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Crystal-Structure Analysis of ~-Carotene 
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The crystals of fl-carotene (C40H56) are monoclinic (P21/c), with the unit-cell dimensions a =7-55, 
b =9.51, c =24.8 A, and fl = 105.3 °, and with two molecules in the unit cell. The main chain of the 
molecule tends to be planar, but the chain is curved in its course. The fl-ionone ring is s-cis about the 
C(7)-C(6) bond, thus interrupting the all-trans structure of the chain. ~Tith photographically 
registered intensities, refinement of parameters by a least-squares method yielded a discrepancy 
index, R, of 0.19. 

Introduct ion  

Taylor (1937) described the optical properties of single 
crystals of E-carotene and performed a preliminary 
X-ray analysis. He gave the dimensions of the 
monoclinic unit  cell as a=7 .75 ,  b=9.5,  c=25-0 A, 
and /~=105-5 °. At tempts  to resolve the molecular 
structure were inconclusive. Subsequently Hunter,  
Lomer, Vand & Williams (1948), using powder 
diagrams, measured the lattice constants of the unit  
cell as 7.745, b--9.44, c=25-2 /~, and fl=105.5 °. 
These workers did not t ry  to analyze the crystal 
structure. Since Taylor's (1937) work, there have 
been no further efforts towards a resolution of the 
structure of the molecule. 

Chemical evidence (Isler, Montavan, Ruegg & 
Zeller, 1956; Isler, Gutmann, Lindlar, Montavan, 
Ruegg, Ryser & Zeller, 1956) indicates tha t  fl-carotene 
(all-trans-fl-carotene) is a planar, all-trans, polyene 
chain with conjugated double bonds, at tached methyl 
groups, and a fl-ionone ring at each end, also with 
attached methyl groups. Apparently the molecule has 
a center of symmetry :  this is indicated independently 
by both chemical and X-ray evidence. However, 
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Fig. 1. (a) Schematic diagram of a half-molecule of fl-carotene 
which is s-cis about the 7-6 bond, showing also the designa- 
tions of the carbon atoms used here. (b) Schematic diagram 
of a half-molecule of fl-carotene which is s-trans about the 
7-6 bond. 

chemical data  cannot distinguish whether the molecule 
has an s-cis or s-trans structure (Pullman & Pullman, 
1961) about the single bond, C(7)-C(6) (Fig. 1). 
Moreover, it was shown earlier tha t  the polyene chain 
of vitamin-A acid is not planar but is curved in 
several directions (Stam & MacGillavry, 1963) as is 
the chain of 7,7-dihydro-fl-carotene (Sterling, 1964). 
Because it seemed important  to know the structure 
of a molecule of such biological importance, fl-carotene 
has been made the object of a crystal-structure 
analysis. 

Mater ia l s  and m e t h o d s  

Single crystals of fl-carotene were graciously presented 
by C. O. Chichester. The density measurements of 
Taylor were accepted as being correct, and no new 
determinations were made. X-ray diffraction pat terns 
were registered at room temperature with a Weissen- 
berg apparatus and Cu K s  radiation (nickel-filtered). 
Intensities were recorded by the multi-film technique, 
in the equi-inclination method, at 7 levels about the 
b axis. Precession about the a axis gave additional 
0kl reflections. Cell dimensions were estimated from 
zero-level photographs. Two individuals read 850 non- 
zero and 261 'zero' intensities separately, and the 
values were then averaged. Because of the low mass- 
absorption coefficient (3.2 g-l), no absorption correc- 
tion was applied. 

Computations were performed on an IBM 7090 
computer, with data  reduction (INCOR) and Fourier 
( F O U R S U M / F O U R P R I N T / F O U R P E A K )  programs 
kindly provided by A. Zalkin of the Lawrence Radia- 
tion Laboratory, Berkeley, California. The least- 
squares program (LALS1) is tha t  of P. K. Gantzel, 
R. A. Sparks & K. N. Trueblood, modified by 
A. Zalkin. Interatomic distances and angles were 
obtained with the DSTNCE program of A. Zalkin. 

Resu l t s  

The unit-cell dimensions were determined as follows- 
a=7 .55+0 .05 ,  b=9.51+_0.1, c=24 .8+0 .2  _~, and 
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fl=105.3 °±0.3 ° . Because these values were in 
reasonably close agreement with the values given 
by the other workers, no attempts were made to 
obtain any greater accuracy in the parameters. 
The space group is P21/c, according to the systematic 
extinctions. With two molecules per unit cell (Taylor, 
1937), the calculated density is 1.04 g.cm -3. Because 
each molecule must have a center of symmetry, 
it is only necessary to find the parameters of the 
20 carbon atoms of the asymmetric unit (half-mole- 
cule). The hydrogen atoms were neglected. The 
designations of the carbon atoms are given in Fig. 1. 

Patterson distributions were calculated in two 
dimensions for the (010) and (100) projections. They 
were calculated in three dimensions as well, with 
untreated data, with data treated to sharpen the 
peaks, and with data treated both to sharpen the 
peaks and to remove the peak at the origin. The best 
resolution attained in any of these distributions 
was that  of the average vector between alternate 
carbon atoms, which was also taken to indicate the 
direction of the chain axis. This vector was given in 
all but the (010) projection. However, as Taylor (1937) 
found, the latter distribution did indicate the major 
direction of the polyene chain in projection. No 
vector between adjacent carbon atoms was found. 

The method of using the strongest reflections in 
trial-and-error placement of the chain was then fol- 
lowed (Sterling, 1964). In this case, 365 reflections 
were employed, and a trial molecule based on an all- 
trans, planar, straight chain, with a coplanar ring, was 
tested by the value of R,* the discrepancy index. (The 
scale factor approximation was obtained by permitting 
this value to vary in the least-squares programt; the 
temperature factor was approximated arbitrarily as 
B=4.0 in the expression exp [ - B ~ - 2 s i n  9 0].) How- 
ever, with a straight chain, R could not be reduced 
below 0"53. 

Consequently, it was postulated that  the chain 
was curved. A three-dimensional Fourier distribution 
based on signs of F (calculated) and values of 
F (observed) from the chain atoms alone gave possible 
positions of some ring atoms. Successive trial and error 
placement of the atoms and Fourier syntheses were 
continued, sometimes accompanied by least-squares 
refinement in the ring atoms. In this way a structure 
with R=0.42 was obtained. Although a full least- 
squares variation of all the 60 atomic positional 
parameters lowered R to 0.34 in 3 cycles, the molecule 
was unrecognizable as a chemical entity. 

At this point, re-study of the electron-density 
distributions raised the possibility that  some neglected, 
but relatively strong and repeatedly obtained peaks 
would coincide better with the possibility that  the 
ring was s-cis about the C(7)-C(6) bond. A structure 

* R is given by  the formula ,  [Zw(Fo--Fc)2]l/2/[ZwFoP] ~/2, 
with all s t ruc ture  factors  assigned an equal  weight.  

t The func t ion  minimized is [~(wl/21Fo--Fcl2)]l/~', in which 
each reflection is given uni t  weight.  

postulated on this basis could be refined by the least- 
squares method to give a discrepancy index with 
R =0.29, but again the molecule was unrecognizable. 
Because the least-squares program seemed to move 
the chain atoms into positions that  could be inter- 
preted as places in a rather highly curved chain, 
the chain atoms were placed on a curve of smaller 
radius. This trial structure could be refined rapidly 
to R = 0.26. With 60 positional parameters, 20 isotropic 
temperature factors, and one overall scale factor 
being varied in the least-squares program, R was 
lowered to 0.15. The chain and the ring were both 
quite recognizable, and the chain (as seen in projec- 
tion) was smoothly curved. When all the non-zero 
reflections were used, a final R value of 0.19 was 
obtained. The average final parameter shifts for 
x, y, z, and B, respectively, were 0.0005, 0.0003, 
0.00004, 0.077. The maximum shifts were 0.0013, 
0"0007, 0.0001, 0.349, respectively. A difference Fourier 
synthesis yielded an essentially featureless map. 
(The structure with the s-trans ring could not be 
refined.) 

The final atomic parameters for the carbon atoms 
are given in Table 1. The relatively higher temperature 

Table 1. Atomic parameters of the half.molecule 
of fl-carotene 

Isotropic  
Carbon t empera tu re  
a t o m  x y z fac tor  

(15) 0.038 0.059 0.013 4.47 
(14) 0.070 0-172 --0.027 5.13 
(13) 0.150 0.297 --0.007 5.02 
(13-Me) 0.211 0.346 0.054 5.12 
(12) 0.171 0.401 --0.053 4.37 
( I I )  0.251 0.528 --0.039 4.86 
(10) 0.247 0.617 --0.088 4.82 
(9) 0-317 0.751 --0.082 4.94 
(9-Me) 0.389 0-832 -- 0-025 5.3I 
(8) 0.297 0.837 --0.135 4.54 
(7) 0-344 0.970 --0.135 4-41 
(6) 0.338 1.049 --0.190 4.07 
(5) 0.209 1-030 -- 0.235 4.44 
(5-Me) 0.039 0.949 -- 0.244 6.20 
(4) 0.217 1-101 --0.294 5.28 
(3) 0.383 1.176 --0.290 9.85 
(2) 0.486 1.233 -- 0-239 11.72 
(1) 0.496 1-148 --0.181 6-13 

(1-Me- l )  0.678 1.076 --0.159 7.9I 
( l -Me-2)  0.475 1.280 --0.141 7.79 

0"5 1 c 

Fig. 2. Pro jec t ion  of half  the  un i t  cell of fl-carotene 
on the  (010) plane. 



1226 

Between carbon atoms 
within half-molecule Distance deviation 

(15) (15') 1.35/~ 0.04 A 
(15) (14) 1.52 0.03 
(14) (13) 1.37 0.03 
(13) (12) 1.54 0.03 
(12) (11) 1.36 0.03 
(11) (10) 1.48 0.03 
(10) (9) 1.38 0.03 

(9) (8) 1.51 0.03 
(8) (7) 1-32 0.03 
(7) (6) 1.56 0-03 
(6) (5) 1.31 0.03 
(5) (4) 1.62 0.03 
(4) (3) 1.47 0.04 
(3) (2) 1.40 0-04 
(2) (1) 1.63 0.03 
(i) (6) 1.52 0.03 

(13) (13-Me) 1.53 0.03 
(9) (9-Me) 1.57 0.03 
(5) (5-Me) 1.50 0.03 
(1) (1-Me--l) 1.55 0.03 
(1) (1-Me-2) 1.65 0.03 

CRYSTAL-STRUCTURE ANALYSIS OF E-CAROTENE 

Tab le  2. Interatomic distances in fl-carotene 

Standard Between half-molecules, related 
through symmetry center (~, ~, ~) Standard 
of cell translated (x + 1, y + 1) Distance deviation 

(15) (1-Me-l) 3.91 A O.O3 A 
(14) (1-Me-l) 3-96 0-03 
(13) (9-Me) 3.70 0.03 
(10) (13-Me) 3.91 0-03 
(13-Me) (9-Me) 3.79 0-03 

(9-Me) (9-Me) 3-70 0.04 
(11) (11) 3.90 0-05 

Between half-molecules in same cell 
related through symmetry operation 
(~, ½+y, ½--z) 

(8) (3) 3.81 • 0.04/~ 
(6) (2) 3.90 0-03 
(5) (~) 3-85 0.03 

Between half-molecules in same cell 
related through symmetry operation 
(x, ½-y,  ½+z) 

(4) (13-Me) 3.78 A 0.03 A 
(3) (13-Me) 3.75 0.03 

Tab le  3. Bond angles in the half-molecule of 
fl-carotene 

Vertex Standard 
Atomic triangle angle deviation 

(15') (15) (14) 113.9 ° 2.4 ° 
(15) (14) (13) 121.6 2-3 
(14) (13) (12) 114.9 2.2 
(13) (12) (11) 120.9 2.2 
(12) (11) (10) 113.0 2.3 
(11) (10) (9) 120.7 2.2 
(10) (9) (8) 116.6 2.2 

(9) (8) (7) 123.2 2.3 
(8) (7) (6) 121.2 2.2 
(7) (6) (5) 121.5 2.2 
(6) (5) (4) 120.2 2.2 
(5) (4) (3) 112.3 2.3 
(4) (3) (2) 122.9 2.4 
(3) (2) (1) 118.3 2.4 
(2) (1) (6) 109.2 2.2 
(1) (6) (7) 109.5 2.2 
(1) (6) (5) 129.0 2.2 

(14) (13 )  (13-Me) 127.4 2.2 
(12) (13) (13-Me) 117.7 2.2 
(10) (9) (9-Me) 126.1 2.2 

(8) (9) (U-Me) 116.6 2.2 
(6) (5) (5-Me) 130.9 2.2 
(4) (5) (5-Me) 108.9 2.2 

(2) (1) (1-Me-l) 111.7 2.3 
(~) (1) (1-me-e) 99.~ 2,3 
(6) (1) (1-Me-l) 114-7 2.2 
(6) (1) (1-Me-2) 110.5 2.2 

(1-Me-l) (1) (1-Me-2) 110.3 2-3 
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Fig. 3. Projection of one-fourth the unit cell of fl-carotene 
on the (I00) plane. Only a single asymmetric unit (half- 
molecule) is shown, to illustrate molecular form. The 
symmetry-related molecular segments have been omitted 
for clarity. 

fac tors  for the  r ing  a toms,  p a r t i c u l a r l y  C(2) a n d  C(3), 
are no tab le .  Tab le  2 p resen t s  t he  i n t e r a t o m i c  d i s t ances  
a n d  t he i r  s t a n d a r d  devia t ions .  (Between  molecules ,  
on ly  the  d i s t ances  below 4 A are given.)  The s t a n d a r d  
dev ia t i ons  were e s t i m a t e d  b y  the  m e t h o d  of leas t  
squares ,  w i t h  t he  a s s u m p t i o n  t h a t  the  errors  are 
r andom.  I n  Tab le  3 are the  i n t e r a t o m i c  angles.  I t  

should  be n o t e d  t h a t  the  g rea te r  size of angles  on 
one side of t he  cha in  ind ica tes  t h a t  t he  cha in  is convex  
on t h a t  side. Tab le  4 p resen t s  the  observed  a n d  
ca lcu la ted  s t ruc tu re  factors ,  w i th  al l  t he  unobse rved  
ref lect ions  g iven  a va lue  of zero for Fo. Figs.  2 a n d  3 
p resen t  the  appea rance  of the  a s y m m e t r i c  u n i t  in  
pro jec t ions  on (010) a n d  (100), respec t ive ly .  
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T a b l e  4 O b s e r v e d  ( F O B S )  and calculated ( F C A L )  structure factors for fl carotene 
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D i s c u s s i o n  

The large standard deviations in most of the inter- 
atomic distances (0-03 A) and the rather deviant 
values for some of these distances in the ring are 
undoubtedly due to two factors: (1) the error in 
reading photographic intensities visually and (2) the 
relatively high temperature factors - -  indicating a 
large amount of thermal motion, particularly in 
the atoms of the ring. The same relationship of results 
was also obtained in the derivative molecule, 7,7'- 
dihydro-fl-carotene (Sterling, 1964). However, in both 
molecules, the values of the interatomic distances in 
the chain are reasonable, and the temperature factor 
is considerably lower in the chain atoms than in 
the ring atoms. 

If, despite the large standard deviations, the 
intrachain distances be accepted as approximately 
correct, a curious relationship is found. Whereas in 
7,7'-dihydro-fl-carotene the interatomic carbon-carbon 
distances in the center of the conjugated chain tend 
toward a uniform intermediate length, indicating 
bonds of a mixed character (cf. Coulson, 1939), in 
fl-carotene, the shorter and larger bond lengths are 
clearly alternating: there is little sign of bonds of 
mixed nature. (Note that  the polyene chains in 
all-trans-fl-ionylidenecrotonic acid (Eichhorn & 
MacGillavry, 1959) and in vitamin-A acid ( S t a m &  
MacGillavry, 1963) likewise have no bonds of mixed 
character). Neither the bond distances nor the bond 
angles support the speculated values given by Pauling 
(1939) in developing his concept of stable and unstable 
cis configurations. 

Although it was expected that  the fl-ionone ring 
of all-trans-fl-earotene should continue the all-trans 
relationship from the chain (similarly to that  in all- 
trans- f l - ionyl idenecrotonic acid, Eichhorn & MacGil- 
larry, 1959), an s-c is -arrangement  about the C(7)-C(6) 
bond was found instead. (Precedence for such a 
structure is given in Sly's (1955) two-dimensional 
resolution of 15,15'-dehydro-#-carotene and in the 
structure of vitamin-A acid (Stam & MacGillavry, 
1963)). The s-cis arrangement is confirmed not only 
by the relatively low R value obtained and the short 
length of the C(6)-C(5) bond (1-35 A), but also by 
the fact that  the angles about the atoms at each end 

of the C(6)-C(5) bond total 360.0 °. Thus, there is 
little question about this aspect of the molecular 
structure. 

The final structure confirms Taylor's (1937) inter- 
pretation of the optical data to the effect that  the 
double bonds in the chain are more or less parallel 
to [010] (Fig. 3). However, these bonds are sufficiently 
anti-parallel so that  the assumption of their paral- 
lelism is not adequate for the structure resolution. 
I t  is noteworthy that  the polyene chain is curved, 
with the methyl groups on the convex side. This 
relationship was found in vitamin-A acid (Stam & 
MacGillavry, 1963), in 7,7'-dihydro-fl-carotene (Ster- 
ling, 1964), and in androsterone (High, 1962). 
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