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The Crystal and Molecular Structure of f-Lyxose

ASBJORN HORDVIK

Chemical Institute, University of Bergen, Bergen, Norway

The crystals of f-lyxose belong to the space group P2,2,2,, with
unit cell dimensions: @ = 9.58 A, b = 10.35 A, and ¢ = 6.515 A.
There are four formula units per unit cell.

The structure has been solved by direct sign determination, and
the atomic parameters refined by least squares methods. The refine-
ment comprises 683 observed hk0—hk5 and Okl reflections.

B-Lyxose occurs in the conversion form le2a3e4e with C—C bond
lengths in the range 1.509—1.538 + 0.007 A, C,—0, = 1.364 4+ 0.006
A, and the other C—O bond lengths varying from 1.399 to 1.435 +
0.006 A. Nine of the fourteen bond angles in which only carbon and
oxygen are involved, deviate significantly from the tetrahedral value.
No carbon atom seems to be ““ideally’’ sp® hybridized, and the observed
differences in C—C and C—O bond lengths which probably are real,
may be explained in relation to hybridization effects.

In the crystal there is a complete set of hydrogen bonds:
0,05 = 2.808, 040, = 2.958, 040, = 2.762, and 0,0, =
2.697 4 0.005 A. There is further an intramolecular contact of
2.35 + 0.05 A between H,, bonded to O,, and O,.

Reeves 1in 1950 proposed a scheme from which the normal conformation
of various pyranose sugars may be predicted. The scheme is based on three
stability factors, assumed to be of different importance and therefore given
different weights. Thus, an axial group (other than hydrogen) is assumed to
represent one instability unit, a CH,OH group in 5 position with an axial
hydroxyl group on the same side of the ring (the Hassel and Ottar effect 2) 0.5
instability unit, and hydroxyl groups in le2a configuration (the 42 condi-
tion 1) 2.5 instability units. According to Reeves: ‘“Conformational instability
is anticipated (but not necessarily realized under all experimental conditions)
when the two forms differ by not more than one instability unit; or when the
most stable ring form contains as many as 2.5 instability units.”

The conformations of a-glucose,®* B-arabinose,’® a-rhamnose,” a-xylose,?
and B-glucose,® found through X-ray structure studies, agree with Reeves’
predictions. For 2-deoxy-f-ribose 1° the conversion form la3e4a, which accord-
ing to the above is less stable than the alternative le3ade, has been found to
crystallize. Since the difference in stability between the two forms is small,
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only one unit, it is assumed that the conformation may be determined by
crystal forces.

The conversion forms for f-lyxose are le2a3e4e and la2e3ada, and the
sum of instability units for the two forms are 2.5 and 3, respectively. Although
thus Reeves’ criterion favours the former to a small degree, stability considera-
tions based on overlap of non-bonded atoms ! seem to favour the latter, and a
structure investigation of f-lyxose was therefore thought of interest.

EXPERIMENTAL

B-Lyxose crystallized from acetonitrile as orthorhombic needles elongated along
.the ¢ axis. The crystals belong to the space group P2,2,2, with Z = 4, and with the unit
cell dimensions, @ = 9.58 A, b = 10.35 A, and ¢ = 6.515 A. The experimental error is
believed to be within 0.2 9.

The intensities of the hk0—hk5 and Okl reflections were estimated visually from
Weissenberg photographs taken with CuKa« radiation, of crystals with cross-section
0.05 X 0.05 mm. By using exposure times of 70—80 h, 683 of the 728 reflections obtain-
able with CuK« could be measured, with a range of intensities of 500 000 to 2. The inten-
sities were corrected in the usual way to give sets of relative structure factors. Common
reflections in hk0—hk5 and 0kl were used to put all the reflections on the same scale.

The calculated structure factors in Table 7 are based on the scattering curves for
oxygen, carbon and hydrogen given in the International Tables, 1? the first set of the listed
scattering factors for carbon being used.

STRUCTURE DETERMINATION

The structure was solved in the ¢ axis projection by means of direct
methods, and a brief account of this has been reported earlier.}® A more detailed
description of the procedure, which mainly follows a method by Woolfson,4
is given here. Observed Ak0 structure factors were put on an absolute scale by
means of Wilson’s method,'® and unitary structure factors down to U = 0.10
were calculated.

The 23 reflections with unitary structure factors > 0.22 were arranged in
four groups denoted a, b, ¢, and d. Within the respective groups the sign and
indices are represented by a;, b;, ¢; and d;, and corresponding unitary structure
factors are given in brackets.

a heven k even b heven k odd
$(4,0,0) = a,(0.45) $(2,1,0) = b,(0.41)
8(8,0,0) = a,(0.31) 8(2,3,0) = b,y(0.26)
8(0,8,0) = a,(0.32) $(2,11,0) = b4(0.26)
$(4,2,0) = a,(0.26) 5(4,9,0) = b,(0.25)
$(6,8,0) = a,(0.30) 8(6,1,0) = b;(0.22)
8(6,10,0) = a,4(0.30) 8(6,5,0) = b4(0.24)
$(8,4,0) = a,(0.33) 8(6,9,0) = b,(0.25)
5(8,8,0) = a4(0.23) $(8,9,0) = b,(0.22)

8(10,5,0) = b,(0.26)

¢ hoddk odd d hoddk even
8(1,18,0) = ¢,(0.22) $(1,12,0) = d,(0.26)
8(7,9,0) = ¢,(0.26) $(9,8,0) = d,(0.26)

$(11,5,0) = ¢4(0.23)
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By comparing the Patterson c-projection of f-lyxose with the Patterson
a-projection of B-arabinose ® it became obvious that the ‘“plane” of the g-
lyxose molecule had to be nearly parallel to the crystallographic bc plane.
From this, and a consideration of the Bragg-Lipson charts for the two strongest
reflections, 4,0,0 and 2,1,0, it could be concluded that the structure invariant
4,0,0 most probably had to be negative. The same information is given by the
relationships: _

8(2,1,0)-5(2,1,0)(U = 0.41) = 5(4,0,0(U = 0.45) = —
8(2,3,0)-5(2,3,0)(U = 0.26) ~ 5(4,0,0) ~ —

5(2,11,0)-8(2,1T,00(U = 0.26) = 5(4,0,0) =~ —

From the above, a, was taken to be negative, and the following products
were found to interrelate reflections of group a:

Aoyt = -+

Aul,Gy = Ay = -+
@,Q,0;3 = Gz =
0,0, = a4, = +

No relationship include a; and a4, and for the remaining five reflections of
group a there are 25 possible sign sets of which two satisfy the four relation-
ships. For the subsequent derivation of b signs, it was desirable to include a4
and a;, and by this the number of possible sign sets for group a increased to
eight. These were arranged in two groups, 4 and B.

a, a, a, a, a, a, a, a,
A Sign sets 1—4 — + + + + + + +
B Sign sets 5—8 — + + — 4+ + + +

The sign relationships which related one member of group @ with two mem-
bers of group b were then sought, and these are given in Table 1.

b, was chosen to be positive, and then two sign sets from group 4 and two
from group B gave, by means of Table 1, well developed sign sets for group
b. The other four sign sets of group A and B gave poor interrelation of group
a and b, and were therefore rejected. b, could not be derived on the basis
of group B.

Then ¢, was chosen to be negative and it followed from the relationship
€€y = @, = —+ that c, was probably also negative. The probable sign for d,
was found from the relationships ¢,by = dy = + and ¢,b, =~ dy = +

Thus finally two sets of signs were derived for 20 reflections on the basis
of group A4, and two sets of signs for 19 reflections were derived on the basis
of group B. The two sign sets based on group 4 had 15 signs in common,
and the two sign sets based on group B had the same. The Fourier maps
corresponding to the “common signs’” were calculated and examined. The
signs based on group 4 could then be rejected, while the signs based on group
B gave a Fourier map which showed a rough picture of the molecule.

It was now desirable to obtain more detailed Fourier maps in order to find
out which one of the two group B sign sets was right. Therefore signs for
reflections with unitary factors down to 0.10 were derived from the equation
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Table 1. Sign relationships between one member of group a and two of group b.

bl b? bﬂ b‘ bi bﬂ b7 b8 bﬂ
B !
a | a
6 5
b, —a, —a, —a, —ag a,
—ay i —Qq
i
a a
7 8
b, —a, a, —ay
a, N I
b, as ay i
b e !
. —
__a5 [
=i
a
7
b, —a, as
a, !
a
8
b, —a, —
a,
b, —ay, a, Qs
a
5
b, —
b, i a, —a, — ;
|

of Cochran and Woolfson,® s(h) = s(3w Un Uy + w). The corresponding
Fourier maps were calculated and are shown in Fig. la and b. They both
gave a picture of the molecule and could both be interpreted. The interpreta-
tions turned out to be almost the same, but turned 180° relatively to each

0

0

(

1/41——
x

(a)

Fig. 1. (a) and (b). Electron density projection on the (001) plane corresponding to the two
most probable sign sets. (b) represents the correct ¢ projection of the g-lyxose molecule.
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STRUCTURE OF f-LYXOSE 1947

Fig. 2. Bond angles (°, right) and bond lengths (A, left) in the g-lyxose molecule.

other about z/8, y/4 in the projection plane. They were both refined by Fourier
and difference technique, and while the refinement of the interpretation on
Fig. 2a stopped at R = 0.26, the interpretation on Fig. 2b could easily be
refined down to R = 0.15, a satisfactory value. The contributions from the
hydrogen atoms were so far not included in the structure factors.

Approximate z-coordinates for the carbon and oxygen atoms were easily
estimated from a consideration of probable hydrogen bonds in the crystal
structure, and thereafter the atomic parameters were refined by least squares
methods on an IBM 1620 computor, using a program designed by Mair.}”
Weighting scheme No. 3, recommended by Mair, was used with @ = 12 and
b = 17.5. The refinement comprised the 683 hkO—hk5 and Okl reflections.
Anisotropic temperature factors were applied to carbon and oxygen and
isotropic temperature factors to hydrogen.

Final coordinates and temperature parameters are given in Tables 2 and
3, respectively. The observed and calculated structure factors are listed in
Table 7. The conventional agreement factor R for all reflections as listed in
Table 7, did not improve beyond 0.074. '

Table 2. Atomic coordinates in fractions of corresponding cell edges.

Atom x Y z

C, 0.3479 0.1194 —0.0735
C, 0.3705 0.2569 —0.1565
C, 0.3419 0.3556 0.0127
C, 0.4242 0.3277 0.2051
C, 0.4007 0.1875 0.2689
0o, 0.3812 0.0252 —0.2115
0O, 0.5089 0.2612 —0.2245
0O, 0.3749 0.4825 —0.0593
0, 0.3823 0.4054 0.3707
O, 0.4333 0.1017 0.1053
H, 0.248 0.103 —0.035
H, 0.311 0.273 —0.262
H, 0.236 0.357 0.057
H, 0.532 0.339 0.141
H; 0.465 0.163 0.371
H, 0.304 0.169 0.319
H, 0.471 0.041 —0.269
H, 0.520 0.314 —0.298
H, 0.314 0.519 —0.106
H,, 0.434 0.456 0.383
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Table 3. Temperature parameters, f;; for carbon and oxygen, and B for hydrogen. The
expressions used are exp—(h28,, + k2B + 1?33 -+ hkB,; + klBss + hlB,s) for carbon
and oxygen, and exp—[B(sin20/4%)] for hydrogen.

Bll ﬁ22 ﬁs:s ﬁas ﬁl:l BIZ
C, 0.0141 0.0103 0.0199 0.0004 —0.0055 0.0014
C, 0.0135 0.0106 0.0267 0.0002 —0.0046 0.0015
C, 0.0125 0.0093 0.0214 0.0048 —0.0003 0.0007
C, 0.0133 0.0100 0.0231 —0.0010 0.0001 0.0003
G 0.0181 0.0106 0.0185 0.0009 —0.0018 0.0016
0, 0.0181 0.0109 0.0308 —0.0084 0.0000 —0.0005
0, 0.0169 0.0112 0.0281 0.0009 0.0101 0.0010
(08 0.0143 0.0100 0.0378 0.0094 0.0020 0.0023
0, 0.0167 0.0108 0.0282 —0.0073 0.0054 —0.0036
O, 0.0168 0.0098 0.0236 0.0012 —0.0026 0.0041

H! Hz Hﬂ Hd Hs Ho H7 H8 Hi? Hlo
B 07 77 21 18 23 26 84 49 42 53

Table 4. Bond lengths I and standard deviation in bond length a(!) in the g-lyxose mole-

cule.
Bond 1(4) a(l) ()
C,—C, 1.538 0.007
C,—C, 1.528 0.007
C;—C, 1.509 0.007
C,—C, 1.525 0.006
C,—0, 1.364 0.006
C;—0, 1.399 0.006
C;—O0, 1.430 0.005
C,—0, 1.405 0.006
C,—O, 1.422 0.006
C,—0, 1.435 . 0.006
C,—H, 1.00 0.04
C,—H, 0.91 0.05
C,—H, 1.05 0.04
Cc,—H, 1.12 0.04
C,—H, 0.94 0.04
C,—H, 1.00 0.04
0,—H, 0.96 0.05
0,—H, 0.73 0.05
0,—H, 0.76 0.05
0,—H,, 0.73 0.05
DISCUSSION

It has been found, cf. Fig. 2, that $-lyxose in the crystalline state has the
conversion form le2a3ede, which from Reeves’ stability scheme possesses 2.5
instability units against 3 for the alternative form la2e3a4a.

Bond lengths and angles for the f-lyxose molecule as derived from the coor-
dinates in Table 2, are listed in Table 4 and 5 and, apart from those involving
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Table 5. Bond angles in the B-lyxose molecule. The standard deviations for C—-C—-C,
C—C—O0, and C—O—C angles are 0.4°, for angles including one hydrogen 4°, and for
the H;—C; —H, angle 6°. .

Angle (°) Angle (°)

C,—C,—C, 109.9 0,—C,—H, 109
C,—Cy—C, 112.2 0,—C,—H, 106
C,—C,—C; 109.4 C,—C,—H, 112
C,—C;—O, 110.9 C¢,—C,—H, 110
C;—0;—C, 113.8 C;—C,—H, 108
0,—C,—C, 108.9 0,—C,—H, 111
0,—C,—0, 108.1 C,—C,—H, 112
C,—C,—0, 113.4 C,—C,—H, 106
C,—C;—0, 105.9 0;—C,—H, 107
C;—C,—O, 112.2 C,—C,—H, 99
C,—C;—0;, 109.8 C;—C,—H, 110
C,—C;—0;, 109.4 0,—C,—H, 120
C;—C,—0, 112.3 C,—C,—H, 111
C,—C,—O, 107.0 0,—C,—H, 102

C,—C;—H, 114
C,—0,—H, 110 0,—C;,—H, 109
C,—0,—H, 111 H,—C;—H, 109
C;—0;—H, 114
Cc,—0,—H,, 107

Table 6. Atomic distances and angles of interest for the 42 condition and for hydrogen
bonding. The standard deviations are 0.005 A in the distances and 0.4° in the angles.

Distance (A) Angle (°)
—0,-0, 2.267 0,—C,—C,  113.4
. 0,--0 2.733 C,—C,—0 105.9
42 condition 0,0, 2.805 0,—C,—C, 1089
_ 0,—C,—0,  108.1
0,0y’ 2.808 C,—0,-0,y  131.1
0,--0 2.958 Ci—0.0-0r 1143
Hydrogen bonds 05---0,/ 2.762 Coe 0,0 104.0
_0,-0y 2.697 Ci—0.-0r 1068

hydrogen, shown in Fig. 2. The carbon-carbon bond lengths are in the
range 1.509—1.538 4 0.007 A, the C;—0, bond is 1.364 4 0.006 A, and the
lengths of the other carbon-oxygen bonds vary from 1.399—1.435 4 0.006 A.

The author believes that the observed differences in carbon-carbon and
carbon-oxygen bond lengths are real and should be seen in relation to hybri-
dization effects. At least this seems to be indicated from the first fourteen
entries of bond angles in Table 5. If three times the standard deviation is taken
as a significant figure, nine of these bond angles deviate significantly from the
tetrahedral value, 109.5°, and none of the five carbon atoms seems to be
“ideally’ sp® hybridized. It is therefore likely that the various carbon bond-
ing-orbitals possess different degrees of s and p character, diverging slightly
from ideal sp® hybridization, and reflected in different bond lengths.
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The g-lyxose molecule as it occurs in the crystal, represents a compromise
between energy factors including interaction with environment as well as
atomic hybridization. One can therefore hardly a priori deduce which of the
carbon bonding orbitals has the greatest s-character. However, from the

Table 7. Observed and calculated structure factors for g-lyxose.

HKL P r, H K L P, P, HKL F Fe H KL r, P,
2 59424 6 1 0,73 I8 1 18.86 17459 8 6 1 2.53
- 70,99 6 8 6,68 19 1 1148 11,20 8 7 1 2.52
6 1.89 6 9 5.02 110 1 TeAT 7417 8 8 t 2.52
8 15,00 6 10 4,98 [ 2499 2.8Q e 9 9 3417
0 0,78 6 11 1.32 112 2449 2,53
12 0.26 : 113 1448 1496 9 11 4.l6
7T 4,33 9 2 | 0,60
2 4090 7 2 5499 2 1 | 24418 24,54 9 3 1 2435
4 217 7 3 0461 Z Z 1 16438 16445 9 4 1 4,29
6 1a74 1 4 3,14 Z 3 1 10,58 10,40 9 8 1 0,76
[3 16438 75 4,24 2 4 1 6439 5.60 9 6 1 0475
10 2.78 76 [ 2] 2 5 7489 7.65 9 7 1 leb!
12 2.97 77 0498 2 6 1 10475 10,79 9 8 | 1499
78 3.19 2 71 4062 4012
(] 7448 79 2458 2 8 | 13465 13.53 o1 3.63
[ 1ede 710 1446 2 91 2476 2430 10z Tobt
13 1086 210 1 2.26 3417 103 1t 3.00
[ 15,07 (] 211 1 < 0.58 0,33 10 6 4.68
[ ] 4432 8 2 212 0e67  0.05 105 1 2463
[y 5,99 8 3 10 6 1 lelb
17 3.86 [ 31t 29.66 28476 107 4 1eb!
(] 0490 85 32 1 30,22 29.83
19 fal9 8 6 3 3 9463 9454 11 1 1 < 0480 Oubb
110 < 0,50 a7 3 4 1 10455 1159 112 ) < 0s49 0,39
1 < 0446 (3] 3 5 | 17428 17.93 o3
1z 3473 8 9 3e11 3,07 3 6 ) 13.62 13,79 s
13 2.67 37 7,08  7.02 "wos
9 1 1270 1466 3 8 | 9409 8446
2 112495 9 2 1495 1480 3 9 1 11416 10,53 12 0
2 2 27.41 9 3 2.13 2.3 310 1 0490 0449
2 2 56479 9 4 3,73 3,82 341 4 1.49 1,37 1 2
2 & 11499 9 5 0,88 0,54 312 1 1067 1477 2 2
z 5 5447 9 6 1467 1458 3 2
2 6 8447 9 7 0,62 0,73 41 8.07 8.58 “ z
z 7 1436 9 8 4.28 Al 4 2 1 13428 13.93 5 2
2 e 0,77 4 3 | 2421 2428 6 2
2 9 5445 (L] 1476 1,40 4 4 1 8437 8,99 7 2
2 10 1406 10 2 0,93  0.8% 4 5 B.b4 8,69 8 2
21 4453 10 13 < 0,45 0,17 4 6 1 3493 3,54 9 2
212 2408 10 & 3458 3,92 4 71 4056 AT 10 2
213 351 10 s 3449 4,06 4 8 1 2492 2466 " 2
10 & < 0435 0,10 4 9 1 TeT6 8421
31 3el4 4 10 ) 4s10 3,82 |2
3 2 7470 "o 0.8% 1,00 PRI te46 1427 2 2
3 3 2446 [ < 0438 0,32 412 1eld 1,08 3 2
3 & 10449 13 4 2
35 1455 "n e 5 1 1 17419 17496 5 2
36 7406 s 5 2 | 22416 20417 6 2
37 1495 5 3 1 5.97 6426 7 2
308 < 0,50 12 5 & 1 TeS54 7496 8 2
29 1461 12 2 5 5 1 10417 10,87 9 2
310 1416 5 6 I 5059 6428 10 2
341 0462 0,62 \ s 7 1 2,72 2.M) "z
312 0442 0432 2 5 8 1 .65 3,71 12 2
3 5 9 ¢t 3,70 3,79,
4 8447 8,66 4 510 1 2432 2,54 [
4 2 31492 33,41 ] 5ot 0499 1404 12 2
4 3 11493 11,94 6 132
L 0461 1409 7 6 1 1 11.66 1140 14 2
4 5 < 0442 0,62 8 6 2 1 2437 2448 [
4 6 8429  8.91 9 6 3 1 3439 3,35 I 6 2
47 2453 2.51 10 6 4 1 10475 11437 Vo712
48 3445 3,84 " 6 5 1 8418 8419 18 2
49 5490 6451 1z 6 6 | 5085 6497 19 2
410 3416 3,62 6 7 1 1458 1458 ti10 2
4N 1odl 1,63 ' 6 8 | 3492 4439 12
412 0457 0466 z 6 9 1 3462 3466 tiz 2
3 610 1 1478 2400
5 15400 16,86 “ 611 1 0453 0457 2 12
5 2 Telh 0,96 5 2 2 2
5 3 1060 1,86 6 70t 5401 4,92 2 3 2
5 & 4061 4e54 7 72 6497 6475 2 4 2
5 5 5e5) 5417 e 7 3 3.22 .24 2 5 2
5 6 3463 467 9 7 40 4.8 479 2 6 2
5 7 151 1,30 to 7 5 | 525 556 2 12
5 8 < 0,50 0433 " 7 6 2.36 2419 z2 8 2
5 9 3,17 3.58 12 71 1422 1,50 z2 9 2
510 1404 1,22 13 7 8 | 2431 245 z10 2
5 1 < 0,37 0414 7 91 3.7 4439 z21 2
(] 790 1e31 1,40 212 2z 1468 1,69
6 1 16069 16445 "z
6 2 8489 8.1 13 8 | 1 <0466 3 1 2 24,37 25,08
6 3 2.89 3,37 [} 8 2z 2.98 3 2 2 15.25 15,92
6 4 56483 5.4l Vs 6 3 1 4463 3 3 2 19.68 21,95
6 5 9457 10446 16 8 4 | 8439 3 4 2 13,40 13419
6 6 3437 3.50 [ 8 s 1 3.46 3 5 2 12468 12,78
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HEL B F KL Fo Fg HKL F, F HEKL ® R
3 6 2 7.30  7.00 3 3 9451 6 1 3 3439 3 1 & 3.33 3,02
3 7 2 bLeTh  bab2 b 3 6430 6 8 3 2425 3.2 4 4e26 342
3 B 2 671 6436 6 3 0,98 6 9 3 1e16 3 3 4 2453 2.8¢
3 9 2 2452 2452 7 3 0446 610 3 2.56 R 3446 3,72
310 2 2,73 2463 [ 3 4462 3 5 4 438 6.15
311 2 2465 2446 9 3 1031 713 5426 3 6 4 Td9 6489
312 2 <0455 0440 10 3 0,84 7 2 3 7428 3 7 & 45T 4470
" 3 0485 73 3 3.05 3 8 4 4016 3498
4 1 2 15,58 15426 7 4 3 6453 3 9 4 < 0.98 1426
4 2 2 1618 15.31 [ 5457 7% 3 3.20 310 4 < 0,82 0.89
6 3 2 2 3 76 3 1,78 310 4 1482 172
4 6 2 3 3 71 3 3,65
4 s 2 4 3 7 8 3 2.29 o 1 & T80 8,79
4 6 2 5 3 79 3 1463 4 2 4 11430 11,65
4 1 2 6 3 4 3 & 10,75 10.8)
“ 8 2 7 3 8 1 3 1.87 4 & b 2027 2,23
4 9 2 8 3 8 2 3  S.2 . 5 4 8443 9485
410 2 9 3 8 3 3 5.48 4 6 4 1218 12,59
6112 10 3 8 4 3 2484 4 7 4 5.23  5.06
412 2 o3 8 5 3 3.57 4 8 & 3452 .41
iz 3 8 6 3 3.29 4 9 & 0,91 0498
s 1 2 8 7 13 1470 410 & < 0.73 0445
5 2z 2 13 8 8 3 3415
5 3 2 t 2 3 s 1 4 3,77 6,08
5 4 2 3 3 9 1 3 1494 5z 4 TelZ  7.85
5 5 2 [ 9 2 3 287 5 3 4 2403 2.2t
5 6 2 15 3 9 3 3 3455 S & & 4455 666
5 7 2 t 6 3 9 4 3 1440 5 5 & 2463 2463
5 8 2 [ 9 5 3 1a47 s 6 & 2435 3,16
5 9 2 1 8 3 9 6 3 1466 5 7 & 3429 3436
510 2 19 3 9 7 3 2.08 5 8 6 1.80 1,57
511 2 110 3 s 9 & 1416 1416
b3 10 1 3 0,86 0,80 510 & 2,09 2.20
6 1t 2 11z 3 0 2 3 0,86 0,7t
6 2 2 10 3 3 2,76 2430 6 1 4 4.89 6404
6 3 2 213 10 4 3 1426 117 6 2 4 2,08 2,5
6 4 2 z z 2 10 5 3 1490 2,00 6 3 & 4,62 5416
6 5 2 z 3 3 10 6 3 0,77 1,06 6 & & 2496 2498
6 6 2 2 4 3 6 5 & 1e35 1471
6 1 2 2 %5 3 1t 3 0.88 0,88 6 6 & 461 5,03
6 8 2 2 6 3 1l 2 3 < 0,7 0,00 6 7T & 3,06 2497
6 9 2 213 13 3 0.82 0462 6 8 & 3,70 4433
610 2 2 8 3 6 9 4 0496 0495
61+ 2 2 9 2 1 4 0.97 0.58
210 3 2 “ 1e16 1439 71 6 4483 5,55
712 z1it 3 3 4 leb6 1439 T2 4 2e49 2472
72 2 212 3 4 4 8.75  5.80 7 3 6 4495  8.50
73 2 s 4 < 1,06 0445 7 4 & 3447 3466
7 4 2 301 3 6 4 40 8,76 75 & Fek6 1,23
75 2 3 2 3 7 “ 1494 2,68 7 6 & 1e36 1,77
76 2 3 3 3 8 4 < 1,07 0,86 77 4 0,85  0.87
77 2 3 4 3 9 4 < 0,95 0,64 78 4 1410 1426
78 2 35 3 10 “ 119 1,27
79 2 3 6 3 8t & 1026
710 2 3.1 3 1 & 16492 16444 8 2 &4 4,06
38 3 2 & 11449 11459 8 3 4 5e24
8 1 2z 3 9 3 3 4 10,32 9,70 8 4 4 1457
8 2 2 310 3 4 4 14eTl 13,46 8 5 & 2493
8 3 2 301103 S 4 14497 13434 8 6 & Tet3
8 4 2 6 6 15.93 16,42 8 1 4 1476
8 5 2 4 13 7 4 4476 3489
86 2 4 2 3 8 4 2,29 2448 9 1 & 2408
8 7 2 6 3 3 9 & 2.2 2,28 9 2 & 468
8 8 2 6 & 3 10 6 4469 4427 9 3 & 1437
89 2 4 5 3 "n s 9,09 4,23 9 4 4 0420
4 6 3 9 5 4 0,77
9 1 2 4 7 3 [ Y 8452 7.83 9 6 & 1e12
9 2 2 “ 8 3 12 6 8460 4430
9 3 2 4 9 3 I3 4 8410 7439 10 1 4 2426
9 4 2 410 3 [ 5412 4460 10 2 & 1422
9 8 2 413 I 5 4 1016 8,97 10 3 & 1e12
9 6 2 | 6 & 6483 6457 10 ¢ 4 1.82
9 7 2 5 1 3 T4 7488 7.25
98 2 5 2 3 I8 & 1492 1455 ' s 904
5 3 3 t o9 4 1627 0,48 2z 5 3.8
10 1 2 5 4 3 110 % 1691 1eb9 3 5 0,30
10 2 2 55 3 [ 1e46  1e12 o 5 2445
10 3 2 5 6 3 s s 119
|° 4 2 s 73 21 6 8a16 7473 6 s 6.28
05 2 5 8 3 2 2 & 10,75 9,67 7 s 3436
10 6 2 5 9 3 2 3 &4 10,06 9,93 8 5 1426
s 10 3 2 4 4 12,07 11,51 9 ] 1409
nooz s 3 2 % &4 T.al 7,30
"oz 2 2 6 &  9.50 9.06 (B} 5490
o3 2 6 | 3 2 T 4 13400 13,37 2 5 [
H o4 2 6 2 3 2 B 4 5429 5,08 25 5.6%
6 3 3 zZ 9 4 2.86 2,31 4 s 0,62
' 3 6 & 3 210 4 1e8) 1,438 5 5 127
2 3 6 5 3 211 4 1428 1434 6 5 531
3 3 6 6 3 78 3016 2.89
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KL Fy F, H KL F F, H KL Fo Fo WKL Fy F.
a5 1433 [KL]] 3 2 5 13.964 15,85 5 8 5 < 0.64 0.26 4 2,75 3,23
9 5 4437 3.91 3 3 5 9459 10,70 6 6488 6457
1o s 2410 2416 3 4 5 5e21 5.16 6 | 5 284 3.42 8 2410 le06
3 5 5 4e31 4407 6 2 5 2439 2.80
L - 8.40 Belb 3 6 5 4468 477 6 3 5 < 0.89 0.82 b6 9.96 11.20
12 5 13,26 13,39 3 7 5 2420 2448 6 4 5 1423 1e15 Z 6 2455 1496
I 3 5 19077 17464 3 8 5 3454 3.20 6 5 5 1ol 0495 3 6 6483 6294
I 4 5 4402 4,03 3 9 5 0.80 0,91 6 6 5 2422 2436 4 6 1403 1e49
1 5 5 577 552 310 5 2476 317 6 7 5 1e40 147 5 6 .54 3.35
"6 5 Telh 6457 . 6 8 5 te51 1.92 6 6 1402 Tel8
"7 5 2428 te28 4 15 1 .60 2,01 7 6 < 0.9 0.26
I8 5 3.98 3.26 4 2 5 123 lel2 7 4 5 194 2.06
' 9 5 172 1469 4 3 5 4eb| 4428 7 2 5 1421 1422 [ 2.38 240!
V10 5 1460 1.28 4 4 5 2412 2.19 7 3 5 2.28 2.82 2 7 bale) 4417
4 5 5 1428 1481 7 &4 5 < 0479 1626 3 7 5e13 4.26
2t 5 421 4404 4 6 5 3.23 3,00 7 5 5 lelb 133 4 7 2.37 1a81
2 2 5 3e48 3.72 4 7 5 130 1e5t T 6 5 < 0.64 0.64 5 7 2458 2422
zZ 3 5 Te27 6493 4 8 5 126 1435 6 7 Q.86 0455
2 4 5 2.79 2445 4 9 5 0.82 1404 8 | 5 1.23 1.83
2 5 5 4463 4423 8 2 5 1431 147 18 1.77 1al3
Z 6 5 4098 5.07 5 1 5 < 0,90 1e51 8 3 5 1269 2.35% 2 8 2415 1437
zZ 1 5 1440 1457 5 2 5 Te54 8496 8 4 5 < 0.66 0.94 3 8 < 0.30 0435
2 8 5 1400 0490 5 3 5 5466 6488 8 5 5 1453 1493
Z 9 5 tell 1405 5 & 5 3.07 2495
210 5 175 2.2 5 5 5 2436 2435 9 1 5 1431 192
5 6 5 294 275 9 2 5 1.03 lel8
3 1 5 2465 2,76 5 7 5 2.01 1472 9 3 5 lelt 1452

experimental results it seems relevant to think that when the angle between
two bonding carbon orbitals is significantly greater than the tetrahedral angle,
one or both of these orbitals exceed sp® in s character, and may therefore
contribute to ‘“‘short” bonds. The other bonding orbitals of the carbon in
question then probably exceed sp® in p-character and contribute to ‘long”
bonds. The molecular dimensions of f-lyxose show no inconsistency with this
view.

The shortest carbon-oxygen bond in g-lyxose, C;—0, = 1.364 4 0.006 A,
probably has somewhat different bonding conditions than the other carbon-
oxygen bonds in the molecule, because C, also is engaged in the cyclic C;,—Oj
bond. The length of the C,—O, bond in pyranose structures is generally found
to be smaller than the accepted value, 1.43 A, for a carbon-oxygen single bond.
In p-arabinose 8 for instance, it was found to be 1.382 + 0.012 A, and in g-
glucose,® 1.404 4 0.010 A. The difference between the latter value and that
found in B-lyxose may be related to hybridization effects. Thus in g-lyxose
the O;—C,—0, and C,—C,—O0, angles are 108.1 and 113.4 + 0.4°, respectively,
and in B-glucose they are both only 107.3 4+ 0.6°. According to the above, this
may explain why C;—O, is found to be somewhat longer in f-glucose than in
B-lyxose. In B-arabinose ¢ the mentioned bond angles are 113.0 and 108.9 +
0.6°, respectively, and the C;—O, bond length there agree with that in -
lyxose.

A value for the pyranose angle C,—O0;—C; seems now well established
from structure determinations of reasonable accuracy. Thus in g-arabinose ¢
the angle was found to be 112.7 4 0.6°, in B-glucose® 113.1 4 0.5°, in
a-methyl D-galactoside 6-bromhydrine ® 113.7 4- 0.9° and in the present in-
vestigation 113.8 + 0.4°. The C,—0;—C; angle of 120° reported for «-rhamnose
monohydrate 7 is almost certainly related to the poor accuracy of the y-coor-
dinates in that structure.

The average values of C—H and O—H bond lengths in f-lyxose are 1.00
and 0.80 A, respectively, and thus smaller than would be expected from
currently accepted values, which are 1.09 A for C—H and 0.96 A for O—H.*®
There are numerous examples in the literature where such bonds by X-ray
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Flig. 3. The B-lyxose molecule as seen along  Fig. 4. The g-lyxose molecule as seen along
the ¢ axis with hydrogen bonds indicated. the a axis with hydrogen bonds indicated.

methods have been found ‘‘too short’’, and the generally accepted explanation
is that the X-ray method localizes the centroid of the electron cloud on hy-
drogen rather than the position of the nucleus.

It is tempting to point to a coincidence between the C;—C,—H, bond
angle and the C,—H, bond length as found in f-lyxose and p-arabinose.®
The mentioned angle is 99 + 4° in the former and 98 4 6° in the latter, and
the C—H bond lengths are 1.12 4+ 0.04 A and 1.15 4 0.05 A, respectively.
The bond angles are the smallest found at carbon atoms in the two molecules,
and the C—H bonds the longest. This indicates that the bonding orbital on
C, which participates in the C,—H, bond has considerable p-character. It
may be a real effect since the C,—O, and C,—C; bond lengths, in f-lyxose
found to be 1.405 and 1.509 A, respectively, indicate a corresponding excess
of s-character in the orbitals on C, participating in those bonds.

The A2 condition! 1e2a, sometimes referred to as the <42 effect” when
considering the stability of conversion forms of pyranoses, occurs in f-lyxose.
Atomic distances and angles of interest for this structural detail are listed in
the first part of Table 6, and from the values one may conclude that the le2a
configuration hardly leads to serious structural irregularities.

Hydrogen bonds. The intermolecular O-.-O distances which correspond to
hydrogen bonds are listed in the last part of Table 6 and shown in Figs. 3 and
4. Furthermore, the positions of the hydrogen atoms in the f-lyxose molecule
are shown in these figures.

The O,--0," distance is 2.958 4+ 0.005 A and the hydrogen atom Hj,
bonded to O,, lies about 0.35 A off the straight line between O, and O,’. Al-
though the distance is rather long it may correspond to a weak hydrogen
bond; the distance between Hg and O, is 2.38 4 0.05 A and thus shorter than
the sum, 2.60 A, of the van der Waals radii® for hydrogen and oxygen.
0,---0,’ = 2.808 4 0.005 A represents a relatively weak hydrogen bond. H,,
bonded to O,, lies about 0.30 A off the straight line between O, and Oy,
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1.95 4+ 0.05 A from Oy’ and 2.35 + 0.05 A from O,. The latter value shows
that H, apart from being engaged in the O,---O;" hydrogen bond, is also in
contact with O,. The C;—0,---O;" angle is 131.1 4- 0.4° and the C,—0,—H,
angle is 110 4 4°; the latter angle relative to the former prevents H, from
being close to the straight line between O, and O;". H, then compromises by
locating itself as close as possible to both O, and O,, cf. Figs. 3 and 4. The
hydrogen bonds, O,--0," = 2.762 4 0.005 A and O,--O;' = 2.697 4+ 0.005 A,
are of normal lengths for sugar structures, with the hydrogen atoms located
close to the straight lines connecting the oxygen atoms.
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