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6b,10b-Dihydrobenzo[j]cyclobut[a]acenaphthylene is monoclinic, space group Pm, with a =  10.202 (5), 
b = 13-849 (5), c = 8.768 (3) A,/5 = 103.41 (3) °. There are four independent molecules in the cell. Least- 
squares refinement with 1519 reflexions [I > 3o(1)] gave R = 0-032 for 458 parameters. The molecules are 
bent about the long bond, 1.606 (4) A, of the cyclobutane ring. The angles of this highly strained molecule 
are compared with calculated values, and strain in 1,2-disubstituted benzenes is discussed. 

Introduction 

The structure of  6b,10b-dihydrobenzo[j]cyclobut[a]-  
acenaphthylene (II) has been determined as part of  a 
study of  the pleiadenes and their precursors (Kolc & 
Michl, 1973). Other structures in this series which have 
been determined are 6b,8a-dihydrocyclobut[a]- 
acenaphthylene (I) (HazeU, 1976a) and 6b,12b- 
dihydronaphtho[2,3-j]cyclobut[a]acenaphthylene (III) 
(Hazell & Weigelt, 1976). 

Crystal data 

C18H~2, M r =  228.3, monoclinic, a = 10.202 (5), 
b - - 1 3 . 8 4 9 ( 5 ) ,  c = 8 . 7 6 8 ( 3 )  A, / ~ = 1 0 3 . 4 1 ( 3 ) ° ;  
U =  1205.0 A 3, Z = 4, Dc = 1.26 g cm-3; space group 
Pm; /t(Mo K a ) = 0 . 6 6  cm -I. The crystals are 
prismatic, elongated along [001] and bounded by (010) 
and (100). 

Experimental 

The crystals were kindly provided by Josef  Michl. A 
crystal 0 .60 x 0.35 x 0.25 mm was mounted along a, 
and intensities were measured out to 20max.-- 50 ° with 
a Picker FACS-1 diffractometer. Monochromatic Mo 
Ka radiation was used with a scintillation counter and 

a pulse-height analyser. 1519 independent reflexions 
with I > 3o(I), according to counting statistics, were 
used in the subsequent calculations. No correction was 
applied for absorption. 

Determination and refinement of the structure 

Since no 0k0 reflexions with k odd were observed on 
precession photographs, the space group was assumed 
to be P21/m. Direct methods (MULTAN, Germain,  
Main & Woolfson, 1971) showed one well defined 

Table 1. Constrained refinements 

The possibilities considered were (a) whether the four molecules 
are identical and (b) could the thermal vibration be best accounted 
for by refining T, L and S or by refining individual atomic temper- 
ature factors. A scale factor and an extinction coefficient were also 
refined. No is the number of observations, Np the number of 
parameters. 

Thermal 
Coordinates parameters N O Np R R~ 

(i) Free Uij 1519 410 0.032 0-037 
(ii) Free TLS 1519 240 0 - 0 4 2  0-050 
(iii) Identical 

molecules Uij 1519 289 0.056 0.069 
(iv) Identical 

molecules TLS 1519 103 0 . 0 6 5  0.085 
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Table  2. Fractional atomic coordinates ( x  10E) and thermal parameters (~2 X 10 -3) and their standard deviations 

X y _7 Ull U22 U33 UI2 U13 U23 

C(1) 2866 (5) 8000 (3) -491 (7) 50 (2) 119 (3) 60 (2) 10 (2) 13 (2) 8 (2) 
C(2) 3840 (5) 8529 (3) 557 (7) 50 (2) 88 (2) 64 (2) 13 (2) 17 (2) 9 (2) 
C(3) 4794 (5) 7992 (2) 1589 (6) 40 (1) 68 (2) 50 (2) 4 (1) 21 (1) 1 (1) 
C(4) 6117 (5) 8077 (2) 2819 (6) 49 (2) 55 (2) 46 (2) 2 (1) 13 (1) -1  (1) 
C(5) 7317(5) 8350(2) 2164(6) 46(2) 55(2) 36(1) -2 (1 )  6(1) 4(1) 
C(6) 7817(5) 9219(3) 1857(6) 62(2) 53(2) 51(1) 0(2) 6(2) 6(1) 
C(7) 8935 (6) 9235 (3) 1153 (6) 63 (2) 72 (2) 60 (2) -18  (2) 15 (2) 10 (2) 
C(8) 9524 (5) 8414 (3) 768 (6) 47 (2) 82 (2) 57 (2) - 10  (2) 13 (2) 4 (2) 
C(9) 9020 (6) 7500 (0) 1080 (6) 36 (2) 67 (3) 44 (3) 0 (0) 7 (2) 0 (0) 
C(10) 7913 (6) 7500 (0) 1778 (6) 37 (2) 56 (2) 37 (2) 0 (0) 6 (2) 0 (0) 
H(1) 2109 (32) 8394 (30) -1347 (47) 44 144 90 18 3 9 
H(2) 3828 (34) 9231 (26) 517 (42) 59 92 74 27 15 11 
n(4) 6122 (30) 8424 (21) 3871 (36) 64 60 44 6 20 --2 
H(6) 7425 (32) 9842 (23) 2028 (34) 74 52 61 0 12 7 
H(7) 9269 (30) 9867 (28) 919 (35) 72 78 78 --22 16 17 
H(8) 10284 (32) 8389 (24) 212 (32) 47 107 76 -13  22 9 
C(11) 517 (6) 1986 (6) 3927 (7) 50 (2) 387 (15) 68 (3) - 24  (4) 6 (2) 17 (4) 
C(12) 1478 (7) 1449 (6) 3386 (7) 76 (3) 267 (7) 64 (3) - 56  (4) - 6  (2) 26 (4) 
C(13) 2425 (5) 1996 (3) 2828 (6) 54 (2) 176 (4) 41 (2) -32  (2) 1 (2) 11 (2) 
C(14) 3667 (6) 1922 (3) 2142 (6) 75 (2) 99 (2) 38 (2) - 6  (2) 13 (2) - 5  (2) 
C(15) 4941 (5) 1661 (2) 3241 (6) 69 (2) 75 (2) 48 (2) -1  (2) 28 (2) - 2  (2) 
C(16) 5507 (6) 785 (3) 3711 (7) 95 (3) 87 (3) 76 (2) 1 (2) 41 (2) 0 (2) 
C(17) 6746 (6) 771 (4) 4816 (7) 95 (3) 108 (3) 85 (6) 18 (2) 36 (2) 16 (2) 
C(18) 7397 (6) 1592 (4) 5459 (7) 64 (2) 125 (3) 69 (2) 24 (2) 23 (2) 18 (2) 
C(19) 6840 (6) 2500 (0) 4985 (7) 61 (3) 109 (4) 58 (3) 0 (0) 29 (2) 0 (0) 
C(20) 5597 (6) 2500 (0) 3841 (7) 49 (2) 78 (3) 43 (2) 0 (0) 24 (2) 0 (0) 
H(11) -336 (42) 1674 (45) 4341 (57) 62 432 108 -65  24 15 
H(12) 1293 (46) 705 (38) 3413 (47) 113 240 84 - 9 6  13 11 
H(14) 3492 (39) 1548 (27) 1147 (38) 112 119 40 - 2 0  20 -5  
H(16) 5072 (44) 99 (30) 3168 (45) 165 84 87 --12 34 6 
H(17) 7217 (43) 35 (32) 5141 (48) 153 112 115 47 34 29 
H(18) 8274 (36) 1482 (31) 6249 (49) 64 160 95 30 22 20 
C(21) -792 (5) 6998 (4) 6208 (6) 51 (3) 228 (6) 60 (2) --15 (2) 16 (2) 6 (2) 
C(22) 121 (6) 6468 (4) 5590 (7) 58 (2) 155 (4) 67 (2) -31 (2) 1 (2) 5 (2) 
C(23) 1021 (5) 7001 (3) 4979 (6) 49 (2) 116 (3) 46 (2) - 16  (2) 1 (1) 2 (2) 
C(24) 2237 (5) 6925 (3) 4252 (6) 54 (2) 95 (2) 47 (2) -11 (2) 14 (2) -12  (2) 
C(25) 3529 (5) 6654 (2) 5375 (6) 55 (2) 65 (2) 46 (2) - 4  (1) 20 (1) .-4 (1) 
C(26) 4092 (6) 5787 (3) 5871 (7) 79 (2) 57 (2) 75 (2) - 0  (2) 36 (2) -1  (2) 
C(27) 5310 (6) 5763 (3) 7001 (7) 84 (2) 72 (2) 73 (2) 19 (2) 31 (2) 14 (2) 
C(28) 5949 (5) 6583 (3) 7635 (6) 54 (2) 95 (3) 54 (2) 17 (2) 15 (2) 14 (2) 
C(29) 5412 (6) 7500 (0) 7130 (7) 50 (2) 77 (3) 41 (2) 0 (0) 15 (2) 0 (0) 
C(30) 4197 (5) 7500 (0) 5984 (6) 38 (2) 65 (3) 44 (2) 0 (0) 15 (2) 0 (0) 
H(21) --1501 (39) 6701 (39) 6670 (50) 49 290 80 --35 16 --0 
H(22) 106 (39) 5757 (33) 5633 (49) 82 169 86 --63 19 --11 
H(24) 2115 (33) 6609 (26) 3235 (40) 72 113 46 --16 12 --16 
H(26) 3600 (29) 5223 (25) 5359 (45) 116 59 101 --10 37 --8 
H(27) 5724 (37) 5127 (28) 7378 (43) 111 87 111 39 38 32 
H(28) 6775 (34) 6563 (27) 8406 (44) 51 138 65 22 16 17 
C(31) 7216 (5) 2997 (3) 10706 (6) 47 (1) 86 (1) 53 (2) - 2  (1) 11 (1) -1  (1) 
C(32) 6259 (5) 3528 (3) 9649 (6) 55 (2) 60 (2) 59 (2) -11 (1) 21 (1) - 3  (1) 
C(33) 5315 (5) 3000 (2) 8600 (6) 44 (1) 60 (1) 40 (1) - 4  (1) 17 (1) - 2  (1) 
C(34) 4048 (5) 3072 (2) 7285 (6) 59 (2) 53 (1) 35 (1) 1 (1) 16 (1) 3 (1) 
C(35) 2788 (5) 3343 (2) 7779 (5) 47 (1) 57 (2) 34 (1) 5 (1) 7 (1) 3 (1) 
C(36) 2238 (6) 4218 (3) 8024 (6) 63 (2) 64 (2) 50 (2) 8 (1) 16 (1) 3 (1) 
C(37) 1058 (5) 4242 (3) 8583 (6) 65 (2) 76 (2) 61 (2) 17 (2) 20 (2) - 2  (2) 
C(38) 416 (5) 3422 (3) 8891 (6) 48 (2) 100 (3) 55 (2) 10 (2) 15 (1) - 8  (3) 
C(39) 944 (6) 2500 (0) 8624 (6) 43 (2) 83 (3) 38 (2) 0 (0) 7 (2) 0 (0) 
C(40) 2127 (5) 2500 (0) 8066 (6) 41 (2) 64 (3) 30 (2) 0 (0) 4 (2) 0 (0) 
H(31) 7916(32) 3333(25) 11491 (41) 51 104 64 -13  8 -11 
H(32) 6224 (33) 4199 (24) 9679 (39) 65 65 70 --16 19 --7 
H(34) 4183 (29) 3377 (24) 6346 (38) 65 71 42 --0 19 11 
H(36) 2667 (32) 4833 (25) 7782 (37) 80 58 79 13 18 9 
H(37) 618 (34) 4898 (28) 8645 (39) 78 88 95 33 20 --4 
H(38) ---459 (34) 3446 (25) 9170 (39) 52 120 73 17 20 ---4 
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molecule and one disordered molecule. This model 
would not  refine satisfactorily.  A structure in Pm with 
equal numbers  o f  identical molecules on the mirror  
planes gives systematic absences 0k0 with k odd, 
a l though there is no 21 axis. The E maps were sue- 
cessfully interpreted in terms o f  Pm; closer inspection 
o f  the dif f ractometer  data  showed one 0k0 reflexion 
(0,11,0) for which I > 33( I ) .  

Various constrained least-squares refinements were 
carried out, the results o f  which are summarized in 
Table 1. In the refinements where individual thermal  
parameters  were refined, the Uis values for the H atoms 
were kept  fixed at those calculated from T, L and S. A 
scale factor  and an isotropic extinction factor  were in- 
cluded in the calculation.  The minimum value o f  
Fo/Fo (corr.) was 0 .70.  The final R was 0 .032 for 458 

parameters ;  Rw was 0.040.  Atomic  coordinates  and 
thermal  parameters  are listed in Table  2.* 

The thermal  mot ion  o f  the a toms was analysed,  
assuming that  the molecule could be treated as a rigid 
body (Schomaker  & Trueblood,  1968). T, L and S are 
given in Table 3. The value o f  L was used to correct  the 
bond lengths for thermal  motion.  

* A list of structure factors and a table of observed and 
calculated values of a and/3 have been deposited with the British 
Library Lending Division as Supplementary Publication No. SUP 
32036 (13 pp.). Copies may be obtained through The Executive 
Secretary, International Union of Crystallography, 13 White Friars, 
Chester CH1 1NZ, England. 

Table 3. 1"., L,, and S. and their estimated standard deviations relative to an orthogonal ax&l system with A 
parallel to a and C parallel to c* 

T is in/~ x 10 -4, L in (°) and S in (°) A x 10 -3. The subscript n refers to the nth molecule. R.m.s. A, where A = U(i - Ui/(calc.) = 6n. 
61 = 0.0030, 62 = 0.0070, 63 = 0.0046, 64 = 0.0029. 

Mll M22 M33 M12 M13 M21 M23 M31 M32 
T~ 411 (9) 542 (12) 376 (14) 0 14 (9) 0 
T2 458 (20) 1052 (27) 347 (33) 0 111 (21) 0 
T 3 439 (13) 711 (18) 385 (21) 0 43 (14) 0 
1"4 440 (8) 542 (11) 300 (14) 0 56 (8) 0 
La 8-8 (1.2) 5.7 (0.6) 11.2 (0.6) 0 0.2 (0.6) 0 
L2 18.3(2.8) 9.2(1.4) 33.9(1.2) 0 5.3(1.6) 0 
L3 20.9(1.8) 3.6(1.0) 20.4(0-8) 0 ---0.4(1-1) 0 
L4 11.7(1.2) 6.6(0.6) 9.0(0.6) 0 0.5(0.6) 0 
SI 0 0 0 184 (25) 0 70 (17) 36 (11) 0 -56 (11) 
S2 0 0 0 --453 (61) 0 --357 (39) --70 (27) 0 --851 (28) 
$3 0 0 0 --37 (40) 0 --143 (26) 41 (18) 0 --435 (19) 
$4 0 0 0 --49 (25) 0 --85 (17) --17 (11) 0 --125 (11) 

Table  4. Bond distances (l,), and the corresponding values corrected for thermal vibration ( l~) 

The subscript n refers to the nth molecule, e.g. C(5) for the nth molecule is C[5 + (n - 1) x 10] in Table 2. 

l, l 2 l 3 l 4 l[ l 7 l• l~" (15 (lC5 

m C(1)--C(1) 1.386(8) 1.424 (16) 1.390(12) 1.377 (7) 1.390 1.436 1.399 1.381 1-386 (5) 1.392 
j C(1)-C(2) 1.394 (5) 1.398 (9) 1.391 (7) 1.391 (5) 1.398 1.408 1.397 1.394 1.393 (3) 1.398 
i C(2)-C(3) 1.382 (5) 1.402 (7) 1.379 (5) 1.378 (5) 1.386 1.412 1.385 1.382 1.383 (3) 1.389 
l C(3)-C(3) 1.363 (6) 1.397 (9) 1.383 (7) 1.384 (6) 1.367 1.408 1.392 1.388 1-379 (3) 1.386 
h C(3)-C(4) 1.524 (5) 1.527 (6) 1.524 (5) 1-524 (5) 1.528 1.537 1.529 1.528 1.525 (3) 1.530 
k C(4)-C(4) 1.598 (7) 1.602 (8) 1.594 (8) 1.586 (6) 1.603 1.615 1.604 1 . 5 9 1  1.594 (4) 1.602 
g C(4)---C(5) 1.516 (5) 1.472 (5) 1.498 (5) 1.496 (5) 1.520 1.479 1.504 1.500 1.496 (3) 1.501 
a C(5)-C(6) 1.358(5) 1.365(5) 1.359(5) 1.374(5) 1.362 1.375 1.367 1.378 1.364(3) 1.371 
b C(6)-C(7) 1.417 (5) 1.403 (6) 1.398 (5) 1.401 (5) 1.421 1.410 1.403 1.404 1.405 (3) 1.410 
c C(7)-C(8) 1.364 (6) 1.370 (6) 1.362 (5) 1.369 (5) 1.368 1.380 1.369 1.373 1-367 (3) 1.373 
d C(8)-C(9) 1.417 (4) 1.403 (5) 1.412 (4) 1.426 (4) 1.421 1.413 1.422 1.430 1.416 (2) 1.423 
e C(9)-C(10) 1.404 (6) 1.423 (7) 1.403 (4) 1.404 (4) 1.408 1.429 1-429 1.407 1.406 (2) 1.411 
f C(15)-C(10) 1.402 (4) 1.383 (4) 1.398 (6) 1.400 (6) 1.406 1.392 1.406 1.404 1.395 (2) 1-401 

n C(1)-H(1) 1.09 (3) 1.11 (4) 1.00 (4) 0.99 (3) 1.09 1.11 1.00 0.99 1-55 (2) 1.05 
o C(2)-H(2) 0-97(3) 1.05 (5) 0.99 (4) 0.93 (3) 0.98 1.06 0.99 0-93 0.98 (2) 0.98 
p C(4)-H(4) 1.04 (3) 0.99 (3) 0.97 (3) 0.96 (3) 1.04 1.00 0.98 0.97 0.99 (2) 1.05 
q C(6)-H(6) 0.98(3) 1.11 (4) 0.98(4) 1.00(3) 0.98 1.12 0.98 1.00 1.01 (2) 1.02 
r C(7)-H(7) 0.98 (3) 1.14 (4) 1.00 (3) 1.02 (3) 0.98 1.14 1.00 1.02 1.03 (2) 1.03 
s C(8)---H(8) 1.01 (3) 1.01 (4) 0.95 (4) 0.98 (3) 1.01 1.01 0-95 0-98 0-99 (2) 0.99 
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Bond distances corrected for thermal motion are molecular distances in Table 6. The numbering of 
given in Table 4, angles in Table 5, and short inter- atoms and the labelling of bonds are shown in Fig. 1. 

( ' 1  x, / ~  

..... > - - -©  

- .  /:h 
/ 4  ~.'"-" ~ / - ' "  

., 

i / "g ", 

/ - .  , , .. 

" 
'\ } 

T~ "~r / YT, 
",12 e i  , 

"7 ~' c :;~" .As. 
(; ~Sr~..: .... d.. :~ 9 .-7"- " . > .:-. 
'-:.x "7" w:" •-/-"~:-"~ C.. ) , 8j ,,.>) .. 

L~J @ 

Fig. 1. Molecule l showing the numbering o f  the atoms and the 
labelling of the bonds. The corresponding atoms in the other 
molecules are numbered so that n 2 = n~ + 10 for the second 
molecule, n 3 = n I + 20, etc. The large circles represent C atoms, 
the small ones H atoms. 

Computational details 

Calculations were carded out on a CDC6400 computer 
with the following programs: data reduction, DATAP 
and DSORTH (State University of New York at Buf- 
falo); Fourier syntheses, ZALKINS (A. Zalkin, 
Lawrence Radiation Laboratory); constrained refine- 
ment, KONSLS (Pawley, 1971); conventional least- 
squares refinement, LINUS (Coppens & Hamilton, 
1970); distances and angles, ORFFE (Busing, Martin 
& Levy, 1964); drawings, ORTEP (Johnson, 1965); 
energy minimization, STRAIN (Hazell, 1976b). 

The quantity minimized was E w(IFo[- I Fcl)2/ 
r. w Fo] 2, where w = ([o(bTo) + 1-03F~o] l / z -  IFol) -2. 
The scattering factor of Cromer & Mann (1968) 
was used for C, and that of Stewart, Davidson & 
Simpson (1965) for H. The atom-atom potentials 
were those of Dashevski, Struchkov & Akopyan 
(1966), and the elastic constants those of Dashevski 
& Kitaigorodsky (1967). 

Table 5. Angles (0.) and the calculated values (0eale.) 

The subscript n refers to the nth molecule. The dihedral angle is the angle at the hinge. 

0 1  0 2 

jm C(1)-C(1)-C(2) 121.7 (2) 122.1 (4) 
(/ C(1)-C(2)-C(3) 115-8 (4) 115.2 (7) 
i! C(2)-C(3)-C(3) 122.5 (2) 122.7 (4) 
hl C(3)-C(3)-C(4) 94.4 (2) 93-8 (2) 
hi C(2)-C(3)-C(4) 142.7 (3) 143.4 (5) 
hk C(4)-C(4)-C(3) 85.6 (2) 86.2 (2) 
gh C(3)-C(4)-C(5) 114.3 (3) 116.6 (3) 
gk C(4)--C(4)-C(5) 104.5 (2) 104.2 (2) 
ag C(4)-C(5)-C(6) 132.1 (3) 131.5 (4) 
fg C(4)-C(5)-C(10) 108.3 (3) 108.4 (3) 
af  C(10)-C(5)-C(6) 119.6 (3) 120.1 (3) 
ab C(5)-C(6)-C(7) 118.5 (3) 118.0 (4) 
bc C(6)-C(7)-C(8) 122.7 (4) 123.0 (4) 
cd C(7)-C(8)-C(9) 119.8 (3) 120.0 (4) 
d d  C(8)-C(9)--C(8) 126.7 (4) 127.5 (6) 
f f  C(5)-C(10)-C(5) 114.3 (4) 114.6 (4) 
ef  C(5)-C(10)-C(9) 122.8 (2) 122.7 (2) 
de C(8)--C(9)-C(10) 116.7 (2) 116.2 (3) 
Dihedral angle 114.0 (3) 116.4 (3) 

mn C(1)-C(1)--H(1) 120.0 (2.2) 113.0(3.3) 
jn C(2)-C(1)-H(1) 118-3 (2.2) 124.8 (3.4) 
jo C(1)-C(2)-H(2) 120.0 (2.2) 111-8 (2.7) 
io C(3)--C(2)--H(2) 124.2 (2.2) 132.9 (2.9) 
hp C(3)-C(4)--H(4) 119.0 (1.7) 112.6 (2.3) 
kp C(4)-C(4)--H(4) I17.6 (1.6) 121.4 (2.0) 
gp C(5)--C(4)-H(4) 112.5 (1.7) 113.3 (2.3) 
aq C(5)--C(6)-H(6) 124.5 (1.9) 122.4 (2.2) 
bq C(7)--C(6)-H(6) 117.0 (1.8) 119.4 (2.2) 
br C(6)--C(7)--H(7) 117.3 (2.1) 116.4 (2.3) 
cr C(8)--C(7)--H(8) 120-0 (2.1) 120.5 (2.3) 
cs C(7)--C(8)--H(8) 125.6 (2.0) 115.1 (2.5) 
ds C(9)-C(8)--H(8) 114-8 (2-0) 125.0 (2.6) 

e3 e4 (e )  e~l~. 
121.9 (3) 122.0 (2) 121.86 (12) 121.6 
115-7 (5) 115.9 (3) 115.79 (21) 116.4 
122.4 (3) 122-1 (2) 122.38 (12) 122-0 
94-0 (2) 93.8 (2) 94.01 (10) 94.0 

143.6 (4) 144.0 (3) 143.40 (18) 144.0 
86-0 (2) 86.2 (2) 85.99 (10) 86.0 

114.8 (3) 115.6 (3) 115.33 (15) 117.8 
104.5 (2) 104.5 (2) 104.43 (10) 104.3 
132.3 (3) 132.5 (3) 132.18 (16) 132.0 
108.5 (3) 108.9 (3) 108-54 (15) 109.0 
119.2 (3) 118.5 (3) 119-33 (15) 119.1 
119-1 (4) 119.4(4) 118.70(18) 119.1 
122.1 (4) 122.5 (4) 122.60 (20) 122.2 
120.6 (4) 119.7 (3) 119.93 (17) 120.3 
128.1 (5) 127.2 (5) 127.28 (24) 127.8 
114-0(4) 113.1 (4) 113.99(20) 113.4 
123.0 (2) 123.4 (2) 123.00 (10) 123.2 
115.9(2) 116.4(2) 116.32(11) 116.1 
114.6 (3) 115.6 (3) 115.16 (15) 117.4 

114.5(3.1) 118.2(2.1) 117.4(1.3) 119.3 
123.6(3.2) 119.9(2.1) 120.6(1.3) 119.1 
119.7(2.4) 122.4(2.1) 119.1 (1.2) 121.8 
124.5 (2.4) 121-6 (2.2) 125-0 (1.2) 121.9 
118.0(2.0) 114.3(1.7) 116.3 (1.0) 115.1 
116.7(2.1) 116.0(1.9) 117.9(1.0) 114.6 
113.2(2.1) 116-2(1.8) 113.9(1.0) 115.1 
115.4(2.2) 120.2(1-9) 120.9(1-1) 121.0 
125.4 (2.2) 120.4 (1.9) 120.2 (1.1) 120.0 
119.5(2.3) 117.6(2.1) 117.7(1-1) 118.5 
118.4(2.3) 119.5 (2.1) 119.6(1.1) 119.4 
121.8(2.4) 121.8 (2.1) 121.6(1.2) 120.3 
117.6(2.4) 118.2(2.1) 118.2(1.2) 119.4 
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D i s c u s s i o n  

The  unit-cell  con ten t s  are s h o w n  in Fig. 2. The re  are 
four  i n d e p e n d e n t  h a l f  molecu less  in the  a s y m m e t r i c  
unit ;  mo lecu le s  2 and  4 are on  the  mir ror  p lane  at y = ¼, 

Table  6. Close approaches between molecules; H .  . . H 
distances less than 2.85 ,  C . . .  H less than 3.1 and 

C.  • • C less than 3 . 7 0  ,~, 

Symmetry code 

(i) - 1  +x, y, z 
(ii) x, --1 + y, z 
(iii) x, y, -1  + z 
(iv) x, 1 + y, z 
(v) 1 +x,  1 +y, z 
(vi) x, ½ --y, z 
(vii) 1 + x, ½ --y, --2 + z 
(viii) --1 +x ,  1½-Y, z 

C(5) .. C(22~  
C(5) .. C(21X~v) 
C(6) .. C(22 ra~) 
C(8) .. C(24 "a') 
C(8) .. C(23"") 
C(9) .. C(23 v) 
C(11)...C(35 ~i) 
c(11) .. c(40) 
c(13) .. C(38 ~x) 
C(14) . .  C(40 ~u) 
C(15) .. C(31 ~) 
C(16) .. C(26 v~) 
C(16) .. C(27 v~) 
C(17) .. C(27~) 
C(20) .. C(31"') 
C(26). • C(36~ 
H(1). . .  C(22 x) 
H(6). • C(17 ~) 
H(6). • C(16 ~*) 
n(14) .. C(40!") 
H(14) .. C(36 '~) 
H(14) .. C(35 ~) 
H(16) .. C(4 ~i) 
H(16) .. C(26 v) 
H(17) -. C(27 v) 
H(18). • C(38 xm) 
n(21) . . .  C(28 ~) 

3.644 
3.654 
3-684 
3-646 
3.699 
3.619 
3.654 
3.689 
3.629 
3.644 
3.598 
3.417 
3.637 
3.411 
3.587 
3.677 
2.973 
2.982 
3.008 
3.038 
2.939 
2.877 
3.037 
3-037 
3.023 
2.795 
2.921 

(ix) x, ½ -- y, --2 + z 
(x) x, 1½--y, - - 2 + z  
(xi) I +x,  1½--y, - -2+z  
(xii) x, 1½--y, 1 + z 
(xiii) 1 +x,  J - y ,  z 
(xiv) l + x ,  1½-y, z 
(xv) 1 +x,  ½-y ,  1 +z  

H(24). C(8V~ 
H(27). C(32.) 

H(28). xii 
H(31). C( l l  x~) 
H(34). C(15 vi) 
H(1).. H(3¢) 
H(1).. H(37 x) 
H(2).. H(16 i~) 
H(2).. H(36 ~) 
H(4). • H(16 i~) 
H(4). • • H(17 iv) 
H(6). . .  H(32 x) 
n (6) . - -n (31  x) 
n ( 6 ) . . . n ( 1 7  ~) 
H(6). . .  n(16 i~) 
n(7). • H(37 x~) 
n(7). • H(a8x~ 
n(8). -H(37~.. 
H(11) .. H(31TM) 
n(16) H(26 v~) 
n(17) .. n(27v!). 
H(18) .- H(38 TM) 
H(22) .. H(37) 
H(26) .. H(34) 
H(26) .. H(36) 
H(27). • H(32) 

molecu les  1 and  3 at y = ] .  Molecu les  1 and  4 are 
a p p r o x i m a t e l y  re la ted  by  a 2~ axis t h r o u g h  x = ½, z = ½. 
The  two  layers  are  no t  ident ica l ;  in the layer  at  y = ¼ all 
the  molecu les  po in t  a long ~:, in the layer  at  y = ] h a l f  
po in t  a long  ~', and  h a l f  a long c. In bo th  layers  the  
molecu les  are  a r r a n g e d  so that  the  n a p h t h a l e n e  o f  one  
molecu le  is paral lel  to  the  b e n z e n e  o f  the  o ther .  

The  cons t r a ined  re f inements  s h o w  tha t  the  four  
molecu les  are  no t  ident ical ,  the ma in  d i f fe rences  be ing  
in the  d ihedra l  angles.  Re f inemen t  with indiv idual  
a tomic  t e m p e r a t u r e  fac tors  is also be t te r  t han  t rea t ing  
the  molecu le  as a rigid body .  

The  b o n d  lengths  o f  the  n a p h t h a l e n e  and  b e n z e n e  
f ragments  are s imilar  to  those  for n a p h t h a l e n e  (Pawley  
& Yeats ,  1969) and  b e n z e n e  ( C r u i c k s h a n k ,  1970). 
Bond  k which  is sha red  be tween  a four-  and  a five- 

Tab le  7. Deviations f r o m  planarity (A  x 10 -3) 

3.003 
2.943 
3.076 
3.068 
3.028 
2.998 
2.671 Molecule 1 

2.811 Plane 1 
2.663 
2.741 C(1) 29 
2.570 C(2) -11 
2.625 C(3) -53  
2.517 C(4) 36 
2.641 
2.799 Plane 2 
2.828 C(4) 27 
2.692 C(5) -24  
2.844 C(6) -21 
2.801 C(7) - 2  
2.713 C(8) 17 
2.743 C(9) 12 
2.757 C(10) - 7  
2.589 
2.833 ( ] A I )  21.7 
2.717 Angle between 
2.571 planes 108.68 ° 
2.347 Angle at hinge 113.99 

Negative deviations are away from the other half of the molecule. 
Mean displacements, angles between planes and torsion angles at 
the hinge are also given. 

Deviation, A 

2 3 4 Mean 

1 13 12 14 
4 - 5  --4 ---4 

-10  -24  -24  --28 
5 16 -16  10 

20 28 29 26 
--6 -14  -21 --16 

--31 -28  --20 --25 
--29 --13 5 --10 

22 27 21 22 
39 14 --2 16 

7 -14  --26 --10 

15.8 

114.90 ° 
116.45 

17-8 

111.41 ° 
114-59 

16.4 

112.05 ° 
115.49 

. . . . .  ~ ~ - ~  . . . . . . . . .  - - * >  ..... . 7 /  

/ :  1 

> t 
Fig. 2. The packing of the molecules as viewed along b; a is down the page, e across the page. The molecules at y = ~ are shown with full 

bonds. 
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membered ring is very long, 1.606 (4) /k; the corre- 
onding bonds in (I) [1.591 (6)] and (III) [1.601 (10) 
are also long. 

The joining of the five-membered ring to the 
naphthalene, and the four-membered ring to the ben- 
zene leads to strain which is propagated throughout the 
molecule. Energy-minimization calculations correctly 
reproduce the in-plane distortions but are not so good 
for the dihedral angle. The energy is insensitive to the 
dihedral angle, but for all three compounds the cal- 
culated dihedral angle is too large. The calculations 
were made assuming the two halves of  the molecules to 
be planar. There are, however, small deviations from 
planarity (Table 7). The deviations are such as to make 
the dihedral angle at the hinge larger than the angle (~0) 
between the two best planes. The mean deviation from 
the plane, ( ]AI ), is proportional to ¢P~R~. - ~0. There is 
a similar correlation between ( IAI ) and the angle gh. 

Although the bond distances of  the benzene and the 
naphthalene fragments agree with those of  the free 
molecules, the angles differ considerably, e.g. 
/ j =  115.79 (120 in benzene), d d =  127.28 (121.6 ° in 
naphthalene). Energy calculations for a model with a 
1,2-disubstituted benzene, the substituents being C 
atoms 1.5 A from the benzene ring, predict that fl 
should increase with a (see Fig. 3 for notation). Com- 

125  - -  

• I . . . . . .  115 . . . . .  L 
90  100  110  

• j~ 

1 I 
120 130 

Fig. 3. Variation of a with ft. The full circles (0) are observed 
values, the line represents calculated values. Calculations were 
made assuming C(1)-C(7) 1.50, C(1)-C(2) 1.395, C-H 1.08 ,~,. 

parison with experimental values (Fig. 3) shows 
reasonable agreement between observed and cal- 
culated values.* A similar correlation might be expec- 
ted between angles g l and  dd; there is, however, a lack 
of experimental values for g/;, other than -~ 120 or 
-~ 108 °. The structures of  1,8-naphthobicyclobutane 
and of  cyclohepta[de]naphthalene are being studied to 
provide data for g f  > 120 °. 

* See previous footnote. 
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