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cytosine monohydra te  should be of marginal  signific- 
ance, in agreement with our findings. 
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Crystals of naphtho[b]cyclobutene, C12H10, are monoclinic, space group P21/c, with a=  5"796 (2), b=  
18.015 (8), c= 8.291 (3)/~, fl= 106.50 (3) °. A structure determination, based on 1228 reflections measured 
on a diffractometer, led to an R index of 0.035 and estimated deviations of about 0.0015 A in the 
coordinates of the C atoms and 0.015 A in the coordinates of the H atoms. The fusion of the cyclobutene 
ring results in small distortions in the naphthalene grouping, presumably due to bond-angle constraints 
at C(2) and C(3). 

Introduct ion 

This work is part of  a program of studies on the 
geometries of  strained fused-ring compounds.  

E x p e r i m e n t a l  

Crystals of  naphtho[b]cyclobutene, which was first 
synthesized by Cava & Shirley (1960), were supplied by 
Dr Ashley Cooper of the Jet Propulsion Laboratory,  
Pasadena. They were colorless prisms, somewhat 
elongated along a. They sublime slowly at room tem- 
perature. The crystal used in this work had dimensions 
0-36 x 0.30 x 0.30 m m  (along a, b and c) and was 
sealed in a 0.3 m m  diameter thin-walled glass capillary 
to prevent sublimation.  Preliminary rotation and 
Weissenberg photographs showed monoclinic symme- 
try with systematic absences (hOl, l odd; 0k0, k odd) 
characteristic of space group P21/c. The crystal was 
then mounted on a General Electric quarter-circle 
diffractometer, automated by Datex and highly modi- 

* Contribution No. 4599 from the Arthur Amos Noyes 
Laboratory of Chemical Physics, California Institute of 
Technology, Pasadena, California 91109. 

t Present address: Department of Chemistry, Harvard 
University, Cambridge, Massachusetts 02138, U.S.A. 

fled by Dr Sten Samson. Cell dimensions were obtained 
from a least-squares fit to 20 values for 15 reflections; 
they are given in Table 1. We did not measure the crys- 
tal density. 

Table 1. Crystal data 

Naphtho[b]cyclobutene 
Monoclinic 
Space group, P21/c 
a= 5"796 (2) 
b= 18.015 (8) 
c= 8.291 (3) 
,8= 106.50 (3) ° 
V=830.1 (9) .~3 

Cl2Hl0 
F.W. 154-2 
m.p. 86°C * 
Z = 4  
F(O00) = 328 
D~= 1"23 gcm -a 
/a=4 cm - '  
2(Cu Ks)= 1"5418/~, 

* Cava & Shirley (1960). 

Intensities were measured using Cu Ks radiat ion 
and 0-20 scans at a speed of 2 ° (in 20) per min;  back- 
grounds were counted for 30 sec at the extrema. The 
112 reflection was monitored every 20 reflections; its 
intensity decreased from 864,000 to 820,000 counts 
- about 5% - during the one-week period of data 
collection. All reflections in one quadrant  of recip- 
rocal space out to 2 0 =  130 ° were surveyed; they 
numbered 1236, of  which 49 had net intensities less 
than zero. Six reflections (574; ] ,17,1; ] ,17,2; ]85;  
T95; and ]',10,5) were not recorded because of failures 
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o f  the appara tus ,  while three reflections (100; ]22 ;  and  
]32)  had  intensit ies tha t  exceeded the capaci ty  of  the 
i n s t rumen t  ( 1 0  6 counts) .  The  intensi ty of  the ]22  reflec- 
t ion  was eventual ly  correc ted  for the overf low; the 
100 and  ].32 reflections were no t  corrected satisfactori ly.  

Observa t iona l  var iances az(I) were based on  

I.fht3 

H(7)-C(I I ) -H -I(10)= 1073 ° 
H(7)-C(II)-C, 3(11):115.6 ° 
H(8)-C(II)- Cq ,C(3)=115"9 ° 

Fig. 1. Bond distances and angles. Standard deviations are 
about 0.002/~ in the C-C distances, 0.015/~ in the C-H 
distances, 0.1 ° in the C-C-C angles, 0.6 ° in the C-C-H 
angles and 0.9 ° in the H-C-H angles. 

coun t ing  statistics plus an  add i t iona l  t e rm (0.02S) 2, 
where S is the scan count .  Intensit ies and  their  s t anda rd  
devia t ions  were corrected for Loren tz  and  po la r i za t ion  
effects and  for crystal  decay as ind ica ted  by the check 
reflection, but  no t  for  abso rp t ion  ( f l r m a  x "" O" 16). 

Structure determination and refinement 

Posi t ions  of  the ten ca rbon  a toms  of  the n a p h t h a l e n e  
moie ty  were der ived f rom sharpened  and  unsha rpened  
Pa t te r son  maps,  and  the two remain ing  ca rbon  a toms  
were recovered f rom an electron densi ty map.  Least- 
squares ref inement  of  the coord ina tes  and  i so t ropic  
t empera tu re  pa ramete r s  o f  these 12 a toms  led to an  R 
index of  0.158. Pos i t ions  of  the six hydrogen  a toms  of  
the naph tha l ene  g roup  were conf i rmed f rom a three- 
d imens iona l  difference m a p ;  tenta t ive  pos i t ions  for  the 
four  r emain ing  hydrogen  a toms  were assigned assuming  
te t rahedra l  bond ing  orbi ta ls  abou t  C ( l l )  and  C(12). 

Final  least-squares ref inement  included,  in a single 
matr ix,  150 pa ramete r s :  coord ina tes  and  an iso t rop ic  
t empera tu re  pa ramete r s  for  the 12 ca rbon  a toms,  
coord ina tes  and  i so t ropic  t empera tu re  paramete rs  for  
the 10 hydrogen  a toms,  a scale factor ,  and  an i so t ropic  
ext inc t ion  pa rame te r  (Larson,  1967; equa t ion  3). The  
quan t i ty  min imized  was ~w(FZo- 2 z F c ) ,  wi th  weights w 
equal  to 1/a2(Fob2). Two reflections, 100 and  ]32,  were 
assigned zero weight ;  the remain ing  1228 reflections, 
inc luding those with negat ive net  intensities,  were 
inc luded in the ref inement .  All ca lcula t ions  were 
carr ied out  on an IBM 360-75 compu te r  using the 
C R Y M  system. A tomic  fo rm factors  for  ca rbon  were 
f rom International Tables for X-ray Crystallography 
(1962) and  for hydrogen  f rom Stewart ,  Dav idson  & 
Simpson (1965). 

Table  2. Coordinates and temperature parameters for  naphtho[b]cyclobutene 

Anisotropic temperature factors for the carbon atoms are of the form exp ( - b l t h  z. .. -b23kl); isotropic temperature factors for 
the hydrogen atoms are of the form exp ( - B  sin 2 0/22). Standard deviations are in parentheses. 

X X 104 y x 105 z x 104 bll x 104 b22 x lO s b33 × 104 b12 x 104 b13 x 104 b23 x 104 
C(1) --2099 (2) 5874 (7) 1033 (2) 273 (4) 371 (5) 156 (2) 12 (2) 91 (5) -21  (2) 
C(2) -1177 (2) - 4 0  (7) 2011 (1) 309 (4) 334 (4) 142 (2) - 5 (2) 134 (5) - 2 5  (2) 
C(3) 1240 (2) - 365 (7) 2993 (1) 319 (4) 346 (5) 138 (2) 13 (2) 105 (5) - 1 8  (2) 
C(4) 2819 (2) 5209 (7) 3025 (2) 280 (5) 411 (5) 155 (2) 6 (3) 75 (5) - 2 5  (2) 
C(5) 3459 (3) 17644 (8) 1947 (2) 367 (6) 378 (6) 211 (3) - 2 6  (3) 189 (7) - 4 3  (2) 
C(6) 2635 (3) 23643 (8) 953 (2) 506 (7) 347 (6) 269 (3) - 4 4  (3) 342 (8) - 3 8  (2) 
C(7) 224 (3) 23968 (9) - 2 5  (2) 534 (7) 340 (5) 244 (3) 28 (3) 300 (8) 2 (2) 
C(8) - 1304 (3) 18297 (7) 24 (2) 383 (6) 363 (5) 198 (3) 36 (3) 176 (7) - 4  (2) 
C(9) - 518 (2) 11903 (7) 1021 (1) 318 (5) 320 (4) 150 (2) 16 (2) 151 (5) - 2 5  (2) 
C(10) 1942 (2) 11561 (7) 2018 (2) 314 (5) 334 (5) 155 (2) - 2 (2) 158 (5) - 3 3  (2) 
C(11) -1751 (3) -7655 (8) 2586 (2) 392 (5) 359 (6) 179 (3) - 2 0  (3) 157 (6) - 1 8  (2) 
C(12) 931 (3) -7987 (8) 3686 (2) 419 (6) 369 (5) 166 (3) 18 (3) 123 (6) 0 (2) 

X× 10 3 y x  104 zx 10 3 B× 10 xx  103 y x  104 zx 103 Bx 10 
H(I) -379  (2) 630 (6) 32 (2) 50 (3) H(6) -303 (2) 1852 (6) - 66 (2) 54 (3) 
H(2) 450 (2) 497 (7) 371 (2) 58 (3) H(7) -222  (2) -1148 (7) 170 (2) 51 (3) 
H(3) 516 (2) 1731 (6) 266 (2) 58 (3) H(8) -296  (3) - 767 (7) 323 (2) 56 (3) 
H(4) 374 (3) 2778 (8) 93 (2) 66 (4) H(9) 194 (2) -1211 (8) 340 (2) 61 (3) 
H(5) - 36 (3) 2839 (8) - 76 (2) 68 (4) H(10) 115 (2) - 823 (7) 491 (2) 54 (3) 

g=87  (3) x 10 -6 (Larson, 1967). 
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In the last refinement cycle, no coordinate shifted 
by as much as 0.5a. The final R index (= YIIFol-IFAI/ 
Y. IFol) for 1179 reflections having net intensities greater 
than zero is 0.035, and the standard error of fit for all 
1228 reflections of non-zero weight is 1.63. Final 
coordinates are listed in Table 2. Observed and cal- 
culated structure factors are listed in Table 3. 

Table 3. Observed and calculated structure factors 

Within each group are given the values of k, IOFo, and 10F¢. 
A negative sign preceding Fo indicates a negative value for the 
net intensity; an asterisk following F~ indicates a weight of 
zero in the final calculations. 
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Discussion 

Bond distances and angles are shown in Fig. 1. Estim- 
ated standard deviations are about 0.002 A in the 
C-C distances, 0.015/k in the C-H distances, 0.1 ° in 
the C - C - C  angles, 0.6 ° in the C - C - H  angles, and 0.9 ° 
in the H - C - H  angles. Internal agreement among pairs 
of equivalent values is, if anything, slightly better than 
these e.s.d.'s would predict• 

Distances and angles within the naphthalene ring 
system are in fair agreement with values reported from 
a neutron diffraction study of perdeuteronaphthalene 
by Pawley & Yeats (1969) and in X-ray diffraction 
studies of naphthalene as reported by Cruickshank & 
Sparks (1962); differences in the C-C bond lengths 
range up to about 0.02 A, or about three times the 
e.s.d.'s in those studies• In the present compound, the 
fusion of  the four-membered ring has produced small 
but significant distortions within the naphthalene 
moiety. Differences in bond angles are most  pro- 
minent; they can be blamed on attempts to relieve the 
bond-angle strain at C(2) and C(3). The C(1)-C(2)  
and C(3)-C(4) bonds are about 0.007 A shorter than 
the corresponding bonds in the other six-membered 
ring, and the C(2)-C(3),  C(1)-C(9)  and  C(4)-C(10) 
bonds are nearly the same amount longer; these dif- 
ferences also seem to be a result of  the bond-angle 
constraints at C(2) and C(3), which would tend to 
decrease the importance of valence-bond structure (III) 
relative to (I) and (II). 

(I) (II) (III) 

Deviations from the mean plane of the carbon atoms 
are given in Table 4. These deviations, though small, 
are significant; they correspond to folds of about 1 ° 

£) 

o 

o" 

y - - -  

Fig .  2. A drawing of the structure as viewed down the a axis• 
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along the C(9)-C(10) and C(5). . .C(8) lines, both in 
the same sense, and to a very slight buckling of the 
cyclobutene ring. 

Table 4. Deviations from the least-squares plane 

The normal to the mean plane of the carbon atoms, all 
weighted equally, has direction cosines of -0"4860, 0.4272, 
and 0.8691 relative to a, b, and e; the origin-to-plane distance 
is 1.781 A. 

C(1) 0.006 A H(l) 0"01 A 
C(2) -0.004 H(2) 0.01 
C(3) -0.002 H(3) 0.01 
C(4) 0.005 n(4) -0.03 
C(5) 0.005 H(5) -0-05 
C(6) -0.018 H(6) 0.03 
C(7) -0.018 H(7) -0.81 
C(8) 0-011 H(8) 0.79 
C(9) 0.016 H(9) -0.81 
C(lO) 0.015 H(10) 0.80 
C(11) -0.014 
C(12) -0"002 

A packing drawing of the molecule is shown in 
Fig. 2. The shortest intermolecular distances include 

H . . . H ,  2.52A, and C . . . H ,  2.95A; there are no 
C. • • C distances below 3-5 A. Despite this rather loose 
packing, the temperature factors are relatively small 
and isotropic. While a rigid-body treatment is not 
entirely satisfactory, the largest thermal motions are 
consistent with an in-plane libration of r.m.s, am- 
plitude about 2 °, with the axis of libration passing near 
the center of mass of the molecule. The effects of this 
motion on the bond distances would be no larger than 
0.002 A or so. 
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S,S-Dimethyl-N-trichloroacetyl sulphilimine (DMTAS) crystallizes in the orthorhombic space group 
P21212~, with a=8.934 (5), b=9.317 (5), c=10.952 (6)A, Z=4. The structure was solved by direct 
methods and refined by least-squares calculations to an R value of 0-060 with 939 diffractometric inten- 
sities. All hydrogen atoms were located in a difference Fourier synthesis. The S(IV)-N(sp 2) bond length 
(1.667 ,~) is similar to that of 1.673 ~ observed in S,S-diethyl-N-dichloroacetyl sulphilimine, but 
considerably longer than those found in several N-sulphonyl sulphilimines. It can, however, be regarded 
as a partial z~ bond involved in the mesomerism of the SNCO group. The electronic structure and con- 
formation of the molecule are discussed. 

Introduction 

An X-ray study of S,S-dimethyl-N-trichloroacetyl sul- 
philimine (DMTAS; Me2S:N.CO.CCIa) has been car- 
ried out in order to gain support for the conclusions 
drawn from the structure determination (K~ilm~in, Sas- 
v~iri & Kucsman, 1971) of S,S-diethyl-N-dichloro- 
acetyl sulphilimine (DEDAS; Et2S:N. CO.CHCIz), 

+ 
namely (i) there is an > S=N-C=O+-+ > S-N=C-O res- 
onance in the fairly planar S,N,C(2), O,C(1) moiety; 
(ii) the S(IV)-N(sp 2) bond of intermediate bond order 

is significantly (Cruickshank & Robertson, 1953) 
longer and therefore weaker than in N-sulphonyl sul- 
philimines (K~ilm~in, 1967; Kucsman, K~ilm~in & Kapo- 
vits, 1967; Kilm~in, Duffin & Kucsman, 1971; Cam- 
eron, Hair & Morris, 1971; K~ilm~in& Sasv~iri, 1972) 
[1.673 vs. 1.620-1.636 A,]; (iii) sulphur and oxygen at- 
oms are in a cis arrangement. 

Experimental 

DMTAS was prepared and kindly provided by Dr I. 
Kapovits. Infrared and melting point data showed that 

A C 29B - 5 


