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Ct9Hj8 crystallizes in the monoclinic space group Cc with a= 18"197 (2), b= 6"623 (1), c= 11.681 (2)/1, 
fl= 109"80 (1) °, Z=4,  Dc = 1.24, Din= 1"20 g cm -3. The structure was solved by the Patterson method 
and the minimum residual technique. With 1184 counter-measured observed reflexions the structure was 
refined to an R of 0-039 (wR=0"045). In the crystal the molecular symmetry is near to m; in the 
annulene ring the bond lengths show small but systematic deviations from the aromatic value. Simple 
Htickel molecular orbital calculations are in qualitative agreement with the experimental results. Owing 
to the strain imposed by the bridges, the pentane chain is not planar. 

Introduction 

This work is part of a study of the structures of bridged 
annulenes (Gavezzotti, Mugnoli, Raimondi & Simo- 
netta, 1972; Gramaccioli, Mugnoli, Pilati, Raimondi 
& Simonetta, 1972; Gramaccioli, Mimun, Mugnoli & 
Simonetta, 1973; Gramaccioli & Simonetta, 1971; 
Bianchi, Morosi, Mugnoli & Simonetta, 1973; Mug- 
noli & Simonetta, 1974). It has been noted (Gramac- 
cioli, Mimun, Mugnoli & Simonetta, 1973) that the 
strain imposed by the bridges on an annulene ring 
results in a more or less marked division (with respect 
to the aromatic value) into shorter and longer bond 
distances along the annulene perimeter. Therefore it 
seemed worth while to study the effect of a pentane 
chain connecting the C(1)-C(15)-C(6) and C(8)-C(16)- 
C(13) bridges. 

The crystal structure of 1,6:8,13-pentane-l,5-diyli- 
dene[14]annulene is presented in this paper. 

Experimental 

Crystals were kindly provided by Professor E. Vogel. 
Preliminary film data showed that the crystals are 
monoclinic, space group Cc or C2/c (hkl, only for 
h + k = 2n; hOl, only for l =  2n). Lattice constants were 
obtained from a least-squares fit of 12 reflexions (plus 
their equivalents) centred with Cu Kc~ radiation (2= 
1.54178 /~) on a Syntex PT four-circle diffractometer 
equipped with graphite monochromator. The density 
was measured by flotation in a dilute Thoulet (K2HgI4) 
solution. The crystallographic data are given in the ab- 
stract. 

Intensities were collected on a crystal of dimensions 
0.29 x 0.13 x 0.18 mm with the 0-20 scan technique, 
scan width 2-1 °+cqe2 separation, variable scan speed 
between 1 and 12 ° min -1, and dead time for coin- 
cidence correction 2.1 x 10 -6 S. The background was 
counted for half the total scanning time on each side 
of the reflexion. Two standard reflexions were meas- 
ured periodically; these showed no significant change 

during data collection. In the range of measurements 
(20re,x= 140 °) 1233 reflexions were measured, of which 
1184 had intensity above background. The variance 
az(Irel) was calculated as [S+B+(0.03 S)2]v 2, with 
S=scan count, B--total  background count and v= 
scan speed. Lorentz and polarization factors were ap- 
plied; absorption effects were neglected (~--5.3 cm -1 
for Cu K~ radiation). The N(z)  test and the statistics 
on the normalized structure factors were in agreement 
with the acentric distribution, whence space group Cc 
was assumed. This was later confirmed by the struc- 
ture solution. 

The structure was solved by determining the orienta- 
tion and then the position of a molecular model in the 
unit cell. The first step was accomplished by means of 
an automated interpretation of the sharpened Patter- 
son map calculated around the origin (Filippini & 
Gramaccioli, 1969; modified for the monoclinic sys- 
tem by R.B.). An incomplete molecular model (16 out 
of 19 C atoms) was constructed leaving out the three cen- 
tral atoms of the pentane chain, on the basis of the 
molecular geometry of 1,6: 8,13-butane- 1,4-diylidene- 
[14]annulene (Gramaccioli et al., 1972). By assuming 
the orientation corresponding to the highest peak in 
the Patterson sum function, the position of the oriented 
model along the non-polar y axis was then found by 
the minimum residual technique; a difference map 
showed the positions of the three remaining C atoms. 

Refinement on all observed reflexions was accom- 
plished by a full-matrix least-squares process, minimiz- 
ing ~w(lFo[-[Fc[) 2 with weights w =  1/cr2(F). The pro- 
gram used was a modified version of ORFLS (Busing, 
Martin & Levy, 1962). Scattering factors for C were 
obtained from Cromer & Waber (1965) and for H 
from Stewart, Davidson & Simpson (1965). Initially 
C atoms were treated as isotropic; in a later stage the 
corresponding thermal parameters were converted to 
their anisotropic equivalents, and refinement was con- 
tinued including the contributions of the H atoms 
located in calculated positions. During the last cycles, 
the coordinates and the isotropic thermal parameters 



1284 T H E  S T R U C T U R E  O F  1 , 6 : 8 , 1 3 - P E N T A N E - 1 , 5 - D I Y L I D E N E [ 1 4 ] A N N U L E N E  

of  the H a toms were a l lowed to vary. W h e n  all the 
shifts were less t han  0"110. the ref inement  was con- 
sidered comple te ;  the final values for  the residuals con- 
verged to R = 0 . 0 3 9  for  the 1184 observed reflexions 
and  to R = 0 - 0 4 5  for  all 1233 measured  da ta  (Rw= 
0.045), wi th  a goodness  o f  fit [~w(AF)2/(n-p)] 1/2= 
1.74.* A final difference map  showed no significant 
features,  the electron densi ty values being between 
+_ 0"27 e A -3 

The  final a tomic  parameters  are given in Tables  1 
and  2. The  number ing  of  a toms  is shown on the ther-  
mal  el l ipsoids plot  ( Johnson,  1965) of  Fig. 1. 

The  s t anda rd  deviat ions  for  the coord ina tes  derived 
f rom the residuals and  the d iagonal  e lements  of  the in- 
verse mat r ix  of  the final least-squares cycle cor respond  
to pos i t iona l  uncer ta int ies  of  the order  of  0.005 A for  
the C and  of  0.045 A for the H atoms.  The  cor respond-  
ing s t anda rd  deviat ions  in the b o n d  distances involv- 
ing only  C a toms  are a r o u n d  0.007 A, in the bond  an- 
gles 0-4 ° , and  in the to rs ion  angles 0.7 ° (calculated ac- 
cord ing  to Huber ,  1961); in the C - H  bonds  they are 
abou t  0.05 A and in the angles involving H a toms they 
are be tween 1.8 and  3.6 ° (for H - C - H  angles). 

R e s u l t s  

To test the r igidi ty o f  the molecule  the in te rpre ta t ion  
of  the rma l  paramete rs  in terms o f  r ig id-body mo t ion  
was a t tempted .  Accordingly ,  the tensors T, L and  S 
(Schomaker  & Trueb lood ,  1968) were derived f rom a 
least-squares t r ea tmen t  with a Fo r t r an  IV p rog ram 
wri t ten by G. Fil ippini .  In these calculat ions,  equal  
weights were assigned to all the rmal  factors ;  the results 

are shown in Table  3. The  agreement  between observed 
and calculated values of  Bij for  each C a tom is good,  
the differences exceeding 30- only for 11 cases over  a 

* A table of observed and calculated structure factors has 
been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 30844 (11 pp., 1 micro- 
fiche). Copies may be obtained through The Executive Secre- 
tary, International Union of Crystallography, 13 White Friars, 
Chester CH 1 1 NZ, England. 

C9 ~hC7 /¢"x C5 

c,o , 

HS~ ~ ~I;)H2 

H! 

(a) 

1 3 

(b) 

Fig. 1. Temperature ellipsoids. Carbon atoms are drawn at 
probabilities 0.50 and 0.20 in (a) and (b), respectively. 
Hydrogen atoms, treated as isotropic, are on an arbitrary 
scale. (a) Numbering of atoms and torsion angles around 
the annulene ring. Values for torsion angles C(15)-C(17)- 
C(18)-C(19) and C(17)-C(18)-C(19)-C(16) are 70.7 and 
-67.8 °, respectively. (b) Side view of the molecule and 
dihedral angles between least-squares planes. The dihedral 
angle between planes C(15), C(16), C(17), C(19) and C(17), 
C(18), C(19) is 122.5 °. 

Table  1. The carbon atom parameters and their standard deviations 

All the values in this table have been multiplied by 104. Thermal factors are of the form exp [ - (Bnh2+ 2B~2hk + ...)]. 

x y z BH B22 B33 Bl2 B13 
C(1) 
C(2) 
C(3) 
C(4) 
c(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(11) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
C(19) 

758 (0) 2690 (5) - 5 6  (o) 47 (1) 192 (8) 78 (3) 45 (3) 20 (1) 
1386 (3) 2908 (7) -518 (5) 47 (2) 375 (12) 108 (4) 56 (4) 26 (2) 
1937 (3) 4387 (9) -182  (5) 32 (1) 509 (17) 147 (5) 34 (4) 26 (2) 
1903 (3) 6239 (8) 417 (5) 23 (1) 452 (14) 134 (4) - 14 (3) 10 (2) 
1314 (3) 6941 (6) 791 (4) 27 (1) 294 (10) 96 (3) - 2  (3) 3 (1) 
713 (3) 5743 (4) 942 (4) 30 (1) 211 (7) 58 (2) 5 (2) 5 (1) 

- 3 6  (3) 6558 (4) 592 (4) 35 (l) 151 (6) 64 (2) 9 (2) 16 (l) 
-762  (3) 5618 (4) 141 (4) 33 (1) 197 (7) 78 (3) - 1 (2) 26 (1) 

-1390 (3) 6699 (6) -679 (4) 30 (1) 273 (9) 110 (3) 18 (3) 24 (2) 
- 1960 (3) 5870 (8) - 1658 (5) 26 (1) 441 (13) 121 (4) 1 (3) 14 (2) 
-1945 (3) 4038 (8) -2251 (5) 31 (1) 465 (15) 110 (4) - 3 8  (4) 8 (2) 
- 1350 (3) 2636 (7) - 1968 (5) 48 (2) 319 (10) 108 (4) - 52 (4) 28 (2) 

-709  (3) 2533 (5) -831 (4) 51 (1) 172 (7) 81 (3) -31 (3) 29 (2) 
30 (3) 2076 (4) -846  (4) 56 (1) 158 (7) 73 (3) 7 (3) 31 (2) 

941 (3) 3554 (5) 1204 (4) 39 (1) 241 (8) 71 (3) 30 (3) 7 (1) 
-931 (3) 3397 (5) 204 (4) 41 (1) 225 (8) 91 (3) - 2 4  (2) 34 (2) 

735 (3) 2386 (6) 2190 (4) 72 (2) 237 (10) 74 (3) 37 (3) 14 (2) 
5 (4) 2923 (6) 2428 (4) 90 (3) 222 (8) 79 (3) 19 (4) 47 (2) 

-720  (3) 2321 (6) 1437 (4) 74 (2) 243 (10) 110 (4) - 9  (3) 60 (3) 

923 

9 (3) 
- 1 6  ( 6 )  
- 2 2  ( 7 )  
- 1 4  ( 6 )  

- 2 4 ( 4 )  
- 2 6  ( 3 )  
- 13  ( 3 )  
- 2 4  ( 3 )  

0 (5) 
1 ( 6 )  

- -  4 0  ( 6 )  
- -  6 8  ( 5 )  
- 2 2  ( 3 )  
- l O  ( 3 )  

1 ( 4 )  
- 1 4  ( 4 )  

27 (4) 
13 (4) 
16 (5) 
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to ta l  o f  114, and  in most  cases being of  the order  o f  la .  
On the whole,  this can be t aken  as p r o o f  o f  essential  
r ig id-body m o t i o n  o f  the molecule.  The  mean  square  
ro t a t i ona l  d isplacements  abou t  the pr incipal  axes of  
the tensor  L a m o u n t  to 20, 14 and  10 (0)2. 

Bond  distances (uncorrec ted  and  correc ted  for  rigid- 
body  mot ion )  and  angles are col lected in Tables  4 and  
5, respectively. Tor s ion  angles are repor ted  in Fig. 1 (a). 
The  correc t ions  for  distances have been derived under  
the r ig id-body as sumpt ion  f rom the tensor  L, accord-  

Table  2. Parameters for the hydrogen atoms 

H(1) 
H(2) 
H(3) 
H(4) 
H(5) 
H(6) 
H(7) 
H(8) 
H(9) 
H(10) 
H( l l )  
H(12) 
H(13) 
H(14) 
H(15) 
H(16) 
H(17) 
H(18) 

x y z 10B (/~2) 
0"136 (3) 0"208 (7) --0"111 (4) 69 (10) 
0"235 (3) 0"440 (7) --0"053 (4) 86 (12) 
0"229 (2) 0"709 (6) 0"046 (4) 59 (9) 
0"122 (2) 0"831 (7) 0"078 (4) 73 (11) 

--0"007 (2) 0"797 (4) 0"040 (2) 32 (5) 
-0"140 (2) 0"815 (6) -0"059 (3) 54 (8) 
-0"239 (3) 0"674 (6) -0"204 (4) 66 (9) 
-0"234 (3) 0"387 (6) -0"303 (4) 69 (9) 
-0-133 (2) 0-181 (6) -0-255 (4) 57 (9) 

0"002 (2) 0" 155 (5) - 0" 160 (3) 40 (6) 
0"152 (2) 0"366 (4) 0"155 (3) 33 (5) 

- 0" 150 (2) 0-329 (6) - 0"003 (3) 53 (8) 
0"114 (3) 0"261 (7) 0-296 (5) 82 (12) 
0"074 (2) 0"094 (6) 0"197 (4) 58 (8) 

-0"006 (2) 0"221 (7) 0"317 (4) 77 (11) 
-0"003 (2) 0"429 (6) 0"258 (3) 55 (8) 
-0"071 (2) 0"074 (7) 0"129 (4) 67 (9) 
-0"116 (3) 0"262 (7) 0"175 (4) 74 (10) 

1.45 

1.44 

1.43 

1.42 

1.41 

1.40 

1.39 

1.38 

1.37 

Fig. 2. Experimental (solid line) and calculated (dashed line) 
bond lengths (~) for bonds C(1)-C(2) to C(14)-C(1) in the 
annulene ring. 

Table  3. Rigid-body tensors 

The tensors are referred to a Cartesian coordinate system 
defined by unit vectors a, b, a x b. All values have been multi- 
plied by 104 . 

T (A 2) 1295 (26) 66 (11) 233 (22) 
('unreduced') 320 (14) - 4 6  (14) 

716 (30) 
L (rad 2) 33 (4) - 3  (2) - 8  (2) 

44 (2) 2 (2) 
59 (2) 

S (,~ rad) - 50 (7) 3 (4) - 110 (10) 
45 (5) 10 (3) 15 (5) 

229 (7) 8 (2) 40 (7) 

Table  4. Bond distances (A) 

Observed Corrected* Calculated 
C( 1 )--C(2) 1.426 1.433 1-409 
C(2)--C(3) 1.361 1.368 1.396 
C(3)--C(4) 1.424 1.430 1-405 
C(4)--C(5) 1.369 1-375 1-395 
C(5)--C(6) 1.410 1-417 1.410 
C(6)--C(7) 1.393 1.400 1.398 
C(7)--C(8) 1.393 1.400 1.400 
C(8)--C(9) 1.413 1.420 1.407 
C(9)--C(10) 1-371 1-377 1.397 
C(10)-C(1 l) 1.402 1.409 1.404 
C(11)-C(12) 1.378 1.384 1.396 
C ( 1 2 ) - C ( 1 3 )  1.443 1.449 1.409 
C(13)-C(14) 1.384 1.391 1.399 
C(14)-C(1) 1-395 1-402 1.399 
C(1)--C(15) 1-508 1.513 
C(6)--C(15) 1.510 1.517 
C(8)--C(16) 1"509 1"516 
C(13)-C(16) 1.511 1.517 
C(15)-C(17) 1.536 1.543 
C(17)-C(18) 1.490 1.498 
C(18)-C(19) 1.485 1.492 
C(19)-C(16) 1.534 1.541 

* After rigid-body correction 

Fig. 3. Packing of molecules as seen along the y axis. 

Table  5. Bond angles 

C(1)--C(2)--C(3) 124.8 
C(2)--C(3)--C(4) 127.7 
C(3)--C(4)--C(5) 128.2 
C(4)--C(5)--C(6) 125.0 
C(5)--C(6)--C(7) 118.0 
C(6)--C(7)--C(8) 130.3 
C(7)--C(8)--C(9) 118.4 
C(8)--C(9)--C(10) 124.9 
C(9)--C(10)-C(11) 128.5 
C(10)-C(11)-C(12) 127.6 
C(11)-C(12)-C(13) 125.2 
C(12)-C(13)-C(14) 119.0 
C(13)-C(14)-C(1) 129.6 
C(14)-C(1)--C(2) 118.9 
C(I)--C(15)-C(6) 102.2 
C(8)--C(16)-C(13) 102.5 

C(14)-C(1)--C(15) 127.0 
C(2)--C(1)--C(15) 113.0 
C(5)--C(6)--C(15) 113.2 
C(7)--C(6)--C(15) 127.3 
C(7)--C(8)--C(16) 126.9 
C(9)--C(8)--C(16) 113.3 
C(12)-C(13)-C(16) 111.5 
C(14)-C(13)-C(16) 128.1 
C(6)--C(15)-C(17) 121.0 
C(I)--C(15)-C(17) 120.8 
C(15)-C(17)-C(18) 118.7 
C(17)-C(18)-C(19) 113.8 
C(18)-C(19)-C(16) 118-7 
C(8)--C(16)-C(19) 120-6 
C(13)-C(16)-C(19) 121.7 
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ing to Schomaker & Trueblood (1968). Corrections 
for bond and torsion angles (less than 0.1 °) were ne- 
glected. 

Hfickel molecular orbital (HMO) calculations were 
used to calculate bond orders in the annulene perim- 
eter. Starting bond distances were put all equal to 1.40 
A, whereas the effect of the misalignment between ad- 
jacent p= orbitals was taken care of by means of ex- 
perimental torsion angles. In the calculations, the same 
procedure and parameters were used as described in a 
previous paper (Gramaccioli et al., 1973). Bond lengths 
as obtained at convergence are reported in the last 
column of Table 4. 

In Fig. l(a), signs for the torsion angles are given 
following the convention of Klyne & Prelog (1960). 
The mean planes, calculated according to Schomaker, 
Waser, Marsh & Bergman (1959), are described in 
Table 6; values for dihedral angles between adjacent 
least-squares planes in the annulene ring are shown in 
Fig. l(b). 

Table 6. Some least-squares planes through groups o f  
atoms 

The coefficients q~ are the direction cosines relative to the 
crystallographic axes a, b and c, multiplied by 104. The distance 
of the defining atoms from the mean plane involving four 
atoms is always less than 0.013 A, with the exception of the 
C(15), C(16), C(17), C(19) plane (0.017 A). 

Plane ql qz q3 D 
C(2), C(3), C(4), C(5) -1278 4457 -7903 1.013 A 
C(1), C(2), C(5), C(6) -3705 3717 -6753 0.195 
C(1), C(6), C(15) 9762 2152 -3045 1.751 
C(1), C(6), C(7), C(14) 4422 5024 -8488 1.560 
C(7), C(8), C(13), C(14) 1053 4842 -8529 1.510 
C(8), C(13), C(16) -7693 1443 -3250 1.550 
C(8), C(9), C(12), C(13) 8080 4057 -6757 0.285 
C(9), C(10), C(ll), C(12) 6364 4634 -7958 1.076 
C(3), C(4), C(10), C(ll) 2798 5031 -8641 2.629 
C(2), C(5), C(9), C(12) 2816 5006 -8656 2.185 
C(1), C(6), C(8), C(13) 2779 5035 -8639 1"336 
C(15), C(16), C(17), C(19) -1916 8671 4975 2.403 
C(17), C(18), C(19) 1398 8856 -4640 0.399 

C-H distances are in the range 0-87-0.97 A and 
0.93-1.06 A for H atoms bonded to the annulene ring 
and to the pentane chain, respectively. 

Discussion 

The geometry of the molecule is described in Tables 4 
to 6 and in Fig. 1. On the whole, the observed geometry 
fits m symmetry; the highest differences between m- 
symmetry related bond distances, angles, and absolute 
values of torsion angles are 0.02 A, 1.8 °, and 4.5 °, re- 
spectively. 

The strain imposed by the bridges is reflected in a 
quite remarkable deviation of the annulene ring from 
planarity, as shown in Fig. l(b); with reference to the 
C(2), C(5), C(9), C(12) mean plane, deviations as high 
as 0-87 A are found for perimeter C atoms. The cot- 

responding highest deviation in 1,6:8,13-butane-l,4- 
diylidene[14]annulene (hereinafter BUT; Gramaccioli 
et al., 1972) is 0.75 A, and in 7-methoxycarbonyl-anti- 
1,6:8,13-dimethano[14]annulene (hereinafter ANTI; 
Gramaccioli et al., 1973), 0.69 A. However, bond 
lengths along the annulene ring in the present com- 
pound deviate only slightly, though systematically (in 
the sense that in the ring approximately mm2 symmetry 
is observed) from the aromatic value. Similar be- 
haviour has been noticed in BUT, the sample standard 
deviation in bond lengths and the maximum misalign- 
ment angle ~Oma x between adjacent p= orbitals being 
0.025 and 35 ° respectively in BUT, vs. 0.022 and 39 ° 
respectively in the present compound [for details, see 
Gramaccioli et al. (1973)]. 

In other words, deviations from the aromatic value 
in bond distances around the ring, although signifi- 
cant, are not very high owing to the sufficiently low 
value of the ~0 angles. This does not happen in ANTI, 
where the high value in (,Omax (74 °) causes a complete 
division into long and short bond distances (averages: 
1.47 and 1.35 A, respectively) corresponding to a sys- 
tem of localized single and double bonds. 

As a test of the connexion between ~0 angles and 
splitting of bond lengths in the ring, we performed for 
the present compound the same semi-empirical calcu- 
lations as for ANTI; the results are shown in Table 4 
(last column) and in Fig. 2. The matching between ob- 
served and calculated bond distances is not so good 
as in ANTI; however a qualitative agreement is found, 
the observed longer and shorter distances being cal- 
culated as longer and shorter with respect to the aro- 
matic bond length. On the whole, deviations of ob- 
served bond distances from the aromatic value along 
the annulene ring are small enough to suggest an aro- 
matic behaviour of the substance. 

The non-bonded distance between the summit of the 
bridges is 3.21 A, i.e. much shorter than the distance 
of 5.08 A between the terminal C atoms of n-pentane 
itself (Mathisen, Norman & Pedersen, 1967), for which 
the conformation of the C atom skeleton in the crys- 
tal is anti-periplanar (torsion angles 178°). In the pres- 
ent compound the shortening of the pentane chain is 
accomplished by a shortening and a rotation of the 
two central bonds, giving rise to torsion angles of 69 ° 
(mean of absolute values) and to a dihedral angle (out- 
of-plane bending angle) of 122.5 ° . This situation ap- 
proximately corresponds to the next energy favoured 
synclinal (gauche) conformation. 

The packing of the molecules in the crystal is shown 
in Fig. 3. The range of intermolecular distances is nor- 
mal. There is only one contact shorter than the sum 
of van der Waals radii (C 1.7, CH 2 2.0, H 1-2 A; Paul- 
ing, 1960), i.e. between C(4) in x ,y , z  and H(13) in 
x , l - y , - ½ + z  (2.84 A). 

We thank Professor E. Vogel for having supplied us 
with crystals of the substance before the publication of 
his experimental results. 



R I C C A R D O  B I A N C H I ,  A N G E L O  M U G N O L I  A N D  M A S S I M O  S I M O N E T T A  1287 

References 

BIANCHI, R., MOROSI, G., MUGNOLI, A. & SIMONETTA, M. 
(1973). Acta Cryst. B29, 1196-1208. 

BUSING, W. R., MARTIN, K. O. & LEVY, H. A. (1962). 
ORFLS. Oak Ridge National Laboratory Report ORNL- 
TM-305. 

CROMER, D. T. & WABER, J. T. (1965). Acta Cryst. 18, 
104-109. 

FILIPPINI, G. & GRAMACCIOLI, C. M. (1969). Ric. Sci. 39, 
589-591. 

GAVEZZOTTI, A., MUGNOLI, A., RAIMONDI, M. • SI- 
MONETTA, M. (1972). J. Chem. Soc. Perkin II, pp. 425-431. 

GRAMACCIOLI, C. M., MIMUN, A. S., MUGNOLI, A. & 
SIMONETrA, M. (1973). J. Amer. Chem. Soc. 95, 3149- 
3154. 

GRAMACCIOLI, C. M., MUGNOLI, A., PILATI, T., RAIMONDI, 
M. & SIMONETTA, M. (1972). Acta Cryst. B28, 2365- 
2370. 

GRAMACCIOLI, C. M. & SIMONETTA, M. (1971). Acta Cryst. 
B 27, 2231-2237. 

HUBER, P. J. (1961). Helv. Chim. Acta, 44, 2032. 
JOHNSON, C. K. (1965). ORTEP. Oak Ridge National 

Laboratory Report ORNL-3794. 
KLYNE, W. & PRELOG, V. (1960). Experientia, 16, 521- 

523. 
MATHISEN, H., NORMAN, N. & PEDERSEN, B. F. (1967). 

Acta Chem. Scand. 21, 127-135. 
MUGNOLI, A. & SIMONETrA, M. (1974). Acta Cryst. B30, 

2896-2898. 
PAtrLING, L. (1960). The Nature of the Chemical Bond. 

Ithaca: Cornell Univ. Press. 
SCHOMAKER, V. 86 TRUEBLOOD, K. N. (1968). Acta Cryst. 

B24, 63-76. 
SCHOMAKER, V., WASER, J., MARSH, R. E. & BERGMAN, G. 

(1959). Acta Cryst. 12, 600-604. 
STEWART, R. F., DAVIDSON, E. R. & SIMPSON, W. T. (1965). 

J. Chem. Phys. 42, 3175-3187. 

Acta Cryst. (1975). B31, 1287 

Topochemical Studies. IV. The Crystal and Molecular Structure of 4-Methylumbelliferone 

BY SHOZO SHIMIZU, SETSUO KASHINO AND MASAO HAISA 

Department of  Chemistry, Faculty of  Science, Okayama University, Tsushima, Okayama 700, Japan 

(Received 7 October 1974; accepted 16 December 1974) 

The structure of the title compound has been determined from visually estimated Cu Ke data. The 
crystals are orthorhombic, space group P2t2121, Z =  4, with a= 11"90 (1), b= 13.17 (1), c= 5"243 (5) A. 
The structure was solved by the symbolic addition procedure, and refined by the block-diagonal least- 
squares method to a final R value of 0.067 for 862 non-zero reflexions. The molecule is nearly planar. 
The bond lengths and angles in the benzene ring show some variations due to fusion of a pyrone ring. The 
C(3)-C(4) and C(2)-O(11) bonds in the pyrone ring are distinctly double-bond in character. The mole- 
cules are linked together by an O - H . . .  O=C hydrogen bond (2.719 A) nearly parallel to the ac plane to 
form infinite ribbons along the b axis. The perpendicular distance between stacked molecules is 3"33/1,. 

Introduction 

Not only does coumarin itself photodimerize in both 
polar and non-polar solvents (Hammond, Stout & 
Lamola, 1964; Krauch, Farid & Schenck, 1966), but 
also its derivatives undergo photocycloaddition with 
themselves or with pyrimidine bases of DNA (Song, 
Harter, Moore & Herndon, 1971). The photochemical 
reactivity of coumarin derivatives may primarily be 
related to the C(3)-C(4) bond in conjunction with the 
carbonyl group at C(2) in the pyrone ring. It is also of 
interest that a group of natural carcinogens, 'aflatoxin', 
contain the moiety 5-methoxy-7-hydroxycoumarin 
(Wogan & Newberne, 1967) and that a group of skin- 
photosensitizers, 'psoralen', consists of furocoumarin 
(Musajo & Rodighiero, 1970). It is of physiological 
interest that close chemical similarity between couma- 
rin and vitamin K is apparent (Kralt & Claassen, 
1972). 

As part of a programme of topochemical studies of 
two-fused-ring aromatic compounds to obtain ther stuc- 
ture-reactivity relationship in the solid state, we have 
determined the crystal structure of 7-hydroxy-4-methyl- 
coumarin, which is of particular interest in view of its 
usefulness in enzyme determination (Wald & Feuer, 
1971) and in the field of dye lasers owing to its wide 
tunability (Dienes, Shank & Trozzolo, 1970). 

Experimental 

Crystals were obtained, from ethanol solution by slow 
evaporation, as thin plates elongated along the e axis. 
Crystallographic data are listed in Table 1. The inten- 
sity data were collected on equi-inclination Weissen- 
berg photographs for the layers hk0 to hk4 and Okl by 
using specimens of dimensions 0.5 x0.5 x 1.3 and 
0.3 x 0.4 x 0.4 mm, respectively. In total, 878 reflexions 
(79 % in the Cu Ka sphere) were observed as non-zero 


