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The Crystal Structure of x-Rhamnose Monohydrate

By H. McD. McGeacuiy AND C. A. BEEVERS
Chemistry Department, The University, Edinburgh, Scotland

(Received 21 September 1956)

The crystal structure of «-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 measurcements. 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 (F, —F.) syntheses but their
positions are not completely unambiguous, largely owing to the non-eentrosymmetrical nature of
the erystal, the poor resolution of the atoms in projection and the occurrence of anisotropic thermal

vibrations of the atoms.

Experimental

«-Rhamnose (6-desoxy mannose) is easily crystallized
as a monohydrate by evaporation of a solution in
methyl alecohol (909%) and water (10%). The crystals
are monoclinic and the cell dimensions, obtained by
extrapolation from measurements of high-order re-
flexions on Weissenberg photographs, are:

a=7-910+0-005, b=7-914+0-005, ¢=6-674+-0-004 A;
B = 953715 .

These values agree well with those given by Cox (1931)
and Andress & Reinhardt (1931). The density was
found, by flotation in a mixture of benzene and chloro-
form, to be 1-457+0-005 g.cm.~3, This gives the number
of units of C4H,,0,.H,0 in the cell as Z = 2-005.
The only systematic absences observed in the re-
flexions were (0k0) for k odd, and so the probable
space group is P2;.

Weissenberg photographs, using copper radiation,
were taken about the three axes, for layer lines up
to the fourth, and the intensities were estimated
visually. The specimens used were approximately
cylindrical with diameters of about 0-1—0-2 mm.; no
absorption corrections were applied.

At a later stage the intensities of the (20l) and (%£0)
reflexions were measured, using a Geiger-counter
technique. Cochran’s (1950) procedure, in which the
integrated intensity 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 time of the counting tube has to
be multiplied to correct for the varying counting rates
during this rotation, was taken, in practice, to be
constant by Cochran, although he pointed out that
it would be expected to be a function of 0. Tests of
this indicated that in the experimental arrangement
used here %, could not 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 stationary crystal
at sufficiently close intervals of the crystal setting;
these were adjusted individually for the dead-time
correction and plotted against the angular setting. The
area under the resulting curve, due consideration being
taken of the background, gave the integrated intensity
of the reflexion. The counting rates used were kept
under 500 counts per sec. by inserting calibrated foils.
Readings were taken on a standard reflexion before
and after each measurement to correct for the diminu-
tion of the X-ray output of the set used, which was
a Raymax fitted with rectifying and stabilizing
equipment. The diminution in output is due to the
contamination of the target by tungsten, which could
cause the output to fall by 209 in a week. A series
of measurements on one reflexion, taken at intervals
during the course of the work, indicated that the
standard deviation of the observed intensities was of
the order of 2-59,.

Solution and refinement 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
Patterson 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 additional searchers the
positions of the other molecule and the water molecules
were revealed quite clearly. The discrepancy factor
R,y for this trial structure 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
(F,—F,) 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 (F,—F,) 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 (A0l) 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. Plan of the structure projected down the b axis.
The hydrogen bonds are shown by broken lines.
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in the bond 0;—O; (see Fig. 1 for the numbering of
the atoms), which must belong to O since Oy is the
oxygen atom of the ring; those in the bonds 0,~O,,
0,~0;¢, which form an infinite chain round one of
the screw axes; and those in the chain 0,~Og4, 040,
0,-0,. 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 Cq 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 shown
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 (h%k0) 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
(hOl) refinement. A comparison of the x parameters
obtained from the two projections showed close agree-
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Fig. 2. (a) (Fy,—F,) projection down the b axis with all the
atoms removed. Contours at 0-25 e.A—2; zero contour
omitted. Negative contours are in broken lines. (b) (F,—F;)
projection down the b axis with carbon and oxygen atoms
removed. The assumed positions of the hydrogen atoms are
indicated by crosses. Contours*'at 0-25 e.A~2; negative
areas shaded.
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Fig. 3. (a) (F,—F.) projection down the ¢ axis with all atoms
removed. Contours at 0-2 e.A—2; zero contour omitted.
(b) (Fo—UF,) projection down the ¢ axis with carbon and
oxygen atoms removed. The phases used are due to carbon
and oxygen atoms only. The assumed positions of the
hydrogen atoms are marked by crosses. Contours at 0-2
e.A~2 (¢) As (b) but with phases calculated from the com-
plete structure.

ment, with the exception of O; 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
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this parameter, since a non-centrosymmetrical projec-
tion is inherently less accurate and in this case the
resolution is bad. The final (F,—F,) 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: R, = 7:6%, R0 = 6-39%,.
Figo was excluded from both these summations and
from the difference maps; but values of F, where F,
was unobserved were included in the calculation of R.
The I, were corrected for secondary extinction by
means of the equation I’ = Ij(1-glI), with g =
8-1x 1073,

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

Table 1. Final atomic coordinates and temperature

Jactors
zla y/b zle  Bpor (A?) By (A2)
O1 0-188 0-726 0-110 2-4 1-5
0, 0-880 0-040 0-225 0-8 1-0
(0N 0-060 0-007 0-605 1-5 2-0
0, 0-358 0-182 0-504 0-8 1-0
O, 0-187 0-002 0-016 1-5 2-0
Og¢ 0-328 0-533 0-460 2:0 1-5
Cy 0-087 0-867 0-080 2:0 0-8
C, 0-008 0-906 0-272 0-5 0-3
C, 0-143 0-976 0-431 0-5 2-4
,C4 0-232 0-130 0-353 1-0 1-5
c, 0315 0079  0-159 15 15
Ce 0-402 0-224 0-059 24 24

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
60z/a 80y/b 60z/c 60x/a 60y/b 60z/c

H, 0 48 59 H, 33 15 2
H, 58 47 20 H 6 1 44
H, 14 53 29 H, 21 16 29
H, 8 14 18 H, 2 35 28
H, 24 112 H, 10 40 0
Hy 26 20 11 H, 16 37 20
H, 20 18 59 H, 11 32 40

(H,, H; and Hy are the hydrogens of the methy! group.)

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

16
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1
0(9) = A {E(Fo_Fc)Z}é )

are
o(ona) = 0-245 .22, o (ope) = 0-36 . A-2.

Here o(g;10) has been multiplied by 2 because the
projection is non-centrosymmetrical (Cruickshank,
1950). In these calculations when F, is zero the
highest value of F, which could remain unobserved
has been estimated and used to give (F,—F,); this
applies also to the computation of the difference
syntheses. The corresponding standard deviations in
the atomic parameters, given by

o(x) = 2n{h*(F,—F,)2}}jadC ,

where C is the central curvature of the atom 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
o(x) 0-0075 A —

04 oly) — 0-018 A
o(2) 0-0064 —
o(x) 0-011 —

Cq oly) — 0-020
o(2) 0-010 —

factor (u/(u—n))?, where » is the number of in-
dependent F’s and n the number of parameters to
be refined (Cruickshank, 1949), which is here 36
{two coordinates and a temperature factor for each
of the 12 heavy atoms); in addition, the value of o(y)
includes the factor 2 because of the lack of a centre of
symmetry. The curvatures C were estimated from
electron-density projections with some difficulty be-
cause of the poor resolution; mean values over several
atoms were used for each projection.

The peak heights in the centrosymmetrical b-axis
projection were about 14 e.A-2 for the oxygen atoms
and 9-0-10-4 e.A-2 for the carbon atoms; in the non-
centrosymmetrical c-axis projection the respective
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values were 12-5 e.A—2 and 8:0-9-5 e.A-2. The varia-
tions in peak height showed no striking correlation
with the temperature factors of the atoms, and the
variations 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-
mated visually and used in the refinement of the struc-
ture before the more accurate data were obtained.
The structure factors of this zone were calculated with
the final parameters as a check, using a common
temperature factor and excluding the contributions
of the hydrogen atoms. The agreement was good with
R = 11-89%,. This value was almost the same as that
which had been obtained under the same conditions
in the refinement with visually estimated intensities
for all three projections, in spite of the fact that there
were considerable differences in the two sets of atomic
coordinates. The most disquieting feature of this is
that the former refinement seemed to be near an end
as regards changes in the coordinates. It seems worth
while stressing that in a non-centrosymmetrical struc-
ture such as this, where resolution is poor, good agree-
ment can be obtained with a comparatively inaccurate
structure. The inaccuracy of this projection when the
structure was based on visually estimated intensities
alone must be due to the neglect of the hydrogen atoms
and the failure to use individual temperature factors.
This emphasizes the dilemma outlined above that in
a non-centrosymmetrical structure, particularly when
resolution is bad, the contributions of the hydrogen
atoms are necessary for accurate refinement, but that
until an advanced stage is reached, their positions
may remain unknown.

Observed and calculated values of F,y and Fy, are
shown in Table 4.

Discussion of the structure

The bond lengths are shown in Fig. 4(b). The standard
deviation o(!) of a bond length depends here on its

Fig. 4. Perspective drawing of the rhamnose molecule, showing bond angles and lengths.



H.McD. McGEACHIN AND C. A. BEEVERS 231
Table 4. Observed and calculated structure factors
F, from Geiger-counter measurements, F, from parameters of Tables 1 and 2
b-axis projection
k1 F, F, k1 F, F, k1 F, F, k1 F, F,
10 25-5 34-5 81 6-6 —6-7 g 3 18-9 18-1 § 5 7-8 —7-6
20 18:6 —17-8 82 66 —6-9 13 50-3 48-5 45 0 —0-1
30 4-2 —4-6 72 32 —4-7 03 6-9 —71 35 0 —3-0
40 232 —22-2 § 2 14-2 15-1 13 13-5 —12-8 _§_ 5 0 0-2
50 4-9 4-6 52 12-3 13-3 23 4-3 —3-8 15 10-3 10-0
60 11-1 11-0 42 9-6 —9-8 33 15-2 —15-2 05 0 0-0
70 5.1 —6-1 32 18-1 17-8 43 22-6 24-0 15 8-2 84
80 25 —25 22 105 —90 53 245 23-6 25 1-9 1.9
81 6-7 —6-3 12 9-7 —9-4 6 3 0 —1-0 35 15-9 —15-0
71 9-3 9-6 02 32-9 34-3 73 36 35 45 2-0 —0-3
61 22 15 12 302  —288 74 29 —24 55 0 —2:3
51 87 9-6 22 21-7 —21-2 6 4 16-4 17-7 56 55 6-4
i1l 4-8 —4-2 32 87 —89 54 10-5 11-7 i6 2:7 —4-4
31 47-1 —46-9 42 17-4 —16-8 44 13-7 —13-8 36 0 —1-2
21 186 —181 52 1-1 0-7 34 129 12-9 26 170 —17-1
11 29-7 31-2 6 2 0 —24 24 13-7 14-0 16 18-3 —18-5
01 72 —55 72 16-3 —16-1 14 1-6 —1-6 06 36 —2-7
11 20-4 —20-2 82 84 —~75 04 83 - 8-0 16 7-0 —6-8
21 15-0 13-6 83 2-6 —31 14 9-3 —87 26 6-2 —5-0
31 14-7 —13-7 73 4-2 —4-1 2 4 13-0 —10-2 36 7-9 90
41 11-2 11-2 63 14-8 —16-5 34 1-0 —1-8 46 77 85
51 10-5 11-2 53 0 —2-1 4 4 53 —4-6 17 10-0 9-5
61 74 —7-3 4 3 50 6-2 54 6-1 —4-9 07 0 —2-1
71 0 —1-4 33 11-9 —12-6 6 4 3-2 2-4 17 2-9 —1.7
c-axis projection

hk r, 4 B F, Bk F, —4 B F,
02 41-2 32-3 27-2 42-2 11 26-1 50 26-2 26-7
12 39-6 32-9 —231 40-2 21 44-9 —39:7 18:5 43-8
22 26-8 —2-1 —27-7 27-8 31 8-0 4-8 45 6-6
32 1-4 —0-7 2-6 2-9 41 6-4 55 —0-7 55

4 2 97 —31 —87 9-2 51 9-6 —1-8 9-2 9-4
52 15-3 —14.5 —11 14-6 61 13-6 4-6 12-5 13-3

6 2 50 4-8 3-0 57 71 54 —51 3-7 6-3
72 6-2 4-2 —52 6-7 81 0 —0-3 1-6 1-6
8 2 30 —2-2 —14 2-6 13 6-0 —4-3 — 57 7-1
04 250 25-8 0-9 25-8 23 24-5 24 24-8 25-1
14 7-3 57 2-2 6-1 33 20-7 —20-7 —3-8 21-0

2 4 6-4 —4-9 —1-8 5:2 4 3 15-3 —17-8 —12:7 14-9

3 4 12-2 —11-6 1-4 11-8 53 7-8 4-8 6-3 7-9
4 4 13-2 —12-5 —2-1 12-7 6 3 4-8 3-9 3-8 54
54 16-5 32 —16-0 16-3 73 9-9 6-3 9:0 11-0

6 4 7-8 61 —2-6 6-6 15 13-6 —14-1 0-9 14-1
74 0 —0-2 1-4 1-4 25 2-8 —35 —0-3 3-5
06 22.7 77 21-1 22-4 35 9-7 3-3 88 9-4
16 3-8 2.7 31 41 45 6-0 4-1 -—35 54
26 0 —1-8 14 2-3 55 81 8-6 —1-7 8-8
36 54 —2-8 4-2 50 65 4-8 0-4 5:2 52

4 6 13-9 —172 —10-2 12-5 17 8-6 —38 85 9-3
56 4-6 —2:6 —29 39 217 15-9 —2-9 15-9 16-2
08 6-1 5-8 3-4 6-7 317 2-2 1-2 0-9 1.5
18 9-3 8-0 37 8:8 47 4-3 —0-4 -39 3-9

2 8 41 —0-2 37 37

38 10-3 —6-8 6-7 9:5

direction, since o(z) = ¢(y) + o(z). The formula of
Ahmed & Cruickshank (1953) was used to evaluate
a(l). If the difference di of a bond length from the
accepted value (taken to be C-C = 1-542 and C-O =
1-430 A) is such that dl/o is greater than 1-645, the
difference is regarded as of possible significance
(Cruickshank, 1949). In this determination three
bonds are found to have possibly significant differ-

ences, the values of dl/o for these bonds being:
C,—0,, 2:00; C,-0,, 1-78; C,—C,, 2-00.

The hydrogen bond lengths between adjacent mole-
cules are shown in Table 5. The bond angles within
the molecule are shown in Fig. 4(a). The minimum
standard deviation ¢(p) of bond angle, which would
occur when all three atoms have the same y coor-
dinate, was calculated by Ahmed & Cruickshank’s

16*
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Table 5. Hydrogen bond lengths
0,---0; 2694 O,++-0; 2834
0,0 291 0, -0, 280
0,---0, 279 0,---0] 274

(1953) method .to be 0-7°; if the y parameters are
largely involved it can rise t0 0y, = 1-7°. Six angles
show significant or possibly significant variations de
from the tetrahedral angle. These are (with dg/op,,, in
brackets):

Cs—05-Cy, 120-1° (6:2); C;—C,-0,, 103-8° (3-4);
0,—Cy-0s, 114:2° (2:8); C—Cy—Cg, 114-2° (2-8);
0,-C;~Cy, 113:0° (21); and C,—Cy—0,, 106:5° (1-8).

Consideration of the ¥ coordinates involved shows that
all these angles are significantly different from 109-5°,
even when dg/oy., < 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 significantly dif-
ferent from 109-5°. The significant variations 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 O;.
The two axial C-O bonds in the molecule show pos-
sible significant deviations from 1-43, C,-O, being
short as in glucose.

There is some evidence that the assumed positions
of the hydrogen atoms are correct, but it is hardly
conclusive, particularly for those of the methyl group
where it is felt that different orientations or oscilla-
tions of the group might be possible, and for those in
the hydrogen bonds 0,~04, 0,~Og where the other set
of positions might be occupied or a statistical distribu-
tion might occur. It should be emphasized that the
hydrogen atoms in this structure were included on the
basis of reasonable but not conclusive evidence pri-
marily to ensure the proper refinement of the coor-
dinates of the carbon and oxygen atoms, from which
in many cases they are poorly resolved. The fact that
the majority of them appear satisfactorily on the cen-
tric b-axis (F,—F,) projection is reasonably good

evidence, but the non-centric c-axis projection needs

THE CRYSTAL STRUCTURE OF x-RHAMNOSE MONOHYDRATE

to be treated 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 (F,—F,) 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 array 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
tetrahedral configuration. The bond O, - - - O4 is un-
usually long; but one of length 2:93 A, again linking
a hydroxyl group and a water molecule, has been
reported (Pitt, 1948).

Some of the apparatus used was purchased with a
grant from the Moray Fund of the University of
Edinburgh. One of us (H. McD. McG.) is indebted to
the Department of Scientific and Industrial Research
and to the Carnegie Trust for the Universities of Scot-
land for financial support.
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