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The crystal structure of cyclodecane-l,6-trans-diol (monoclinic, a= 11.168, b= 11.728, c= 8.072/~,, t =  
110"86 °, space group P21/c, Z=4) has been determined by X-ray analysis and refined by least-squares 
analysis of neutron diffraction data. The crystal contains two crystallographically independent types of 
centrosymmetric molecules, which have similar ring conformations with the hydroxyl substituents at 
C(II) carbon atoms in the 'semi-axial' positions. The main difference is in the orientation of the O-H 
bonds, which are antiplanar to C(III)-C(II) in one type, synclinal in the other. The most important re- 
sult is the experimental verification of short transannular 1 I- • • H distances (circa 1-95 A) in the cyclo- 
decane ring, accompanied by significant deviations of the methylene groups involved from local C2~, 
symmetry. 

Introduction 

X-ray crystallographic studies of several cyclodecane 
derivatives (Dunitz, 1968) have established the exis- 
tence of a single, fairly well defined conformation (I) 
for the cyclodecane ring. This stable conformation, 
which can be recognized as a distortion of a diamond- 
lattice conformation, is characterized by having very 
short transannular H . . .  H distances. Indeed, with all 
CCC angles tetrahedral and all CCCC partial con- 
formations exactly staggered, the transannular H . . .  H 
distances would be so short as to lead to enormous re- 
pulsive forces. In the observed conformation the CCC 
angles have been widened to values of 115-118 ° , and 
the CCCC partial conformations deviate from stag- 
gered in such a way as to increase the transannular 
H . - . H  distances to more tolerable values. However, 
although the carbon skeleton of the cyclodecane ring 
can be defined rather accurately from the available 
experimental evidence (Dunitz, 1968) it has not been 
possible so far to determine the hydrogen positions 
with the desired accuracy from the X-ray analyses men- 
tioned above because of well known limitations of the 
method. Of course, the hydrogen positions can be 
estimated from stereochemical considerations, e.g. by 
assuming the methylene groups to have local Cz~ (mm2) 
symmetry and known dimensions. Such considerations 
lead to transannular H . . .  H distances as short as 1.85 
A, but since there is little doubt that strong repulsion 
is still effective at such distances, the actual distances 

* Part XVlI. Ermer, Eser & Dunitz (1971). Heir. Chim. 
Acta, 54, 2469-2475- 
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must be somewhat larger than those calculated in this 
way. A knowledge of the H. • • H distances that actually 
occur in such 'overcrowded' molecules as cyclodecane 
is important for defining some of the parameters used 
in empirical force-field calculations. In addition, to the 
best of our knowledge, no reliable information has been 
available up till now concerning the deviations from 
C2~, symmetry that occur in methylene groups under 
steric compression. A neutron-diffraction study of a 
suitable compound was clearly indicated to fill these 
gaps in our knowledge. A survey of cyclodecane deriva- 
tives showed that the 1,6-diols might be specially suit- 
able for accurate structural studies. They have high 
melting points (circa 150°C) so that the effects of 
thermal vibration should not be too severe at room 
temperature, and they can be obtained as reasonably 
large single crystal specimens. 

(I) 

Because of the very large incoherent neutron scatter- 
ing by protons, it would have been advantageous to use 
a perdeuterated sample for the neutron-diffraction 
study. However, the synthesis of perdeuterated com- 
pounds of this type would appear to be rather difficult 
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and t i m e - c o n s u m i n g  (Sicher, 1970) so tha t  we d e e m e d  it 
preferable  to s tudy the m o r e  easily available non-deu-  
te ra ted  substances.  The  sample  of  trans-l,6-diol used 
for the present  inves t igat ion was p repa red  by catalytic 
h y d r o g e n a t i o n  of  cyc lodecan- l , 6 -o lone  p rov ided  by 
Dr  H. Westen.  The  p roduc t  crystal l ized f r o m  ace tone  
y ie lded two recognizably  different types o f  crystal, 
which  were eventual ly  identif ied as the trans-diol and  
as a molecu la r  c o m p o u n d  of  cis- and  trans-diol in the 
rat io 2: I. 

X-ray analyses have been carr ied out  for the trans- 
diol, for the molecu la r  c o m p o u n d  m e n t i o n e d  above,  
and  for the  cis-diol. The s t ructure  of  the trans-diol, as 
ref ined by neu t ron-d i f f rac t ion  analysis, was discussed 
in a p re l iminary  c o m m u n i c a t i o n  (Ermer  & Duni tz ,  
1971) and  is descr ibed in detail  in the present  paper .  
Resul ts  for the  o the r  two crystals will be given else- 
where.  

Crystallographic data 

Cyclodecane- l ,6 - t rans-d io l ,  C10H2002; m.p.  152 ° (Pre- 
log & Schenker ,  1952); monoc l in ic ,  a = 1 1 . 1 6 8 ,  b =  
11.728, c = 8 . 0 7 2  A, f l=110 .86  °, U = 9 8 8 . 0  A 3, Din= 
1"13, D x = l ' 1 5  g cm -3, Z = 4 ,  space g roup  P21/c. 
Large, thick pr ismat ic  crystals were readily ob ta ined  
f rom ace tone  solut ion.  The  vo lume  of  the crystal used 
for the  neu t ron  diffract ion analysis was 15.6 m m  3. The  

cell d imens ions  given above  were o b t a i n e d  f rom X-ray 
m e a s u r e m e n t s  on a 4-circle d i f f rac tometer  (Mo  K~ 
radia t ion ,  2 = 0 . 7 1 0 6 9  A) and  have errors  o f  the order  
o f 0 . 1 % .  

X-ray intensities 

The X-ray intensit ies of  1936 i n d e p e n d e n t  reflections 
were m e a s u r e d  on a c o m p u t e r - c o n t r o l l e d  4-circle dif- 
f r ac tomete r  equ ipped  with a graphi te  m o n o c h r o m a t o r  
(Mo K~ rad ia t ion :  co s tep-scan;  sin 0/2 l imit  0.62). 

Neutron intensities 

The neu t ron  intensi ty  m e a s u r e m e n t s  ( 2=0 .9958  A,) 
were p e r f o r m e d  on a c o m p u t e r - c o n t r o l l e d  4-circle 
d i f f rac tometer  at the B r o o k h a v e n  Na t iona l  Labora to ry  
High  Flux Beam Reactor .  1735 non-ze ro  intensi t ies in 
the range out  to sin 0/2 = 0.60 were m e a s u r e d  with an 
o)/20 step-scan technique .  Two s t andard  reflexions were 
r eco rded  every 30 measuremen t s .  Their  intensi t ies did  
no t  change  significantly t h r o u g h o u t  the da ta  collect ion.  
Af ter  cor rec t ion  for absorp t ion  (Gauss ian  numer ica l  
in tegrat ion,  / z=2-84  cm -1, assuming  an incohe ren t  
scat ter ing cross-sect ion of  35 barns  for H) and  avera- 
ging over equiva len t  ieflexions, 1596 i n d e p e n d e n t  in- 
tensity measu remen t s  remained .  

Table  1. Atomic coordinates and vibration tensor components in crystal coordinate system (all x 10 4) 

The Uis values have standard deviations in the ranges 0.0009-0.0020 for carbon and oxygen, 0.0021-0.0062 

C(`l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(ll)  
C(12) 
C(13) 
C(14) 
C(15) 
O(1) 
0(11) 
H(IA) 
H(IB) 
H(2) 
H(3A) 
H(3B) 
H(4A) 
H(4B) 
H(5A) 
H(5B) 
H(O1) 
Ht 11 A) 
H(11B) 
HI 12) 
H(13A) 
HI 13B) 
HI 14A) 
HI 14B) 
HI 15A) 
HI 15B) 
H(Oll)  

for hydrogen 

x y z U11 U22 /-/33 Ua 2 UI 3 /-/23 
913 (2) --1237 (2) --38 (3) 351 443 295 74 53 -- 29 

1202 (2) -- 1422 (2) 1935 (3) 386 417 306 88 66 49 
620 (3) -- 574 (2) 2854 (3) 535 644 297 218 166 111 
976 (3) 687 (2) 2906 (3) 548 590 337 192 - 73 -125 
516 (2) 1365 (2) 1173 (3) 377 408 443 11 26 - 67 

5074 (2) - 1475 (2) -- 682 (3) 439 502 333 - 100 70 - 38 
4570 (2) - 1085 (2) --2607 (3) 464 490 314 - 137 126 - 85 
4358 (2) 198 (2) -2948 (3) 461 514 373 -103 117 - 6  
3362 (3) 826 (3) -2386 (3) 409 685 414 24 - 9  - 69 
3623 (2) 954 (3) - 411 (4) 305 747 459 - 13 74 -110  
2562 (3) - 1423 (3) 2862 (4) 418 532 322 100 - 3  - 18 
3411 (3) -1699 (3) -3470 (4) 552 569 330 -257 46 - 62 
1266 (5) -- 430 (5) - 242 (6) 555 687 470 6 135 74 
1483 (5) -1855 (5) - 459 (7) 640 784 545 260 112 - 80 
841 (6) -2266 (6) 2075 (7) 682 623 658 - 17 133 214 
913 (7) - 867 (6) 4238 (7) 1060 1043 373 386 272 182 

- 421 (6) - 666 (6) 2318 (8) 612 951 699 131 321 192 
2026 (6) 759 (6) 3502 (9) 550 850 820 32 - 189 - 109 

590 (8) 1100 (6) 3816 (8) 1386 1068 466 475 250 -151 
1106 (5) 1116 (5) 381 (8) 486 822 694 44 200 -- 21 
723 (6) 2266 (6) 1516 (9) 767 543 863 - 14 - 28 -- 92 

2920 (5) -2050 (5) 2399 (6) 517 666 415 127 80 19 
4354 (,5) - 1288 (5) - 117 (7) 524 848 459 - 139 147 - 36 
5140 (6) -2413 (5) - 698 (7) 933 567 630 - 69 17 50 
5284 (5) - 1344 (5) -3193 (7) 685 762 663 2 337 -- 87 
4053 (6) 293 (5) -4375 (7) 841 806 433 - 71 138 33 
5288 (5) 624 (5) -2412 (8) 579 738 703 - 196 180 -- 20 
2433 (5) 402 (6) -2980 (8) 367 1181 684 - 102 - 41 -210  
3251 (7) 1681 (6) -2959 (8) 991 897 642 159 152 163 
3508 (5) 154 (7) 106 (8) 562 929 643 - 125 159 - 10 
2853 (6) 1512 (6) -- 266 (9) 529 1072 907 202 230 - 173 
3127 (5) -1568 (4) -4727 (7) 648 608 394 -102  35 - 44 
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Structure analysis and refinement Table 2 (cont.) 

The structure was solved from the X-ray data by direct i i!::i}! !iii .i !ii:i!i:iiiil i i l  i::i!iii! ii i :il/iiil ! !ii:ii!ii!:! i !i!~:iiiii!! i! i iiii!iiii!i 
methods without serious difficulty. Full-matrix least- i !  ~!,£!ii!i i ~ !-~!i:!iii ! ! ::~,~:~:! i i ; ~::! i ! ~2i :! i¢,i~i~!! ii !:~,;~i~i!i~ 
squares refinement with anisotropic temperature fac- ::i :ii!i!iiii:; i i :! :i::i:.!:i:- :i i ii!~i!:ii:~i i :: :!~:}ii!! .:: ! :i~:~ii!i ::i i::~ili::!iii ii i !iliiii!il 

• , , , , , . . ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  . . . . . . . .  . . . . . . .  ; . . . . . .  + .  , . . . . . . . .  , , ,  

tors for the carbon and oxygen atoms led to a final R i,,i :'~ ii!! iiil ! i:ilii ::::ii i :::! ~:ii::i! i ::~ i ::i!i!i ! ::i i::;::ii: .i ! i !ili!i!i .::! ::iii::!iiiili 
of 6.8% for the 1229 mos t  rel iable reflexions. Hydro -  i!i :i!!ii!i!i i i iiiii:ill i i ii~i!!ii~i ! ! i!~}i!!ii i i iii!i!i!il .i i ::i:!iiii:i :i! i iii!ii!il 
gen atoms were included in the later stages of the re- i!:: ii ii!ili!i i i !i i:,ili!i i i i !:i!iiii :: i :. !i i.lii i i !{ !ii!ii!ii :: i :! !ii!::!iil iii ii i:.i!iiiii 
finement at positions estimated from stereochemical i ii iiiiii!i!i .:: i iiii::iiii i i !!!i!:,ii!i: i i !i: i:i i ! :~i:[!ili i i J!iiii!i!i :::: i !!:ii!iii!! 
considerations and held constant. The weights were i ii ii:i!i!il :i i :~:::::i":iii! i ! iii::ii:!i .!i!i}! !i! i i ::ii!!ii!i .i ,,i ::iiiiiiili! ii i !iii!iii!ii 
assigned by taking account of various types of experi- i i ::ii:-ii!i!i:: i ! ;ii!::':::!! :: ! i ::::!)i! i i i  :):iiii i i !{~!!ii!il !i i ::!~-iii::.';;!i :::: ! !i(:"'iiiil 
mental error, i l :!iii!iiii i ::i :iii:;iii!i i iii iiiiill i i i )ili!i i i iii::ili)!! !i i ii:;::iiiiiii }i i ii!i!i!iii! 

final parameters of the X-ray analysis were taken as the 
starting model• The following nuclear scattering lengths 
were used: bc=0"661, b . = - 0 . 3 7 8 ,  bo=0"577 x 10 - ~  
cm (Bacon, 1962). The function minimized was 

2 ~,w(AF) ~ with w=l/[a2(Fo)+0.O004 Fo~]; as was ob- 
tained from counting statistics. 1275 reflexions were 
introduced into the refinement (condition for inclusion: 
Fo > 4o(/;'o), 2o-(Fo) < Fo < 4o'(Fo) only if F¢ > Fo), and the 
positional and anisotropic thermal parameters of all 

Table 2. Observed structure amplitudes 

The weights w are based on the standard deviations.  Reflexions 
marked with an asterisk were not included in the refinement. 
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the atoms were varied in the final cycles. The influence 
of extinction was found to be negligible according to 
the criteria of Coppens & Hamilton (1970). The final 
R was 0.053. A list of observed structure amplitudes is 
given in Table 2. 

R e s u l t s  

Atomic positions and vibration tensor components 
U U derived from the neutron analysis are given in 
Table 1. The labelling of the atoms is evident from Fig. 
1. The results of the X-ray analysis are of less interest 
for our purposes and are not given here explicitly• 

H ( 3 A )  H ( O l 1 ~  H ( 1 3 A )  

, o o )  ~' H(4A) )(11) ~' HO4A) 
H ( 0 1 )  O ' - ' - ' ~  ~ H ( 4 B )  H ( 2 )  O.. . . . .~ H ( 1 2 )  O' - - .  ~ H ( 1 4 B )  

c(2}r 6 \c~,,) co2) - ~ \c(,~) 
H ( 1 3 B )  \ 

C ( 1 )  H ( 1 A )  H ( 3 B )  \ r . , :  C ( 5 )  H ( 5 B )  o C (  11 H ( 1 1 A )  H ( 1 5 A )  C ( ~ _ ~  

H ( 1 B ) O - - - L ~  " ~  A )  H ( S A ) ~  H ( 1 1 B )  " " ~  B O /  ! H ( 1 5 B )  

Fig. 1. Labelling of  the atoms in molecules  A and B. 
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,_,0.973 ~) 

"=I 

116"7 t~5~: 19 ' 1"52:.530~18': 

0.962 71.085 

,,oy  ,o,2 
,,,' ',, 

~ - - ! ~ . . : '  1 , ,  
. . . . . . . . .  

1.427 120.1 I 

Fig. 2. Top: Interatomic distances (.&) and angles (o) im, olving 
hydrogen atoms (for HCC angles see Fig. 3). Average 
standard deviations: 0.006 ,& for C - H  and O-H,  0.008 ,& 
for H.  • .H, 0.5 ° for HCH,  0.4 ° for HCO and HOC. Bottom: 
Bond distances (,&), angles and torsion angles (o) involving 
heavy atoms only. Aveiage standard deviations: 0.003 
for C-C and C-O, 0-2 ° for bond angles, 0.3 ° for torsion 
angles. 

Discussion 

The four molecules in the unit cell are not in the gen- 
eral positions of the space group P21/c. Instead, there 
are two crystallographically independent kinds of mole- 
cule, one kind with its centre at the special positions 
(0,0,0), etc. the other at (½,0,0), etc. Both kinds of 
molecule have the stable cyclodecane conformation 
with the hydroxyl substituents at type II carbons (Fig. 
1), but there is a difference in the orientation of the 
hydroxylic protons. In molecule A the O-H bond is 
synclinal with respect to C(III)-C(II), antiplanar with 
respect to C(1)-C(II), whereas in molecule B these 
relations are reversed. This difference is associated with 
differences in the hydrogen-bonding behaviour of the 
two kinds of molecules, with quite definite changes in 
skeletal torsion angles and transannular H . . .  H dis- 
tances, and also with smaller differences between corre- 
sponding bond distances and bond angles (Figs. 2 and 
3). For certain purposes we shall disregard these dif- 
ferences, averaging over the two sets of molecular par- 
ameters where it seems appropriate. 

The shortest transannular H. • • H distances between 
pairs of type III methylene groups are 1.91 ~ in mole- 
cule A and 1-98 .A in molecule B, significantly different. 
The next shortest are 2.05-2.10 ~ in molecule A and 
2.08-2.09 A in B. This represents the first experimental 
verification that short transannular H . . - H  distances 
occur in the cyclodecane ring. The observed distances 
are indeed somewhat longer than the earlier estimates 
of 1-84 ,~ (shortest) and l'97 ~ (next shortest) derived 
from the cyclodecane carbon skeleton by assuming 
local C2v symmetry of the methylene groups with rea- 

H(3A) 
I m 1078 
I w 1.3 
I r - 2 . 9  

I t G3 
H ( 2 ) ~  _ 1 ~  106&7 ~ H ( 4 B )  

"T'#'I"P"~"'~-I n I:1 TY -f na~"~"i"~/I "r m 107.8 
~ , . ~ w . ,  ho9.7,v~107.5 w 0.6 

r -1 3 m 109.6 / uL4(q.q~H(4A)]U~'°\ . . . .  \ 

t ~'6.~ / \ 
H ( IB )  107"4{~ 09"7 108.4~'~ 107.3 - H(BB) 

1 1 0 . 1 T . ~ ' - - . . ~ , ,  ~ ,  ~ , = ~ , ~ o T 1 0 9 . 0  m 108.6 ' ' "  II11.0~'H(, IA )  A H(,bA)'109.61 w 1.5 
I _ " _ I r - 0 . 9  

t 0 .3  

H(13A) r n  107.6 
I w 1.7 
I r - 3 . 7  

t - 0.7 

w 1 0 ~  O H( { ~ 7 % 7 " ~  • -aT 
: " ~ /  HC13B) t 0.9 

107.4 
106"81 1 ~ .  5 " ) ~ - - - - H  (15B) H (11B) 11___.~0.51 ).~1 "lt3R q m 108.8 11"9~H(llA) B H(15A)110.( . . . . .  w 1.4 

-1.9 
- 0.5 

~ ~  Cn+l 

On-1 
Fig.3. HCC angles (standard deviations 0.4 °) and various linear combinations:  m (mean), w (wag), r (rock), and t (twist), as 

explained in text. 
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sonable C-H distances (1.10 A) and HCH angles (107°). 
However, these earlier estimates were explicitly de- 
scribed (Dunitz, 1968) as lower limits, subject to an 
increase of unknown magnitude from the effects of 
non-bonded repulsion. The most striking effect of such 
repulsions on the molecular geometry is to cause signifi- 
cant deviations from local C2v symmetry at some of the 
type I and III methylene groups. These deviations are 
conveniently discussed in terms of the following linear 
combinations 

m = ¼(cq + ~2 + 0(3 -~- 0(4) 
W = 1 ( 0 ~  1 -Jr" 0( 2 - -  0~ 3 - -  0(4)  

r = ½ ( ~ i -  (x2 q- 0(3 - 0(4) 
t = 1 ( 0 (  1 - ~ 2  - -  0(3 -'1- 0(4)  

of the four HCC-angles, al, (x2, 0~3, 0(4, at a given methy- 
lene group (Fig. 3). These linear combinations (sym- 
metry coordinates) provide a measure of the amount 
of distortion associated with the wag, rock and twist 
type of deformation, respectively. For the type I 
methylene groups the HCH bisector is markedly rocked 
out of the CCC plane (r = 2.9 ° for molecule A and 3.7 ° 
for molecule B). The rocking deformations at type 111 
atoms are smaller (average 1.5°), those at type II still 
smaller (average 1.0°). Distortions corresponding to 
wagging motions of the methylene groups (HCH plane 
bent out of CCC bisector) are w=3.8 ° at C(l l )  and 
2.0 ° at C(1), [1.4 ° at C(15) and 1.5 ° at C(5)], all type 
III, while twisting distortions (HCH plane twisted 
round CCC bisector) are less than 0.9 ° and not signifi- 
cant. All the larger deviations are in such a sense as to 
increase the transannular H - . . H  distances from the 
values they would have if strict Czv symmetry were im- .c, 

angle 
posed on the methylene groups. 

The effect of mutual repulsion between intra-annular 
hydrogen atoms also shows itself in other ways. The 
six independent intra-annular C-H distances (uncor- 
rected for thermal motion) vary from 1.053 to 1.108/~, 
mean value 1-081 .A, and the remaining 12 C-H dis- 
tances vary from 1.085 to 1.120 A, mean value 1.097 .A. 
The HCH angles cover the range 104.7-106.7 °, with 
the two largest angles at C(4) and C(14), the only 
methylene groups with both hydrogen atoms extra- 
annular, and the smallest at C(1), presumably due to 
the influence of molecular packing (see below). 

The CCC angles at type I are 119.7 and 120.1 ~, those 
at type II lie in the range 116.7-118.6 °, those at type 
III in the range 113.4-115.7 °. This angle pattern, with A - C  

the marked widening at types I and II, agrees with D 

the results of numerous earlier structural studies of E 

cyclodecane derivatives (Dunitz, 1968). 
One might expect from general considerations that F, G 

increase in CCC (from the tetrahedral angle) should be H, 1 
accompanied by a decrease in HCH, even in the ab- 
sence of specific non-bonded repulsions like those men- J - L  

tioned above. We have surveyed the dimensions of M 
methylene groups (flanked by two carbon atoms) as de- 
termined by neutron diffraction in various crystals. The 

observed HCH angles are plotted against CCC in Fig. 
4. There is obviously no clear-cut trend and, in partic- 
ular, the observations give no support for the view 
(Mislow, 1965) that the two angles are related by the 
equation 

cos (CCC)+ 1 
cos (HCH)= 3 cos (CCC) -  1 

derived from a simple hybridization model. The range 
of observed CCC angles extends over about 9 °, 
whereas the HCH angles extend over less than 5 °. With 
the limited information available the 'best' value for 
HCH would appear to be about 106 ° (for CCC in the 
range 111-120°). Neutron-diffraction analyses of per- 
deuterated polyethylene or other long-chain com- 
pounds would be of value for defining the dimensions 
of a 'standard' methylene group, while similar system- 
atic investigations on strained molecules containing 
nonstandard methylene groups should also be carried 
out to provide the information required for useful com- 
parison. 

It is at least apparent that the magnitudes of the 
various effects of non-bonded repulsion depend on a 
complicated interplay of forces, the results of which 
are impossible to foresee intuitively. We have therefore 
carried out energy-minimization calculations using two 
recently developed consistent force fields (Warshel & 

110" 

109 

108 

107 

106 

105- 

104" 

103' 

CD 

©A 

:.,L 
H 

C ~ 

E I 

C.F ~_ 
O,I 

C ©M 

109 110 111 112 113 114 115 116 117 118 
CCC angle 

119 120 

Fig.4. Plot of HCH z's. CCC angles at methylene groups 
(flanked by two carbon atoms) fiom various neutron diffrac- 
tion analyses. The labelled points are from: 

L-lysine HCI.2H20 (Koetzle, Lehmann, Verbist & 
Hamilton, 1972). 
L-histidine (Lehmann, Koetzle & Hamilton, 1972a). 
L-asparagine. H20 (Verbist, Lehmann, Koetzle & 
Hamilton, 1972). 
L-arginine 2H20 (Lehmann, Verbist, Hamilton & 
Koetzle, 1973). 
L-glutamic acid (Lehmann, Koetzle & Hamilton, 
1972b). 
(1, I '-trimethylene-dicyclopentadienyl)TiCl_, (Epstein & 
Bernal, unpublished). 
KH malonate (Currie & Speakman, 1970). 

The unlabelled points are from the present analysis. 
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Fig. 5. Comparison of observed angles (averaged over mol- 
ecules A and B and over C2n molecular symmetry where 
appropriate) with angles derived from force-field calcula- 
tions. The order is: observed (top), Warshel & Lifson, 1970 
(middle), Ermer & Lifson, 1973 (bottom). 

~ 011 

Q_ ! ~ ~'." ,21 ~ r ~ 2 1 3 1  - 

" ~ " 5 1 C .  
,L." I !i 

',- ~ v~ ~. 

Fig. 6. Packing diagram. For clarity the heavy-atom skeletons 
are drawn in heavy line, hydrogen bonds dashed. 

Lifson, 1970; Ermer & Lifson, 1973). The calculations 
were made for the unsubstituted cyclodecane molecule 
since potential functions of the required quality are 
not available for interactions involving the hydroxyl 
group. In Fig. 5 the resulting structural parameters in- 
volving hydrogen atoms are compared with the observed 
parameters averaged over the two molecules and 
over all atoms of a given conformational type. Con- 
sidering that the two molecules are significantly dif- 
ferent from one another and that both deviate markedly 
from C2h molecular symmetry the agreement must be 
regarded as satisfactory in that the various distortions of 
CHz groups from local Czv symmetry are reproduced 
by the force-field calculations. The averaged transan- 
nular H . . . H  distances are reproduced better by the 
Warshel-Lifson CFF than by the Ermer-Lifson one: 
we shall return to this point after discussing the molec- 
ular packing. 

The minimum-energy conformation of cyclodecane 
turns out to have exact Czh symmetry in both calcula- 
tions. The same result is also obtained using various 
other reasonable force fields. However, as mentioned 
above the present analysis leads to carbon skeletons 
that are significantly distorted from C2h symmetry. In- 
deed the 16 ° difference between pairs of 'equivalent' 
torsion angles around C(II)-C(III) in molecule A is 
much larger than that observed in any other cyclo- 
decane derivative possessing the stable conformation. 
Typical differences between such pairs of equivalent 
torsion angles amount to 4-8 °, as in molecule B. The 
unusually large distortions in molecule A are probably 
mainly due to intermolecular forces rather than to any 
intramolecular effects of the hydroxyl groups, as an 
analysis of the molecular packing shows. 

The crystal structure (Fig. 6) is built from sheets in 
which each molecule of a given type (A or B) is sur- 
rounded by two molecules of its own type and by two 
of the other type. The A. • • A and B- • • B interactions 
involve only van der Waals contacts, but molecules of 
different types are linked by hydrogen bonds [O(11). • • 
O(1) (x,y,z-1): 2.788 A; O ( l l ) H . . . O ( I ) :  1.828 A], 
which run approximately parallel to c. The sheets are 
interlinked by the second kind of hydrogen bond 
[O(1). . .O(11) (x,-½-Y,½+z)" 2.763 A ; O ( 1 ) H . . .  
O(11) 1.795 A] between hydroxyl groups of A molecules. 

These hydrogen bonds between sheets bring pairs of 
hydrogen atoms belonging to different A molecules into 
very close contact [H(2) . . .H(1B)  (x,½-Y,-½+z)" 
2.127 A]. This short contact appears to be responsible 
for the large distortions of the carbon skeleton of mol- 
ecule A from Czj, symmetry. 

Inspection of the packing diagram (Fig. 6), prefer- 
ably with the help of molecular models, shows that the 
repulsive force between these two hydrogen atoms has a 
large component perpendicular to both C-H bonds 
and to the C(1)-C(2) bond. This force tends to increase 
the absolute value of the H(1B)-C(I)-C(2)-H(2) tor- 
sion angle and to decrease the HCH angle at C(l). 
(The latter is indeed the smallest of all HCH angles; 
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see Fig. 2). If the methylene groups were completely 
rigid this motion would make the short transannular 
distance H(1A) . . .  H(5A) even shorter than in the free 
molecule. Inspection of a molecular model indeed 
suggests that the molecule yields to this force mainly 
by a shearing motion of the two longer sides of the 10- 
membered ring, in qualitative agreement with the ob- 
served distortion from C2h symmetry. 

The shortening of the transannular distance H(I A)- 
H(5A) in molecule A is evident from the observed di- 
mensions (Fig. 2) and one might infer that this distance 
in the free molecule is even slightly longer than observed 
for molecule B, which also deviates a little from the ex- 
pected C2h symmetry, in the same sense as molecule A. 
This slight distortion of molecule B may also result 
from intermolecular forces, in particular from the re- 
pulsion connected with the second shortest intermolec- 
ular contact (2.24 ,~) between H(5A) and H(15B). 
(All other H . . - H  intermolecular contacts are greater 
than 2.3 ,~). The shortest transannular distance H(1A)- 
H(5A) is calculated to be 1.94 ,~ and 2.01 A from force- 
fields I and II, respectively. Thus the force field II (Er- 
mer & Lifson, 1973) may give a better estimate for 
gaseous cyclodecane. 

The short intermolecular H . . . H  distance of 2.13 
is almost 0-3 A shorter than the accepted van der 

Waals diameter of 2.4 ,~ for hydrogen. The potential 
function for non-bonded H . - .  H interactions derived 
in the Ermer-Lifson calculation is: 

V n n ( r )  = 903" 8 / r  9 - 28" 30/r  6 

(r in .A, Vn. in kcal mole-1) 

according to this function, V(2.13) = 0.7 kcal mole-  1, 
a substantial amount but quite small in comparison 
with a hydrogen-bonding energy of about 5 kcal 
mole-  ~. 

This whole discussion of the effects of intermolecular 
forces would be on a much more tenuous basis without 
accurate experimental information about the hydrogen 
positions. Such information is a prerequisite for any 
significant confrontation between the results of struc- 
tural studies in the solid phase and those obtained by 
calculations on isolated molecules. 

Analysis of the experimental vibration tensors (Fig. 
7) in terms of rigid-body translational and librational 
motions of the molecules according to the procedure of 
Schomaker & Trueblood (1968) gave very poor agree- 
ment between observed and calculated tensor compo- 

( ' l / l o b s  l/calc]Z'~l/2 nents Uij. The values of Q = . , , v i j  - v i i  : / was 
about 0.0094 ~2 for both molecules compared with 
e.s.d.'s of 0.0009-0.0062/~2 for the experimental values. 
This poor level of agreement was not altogether sur- 
prising since it is not self-evident that the cyclodecane 
ring system should behave as a rigid body. However, 
examination of the results of the rigid-body calculation 
revealed an interesting systematic behaviour. For the 
heavy atoms the calculated values of U~ (diagonal ele- 
ments of vibration tensors) were uniformly too large, 

while for the hydrogen atoms they were too low. This 
suggested that the rigid-body approximation might 
hold better for the heavy-atom skeleton than for the 
attached hydrogen atoms. Accordingly, the calcula- 
tions were repeated, whereby the least-squares fitting 
was carried out only on the vibrational tensors of the 
heavy atoms. 

The values of Q dropped to 0.0017 for molecule A 
and to 0.0022 ~z for molecule B, as low as can be ex- 
pected in view of the uncertainties in the experimental 
data. Both molecules thus appear to behave reason- 
ably well as rigid bodies as far as the heavy-atom 
skeletons are concerned. The largest eigenvalues of the 
librational tensors are 6.3 ° for molecule A and 5.9: for 
molecule B. In both cases the corresponding librational 
axis is approximately coincident with the line inter- 
connecting the alcoholic hydrogen atoms so that the 
hydrogen-bonding interactions are least affected by 
this libiation mode. 

The vibrational amplitudes of the hydrogen atoms, 
calculated from the rigid-body motion of the heavy- 
atom skeleton are consistently smaller than the ob- 
served ones (except for the hydroxyl hydrogens). The 
residual vibration tenso~s obtained by subtraction of 
the rigid-body motions were analysed. For seven out 
of the 20 hydrogen atoms, one eigenvalue of the residual 
thermal motion tensor turns out to be slightly negative, 
indicating that the subtraction of the rigid-body mo- 
tion has been somewhat overdone. 

In all cases the largest eigenvalue of the residual 
thermal motion tensor is nearly perpendicular to the 
C-H bonds. In no case is there any appreciable residual 
motion parallel to the C-H bonds (it is in these direc- 
tions that the mean square amplitudes of vibration are 
negative in some cases). The residual motion thus 
corresponds mainly to internal modes involving angle 
bending, similar to that calculated from normal-coor- 
dinate analysis of spectroscopic data for benzene and 
cyclobutane (Johnson, 1970). 

We are grateful to Dr Effi Huber-Buser for carrying 
out the thermal motion analysis calculations and to 

o(1) 

~ . ,e l  3)  . _ ~  C(13) • . - ~ .  

c(14)~-~ c(12) 

~ : _ C(15) ~ C(11) 

1 

Fig. 7. Thermal ellipsoids based on parameters of Table 1 and 
drawn by O R T E P  (Johnson, 1965). 
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fl-LiIO3 crystallizes in space group P42/n with a= 9-7329 (7), e= 6"1566 (7) A, Z=  8. The intensities were 
collected with a diffractometer. The final R based on Fis 0-059. The structure consists of discrete IO3 
groups in the form of distorted trigonal pyramids, and distorted LiO, tetrahedra. Each tetrahedron 
shares two corners with two other tetrahedra. The mean bond distances are I-O = 1.79, Li-O = 1.98 A. 

Introduction 

Three modifications of LilO3 are known, c~-LilO3 can 
be transformed reversibly into y-LiIO3 at about 250°C. 
The retransformation 7'-~ takes place at about 200°C. 
y-LiIO3 can be transformed irreversibly into fl-LiIO3 
at about 300°C. fl-LiIO3 is stable up to the melting 
point (435 °C) (Liebertz, 1969; Matsumura, 1971). The 
transformation behaviour is strongly influenced by 
contamination of LiIO3 by small amounts of HIO3 
(Arend, Remoissenet & Staehlin, 1972). Furthermore, 
the ~- and fl-phases can be grown from neutral and 
acid aqueous solution at different temperatures (Des- 
vignes & Remoissenet, 1971). 

c~-LiIO3 crystallizes in space group P63 with a= 
5.18, c= 5.17 A. The iodine atoms are surrounded by 
six oxygens in a distorted octahedral arrangement. They 
form discrete trigonal IO3 groups with I - O =  1.81 A 
and O-I -O = 99 °. Each oxygen is bonded to two iodine 

atoms forming a three-dimensional network of I-O 
bonds (Rosenzweig & Morosin, 1966; de Boer, van 
Bolhuis, Olthof-Hazekamp & Vos, 1966). The features 
of the I-O network agree with other iodate structures. 
The lithium atoms have an octahedral coordination 
with Li-O = 2.12 A. 

The orthohexagonal cell of ?-LiIO3 was determined 
from high temperature powder diffractometer values 
by Matsumura (1971): a =  19.1, b=  11.14, c=  10.44 A. 
This cell is closely related to the cell of e-LilO3. The 
structure of y-LiIO3 is not yet known. 

Experimental 

Polycrystalline samples were prepared from large 
single crystals (diameter about 1 cm) of fl-LilO3 for a 
determination of the lattice constants with a Jagodzin- 
ski-Guinier camera and Cu K~ radiation (2= 1-54178 
A). Silicon was used as an internal standard. The lat- 


