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The crystal structure of a-rhamnose monohydrate has been determined by the interpretation of the 
three-dimensional Patterson function and refined on two projections with data derived from Geiger- 
counter measurements. There are possibly significant deviations from the expected values of three 
bond lengths, which include both the axial C-OH bonds in the molecule. There are several signifi- 
cant deviations from the tetrahedral angle in the observed bond angles, which appear to indicate a 
repulsion between the hydroxyl groups, and the angle at the oxygen atom in the ring is 120 ° . The 
molecular packing is determined by a very complete scheme of hydrogen bonding in three dimen- 
sions. The hydrogen atoms appear with moderate definition on (Fo--Fc) syntheses but their 
positions are not completely unambiguous, largely owing to the non-centrosymmetrical nature of 
the crystal, the poor resolution of the atoms in projection and the occurrence of anisotropic thermal 
vibrations of the atoms. 

Exper imenta l  

a -Rhamnose  (6-desoxy mannose) is easily crystall ized 
as a monohydra te  by  evaporation of a solution in 
me thy l  alcohol (90%) and water (10%). The crystals 
are monoclinic and the cell dimensions, obtained by 
extrapolat ion from measurements  of high-order re- 
flexions on Weissenberg photographs,  are: 

a=7.910:t=0.005, b=7.914+0.005,  c = 6 . 6 7 4 ~ 0 . 0 0 4 A ;  
fl = 95 ° 3 7 ' + 5 ' .  

These values agree well with those given by Cox (1931) 
and Andress & Re inhard t  (1931). The densi ty  was 
found, by  f lotat ion in a mixture  of benzene and chloro- 
form, to be 1.457±0-005 g.cm. -a. This gives the number  
of units  of C6Hl~Os.H20 in the cell as Z - - 2 . 0 0 5 .  
Tile only sys temat ic  absences observed in the re- 
flexions were (0k0) for k odd, and so the probable 
space group is P2  r 

Weissenberg photographs,  using copper radiation,  
were taken about  the three axes, for layer lines up 
to the fourth, and the  intensit ies were est imated 
visually.  The specimens used were approximate ly  
cylindrical  with diameters  of about  0-1-0-2  mm. ; no 
absorption corrections were applied. 

At a later stage the intensities of the (hO1) and (hkO) 
reflexions were measured,  using a Geiger-counter 
technique.  Cochran's  (1950) procedure, in which the 
integrated in tens i ty  is obtained from the total  number  
of counts recorded while the crystal  is rotated through 
the reflecting position, was examined.  The factor k~, 
by  which the dead t ime of the counting tube has to 
be mult ipl ied to correct for the varying counting rates 
during this rotation, was taken, in practice, to be 
constant  by  Cochran, a l though he pointed out tha t  
i t  would be expected to be a function of 0. Tests of 
this  indicated tha t  in the exper imenta l  a r rangement  
used here k 1 could nol~ be taken to be independent  

of 0 without  a considerable loss of accuracy. The 
much  more tedious method was therefore employed, 
in which, for each reflexion, measurements  of the 
counting rate were taken from the s ta t ionary  crystal  
at  sufficiently close intervals  of the crystal  set t ing;  
these were adjus ted indiv idual ly  for the dead-t ime 
correction and plotted against  the angular  setting. The 
area under  the result ing curve, due consideration being 
taken of the background,  gave the integrated in tens i ty  
of the reflexion. The counting rates used were kept  
under  500 counts per sec. by insert ing cal ibrated foils. 
Readings were taken  on a s tandard  reflexion before 
and after each measurement  to correct for the diminu- 
t ion of the X- ray  output  of the set used, which was 
a R a y m a x  f i t ted with rect ifying and stabil izing 
equipment .  The d iminut ion  in output  is due to the 
contaminat ion  of the target  by tungsten,  which couhl 
cause the output  to fall  by 20% in a week. A series 
of measurements  on one reflexion, taken at intervals  
during the course of the work, indicated tha t  the 
s tandard  deviat ion of the observed intensit ies was of 
the order of 2.5%. 

Solution and ref inement  of the structure 

The structure was solved by  three-dimensional  Patter-  
son superposition (Beevers & Robertson, 1950; Shoe- 
maker,  Barieau, Donohue & Lu, 1953). The orienta- 
tion of the pyranose ring was easily deduced from the 
Pat terson function, and the six atoms of one ring were 
used as searchers. Trial-and-error methods and packing 
considerations led to the location (although not with 
certainty) of the remaining atoms of this molecule, 
and when these were used as addit ional  searchers the 
positions of the other molecule and the water molecules 
were revealed quite clearly. The discrepancy factor 
Rh0z for this  tr ial  s tructure was 33 %. Accounts of this 
work have  been given (McGeachin, 1954, 1956). 
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The structure was refined by electron-density 
projections, least-squares methods and latterly by 
(Fo-.Fc) projections. Some difficulty was encountered 
in the interpretation of these projections because of 
the poor resolution, particularly when the hydrogen 
atoms were considered. In this crystal only 10 of the 
28 hydrogen atoms in the unit cell (those bonded to 
the carbon atoms of the ring) occur in predictable 
positions. Of the others, a number may lie close to the 
heavy atoms in projection, and the electron density 
to which they give rise in the (Fo-Fc) projections may 
be erroneously interpreted as a shift or a thermal 
vibration of a heavy atom. The difficulties of refine- 
ment are further increased in non-centrosymmetrical 
projections where the phases of the structure factors 
are certainly incorrect unless the hydrogen atoms are 
included in their calculations; thus the positions of the 
heavy atoms cannot be expected to be accurate until 
the hydrogen atoms are included, while the position 
of the hydrogen atoms are not revealed until the heavy 
atoms are placed with accuracy. The resolution of this 
dilemma demands great caution in the advanced 

• stages of refinement. 
The refinement of the (hOI) reflexions was carried 

out, using individual isotropic temperature factors for 
the heavy atoms. Some evidence was obtained for the 
positions of the hydrogen atoms which enabled those 
which take part  in hydrogen bonding to be placed with 
reasonable confidence. These fall into three sets: that  
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Fig. 1. P lan  of the  s t ruc ture  p ro jec ted  down the  b axis. 
The hydrogen  bonds  are shown b y  broken  lines. 

in the bond 08-05 (see Fig. 1 for the numbering of 
the atoms), which must belong to 03 since O 5 is the 
oxygen atom of the ring; those in the bonds 04-0~, 

r 04-06, which form an infinite chain round one of 
the screw axes; and those in the chain Ol-Oe, 06-0~, 
O~-Or If the position of one hydrogen atom in either 
of the latter sets is fixed, the positions of the others 
in the same set are also fixed, but the two sets are 
independent of each other. A statistical distribution 
throughout the crystal is, of course, not impossible. 
The hydrogen atoms of the methyl group C 6 appeared 
with rather poor definition, but it was possible, by 
the use of a model, to assign tentative positions for 
them. The hydrogen atom contributions for these 
assumed positions were calculated and used in the 
refinement. The final b-axis difference maps are s h o ~  
in Fig. 2 (Fig. 2(a) having all atoms removed, and 
Fig. 2(b) having only oxygen and carbon atoms re- 
moved). 

Similar refinements on the (hk0) reflexions were 
carried out; some evidence was gained for the posi- 
tions of the hydrogen atoms which led to their being 
placed in the same positions as had been found in the 
(hO1) refinement. A comparison of the x parameters 
obtained from the two projections showed close agree- 
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Fig. 2. (a) (Fo--Fc) projec t ion  down the  b axis  wi th  all the  
a toms  removed.  Contours  a t  0.25 e .A-9;  zero con tour  
omi t ted .  Negat ive  contours  are in b roken  lines. (b) (Fo--Fc) 
pro jec t ion  down the  b axis wi th  carbon  and oxygen  a toms  
removed.  The assumed  posi t ions of the  hydrogen  a toms  are 
indicated b y  crosses. C o n t o u r s ' a t  0.25 e .A-2;  nega t ive  
areas  shaded.  
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Fig. 3. (a) (Fo--Fc) project ion down the  c axis wi th  all a toms  
removed.  Contours a t  0-2 e . / l -2 ;  zero contour  omi t ted .  
(b) (Fo--Fc) project ion down the  c axis wi th  carbon and  
oxygen  a toms removed.  The phases used are due to carbon 
and  oxygen  a toms  only.  The assumed posi t ions of the  
hydrogen  a toms  are m a r k e d  by  crosses. Contours  a t  0.2 
e.A -2. (c) As (b) bu t  wi th  phases calculated f rom the  com- 
plete s t ruc ture .  

ment, with the exception of O a where there was a 
discrepancy of 0.007 of the cell edge. A mean corre- 
sponding to a shift of 0.002 from the value obtained 
in the centrosymmetrical refinement was taken for 

this parameter, since a non-centrosymmetrical projec- 
tion is inherently less accurate and in this case the 
resolution is bad. The final (.Fo-Fc) maps for this axis 
are shown in Fig. 3; in Fig. 3(b) the phases of the 
carbon and oxygen atoms only were used, while in 
Fig. 3(c) the phases of the complete structure, in- 
cluding hydrogen, were employed. 

The values of the discrepancy factor R for these 
zones, using the limited number of reflexions which 
the geometry of the counter diffractometer made it 
possible to measure, were: Rh0z = 7.6 %, Rht,-o = 6"3 %. 
F100 was excluded from both these summations and 
from the difference maps; but values of F c where Fo 
was unobserved were included in the calculation of R. 
The Io were corrected for secondary extinction by 
means of the equation I ' =  I / (1 -gI ) ,  with g = 
8.1 × 10 -5. 

The mean coordinates and temperature factors are 
shown in Table 1. 

Table 1. Final atomic coordinates and temperature 

x/a 

01 0.188 
02 0.880 
O a 0.060 
04 0.358 
05 0.187 
O s 0.328 
C 1 0.087 
C~ 0.008 
C a 0.143 
C 4 0-232 
C s 0"315 
C s 0"402 

factors 

y/b z/c Bhol (h 2) B]~kO (A 2) 

0"726 0" l l0  2"4 1"5 
0"040 0"225 0"8 1"0 
0-007 0"605 1"5 2"0 
0"182 0-504 0"8 1"0 
0"002 0"016 1-5 2"0 
0-533 0"460 2"0 1"5 
0-867 0"080 2"0 0"8 
0"906 0-272 0-5 0"3 
0"976 0"431 0"5 2"4 
0"130 0"353 1-0 1"5 
0-079 0"159 1"5 1"5  
0-224 0-059 2-4 2"4 

The variation in the temperature factors of the 
same atoms in the two projections was larger than had 
been expected, even taking into account the aniso- 
tropy clearly visible in the difference maps for which 
no corrections were applied. Because of the empirical 
methods used to scale the observed structure factors, 
the values of B listed have no absolute significance. 
The assumed coordinates of the hydrogen atoms are 
given in Table 2; no temperature factor was applied 
to their scattering factors. 

Table 2. Coordinates of the hydrogen atoms 
60x/a 60y/b 60z/o 60x/a 60y/b 60z/c 

H 1 0 48 59 H 8 33 15 2 
H e 58 47 20 H 9 6 1 44 
Ha 14 53 29 HlO 21 16 29 
H 4 8 14 18 H l l  26 35 28 
H 5 24 1 12 HI~ l0 40 0 
H s 26 20 11 Hla 16 37 20 
H~ 20 18 59 H14 11 32 40 

(H s, H~ and  H 8 are the  hydrogens  of the  m e t h y l  group.) 

The values of the  standard deviations (~(~) of the 
electron density for the two projections, calculated by 
Cruickshank's (1949) formula 

A C 10 16 
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are 

1 {X(Fo_Fc)2}½ 

(~(Qh0z) = 0-245 e.A -~, a(~hk0) = 0.36 e.A -2 . 

Here  ~(~hk0) has been multiplied by  2 because the 
projection is non-centrosymmetr ical  (Cruickshank , 
1950). I n  these calculations when Fo is zero the 
highest  value of Fo which could remain unobserved 
has  been es t imated and used to give (Fo-Fc) ; this 
applies also to the  computa t ion  of the difference 
syntheses.  The corresponding s t andard  deviations in 
the  atomic parameters ,  given by  

(I(x) = 2g(h2(Fo-Fc)9}½/aAC, 

where C is the  central  curvature  of the a tom in ques- 
tion, are given in Table 3. These values include the 

Table 3. Standard deviations in atomic positions 
b-axis a-axis 

projection projection 

a(x) 0.0075 A - -  
O (~(y) - -  0.018 A 

(~(z) 0.0064 - -  

a(x) 0.011 - -  
C a(y) ~ 0.020 

a(z) 0.010 - -  

factor  (u/(u-n))½, where u is the number  of in- 
dependent  F ' s  and n the  number  of paramete rs  to 
be refined (Cruickshank, 1949), which is here 36 
(two coordinates and a t empera ture  factor  for each 
of the 12 heavy  atoms);  in addition, the  value of a(y) 
includes the factor  2 because of the lack of a centre of 
symmet ry .  The curvatures  C were es t imated f rom 
electron-density projections with some difficulty be- 
cause of the  poor resolution; mean  values over several 
a toms were used for each projection. 

The peak heights in the  centrosymmetr ical  b-axis 
projection were about  14 e./~ -2 for the  oxygen atoms 
and 9-0-10.4 e.A -9 for the  carbon a toms;  in the non- 
centrosymmetr ical  c-axis projection the  respective 

values were 12.5 e.J~ -9 and 8.0-9.5 e./~ -2. The varia-  
tions in peak height showed no striking correlation 
with the  tempera ture  factors of the atoms, and the  
variat ions are ascribed to termination-of-the-series 
effects which are expected to be large because of the  
limited number  of reflexions used. 

The (0kl) reflexions were not  measured with the  
Geiger counter, but  these intensities had been esti- 
ma ted  visually and used in the ref inement of the struc- 
ture before the more accurate  da t a  were obtained. 
The s t ructure  factors of this zone were calculated with 
the final parameters  as a check, using a common 
tempera ture  factor  and excluding the  contributions 
of the  hydrogen atoms. The agreement  was good with 
R = 11.8%. This value was almost  the same as t h a t  
which had been obtained under  the  same conditions 
in the ref inement  with visually es t imated intensities 
for all three projections, in spite of the fact  t ha t  there 
were considerable differences in the  two sets of atomic 
coordinates. The most  disquieting feature  of this is 
t ha t  the former ref inement seemed to be near  an end 
as regards changes in the  coordinates. I t  seems worth  
while stressing t h a t  in a non-centrosymmetr ical  struc- 
ture such as this, where resolution is poor, good agree- 
ment  can be obtained with a comparat ively  inaccurate  
structure.  The inaccuracy of this projection when the  
s t ructure  was based on visually est imated intensities 
alone must  be due to the neglect of the  hydrogen a toms 
and the failure to use individual t empera ture  factors.  
This emphasizes the di lemma outlined above tha t  in 
a non-centrosymmetr ical  s tructure,  par t icular ly  when 
resolution is bad, the contributions of the hydrogen 
atoms are necessary for accurate  refinement,  but  t h a t  
until  an  advanced stage is reached, their  positions 
m a y  remain  unknown. 

Observed and calculated values of Fh0 Z and Fhk 0 are 
shown in Table 4. 

Discuss ion  of the structure 

The bond lengths are shown in Fig. 4(b). The s t andard  
deviat ion ~(1) of a bond length depends here on its 
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Fig. 4. Perspective drawing of the rhamnose molecule, showing bond angles and lengths. 



h l  Fo 
1 0 25.5 
2 0 18.6 
3 0 4.2 
4 0 23.2 
5 0 4.9 
6 0 11.1 
7 0  5.1 
8 0 2.5 

1 6.7 
1 9.3 
1 2.2 

g 1 8.7 
1 4.8 
1 47.1 
1 18.6 

i 1 29.7 
0 1 7.2 
1 1 20.4 
2 1 15.0 
3 1 14.7 
4 1 11.2 
5 1 10.5 
6 1 7.4 
7 1  0 

34.5 
--17.8 

--4.6 
-- 22.2 

4.6 
11.0 

--6.1 
--2.5 
--6.3 

9.6 
1.5 
9.6 

--4.2 
--46.9 
--18.1 

31.2 
--5.5 

-- 20.2 
13.6 

--13.7 
11.2 
11.2 

--7.3 
--1.4 
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T a b l e  4. Observed and calculated structure factors 
1% from Geiger-counter measurements ,  Fc f rom parameters  of Tables 1 and  2 

b-axis project ion 

h l  lZ' o 2'c 
8 1 6.6 -- 6.7 

2 6.6 -- 6.9 
2 3.2 --4.7 
2 14.2 15.1 
2 12.3 13.3 
2 9.6 --9.8 
2 18.1 17.8 
2 10.5 -- 9.0 

i 2 9.7 -- 9.4 
0 2 32.9 34.3 
1 2 30.2 --28.8 
2 2 21.7 --21.2 
3 2 8.7 --8.9 
4 2 17.4 -- 16-8 
5 2 1.1 0.7 
6 2 0 --2.4 
7 2 16.3 --16.1 
8 2 8.4 -- 7.5 
g 3 2.6 --3.1 

3 4.2 --4.1 
3 14.8 -- 16-5 
3 0 --2.1 
3 5.0 6.2 
3 11.9 -- 12.6 

h l  Fo F~ 
3 18.9 18.1 

i 3 50.3 48.5 
0 3 6.9 --7.1 
1 3 1 3 . 5  - -  12.8 
2 3 4-3 --3.8 
3 3 1 5 . 2  - -  15.2 
4 3 22.6 24.0 
5 3 24-5 23.6 
6 3 0 - - 1 . 0  
7 3 3.6 3-5 

4 2-9 -- 2.4 
4 16.4 17.7 
4 10.5 11.7 
4 13-7 -- 13.8 
4 12.9 12.9 
4 13.7 14.0 

i 4 1.6 -- 1.6 
0 4 8.3 • 8.0 
1 4 9.3 -- 8-7 
2 4 13.0 -- 10.2 
3 4 1-0 -- 1.8 
4 4 5.3 --4.6 
5 4 6.1 --4.9 
6 4 3.2 2.4 

c-axis project ion 

h l  Fo F~ 
5 7.8 -- 7.6 

~. 5 o - o . 1  
g 5 0 - 3 . 0  

5 o 0.2 
T 5 lO.3 lO.O 
o 5 o o.o 
1 5 8.2 8.4 
2 5 1.9 1.9 
3 5 15.9 - 15.o 
4 5 2.0 - 0.3 
5 5 o - 2 . 3  

6 5.5 6.4 
6 2.7 --4.4 
6 0 - 1 . 2  
6 17.o - 17.1 

i 6 18.3 - 18.5 
o 6 3.6 - 2 . 7  
1 6 7 . 0  - 6.8 
2 6 6.2 - 5.0 
3 6 7.9 9.0 
4 6 7,7 8.5 
i 7 10.0 9.5 
0 7 0 - 2 . 1  
1 7 2 . 9  - 1.7 

h k  Fo A B Fc 

0 2 41.2 32.3 27.2 42.2 
1 2 39.6 32.9 --23.1 40.2 
2 2 26.8 --2.1 --27-7 27.8 
3 2 1.4 --0.7 2.6 2.9 
4 2 9.7 --3.1 --8.7 9.2 
5 2 15.3 --14.5 --1.1 14.6 
6 2 5.0 4.8 3.0 5.7 
7 2 6.2 4.2 --5.2 6.7 
8 2 3.0 --2.2 --1.4 2.6 
0 4 25.0 25.8 0.9 25.8 
1 4 7.3 5.7 2.2 6.1 
2 4 6.4 --4-9 -- 1.8 5,2 
3 4 12.2 --11.6 1.4 11.8 
4 4 13.2 --12-5 --2.1 12.7 
5 4 16.5 3.2 -- 16.0 16.3 
6 4 7.8 6.1 --2.6 6.6 
7 4 0 -- 0.2 1.4 1.4 
0 6 22.7 7.7 21.1 22.4 
1 6 3.8 2.7 3.1 4.1 
2 6 0 -- 1.8 1.4 2.3 
3 6 5.4 --2.8 4.2 5.0 
4 6 13.9 --7.2 --10.2 12.5 
5 6 4.6 --2.6 --2.9 3.9 
0 8 6.1 5.8 3-4 6.7 
1 8 9.3 8.0 3.7 8.8 
2 8 4.1 --0.2 3.7 3.7 
3 8 10.3 --6.8 6.7 9.5 

h k Fo - - A  B F~ 

1 1 26-1 5-0 26.2 26.7 
2 1 44-9 --39.7 18.5 43.8 
3 1 8.0 4.8 4.5 6.~} 
4 1 6.4 5.5 --0.7 5.5 
5 1 9.6 -- 1-8 9-2 9.4 
6 1 13.6 4,6 12-5 13.3 
7 1 5.4 --5-1 3-7 6.3 
8 1 0 --0"3 1.6 1.6 
1 3 6,0 --4.3 --5.7 7.1 
2 3 24.5 2.4 24.8 25.1 
3 3 20*7 --20-7 --3.8 21.0 
4 3 15.3 -- 7-8 -- 12.7 14.9 
5 3 7-8 4.8 6.3 7.9 
6 3 4.8 3.9 3-8 5.4 
7 3 9.9 6.3 9.0 11.0 
1 5 13.6 --14-1 0.9 14.1 
2 5 2.8 --3-5 --0.3 3.5 
3 5 9.7 3.3 8.8 9.4 
4 5 6.0 4-1 --3.5 5.4 
5 5 8.1 8.6 -- 1.7 8.8 
6 5 4.8 0.4 5.2 5.2 
1 7 8.6 --3.8 8.5 9.3 
2 7 15.9 --2.9 15.9 16.2 
3 7 2.2 1-2 0.9 1.5 
4 7 4.3 --0.4 --3.9 3.9 

231 

d i r e c t i o n ,  s i n c e  a(x) 4= a(y) 4= a(z). T h e  f o r m u l a  o f  

A h m e d  & C r u i c k s h a n k  (1953) w a s  u s e d  t o  e v a l u a t e  

a(1). I f  t h e  d i f f e r e n c e  dl of  a b o n d  l e n g t h  f r o m  t h e  

a c c e p t e d  v a l u e  ( t a k e n  t o  be  C - C  = 1 .542 a n d  C - O  = 

1 .430  •)  is s u c h  t h a t  dl/a is g r e a t e r  t h a n  1 .645,  t h e  

d i f f e r e n c e  is r e g a r d e d  as  o f  p o s s i b l e  s i g n i f i c a n c e  

( C r u i c k s h a n k ,  1949).  I n  t h i s  d e t e r m i n a t i o n  t h r e e  

b o n d s  a r e  f o u n d  t o  h a v e  p o s s i b l y  s i g n i f i c a n t  d i f f e r -  

e n c e s ,  t h e  v a l u e s  o f  dl/a f o r  t h e s e  b o n d s  b e i n g :  

C1-01 ,  2 . 0 0 ;  C9-02 ,  1 .78 ;  C1-C9 , 2 .00.  

T h e  h y d r o g e n  b o n d  l e n g t h s  b e t w e e n  a d j a c e n t  m o l e -  

cu l e s  a r e  s h o w n  i n  T a b l e  5. T h e  b o n d  a n g l e s  w i t h i n  
t h e  m o l e c u l e  a r e  s h o w n  i n  F i g .  4 (a ) .  T h e  m i n i m u m  

s t a n d a r d  d e v i a t i o n  a ( ~ )  o f  b o n d  a n g l e ,  w h i c h  w o u l d  

o c c u r  w h e n  a l l  t h r e e  a t o m s  h a v e  t h e  s a m e  y coor -  

d i n a t e ,  w a s  c a l c u l a t e d  b y  A h m e d  & C r u i c k s h a n k ' s  

16" 
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Table 5. Hydrogen bond lengths 

01 • .. O~. 2.69 A O a . . .  O s 2.83 /~ 
01 • • • O~ 2-91 0 4  • • • 0 6  2.80 
02 .-- O~ 2.79 Oa-. • O~ 2-74 

(1953) method .to be 0.7°; if the y parameters  are 
largely involved it can rise to ama~. = 1"7 °. Six angles 
show significant or possibly significant variat ions d~ 
from the te t rahedral  angle. These are (with dcf/am~,x, in 
brackets):  

C~-O~-C,, 120.1 ° (6.2); CI-C~-O~, 103"8 ° (3.4); 
C4-C3-O 3, 114-2 ° (2.8) ; C4-C5-C6, 114.2 ° (2.8) ; 

O5-C1-C 2, 113.0 ° (2.1); and C2-Ca-Oa, 106.5 ° (1.8). 

Consideration of the y coordinates involved shows tha t  
all these angles are significantly different from 109.5 °, 
even when dcf/,~ma~. < 2.327. The positions of the hy- 
drogen atoms are not  known with sufficient accuracy 
to make the calculation of C-H and O - H  distances 
of any  value. 

The molecule is thus based on a Sachse-Mohr 
'chair-shaped'  pyranose ring with the angle at the 
oxygen atom 120°; in sucrose sodium bromide (Co- 
chran, 1946) and  glucose (MacDonald & Beevers, 1952) 
this angle was considered to be not s ignif icantly dif- 
ferent from 109.5 ° . The significant variat ions in the 
angles involving the extra-cyclic atoms appear  to 
indicate a repulsion between them which results in a 
tendency to move towards the empty  spaces round 0~. 
The two axial  C-O bonds in the molecule show pos- 
sible significant deviations from 1.43, C1-O 1 being 
short as in glucose. 

There is some evidence tha t  the assumed positions 
of the hydrogen atoms are correct, but  i t  is ha rd ly  
conclusive, par t icular ly  for those of the methy l  group 
where it is felt  tha t  different orientations or oscilla- 
tions of the group might  be possible, and for those in 
the hydrogen bonds 0 4 - 0  6, 0 4 - 0  ~ where the other set 
of positions might  be occupied or a stat ist ical  distribu- 
t ion might  occur. I t  should be emphasized tha t  the 
hydrogen atoms in this structure were included on the 
basis of reasonable but  not conclusive evidence pri- 
mar i ly  to ensure the proper ref inement  of the coor- 
dinates of the carbon and oxygen atoms, from which 
in m a n y  cases they  are poorly resolved. The fact tha t  
the major i ty  of them appear satisfactorily on the cen- 
tric b-axis (Fo-F~) projection is reasonably good 
evidence, but the n0n.centric c.axis projection needs 

to be t reated with more caution. According to Cochran 
(private communication),  if the  phases of the heavy  
atoms alone are used, the hydrogen atoms should 
appear  in the correct positions but  with half  their  
correct heights, and with an added random back- 
ground. Fig. 3(b) shows the (Fo-Fc) map with the 
phases of carbon and oxygen atoms only, and Fig. 3 (c) 
shows the map  with the phases of the complete struc- 
ture with the hydrogen atom contributions included 
in the calculation of the phases. The improvement  in 
the appearance of the map  when the complete phases 
are used is, as expected, striking. 

The crystal  structure is determined by  a three- 
dimensional  a r ray  of hydrogen bonds in which all the 
available hydrogen atoms are utilized and in which all 
the oxygen atoms take part .  The water  molecule forms 
four hydrogen bonds, which are arranged in a roughly 
te t rahedral  configuration. The bond O 1 " ' "  06 is un- 
usual ly  long; but  one of length 2.93 /~, again l inking 
a hydroxyl  group and a water molecule, has been 
reported (Pitt, 1948). 

Some of the appara tus  used was purchased with a 
grant  from the Moray F u n d  of the Univers i ty  of 
Edinburgh.  One of us (H. McD. McG.) is indebted to 
the Depar tment  of Scientific and Indus t r ia l  Research 
and to the Carnegie Trust  for the Universi t ies of Scot- 
land for f inancial  support.  
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