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The crystal structure of the title compound has been determined by X-ray diffraction analysis. It crys- 
tallizes in the orthorhombic system, space group P212121, Z=4,  with unit-cell dimensions a= 12.114, 
b=8.153, c= 12.102 A. The structure has been solved by direct methods; refinement was carried out 
by full-matrix least-squares procedures including anisotropic thermal parameters. The molecule con- 
sists essentially of two planes: the carboxylic group and the remaining atoms with the exception of the 
methyl groups. The pyrrolidine ring is puckered at the B-carbon atom which deviates about 0-52 A 
from the best plane formed by the four remaining atoms. The molecules are held together in the crystal 
in pairs by one hydrogen bond, O(2)...O(3) 2.63 A. Bond lengths and valence angles are comparable 
with those of various related compounds. 

Introduction 

Recently the importance of deformations of the pyrrol- 
idinic ring has been pointed out (Maigret, Pullman & 
Caillet, 1970) particularly in relation to the question of 
populations of allowed conformations of biological 
macromolecules containing the proline residue. By 
means of conformational analysis (Aj6, Cappelli, 
Damiani, Natale, Lapiccirella & Tomasi, 1971) it has 
been possible to confirm the existence of a large 
number of allowed conformations for the pyrrolidine 
ring which are approximately isoenergetic but which 
have differences not only in the values of the torsion 
angles but also in the values of the valence angles. 

In order to gain more experimental evidence on the 
geometrical parameters as well as on the conforma- 
tional flexibility of such ring systems, we have under- 
taken the X-ray crystal-structure determination of a 
simple derivative of L-proline: N-t-butyloxycarbonyl- 
L-proline (t-BOC-L-Pro). 

Experimental 

A sample of t-BOC-L-Pro* was obtained from 
Schwarz Bioresearch Inc. and crystals suitable for X- 
ray analysis were grown from aqueous solutions. A 
summary of crystal data is given in Table 1. Approx- 
imate unit-cell dimensions and space-group informa- 
tion were obtained from Weissenberg photographs. 
The crystals were found to belong to the orthorhombic 
system, space group P21212~. Precise lattice constants 
together with their estimated standard deviations were 
determined from a least-squares refinement (Busing & 
Levy, 1967) of the setting angles (O,z,q) of eight high- 
angle reflexions on an automated diffractometer, using 
Cu Ks radiation. 

* N o  a t tempt  was made  to determine the configurat ion by 
means  o f  anomalous  scatte~ ing. 

Table 1. Crystal data of t-BOC-L-PRO 

Molecular  formula  Ci0HI7NO4 
Molecular weight 199.26 
Space group P21212~ 
Z 4 
a 12.114+0.005 /~ 
b 8-153 +0.007 
c 12" 102 _+ 0-005 
V 1195-2/~3 
Density, flotation (CCl4-n-heptane) 1.11 g cm -3 
Density, calculated 1.11 g c m -  3 
Radiat ion Cu K~, 2 =  1.5418 /~,; 

Ni-filtered 
Number  of independent  reflexions 952 
Temperature  23 °, ambient  

The data collection was carried out on a Siemens 
AED automatic single-crystal diffractometer equipped 
with a digital computer, scintillation counter and 
pulse-height analyser (Ni-filtered Cu K~ radiation, 2=  
1.5418 A). The 0-20 mode with the five-measurements 
technique was employed (Siemens AED manual, Bild 
7). A fixed symmetrical scan range of 0.65 ° from the 
computed Cu Ke peak was used. Intensity data were 
collected for the independent reflexions up to 0=  60 °. 
A standard reflexion was measured at regular intervals 
to monitor crystal stability and crystal orientation. Its 
intensity remained essentially constant throughout the 
run (within 5 %). In total, 1065 independent reflexions 
were collected, 113 of which were considered un- 
observed since their intensity was less than 3~(I). The 
data were corrected for Lorentz and polarization effects 
and no absorption correction was applied because of 
the small size of the crystal used in the data collection. 

Structure determination and refinement 

An overall temperature factor (B=4.2  A 2) and scale 
factor were evaluated (Wilson, 1942) and used to com- 
pute normalized structure factors (E's) (Karle & 
Hauptman, 1956). The statistics of the E's  confirmed 
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an acentric structure. The structure was solved by 
direct methods by the application of the tangent 
formula in the form programmed by Germain,  Main & 
Woolfson (1971). The 417 greatest E 's  were used to 
compute the reliabilities ~ of phases to be expected 
from the tangent formula refinement. The best starting 
set was selected by an iterative procedure, C O N  VERGE,  
and two addit ional  starting phases were evaluated from 
a ~1 relationship (Hauptman & Karle, 1953). The 
starting set of  phases was: 

h k l 

0 4 2  
0 6 10 
0 7 1 
6 4 7  
1 7 1 
1 8 1 
5 2 8 

Phase 

zt "~ from Y.1 relationship 7~ J 
re/2 } 
re/4 or 7rc/4 origin-fixing 
re/4 enantiomorph-fixing 
re/4, 3rc/4, 5rc/4, 7zc/4 
zr/4, 3zr/4, 5rc/4, 7z~/4. 

This choice produced 32 starting points. By iterative 
weighted tangent-formula refinement the phases of  
377 E 's  were determined. Of  all the 32 possible com- 
binations, judging by probabil i ty characteristics such 
as the absolute figure of  merit (F, bs), the ~'0, the sum of 
the residuals (R) and mostly from the combined figure 
of merit defined as 

F a b s  - -  (gabs ) r a in  
C ~  . . . . . . . . . . .  

(Fab:,)max -- (Fabs)mi n 
+ /frO m a x -  lif0 

( II/O)max - -  (/ffO)m in 

Rrnax - -  R + 
Rma x -  Rmi n ' 

only four sets of  phases seemed to be correct. They 
presented differences in the shift of  the origin. An E 
map computed with the 377 strongest E 's  from one of 
these four sets of  phases revealed the whole structure 
apart  from the hydrogen atoms. 

The structure was then refined through a total of  15 
least-squares cycles;* anisotropic thermal factors were 
assigned to all heavy atoms after the 10th cycle when 
the conventional R value ( = ~ l F o l - l F c l / ~ l F o l )  was 
0.15. A difference Fourier synthesis calculated after the 
13th cycle of refinement when the R value was 0.08 
revealed the positions of all the hydrogen atoms. Their 
coordinates were then introduced in the last two 
cycles, assuming isotropic thermal parameters equal to 
those of the corresponding carrier atoms. The param- 
eters of  the hydrogen atoms were kept fixed. The 
atomic scattering factors for all atomic species were 
calculated from the analytical constants given by 
Moore (1963). Unit  weight was experimentally found 
to be correct during the refinement. The refinement 
was ended when the max imum shifts in the atomic 

* A set of crystallographic Fortran IV programs written by 
Immirzi (1967) was used. All the computations were carried 
out at the Centro Calcolo Elettronico della Facolth di Scienze 
(IBM 360/44 PS) of the University of Naples, Italy. 

coordinates and anisotropic thermal parameters were 
less than one-fifth of the corresponding standard devia- 
tions. For all non-zero independent reflexions the final 
disagreement index was 0.050. The final atomic coor- 
dinates and thermal factors are listed in Table 2, while 
Table 3 contains a list of  the observed and calculated 
structure factors. 

Table 2. Final atomic parameters 
with their est imated standard deviations 

E.s.d.'s are in units of the last significant figure. 

(a) Positional parameters 

x/a y/b z/c 
O(1) 0"3139 (3) 0"5503 (4) 0"4369 
0(2) 0"2084 (3) 0.7714 (4) 0.4149 
0(3) 0"2442 (3) 0"2658 (3) 0"7038 
0(4) 0" 1193 (3) 0.4044 (3) 0.5978 
N 0"2669 (3) 0"5347 (4) 0.6587 
C(1) 0"2581 (4) 0.8578 (5) 0-4746 
C(2) 0"2354 (4) 0.6799 (5) 0"5968 
C(3) 0.3091 (4) 0.8114 (6) 0"6485 
C(4) 0.4115 (5) 0"7196 (8) 0.6823 
C(5) 0"3727 (4) 0-5522 (7) 0"7183 
C(6) 0.2124 (3) 0.3909 (5) 0-6568 
C(7) 0"0390 (4) 0"2679 (5) 0"5903 
C(8) -0-0520 (5) 0"3424 (7) 0.5203 
C ( 9 )  -0"0033 (5) 0"2250 (7) 0"7053 
C(10) 0"0911 (5) 0.1232 (7) 0.5292 
H(1)C(10) 0"135 0"152 0"461 
H(2)C(10) 0"167 0"081 0"559 
H(3)C(10) 0.025 0"051 0.558 
H(1)C(9) -0"037 0"380 0"733 
H(2)C(9) -0.070 0.144 0"700 
H(3)C(9) 0"050 0"233 0"771 
H(1)C(8) -0.026 0.402 0"438 
H(2)C(8) -0.103 0"427 0.569 
H(3)C(8) -0.106 0"251 0-482 
H(1)C(5) 0" 124 0"487 0.295 
H(2)C(5) 0"129 0"548 0-173 
H(1)C(4) 0.456 0"743 0"617 
H(2)C(4) 0"428 0"816 0"765 
H(I)C(3) 0"371 0.847 0.594 
H(2)C(3) 0"319 0.906 0"578 
H(1)C(2) 0.150 0-720 0-607 
H(I)O(2) 0"201 0"787 0"681 

(3) 
(2) 
(2) 
(2) 
(3) 
(3) 
(3) 
(4) 
(5) 
(4) 
(3) 
(3) 
(5) 
(4) 
(5) 

(b) Thermal parameters in the form" 

T= exp [ -  ¼(Bnh2a *z + Bz2kZb *z + B3312c *" + 2B12hka*b* 
+ 2Bl3hla*c* + 2Bz3klb*c*)]. 

Bu Bz2 B~3 Bl2 B,3 B23 
0(1) 7'4 (2) 6'5 (2) 5'5 (2) 3'6 (2) -0 '8  (1) 0.4 (2) 
0(2) 7.5 (2) 5.0 (1) 3.5 (1) 2-4 (1) -1.0 (1) -0-4 (1) 
0(3) 6-3 (2) 3.6 (1) 3.5 (1) 0.5 (1) 1-0 (1) -0.4 (1) 
0(4) 4.1 (1) 3.7 (1) 4.5 (1) -0.6 (1) 0.6 (1) -1.0 (1) 
N 3.7 (1) 4.1 (1) 3.6 (1) -0.4 (1) 0.9 (1) -0-3 (1) 
C(1) 4.6 (2) 4.0 (2) 3-7 (2) 0-3 (2) -0.6 (2) 0.2 (2) 
C(2) 4.7 (2) 3.1 (1) 3.7 (2) -0.4 (2) -0.1 (2) -0-1 (1) 
C(3) 6.2 (3) 4.7 (2) 6.0 (2) -2.0 (2) 0.3 (2) 0.5 (2) 
C(4) 6.0 (3) 7.3 (3) 8.1 (3) -2.7 (3) 1.6 (3) 0-1 (3) 
C(5) 5.0 (2) 6.3 (3) 6.0 (2)-1-4(2) 2.3 (2)-0-5(2) 
C(6) 4.2 (2) 4.0 (2) 2.5 (1) 0.0 (2) 0.1 (1) 0.3 (1) 
C(7) 4-3 (2) 3.7 (2) 3.8 (2) -0.7 (2) 0.3 (2) 0.3 (2) 
C(8) 5.0 (2) 6.1 (3) 7.3 (3) -0.5 (2) 1.2 (2) 0-3 (3) 
C(9) 6.7 (3) 6-6 (3) 5"4 (3) -2.1 (3) -1.3 (2) -0 .2  (2) 
C(10) 6"5 (3) 5"8 (3) 7.2 (3) 0.0 (2) -0 .0  (3) 1-9 (3) 
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R e s u l t s  a n d  d i s c u s s i o n  

I n  T a b l e  4 b o n d  l e n g t h s ,  b o n d  a n g l e s  a n d  t o r s i o n  
a n g l e s  a r e  r e p o r t e d  t o g e t h e r  w i t h  t h e i r  e s t i m a t e d  

T a b l e  3. Structure factors 

Fo and Fc ale x 10. 

*'~" , : ' , :  :~ :: :: ! ! i  ~i ' m  m !~ !i ' i  ! ii i! i*i i*! i  i'*" '; 
17 37 3n . Fo . c  t a s  e *  . Fo s c  x , t -  z ,  s s z t  z l  ~ , t .  + ,  

ii!i +i i ili i+i !ii ii i ,il :i+ i+ii il i ii !i ,!. +!,: i': 
: : :  :: . . . . . . .  ,.,. ,:. + . . . . . . .  ,,:+ ,:: . . . .  : : :  :; ,+. ,o ,o 
. . . . . . . . . . . . .  ~ . . . . . . . . . . .  / '  d ,1 l; g * II J; 

Kel.. ;[e 0 t 176 t6b Z 2S 2|  I1  )q +*Z )4 FO F¢ 0 25 1Z -1 29 3*  ~ ]1615 1 ;  

++ ; l  

XlL"  21 l ~ | '* 11 I t , l .  4 ,  ** l Z  211 14 10 2 ~+ 21 g 4b  ~ I t l ~ l  $ ,  11 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,." d : :: +.; : ;o 

$9 

i if! ii! !~i: :!! i li i~ : i~!  i~ *'!',:!',:i ! i i  :: '~ i :°. +,+ . . . . .  : ,~ ii 
: :: :: : ,+: :: . . . . . . . . . . . . . . . . . . . . . . . .  

i ,~] *]] ~ i  !i "'~" :~' :! i,i~ '!! q ii ]! i',ii ',i! i'+] i i i  '°:: '~'. 

i~ ii ! i ! i  +i! :: ~: ': ! i! i! o'm ~:: !+!i '!~ ~:i! *i! *.~-,:. ;: 

. . . . . .  ~ . . . . . . . . . . . . . . . .  , . , . . . .  [] 

. l+o ~c x . t .  ~, 2 :o  ~ l  v l  . ~o i,c o 7,+ i , ,  1 z ' r  t , .  

* ;: ;2, : ,h",~:  ~J :,* :+' ~ g +'+' ~ 1: : . . . . . .  ; ;  
~,, z s  z ~,v e+, 3 , e  ,+11 z t , ,v  l s s  6 Z3 i v  

e 30 ~ t l  *6  + l  x , t .  ~ ,  s o e z  ea  t t  a s  ~ s  

. . . . . . . . . . . .  : , : :* : :  : ' :  :: ; : :  : : : : m  ; . . . . .  ".*.',.'.:+' * 18 71 

o /17 66 
i i }  8~, iteLa 61 6 • 76 ~+! 3 IS 14k 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ;~ %" A' ,~*' 

o 11 l *  +++ ++*.r,'~...+ ",++ ;: :0 :: ;o' ; : :  :+ + ,~ , : :  +++ ;+..r  ;+ 

<) zz zz  .) 4,) s5 ~ 22.~ ant . Fa ; c  ,. t3,. x . ~ .  z)l+ I t  

: :+  +: : : :  :: : . ::  ,:. . . . . .  : : :  :: +.-,+. ,: : ,. . . . . . .  ,, *,-,o'. :: 

i il i! ..i. :i, :i i!i i*ii *ii '+ 
: ' : :  :: : ,~.~ ~+ t*+ ,q b ' " '~"  ,; ' d %" /¢ d ; ;,+ :1 %" ,+' h* ; ;+ ' :  

. . . . . . .  +,,.; ,:: . . . . . . . . . . . . . . . . . . . . . . .  : +++ .~ : ~ :  ;+ 
;++ ;; : ;1 I: ,7 t+ t; ,' :++ h* ; l :  I+ ,: I: h 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  +,+++ 

T a b l e  4 .  M o l e c u l a r  g e o m e t r y  

E.s.d.'s are in units of the last significant figure. 

(a) Bond distances (/~) 

C(1)-O(1) 
C(1)-O(2) 
C(1)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-N(1) 
N(1)-C(2) 
N(1)-C(6) 
C(6)-O(3) 
C(6)-O(4) 
O(4)-C(7) 
C(7)-C(8) 
C(7)-C(9) 
C(7)-C(10) 

1 . 1 9 7  (6 )  
1.320 (5) 
1.515 (6) 
1.529 (7) 
1.506 (8) 
1-509 (8) 
1.468 (6) 
1.452 (5) 
1.346 (5) 
1-231 (5) 
1"339 (5) 
1.481 (5) 
1"517 (7) 
1.523 (7) 
1"529 (7) 

(b) Bond angles (°) 

O(1)-C(1)-O(2) 
O(1)-C(1)-C(2) 
O(2)-C(1)-C(2) 
C(1)-C(2)-C(3) 
C(1)-C(2)-N(1) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-N(1) 
C(5)-N(1)-C(2) 
N(1)-C(2)-C(3) 
C(2)-N(1)-C(6) 
C(5)-N(1)-C(6) 
N(1)-C(6)-O(3) 
N(1)-C(6)-O(4) 
O(3)-C(6)-O(4) 
C(6)-O(4)-C(7) 
O(4)-C(7)-C(8) 
O(4)-C(7)-C(9) 
O(4)-C(7)-C(10) 
C(8)-C(7)-C(9) 
C(8)-C(7)-C(10) 
C(9)-C(7)-C(10) 

124.3 (2) 
124"1 ( 2 )  
1 1 1 - 5  ( 1 )  
112-1  ( 2 )  
111.0 (1) 
104.0 (2) 
105"8 (2) 
102"5 (2) 
113"6 (2) 
102.0 (2) 
124.9 (2) 
121"2 (2) 
124" 1 (2) 
1 1 0 - 5  ( 1 )  
125"3 (1) 
121"6 (1) 
102" 1 (2 )  
109"7 (2) 
109"8 (2) 
110"9 (2 )  
109"8 (2) 
113"8 (2 )  

(c) Internal rotation angles (°) 

O(1)-C(1)-C(2)-C(3) 100 
O(1)-C(1)-C(2)-N(1) - 14 
O(2)-C(1)-C(2)-C(3) - 81 
O(2)-C(1)-C(2)-N(1) 166 
C(1)-C(2)-C(3)-C(4) - 88 
C(1)-C(2)-N(1)-C(5) 102 
C(1)-C(2)-N(1)-C(6) - 7 2  
C(2)-C(3)-C(4)-C(5) - 35 
C(2)-N(1)-C(5)-C(4) - 4 
C(2)-N(1)-C(6)-O(3) 175 
C(2)-N (1)-C(6)-O(4) - 6 
C(3)-C(4)-C(5)-N(1)  24 
C(3)-C(2)-N(1 )-C(5) - 17 
C(3)-C(2)-N(1)-C(6) 168 
C(4)-C(3)-C(2)-N(1)  31 
C(4)-C(5)-N(1)-C(6) 171 
C(5)-N(1)-C(6)-O(3) 1 
C(5)-N(1 )-C(6)-O(4) 180 
N(1)-C(6)-O(4)-C(7) 185 
C(6)-O(4)-C(7)-C(8) 178 
C(6)-O(4)-C(7)-C(9) 60 
C(6)-O(4)-C(7)-C(10) - 66 
O(3)-C(6)-O(4)-C(7) 5 
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Table  5. Least-squares planes 

The equations of the planes are of the form: 

AX+ BY+ CZ-D=O 

where X, Y and Z are coordinates (in ~) referred to the or- 
thogonal axes and D is the origin-to-plane distance. 

Carboxyl group 
0.8066X+ 0.5859 Y+ 0.0780Z- 6.0975 = 0 

Deviations of atoms from the plane (A) 

C(l) +0.0012 
C(2) - 0"0004 
0 ( 1  ) - 0"0004 
0(2) -- 0"0004 

Pyrrolidine ring 

- 0.4670X+ 0.2298 Y+ 0.8539Z- 6.2489 = 0 

Deviations of atoms from the plane (A) 

N + O.04O 
C(2) - 0.150 
C(3) +0"212 
C(4) - O" 1 9 0  
C(5) +0"089 

Plane through N, C(2), C(4) and C(5) 

- 0.458X+ 0.390 Y+ 0.799Z- 6.5932 = 0 

Deviations of atoms from the plane (A) 

N - 0.022 
C(2) + 0.014 
C(4) -0.013 
C(5) + 0.021 

Amide group 

- 0.504X+ 0.295 Y+ 0.812Z- 6.087 = 0 

Deviations of atoms from the plane (A) 

N + 0"031 
C(2) -0.037 
c(5) +o.o13 
c(6) +o-ool 
0(3) -0"031 
0(4) + 0"022 

s t anda rd  deviat ions .*  In Fig. 1 a schemat ic  d rawing  
and  a view of  the molecule  a long  the c axis are shown.  
The  geometr ica l  pa ramete r s  exper imenta l ly  found  in 
the present  s t ructure  are comparab l e  with the values 
found  in o ther  pept ides  or aminoac ids  con ta in ing  the 
prol ine  residue wi thin  the errors  repor ted  for those 
structures,  

The  molecule  of  t -BOC-L-Pro  is essent ial ly com- 
posed  of  two p lanes :  the carboxyl  group,  fo rmed  by 
the a toms  O(1), 0(2) ,  C(1) and  C(2), and  the p lane  of  
the residue:  

* The e.s.d.'s given in Table 4 have been calculated neglect- 
ing vibrational motion effects, which could play some role in 
inducing an additional error in the geometrical parameters. 
This may be particularly true where atoms which display 
larger anisotropic thermal parameters are involved. However, 
in our structure no unusually large vibrational motion seems 
to be present. 

0(3) 
II 

C ( 5 ) - - N - - C ( 6 ) ~ O ( 4 )  

C(4) C(7) 
\ 

C (3 )~C(2 )  

However ,  the above residue has large devia t ions  f rom a 
strictly p lana r  a r rangement .  The  equa t ions  of  the least- 
squares  p lanes  and  the dis tances of  individual  a toms  
f rom the planes  are given in Table  5. As is c o m m o n l y  

0(2) 
o(1) 

coo) c(8) 

C(9) 0(3) ~ (2(4) 

(a) 

C(3) 

0(2) 

c ~  c(3) 

0(4) o ~/C (6) 
(-~..2.~4 f N 

C(8) zk~/_ J ~ k . _ )  124'1 

1'52 ~110"9~L.) 109'8 (" 

c(10) 
(b) 

Fig. 1. (a) A view of the molecule as seen along the [001] 
direction. (b) Schematic drawing of t-BOC-L-Pro with the 
final geometrical parameters. The C(9)-C(7)-O(4) and C(10)- 
C(7)-C(8) angles are 109.7 and ]09"8 ° respectively. 
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found in molecules containing proline residues, the 
pyrrolidine ring takes a puckered conformation and, 
surprisingly, the fl-carbon atom C(3) is displaced from 
the plane of the four remaining atoms by 0.519 A. In 
all reported crystal structures of compounds containing 
the pyrrolidine ring (Mathieson & Welsh, 1952; Leung 
& Marsh, 1958; Fridrichsons & Mathieson, 1962; 
Ueki, Ashida, Kakudo, Sasada & Katsube, 1969; 
Mitsui et al., 1969; Matsuzaki & Iitaka, 1971; Kartha 
& Ambady, 1972; Shamala & Venkatesan, 1973) it has 
been found that the ),-carbon atom deviates from the 
plane formed by the remaining four atoms, except in 
the crystal structure of De-proline hydrochloride 
(Mitsui et al., 1969) in which the a-carbon atom is 
displaced from the best plane. In many cases large 
variations of internal rotation angles are possible 
because of the possibility of coupling of small bond- 
angle deformations or the simultaneous variation of 
bond angles and other internal rotation angles. An 
example of these changes is the five-membered ring of 
cyclopentane in which the conformation can vary 
almost continuously on an equipotential energy sur- 
face (Lifson & Warshel, 1968). Recently, several 
authors (Ramachandran, Lakshminarayanan, Balasu- 
bramanian & Tegoni, 1970; Balasubramanian, Laksh- 
minarayanan, Sabesan, Tegoni, Venkatesan & Rama- 
chandran, 1971 ; A. Damiani, private communication) 
have carried out calculations of the potential energy 

a S 

I ~,~ ~'E' d °(4) 
I X~c(7) 

Fig. 2. Mode of packing of t-BOC-L-Pro along the [010] direc- 
tion. The hydrogen-bond distances are indicated as broken 
lines. Some short intermolecular distances are reported. 

arising from bond-angle and torsion-angle strain, non- 
bonded and electrostatic interatomic energies in order 
to determine the favoured conformations of the prolyl 
residue. The results of such calculations show that the 
pyrrolidine ring must be considered rather flexible, and 
a large number of possible almost isoenergetic con- 
formations can be predicted. In particular Rama- 
chandran et al. (1970) have found two local minima 
in conformational space for the pyrrolidine ring, one 
with the C ~ displaced on the same side as C', which is 
lower in energy than the other with C ~ displaced on 
the side opposite to C' (denoted respectively as con- 
formations A and B). The torsion angle 0 tends to be 
much closer to zero than any other torsion angle, 
indicating that the atoms N, C ~, C a and C ~ tend to be 
coplanar. Positive values of 0 are associated with con- 
formation A and negative values of 0 witb conforma- 
tion B. 

C 1 

/ 
N- C ~ 

r5 0 r~ I 

C 6 z4 z2 C a 

C~ 

However, the calculations indicate that Z4 can also be 
small, meaning that the atoms C ~, C ~, N and C" are 
also nearly coplanar as found in the present structure. 
A comparison of the bond angles and torsion angles 
experimentally found for t-BOC-L-Pro and one of the 
lowest-energy B conformations is reported in Table 6; 
the values are in very good agreement, showing that 
the conformation of the pyrrolidine ring observed in 
the crystal structure is very close to one of the confor- 
mations having minimal strain energy in the isolated 
state calculated from considerations of intramolecular 
interactions only. The t-BOC-L-Pro structure consists 
of hydrogen-bonded pairs of molecules, the hydrogen 
bond being formed between molecules related by a 
screw axis along c. The 0(2)-0(3)  distance between 
hydrogen-bonded atoms (see Fig. 2) is 2.63 ~.  The 
need for hydrogen-bond formation coupled with crys- 
tal packing interactions in which the fl-C atom is 
involved is probably also responsible for the exper- 
imentally found conformation of the pyrrolidine ring. 
In fact, no rather short intramolecular contact in- 
volving the pyrrolidine ring atoms seems to be present 
and on the other hand a planar conformation or a 
conformation in which the )'-carbon is out of the plane 
on either side of the ring would produce a poor hy- 

Table 6. Comparison of  the bond angles and torsion angles of  one of  the lowest-energy B conformations 
(see text) and those of  t-BOC-e-Pro (°) 

rl z2 z3 r4 z'5 0 ZI Z2 Z3 Z4 
t-BOC-L-Pro 102"0 104"1 105"8 102"5 113"6 -17 +31 -35 -I-24 - 4  
Conformation B 103 104 107 102 113 -15 -I-29 -33 +24 - 5  
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drogen bond as far as the distance between oxygen 
atoms and directions of bond are concerned. The data 
available at present on crystal structures of molecules 
containing the pyrrolidine ring and those reported here 
thus confirm that this ring is a rather flexible one and its 
conformation is affected by various factors including 
intramolecular and/or intermolecular interactions such 
as hydrogen bonds. The orientation of the carboxylic 
group is such that the ketonic group C(I)-O(1) is in 
the preferred synplanar conformation with respect to 
the N-C(2) bond of the pyrrolidine ring, as has often 
been found (Dunitz & Strickler, 1966, 1968). The 
internal rotation angle N-C(2)-C(1)-O(1) is 13 °. 

The t-butyl group is in a staggered conformation 
with respect to the C(6)-O(3) bond. Accordingly, short 
contacts arise between the methyl groups C(9) and 
C(10) and the oxygen atom 0(3) (3-02 and 3.04 A 
respectively). 

Finally the mode of packing in the crystal merits a 
short discussion. In Figs. 2 and 3 the views of the crystal 
structure along the [010] and [001] directions are 
shown. The structure consists of pairs of molecules 
linked by the formation of one hydrogen bond. The 
O(1) and 0(4) atoms are not involved in any bonding 
other than van der Waals contacts. Some of the 
shortest intermolecular distances are reported in Figs. 
2 and 3. 
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