzed by Yamakawa’s theory for [77] and 
Yamakawa-Fujii’s theory for so of a long rigid cylinder, with the result that ML (the molar mass per unit cylinder 
length) = 2150 f 150 nm-’ and d (the diameter) = 2.6 f 0.4 nm. This ML gives the pitch of the triple helix 
per @-1,3-D-ghcose residue a value of 0.30 f 0.02 nm, which agrees closely with the reported pitches for lentinan 
and a @-1,3-D-Xylan in the crystalline region. The d value 2.6 nm is consistent with the diameter of the model 
triple helix for schizophyllan. With ML = 2150 f 150 nm-’ and d = 2.6 f 0.4 nm, the persistence length that 
allows the theoretical curves of so and [77] for wormlike cylinders to fit the present data was found to be 200 
f 30 nm. This value indicates that the schizophyllan triple helix is stiffer than that of native collagen, a known 
triple-helical biopolymer. 

In part l2 of this series, we concluded that schizophyllan, 
[~-l-3-Glu-/3-1-3-Glu-(~-6~l-Glu)-~-1-+3-Glu]n, an ex- 
tracellular polysaccharide produced by Schizophyllum 
c o r n r n ~ n e , ~ , ~  is dispersed in 25 “C water as a triple helix 
similar to that proposed by Atkins et aL5 for a crystalline 
@-1,3-D-xylan and that the triple helix is rigid for 
weight-average molecular weights M ,  lower than 5 X lo5 
g mol-’ but has a certain flexibility for higher M,. These 

0024-9297/80/2213-1462$01.00/0 

conclusions were drawn from the following observations: 
(1) the M ,  of the samples in water were approximately 3 
times those in dimethyl sulfoxide, in which schizophyllan 
is dispersed as a single randomly coiled chain; (2) the 
exponents in the Mark-Houwink-Sakurada [7] (intrinsic 
viscosity) vs. M ,  relation in water were about 1.7 and 1.2 
below and above M ,  = 5 x IO5 g mol-’, respectively; and 
(3) intrinsic viscosities in water for M ,  lower than 5 X lo5 
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