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The crystal structure of the triclinic modification of vitamin-A acid has been determined from a 
sharpened three-dimensional Patterson synthesis and refined by three-dimensional least-squares 
methods. The all- trans-conjugated side chain is markedly curved in its plane because of the 
presence of the methyl groups. 

Introduction 

Some years ago an  invest igat ion was started in this  
laboratory into the crystal  structures of two vi tamin-A 
related compounds namely  t rans  fl-ionylidene ),- 
crotonic acid and v i tamin-A acid. The main  object 
was to provide a direct proof of the generally accepted 
all-trans configuration of the double-bond system in 
these compounds. 
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Fig. 1. Numbering of the atoms. 

The crystal  s tructure of t rans fl-ionylidene F-crotonic 
acid has been publ ished in 1956 (Eichhorn, 1956; 
Eichhorn & MacGillavry, 1959). The structure deter- 
minat ion  of Vi tamin-A acid forms the subject of this 
paper. The number ing  of the atoms is analogous to 
the one adopted in the paper  on t rans  fl-ionylidene 
y-crotonic acid (Fig. 1). 

Crystal  data and space group 

Vitamin-A acid was found to crystallize in two 
modifications. Usual ly  well developed monoclinic 
crystals were obtained;  occasionally some poorly 
developed triclinic ones were found. The monoclinic 
crystals are metas table ;  at  about  120 ° they  t ransform 
irreversibly into the triclinic form. This was established 
by  means of powder diagrams at a series of increasing 
temperatures.  The triclinic crystals mel t  at  180 °C. 

Even tua l ly  the following procedure was found to 
yield rather  good triclinic crystals" 

The (monoclinic) acid was powdered and  heated  in 
vacuo for several hours at about  120 °C., to effect 
the t ransformat ion to the tr iclinic form. A hot  
sa tura ted solution in ethyl  alcohol was then  prepared 
(_+ 70 °C.) which was allowed to cool very  slowly in 
a Dewar flask filled with water of the same tem- 
perature.  

The following uni t  cell was chosen for the tr iclinic 
crystals : 

a = 8.04 _+ 0.02, b = 28.49 + 0.04, c = 5.996 _+ 0.007 _~. 

~ = 5 0  ° 58'_+ 10', f l=71  ° 38'_+9', 7 = 9 5  ° 7'_+ 12'. 

The cell dimensions were obtained by  means  of 
zero-layer Weissenberg diagrams about  the three 
principal  axes, calibrated with A1 powder lines. The 
densi ty as found by f lotat ion is 1-09 g.cm.-8; 
for Z = 2  the calculated densi ty  is 1.07. Wi th  two 
molecules in the uni t  cell the most probable space 
group is P1, as it might  be expected tha t  the carboxyl  
groups of every two molecules would be l inked by 
hydrogen bridges on either side of a centre of sym- 
metry.  This choice of space group was confirmed by  
the eventual  solution of the structure. The crystals 
are in the shape of tablets  parallel  to (010), elongated 
along [001]. There is a ra ther  good cleavage plane 
parallel  to (100) and a bad one parallel  to (201). The 
crystals are dichroic; in polarized light, incident  per- 
pendicular  to (010), the colour varies between yellow, 
when the l ight vector is parallel  to [105], to l ight  
yellow. 

Intensit ies  

The intensities for the three-dimensional  ref inement  
were obtained from equi-inclination Weissenberg 



diagrams. The following films were made at room 
tempera ture  using Cu K0c radiat ion:  

a-axis 0 to 7th level 
c-axis 0 to 3rd leve l .  

The total  number  of independent  reflexions measured 
is 1127 out of about  4300 wi th in  the reflexion sphere. 

Attempts to obtain the diagrams at l iquid-air  
temperature failed because after a short time at this 
temperature the crystals invariably cracked. With 
much effort reasonable zero layer diagrams about 
a- and c-axis were obtained at about -150 °C., the 
intensities of which were used in the refinement of 
the corresponding projections. 

S o l u t i o n  of the  s t r u c t u r e  

The s tar t ing point  was the high in tens i ty  of the 
reflexion 201 which, together with the corresponding 
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spacing of 3-67 A, made it  probable tha t  a large par t  
of the molecule, possibly the conjugated side chain, 
would be in the (201)-plane. An approximate  direction 
of the side chain in the (201)-plane could be deduced 
from the Pat terson projections hk0 and Okl. In  order 
to obta in  more informat ion about  the mutua l  positions 
of the side chains in the (201)-plane, a Pat terson sec- 
t ion through this plane was calculated. This section 
was sharpened by using as coefficients in the Pat terson 
summat ion :  sin~ OF ~ exp ( - 2 . 3  sin e 0) and  is shown 
in Fig. 2. I t  confirms the assumption tha t  the side 
chain is in the (201)-plane. A very reasonable interpre- 
ta t ion of this Pat terson section could be given in terms 
of s t ra ight  conjugated chains connected by hydrogen 
bonds across a centre of s y m m e t r y  as indicated in 
Fig. 2. After  m a n y  vain  a t tempts  to refine this struc- 
ture it  had  to be abandoned and a new star t  was made, 
this t ime using the complete three-dimensional  Pat-  
terson, sharpened as indicated above. At tent ion was 
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Fig. 2. Sharpened Patterson section through (201), with, hn the bottom part of the figure, the wrong Lnterpretation in terms 
of straight conjugated chains (hatched parts Lndicate low value regions). 
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F i g .  3. S h a r p e n e d  P a t t e r s o n  s e c t i o n  p a r a l l e l  t o  ( 2 0 1 )  a t  1 .5  A a b o v e  t h i s  p l a n e .  
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now directed towards the vectors from the C-atoms 
1 and 2, prot ruding from the ring, to the side-chain 
atoms. I t  was hoped tha t  these vectors would give rise 
to peaks more or less free from overlap. While looking 
for these vectors, at  about  1.6 A above (201) we 
encountered a row of peaks which could very well be 
a t t r ibu ted  to vectors from C8 to the side-chain and 
to par t  of the ring. In  Fig. 3 the Pat terson section 
parallel  to and  at about  1.6 _~ above (201) is shown 
with the above-ment ioned vectors indicated, and also 
those of C8 to the next  molecule. A probable con- 
formation of the ring could also be found. If  this 
in terpreta t ion were correct the side-chain would not 
be s traight  bu t  marked ly  curved in its plane, which 
would account for the failure of our first  a t t empts  
at  solving the structure. And further,  the double bond 
in the ring would not  be in  the plane of the side-chain 
but  make an angle of about  40 ° with it. The trial  
s tructure based on this assumption gave very reasonable 
agreement  between Fo and Fc and ref inement  of this  
structure proceeded without  difficulty. Firs t  the a-axis 
projection, giving the best resolution for the side- 
chain atoms, was refined to an R of 18% using one 
overall  isotropic temperature  factor. The c-axis pro- 
jection was refined in the same way to an R of 22%. 
A three-dimensional  least-squares ref inement  was then  
s tar ted;  after three cycles with individual  isotropic 
temperature  factors R had  dropped from 32 to 25%. 
A difference synthesis at  this stage clearly revealed 
anisotropic thermal  motion of the side-chain atoms, 
with the largest displacement roughly perpendicular  
to (201). In  the next  cycle individual  anisotropic tem- 
perature parameters  were introduced. After five more 
cycles R had  dropped to 13.3%. The ref inement  was 
te rmina ted  here; the last drop in R was 0.4%, the last 
average coordinate shift 0.003 A. The discrepancy 
factors are for the 1127 observed reflexions only. 
In  all calculations the hydrogen atoms were left out 
of consideration. 

Fig. 4 shows the electron densi ty in the (201) plane 
calculated from the last cycle. The corresponding 

1/ 

Fig. 4. Final electron-density section through (201) 
on arbitrary scale. 

section of the difference synthesis is reproduced in 
Fig. 5; only terms for which sin 0 < 0 . 5  were used. 
This last  section was calculated in order to see whether  
indications would be found for the presence of hydro- 
gen atoms, especially those in the plane of the side- 
chain. There are indeed positive regions where H- 
atoms are expected to be. 

R e s u l t s  

In  Table 1 the final coordinates and tempera ture  
parameters  are given, together with their  calculated 
s tandard  deviations. Fig. 6 shows the bond distances 
and angles calculated from the coordinates of Table 1. 
The bond distances are also given in Table 2 together 
with their  approximate  s tandard  deviations. A~ the 
s tandard  deviations of the coordinates are anisotropic, 
the proper calculation of the s tandard  deviations of 
the atomic positions in the bond directions is tedious. 
The s tandard  deviations for the bond lengths listed 
in Table 2 were therefore calculated for isotropic 
positional s tandard  deviations equal to the largest of 
the three axial  ones of every atom. The s tandard  
deviations for the bond angles are about  1.5 ° through- 
out. The best plane through the side-chain: C9-C20, 
O1 and 02, calculated with the method of Schomaker 
et al. (1959) is: 

Fig. 5. (201) section of AF projection; Fc for C and O only. Terms for which sin 0 > 0.5 omitted. The crosses indicate C and 
O atoms in or near (201). Dotted contours are negative. Arbitrary scale. AF(000) omitted. 



C . H .  STAM AND C A R O L I N A  H. M A C G I L L A V R Y  65 

1"55..~ 

1"57 
1"53 

1"36 

",.i.52 
(a) 

1"21 

d'33 

......0 

o 

111.2 

115"4 

111"9 

110"9 

122.8 I"123.7 

118-3 1123"4 117"81124"0 
127"8 

1196 

.-O 

O 

Fig. 6. (a) Bond distances. (b) Bond angles. 
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Fig. 7. Packing of the molecules viewed perpendicularly to (201). 

7.274x - 0.273y + 3-703z - 3"625 
(fractional coordinates). 

The distances from this plane are listed in Table 3. 
The best plane through the atoms C3, C6, C7, C8, C9 
and C10, forming the system of the double bond in 
the ring, has also been calculated. The equation of 
this plane is: 

4.092x + 2.61 ly + 4.977z -- 3" 165. 

The distances of the atoms from this plane are given 
in Table 4. The angle between the two planes is 34 ° . 
The packing of the molecules is drawn in Fig. 7. 

ACII~5 

In Fig. 8 the shorter intermolecular distances in a 
layer parallel to (201) are shown and in Fig. 9 the 
distances between molecules of adjacent layers. 

D i s c u s s i o n  

The bond distances found are all normal in view of 
the calculated standard deviations, except for the 
single bond C4-C5 in the ring. The length of this bond 
is significantly smaller than the average single-bond 
distance in the ring. I t  is not clear how to account 
for this. Curiously enough this is also found for the 
corresponding bond in a further refinement of the 
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Table  2. Bond lengths and corresponding standard 
deviations 

Distance ~ Distance 

C1-C a 1-525 A 0"030 C12-Clz 1"567 A 0"025 
Ca-C a 1.548 0.026 C12-C14 1 - 3 5 3  0.024 
Ca-C 4 1.552 0.029 C14-C15 1.442 0-024 
Cd-C 5 1"451 0"036 C15-C18 1 - 3 6 2  0"024 
C5-C s 1-535 0-035 Cls-CI~ 1 - 4 5 6  0.025 
C6-C 7 1"536 0"028 C17-C18 1.526 0-027 
C+-C s 1.516 0-027 C17-C19 1.337 0-025 
C+-C+ 1"355 0"024 C19-C2o 1 - 4 5 1  0"025 
Co-C a 1"554 0"023 C2o-O 1 1 " 3 3 1  0"022 
C9-Clo 1.468 0"023 C2o-O ~ 1 " 2 0 5  0"022 
Clo-Cll 1 - 3 6 7  0"025 O1-O a" 2.647 0-018 
Cll-C~2 1 "458 0"025 

Tab le  3. Distances from the plane 

7.274x - 0.273y + 3-703z -- 3.625 

C 1 2.140 A C12 0.092 A 
C~ 0.150 Cla 0.003 
C a 0.642 C14 0.107 
C 4 0.286 C15 0-048 
C 5 0.206 Cla 0-030 
C a - 0-842 C1~ - 0.005 
C7 -0-763 C18 -0.145 
C a - 1.570 C19 0-058 
C o -0.121 C2o -0.018 
ClO -0.080 O 1 -0-124 
Cll 0.073 02 0.083 

Tab le  4. Distances of atoms C3 and  C6-Clo 
from the plane 4.092x + 2.61 l y  T 4-977z---- 3.165 

C s - o.oos h C s -0 .0 ]3  h 
C 6 - 0.012 c 9 0-009 
Cv 0.032 clo - 0-008 

s t ruc tu re  of t r an s  f l - ionylidene 7-crotonic  acid (Eich- 
horn ,  1961). As can be seen f rom Table  3 the  side- 
cha in  as a whole  is no t  exac t ly  p lanar ,  t he  dev ia t ions  
f rom p l a n a r i t y  being for the  grea te r  p a r t  s ignif icant .  
The  separa te  doub le -bond  sys tems  of the  s ide-chain,  
however ,  are p l ana r  w i th in  t he  l imi t s  of accuracy.  
The  best  p lane  t h r o u g h  the  s ide-chain does no t  dev ia te  
m u c h  f rom (201). The  s ide-chain  is app rec i ab ly  curved  
in  i ts  plane.  The  reason for th i s  is clear f rom Fig. 10, 
where  the  shor te r  non -bond ing  in t r amolecu l a r  dis- 
t ances  invo lv ing  the  CHz-groups are given.  The  angles 
oppos i te  the  CHs-groups 13 a n d  18 are  reduced  b y  
the  steric  i n t e r ac t i on  of these  w i th  t he  s ide-chain,  
as a consequence of which  i t  is no longer  s t ra igh t .  

The angles opposite the double bonds C12-C14 and 
C17-C19 are increased for the  same reason.  This  effect  
was a l r e ady  not iceable  in t r ans  f l - ionyl idene 7-crotonic  
acid a n d  has  also been  found  in  15 ,15 'dehydro  fl- 
caro tene  (Sly, p r i va t e  communica t ion) .  

The  conf igura t ion  of the  cyclohexene  r ing  is t he  
same as in  t r ans  f l - ionyl idene 7-cro tonic  acid and  
corresponds to  the  chair  form of cyclohexane .  (The 
conf igura t ion  corresponding to  the  bed  form of cyclo- 
hexane  is no t  free f rom strain) .  

The  pos i t ion  of the  r ing re la t ive  to  t he  s ide-chain 
is qui te  d i f ferent  f rom t h a t  in  t r a n s  f l - ionyl idene 
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Fig. 8. In termolecular  distances in a layer parallel to (201). 

' / ' ' k  

0 3 - ~ "  3"99 ,w . .  

Fig. 9. In termolecular  distances between adjacent  layers parallel to (201). 

7-erotonic acid, where the double bond in the ring 
is a continuation of the zigzag of the side-chain and 
is approximately in the same plane with it. In 
vitamin-A acid, the ring is rotated from this position 
by an angle of approximately 145 ° about the C9-C10 
bond. A similar situation is found in 15,15'dehydro 
fl-carotene (Sly, 1960), and in eis 12-14 fl-ionylidene 
y-crotonie acid (Koch & MacGillavry, 1961). Both 
conformations are about equally favourable as far as 
steric effects between ring and side-chain are con- 
cerned. 

I / 

Fig. 10. In t ramoleeular  distances involving the  me thy l  groups. 

As in trans fl-ionylidene y-crotonie acid the double 
C--O bond is not in line with the zigzag of the side- 
chain. The reason for this is obvious from Figs. 6 
and 10. A planar configuration with the earboxyl 
group 180 ° rotated about the C17-C19 bond would 

be virtually impossible because the smaller C-C-O 
angle would bring the 0 too near to C17 and C19. 
Even in the configuration as found in vitamin-A acid 
the carboxyl group is twisted away from the methyl 
group C18. For the best plane through the atoms 
C16-C20 one finds: 

7.484x + 0-721y + 3.614z = 3.975. 

The distances of 01 and 02 from this plane are -0 .20  
and 0.18 J~ respectively, which amounts to a twist 
of about 10 °. The accuracy of the thermal parameters 
in Table 1 is low. Therefore not too much importance 
is to be attached to the individual values. In Table 5 
the direction of the axes of the vibration ellipsoid 
and the corresponding mean square displacements are 
given as calculated from the average B~/s of the side- 
chain atoms C9-C20. The largest vibration is in a 

Table 5. Direction cosines of the axes of the average 
vibration ellipsoid of the side-chain atoms C9-C2o relative 
to a-, b- and c-axis respectively and the corresponding 

mean square displacements 

u2 (.42) cos ~ cos fl cos r 
0.129 0-901 --0.042 0.606 
0-042 --0.189 +0-945 +0-767 
0.067 0.392 0.325 --0.214 
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direct ion near ly  perpendicular  to the  plane of the 
side-chain;  the  smallest  is roughly parallel to it. This 
is in agreement  wi th  the  first  difference synthesis.  

Our  thanks  are due to Dr  D . A .  van  Dorp who 
suggested the  invest igat ion and  provided the  first  
samples.  

Later ,  th rough  the  courtesy of Dr  P. H.  van  Leeuwen 
of Phi l ips-Duphar ,  Weesp, The Netherlands,  larger 
amoun t s  of ve ry  pure v i tamin-A acid were obtained. 

The three-  dimensional least-  squares calculations 
were done on the  Leeds Univers i ty  Pegasus computer.  
We are ve ry  indebted to Dr  D. W. J .  Cruickshank 
who made  this possible and  who took a personal 
interest  in the  work. Fu r the r  we have to t h a n k  Dr  
J .  C. Schoone who was kind enough to calculate a 
three-dimensional  difference synthesis on the Zebra 
computer  of the Univers i ty  of Utrecht .  

One of us (C. H.  S.) has to acknowledge the tenure  
of a R a m s a y  Memorial Fellowship; he is ve ry  grateful  

to Prof. E. G. Cox in whose labora tory  he spent  the  
two years  of this Fellowship. 

The senior au thor  (C. H. MacG.) acknowledges a 
grant  from the Rockefeller Foundat ion  for appara tus .  
Final ly  the exper t  help of Mr Kreuger  of the  Nether-  
lands Organizat ion of Pure  Research (Z. W. 0 . )  in 
handling the crystals and  making  the  various films 
is grateful ly mentioned.  
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A table of interplanar spacings for cementite, FeaC, 
has been prepared and is available on request from this 
laboratory. A copy has also been deposited in the editorial 
files of Acta CrystaUographica. The table was required in 
connexion with the interpretation of electron-diffraction 
diagrams in which spacings could occur down to 0.5 A 
(kX.), but would also be useful in connexion with identifi- 
cation by X-ray diffraction methods. 

The lmit cell is orthorhombic and the lattice parameters 
have been taken as 

a=4.515,  b=5.078, c = 6 . 7 2 8 k X .  

These values are between those reported by Lipson & 
Petch (1940) and Hume-Rothery,  Raynor  & Little (1942). 

The space group is Pbnm (No. 62, Pnma), so tha t  hO1 
reflexions are expected if h + l  is even, 0/el reflexions 
require /C even, and h00, 0/c0, 001 should also be even. 
The systematic absences are expected to apply to X-ray 
diffraction patterns, but some of these reflexions may not 

June 1962) 

be missing from electron-diffraction patterns, so it was 
desirable to cover all reciprocal-lattice points in the 
calculation. This was effected by a programme using the 
Pegasus 'Autocode'. 

The tabulation gives 792 interplanar spacings above 
0.5 kX. and the corresponding values of 1/d 2. This set 
of da ta  represents 5,133 reciprocal-lattice points (includ- 
ing 000) contained within the sphere of 2 kX. -1 radius. 
The points immediately outside the sphere are also 
included, giving an additional 93 spacings (622 points). 
The tabulation lists the points in reciprocal lattice rows 
parallel to the c* axis and in successive planes per- 
pendicular to the a* axis. 
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