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decolorized with charcoal and evaporated to dryness to yield brown 
crystals (10%). The product had infrared and ultraviolet spectra 
identical with that of an authentic sample of azoxybenzene. 

Reduction of 1,4-Benzoquinone with IIb. IIb, 10 g (9.1% 
of copper(1) 14.2 X mol of copper), was added to a solution 
containing 432 mg (4 X mol) of 1,4-benzoquinone and 50 mL 
of 10% hydrochloric acid solution. The mixture was refluxed and 
stirred for 12 h. The IIa was removed by filtration and the filtrate 
was neutralized with dilute sodium hydroxide solution and ex- 
tracted with ether. The ether layer was separated, dried (Na2S04), 
treated with activated charcoal, and evaporated to dryness. The 
residue was 135 mg (31%) of white crystals, whose infrared 
spectrum was identical with that of an authentic hydroquinone 
sample. The copper content of the polymer after the reaction 
was 6.8%. Titration of reaction mixtures with cerium(1V) im- 
mediately subsequent to removal of IIa showed that yields were 
quantitative. 
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ABSTRACT: An analysis of the conformational properties of N-tert-butyloxycarbonyl-L-prolylsarcosine and 
N-tert-butyloxycarbonylsarcosylsarcosine was carried out in the solid state and in solution. The stereochemical 
preferences of the two N-protected dipeptides were found to be close under the experimental conditions 
examined. In the solid state a cis tertiary urethane bond and an intermolecular O-H-O=C (amide) hydrogen 
bond characterize the molecular and crystal structures. Even in a solvent of low polarity a t  high dilution 
the amounts of intramolecularly hydrogen-bonded forms, if any, appear to be negligible. 

As a part of our  cont inuing of t h e  occurrence, 
both in t h e  solid state and in solution, of the oxy analogues 
of the 3 - 1 and 4 - 1 intramolecularly hydrogen-bonded 
p e p t i d e  conformations (also called oxy-C7 and oxy-Clo 
forms, respectively), t h e  present  repor t  provides infor- 
mation from infrared absorption (IR) and X-ray diffraction 
analysis  of the conformational  preferences of two N- 
ter t -butyloxycarbonyl  (t-Boc) d ipept ides  containing ex- 
clusively N-a lkyl -a -amino acid residues, name ly  t-Boc- 
L-Pro-Sar-OH a n d  t -Boc-Sar-Sar-OH. 

On the basis of an IR absorp t ion  investigation in  t h e  
solid state, Debere  has recent ly  proposed for  ~-Boc-L- 
P r o - S a r - O H  the possible formation of an ant iparal le l  
dimer, where the -OH proton of t h e  -COOH group of each 
molecule is hydrogen bonded  t o  t h e  pept ide  C=O group 
of i t s  neighbor ,  forming a 14-membered r ing s t ruc ture  
between two molecules, closed with two hydrogen bonds. 

T h e  only N-protected dipept ide of t h e  aforementioned 
type (i.e., lacking amide protons) so far examined by X-ray 
diffract ion is Z-L-Pro-Pro-OH1° (Z stands for benzyloxy- 
carbonyl-). T h e  pept ide  backbone exhibits a sharp  bend 
at  t h e  s i te  of t h e  cis bond between the N-blocking group 
and the f i rs t  prolyl residue. Also, a network of inter-  
molecular  hydrogen bonds  of t h e  t y p e  O-H-.O=C (ure- 
t h a n e  type)  is formed in  t h e  crystal. In contrast ,  t h e  f ree  
H2+-Sar-Sar-O- pept ide  has the te r t ia ry  pept ide  bond  in  
the cis configurat ion according t o  t h e  X-ray  diffraction 
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s t u d y  of t h i s  molecule carr ied o u t  b y  Stezowski  and 
Hughes." 

Experimental Section 
Materials. The details of the synthesis of t -Boc-~-Pro-OH,~ 

t-Boc-Sar-OH," t-Boc-L-Pro-OMe (OMe stands for m e t h ~ x y ) , ~  
t-Boc-~-Pro-Sar-OMe,~ t -Boc-~-Pro-Sar-OH,~ t-Boc-Sar-OMe,'2 
t-Boc-Sar-Sar-OMe," and t-Boc-Sar-Sar-OH'2 have already been 
reported. 

Ac-Sar-OH (where Ac is acetyl)I3 was prepared by reacting 
acetic anhydride with sarcosine a t  pH 8.5; the reaction mixture 
was brought to pH 3 with dilute HC1 and evaporated to dryness 
under reduced pressure. The resulting product was dissolved in 
chloroform, dried over anhydrous sodium sulfate, filtered, and 
evaporated to small volume under reduced pressure, mp 134 O C .  

Infrared absorption spectra were 
recorded using a Perkin-Elmer Model 580 spectrophotometer. For 
the solution measurements a 10-cm cell was employed a t  low 
concentrations ( M), whereas cells with path lengths of 0.2, 
0.1, and 0.05 mm were used for measurements a t  high concen- 
trations (-10 M). 

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

Crystals of t-Boc-L-Pro-Sar-OH and 
t-Boc-Sar-Sar-OH, both in the form of colorless needles, were 
grown from different organic solutions (acetone and ethyl acetate 
usually give better quality crystals). 

Infrared Absorption. 

X-ray Diffraction. 
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Table I 
Crystal Data of t-Boc-L-Pro-Sar-OH and t-Boc-Sar-Sar-OH 

t-Boc-L-Pro-Sar-OH and t-Boc-Sar-Sar-OH 439 

t-Boc-L- t-Boc-Sar- 
Pro-Sar-OH Sar-OH 

molecular forniula 
molecular weight 
crystal system 
space group 
2, molecules/unit cell 
a,  A 
b,  '4 
c ,  A 
4,  deg 
V, A' 
density, by flotation, 

g.cm-, 
density, calcd, g.crn-, 
radiation 

no. of independent 

temp, C 
reflections 

orthorombic 

4 
6.670 ( 3 )  
13.987 ( 2 )  
16.804 ( 4 )  

1567.7  
1 . 2 1  

p212121 
monoclinic 

4 
11.797 ( 2 )  
9 .768 ( 2 )  
12 .555  ( 3 )  
106.19 
1389.3 
1 .25  

P2,  I C  

1 .213  1.254 
c u  K,, Cu KO, 

h = 1.5418 A h = 1.5418 A 
1204 1028 

23, ambient 23, ambient 

A CAD4 Enraf-Nonius diffractometer equipped with PDP-8 
and PDP-11 digital computers was used for the data collection, 
structure determination, and refinement. The SDP package of 
crystallographic programs (structure determination programs) 
was thoroughly used. Unit cell parameters, orientation matrix, 
and intensity data collection for the two structures were carried 
out using a graphite monochromator and Cu K, radiation. 
Crystallographic data are reported in Table I. 

Data collection for t-Boc-L-Pro-Sar-OH and t-Boc-Sar-Sa-OH 
was carried out using the set of conditions reported in the fol- 
lowing. An w - 28 scan mode with a range of (0.8 + 0.15 tan 8)' 
was chosen for the peak measurements; background counts were 
taken a t  each end of each scan. A distance crystal counter 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 using a vacuum pump. 

Prescan runs were made with a speed of 5 deg/min. Reflections 
with a net intensity I 5  ~ ( 0 0 . 5  were flagged as "weak"; those 
having I > u(Z)0.5 were measured a t  lower speed (in the range 
1-5 deg/min) depending on the value of u ( I ) / I .  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 four strong reflections every 200 reflections; 
reorientation was made using 25 high-angle reflections if dis- 
placement exceeded the calculated value by 0.15'. 

A total of 1294 and 1438 reflections in the range 1-130 of 28, 
corresponding to one and two octants respectively for t-Boc- 
L-Pro-Sar-OH and t-Boc-Sar-Sar-OH, were collected; of these 
reflections 1204 and 1028 respectively had a net intensity greater 
than 2.0u(Z) and were considered as "observed". All reflections 
were corrected for Lorentz and polarization effects. 

The structures were determined by means of the direct 
multisolution method given by Germain, Main, and W o o l f ~ o n ' ~  
in the program MULTAN, included in the SDP package. The 242 
and 264 reflections with E 2 1.4 and E 2 1.8 were used respectively 
for t-Boc-L-Pro-Sar-OH and t-Boc-Sar-Sar-OH, with the 2000 
largest Sayre's relationships in both cases. A starting set with 
three origin-fixing reflections and three arbitrary phase reflections, 
one of which fixed also the enantiomorph, produced 32 different 
solutions for t-Boc-L-Pro-Sar-OH. The set of phases presenting 
the highest combined figure of merit led to an E map from which 
the positions of all the non-hydrogen atoms were recovered. For 
t-Boc-Sar-Sa-OH a starting set with three origin-fixing reflections 
and four arbitrary phase reflections produced 16 different so- 
lutions, three of which presented the highest combined figure of 
merit. 

The corresponding E map again led to the determination of 
the positional parameters of all non-hydrogen atoms. 

Refinement by a least-squares procedure with weights ui = 
l/u(F?), anisotropic temperature factors for C, N, and 0 atoms, 
and isotropic temperature factors for hydrogen atoms in their 

calculated stereochemically expected positions led to final R values 
of 0.058 and 0.063 in t-Boc-L-Pro-Sar-OH and t-Boc-Sar-Sar-OH, 
respectively, for all reflections with F,2 > 2u(F?). In both cases 
the parameters of the hydrogen atoms were kept fixed with the 
isotropic temperature factor for each hydrogen equal to that of 
the carrier atom. Refinement was ended when the maximum shift 
in the atomic coordinates and anisotropic thermal parameters were 
less than and 1/3 of the corresponding standard deviations, 
respectively. Atomic scattering factors for all atomic species were 
calculated from Cramer and Waber.I5 All calculations were carried 
out on a PDP-11 digital computer using the SDP system. 

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

Resul t s  and  Discussion 
Sol id-s ta te  Conformational Analysis. T h e  IR ab- 

sorp t ion  data of t -Boc-L-Pro-Sar-OH and t -Boc-Sar -  
Sar -OH,  the i r  derivatives, and mode l  c o m p o u n d s  in the 
solid state a r e  l is ted in  Table 111. The spec t ra l  p a t t e r n  
of t h e  t-Boc-L-Pro-Sar-OH matches  closely that repor ted  
b y  Deber.g It is evident  that in  general the spectra  change 
only slightly on changing t h e  solvent f rom which the solid 
c o m p o u n d  was  obtained. 

As far  as the two N-protected dipept ides  are concerned, 
t h e  following conclusions c a n  be drawn:  

(i) T h e  acid C=O stretching region reveals bands higher 
than 1740 cm-', i.e., in the region where free carbonyl  
absorp t ions  are usual ly  T h i s  suggestion is sub- 
s t a n t i a t e d  b y  t h e  posi t ion of the corresponding bands of 
t-Boc-L-Pro-OH (at 1753 and 1740 cm-') which is known 
to have  a free acid C=O group in  t h e  solid state.16 

(ii) T h e  tertiary urethane C=O stretching vibrations are 
located at a frequency 2 1 6 8 4  cm-'. The posi t ion of the 
corresponding bands in  t h e  N- and C-protected derivatives 
and model  compounds  ( a t  1710-1698 cm-') s u p p o r t s  our  
conten t ion  that all t h e s e  absorp t ions  p e r t a i n  t o  f ree  
 carbonyl^.^ Indirect  evidence is given b y  t h e  frequencies  
of t h e  bands of the bonded  ter t iary ure thane  C=O group 
of t-Boc-L-Pro-OH" and t-Boc-Sar-OH which are located 
at 1638 and 1646 cm-', respectively. 

(iii) T h e  te r t ia ry  a m i d e  C=O s t re tch ing  bands are 
visible at  low frequencies ,  par t icular ly  that of t-Boc-L- 
Pro-Sar -OH (in t h e  1612-1604-cm-' region). According to 
Deber 's  ass ignmentg this absorp t ion  m u s t  be d u e  to t h e  
hydrogen-bonded peptide carbonyl. T h e  single band below 
1700 cm-l of Ac-Sar-OH is seen at 1603 cm-', and t h e  only 
N-acetyl-N-alkyl-a-amino acid so far investigated b y  X-ray 
diffraction shows a s t rong  intermolecular  hydrogen bond 
connect ing t h e  0-H of one  molecule to t h e  oxygen of the 
N-acetyl  g r o u p  of a neighboring molecule.ls T h e  corre- 
sponding  bands of N- and C-blocked d ipept ides  fall at 
1678-1662 cm-l. 

F r o m  t h e  IR absorp t ion  resul ts  we conclude that a 
hydrogen bond exists in  the solid state between the 0-H 
hydrogen and t h e  a m i d e  oxygen in  both t-Boc-L-Pro- 
S a r - O H  and t-Boc-Sar-Sar-OH. However ,  t h i s  s tereo-  
chemical analysis cannot  solve t h e  ambigui ty  between t h e  
var ious possible types  of hydrogen bonds ,  whether  (i) 
intramolecular ,  forming a folded oxy-C7 s t r ~ c t u r e , l ~ ~ ~ ~ ~ *  or 
(ii) intermolecular ,  forming  an ant ipara l le l  d i m e r ,  as 
suggested b y  Deber ,g  o r  (iii) in te rmolecular ,  forming  
polymeric  s t ruc tures .  

In order  t o  def ine unambiguously the s t r u c t u r e  of t -  
Boc-L-Pro-Sar-OH and t-Boc-Sar-Sar-OH in t h e  solid s ta te  
we have  examined  t h e  two N-pro tec ted  d ipept ides  b y  
X - r a y  diffraction. 

In Figures  1 and 2 t h e  molecular s t ruc tures  of t-Boc- 
L-Pro-Sar-OH a n d  t -Boc-Sar-Sar-OH a r e  given toge ther  
wi th  the final geometrical parameters .  Bond lengths  and 
bond angles involving similar groups in  t h e  two molecules 
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show close analogies and are in excellent agreement with 
literature data.6J9 As an example, the tert-butyl groups 
and the urethane moiety in both compounds exhibit in 
their geometry the same features encountered in all the 
other N-t-Boc derivatives of a-amino acids,lg such as the 
staggering of the methyl groups with respect to O(5) and 
the pinching of the 0(5)-C(4)-C(1) angle (102.5') coupled 
with the opening of the C(4)-0(5)-C(5) angle (122-123'). 
These deformations afford the relief in the intramolecular 
contacts among the carbonyl group of the urethane moiety 
and the methyl groups of the crowded tert-butyl terminal. 

The C-0 distances in the three types of carbonyls 
(Figures l a  and 2a) correlate well with the IR absorption 
data listed in Table 111, the highest frequencies in the 
spectrum (1768-1741 cm-') being identified with the 
carboxylate groupings c2'-o(3), which show the shortest 
C-0 distances (1.18-1.19 A), and the lowest frequencies 
(1612-1604 cm-' for t-Boc-L-Pro-Sar-OH and 1639-1637 
cm-' for t-Boc-Sar-Sar-OH) with the amide Cl'-O(l) 
groupings, which show the longest distances (1.225 and 
1.221 A, respectively). 

The close analogy between the two structures is also 
reflected in their overall conformation and crystal 
structure. Table IV summarizes all internal rotation angles 
for t-Boc-L-Pro-Sar-OH and t-Boc-Sar-Sar-OH while in 
Table V a comparison of some of these conformational 
parametersz0 with the  corresponding angles of the 
structures of t-Boc-L-Pro-Gly-OH,S t-Boc-Sar-Gly-OBzl 
(OBzl stands for benzoyloxy),21 and Z-L-Pro-L-Pro-OH,'O 
recently reported, is given. The conformation of the 
peptide chain is defined by the angles wl, cp1, +1, w2, e, and 
+2* (for these compounds the &* notation corresponds to 
the N-Ca-C'-O(2) rotation angle). In all structures the 
tertiary amide group of the urethane moiety presents the 
cis configuration (3' 5 w1 5 12'); this feature seems to be 
common to most of the N-t-Boc derivatives of the N-al- 
kylated a-amino  acid^.^,'^ 

The main difference in the conformation of ~-Boc-L-  
Pro-Sar-OH and t-Boc-Sar-Sar-OH is observed in the 'p2 

angle which is -91 and 107' for the two structures, re- 
spectively. These two conformations correspond to the two 
almost symmetrical orientations of the C-terminal car- 
boxylic group with respect to the plane of the preceding 
amide moiety. Thus, the intramolecular contacts in this 
portion of the two molecules remain almost the same (for 
example, the 0(3)--C(6) distances being 3.3 and 3.1 A in 
t-Boc-L-Pro-Sar-OH and t-Boc-Sar-Sar-OH, respectively). 
I t  is also worth noting that the overall conformation 
observed for t-Boc-L-Pro-Sar-OH is in good agreement with 
those of t-Boc-L-Pro-Gly-OH,5 t-Boc-Sar-Gly-OBzl,21 and 
Z-L-Pro-L-Pro-OH,'O even if in these four structures a 
different system of hydrogen bonds held the molecules 
together in the crystal state. 

The values of v2 and $2* angles in t-Boc-Sar-Sar-OH 
(107 and 168', respectively) lie outside the "allowed" 
regions in the Ramachandran plot. These unusual figures 
on the other hand are not surprising, occurring also for 
(some) glycyl residues in t - B o c - G l y - ~ - P r o - O H , ~ ~ ~ ~  t-Boc- 
~-Cys.(Bzl)-Gly-OMe,~~ H2+-Gly-~-Phe-Gly-O-.H,0,24 and 
Z-(p-Br)-Gly-L-Pro-L-Leu-Gly-OH.2s In addition, the cpz 
and &* values found for t-Boc-Sar-Sar-OH correspond in 
the conformational energy map of a sarcosine dipeptide 
with a cis-trans configuration for the two amide bonds to 
one of the calculated minima.26 Different steric hindrance 
coupled with the need of achieving the energetically most 
favorable formation of hydrogen bonds should be re- 
sponsible in each case for the observed conformation. 
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Table I11 
Infrared Absorption Data (cm-' ) for t-Boc-L-Pro-Sar-OH, t-Boc-Sar-Sar-OH, Their Derivatives, ana Model Compounds 

in the Solid State 
amide C=O 

compd acid or ester C= 0 stretching urethane C=O stretching stretching 
t-Boc-L-Pro-Sar-OH (i)" 1764,  1746 1699,  1689 1606 

(ii)b 1768,  1751  1 7 0 4 , 1 6 9 3  1612 
(iii)' 1 7 5 0  (split) 1688 1604 

t-Boc-L-Pro-Sar-OMe (i)" 1750 1698 1662 
(ii)d 1754 1700 1669 

t-Boc-Sar-Sar-OH (i)" 1 7 5 6  ( s ) , ~  1741  1700 ( s ) , ~  1684 1639 
( i i ) f1759,  1741  1700 ( s ) , ~  1687 1637 

t-Boc-Sar-Sar-OMe (i)" 1752 1698 1670 
(ii)g 1758 1709 1678 

t-Boc-L-Pro-OH 17591(s),e 1740h 1699 (vw),' 1638 
t-Boc-L-Pro-OMe 1752 1708 
t-Boc-Sar-OH 1764,h  1746 1705 (vw),' 1646 
t-Boc-Sar-OMe (i)g 1759 1707 

(ii)" 1765 1700 
Ac-Sar-OH 1766,'  17 36 1603 

" From acetone; this work. From ethyl acetate-petroleum ether; ref 5.  Reference 9. From dieth 1 ether- 
petroleum ether; ref 5.  e s = shoulder. f This work. g Neat; ref 1 2 .  
" Reference 16.  

Reference 1. vw = very weak. 7Neat; ref 1. 

0 (2) 

C: 

Figure 1. Molecular structure of t-Boc-L-Pro-Sar-OH showing bond lengths and bond angles. The average esd's of bond length and 
bond angles are 0.004 8, and 0.8", respectively. 

c(1) 

O(1) 
C(7) 

c (7) 

Figure 2. Molecular structure of t-Boc-Sar-Sar-OH, showing bond lengths and bond angles; their esd's are on the average the same 
as that reported in Figure 1. 

The pyrrolidine ring of the prolyl residue in ~-Boc-L- 
Pro-Sar-OH presents y puckering, CY-endo conforma- 
tion,27>2s with the CY atom 0.42 A out of the best plane 
passing through the other four atoms of the ring. The 
restricted cp angle of the prolyl residue is -67'. The 
carboxylic group of t-Boc-L-Pro-Sar-OH and t-Boc-Sar- 
Sar-OH adopt the preferred syn-planar conformation with 
respect to  the C*-N bondz9 (the internal rotation angles 
0(3)-Ci-Cz*-Nz have values of 12 and -13O, respectively). 

In both molecules the C(4)-0(5) bond of the urethane 
moiety is in the usual trans arrangement relative to the 
C(5)-N1 bond; this feature, accompanied by the cis con- 

figuration of the tertiary urethane group, allows us to  
classify the urethane groups of these two molecules as type 
a in Figure 2 of ref 1. 

The system of hydrogen bonds in the crystal structures 
of t-Boc-L-Pro-Sar-OH and t-Boc-Sar-Sar-OH is similar, 
but obviously not the same, since the molecules do not 
exhibit identical conformations in the crystal state. In both 
compounds the molecules form long rows through the 
formation of one intermolecular hydrogen bond of the type 
0-Ha-0 (in both cases the 0-0 distance is 2.64 A, i.e., 
within the most probable range for 0-H-0 hydrogen 
bonds in the crystal state with a carbonyl group as hy- 
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Table IV 
Internal Rotation Angles (aeg)  for  t-8oc-L-Pro-Sar-OH and t-Boc-Sar-Sar-OH 

~ - B o c - L -  t-Boc-Sar- t-Boc-L- t-Boc-Sar- 
angle Pro-Sar-OH Sar-OH angle Pro-Sar-OH Sar-OH 

O(2)-C, '-C,CY-N2 -169 168 
O(3)-C,'-C,"-N, 1 2  - 13 
C,'-C,CY-N,-C( 6) 78  - 7 0  
C2'-C2a-N,-C,' -91 107 

C2"-N2-Cl'-ClCY 1 7 0  187  
N,-(2,'-C,"-N, 1 5 2  1 7  5 
C( 6)-N,-CI'-0( 1) 1 8 3  1 8 2  

C2a-N,-Cl'-O( 1) -8 5 

C( 6)-N,-C,' -C ,Oi 1 5 
O( l)-Cl'-C,CY-Nl - 31 -3 
C ,  '-CIa-N, -C( 7 )" 110 9 6  

CIa-N,-C(5)-O(4) 1 7 4  1 7 1  
C,'-C,'-N, -C( 5 )  - 67 - 69 

C,"-N, -C(5)-O( 5) -7 -11 
C( 7 )-N,-C( 5 )-O( 4 ) a  - 2  7 
C( 7 )-N,-C( 5)-O( 5)a 177  1 8 5  

" In  t-Boc-L-Pro-Sar-OH for this angle C(7 )  corresponds'to C I S .  

x 
4 

F i g u r e  3. Mode of packing of t-Boc-L-Pro-Sar-OH as projected 
down the a axis. The hydrogen bonds are indicated as dashed 
lines. 

drogen acceptor)30 between the hydroxyl group of the 
-COOH moiety of one molecule with the oxygen atom of 
the amide carbonyl of another molecule related by a screw 
axis (along the a axis in t-Boc-L-Pro-Sar-OH and along the 
b axis in t-Boc-Sar-Sar-OH). The modes of packing for 
the two structures are illustrated in Figures 3 and 4, re- 
spectively. In this context, it  should be recalled that a 
different situation is shown by Z-L-Pro-L-Pro-OH,'O the 
only N-protected dipeptide formed by two N-alkyl-a- 

N , -C( 5 )-O( 5 )-C( 4 )  
O( 4)-C( 5)-O( 5)-C(4) 
C(5)-0(5)-C(4)-C( 1) 
C(5)-0(5)-C(4)-C(2) 
C( 5)-O( 5)-C(4)-C( 3) 
O(1)-(2,'-c w , 4  
C , ' -C ,@-C,~-C , r  
C( 5)-N, -CIS - C l r  
C(5)-N,-CICY-C 0 

C,P-C "-N -CIS 
N,-Cl'-CICY-Cld 

N , -C I ' -C ,~-C1YS 
C , " - C , ~ - C , ~ - C ,  
C, '-C1~-Cl6 -N, 
C1r-Cl6 -N,-C," 

179  161 
- 2  -21 

1 7 9  190 
- 6 3  - 5 3  

61 7 1  
8 2  

-95  
1 6 6  
177 
- 95 

-7 
22 

- 30 
25  

-11 

Table V 
Comparison of Conformational Angles (deg)  Defining t h e  

Peptide Chain for  t-Boc-L-Pro-Sar-OH, t-Boc-Sar-Sar-OH, 
t-Boc-L-Pro-Gly-OH,S t-Boc-Sar-Gly-OBzl,20 

and Z-L -Pro-L- Pro- OH 

angle Pro-Sar Sar-Sar Pro-Gly Sar-Gly Pro-Pro 

W I  - 7  -11 - 1 2  -12  3 
91 -61 --69 - 6 1  -72  - 65 

w 2  1 7 0  187  167 167 -179.6 
(F2 -91 107  - 6 7  -81 - 5 3  

$ 1  152  1 7 5  147 1 5 4  1 5 5  

$," 1 9 1  1 6 8  1 6 2  1 8 6  1 4 1  

a See text for  the explanation. 
Q 0 

Figure 4. Mode of packing of the molecules of t-Boc-Sa-Sm-OH 
projected down the b axis. The hydrogen bonds are indicated 
as dashed lines. 

amino acid residues, outside those described in this paper, 
so far examined by X-ray diffraction (the hydrogen ac- 
ceptor of the 0-He-0 intermolecular hydrogen bond being 
the carbonyl group of the urethane moiety). 

To summarize, in both t-Boc-L-Pro-Sar-OH and t -  
Boc-sar-Sar-OH in the solid state the oxy-C7 structure 
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1800 1700 1800 7700 

Frequency [cm-') Frequency (cm-' ) 
Figure 5. Infrared absorption spectra of t-Boc-L-Pro-Sar-OH 
(A) and t-Boc-Sar-Sar-OH (B) in deuteriochloroform at 20 "C, 
concentration 3 X M (-) and 4.6 X M (---). concentration 3 x lo-' M. 

Figure 6. Infrared absorption spectra of t-Boc-L-Pro-Sar-OH 
(A) and t-Boc-Sar-Sar-OH (B) in TMP (-1 and D20  (---), 

containing an intramolecular 0-He-0 hydrogen b ~ n d , ' , ~ , ~ . ~  
and the antiparallel dimer formed by two intermolecular 
hydrogen bonds, proposed by Deberg for the former 
compound, appear to be absent. The third possibility, 
postulated on the basis of the IR absorption data, was 
shown to be the correct one. 

Solution Conformational Analysis. In order to in- 
vestigate the conformational properties of t-Boc-L-Pro- 
Sar-OH and t-Boc-Sar-Sar-OH in solution we carried out 
an IR absorption analysis in solvents of divergent polarity 
and hydrogen-bonding properties and a t  different con- 
centrations. The spectra obtained are shown in Figures 
5 and 6. The interpretation of the results is complicated 
by the cis-trans isomerism around the tertiary urethane3I 
and amide bonds. In addition, various types of intra- 
molecularly hydrogen-bonded forms (oxy-C7 and oxy-Clo 
 form^)',^-^,^,^ and intermolecularly hydrogen-bonded ag- 
gregated or solvated species can account for the spectral 
properties of the two molecules. 

M concentration 
(Figure 5) bands a t  1761-1751, 1729-1728, 1682, and 
1674-1665 cm-' are visible. They were assigned respec- 
tively to free carbonyls of the COOH hydro- 
gen-bonded carbonyls of the -COOH  group^,',^' free 
carbonyls of the tertiary urethane groups, and free car- 
bonyls of the tertiary amide groups.33 This conclusion is 
corroborated by (i) the vibrations shown in the same 
solvent (not reported in the figure) by the corresponding 
-0Me C-protected derivatives (lacking acid hydrogens) (at 
1750-1748 cm-', ester carbonyl; 1683 cm-l, urethane 
carbonyl; and 1672-1666 cm-', amide carbonyl), and (ii) 
the spectra of the dilute solutions (at 4.6 X M con- 
centration) (Figure 51, characterized by the disappearance 
of the 1729-1728-cm-' absorption and the constancy of the 
position of urethane and amide C=O vibrations. Hence, 
it may be reasonably suggested that in deuteriochloroform 
a t  high concentration the type of association which occurs 
is similar in both compounds but different from that found 
in the solid state; in addition at  low concentration, i.e., in 
the absence of associated species, in both cases there is no 
evidence of the onset of intramolecularly hydrogen-bonded 
species to a considerable e ~ t e n t . ~  

In solvents of higher polarity and the capability of 
forming hydrogen bonds with the solute as hydrogen 

In deuteriochloroform a t  a 3 X 

acceptor (TMP) or donor (water) (Figure 6), the confor- 
mational preferences of the molecules change dramatically. 

In TMP only a minor amount of species with free acid 
carbonyl (shoulder near 1760 cm-l) is visible, most of the 
molecules being fully solvated (1738, 1700-1697, and 
1670-1664-cm-' bands, due to free C=O groups of -COOH 
moieties with a O-H-.O=P hydrogen bond, free tertiary 
urethane C=O groups, and free tertiary amide C=O 
groups, respectively).' The locations of the urethane and 
amide bands of t-Boc-L-Pro-Sar-OMe and t-Boc-Sar- 
Sar-OMe in TMP (not shown in the figure) at  1700-1697 
and 1672-1665 cm-l, respectively, are consistent with the 
above interpretation. 

In D20  all C=O groups are strongly solvated, as indi- 
cated by the occurrence of three bands at  1720-1715 cm-l 
(bonded acid C=O 1657-1650 cm-' (bonded 
tertiary urethane C=O groups),j and 1633-1628 cm-' 
(bonded tertiary amide C=O groups).34 Below 1700 cm-' 
the spectra of t-Boc-L-Pro-Sar-OH and t-Boc-Sar-Sar-OH 
are almost identical with those of the corresponding methyl 
ester derivatives. 

It may be concluded that t-Boc-L-Pro-Sar-OH and t -  
Boc-sar-sar-OH are almost completely solvated in polar 
solvents. In solvents of relatively low polarity (CDC13) 
nonaggregated and aggregated (through formation of 
hydrogen bonds involving exclusively the carboxyl group 
as hydrogen acceptor) species coexist, the extent of the 
latter increasing with increasing concentration. Inter- 
estingly, even in very dilute solution in CDC13 the amounts 
of intramolecularly hydrogen-bonded species, if any, seem 
to be negligible.35 

Supplementary Material Available: Structure factor tables 
for N-tert-butyloxycarbonylsarcosylsarcosine and N - t e r t -  
butyloxycarbonylprolylsarcosine (22 pages). Ordering information 
is given on any current masthead page. 
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Polymer Diffusion in a Dilute Solution. 
2. Poly[bis(m-chlorophenoxy)phosphazene] in Chloroform 
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ABSTRACT: Translational diffusion coefficients of poly[bis(m-chlorophenoxy)phosphazene] of known molecular 
weight distribution in chloroform a t  25 “C have been studied using Rayleigh line-width spectroscopy. By 
combining light scattering intensity measurements where we determined the molecular weight M, = 3.45 x 
lo6 g/mol, the second virial coefficient A2 = 1.39 x (cm3 mol)/g2, and the radius of gyration (rg2)1/2 = 
1.54 X lo3 8, with the concentration dependence of the diffusion coefficient k D  = 116 g of solution/g or 78.4 
cm3/g, and the molecular weight dependence of radius of gyration rg = 2.89 x lo-’ M ” ,  we are able to make 
a transformation from r space to M space and to obtain the molecular weight distribution function from a 
histogram analysis of the photoelectron time correlation function of light scattered by the polymer solution 
a t  a finite concentration. Our molecular weight distribution function is in essential agreement with the GPC 
result. It should be noted that this new approach should enable determinations of molecular weight distribution 
functions of extremely high molecular weights (- lo9 g/mol), not accessible by the GPC method. Furthermore, 
the method is nondestructive, needs only small quantities of the polymer solution, and, in principle, takes 
merely minutes for each measurement and analysis under most circumstances. 

I. Introduction 
The high molecular weight,  open-chain poly(dich1oro- 

phosphazene )  obtained from h igh- t empera tu re  melt po- 
l y m e r i z a t i o n  of hexachlorocyclotriphosphazene is a 
the rma l ly  stable elastomer but lacks hydrolytic stability. 
Allcock’ was able to substitute the reactive chlorine groups 
of poly(dichlorophosphazene1 with a var ie ty  of organic  
nucleophiles. Aside f rom the earlier reviews b y  A l l c o ~ k , ~ ~ ~  
the syn thes i s ,  properties, and app l i ca t ions  of poly- 
phosphazenes have been reported4 and reviewed5 b y  
members of the Army Materials and Mechanics Research 
Center a t  Watertown, Mass. Of  the seven different  
poly(ary1oxyphosphazene) homopo lymers  r e p ~ r t e d , ~  the 
molecular weight  distribution of poly[bis(m-chlorophen- 
oxy)phosphazene]  (sample IIIe i n  ref 4) has been deter- 
mined using a Waters ANAPREP gel pe rmea t ion  chro- 
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matograph.6 In this article,  we explore a new general  
approach to the de te rmina t ion  of molecular weight dis- 
tribution of linear poly(ph0sphazenes)  using a well 
characterized poly[bis(m-chlorophenoxy)phosphazene] 
(sample IIIe in ref 417 as an example. In section 11, we shall 
provide the theoretical background  for a general ized 
procedure in the determination of molecular weight dis- 
tribution of polymer solutions b y  means of light-scattering 
spectroscopy. In sec t ions  I11 and IV, the expe r imen ta l  
methods and procedures of data analysis will be outlined. 
Finally, we shall illustrate th i s  new method b y  present ing 
the l igh t  sca t te r ing  results of sample IIIe. 

11. Theoretical Background 
A. Light-Scattering Intensity Measurements. 

According to the Rayleigh-Gans-Debye theory,8 the 
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