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9-Ethylguanine hemihydrochloride, CvH9NsO. ½HC1, forms triclinic crystals, space group P1, with a = 
13.277(3), b=10.303(1), c=7.987(1) A, e=  93.78(1), fl=56.58(1), ),=105.81(1) ° and Z = 4 .  Least- 
squares refinement led to an R index of 0.040 for 3615 reflections from a twinned crystal measured by a 
20 scan technique. Of the two ethylguanine moieties in the asymmetric unit, one is formally a cation 
while the other is neutral. However, they are joined by a hydrogen bond N(7)-H. • • N(7) across a pseudo 
center of symmetry, so that the two moieties are effectively indistinguishable. The N(7). • • N(7) distance 
of 2-637(3) A represents the shortest N - H . - .  N hydrogen bond yet observed. It is a disordered, rather 
than a centrosymmetric, hydrogen bond, as the hydrogen atoms occupy - with perhaps slightly different 
population factors - sites close to one or the other of the N(7) atoms. Despite the partial positive charge 
on the ethylguanine moieties, they are closely stacked, with intermolecular spacings of about 3.2 A. 

Introduction 

The base-stacking interactions and the hydrogen- 
bonding motifs exhibited by various purine and pyr- 
imidine derivatives can be directly related to the mo- 
lecular organizations of  macromolecular  nucleic acids. 
For  this reason our laboratory, along with numerous 
others, has been studying the crystal structures of these 
derivatives and their complexes. We have also been 
interested in the geometric aspects of  metal coordina- 
tion to nucleic acid components.  

While Dr Max R. Taylor, visiting from the Flinders 
University of  South Australia, was at tempting to 
prepare a series of  zinc complexes of 9-ethylguanine, he 
obtained crystals which we identified as 9-ethylguanine 
hemihydrochloride,  C7H9NsO.½HCI. We report here 
the crystal structure of this latter compound,  which has 
a number  of interesting features. 

Experimental 

0"2 g of 9-ethylguanine was added to 5 ml of  warm 
water containing 0"7 g of ZnClz; a suspension formed, 
which cleared upon addit ion of 3 ml of 4N HCI. When 
this solution was allowed to stand for several days, 
needle-shaped crystals formed, which have subsequent- 
ly been characterized as a zinc salt. However, when 2 ml 
of the solution was diluted with 5 ml of water, warmed, 
and left to stand in a covered beaker, a large fused mass 
of  colorless plates formed. These crystals have been 
identified as 9-ethylguanine hemihydrochloride.  

Only two suitable crystals could be isolated from the 
fused mass. One was very small;  the second, which was 
used for data collection, was twinned. It was a plate of  

* Contribution No. 5070 from the Arthur Amos Noyes 
Laboratory of Chemical Physics. This investigation was sup- 
ported in part by Public Health Service Research Grant No. 
GM 16966 from the National Institute of General Medical 
Sciences, National Institutes of Health. 

approximate dimensions 0.53 x 0.33 × 0.15 mm, elon- 
gated along [100] and with principal faces {001 }, {010}, 
{110}, and {]10}. The minor  twin fragment showed 
diffraction intensities about  10% those of the major  
fragment;  twinning was across {010}, with the c* 
directions of the two fragments coincident. 

Twinning information and approximate unit-cell 
dimensions were obtained from prel iminary Weissen- 
berg and precession photographs.  More accurate cell 
dimensions were obtained from a least-squares fit to 
the sin 2 0 values of 15 high-angle reflections centered on 
a Datex-automated General  Electric quarter-circle 
diffractometer equipped with a scintillation counter, 
pulse-height discriminator and Ni-filtered Cu Kc~ radia- 
tion at room temperature. The density was measured 
by flotation in a CC14-ethanol solution. Crystal data 
are collected in Table 1. Our description of the struc- 
ture is based on a non-reduced cell which conforms 
closely to the crystal morphology.  

Table 1. Crystal data 

The reduced cell has base vectors along [10T], [010], [001], and 
dimensions a=ll-102, b=10.303, c=7"987 ~, ~=93"78, ,8= 
93"48, y= 106"16 °. Our results are based on a non-reduced cell 

which corresponds to the crystal morphology. 

C7HgNsO.½HCI F.W. 197"4 
Triclinic Space group P ]  
a=  13.277 (3) /~ Z =4; F(000)=412 
b= 10.303(1) V =872.6A 3 
c-- 7.987 (1) D,,= 1.50 gcm -3 
~= 93.78 (1) ° D~, = 1"503 gcm -a 
fl= 56.58 (1) 2(Cu K~)= 1.5418 /~ 
),=105.81 (1) /t=22.6 cm -1 

Intensity data were collected from 0-20 scans with 
scan speeds of 2 ° m i n -  1, scan widths varying from 2.0 ° 
at 2 0 = 4 . 0  ° to 4"0 ° at 2 0 =  155 °, and 30s background 
counts. Two identical data sets were collected to a 
m a x i m u m  20 value of  151 ° and were averaged to yield 



G R E T C H E N  S. M A N D E L  A N D  R I C H A R D  E. M A R S H  2863 

intensit ies for  3615 independen t  reflections. Three  
check reflections were mon i to r ed ;  they showed no 
apprec iab le  trend.  Observa t iona l  variances,  a2(I), in- 
c luded  count ing  statistics plus an  addi t iona l  te rm 
(0.02S) 2, where S is the scan count .  Intensit ies and  their  
var iances  were corrected for Lorentz  and  polar iza t ion  
effects and  also for absorpt ion ,  using the m e t h o d  of  
Gauss i an  quadra tu re  (Busing & Levy, 1957). The trans-  
miss ion  factors ranged  f rom 0.402 to 0.735. 

A possible source of  error  in the intensi ty  da ta  
would  result  f rom a coincidence  of  scat ter ing angles 
for  reflections f rom the two twin f ragments .  According-  
ly, we de te rmined  the or ienta t ion  of  the smal ler  frag- 
ment ,  calcula ted the d i f f rac tometer  angles 20, (;, and  Z 
for all reflections, and  c o m p a r e d  these angles with 
those calcula ted for the ma jo r  f ragment .  Whi le  in 
m a n y  ins tances  different  reflections f rom the two 
f ragments  showed quite s imi lar  scat ter ing angles, we 
were unable  to arr ive object ively at a sat isfactory 
cr i ter ion for p re suming  effective coincidence;  eventual-  
ly we were satisfied in ass igning zero weights to the 
eight 00l reflections (which showed exact coincidence)  
and  re ta in ing  the r ema in ing  observat ions .  

Structure determination and refinement 

A Howells,  Phi l l ips  & Rogers  (1950) plot  of  intensit ies 
(Fig. 1) indica ted  a hype r symmet r i c  s t ructure (Rogers  

& Wilson,  1953); thus  the cen t rosymmet r i c  space 
group P 1  was assumed.  For  this space group,  the 
a symmet r i c  uni t  conta ins  one chlor ide  ion and  two 
9-e thylguanine  moiet ies.  A th ree -d imens iona l  sharp-  
ened Pat terson m a p  clearly indica ted  the posi t ion of  the 
chlor ide ion, and  showed images  of  the guan ine  
groupings  in the w = 0 and  w = ½ sections. The  posi t ions 
of  the t e rmina l  methy l  groups  C(10) were recovered 
f rom a subsequent  electron densi ty m a p  and  those o f  
the hydrogen  a toms f rom difference maps  calcula ted 
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Z 

Fig. 1. Distribution plot for E 2 values (Howells, Phillips & 
Rogers, 1950). The curve for a 'bicentric' distribution is 
taken from Rogers & Wilson (1953). 

Tab le  2. Coordinates and anisotropic temperature factors 

Coordinates and Utj values × 104; standard deviations are given in parentheses. The anisotropic temperature coefficients are of 
the form exp ( - 2 n  2) (h2a .2 Ull. . .  + 2klb*c* U23). 

X y z Ull Uz2 U33 U12 U13 U23 
C1 3250 (1) 780 (1) 2419 (1) 716 (3) 263 (2) 886 (4) 18 (2) -529  (3) - 7 9  (2) 

Molecule A 
N(1) 5004 (1) 
C(2) 4362 (1) 
N(2) 3331 (1) 
N(3) 4720 (1) 
C(4) 5775 (1) 
C(5) 6460 (1) 
C(6) 6088 (1) 
0(6) 6580 (1) 
N(7) 7445 (1) 
C(8) 7357 (I) 
N(9) 6361 (1) 
C(9) 5936 (1) 
C(10) 6861 (2) 

Molecule B 
N(1) 1689 (1) 
C(2) 2299 (1) 
N(2) 3322 (1) 
Y(3) 1910 (1) 
C(4) 844 (1) 
C(5) 167 (1) 
C(6) 599 (1) 
0(6) 132 (1) 
Y(7) - 869 (1) 
C(8) -811 (1) 
N(9) 217 (1) 
C(9) 643 (1) 
C(10) - 179 (2) 

3615 (1) 2396 (2) 296 (6) 210 (5) 466 (7) 83 (4) --271 (5) - 6 0  (4) 
4496 (1) 2487 (2) 265 (6) 248 (6) 381 (7) 82 (5) - 2 2 2  (6) - 3 6  (5) 
3942 (1) 2492 (2) 347 (7) 259 (6) 672 (9) 84 (5) - 384  (7) - 7 2  (6) 
5818 (1) 2573 (2) 243 (5) 248 (5) 411 (6) 90 (4) -225  (5) - 3 0  (4) 
6194 (1) 2579 (2) 237 (6) 217 (6) 341 (6) 62 (5) - 185 (5) - 2 0  (5) 
5380 (1) 2512 (2) 241 (6) 244 (6) 373 (7) 69 (5) -208  (5) - 2 7  (5) 
3956 (1) 2419 (2) 280 (7) 262 (6) 376 (7) 113 (5) - 210  (6) --39 (5) 
3107 (1) 2384 (2) 412 (6) 282 (5) 612 (7) 179 (4) -348  (6) - 6 9  (5) 
6166 (1) 2615 (2) 257 (6) 268 (6) 437 (7) 80 (4) -245  (5) - 3 4  (5) 
7415 (1) 2732 (2) 275 (7) 261 (6) 469 (8) 61 (5) -255  (6) - 3 7  (5) 
7484 (1) 2705 (2) 257 (6) 210 (5) 438 (6) 73 (4) - 232  (5) - 3 3  (4) 
8690 (1) 2811 (3) 365 (8) 238 (7) 648 (10) 126 (6) -301 (8) -41  (6) 
9983 (2) 2619 (3) 576 (11) 258 (8) 906 (15) 107 (7) -475  (12) - 5 7  (8) 

7866 (1) 2210 (2) 312 (6) 205 (5) 500 (7) 80 (4) --292 (6) --52 (5) 
7016 (1) 2297 (2) 275 (7) 242 (6) 425 (7) 71 (5) --243 (6) --37 (5) 
7609 (1) 2306 (2) 392 (7) 239 (6) 850 (11) 59 (5) --474 (8) --57 (6) 
5679 (1) 2408 (2) 261 (6) 231 (5) 441 (6) 81 (4) --255 (5) --37 (4) 
5247 (1) 2432 (2) 235 (6) 238 (6) 358 (6) 73 (5) --201 (5) --46 (5) 
6023 (1) 2376 (2) 259 (6) 266 (6) 415 (7) 83 (5) --239 (6) --54 (5) 
7465 (1) 2199 (2) 314 (7) 269 (7) 435 (8) 121 (5) - 250  (6) --52 (5) 
8289 (1) 2071 (2) 485 (7) 292 (5) 796 (9) 182 (5) --471 (7) --74 (5) 
5188 (1) 2461 (2) 271 (6) 288 (6) 479 (7) 91 (5) --275 (6) - 5 9  (5) 
3948 (1) 2550 (2) 269 (7) 286 (7) 476 (8) 59 (5) -266  (6) - 5 2  (6) 
3924 (1) 2525 (2) 266 (6) 213 (5) 424 (6) 81 (4) - 242  (5) --49 (4) 
2746 (1) 2548 (2) 333 (7) 229 (6) 439 (8) 108 (5) --248 (6) --37 (5) 
1426 (2) 2499 (3) 532 (11) 254 (7) 759 (13) 89 (7) --427 (10) --84 (7) 



2864 9 - E T H Y L G U A N I N E  H E M I H Y D R O C H L O R I D E  

during the course of the refinement. The later difference 
maps (see Fig. 2) clearly indicated that H(7) is dis- 
ordered, occupying with approximately equal proba- 
bility sites adjacent to N(7) of the two molecules A and 
B in the asymmetric unit. The population parameters 
were set at 0.5 for both sites and were not further 
adjusted. 

Refinement was by least-squares minimization of 
t h e  quantity 2 2 2 ~w(Fo-F~) with weights w equal to 
o'-2(F2). A tomic  fo rm factors  for  C, N, and  O were 
f rom International Tables for X-ray Crystallography 
(1962), for  H f rom Stewart ,  Dav idson  & Simpson  
(1965) and  for  C I -  f rom C r o m e r  & W a b e r  (1965) 
correc ted  by 0.33 e to compensa te  for  the real com-  

ponent of anomalous dispersion (Cromer, 1965). In 
the final cycles, 325 parameters were adjusted. Two 
matrices were collected: coordinates of the 27 heavy 
atoms in one, coordinates and isotropic temperature 
parameters of the 20 hydrogen atoms, anisotropic 
temperature parameters of the heavy atoms, a scale 
factor and an isotropic extinction parameter (Larson, 
1967) in the second. Convergence was presumed when 
the maximum shift, in a hydrogen-atom coordinate, 
was 0.6or. Atomic parameters are given in Tables 2 and 
3; the final value for the extinction parameter g was 
(5"8 + 0"2) x 10 -6 

The final R index, ~llFol-IF~ll/XlFol, was 0-040 for 
3550 reflections showing positive net intensity; the good- 

/ C ( 5 )  

C ( 5 ~  {8) 

Fig. 2. A difference map, calculated at the conclusion of the 
refinement in the region of the N(7). • • N(7) hydrogen bond. 
Coefficients were Fo-F'~, where values of F,~ were based 
on all atoms except H(7). Contours are at 0.1,0.2 . . . . .  0.6 
e A-3. Note the residual electron density along the C(5)- 
N(7) and N(7)-C(8) bonds. 

Table  3. Coordinates ( x  103) and &otropic temperature 
coefficients.for the hydrogen atoms 

x y z B 
Molecule A 
H(1) 468 (2) 268 (2) 235 (3) 4.7 (5) 
H(2) 287 (2) 446 (2) 258 (3) 3.8 (4) 
H(2') 311 (2) 312 (2) 252 (3) 4-8 (5) 
H(7) 799 (3) 582 (3) 263 (4) 1.3 (5) 
H(8) 794 (2) 812 (2) 277 (2) 2.9 (3) 
H(9) 509 (2) 853 (2) 409 (3) 4.3 (4) 
H(9") 587 (2) 875 (2) 159 (3) 4-8 (5) 
H(10) 653 (2) 1076 (,2) 259 (3) 4.8 (5) 
H(10') 704 (2) 1002 (,2) 369 (4) 6.9 (6) 
H(10") 773 (2) 1013 (2) 135 (4) 6"7 (6) 
Molecule B 
H(1) 202 (2) 878 (2) 214 (3) 4-5 (4) 
H(2) 380 (2) 708 (2) 236 (3) 4-0 (4) 
H(2') 357 (2) 847 (2) 220 (3) 3.9 (4) 
H(7) - 152 (4) 553 (4) 245 (6) 4-1 (9) 
H(8) - 142 (2) 320 (2) 262 (2) 2-6 (3) 
H(9) 66 (2) 269 (2) 378 (2) 2-7 (3) 
H(9') 154 (2) 289 (2) 132 (3) 3.3 ('4) 
H(10) 10 (2) 64 (2) 251 (3) 4.8 (5) 
H(10') - 106 (2) 122 (2) 363 (3) 4.1 (4) 
H(10") -21  (2) 142 (2) 132 (3) 4.7 (5) 

K-7"~\N(2~ 120 ° 

,~_~20"5 ° 

I I 5 " 9 ~ ~  I IO 

, oj 
i ) 

. . . .  , o , .  

@ 
Molecule A 

I* 

\4333 
A~2o 2- 

. 9  
. . # 7 / / - ' ~ "  ,,~.~'m~ _ ~ I ~ ) .  ,oz  o.?~ . , ,~ .~ /  -I \ ,  353 ,.oo_ ~,o,~,~, ~ - 

,o4. 

" S , ~ 6 ~ ~  _ __ 

- ,24 ~ ,  , a ~ . ~ o ~ - , ~ . ~ ' x ~  

Molecu le  B 

Fig. 3. Bond distances (/~) and angles (°). 
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ness-of-fit, [~w(FZo- F~)Z/(n _p)]1/2, was 4.04 forp  = 325 
parameters and n=3606 observations of non-zero 
weight.* The somewhat high value of the goodness-of- 
fit may be partly due to intensity errors caused by the 
presence of the small twin. In part, though, it must be a 
result of the high scattering power of the relatively 
large crystal which led to excellent counting statistics 
and low observational variances that, especially for the 
weaker reflections, do not adequately reflect errors due 
to the neglect of bonding electrons (see Fig. 2), incor- 
rect form factors, and the like. 

D i s c u s s i o n  

Bond distances and angles are shown in Fig. 3. The 
e.s.d.'s in these values, as evaluated from the coordinate 
uncertainties in Tables 2 and 3, are 0.002-0.003 A and 
0.1-0.2 ° for bonds involving only C, N, and O atoms 
and about ten times larger for bonds involving H 
atoms. Agreement between corresponding bond lengths 
in the two molecules is good. The largest discrepancy 
involves the C(9)-C(10) bond, where the difference of 
0.013 A is slightly greater than three e.s.d.'s of that 
difference. Here, the apparent discrepancy can be 
blamed on out-of-plane thermal motions of these two 
atoms, which are appreciably greater in molecule A 
than in B. Excluding this bond, the goodness-of-fit 
value {~[Ad/t:r(Ad)]2/13} 12 for the 13 pairs of equi- 
valent C-C, C-N, and C-O bonds is 1-15. Agreement 
among the N - H  and C-H bond lengths is equally 
satisfactory; the average values of 0.91 and 0"99 A are 
typical X-ray diffraction values. 

The bond lengths in this 'hemi-protonated'  species 
agree well with values found in the neutral 9-ethyl- 
guanine molecule (Destro, Kistenmacher & Marsh, 
1974), its 1 : 1 complex with 1-methylcytosine (O'Brien, 
1967), and in guanosine (Thewalt, Bugg & Marsh, 
1970). The largest difference involves the C(6)-O(6), 
bond, which is significantly shorter in the present 
compound. There can be little doubt that the shorten- 
ing of this bond is a consequence of the absence of the 
strong hydrogen bond to 0(6) that is a feature of the 
other structures, leaving 0(6) free to donate more 
bonding power to C(6). Concomitantly, the adjacent 
C(5)-C(6) bond [but not the N(1)-C(6) bond] is margin- 
ally longer in the present compound. 

It is particularly surprising that the presence of a 
proton on N(7) in one-half of the molecules has failed 
to have a significant effect on the lengths of the 
C(5)-N(7) and N(7)-C(8) bonds. On the other hand, 
it has had an effect on the bond angle C(5)-N(7)-C(8), 
enlarging it by about 2 ° compared with the neutral 
molecule. Other bond angles that show variations are 

* A table of observed and calculated structure factors has 
been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 31113 (19 pp., 1 micro- 
fiche). Copies may be obtained through The Executive Secre- 
tary, International Union of Crystallography, 13 White Friars, 
Chester CH1 1NZ, England. 

N(1)-C(6)-C(5), which is smaller in the present com- 
pound as a result of the additional C(6)-O(6) bond 
character already discussed, and the angles to the 
substituent group at N(9), which are undoubtedly 
sensitive to the conformational and packing features 
of the substituent. 

Planarities of the molecules are described in Table 4. 
The ethyl groups are approximately in the planes of 
the purine rings, with the C(9)-C(10) bonds cis to C(8). 
The same conformation is found in crystalline com- 
plexes of 9-ethylguanine with 1-methylcytosine and 
with 1-methyl-5-fluorocytosine (O'Brien, 1967); how- 

Table 4. Deviations from the planes of the purine rings 

Least-squares planes were passed through N(2), 0(6), and the 
nine ring atoms N(1)-N(9), all weighted equally. The dihedral 

angles between the planes of molecules A and B is 6.7 °. 

N(1) 
C(2) 
N(2) 
N(3) 
C(4) 
C(5) 
C(6) 
0(6) 
N(7) 
c ( 8 )  

N(9) 
c(9) 
C(10) 

Deviation (A) Deviation (A) 
A B A B 

--0.012 0.008 H(1) 0.01 0.02 
0.000 - 0.004 H(2) 0.05 0.01 
0.028 0-024 H(2') 0.09 0.01 

- 0.010 -0.015 H(7) 0-04 0.06 
- 0.021 - 0.010 H(8) 0.01 0.01 
- 0.020 0.018 H(9) 0.85 0.71 
- 0 . 0 1 0  -0.008 H(9') -0.80 -0.92 

0.012 -0.028 H(10) -0.25 -0-26 
0.011 0.035 H(10') 0-52 0-54 
0.024 0-008 H(10") - 1.03 - 0.99 

-0.002 -0.028 CI* 0.141 0.317 
0"004 --0"101 N(3)I" --0"122 0"053 

- -  0-185 -- 0"209 N(7)~ - 0.034 0-234 
* Acceptor of hydrogen bonds from N(1) and N(2). 

Acceptor of hydrogen bond from N(2). 
Acceptor of hydrogen bond from N(7). 

Fig. 4. The structure as viewed along the c* direction. Three 
layers of molecules are shown. 

A C 33B - 8 
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ever, in crystals of 9-ethylguanine itself (Destro et al., 
1974) the C(9)-C(10) bonds are oriented approximately 
perpendicular to the planes of the purine rings. 

A view down c* is shown in Fig. 4. The basic motif 
is a planar array of ethylguanine moieties, held 
together along the a direction by N(2)-H(2) . . .N(3)  
and N(7)-H(7) . . .N(7)  hydrogen bonds and in the b 
direction by N - H - . . C I  hydrogen bonds. The base 
pairing through the N(2) . . .N(3)  hydrogen bonds is 
also found in crystals of guanine hydrochloride (Broom- 
head, 1951); the pairing through the N(7). • • N(7) bond 
has apparently not been previously observed. Since 
this latter feature involves only one hydrogen atom for 
each pair of N(7) atoms, it can occur only in cases 
involving different tautomeric forms of the guanine 
group or, as in the present case, when only half of the 
guanine groups are protonated. 

The planar arrays, taken by themselves, are almost 
exactly centrosymmetric; the approximate centers of 
symmetry lie on the chloride ions, on the midpoints of 
the N(7) -H. . -N(7)  bonds, midway between pairs of 
N ( 2 ) - H . . .  N(3) bonds, and between pairs of terminal 
methyl groups C(10). As a result of these additional 
centers, the intensity distribution (Fig. l) lies very close 
to that predicted by Lipson & Woolfson (1952) and 
Rogers & Wilson (1953) for a 'bicentric' motif. While 
these additional centers define a two-dimensional 
lattice in a plane parallel to (001), they do not define a 
lattice in the c direction; if this were the case, the struc- 
ture could be described by a unit cell one-half as large. 

Although the presence of halogen ions frequently 
disrupts the normal stacking pattern of purine bases 
(Bugg, 1970), in this case there is intimate stacking 
along the [001] direction (Fig. 4). The shortest contacts 
between stacked molecules are: O(6)A • • • C(2)B 3.181 ; 
C(6)A.. .N(3)B 3.230; C(2)A.. .N(7)A 3.263; 
O(6)A-. .N(3)B 3.323; C(4)A.. .C(6)A 3.330; 
N(7)B. . .N(7)B 3.350; and O(6)A.. .N(1)B 3.352 A. 

Details of the hydrogen bonds are given in Table 5. 
As far as we are aware, the N(7) . . .N(7)  distance of 
2.637 (3) A represents the shortest N - H - . .  N hydrogen 
bond yet observed. In a survey of the crystal structures 
of purines and pyrimidines, Voet & Rich (1970) find an 
average N - H . . .  N distance of about 2-90 A when the 
acceptor atom is N(7) of a purine derivative, the shor- 
test distance reported being 2.73 A in the intermo- 
lecular complex 5-fluorouracil-9-ethylhypoxanthine 
(Kim & Rich, 1967). Thus, the distance we find here is 
nearly 0"1 A shorter than any analogous distance, and 
would represent a severe discontinuity in the histo- 
gram of N . . . N  distances in purines and pyrimidines 
presented by Voet & Rich (1970) as well as in the 
earlier histogram of all N . . .  N distances presented by 
Pimentel & McClellan (1960). 

We believe that the primary cause for the pro- 
nounced shortening of this N - H . . . N  bond is the 
additional ionic character resulting from the two mole- 
cules, donor and acceptor, having different formal 
charge. Within this hydrogen-bonded pair of 9-ethyl- 

Table 5. Details of  the hydrogen bonds, D-H.  • -A 

D H A D"'A H'-'A D-H...A 

N(I)A H(1)A CI 3.195 A 2-31 A 156 ° 
N(1)B H(I)B CI 3-203 2.34 157 
N(2)A H(2")A C1 3.227 2.46 157 
N(2)B H(2')B CI 3.288 2.50 154 
N(2)A H ( 2 ) A  N ( 3 ) B  2-960 2"08 173 
N(2)B H(.2) B N(3)A 3"041 2"09 176 
N(7)A H(7)A N ( 7 ) B  2.637 1-75 176 
N(V)B H ( 7 ) B  N(7)A 2.637 1.61 174 

guanine molecules [which are indistinguishable be- 
cause of disorder in the location of H(7)] one molecule 
is protonated and is formally a cation; a large portion 
of the charge on this molecule must be concentrated 
near N(7) (Marsh, 1968). The second molecule of the 
pair is a neutral species, and Voet & Rich (1970) as 
well as Marsh (1968) have noted that an unprotonated 
N(7) atom in a purine ring acquires a partial negative 
charge and is an excellent hydrogen-bond acceptor. 

The N . . . N  distance of 2.637 A is nearly 0.4.~ 
shorter than the van der Waals contact distance 
(Pauling, 1960). In the system O - H . . . O ,  a shortening 
of 0.4 A below the O . . . O  van der Waals distance of 
2-8 A would result in a distance so short as to probably 
correspond to a symmetric O - . . H . . . O  hydrogen 
bond (Hamilton & Ibers, 1968). Thus, there is reason 
to expect that the N(7)-H(7) . . .N(7)  bond in the 
present compound might be symmetric. However, we 
do not believe this to be the case. Each of the two 
fractional hydrogen atoms refined to satisfactory 
positions, and difference maps continuingly suggested 
two separate atoms (Fig. 2). Whether or not the 
N - H . . . N  system is symmetric - and a definitive 
answer to that question must await neutron diffraction 
studies - it seems clear that the potential barrier to 
transfer of the proton from one molecule to the other 
must be quite small, perhaps even approaching the 
ground-state vibrational level of the proton (see Hamil- 
ton & Ibers, 1968, pp. 94-104). 

Finally, although we have assigned equal population 
factors of 0-5 to both H(7) sites, the relative peak 
heights on the difference map (Fig. 2) and the values of 
the isotropic temperature factor B (Table 3) suggest 
that the site of H(7A) might have greater occupancy 
than that of H(7B). We note that the site of H(7A) is 
slightly more favorable to the geometry of the N(7)- 
H . . . N ( 7 )  hydrogen bond, since the acceptor atom 
N(7B) is closer to the plane of molecule A (0-034 A) 
than N(7A) is to the plane of molecule B (0.234 A; see 
Table 4). 

We wish to thank Dr Max R. Taylor for the prepara- 
tion of the crystals and some of the preliminary photo- 
graphic work, Dr Sten Samson for the excellent data 
collection equipment, Miss Lillian Casler for the 
superb illustrations, and Dr Neil Mandel for his as- 
sistance during this structural analysis and the pre- 
paration of this manuscript. 
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A Refined Model for N-Aeetyl-a-o-glueosamine 
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A set of counter data has been collected for N-acetyl-~-D-glucosamine and the model refined by full- 
matrix least-squares calculations. For 1230 reflections 98.4 % of all data within the Cu Koc limit, R(F)= 
0.0237, Rw(F)=0.0280. Except for differences at the anomeric carbon the molecular conformation is 
similar to that of N-acetyl-~-D-glucosamine in the complex with triclinic lysozyme. The conformation 
found in a previous study of the compound [Johnson, Aeta Cryst. (1966), 21, 885-891] is generally 
confirmed. There are, however, systematic and in part significant differences between the two sets of 
bond lengths and valency angles. The present values for the glucopyranose structure are normal. The 
C-N bond of 1.346 (2) A in the N-acetyl group is a long peptide-type C-N bond, all other structure 
parameters in this part of the molecule agree closely with averaged values for the peptide group. Most 
intermolecular hydrogen bonds are involved in helical chains running in the polar direction. These 
and a number of van der Waals interactions lead to tight packing and low thermal motion. The present 
study provides some evidence for a small amount of fl sugar in the crystal as was suggested in the 
original analysis. 

Introduction 

N-acetylglucosamine (NAG) inhibits the enzymatic 
function of lysozyme (Wenzel, Lenk & Schfitte, 1961; 
Rupley, 1964). Since it binds to lysozyme in both the 
tetragonal and triclinic forms, its structure in the cry- 
stalline state is of considerable interest. An analysis 
based on film data has already been reported (John- 
son, 1966). 

N A G  is a derivative of D-glucose and it is a major 
constituent of a number of biological polymers such 
as chitin, hyaluronic acid, bacterial cell-wall polysac- 
charides, and some of the blood group polysaccharides. 
Thus, its structure is important in its own right, and a 

* On leave from Institutt for r6ntgenteknikk, Universitetet 
i Trondheim-NTH. N-7034 Trondheim-NTH, Norway. 

precise model would be useful for comparative pur- 
poses. We report such a model here based on counter 
data. 

Experimental 

A commercial sample of N A G  was recrystallized from 
aqueous methanol containing a small amount of ace- 
tone. A prismatic crystal of dimensions 0"15 × 0.28 × 
0.78 mm was mounted with its b axis (longest dimen- 
sion) tilted ca 3 ° from the diffractometer ~0 axis and 
used for the X-ray measurements. 

Crystallographic data are given in Table 1 together 
with those of Johnson (1966) (referred to hereinafter 
as J). Cell dimensions were determined from the setting 
angles of 20 reflections. The reciprocal vector R00z 
chosen by J corresponds to Rn0~ in the present analysis. 
Transformation of our values according to the matrix 

A C 31B - 8* 


