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intermolecular distances and bond angles were calcu- 
lated with IBM 1620 programs by Chu & Shiono 
(1963). 

The thermal ellipsoid parameters given in Table 3 
and the illustration in Fig. 1 (Johnson, 1965) show that 
the molecule as a whole has no marked thermal an- 
isotropy. As in the structure of cellobiose (Brown, 
1966), all the oxygen atoms appear to have higher vi- 
bration amplitudes perpendicular to their C-O bonds 
than along them. The methyl group has a high thermal 
motion consistent with its van der Waals environment 
around the twofold axes (see Fig. 2). 
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The crystal structure of ethyl-l-thio-ct-D-glucofuranoside (C8H1605S) has been determined by three- 
dimensional Patterson and Fourier syntheses. The structure was refined by block-diagonal least squares. 
The final R value for the structure with the correct absolute configuration was 8.9 ~o for the 1030 
observed reflections. The absolute configuration of the molecule was determined from the anomalous 
scattering of Cu Ke radiation by the sulfur atom. The geometry of the molecules is, in general, in 
accord with previous studies on monosaccharides. The conformation of the furanose ring seems to be 
slightly different from that observed in other compounds. The stacking of the molecules and the hydro- 
gen bonding scheme are illustrated. 

Introduction 

The furanose ring occurs in a variety of important 
biological molecules, particularly in the nucleic acids 

* Present address: University of Texas, Chemistry Depart- 
ment, Austin, Texas, U.S.A. 

and other carbohydrate derivatives. Information on 
the conformations of the furanose moieties is of con- 
siderable importance in nucleic acid model building. 
The present study on ethyl-l-thio-~-D-glucofuranoside 
was undertaken in order to supply additional precise 
information about the stereochemistry of furanoid 
rings. 
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Experimental 

Crystals suitable for X-ray studies were kindly provided 
by Dr I.J. Goldstein of the State University of New 
York at Buffalo. Crystals of ethyl-l-thio-c~-D-gluco- 
furanoside (hereinafter referred to as ETG F) are mono- 
clinic, space group P21 with two molecules in the unit 
cell. The cell constants are a = 11.118 + 0.003, b = 5.662 
+0.005, c=8.842 + 0-003/~, f l= 108.18 +0-02 ° (Cu Kc~ 
=1.5418 A0; these were measured using a General 
Electric XRD-5 diffractometer equipped with gonio- 
stat. The density was determined by the flotation 
method as 1.40 g.cm-3; the calculated density on the 
basis of two molecules in the unit cell is 1.41 g.cm -3. 

The intensities were measured by the stationary- 
crystal stationary-counter method (Furnas & Harker, 
1955). Monochromatization was obtained by means of 
a balanced pair of Ross filters" Ni against Co. Of the 
1188 independent reflections (to the limit 20= 150 ° for 
Cu Kc~ radiation) which were measured, 1030 were con- 
sidered to be non-zero intensity. The crystal used for 
data collection was a rod of dimensions 0.11 x 0-11 x 
0-38 mm, and was mounted with [010] parallel to the 
~0 axis of the goniostat. The correction for absorption 
as a function of angle ¢p was measured for the two re- 
flections 020 and 040. The average value of the trans- 
mission factor obtained from these measurements was 
used for correcting the intensities approximately for 
anisotropy of absorption. The usual Lorentz-polariza- 
tion factors were applied and an absolute scale was 
approximated by Wilson's method. 

Determination of the structure 

The specimen under investigation was initially believed 
to be ethyl-fl-D-glucofuranoside. The calculated and 
measured formula weight of the unit cell differed by 
34.8 atomic mass units, which might be explained by 
two molecules of water of crystallization. Initial at- 
tempts to interpret the sharpened three-dimensional 
Patterson function were not successful. In the mean- 
time, an elementary analysis showed the presence of 
one sulfur atom per molecule, leading to the revised 
formula CsH16OsS. This fact explained the difference 
in the formula weight of the unit cell and the compound 
was assumed to be a thio derivative of a glucofuranose. 

The sulfur atom was located with the aid of the 
Harker section (at v =½). A three-dimen~ional Fourier 
synthesis with the phases derived from the sulfur posi- 
tions was calculated. The centrosymmetrical distribu- 
tion of the heavy atoms introduced spurious mirror 
planes passing through them. The presence of these 
mirrors caused an ambiguity in the positions of the 
atoms derived from the Fourier synthesis; this ambi- 
guity was readily removed by calculating a Fourier syn- 
thesis with the phases due to sulfur and one other atom, 
not on a mirror plane. The coordinates of this addi- 
tional atom were those of a strong peak in the sulfur- 
phased Fourier synthesis and it was assigned the atomic 

scattering factor of oxygen. Three cycles of iterative 
Fourier and difference-Fourier calculation yielded the 
structure. The R index at this stage was 0.19, indicating 
the approximate correctness of the structure. 

Refinement of the structure 

The structure was refined by a series of least-squares 
analyses of the full three-dimensional data, employing 
the block-diagonal approximation. Three cycles of 
least-squares refinement with individual isotropic tem- 
perature factors were carried out on an IBM 7044 
computer. Another three cycles of refinement with 
individual anisotropic temperature factors reduced the 
R index to 0.101. A l / f  weighting with f for the nitro- 
gen atom was adopted in the final stages of the refine- 
ment. An analysis of the weighting scheme was carried 
out to check its appropriateness. This was done by 
plotting ZW(AIFI) 2 as a function of (sin 0/2) and ]Fobsl 
and noting that ZW(AIFI) 2 is reasonably independent 
of IFobsl and (sin 0/2). Reflections too weak to be ob- 
served were given zero weight during the refinement 
and for the R index calculation. Atomic scattering fac- 
tors were those presented in International Tables Jor 
X-ray Crystallography (1962). An electron density dif- 
ference map at this stage indicated the positions of ten 
hydrogen atoms. Three cycles of least-squares refine- 
ment, in which the coordinates of the hydrogen atoms 
were also allowed to vary, brought the R index to 0.089. 
A structure factor calculation omitting the hydrogen 
atoms yielded an R value of 0.098. A final difference 
electron density map was calculated, but it was not 
possible to fix the positions of the rest of the hydrogen 
atoms with certainty from this map. None of the shifts 
in the final stage was greater than one-sixth the cor- 
responding standard deviation, and refinement was 
considered to be complete. The final positional and 
thermal parameters and their standard deviations are 
listed in Table 1. These standard deviations were ob- 
tained from the diagonal elements of the block-diag- 
onal matrix and hence, are approximate. The observed 
and calculated structure factors are given in Table 2. 
A final electron density map is shown in Fig. 1. 

Determination of the absolute configuration 

No direct determination of absolute configuration of 
a sugar derivative seems to have been reported in the 
literature (Jeffrey & Rosenstein, 1964). The absolute 
configuration of ETGF was established by utilizing the 
anomalous dispersion of the sulfur atom for Cu Kc~ 
radiation. 

Two different methods were used for determining 
the absolute configuration. The first method, due to 
Bijvoet, involves the measurement of the intensities of 
the direct (hkl) and inverse (h/~]) reflections; the results 
obtained for a typical set of reflections are given in 
Table 3. The second method (Ibers & Hamilton, 1964), 
involves the calculation of the R values for the two 
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hands of the structure. The R values for the D and L 
configurations were 0.085 and 0.097. Using Hamil ton 's  
(1965) notation, the R ratio is 1.14. Also, f rom Table 1 
of  Hamil ton  (1965), R1,867,0.005< 1.14. Hence, the hy- 
pothesis that  the configuration is L can be strongly 
rejected even at the 0.0050 significance level. The results 
of  the 'classical' and the R-factor ratio method agree 
and also are in agreement  with the Fischer convention. 

The temperature factors 

The magnitudes and direction cosines of the principal 
axes of thermal motion,  as derived f rom the parameters  

~ _  . . . . . . . . .  i .  c 

I 

Fig. 1. A compos i te  drawing of  the final e lectron densi ty map.  
The con tours  are d rawn at intervals o f  2 e./~-3. Only the 
2 e.~-3 contour is shown for S. The value of the lowest 
contour for other atoms is 2 e.~ -3. 

of Table 1, are listed in Table 4. The max imum root  
mean square amplitudes of  thermal  mot ion of  various 
atoms range f rom 0.184 A for C(4) to 0.369 A for C(8); 
the min imum amplitudes range f rom 0.121 A for C(4) 
to 0.205 A for C(8). In general, the min imum thermal 
mot ion is along the b direction, nearly the direction 
of  hydrogen bonds between the molecules. 

The geometry of the molecule 

The bond distances and angles as calculated f rom the 
parameters  of  Table 1 are shown in Figs. 2 and 3. Their 
s tandard deviations, as calculated f rom the uncertain- 
ties of  the final atomic parameters ,  are indicated in 
parentheses. Addit ional  uncertainties are undoubtedly 
introduced owing to various effects, such as thermal  
libration, systematic errors in data,  etc., but  it is dif- 
ficult to evaluate their effects on the s tandard  deviation 
quoted above. 

All C - C  bonds in the furanose ring seem to be shorter  
than the normal  C - C  single bond;  their average value 
of  1.507 A is considerably shorter  than the C - C  dia- 
mond  bond of  1-54 A. Such a shortening of  the C - C  
bonds in the furanose ring seems to be common (see, 
for a review, Sundaral ingam,  1965). The C(7)-C(8) 
bond appears  to be much shorter than  normal  C - C  
bonds;  however, the estimated s tandard deviation for 
this bond is 0.022 A and this terminal bond seems to 
be affected considerably by thermal  libration. The 
C(1)-S (1.769 A) is noticeably shorter  than the C(7)-S 
bond (1.808 A). This is similar to the shortening of  

Table 1. Fractional coordinates and thermal parameters 
Estimated standard deviations in parentheses refer to the last decimal position reported. The expression for the temperature 

fac tor  is exp [-- (flllh 2 +fl22 k2 +fl3312 +fllzhk +fl13hl+f123kl)] 
X y 2" fill fl22 fl33 fl12 fl13 fl23 

S 0"0756 (2) 0"2500 0"2201 (3) 0"0080 (2) 0"0266 (7) 0"0128 (3) --0"0017 (10) 0-0046 (3) --0"0028 (11) 
O(1) 0"2815 (6) 0"3289 (12) 0"4741 (8) 0-0063 (5) 0"0150 (17) 0"0094 (17) 0"0046 (17) --0"0000 (10) --0"0061 (20) 
0(2) 0"0320 (6) 0-5272 (17) 0"4734 (10) 0"0059 (4) 0"0281 (25) 0"0187 (10) --0"0009 (19) 0"0117 (10) --0"0021 (28) 
0(3) 0"3261 (6) 0"8478 (14) 0"5031 (8) 0"0072 (5) 0"0164 (17) 0"0132 (8) --0"0044 (18) 0"0093 (10) --0"0006 (25) 
0(4) 0"4620 (8) 0"6234 (15) 0.8415 (8) 0"0120 (8) 0"0191 (19) 0"0083 (8) 0"0003 (25) 0"0036 (12) --0"0053 (25) 
0(5) 0"4369 (7) 0"1010 (13) 0-8332 (7) 0"0086 (6) 0"0139 (18) 0"0090 (7) 0"0016 (19) 0"0041 (10) 0"0065 (21) 
C(1) 0"1869 (9) 0"4471 (19) 0"3437 (11) 0"0056 (6) 0"0238 (28) 0"0087 (10) 0"0044 (24) 0"0034 (13) -0"0037 (31) 
C(2) 0"1296 (8) 0"6360 (18) 0"4200 (11) 0"0057 (6) 0"0136 (25) 0'0121 (9) 0"0008 (20) 0"0066 (11) -0"0016 (26) 
C(3) 0"2427 (8) 0"7066 (16) 0"5587 (10) 0"0062 (6) 0"0144 (25) 0"0101 (9) 0"0007 (21) 0"0080 (11) -0"0052 (25) 
C(4) 0"3034 (8) 0"4724 (15) 0"6144 (10) 0"0058 (6) 0"0108 (20) 0-0075 (10) -0"0004 (20) 0"0038 (11) 0"0047 (26) 
C(5) 0"4460 (8) 0"4829 (16) 0-7041 (10) 0"0073 (7) 0"0122 (20) 0"0066 (10) -0"0017 (21) 0"0039 (11) -0"0022 (26) 
C(6) 0"5040 (8) 0"2433 (21) 0"7519 (10) 0"0058 (6) 0"0153 (21) 0"0106 (10) 0"0015 (24) 0.0025 (12) 0"0023 (37) 
C(7) 0"1728 (14) 0"1252 (29) 0"1103 (16) 0"0127 (12) 0"0329 (40) 0"0163 (15) 0"0146 (40) 0"0074 (22) -0-0043 (50) 
C(8) 0"1855 (14) 0"2679 (46) -0.0228 (16) 0"0148 (12) 0"0683 (80) 0-0187 (16) -0"0167 (50) 0-0196 (21) -0"0240 (70) 

B *  

H(1) 0.196 0.463 0.215 3.5 A z 
H(2) 0.102 0.774 0-342 3.5 
H(3) 0.215 0.822 0.632 3.5 
H(4) 0.262 0.380 0.683 3.5 
H(5) 0.492 0.559 0.638 3.5 
H(6) 0.581 0.309 0.827 3.5 
H(7) 0.262 0.071 0.188 3-5 
H(8) 0.227 0-130 -0.079 3.5 
H(9) 0.295 1.053 0.470 3.5 
H(10)0.482 0.814 0.807 3.5 

* The B values for hydrogen atoms were arbitrarily assigned. The averages of the e.s.d, of hydrogen atoms for the x, y, and z 
fractional coordinates are 0.007, 0.025 and 0.015 respectively. 

A C 23 - 12 
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C ( 1 ) - O  b o n d s  r e p o r t e d  f o r  o t h e r  c a r b o h y d r a t e s  ( suc-  
r o s e ,  B r o w n  & L e v y ,  1965;  f l -D-g lucose ,  F e r r i e r ,  1963).  
T h e  C - O  b o n d  l e n g t h s  a v e r a g e  to  1.435 ~ ;  t h e  l a r g e s t  
d e v i a t i o n  f r o m  t h e  m e a n  is f o r  t h e  C ( 1 ) - O ( 1 )  d i s t a n c e  
o f  1-459 A .  I n  al l  t h e  o t h e r  f u r a n o i d  s t r u c t u r e s  w h i c h  
h a v e  b e e n  ~ c p o r t c d ,  t h e  r i n g  C ( 1 ) - O ( 1 )  b o n d  is s h o r t e r  
t h a n  t h e  C ( 4 ) - O ( 1 )  b o n d  a n d  t h e y  a v e r a g e  to  1.427 A 
a n d  1.450 ~ r e s p e c t i v e l y .  I n  E T G F ,  h o w e v e r ,  t h i s  t e n -  

T a b l e  3. D e t e r m i n a t i o n  o f  t h e  a b s o l u t e  c o n f i g u r a t i o n  

f r o m  the intensity measurements 
/ ( h k i )  / ( h k l )  

hkl I(hk/) I(hkl) 
obs. cal.* 

5 1 0  0 " 8 6  0 " 9 0  

511 1.18 1.18 
211 1 . 0 4  1 - 1 2  
3 2 3  0 . 8 4  0 . 9 1  

dency seems to be reversed. Other furanoid structures * Calculatcd for coordinates corresponding to thc D con- 
[cytidylic acid, Sundaralingam & Jenscn (1965); figuration andAf"=0.60. 

Table 2 .  Final observed and calculated structure .[actors 

FOBS = 10"0 × IFol 
FCAL = 10.0 x IFcl 

Reflections too weak to bc observed wcrc given zero weight in the rcfincmcnt and wcrc omittcd in the R-index calculation. The 
unobserved rcflcctions arc given half thc minimum value in that rang°. 
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5-fluoro-2-deoxy-fl-uridine,  Har r i s  & M a c i n t y r e  (1964); 
adenyl ic  acid, K r a u t  & Jensen  (1963); ca lc ium thy-  
midi la te ,  T rueb lood ,  H o r n  & Luzzat i  (1961); deoxy-  
adenosine ,  Wa t son ,  Sutor  & Toll in ,  quo ted  in Sundara -  
l i ngam (1965); sucrose,  Brown & Levy (1963)] where  
C(1)-O(1)  is shor te r  t h a n  C(4)-O(1)  all have  the fl con-  
f igurat ion.  I t  m a y  be t ha t  the reversal  of  this t endency  
is due to the ~ conf igura t ion .  

The  C - C - O  angles wi th in  the fu ranos ide  r ing and  
outs ide  it average respect ively to 105.5° and  110.0 °. 
The  in te rna l  C - C - C  angles of  the fu ranos ide  r ing aver- 

age to 101-9 ° . These  in te rna l  angles are cons iderab ly  
smal ler  t h a n  the t e t r ahedra l  value  of  109.5 °. The  r ing 
C - O - C  angle  is 108.0 °, in ag reement  wi th  the results  
ob ta ined  in o ther  fu rano id  s t ructures  (see, for  a review, 
Jeffrey & Rosens te in ,  1964). 

As observed in o ther  fu rano id  sacchar ides ,  the  fura-  
nose r ing in E T G F  is n o n - p l a n a r  and  this  pucke r ing  
is due to the  n o n b o n d e d  in te rac t ions  of  the subs t i tuen t  
a toms  and  results  in an  a p p r o x i m a t e l y  s taggered con-  
f igura t ion  (Spencer,  1959). As a result ,  one of  the car- 
bon  a toms  is out  o f  the p lane  con t a in ing  the o ther  

Tab le  4. Description o f  thermal ellipsoids 

B~ = 8rc2 U~2 where U~ is the root-mean square displacement corresponding to the i axis of the ellipsoid. 
Cia, C~o, C~c* are the direction cosines of the i axis with respect to the crystal axes a, b, c*. 

Atom Axis i B~ U~ C~a C~o C~c* 
S 1 4"17 0 " 2 3  -0"7511 -0"1230 0"6486 

2 3"48 0 " 2 1  -0"5137 0"7259 -0"4573 
3 3"15 0"20 -0"4146 -0"6767 -0"6085 

O(1) 1 4"17 0'23 0"7709 0"3679 -0"5199 
2 2'02 0"16 0"5869 -0"0931 0"8043 
3 1"54 0"14 0"2475 -0 '9252 -0"2877 

O(2) 1 5"33 0"26 -0"1359 0"1153 0"9840 
2 3'48 0"21 -0"0033 -0"9933 0"1157 
3 2"02 0 " 1 6  -0"9907 -0"0129 0"1353 

0(3) 1 4"17 0"23 0"4523  -0"1540 0"8785 
2 2"85 0"19 0"7368 -0"4905 -0"4653 
3 1"77 0'15 0"5026 0"8577 -0"1084 

0(4) 1 5"75 0"27 0"9970 0"0670 -0"0383 
2 2"85 0"19 0"0753  -0"7379 0"6707 
3 1"77 0"15 0"0168 -0"6716 -0"7408 

0(5) 1 4"17 0"23 0"9985 -0"0151 -0"0523 
2 2"85 0"19 0"0530 0"4889 0"8707 
3 1"33 0"13 0"0124 -0"8722 0"4890 

C(1) 1 3"48 0"21 0"5486 0"7784 0"3052 
2 2"28 0"17 0"4017 0"0747 0"9127 
3 2"02 0"16 0"7332 -0"6233 -0"2717 

C(2) 1 3"48 0"21 -0"0925 0"0809 -0"9924 
2 2"28 0 " 1 7  -0"9689 -0"2370 0"0709 
3 1"77 0 " 1 5  -0"2295 0"9687 0"1003 

C(3) 1 3"15 0 " 2 0  -0"4750 0"2112 -0 '8542 
2 2"28 0-17 -0-7546 -0"5971 0"2720 
3 1"33 0 " 1 3  -0"4526 0"7739 0"4430 

C(4) 1 2"55 0 " 1 8  -0"9715 0"1958 0"1334 
2 2"28 0 " 1 7  -0"2018 -0"3895 -0"8986 
3 1"13 0"12 -0"1240 -0"9000 0"4180 

C(5) 1 3"48 0"21 0"9917 -0"0909 0"0904 
2 2"56 0'16 0"1213 0"4378 -0"8908 
3 1'55 0"14 0"0415 0"8944 0"4452 

C(5) 1 3"48 0"21 0"6582 -0"0582 -0"7506 
2 2"56 0"18 0"7089 0"3833 0"5920 
3 1"78 0"15 0"2532 -0"9218 0"2935 

C(7) 1 7"10 0"30 0"8212 0"5563 -0"1271 
2 4"54 0"24 0"1917 -0"0592 0"9797 
3 2"85 0"19 0"5375 -0"8288 -0"1553 

C(8) 1 10"80 0 " 3 7  -0"3776 0"7991  -0"4678 
2 5"33 0"26 -0"7174 --0"5719 -0"3978 
3 3"16 0 " 2 0  -0"5855 0"1854 0"7892 

A C 23 - 12" 



1054 C R Y S T A L  S T R U C T U R E  O F  E T H Y L - 1 - T H I O - a - D - G L U C O F U R A N O S I D E  

1 "434 C(6) 
0 (~5) (012) 

1 "506 
(014) 

1.416 S 1 "808 
0(4) C(5) (ol 1 ) o(1) [ (o15) 

(011) ~ (012) I1 "769 
1.538 1 4 ~  "~L '4~s Icolo) 

t :) ~l ~.u= ,) 1"512 / . . . .  
C(3; (013) [C(2) 

1 "440 I 
(012)' O (2) 

i 
c(8) 

1.471 
(022) 

c(7) 

113"8 
(0"7) 

(0"7) 
109"7 ~13.1 (0.7) 107"3 j [ 99"1 

(0'8) (0'7) ~ 113"1 / (0"6) 
- 1 0 9 " 6 J  . . . .  ~ ( 0 ' 7 ) - !  

f ~ (07) 
c0.7)1149~'!06~ °'7~ 105 ~ '~~143 

io7 1(00270) (0"7 

(0"7) 111 "3 . . . .  , 

Fig. 2. Bond distances and angles in ETGF. 
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Fig.3. Bond distances and angles involving hydrogen atoms in ETGF. The hydrogen atoms whose coordinates were derived 
from the difference electron density map are shown by open circles. 
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three carbon atoms and the ring-oxygen atom; the 
choice in other structures for the out of plane atom 
seems to be either C(2) or C(3). In ETGF, C(3) is 
0.589 A from the plane 0.7491 X +  0.6209 Y -  0.2309Z = 
1.678 passing through the atoms O(1), C(1), C(2) and 
C(4); the coefficients in the above equation are the 
direction cosines of the normal to the plane relative 
to a, b and c*. The deviations of the individual atoms 
from this plane are: - 0-077, 0.074, - 0.045 and 0.048,~ 
for O(1), C(1), C(2) and C(4) respectively. In addition, 
the atoms O(1), C(1), C(3) and C(4) are closely co- 
planar and lie at distances of 0.071, -0.044,  0.042, 
-0 .070/~  respectively from the plane 0.9025X+ 
0.3501Y-0.2506Z= 1.226. In this case, the major dis- 
placement occurs for C(2), which is -0.595 A out of 
this plane. The description of the planarity of the ring 
in terms of either one of these planes seems to be 
equally satisfactory. These two planes are inclined to 
one another at 17.95 °. This is also clear from the fact 
that C(2) and C(3) are at distances of -0.341 and 
0.318 A respectively from the plane 0.8413J(+0.4876 Y 
- 0 . 2 3 3 4 Z =  1.511 containing C(1), O(1) and C(4). 

In view of the puckering observed in the furanosides, 
the hydroxyls on C(2) and C(3) cannot exhibit a 'true' 
cis or 'true' trans relation. In other words, the projected 
angles of the hydroxyls when viewed along C(2)-C(3) 
can no longer be 0 ° or 120 °. The actual value of this 
projected angle is 171 ° , close to the value of 160 ° , 
which has been suggested by Sundaralingam (1965). 

The conformation of the furanose ring may be more 
conveniently described in terms of an angle of twist 
about each ring bond (Brown & Levy, 1963). These 
angles may be defined as follows: Consider the four 
successive atoms C(1), C(2), C(3) and C(4) around the 
ring. Then the conformation angle of the directed bond 
C(3)---~C(2) is the angle, measured anticlockwise, that 
the projection of C(3)---~C(4) makes relative to the pro- 
jection of bond C(2)---~C(1) when viewed in the direc- 
tion of the bond C(3)---~C(2). In ETGF, the conforma- 
tion angles for the various bonds are: C(3)---~C(2), 
40.6°; C(4)---~C(3), -33 .8° ;  O(1)---~C(4), 12.8°; 
C(1)---~O(1), 13.6°; C(2)---~C(1), -33 .9  °. The confor- 
mation of the furanose ring in ETGF is closely similar 
to that found in sucrose and adenylic acid (AMP) and 
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I 

Fig.4. Hydrogen bonding and intermolecular packing. 
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significantly different from that found in cytidylic acid 
(CMP), 5-fiuoro-deoxy-fl-uridine (FUDR),  calcium 
thymidylate (TMP) and deoxyadenosine (DA). (For 
the conformation angles of these compounds, see 
Table 6 of Sundaralingam (1965). The abbreviations 
AMP etc. are those used in this reference). 

The bond opposite the out-of-plane atom has the 
smallest value for the conformation angle ~0. Thus, in 
CMP, F U D R  and sucrose, the smallest conformation 
angle is around O(1)-C(4) whereas for AMP, TMP 
and DA, C(1)-O(1) has the smallest conformational 
angle. In ETGF, however, both O(1)-C(4) and C(1)- 
O(1) have nearly the same conformational angle. 

In nucleic acid components, the preferred conforma- 
tion about the C(4)-C(5) bond (of the furanose) is 
gauche-gauche (gg). This conformation can be more 
conveniently described in terms of the angles ~0oo and 
(0oc which in the case of ETGF are the projected angles 
made by C(5)-C(6) [C(5)-O(5) for a nucleic acid com- 
ponent] with O(1)-C(4) and C(3)-C(4). (See Shefter & 
Trueblood (1965) for a definition of the angles rpoo, ~ooc. 
The primes on the numerals in the conventional num- 
bering of the atoms in the sugar have been dropped 
here for easy comparison with ETGF). The values for 
~0oo and ~0oc are 58.2 ° and 177.6 °, indicating that the 
conformation about C(4)-C(5) is gauche-trans (gt). It 
is interesting to note that e-D-glucose has the same 
conformation. 

Hydrogen bonding and intermolecular packing 

The distances and angles involving the covalently 
bound hydrogen atoms are shown in Figs.2 and 3. 
The average distances for CH and OH are 1.05 + 0.10 A 
and 1.20 + 0.10 A respectively. 

Three pairs of atoms have separations which are of 
the right order for hydrogen bond formation: O(1)- 
O(3'), 2.767 A; O(4)-O(5'), 2.718 A; O(2)-O(2"), 
2.99 A. They are shown in Fig. 4 and the correspond- 
ing distances and angles are listed in Table 5. The ring 
oxygen O(1) accepts the hydrogen H(9') from the 
hydroxyl group 0(3')  and this results in an almost linear 
hydrogen bond (O(3 ' ) -H(9 ' ) - - -O(1)= 165.0). The hy- 

drogen bond between 0(4) and O(5') through H(10) 
is not linear, the angle O(4)-H(10)-O(5') being 138.2 °. 
Such hydrogen bonds have been observed in other 
structures (Baur, 1965). Another hydrogen bond, be- 
tween 0(2) and O(2"), is rather weak, (0(2")-- -O(2) ,  
2.999 A). In addition, there is an interesting short con- 
tact (3.139 A) between 0(3) and 0(5').  Such a separa- 
tion of 3.2 ~ between two oxygen atoms which could 
form a shorter hydrogen bond has been observed in 
other sugars (Beevers, McDonald, Robertson & Stern, 
1952, Ferrier, 1960). Most of the hydrogen bonds are 
nearly parallel to the b axis, consistent with the form 
of the crystal as needles elongated along [010]. All inter- 
molecular short contacts less than 3.6 A between heavy 
atoms and 3.0 A between a hydrogen and a heavy atom 
are listed in Table 6. 

Table 6. Intermolecular contacts 
Coordinates: (x,y, z) unprimed, (x,y, z) + (0,1,0) single prime; 

(2,½+y,:~)+(0,i, 1) double prime; 
(x,½+y,Y)+(1,0,1) triple prime. 

0(2) C(2") 3-182 A S' H(2) 2"881 ,~ 
0(2) C(3") 3.497 0(2) H(2") 2-912 
0(3) O(5') 3.139 0(2) H(3") 2"872 
0(3) C(6') 3.325 0(3) H(7') 2.933 
0(3) C(6"') 3.415 0(3) H(5"') 2"942 
C(3) O(5') 3-503 

C(1') H ( 9 )  2"618 
C(4') H ( 9 )  2-680 
C(6') H(10) 2.502 
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esting discussions and his keen interest, to Dr  I.J. 
Goldstein for the crystals and to Dr M. Sundaralingam 
for many discussions on the stereochemistry of furano- 
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lowing programs: BDLSQ, ERFR3, Distance-Angle 
and Best Plane. Financial assistance by N.I.H. (AM- 
3942) and N.S.F. (GB-4056) is gratefully acknowl- 
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Table 5. Hydrogen bond lengths and angles with estimated standard deviations (in parentheses) 
The e.s.d.'s of distances and angles involving hydrogen atoms are less than 0.2 A and 5 o respectively. 

Coordinates: x,y, z unprimed 
(x,y,z)+(O, 1,0) single prime 
(~, ½+y, .~)+(O,T, 1) double prime 

I II 
O(3)-H(9) - - - O( 1 ') O(4)-H(10) - - - O(5') 
O(1') --- H(9) 1.570/1, O(5') --- H(10) 1.734 A 
O(3)--- O(1') 2.767 (010) A O(5')--- 0(4) 2.718 (011) A 
O(3)-H(9)--- O(1') 165.0 ° O(4)-H(10)--- O(5') 138.2 ° 
C(3)-O(3)---O(1') 117.9 (5) ° C(5)-O(4)---O(5") 123.5 (6) ° 

III 
0(2)---0(2") 
0(2") --- 0(2) 2.999 (013) A 
C(2")-O(2") --- 0(2) 134.4 (6) ° 
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The Crystal Structures of 9-Dieyanomethylenefluorene Derivatives. 
I. 9-Dieyanomethylene-2,4,7-trinitrofluorene 

BY J. SILVERMAN, A. PAULINE K_RUKONIS AND N. F.YANNONI 

U.S. Air Force Cambridge Research Laboratories, L. G. Hanscom Field, Bedford, Massachusetts 01730, U.S.A. 

(Received 3 January 1967) 

The crystal structure of 9-dicyanomethylene-2,4,7-trinitrofluorene is orthorhombic (space group Pben) 
with four molecules in a unit cell of dimensions a= 13-12, b= 11.03, c= 10.40 A. Molecular centers lie 
on twofold special positions 4(c) so that the unpaired nitro group occurs randomly at one of two pos- 
sible locations. 748 reflections observed on X-ray photographs were used to refine the structure by the 
method of least squares to an R index of 12.5 %. A slight twist of the fluorene framework into a propeller 
shape leaves outer rings out of parallelism by 3"2 °. The unpaired nitro group is rotated out of the molec- 
ular plane by 19.3 o. The force tending to maximize the resonance energy of this group is believed respon- 
sible for: (1) the intramolecular overcrowding of the observed configuration, (2) the slight deviation 
from planarity of the fluorene framework, and (3) the angular distortion in C-C-N bond angles. There 
is a herringbone packing arrangement with the overall molecular plane deviating by 0.5 o from the 
intensely reflecting (302) plane. Limiting intermolecular contacts occur largely through the nitro 
groups. 

Introduction 

9-Dicyanomethylene-2,4,7-trinitrofluorene (DTF) is an 
electron acceptor synthesized recently by Mukherjee & 
Levasseur (1965). This compound forms stronger 
charge-transfer complexes than its precursor, 2,4,7-tfi- 
nitrofluorenone. The crystallography of DTF and re- 
lated nitrofluorenes form part of a program underway 
in our laboratories on the synthesis and structural 
characterization of new organic semiconductors and 
photoconductors (Mukherjee, 1966). 

Experimental 

The specimen selected for data collection was a well- 
developed prismatic plate with a long dimension of 
0-8 mm (mounted coaxially in a glass capillary), an 
average width of 0.33 mm, and a thickness of 0.12 mm. 

Crystal data 
9-Dicyanomethylene-2,4,7-trinitrofluorene (DTF), 

C16HsNsO6, m.p. 266-268 °C. 

Orthorhombic, a =  13.12, b = 11.03, c=  10.40 [radiation 
Mo Kc~, 2=0.7017 A. These parameters, derived from 
measurements made on precession photographs (with- 
out film shrinkage corrections), are reproducible to 
+ 0 . 1 ~  but are assigned e.s.d.'s of 0.3yo on the basis 
of previous experience (Buerger, 1964)]. 

Absent reflections: Okl when k is odd; hOl when l is 
odd; hkO when h + k  is odd. Space group is Pbcn (no. 
60). 

Absorption coefficients for X-rays: Cu K~, 12.67 cm-1; 
Mo K~, 1.57 cm -1. 

Density data: Dz ( Z =  4)= 1.602 g.cm-3; Dm (flotation 
in ZnClz-H20 solution)= 1-58 g.cm -3. 

Levels hkO-hk8 were taken with unfiltered copper 
radiation on an integrating Weissenberg camera used 
in the equi-inclination geometry. Levels were recorded 
on packets of five films, and the spots were measured 
photometrically with a densitometer. Faint spots were 


