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The Crystal Structure of the K Form of o-Mannitol 

BY H. S. KIM, G. A. JEFFREY AND R.D.  ROSENSTEIN 
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(Received 30 November 1967) 

The crystal structure of K-D-mannitol has been solved by use of a direct method procedure on a centro- 
symmetric projection and an interpretation of a Patterson-Harker section. The space group is P212121, 
with four molecules in the unit cell of dimensions a-- 8.942 (5), b-- 18.798 (9) and c = 4.893 (4)/~. The 
molecules have the same conformation as in the B form with a carbon chain which is planar within 
0.09/~ and a twofold axis of symmetry within 0.01 A. The two polymorphs have nearly identical mole- 
cules, with similar systems of intermolecular hydrogen bonds in different steric arrangements. 

Introduction 

The crystal structures of the A '  and B forms of D-man- 
nitol have been reported by Berman, Jeffrey & Rosen- 
stein (1968)*. This third form was obtained acciden- 
tally f rom an attempted crystallization of a mann i to l -  
boric acid complex and advantage has been taken of 
this circumstance to determine the structure. Since the 
acyclic sugar molecules might  be expected to have 
greater conformational  flexibility than the cyclic com- 
pounds, it is of  interest to observe to what extent con- 
format ional  variety does in fact occur when the same 
molecule appears in the different hydrogen-bonding 
environments  of  the three polymorphs.  In the case of 
the A'  and B forms, it was found that  the molecular  
conformations were the same, but this was not ex- 
plored in detail because adequate crystals for a three- 
dimensional  study were not obtained for the A '  form. 
This study provides a detailed comparison between the 
structures of the B and K forms. 

Experimental 

Crystals were obtained as colorless needles by slow 
evaporation of an aqueous solution of D-mannitol and 
boric acid in methanol.  The crystal data are as follows: 

a = 8.942 (a =0.005) A~ 
b = 18.798 (a = 0.009) 
c=4 .893  (a = 0.004) 
Z = 4  
Dx = 1.471 g.em -3 
Din= 1"485 g.cm -3 (by flotation) 
/Zcu r~ = 11.75 cm -1 
M.W. 182.17 

Space group, P212121, from absences h00 for h = 2n + 1, 
0k0 for k = 2n + 1, 00l for l= 2n + 1. 

* We have changed the nomenclature for these polymorphs 
from lower to upper case Greek letters to avoid confusion 
with 0~ and fl which are commonly used in carbohydrate chem- 
istry to denote particular molecular configurations. 

This polymorph may  be the same as the F form 
characterized by Rye & Sorum (1952) f rom powder 
data (see Berman, Jeffrey & Rosenstein, 1968). The 
lattice parameters were obtained from a series of  gen- 
eral hkl diffractometer measurements  using a least- 
squares program by Shiono (1966a). The three-dimen- 
sional intensity data were measured with a Picker four- 
angle automatic  diffractometer in the 0/20 scanning 
mode using Cu Kc~ radiation. The acicular crystal had 
dimensions 0.03 x 0.05 x 0.5 mm, and was mounted  
along the needle axis. Within  the limit of 20<  130 ° , 
753 independent  reflections were observed above back- 
ground. The data were reduced to structure ampli tudes 
without absorpt ion corrections using a series of pro- 
grams by Craven & Chu (1967). 

Determination of the structure 

The structure was solved in the [001] projection by 
means of the IBM 1620 sign correlation program of 
Beurskens (1963), which is based on a systematic use 
of correlations between sign relations as given by the 
Sayre equation. The normalized structure ampli tudes 
were calculated with scale and temperature factors 
obtained by the method of Wilson (1942). The first 
trial structure gave an R value of 0.50 for the 182 hkO 
reflections, which was refined by difference syntheses 
to 0.13. The z parameters of the atoms were determined 
without ambiguity f rom the Harker  section, P(½, v, w). 

Refinement of the structure 

The structure was refined in three-dimensions by the 
modified version (Shiono, 1966b) of the Busing, Mar-  
tin & Levy (1962) full-matrix least-squares program 
for the IBM 7090 computer,  with the Cruickshank 
(1961) weighting scheme. The function minimized was 
Sw(Fo-  Fc) 2, where w = 1/(A + BF+ CF2). The factors 
A = I ,  B=O.1, C=0.01  gave an essentially constant  

value of w(Fo- Fe) 2 over all ranges of F. The fourteen 
hydrogen atoms were revealed unambiguously  by dif- 
ference Fourier  syntheses. The final cycle of anisotropic 
least-squares varied all parameters except those of the 
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hyd rogen  a toms ,  wi th  no shift as m u c h  as a ,  and  gave 
an  R value of  0.049. The final pos i t ional  and  the rmal  
pa r ame te r s  are given in Table  1, and  the  s t ructure  fac- 
tors  in Table  2. 

Description of the structure 

The c o n f o r m a t i o n  of  the  molecule  and  the  a tomic  
number ing  is shown in Fig. 1. The  in t ramolecu la r  dis- 
tances  and  angles are given in Table  3. The  average  
lengths  of  the C - C  and  C - O  bonds  are 1.519 and  
1.426 A respectively,  and  no b o n d  length differs f r o m  
the  m e a n  value by m o r e  t h a n  23 except the C(6 ) -  

0 (6 )  bond ,  which h a d  a trivially larger  deviat ion.  These 
values co r respond  closely with  the  m e a n  values o f  
1.522 and  1.421 /k f r o m  some recent  studies o f  the  
cyclic monosaccha r ides  (Berman,  Chu  & Jeffrey, 1967). 
The  correct ions  for  ' r id ing '  m o t i o n  increase these 
lengths  by abou t  0.53, as shown in Table  3. W h e n  
c o m p a r e d  wi th  the same distances in  the s t ructure  o f  
the B form,  the  m e a n  C - C  distance is 0.003 A shor te r  
and  the  m e a n  C - O  dis tance is 0.012 A longer.  The  
the rma l  pa rame te r s  in the two s t ructures  are so similar  
tha t  the larger  d iscrepancy c a n n o t  be expla ined by  in- 
adequa te  the rma l  correct ions  (e l  the the rmal  ellip- 
soids given in Table  4 with  those given by Berman ,  

Table  1. Fractional atomic coordinates and an•otropic thermal parameters in K-D-mannitol 

Key tO atomic numbering is given in Fig. 1. The temperature factor expression used was: 
exp [ - -  (ill 1 h 2 + f122k  2 + fl3312 + 2f112hk + 2ill 3hl + 2f123kl)]. 

The estimated standard deviations are given in parentheses. 

Atom x y z fll 1 
C(1) 0"4951 (5) --0"0127 (2) --0"1301 (9) 0"0117 (5) 
C(2) 0"4626 (4) 0"0516 (2) 0"0456 (8) 0"0089 (5) 
C(3) 0-4327 (4) 0.1184 (2) -0.1204 (8) 0.0069 (4) 
C(4) 0.4137 (4) 0.1849 (2) 0.0547 (8) 0.0075 (4) 
C(5) 0.3950 (4) 0.2524 (2) -0.1116 (8) 0.0088 (4) 
C(6) 0.3852 (4) 0-3195 (2) 0.0618 (9) 0.0094 (5) 
O(1) 0.6306 (3) -0.0045 (1) -0.2785 (6) 0.0119 (4) 
0(2) 0.5822 (3) 0.0641 (1) 0.2314 (6) 0.0099 (4) 
0(3) 0.3045 (3) 0.1073 (1) -0.2905 (5) 0.0093 (3) 
0(4) 0-2835 (3) 0-1778 (1) 0.2212 (5) 0.0089 (3) 
0(5) 0.5149 (3) 0.2583 (1) -0.3041 (5) 0.0096 (3) 
0(6) 0.5188 (3) 0.3307 (1) 0.2106 (6) 0.0109 (4) 
H(O1) 0.611 (6) 0.016 (2) -0.386 (10) 
H(O2) 0.670 (5) 0.053 (2) 0.143 (10) 
H(O3) 0.232 (5) 0.120 (2) -0.194 (9) 
H(O4) 0.297 (5) 0.153 (2) 0.358 (9) 
H(OS) 0.594 (5) 0.277 (2) -0.228 (9) 
H(O6) 0.500 (5) 0.313 (2) 0.350 (9) 
H(C1) 0.407 (5) -0.027 (2) -0.255 (10) 
H(CI')  0.501 (5) -0-054 (2) -0.027 (9) 
H(C2) 0.383 (4) 0.044 (2) 0.191 (10) 
H(C3) 0.517 (4) 0.124 (2) -0.244 (9) 
H(C4) 0.506 (4) 0.186 (2) 0.159 (8) 
H(C5) 0.306 (5) 0.253 (2) -0.200 (9) 
H(C6) 0.288 (5) 0.316 (2) 0.190 (10) 
H(C6') 0-368 (5) 0-359 (2) -0.065 (10) 

fl22 
0"0015 (1) 
0"0016 (1) 
0"0018 (1) 
0"0015 (1) 
0"0016 (1) 
0"0016 (1) 
0"0022 (1) 
0"0024 (1) 
0"0019 (1) 
0.0019 (1) 
0.0019 (1) 
0.0019 (1) 

fl33 fl12 fl13 
0"0329 (19) 0"0002 (2) 0"0005 (10) 
0"0169 (15) 0"0002 (2) 0"0023 (8) 
0"0143 (15) 0"0001 (2) --0"0002 (7) 
0"0158 (14) 0"0005 (2) --0"0015 (7) 
0!0158 (14) --0"0003 (2) --0"0029 (7) 
0"0299 (17) 0"0009 (2) --0"0013 (9) 
0"0189 (13) 0"0019 (1) --0"0004 (6) 
0"0190 (12) 0"0016 (1) --0"0008 (5) 

fl23 
0.0008 (4) 
0.0011 (3) 
0.0003 (3) 
0.0005 (8) 
0.0004 (3) 

-0.0005 (4) 
0.0007 (3) 
0.0008 (3) 

0"0138 (10) 0"0001 (1) --0"0012 (6) --0"0007 (2) 
0"0111 (9) 0"0008 (1) 0-0019 (5) 0"0014 (2) 
0"0166 (11) -0"0009 (1) -0"0006 (6) 0"0004 (2) 
0"0167 (11) -0-0014 (1) -0"0004 (6) --0-0003 (3) 

Fig. 1. Identification and numbering of the atoms in K-D-mannitol. The ellipsoids represent anisotropic thermal parameters. 
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Jeffrey & Rosenstein,  1968). It seems most  likely that plane are shown in Table 5. An  interesting aspect o f  
it is due to some unknown systematic errors in one or the detailed structure is a small, but significant, bow- 
other of  the structure determinations. The C - C - C  bond ing of  the chain, as revealed by the distances from the 
angles are very constant at 113.4 ° and the C - C - O  best plane. The same result was observed in the B 
angles have a mean value of  110.2 °, which is signific- form, as shown in Table 5. The molecule with the ex- 
antly closer to the ideal tetrahedral value. The same ception of  the hydrogen atoms has very nearly twofold 
observation was made less precisely in the B structure, axial symmetry, as shown in Table 5 by the distances 

The data on the conformation of  the molecule with of  the mid-points of  the appropriate pairs of  atoms 
respect to the planarity of  the carbon chain and the from the molecular twofold axis. The conformation 
deviations from twofold axial symmetry normal to that angles are given in the N e w m a n  projections in Fig. 2. 

Table 2. Observed and calculated structure factors 

Columns are: Index, 10[Fobsl, 10[Feaael, 10Aeaae, 10Bea~e. 
(* = unobserved). 
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Table 2 (cont.) 
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Table 3. Intramolecular distances and angles in K-D-mannitol 
The estimated standard deviations given in parentheses refer to the last decimal positions of respective values. 

i j Dil DO* i ] k /_i]k 
C(1) C(2) 1-511 (6) A [1.5181 A C(1) C(2) C(3) 113.0 (3) ° 
C(2) C(3) 1.519 (5) [1.522] C(2) C(3) C(4) 113.4 (3) 
C(3) C(4) 1.524 (5) [1.5241 C(3) C(4) C(5) 113-4 (3) 
C(4) C(5) 1.517 (5) [1.518] C(4) C(5) C(6) 113.6 (3) 
C(5) C(6) 1.523 (5) [1.529] O(1) C(1) C(2) 111.6 (3) 
C(1) O(1) 1.421 (5) [1.422] C(1) C(2) 0(2) 110.6 (3) 
C(2) 0(2) 1.423 (5) [1-430] 0(2) C(2) C(3) 109-7 (3) 
C(3) 0(3) 1.433 (4) [1.435] C(2) C(3) 0(3) 109-3 (3) 
C(4) 0(4) 1.427 (4) [1.431] 0(3) C(3) C(4) 110.9 (3) 
C(5) 0(5) 1.431 (4) [1.435] C(3) C(4) 0(4) 109.6 (3) 
C(6) 0(6) 1.415 (5) [1.415] 0(4) C(4) C(5) 109.1 (3) 
Mean C-C 1.519 C(4) C(5) 0(5) 109.6 (3) 
Mean (2-0 1.426 0(5) C(5) C(6) 110-2 (3) 

C(5) C(6) 0(6) 111-2 (3) 
Mean C-C-C 113-4 
Mean C-C-O 110-2 

* Bond lengths corrected assuming 'riding' motion (Busing & Levy, 1964). 
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Table  4. Principal axes o f  thermal ellipsoids 

The root mean square displacement U~ corresponds to the 
ith principal axis of the ellipsoid and &a, &~, &c are angles 
between the ith axis and the crystallographic axes a, b, c. 

i Ui Oia O~b Oic 
C(1) 1 0"1604 A~ 93"33 ° 14"47 ° 104"07 ° 

2 0"2012 77"62 103"04 16l"86 
3 0"2183 12"83 83"83 78"79 

C(2) 1 0"1313 78"14 67"78 154"51 
2 0"1701 67"01 151"33 106"18 
3 0"1969 26"17 72"82 70"86 

C(3) 1 0"1313 87"55 95"14 5"70 
2 0"1667 170"63 81"21 86"78 
3 0" 1804 80"96 10"20 85"29 

C(4) 1 0" 1304 108"79 69"05 151 "22 
2 0"1599 69"80 144"85 117"41 
3 0"1815 28"18 63"18 98"05 

C(5) 1 0"1298 71"46 94"61 19"13 
2 0"1677 1 0 9 " 5 8  160'31 88"13 
3 0"1973 27"51 109"09 109"04 

C(6) 1 0"1569 119"11 29"24 87"48 
2 0"1859 1 1 3 " 6 6  100"29 153"93 
3 0"2098 39"10 62"95 115"92 

O(1) 1 0.1457 105"47 66.65 151"45 
2 0.1701 56"86 133.50 118.46 
3 0"2471 37-46 52"59 88" 11 

0(2) 1 0"1444 109"24 69"15 150.98 
2 0.1736 47"67 124.10 118.80 
3 0.2346 48"55 41-61 86.85 

0(3) 1 0"1258 83"55 80.20 11"76 
2 0"1843 71"98 160"44 82"63 
3 0.1959 19.20 73-24 99.11 

0(4) 1 0"1073 95"42 104.02 15.08 
2 0.1685 45"66 134.97 96.25 
3 0.2092 44"85 48.35 76.33 

0(5) 1 0"1413 88"31 96"15 6"38 
2 0-1680 1 2 6 - 3 2  143.38 93.96 
3 0"2112 143.62 54-07 84.99 

0(6) 1 0" 1409 82-46 78.69 13.63 
2 0 " 1 6 5 1  1 2 3 " 7 2  142"89 76-36 
3 0"2303 145"21 55.21 90"24 

The  d ihedra l  angles  o f  the C - C - b o n d s  range  f rom 51 ° 
to 65 o. In  general ,  the  de ta i led  s t ructure  o f  the molecule  
in  the  K fo rm differs a lmos t  ins igni f icant ly  f rom tha t  
in  the  B fo rm despi te  the  different  h y d r o g e n - b o n d i n g  
e n v i r o n m e n t  o f  the molecules .  This  suggests t ha t  the 
de ta i led  shape  of  the molecule  is de te rmined  a lmos t  
ent i re ly  by  in t r amolecu la r  forces and  t ha t  the  effect of  
in t e rmolecu la r  forces on  p l ana r i t y  and  c o n f o r m a t i o n  
angles  is t r ivial  in compar i son .  

The  h y d r o g e n - b o n d i n g  is shown  in Fig. 3. All  the  
h y d r o x y l  g roups  dona te  and  accept  one h y d r o g e n  b o n d  
wi th  O ( H ) . . . O  dis tances  r a n g i n g  f rom 2.716 to 2.835 
/~. The  angles  at  the  d o n o r  oxygens  vary  be tween 111 o 
and  128 o and  are invar iab ly  smal ler  t h a n  those  at  the  
co r r e spond ing  acceptor  oxygen  (Table  6). F o r  the two 
longes t  h y d r o g e n  bonds  0 ( 2 ) . . .  O(1) and  0 ( 3 ) . . - O ( 6 ) ,  
the  observed h y d r o g e n  a t o m  pos i t ions  deviate  by  as 

Tab le  5. Least squares plane and twofoM axis 
in K-D-mannitol 

Equation for plane: Ax+By+ Cz=D, where x, y, z are in A 
and A=0.9876, B=0"1565, C=--0.0151 and D=4-2543. 
This plane makes an angle of 9 ° with (100). 

Atoms Distance from best plane 
included in plane K form B form 

C(1) +0.090 A, +0.065/~ 
C(2) - 0.021 - 0.010 
C(3) - 0.076 - 0.073 
C(4) - 0.061 - 0.036 
C(5) - 0.015 + 0.005 
C(6) + 0.083 + 0.048 

Parametric equation of the best twofold axis in A, 
x =  4.038 +0.988t 
y =  2.894+0.153t 
z=  -0.167+0.002t 

Distance of mid-point of 
atom pairs from molecular 

Atom pairs twofold axis 
C(1) C(6) 0.005 A 
C(2) C(5) 0.008 
C(3) C(4) 0.008 
0(1) 0(6) 0.004 
0(2) 0(5) 0"011 
0(3) 0(4) 0"006 

The angle between the plane and the axis is 89 °6'. 

m u c h  as 0-4 A f rom the l ine of  the  O . . . O  centers  
towards  the neares t  i n t r amolecu la r  oxygen  a toms,  
O(1) and  0(4) ,  respectively,  poss ib ly  fo rming  weak  
bi furcated h y d r o g e n  bonds .  The in t r amolecu la r  d is tan-  
ces are 2.841 A for  O ( 2 ) . . . O ( 1 )  and  2-839 A for  
0 ( 3 ) . . - 0 ( 4 ) .  The  o ther  devia t ions  of  h y d r o g e n  a t o m  
pos i t ions  f rom the l ine of  O- • • O centers are less t h a n  
0.25 A and  are p r o b a b l y  no t  significant .  

The  h y d r o g e n - b o n d i n g  scheme, i l lus t ra ted  in Figs. 
3 and  4, consists  of  four- l ink  infinite spirals  abou t  the 
screw axes, i.e. -+ O(1) ~ 0 (2)  ~ O(1) -+  0 (2)  -+,  and  
four- l ink  closed circuits,  i.e. -~- 0(6)  -+  0 (5)  --. O(4)x 
--~ O(3)x ---~. The  molecules  lie in planes  app rox ima te ly  

Table  6. Intermolecular distances and angles 
in K-D-mannitol 

Symmetry code 

a x y z 
b 1½-x - y  - ½ + z  
c x y - - l + z  
d - ½ + x  ½ - y  - z  
e x y l + z  
f ½+x ½ - y  - z  
g 1½-x - y  ½+z 
h - ½ + x  ½ - y  1 - z  
j ½+x ½--y 1 --z 

--~: direction O - H - . .  O bond. 

i j k ! Dj~ /_ijk /_jkl 
C(1) O(1)-+O(2)c C(2)c 2.756,& 111.2 ° 126.6 ° 
C(2) O(2)-~O(1)g C(1)g 2.802 127.7 136.8 
C(3) O(3)-+O(6)d C(6)d 2-835 125.5 153.2 
C(4) O(4)--,O(3)e C(3)e 2"739 119.2 119.4 
C(5) O(5)-+O(4)f C(4)f 2.716 126.7 139.9 
C(6) O(6)--~O(5)e C(5)e 2.737 111.2 128.2 
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parallel to (001). There are marked similarities to the 
molecular packing in the B form, which is also illus- 
trated in Figs. 3 and 4. Both structures have the same 
number of hydrogen bonds per molecule and each 
hydroxyl group is involved in two bonds. In both unit 
cells, there is an infinite chain or spiral and a closed 
circuit of hydrogen bonds, which repeat after four links. 

The infinite chains involve only the oxygen atoms O(1), 
0(2) at one end of the molecule, while the remainder 
form the closed circuits in the sequence 0(6), 0(5), 
0(4), 0(3). The donor direction of the closed circuits 
is reversed in the two structures. The hydrogen bonds 
in the K form are longer and make a wider range of 
C-O(H)-O angles than the B form; i.e. 2.716-2.835 

~,C! 4-. 

4/  5~.c, 
t 

67.1 

63"9 ~ 4 3 .  ! 

~,k / \ ~  

He6' 

C$ 

"C3/~ / ~03 

--~HC! ' 4 "  ~ C3 ~ C4 

• 62.3 60.5 

6v.~'---.._~ _.----~z4 6~.9 
" ~ l  ~1- "~C4 

C' (S) 
I4) 

Fig. 2. The conformation angles of the carbon-carbon bonds in K-D-mannitol, shown in Newman projections. 

(I) cl . ~  c2 
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(3) c~..  C4 
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//'"b .... " .." ..,,. ~ .. ,.:. ,/.4" 
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I.e~l) ..... j " r'" 

~ , , ,  ~ ".".~ " :!.... 
I .~ . . .  • ... 
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i ,...-- / r ,,, 

K FoRM 

c 
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- - - - b  

- .. .,.,, ~ _ , , : .  \ 

.2...,, 

'>S\ 
i 

Fig. 3. The structures of the B and K forms of D-mannitol viewed down the a axis. 
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• ~ [,,~1 
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/ " .:..: *. 

. . . i  : ,  ' " ...... - ; ' - " -  
: : . , . . :  : ".. .. '• , 

'i ' V i '  ~ ~  ~,7"~,/' ~ , , 

' "  '¢ ..... \ - '  \ ,  :i' : ,  ,t "- v. 

.i........:.';.-." 

Fig.4. The structures of the B and K forms of D-mannitol projected on the (01T) and (001) planes, respectively. 

versus 2.692-2.766 .A,, 111.2-153.2 versus 108.3-124.9 °. 
The unit cell volume of the K form is one per cent 
larger. Hence it is the metastable form, obtained only 
under special circumstances such as those described 
in this paper. 
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