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The crystal structure of the synthetic polypeptide cyclo(hcxaglycyl) hemihydrate,  (CH~CONH)~. 
½H20, has been determined by a simple, direct phase determination method in which letter symbols 
are assigned to initial phases. All the final phases are expressible in terms of a few of the initially 
assigned letters. The virtue of this procedure is that  it is very simple, may  be performed by hand 
computation, and is completely general for all centrosymmetric space groups. 

The crystals of cyclo(hexaglycyl) are triclinic in space group PY with cell dimensions 

a=12.31,  b=15-50, c=19"04/~; a = 9 4 ° 5 8  ", f l=121°09 ', ~,=88°05 ' and Z = 8 .  

There is a strong pseudo-cell with c/4. The molecules are in the form of 18-membered rings with 
four distinctly different configurations in the unit cell. Hydrogen bonding stabilizes the structure. 
The water molecule is associated with only one-half of the cyclo(hexaglycyl) molecules. 

Introduction 

Cyclo(hexaglycyl) is a cyclic polypept ide which was 
synthesized by  Ballard,  Bamford  & Weymou th  (1955). 
The great s tab i l i ty  of this  compound to both acids 
and  alkal is  h indered the examina t ion  of par t ia l  
hydrolysates  by  paper  chromatography.  Bamford  & 
W e y m o u t h  (1955), however, favored the format ion 
of an 18-membered ring. In  a previous crystal lographic 
examina t ion  (Cant, 1956), the space group and cell 
dimensions were de termined and  the mater ia l  was 
shown to be a hemihydra te  wi th  the molecular  formula 
(CH~CONH)6.½H20. 

The present  invest igat ion was under taken  at  the 
suggestion of Prof. D. Wrinch,  through whom the 
crystals  were obtained.  Our par t icular  interest  was 
both in  the configurat ion of the polypept ide  and in 
the appl icat ion of phase determining procedures for 
the solution of the  structure.  This invest igat ion 
affords the  oppor tuni ty  to i l lus t ra te  a new general  
scheme for phase de te rmina t ion  in  centrosymmetr ic  
crystals.  

Experimental  measurements  

Crystals of (CH2CONH)6.½Hg.0 are colorless, small ,  
and  needle-shaped;  t hey  crystall ize in  the tr icl inic 
system. The diffract ion resul ts  show a pronounced 
pseudo-cell wi th  the following parameters :  

Cant { 
(1956) 

Present { 

@c ---- 1.505 

P s e u d o - c e l l  R e a l  cel l  

a----  10 .66  A a - -  94 ° 5 8 '  4 a  
b ---- 15-50 A fl = 98 ° 40" b 
c ---- 4-76 A y = 90 °01' 4c 
with Z----- 2 Z = 32 

Pseudo-cell Real cell 
a---- 12.31 /i~ a = 94 °58' a 
b -~ 15.50 A fl ---- 121 °09' b 
c ---- 4.76 A y ---- 88 °05" 4c 
with Z = 2 Z ---- 8 

g. cm-a, @o -- 1.501 g.cm -a (Cant, 1956). 

The present  a axis was chosen in  the direct ion of 
the old a-c  to give the smallest  possible real cell. 

Three-dimensional  da ta  were collected, employing 
Cu Kc¢ radia t ion  and  a Weissenberg camera, only 
along the c axis, the needle axis. The crystals  were 
too small  to permi t  the collection of da ta  along the 
other axes. The intensi t ies  were es t imated  visual ly  
by  means  of a cal ibrated f i lm strip. These da ta  were 
punched on IBM cards direct ly  from the p r imary  da ta  
sheets and  processed on the IBM 7090 computer ,  
the da ta  reduct ion program of Norment  (1962) being 
used. The computer  output  yielded direct ly  the scaled 
and  averaged da ta  in  s t ructure  factor and normal ized 
structure factor form. For this  crystal ,  each layer  
(along the c axis) was t rea ted separately.  

The characterist ics of the in tens i ty  da ta  were as 
follows : 

l ---- 4n, strong reflections, 
1 = 2n--  1, weak reflections, 
1 = 4 n -  2, absent.  

For the pseudo-cell ( /=4n) ,  there were 2532 da ta  
(2097 non-zero data). The s tat is t ical  averages for the 
normal ized s t ructure  factors were 

(IEI)--0"776, ( ]E2 -1 [ ) - -0 .957 ,  ( E 2 - 1 ) = - 0 . 0 0 9 ,  

as compared with 0.798, 0.968, and 0, respectively,  
for a cent rosymmetr ic  crystal .  Fur thermore ,  piezo- 
electric tests  were negative.  Accordingly, the crystal  
was assigned to the P1 space group. 

The d is t r ibut ion  of the normalized s tructure factors 
for the pseudo-cell was 0.3% for E > 3 ,  4.6% for E > 2  
and  32.3 % for E > 1. These values are a lmost  ident ical  
wi th  those computed for a crystal  wi th  r andomly  
d is t r ibu ted  atoms, viz. 0.3%, 5.0% and 32.0%. 

Reflections wi th  an  odd 1 index were weak and  
only those with 1--1 and 3 were collected. There were 
901 non-zero da ta  in  these two layers.  
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P h a s e  d e t e r m i n a t i o n  

The phase determiniug procedure for this crystal 
was applied only to the reflections in the pseudo-cell 
since the reflections for the layers with 144n  were 
either weak or absent. A number of starting phases 
could be obtained from the magnitudes of the inten- 
sities by the application of ZTt (I-[auptman & Karle, 
1953) and formula B~, 0 (3.1.2) (Karle & Hauptman, 
1959), as described for example for /V-benzyl-l,4- 
dihydronicotinamide (Karle, 1961), and the phase 
determination could be completed with the application 
of 2:~ defined by 

sE~ ~ s ~.~ E~ E~_k . (1) 
k 

However an alternative procedure which appears to 
have the merit of simplicity, reliability and general 
applicability has also been applied to these data. 
This procedure avoids, for example, the large-scale 
computations on a high-speed computer which are 
required for an application of formula B~.0. The 
specifications involve the assignment of phases in 
order to fix the origin (Hauptman & Karle, 1953) 
and in addition the assignment of letters to represent 
the signs of a few specially chosen structure factors. 
These letters are carried through the phase determin- 
ing procedure, employing ~e, as unknowns. If there 
are p letters assigned, there will be at most 2p Fourier 
maps to consider. However, relationships among the 
letters occur as the phase determination proceeds 
and it is generally necessary to consider only at most 
a very few Fourier maps. Information regarding some 
signs obtained with great certainty from probability 
methods, a knowledge of the number of exceptions 
to be expected from ~e by application of the prob- 
ability theory, and various chemical considerations 
such as the presence or absence of an atom at the 
origin delimit even further the number of Fourier 
maps to be considered. 

This procedure has evolved as a consequence of 
several observations which we have made in the course 
of applying direct phase determination procedures. 
If the data from the copper sphere of radiation are 
used for which hkl:~O, there are a great many 272 
relationships whose probability of correctness may be 
reliably computed to be very high. Very few unknow~ 
letters need to be assigned in order to carry through 
a determination employing ~ .  Also E-maps (which 
are three-dimensional electron density maps computed 
with E values rather than F values for coefficients) 
(Karle, Hauptman, Karle & Wing, 1958) can quite 
adequately reveal the structure when the phases for 
only 10% or less of the larger IEI values are known. 

Since the phase determination procedure for cyclo- 
(hexaglycyl) was applied only to the pseudo-cell, 
the indices were transformed to correspond to this cell, 
i.e. only those data with l=4n  were used and the 1 
index was divided by four. The origin of the pseudo- 
cell was specified by assigning signs to three linearly 

independent reflections. In addition, the signs of 
four other reflections were specified with a letter. 
These seven assignments wlfich form the basic starting 
set for applying 27~ are shown in Table 1. 

Table 1. Assignment of three origin-specifying reflections 
and four other reflections as a starting set for the applica- 

tion of 2:~ 

Sign hkl E 
+ 9,2,3 3.06 
+ 1,1,2 3.18 
+ 1~,4,1 3.67 
q 13,6,2 2.77 
r 9,4,0 3-62 
s 0,9,2 2.30 
t 9,3,0 2.61 

for origin 
specification 

The reflections chosen to have signs q, r, s, and t 
were selected on the basis that  they had many rela- 
tionships applicable to the Ze formula among them- 
selves and with the origin specifying reflections. 
In addition, they all have large E magnitudes, giving 
very high probabilities that  the indications from the 
Z2 formula were correct. Two hundred and seventy signs 
for lEt > 1.5 were determined in this manner. In the 
course of application, as many 2:2 combinations as 
possible were used to determine each sign. I t  was 
found from the relationships among the letters that  
r and t both had to be positive in order to form a 
consistent set. In addition, q and s could not both 
be positive, since in this case all the signs would be 

, ",,2 

' : ~  :,52 ~Z::' / 

. ,~ 

' ~  ,b  ' 8 , ~  .,,,~'~ 

. . . . : . ~  , . :  ".; , \ .. ~'(~-',, 

• " / . ~  , 

.-%_ 

i ~ go / ,  [ 

' ~ C ~  . ! ~  . . . .  ~ /  , 

c~ sin B 

Fig. 1. Composite of the three-dhnensional Fourier map for 
the pseudo-cell computed with 270 terms with E values 
as coefficients where IEI > 1-5. 
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positive. Of the three remaining possibilities, (q + ,  s -  ), 
( q - ,  s + )  and ( q - ,  s - ) ,  the first combination was 
preferred on the basis that  it gave the fewest excep- 
tions to Zg. Using this combination, a three-dimen- 
sional E-map (Fig. 1) was computed from 270 terms 
and the correct structure was readily obtained. 
A subsequent comparison of signs after refinement of 
the structure revealed that  three of the 270 signs 
were incorrect. 

Structure  de terminat ion  

An examination of the E-map for the pseudo-cell 
(Fig. 1) revealed all the atoms. The rapidly oscillating 
background seldom exceeded _ 15 (on an arbitrary 
scale). In one molecule the peak values for the atoms 
were all > 40 and the average value was 70. In the 
other molecule, which appears disordered in the 
pseudo-cell (see dotted lines in Fig. 1), eight atoms 
had peak values of >40 with an average of 66, 
one was weaker with a value of about 30, and the 
six atoms involved in the 'disorder', which should 
have appeared about half-weight, had values between 
30 and 40. No other peaks, except one for the H90 
molecule, appeared in the E-map. The coordinates of 
the atoms in the pseudo-cell as determined from the 
initial E-map are listed in Table 2. 

Table 2. The fractional coordinates of the atoms in the 
pseudo-cell as determined from the initial E-map 

I n  the  las t  co lumn the  va lue  of z/4 is l is ted so t h a t  i t  m a y  be  
compared  d i rec t ly  to  the  z coordina te  of the  real  cell 

A t o m  x y z z/4 
N(1) 0.077 0.370 0.644 0.161 
C(2) 0.123 0.322 0.890 0.222 
0(3)  0-100 0.242 0.900 0.225 
C(4) 0.250 0.355 0-217 0.304 
N(5) 0.273 0.443 0.206 0.302 
C(6) 0.355 0.460 0.122 0-281 
0(7)  0.405 0.407 0.038 0.259 
C(8) 0.366 0.560 0.099 0-275 
N(9) 0.255 0.610 0.983 0.246 
C(10) 0.146 0.595 0.679 0.170 
O(11) 0.141 0.541 0.508 0.127 
C(12) 0.027 0.663 0.627 0.157 

C(49) 0.480 0.807 0.113 0.278 
N(50) 0.374 0.843 0.874 0.219 
C(51) 0-276 0.820 0.576 0.144 
0(52)  0.308 0.750 0-475 0.119 
C(53) 0.178 0.858 0"378 0.095 
Iq(54) 0.216 0.978 0.416 0.104 
C(55) 0.142 0.034 0.442 0.111 
0(56)  0.047 0.008 0.380 0.095 
C(57) 0.180 0.120 0.513 0.128 
N(58) 0.308 0.145 0.541 0.135 
C(59) 0.395 0.160 0.828 0.207 
0(60)  0.400 0.141 0.133 0.283 
N(78) 0.200 0.967 0-467 0.617" 
C(79) 0.216 0 0-383 0.596* 
0(80)  0-283 0.983 0.283 0.571" 
O(97) 0-433 0-978 0.333 0-083 
H 2 0  

* These  coordina tes  
wi th  the  real  cell. 

are z/4.-}- ½ in order  to  compare  di rect ly  

The molecules are in the form of puckered eighteen- 
membered rings with planar peptide groups and they 
lie on centers of symmetry of the pseudo-cell. Several 
different configurations of the molecule exist in the 
unit cell. The H20 molecule is associated with only 
one-half of the cyclo(hexaglycyl) molecules. In the 
real cell, where the c axis is four times as long as in 
the pseudo-cell, the molecule near b = ½ (Fig. 1) merely 
repeats itself four times in the z direction as illustrated 
in Fig. 2. In the molecule near b--0, all atoms except 
N(54), N(78), C(55), C(79), 0(56) and 0(80) repeat 
themselves four times, to a good approximation, as 
illustrated in Fig. 3. 

/'5 0 \ 

,23 " , , ,  

"~ 0// ~1' " ~ ' "  --. , 

/ i ~. . 

• . ~ 

Fig. 2. Drawing  of the  real cell showing the  posi t ions  of the  
molecules  near  b----½. The  d o t t e d  lines indicate  h y d r o g e n  
bonds  in the  f irs t  qua r t e r  of the  cell. 

The H20 molecule and atoms N(54), N(78), C(55), 
C(79), 0(56) and 0(80) are the ones mainly involved 
in the apparent 'disorder' in the pseudo-cell. Their 
positions in the real cell were deduced from the 
distribution of the intensities as a function of the 
1 index. The condition that  all reflexions with 1-- 4 n -  2 
be absent, and those with 1 - -2n -  1 be weak is satisfied 
by the set of coordinates _ (x, y, z) and + (x, y, z + ~) 
for atoms involved in the 'disorder'. The additional 
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Fig. 3. Drawing of the  real cell showing the  configurations 
and positions of the  molecules near  b = 0. The do t t ed  lines 
indicate hydrogen  bonds in the  first quar ter  of the  cell. 

space group limitation that  centers of symmetry exist 
at 0, 0, 0; ½, 0, 0; 0, 0, ½ and ½, 0, ½ (for the molecules 
near b=0), led to the arrangement shown in Fig. 3. 
Three different configurations of the molecules near 
b=0  are necessary. The uppermost molecule (lying 
on a center of symmetry) has the two end peptide 
groups pointing inwards. The next molecule has one 
end peptide group pointing inwards and the other 
outwards (no symmetry center is required for this 
molecule). The central molecule (als0 lying on a 
center of symmetry) has both end peptide groups 
pointing outwards. With this arrangement, all inter- 
molecular distances are > 3 A, except where hydrogen 
bonding takes place. 

Ref inement  

A least-squares refinement of the pseudo-cell was 
performed on 28 atoms, with one-half weight assigned 
to atoms N(54), N(78), C(55), C(79), 0(56), 0(80) and 
0(97) (the water oxygen). After three cycles of Busing 
& Levy's (1959) program with isotropic temperature 

v 

Fig. 4. Drawing of the  real cell showing the  complete  contents .  

factors, the R index for the 2097 non-zero data for 
the pseudo-cell was 16.5%. The bond distances in 
the molecule near b = ½ all seemed to refine properly. 
However, in the molecule near b = 0, some of the bond 
distances in the 'disordered' part of the molecule 
did not appear to refine, possibly because of the 
close proximity of the 'disordered' atoms to each 
other or because the other atoms did not repeat 
themselves exactly in a fourfold fashion in the real 
cell. 

Next the coordinates of all 98 atoms in the real 
cell were refined using the observed data for the 
weak odd l~yer~ ~ well ~ for the l~yer~ with t=4n. 
The least-squares program for the IBM 7090, as 
revised by Van den Hende (1961), had the capacity 
for this large number of atoms and data. The refine- 
ment proceeded at a slow rate, about 0-5% improve- 
ment per cycle. The large number of weak data and 
the large number of parameters are no doubt respon- 
sible for the slow convergence. At R=18-2% for all 
the non-zero data, the coordinates still showed 
appreciable changes. I t  was decided at this point to 
report the approximate structure and to defer the 
more complete refinement to a future time. 

The fractional coordinates and the isotropic tern- 
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Tab le  3. The fractional coordinates and isotropic temperature factors of the atoms in the real cell of cyclo(hexaglycyl) 
The structure has not been completely refined 

Atom x y z B (A 9") 
N(1) 0"0793 0"3709 0"1614 4"1 
C(2) 0"1339 0"3209 0"2285 4"1 
0(3) 0"0955 0"2485 0"2276 6"5 
C(4) 0"2510 0"3578 0"3050 4"0 
:N(5) 0"2744 0"4481 0"3012 3"5 
C(6) 0"3510 0"4667 0"2753 3"1 
0(7) 0"4066 0"4088 0"2577 4"6 
C(8) 0-3707 0-5628 0-2696 4-2 
N(9) 0"2570 0"6135 0"2518 3"7 
C(10) 0"1524 0"5984 0-1756 3"9 
O(11) 0"1385 0"5394 0"1254 3"9 
C(12) 0"0460 0"6681 0"1609 4"7 

1~(13) 0"0755 0"3677 0"4121 3"7 
C(14) 0"1319 0'3201 0.4773 4-8 
O(15) 0"9001 0.2489 0.4782 6"3 
C(16) 0.2492 0"3569 0.5556 4"1 
iN(17) 0"2703 0"4440 0"5515 3"9 
C(18) 0"3522 0-4659 0"5261 3"7 
O(19) 0"4073 0"4087 0"5082 5'3 
C(20) 0"3714 0"5592 0"5204 4"6 
N(21) 0"2580 0"6120 0"5013 3"3 
C(22) 0.1527 0-5980 0"4252 3"5 
0(23) 0.1395 0"5393 0"3759 3"8 
C(24) 0"0488 0"6678 0-4114 5"2 

N(25) 0"0712 0"3607 0"6639 3"4 
C(26) 0"1303 0"3154 0"7275 4"3 
0(27) 0"0922 0"2428 0.7280 6"8 
C(28) 0.2472 0"3527 0"8071 4"5 
N(29) 0.2689 0-4406 0.8013 3"7 
C(30) 0"3484 0.4620 0"7754 4"1 
O(31) 0.4062 0"4068 0"7569 5"3 
C(32) 0"3680 0"5554 0"7724 4"1 
N(33) 0"2529 0"6082 0.7513 3"3 
C(34) 0"1499 0"5976 0"6766 3"4 
0(35) 0"1350 0"5359 0"6267 4"0 
C(36) 0"0414 0"6600 0"6635 5"1 

N(37) 0.0745 0"3638 0"9133 4"1 
C(38) 0"1322 0"3163 0"9786 3"8 
0(39) 0-0979 0'2423 0"9773 6"9 
C(40) 0"2491 0"3539 0.0564 4"4 
1~(41) 0"2731 0"4447 0"0509 3"5 
C(42) 0.3472 0.4632 0.0246 3"5 
0(43) 0-4055 0"4069 0"0065 4"6 
C(44) 0"3674 0"5590 0.0215 3"7 
N(45) 0"2516 0-6099 0.0018 3"8 
C(46) 0"1495 0"5980 0"9270 3"9 
0(47) 0"1340 0"5359 0"8762 4"1 
C(48) 0"0390 0"6608 0.9129 4"6 

Atom x y z B (A u) 
C(49) 0.4794 0.7965 0-2792 4-1 
N(50) 0.3671 0.8460 0.2192 3-8 
C(51) 0.2832 0.8154 0.1432 4-2 
0(52) 0.2941 0.7417 0.1188 6.5 
C(53) 0.1750 0.8760 0.0811 4.0 
N(54) 0.2177 0.9729 0.1067 2.5 
C(55) 0.1370 0.0318 0-1136 3.5 
0(56) 0.0280 0.0150 0.1029 6.1 
C(57) 0.1725 0.1251 0.1274 5.0 
N(58) 0.3010 0.1467 0.1350 3.4 
C(59) 0.3999 0.1569 0.2114 3.7 
0(60) 0-4006 0.1343 0.2719 5.0 

C(61) 0.4813 0.8038 0.5297 4-4 
N(62) 0.3667 0.8520 0.4695 4.1 
C(63) 0.2889 0.8192 0.3949 4.2 
0(64) 0.2973 0.7438 0.3688 6.2 
C(65) 0.1772 0-8804 0.3316 3-7 
N(66) 0.2195 0.9756 0.3554 2.9 
C(67) 0.1408 0-0335 0.3606 3.9 
0(68) 0.0313 0.0160 0.3498 6.4 
C(69) 0.1744 0.1252 0.3759 4-3 
N(70) 0.3011 0-1469 0.3850 3.5 
C(71) 0.4023 0.1593 0.4626 3.2 
0(72) 0.4008 0.1402 0.5227 5.2 

C(73) 0.4827 0.8027 0.7789 4.5 
N(74) 0.3664 0.8515 0.7200 3-8 
C(75) 0-2921 0-8148 0.6449 4-3 
0(76) 0.3011 0.7419 0-6184 5.9 
C(77) 0.1698 0.8597 0.5893 5.0 
N(78) 0.1642 0.9453 0.6145 4.2 
C(79) 0-2211 0-0081 0-5965 2-9 
0(80) 0.2954 0.9790 0.5765 5.1 
C(81) 0.1921 0.1038 0.6136 4.0 
N(82) 0.3038 0.1472 0.6344 2.9 
C(83) 0.4026 0.1582 0.7121 3.0 
0(84) 0.4016 0.1413 0.7727 5.2 

C(85) 0.4806 0.7955 0.0284 4.1 
N(86) 0.3670 0.8459 0.9696 3.4 
C(87) 0-2869 0.8115 0-8932 4.0 
0(88) 0.2979 0.7397 0.8684 6-3 
C(89) 0.1685 0-8551 0.8380 4.3 
Iq(90) 0.1664 0.9461 0.8640 3-8 
C(91) 0.2177 0.0052 0.8489 3.9 
0(92) 0.2985 0.9790 0.8238 4.6 
C(93) 0-1916 0.1025 0.8627 4.5 
N(94) 0.3036 0.1469 0.8845 2.9 
C(95) 0.4002 0.1558 0.9609 3-5 
0(96) 0.4014 0.1355 0.0218 5.1 

0(97) 0.4375 0.9815 0.0960 4.9 
0(98) 0-4387 0-9799 0.3454 5.0 

p e r a t u r e  fac tors  of t h e  98 a t o m s  in  t h e  a s y m m e t r i c  
u n i t  of t h e  rea l  cell a re  l i s t ed  in  Tab le  3. 

D i s c u s s i o n  of t h e  s t r u c t u r e  

I n  v i ew of t h e  r e l a t i v e l y  la rge  u n c e r t a i n t i e s  in  t h e  
a t o m i c  p a r a m e t e r s ,  t h e r e  is l i t t l e  po in t  in  d iscuss ing  
i n d i v i d u a l  b o n d  d i s tances .  Accord ing ly ,  on ly  t h e  
ave rages  of s imi la r  bonds  a n d  angles  for  each  g roup  
of four  molecu les  ( those n e a r  b = 0 a n d  those  n e a r  b = ½) 
are  l i s t ed  in  Tab le  4. The  n o t a t i o n  (N(1 ' ) -C(2 ' )  for  
e x a m p l e  m e a n s  t h e  a v e r a g e  of t h e  bond  l eng ths  
N(1)-C(2) ,  N(13)-C(14) ,  N(25)-C(26)  a n d  N(37)-C(38) ,  

w h e r e  these  g roups  of a t o m s  a re  a p p r o x i m a t e l y  
r e l a t e d  b y  a shif t  of c/4. B o n d  d i s t ances  a n d  angles  
for  t h e  24 d i f f e ren t  p e p t i d e  g roups  were  a v e r a g e d  to  
o b t a i n  a compos i t e  p e p t i d e  g roup  w h i c h  is i l l u s t r a t e d  
in  Fig .  5. The  va lues  are  in  good  a g r e e m e n t  w i t h  those  
f o u n d  in  o t h e r  pep t ides .  All  t h e  p e p t i d e  g roups  are  
a p p r o x i m a t e l y  p l a n a r  w i t h  a n  ave rage  d e v i a t i o n  of 
0.03 /~. P r e s u m a b l y  th i s  d e v i a t i o n  wil l  be dec r ea sed  
w i t h  f u r t h e r  r e f i n e m e n t .  The  d i h e d r a l  angles  b e t w e e n  
p lanes  t h r o u g h  a d j a c e n t  p e p t i d e  g roups  r a n g e  f rom 
90 ° to  116 ° . 

The  molecu les  are  he ld  t o g e t h e r  b y  a n e t w o r k  of 
h y d r o g e n  bonds .  I n  t h e  set  of molecu les  n e a r  b=½, 
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Tab le  4. Average bond distances and angles 
Distance 

N(I')-C(2') 1-34 
C(2")-O(3') 1.23 
C(2")-C(4") 1-52 
C(4")-Iq(5") 1-44 

N(5')-C(6') 1-34 
C(6')-O(7') 1.24 
C(6')-C(8') 1-52 
C(8')-N(9") 1-48 

N(9')-C(10") 1.34 
C(10 ' ) -O( l l ' )  1-22 
C(I0 ' ) -C(12 ' )  1.57 
C(12")-N'(I') 1-47 

C(49")-N(50") 1.50 
N(50")-C(51') 1.32 
C(51')-O(52') 1.22 
C(51")-C(53') 1-55 

C(53')-N(54') 1.48 
N(54")-C(55") 1.34 
C(55")-0(56") 1•28 
C(55')-C(57") 1•52 

C(57')-N(58') 1.47 
N(58')-C(59") 1.34 
C(59')-O(60") 1.22 
C(59')-C'(49") 1-54 

a_~g;e 

C'(12')-N(1')-C(2') 121 o 
N(1')-C(2')-O(3') 123 
N(1")-C(2')-C(4') 119 
O(3')-C(2")-C(4") 118 
C(2")-C(4')-N(5') 112 
C(4')-N(5')-C(6') 120 
Iq(5")-C(6")-O(7") 121 
N(5")-C(6')-C(8') 118 
O(7")-C(6")-C(8') 121 
C(6')-C(8')-N(9') 112 
C(8')-IN(9')-C(10') 118 
N(9')-C(10')-O(11') 125 
~(9")-C(I0")-C(12") 112 
O(i  I ' ) -C(10 ' ) -C(12 ' )  123 
C(10") -C(12 ' ) -N ' ( I ' )  109 
C'(59")-C(49')-N(50') 107 
C(49')-N(50')-C(51") 121 
N(50')-C(51')-O(52') 124 
Iq(50')-C(51')-C(53') 119 
O(52')-C(51')-C(53') 117 
C(51')-C(53')-N(54') 112 
C(53')-IN(54')-C(55') 120 
N(54')-C(55')-O(56") 121 
N(54')-C(55')-C(57') 118 
0(56')-C(55')-C(57') 121 
C(55")-C(57')-N(58') 110 
C(57')-N(58')-C(59') 119 
N(58")-C(59")-O(60') 124 
N(58")-C(59')-C'(49') 115 
0 (60')-C(59")-C'(49') 120 

/ 

Fig. 5. Composite peptide group formed by averaging bond 
distances and angles for the twenty-four peptide groups 
in the asymmetric unit. 

each molecule  has  two i n t e r n a l  h y d r o g e n  bonds ;  
see for example  N ( 1 ) . . .  O ( l l ) .  On the  o the r  h a n d ,  
the  set  of molecules  nea r  b=O does no t  h a v e  a n y  
i n t e r n a l  bonds,  b u t  four  bonds  are  fo rmed  to each 
in t e r l eav ing  HeO molecule,  two w i t h  N - H  groups  
a n d  two w i t h  C = O  groups,  such as N(54) • • • 0(97),  
Iq(86) . . - O ( 9 7 ) ,  0(96)  - - .  0(97) a n d  0 ' (92)  - - .  0(97).  
I n  add i t ion ,  h y d r o g e n  bonds  be tween  N - H  a n d  the  
ca rbony l  oxygens  are fo rmed  be tween  a d j a c e n t  mole- 
cules in  the  a, b a n d  c d i rec t ions ,  as for example ,  
1 ~ ( 5 ) - . . 0 ( 2 3 ) ,  N ( 9 ) . . . O ( 6 4 ) ,  N ( 5 8 ) . . . 0 ( 9 6 )  a n d  
N'(90) . . .  0(56).  E a c h  h y d r o g e n  a t t a c h e d  to  a n i t ro -  
gen a n d  each h y d r o g e n  in  t he  w a t e r  molecules  is 
i nvo lved  in  h y d r o g e n  bonding .  E i g h t  ca rbony l  oxygens  
in  the  molecules  nea r  b = ½ are no t  i n v o l v e d  in  hydro -  
gen bonding .  T h e y  are O(3), O(7), O(15), O(19), O(27), 
O(31), 0(39) a n d  0(43).  The  d i s t ances  a n d  angles  for 
r e p r e s e n t a t i v e  h y d r o g e n  bonds  are l i s ted  in  Tab le  5. 
These  va lues  are s imi la r  to  those  found  in  o the r  
pep t ides  (see for example ,  Ful ler ,  1959). 

Tab le  5. Representative hydrogen-bond distances 
and angles illustrated in Figs. 2-4 

There are several other sets of hydrogen bonds 
in the complete cell very similar to these 

O(11) 2.96/l~ C(2)-Iq(1) • • • O(11) 

0(23) 2.95 

0(64) 2.73 

• 0(96) 2.98 

• 0(56) 2.Sl 

• 0(97) 2-83 

• 0(97) 2.84 

• 0(96) 2.91 

1%/(1). 

N(5). 

1~(9) • 

~(58) 

1N~'(90) 

N(54) 

N(86) 

0(97) 
0(97) . . •  0'(92) 2.85 

C' (48 ) -~ ( I )  • • • O ( l l )  
C ( 4 ) - N ( 5 ) - - .  0(23) 
C(6)-N(5) • • • 0(23) 
C (8)-IN" (9) - - .  0(64) 
C ( 1 0 ) - N ( 9 ) . - .  0(64) 
C(57)--~T(58) "" 0(96) 
C(59)-N(58) • • 0(96) 
C'(89)-N'(90) -. 0(56) 
C'(91)-N'(90) .-0(56) 
C(53)-N(54) • • 0(97) 
C(55)-N(54) • • 0(97) 
C(87)-N(86) • • 0(97) 
C(85)-1~(86) • • 0(97) 
O(96) -•- 0(97 - ' •  O'(92) 

136 o 
103 
102 
137 
114 
127 
135 
107 
113 
120 
104 
136 
150 
93 
83 

The  l a s t  po in t  of i n t e r e s t  is t he  ex is tence  of con- 
f o r m a t i o n a l  isomers .  The  molecules  be ing  in  t h e  fo rm 
of 18-membered  r ings  e x h i b i t  a c e r t a i n  a m o u n t  of 
f reedom in  t he  r ing  conf igura t ion  whi le  p rese rv ing  
p l a n a r  pep t ide  groups.  There  are, i n  fact ,  four  dis- 
t i n c t l y  d i f fe ren t  conf igura t ions  of cyc lo (hexag lycy l )  
in  each u n i t  cell. Confo rma t iona l  i somers  h a v e  been  

p r ev ious ly  observed  for such molecules  as cyclo- 
n o n y l a m i n e  h y d r o b r o m i d e  ( B r y a n  & Dun i t z ,  1960) 
which  also has  a f a i r l y  la rge  r ing.  

The  ex is tence  of con fo rma t iona l  isomers ,  i n t r a -  
molecu la r  h y d r o g e n  b o n d i n g  a n d  the  occurrence  of 
c a r b o n y l  oxygens  wh ich  do no t  p a r t i c i p a t e  in  h y d r o g e n  
bond ing  m a k e  i t  r a t h e r  d i f f icu l t  to  p red ic t  t he  s t ruc-  
t u r e  of a po lypep t ide .  

The  au tho r s  are i n d e b t e d  to  Dr  D a n  A p p e l m a n  of 
t he  U.S.  Geological  S u r v e y  a n d  Mr P a u l  S m i t h  of 



I S A B E L L A  L. K A R L E  A N D  J .  K A R L E  975 

the  U.S. Naval  Research Labora to ry  for performing 
the  piezoelectric tests. We also t h a n k  Dr Hil lyer  
l~orment  and  Mr Peter  Gum for thei r  invaluable  aid 
in faci l i ta t ing the  calculations for this paper.  
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The Crystal Structure of Potass ium Tetraborate Tetrahydrate 
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The compound K2B40~.4H20 = K~[B4Os(OH)4].2H20 is orthorhombic, space group P212121, 
with four molecules in a cell of dimensions a = 12"899, b = 11.774, c = 6"859 A. The positions of all 
atoms (including the hydrogen atoms) have been determined. The final R-index is 0.040, and the 
bond lengths have been determined to an accuracy of 0.006 A for K-O bonds, 0.008 A for B-O bonds 
and 0.11 A for H-O bonds. The structure contains the complex ion [B4Os(OH)4] 2- consisting of two 
boron-oxygen triangles and two tetrahedra which have only corners in common. Detailed results 
are reported for bond distances, and bond angles and for the anisotropic thermal motions. 

In troduct ion  

This paper  reports  the results of a crystal  struc- 
ture  examina t ion  of the compound K2B407 .4H 20=  
K2[B405(0H)4].2H20. The inves t iga t ion  is pa r t  of a 
sys temat ic  s tudy  of borate  s t ructures  which was 
begun in this  l abora tory  in the n ine teen  thir t ies,  
was in te r rup ted  by  the  war, and  has been resumed 
in recent  years. 

Single crystals  were prepared by  slow evapora t ion  
from aqueous solutions. The formula  was confirmed 
by  chemical analysis  which gave the  following result" 

Exp. Theor. 
K 24.4% 25.6% 
B 14.7 14.2 
H~O 21.2 23.6 

A direct  dens i ty  de te rmina t ion  gave @ = 1.919 g.cm -8. 
The crystals were found to be or thorhombic  wi th  

cell dimensions 

a= 12.899 _ 0.002, b = 11.774 + 0.002, 

c = 6.859 _ 0.001 A .  

The cell contains four molecules, the  calculated dens i ty  
being 1.898 g.cm -3. 

The only  sys temat ic  absences are the  odd orders 
of pinacoidal  reflections. Accordingly one is led to 
the  space group symmet ry  P212121 wi th  all a toms in 
general  posit ions : 

(x, y, z)(~-x, ~, ½+z)(~ +x, ~-y,  ~)(~, ½+y, ½-z) 

and 75 posi t ional  degrees of freedom. 
W i t h  the  aid of a counter  spectrometer  and Cu Kc¢ 

rad ia t ion  the  intensi t ies  were measured for all (867) 
reflections HKO, HK1, HOL, H1L, OKL, 1KL. The 
specimen was a crystal  ground in to  a near ly  perfect  
sphere of radius R=0.0259_+ 0.0015 cm. 

D e t e r m i n a t i o n  of the  s t r u c t u r e  

According to the  space group symme t r y  P212121 the  
project ion of the s t ructure  on each of the  coordinate 
planes has a center of symmetry .  Because of the 
re la t ive ly  short  c period, i t  was to be expected t h a t  
the  project ion on the X Y plane would give the best  


