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(IV) because of the inductive effects of the substi- 
tuent  electronegative atoms and hetero ring atoms. 
I t  is possible therefore that  in these structures the 
stronger than usual attractive forces between C ~+ = 0 o- 
dipoles are sufficiently powerful to influence the ar- 
rangement of molecules to bring carbonyl atoms 
closer together than  London dispersion forces alone 
would allow. These forces would be dipole-dipole 
attraction (Keesom, 1921) and/or dipole-induced 
dipole attraction (Debye, 1920, 1921). 

This suggestion agrees generally with the available 
observations. For instance the fact that  the attrac- 
tion of a C~+=O ~- dipole for a charge ( = C  ~+) is 
strongest along its axis will make the C0C angle tend 
to 180 °C. This is about 160 ° in the reported cases. 
Also, on this basis the rather unusual arrangement 
in alloxan in which a ring carbon atom has close 
interactions with two oxygen atoms from opposite 
sides of the molecular plane (Fig. 4) is the expected 
result of the attraction of two = 0~- for the same 
charge centre = C~s +. Perhaps the most puzzling tlfing 
about the close approach discussed here is that  it has 
been observed in only four cases and not in compounds 
such as succinimide (Mason, 1956) and maleic an- 
hydride (Marsh, Ubell  & Wilcox, 1962) where there are 
non-hydrogen-bonded carbonyl groups. This is pre- 
sumably because only in these four compounds is the 
C ~+ = 0 ~- dipole strong enough for interaction to occur. 

The author expresses his sincere thanks to Prof. 
G. A. Jeffrey for providing facilities and checking the 
final structure calculations, to Dr B. M. Craven for 

helpful discussions and to Dr R. Shiono and the com- 
puting centre of the University of Pittsburgh. This 
research was supported by Research Grant B-2763 of 
the U.S. Public Helath Service, National Insti tutes 
of Health. 
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The Crystal Structure and Molecular Statics of Trindan, ClsH~8 
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The crystal structure of trindan (tristrimethylenebenzene, C15Hls ) has been determined from 
three-dimensional X-ray data. The crystals are monoclinic, space group P21/c (C~h) with 

a----12.67, b=5.87, c=16.92A; f l = l l l ° 4 1  '. 

The principle conclusions are that there is no significant alternation of bond lengths in the 
benzene ring, and the molecule is not completely coplanar. The static configuration of the molecule 
was computed from two different sets of force constants. The results indicate a preference for one 
of two sets of force constants for benzene. 

In troduc t ion  

Over th i r ty  years ago Mills & Nixon (1930) reported an 
interesting phenomenon involving the benzene ring. 

* Present address: Department of Chemistry, Providence 
College, Providence, Rhode Island, U.S.A. 

They observed that,  by fusing saturated hydrocarbon 
rings of different sizes onto a benzene ring, it was 
possible in some cases to produce chemical behavior 
indicative (in their interpretation) of the double bonds 
being fixed in one of the two Kekul@ structures. In  
the case of 5-hydroxyhydrindene (I) for example, the 
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chemical evidence was interpreted as indicating fixa- 
tion of the double bonds in the positions shown. I t  
was pointed out by Sutton & Pauling (1935) that  it 
is not reasonable, nor is it necessary for the explana- 
tion of the chemical evidence, to assume anything 
approaching such complete fixation. Should the pres- 
ence of the five-membered ring cause one of the Kekul6 
structures to contribute a few per cent more than the 
other to the ground state of the molecule, an alter- 
nation of the double-bond character of the bonds 
could result with only relatively small changes in the 
bond lengths. This could conceivably produce chemical 
effects. A considerable amount of chemical work has 
been done in connection with the Mills-Nixon effect, 
and the reader is referred to a discussion of it by 
Hiickel (1958). For a number of reasons, most modern 
workers in the field consider lVIills & Nixon's original 
explanation to be obsolete. 

However, the question of distortions in systems of 
this type still remains. The possible effect on the bond- 
lengths in the benzene ring is only one aspect of this 
problem. The coplanarity (or lack of it) and distribu- 
tion of angular strain in a five-membered ring fused to 
a benzene ring are also of interest. To study these 
questions, we have determined the crystal struc- 
ture of trindan (tristrimethylenebenzene, C15H~s), in 
which three five-membered rings are placed symme- 
trically around a benzene ring (Fig. 1). One would 

7 13 

14~99 .. . 11 

10,-------J15 
Fig.  1. T r i n d a n  m o l e c u l e : n u m b e r i n g  s y s t e m  used.  

expect that  the effects of the strain in the five-mem- 
bered rings on the bond lengths in benzene would be 
maximized in this compound. Furthermore, as will be 
seen, the equivalent bonds in the molecule are not 
related by crystalline symmetry. This allows each 
bond to be measured independently, and the agree- 
meat within a group of equivalent bonds serves as an 
internal measure of accuracy. 

We have also computed the equilibrium static con- 
figuration of the trindan molecule from two possible 
sets of force constants. The experimental results 
indicate a preference for one of these sets. 

Experimental  

The prismatic crystals, which were prepared by a 
method described by Wallach (1897), were found to 
sublime slowly when exposed to the atmosphere. To 
arrest deterioration, the crystals were coated with a 
protective film by immersion in an aqueous solution 
of Aerosol. Weissenberg photographs were taken 
around the prism axis (b) and one perpendicular to it 
(c). The crystals were found to be monoclinic with 
lattice parameters 

a=12.67, 5=5.07, c--16.92/i.; #=111041 ' . 

Systematic absences indicated space group P2~/c 
(C~h), and the calculated density of 1.126 g.cm-a, for 
four molecules per unit cell, agrees well with the ob- 
served value of 1.141 g.cm-a reported by Ziegler & 
Ditzel (1929). 

Intensities were determined by the visual technique 
from multiple-film Weissenberg photographs (Cu Kc¢ 
radiation) of layer lines zero through four around b, 
and zero through nine around c. Very large thermal 
motion was apparent, as no reflections with sin 0 
greater than 0.7 were observed. The intensities were 
converted to relative structure factors by appropriate 
corrections for Lorentz and polarization factors. Of the 
total of 316 different reflections measured, 195 were 
observed with both crystals. A least-squares procedure 
was used to convert the structure factors on the vari- 
ous film sets to a common relative scale, and only one 
scale factor was carried through the structure deter- 
mination. 

Structure determination 

A Patterson projection along b was computed and its 
solution accomplished by employing a molecular 
model of trindan (Fig. 1). In a model of trindan twice 
its normal size (referred to the scale of the Patterson 
function), points were placed at the centers of the 
line segments connecting each pair of atoms. I t  is 
easy to show that  the resulting distribution of points 
corresponds to the set of Patterson peaks arising from 
vectors between a pair of molecules related by a center 
of symmetry (or by a 2~ axis in the projection). These 
peaks are found centered at 2ro, in which r0 is the 
vector from a symmetry center (origin) to the mole- 
cular center. While the molecular center can, in gen- 
eral, be chosen ~rbitrarily, it is natural in this case to 
select the center of the benzene ring. 

The above procedure showed that  high densities of 
interatomic vectors occur at the molecular center and 
at the approximate midpoints of the benzene bonds 
(on the doubled scale). Fig. 2 shows the proposed 
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Table 1. Atomic parameters for trindan 
Atom x y z a@) a(y) a(z) B a(B) 

1 0.1869 0.0599 0.1743 0.0015 0.0034 0.0012 7.81 0.51 
2 0"1798 0"9314 0"1037 0.0014 0"0032 0.0011 7.31 0.48 
3 0"2536 0.9861 0"0619 0"0015 0"0032 0.0011 6.81 0.47 
4 0"3323 0.1537 0.0898 0"0016 0"0032 0.0011 7.05 0.45 
5 0.3406 0.2824 0.1619 0-0015 0"0030 0.0011 7.00 0.50 
6 0.2684 0.2255 0.2030 0"0016 0"0031 0.0012 6.75 0.50 
7 0.1161 0.0240 0.2332 0"0015 0.0031 0.0012 8-82 0-51 
8 0.0955 0.7443 0.0625 0"0018 0"0033 0.0012 9.78 0"58 
9 0"2345 0.8362 0"9827 0"0017 0"0035 0.0012 9-20 0-56 

10 0.4194 0-2333 0.0507 0"0018 0-0033 0-0012 8-62 0"59 
11 0.4263 0-4672 0"1789 0"0016 0"0033 0.0011 9"09 0.54 
12 0.2578 0.3465 0.2827 0"0016 0"0033 0.0011 9.10 0.54 
13 0"1761 0.1892 0"3030 0"0018 0.0038 0"0013 12.71 0.63 
14 0"1330 0.6755 0"9850 0"0017 0"0033 0.0012 10.13 0.59 
15 0"4939 0.4078 0"1190 0"0016 0"0037 0.0012 10.01 0.58 

1/22 C 

P (u,w) ~ a 

Fig. 2. Patterson projection -P(u, w) showing the orientation 
of the benzene ring, which is drawn to the same scale as 
the map. The multiple circles are placed at positions of 
high predicted density corresponding to this orientation. 

relation of the benzene ring (normal scale) to the 
Patterson map. Thus, the coordinates of the mole- 
cular center were found to be x =  ¼ and z=~, and 
the approximate orientation and axis of t i l t  (out of 
the x-z plane) were determined. 

The angle of t i l t  of the molecule was deduced from 
the Pat terson section P(u, ½, w). To do this, we note 
tha t  all of the intramolecular interatomic distances 
occur in a plane (under the assumption of molecular 
planarity) which passes through the origin and inter- 
sects the plane y =  ½ at a distance ½c cot ~ (W = angle 
of tilt) from the projection of the origin on this plane. 
This intersection was easily found as a strip of high 
density on P(u, ½, w). The orientation of the axis of 
tilt was als0 verified from the orientation of this strip. 

From the orientation of the t i l t  axis, the angle of 
tilt ,  the coordinates of the molecular center, and the 
orientation of the molecule, the x and z coordinates 
of all of the carbon atoms were computed. These 
coordinates were refined by  successive Fourier syn- 
theses until  no changes in the signs of significant 
structure factors occurred. 

The y coordinate of the molecular center was found 
by an analytical procedure. The expression for the 
structure factor can be written 

Table 2. Bond distances in trindan 

Atoms Distance Average* 

2-3 1.402 i 1.392 A 
4-5 1.405 
6-1 1"370 
1-2 1.388 1"375 
3-4 1"356 
5-6 1-380 
2-8 1.511 1"541 
3-9 1.545 
4-10 1"553 
5-11 1"486 
6-12 1"573 
1-7 1"581 
8-14 1.603 1"565 

14-9 1"607 
10--15 1"572 
15-11 1"590 
12-13 1-519 
13-7 1"500 

Standard 
deviation 

0-016 /~, 

0.014 

0.031 

0-041 

* Average of set related b y  the assumed symmet ry  (C3v) 
of the isolated molecule. 

Table 3. .Bond angles in  tr indan 

Atoms Angles Average* 

1-2-3 117.8 ° 120.0 o 
2-3-4  122-2 
3-4-5 120.1 
4-5-6  117.2 
5-6-1 123.1 
6-1-2 119.5 
8-2-3 115-0 112.5 
9-3-2 112.8 

10-4-5 111-8 
11-5-4 112.1 
12-6-1 109.5 

7-1-6 113.5 
2-8-14 100.8 101-5 
3-9-14 100.6 
4-10-15 102-2 
5-11-15 104.1 
6-12-13 101.6 
1-7-13 99.8 
8-14-9 110.7 110.5 

10-15-11 107.0 
12-13-7 113.8 

* See footnote, Table 2. 

S t a n d a r d  
deviation 

2.1 ° 

1-7 

1-3 

2-8 
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Fhkz = Abel cos 27dcy0 + Bhkz sin 2~/cy0 

in which y0 is the coordinate of the molecular center, 
and Aakz and Ba~ depend only on the (known) x 
and z coordinates of the fifteen atoms. The value of 
y0 was chosen to give good agreement with a number 
of strong reflections. From this value, the y coordinates 
of the fifteen carbon atoms were computed. 

The structure was refined in three dimensions by a 
single Fourier synthesis, a difference synthesis, and 
eight least-squares cycles in which individual isotropic 
temperature factors were used. The final value for 
R = X [ .Fo-  F c [ / Z  leo  [ was 0.122 (observed magnitudes 
only), and this parameter changed by less than 0.001 
in the last cycle. The final atomic parameters are 
given in Table 1. The bond distances and angles cal- 
culated from the final parameters are listed in Tables 
2 and 3. 

Accuracy of the structure 

The r.m.s, errors in the atomic parameters are listed 
in Table 1. These are nearly the same for each of the 
fifteen carbon atoms, although there is a discernible 
tendency for the errors to increase with distance from 
the center of the molecule. That the errors are ap- 
proximately isotropic is indicated by the fact that  

aa~ sin fl=0.019, b~y=0.019, c~z sin fl= 0.018 A 

in which the r.m.s, of the values listed in Table 1 
were used for (rz, ~y, and ~z. These numbers would be 
identical for the case of isotropic errors.* The stan- 
dard error in the carbon-carbon distances is 0.019 x 
V2=0.027 A. 

The standard deviations from the mean of sets of 
carbon-carbon distances related by assumed mole- 
cular symmetry C3v is given in Table 2. The weighted 
r.m.s, value of these deviations is 0.026 /~, which is 
in good agreement with the number computed above 
from the observed and calculated structure factors. 
The figures in Table 2 indicate an appreciable de- 
crease in accuracy with increase in distance from the 
center of the molecule. 

We conclude that  there is no significant alteration 
of bond lengths from their normal values of 1-39 /~ 
(benzene) and 1.54 A (single bond). In particular, there 
is no significant alteration of bond lengths around the 
benzene ring. 

The standard error (in degrees) in a bond angle q~ 
with sides 11 and l~ is given by 

crq, = (re + l~ lll~. , (1) 

in which the (isotropic) r.m.s, displacement in a given 
direction (re = 0.019 A, as indicated above. This varies 
from 1.5 to 1.8 degrees for the angles listed in Table 3, 

* They could be the same for highly anisotropic errors, 
but this would be improbable. 

and has an overall r.m.s, value of 1.6 °. The overall 
r.m.s, deviation between columns 2 and 3 of Table 3 
is 1.9 ° . Again, it does not appear that  there are 
significant differences between chemically identical 
bond angles. On the other hand, the deviations of 
the angles listed in column 3 of Table 3 from each 
other and from their 'unstrained' values are highly 
significant, and will be interpreted in a later section. 

Thermal  motion 

It is obvious that the accuracy of this determination 
is considerably less than is usually obtained with 
structures of this type. This is due to the large thermal 
motion, which is apparent from examination of column 
8 of Table 1. The mean value of B is 8"68 j~2, which 
corresponds to an overall r.m.s, atomic displace- 
ment of 0.33 A. 

There are three types of carbon atom in the trindan 
molecule, atoms 1-6, 7-12, and 13-15, in order of 
increasing distance from the molecular center. It is 
obvious that there is no significant variation among 
B's of atoms of the same type, but there is a large 
and significant increase of B with increasing distance 
from the molecular center. In fact, the equation 
(determined by least-squares), 

= 6.40 + 0.34R ~. , (2) 

in which R is the distance from the molecular center, 
reproduces the observed average B values within ex- 
perimental error. The implication is very strong that  
the thermal motion is due mostly to translational 
and oscillational vibrations, and this is what one 
would expect in the case of thermal motion of this 
magnitude at room temperature. The corresponding 
r.m.s, translational and oscillational displacements are 

I/(u-~) = V(6.40/8:r2) =0 .28 /~ ,  

1/(02) = (180/~)]/(0.34/8~2) =3.7 ° . 

Since the osciIlationaI motions are normal to the radius 
vector from the center of the molecule, they give rise 
to an apparent contraction of the molecule when the 
mean atomic positions are used to calculate the 
geometrical parameters (Cruickshank, 1956). The cor- 
rection factor to be applied to intramolecular dis- 
tances is 1+0.34/16~r~--1.0022. This would increase 
all C-C bond distances by 0.003 /~, an insignificant 
correction, and there is no effect on the bond angles. 

Planarity of the molecule  

The least-squares (Schomaker, Waser, Marsh & 
Bergman, 1959) plane, determined from the coordi- 
nates of atoms 1-12 in the molecule nearest the origin, 
has the equation 

3-1214x-- 1.9216y+3-0068z= 1 , (3) 

and this plane is 1-994 A from the origin. The distances 
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of the fifteen carbon atoms from this plane are given 
in Table 4. I t  is evident tha t  we may regard the ben- 
zene ring and the methylene carbon atoms adjacent 
to it  as being essentially coplanar, although the dis- 
placement of C(11) from the mean plane is statistically 
significant. On the other hand, the displacements of 

Table 4. Distances of atoms from mean plane 
The  posi t ive  sign indicates  t h a t  the  a t o m  is on the  side 

of the  p lane  opposi te  the  origin. 

A t o m  no. Dis tance  

1 -- 0.015 
2 +0-011 
3 +0 .009  
4 + 0.024 
5 +0 .015  
6 +0 .031  

7 + 0-036 
8 -- 0-045 
9 --0-010 

10 +0 .026  
11 --0.058 
12 --0.021 

r.m.s,  d is tance  

0.019 A 

0.036 

13 +0 .195  
14 --0.013 
15 +0 .231  

0.175 

C(13) and C(15) from the mean plane of the rest of 
the molecule are quite large. This is consistent with 
the non-planar cyclopentane molecule, as discussed by 
K_ilpatrick, Pitzer & Spitzer (1947). As in the case of 
eyclopentane, this distortion from the planar structure 
is probably due to hydrogen repulsions. 

I t  seems rather strange tha t  C(14) lies (within 
experimental error) in the mean plane, instead of 
being displaced from it by  about 0.2 _~, as are the 
chemically equivalent atom C(13) and C(15). We con- 
sidered the possibility that  the position found in the 
structure determination might be the mean position 
in a disordered structure in which C(14) is randomly 
located on either side of the mean plane. However, 
a careful examination of a three-dimensional difference 
Fourier map failed to reveal any evidence for such 
behavior; furthermore, the temperature factor for this 
atom is not abnormal. 

We conclude tha t  the potential function concerned 
with the displacement of these atoms out of the plane 
is rather  flat in the vicinity of the plane, and the 
actual po~ition~ of the atom~ are determined, at  least 
in part,  by packing considerations. 

Sta t ic  t r e a t m e n t  of the molecule  

To compute the static configuration of the molecule 
from the molecular potential function, we assume first 
of all that  the molecule is planar. This may seem to 
be a rather drastic assumption in view of the appreci- 
able non-planarity discussed in the previous section. 
However, the sums of the angles in the three five- 

membered rings are 538-2 °, 539.9 °, and 537-2 °. If the 
distortions due to non-planarity were distributed 
equally among the ring angles, the largest distortion 
would be 0.6 ° , and the overall average 0.3 ° . These 
are considerably less than the errors in the determina- 
tion of the angles, and are very likely smaller than 
the errors in the static calculation arising from un- 
certainties in the force constants. 

The configuration of the molecule will be expressed 
in terms of the deviations of the interatomic distances 
and angles from their normal values - -  the values they 
would presumably have in an unstrained molecule. 
The nomenclature is given in Fig. 3. The potential 
function used in this t reatment  is 

6 
2 V = . S  {Fatt~ + 2F~ttit,+l + 2Fatt, t,+2 + Fdtt~t,+3 + F~fl, ~ ~ 

+ 2 F ~ , ~ , + ~ +  3 2Ft~fl~flt+2 4 1 + F~/~,/~,+3 + 2F,~(t~,-t,~,+~) 
9. 2Ftaa (ti/3, +8 --  t,fl,+4) + 2Ft~(t~fl~+2-- t~fli+5) + 

3 
2 2 2 + kl (s i + r i ) + k2 ?i } + ~, k2 O~ (4) 

i--1 

in which it  is understood tha t  the result of addition 
of the subscripts is reduced to the corresponding con- 
gruent number (modulo 6) less than 7. In  this function, 
all of the interaction terms have been neglected except 
those involved in the benzene ring and its external 

1 "540 + r~ 

Fig.  3. P a r a m e t e r s  u s e d  in discussing the  s ta t ic  conf igura t ion  
of t r indan .  

angles. The interior benzene angles are not included 
since they are required by symmetry  to be 120 ° . 

We now assume tha t  the point symmetry  of the 
static molecule is Dsh. The potential function then 
reduces to 
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2 V =  3fl (t~ + t~) + 6f2tlt~ + 6fsfl~ + 6f4(t l f l l-  t~fll) 
+ 6kl(s~ +r~)+3k2(2y~ + (~), 

in which 
3'1= Ft ~ + 2Ft 3= ½[Ftt(A~)+.Fu(Beu)],  
f2= 2F2t + $~t = ½[Ftt(Ala)-Fu(B2=)] , 

+ , 

.f4= = , 
= + + + 

+ 

(5) 

(6) 

The constants Ftt(Alg), Ftt(B2~), F~(B2~), and Fts(B2~) 
are those associated with the corresponding symmetry  
coordinates of benzene (Wilson, Decius & Cross, 
1955). Only the Alg and B2= coordinates maintain 
Dan symmetry.  

Since there are only five independent parameters in 
the t r indan skeleton of symmetry  Dsh, there must  be 
two independent necessary relations among the seven 
coordinates which appear in (5). The first of these 
can be taken to be the condition tha t  the five-mem- 
bered ring has a plane of symmetry :  

½(1.390 + tl) = (1.540 + rl) sin (0.9553 + ½ (5~) 

--(1.540+s~) sin (~-g--fll). (7) 

When this is expanded, and only the linear terms in 
ri, si, h, ill, and (~1 are kept,  i t  becomes 

-- ½tl-- ½sl + 0.8165rl  + 1.3337fll  + 0.4446 ~1 = 0 . 2 0 7 6 .  
(s) 

21[(1/D)( - -  0.8894f~ - , ~ f l f 3  - 0.6669f~f4 + 0.8894f~ 
-- 0.6669f2f4 + ~f~)-0.2282/kl-O.O988/k2] 
+ 22[(1/D)(-1.3337f~-½fif4+ 1.3337f~-½f2f4) 
+ 0.2223/k2] =0.2076 

2~[(1/D)(- 1.3337f~-½fif4 + 1.3337f~-½f2fd) 
+ 0.2223/k2] + 22[ (2 /D)(- f~  +f~) - 3/2k2] = 0.4958. 

(11) 
In  these equations 

D =  2(f f - f fF - . 

To obtain numerical results, two sets of force con- 
stants were used. In  both of these, we took the ali- 
phatic C-C stretch- and C-C-C bending constants to be 

k1=4.5 md.A -1 (tterzberg,1945), 
k9=0.85 md.A (Pitzer, 1940) . 

The remaining constants were obtained from a cal- 
culation of the symmet ry  force constants from the 
spectra of benzene and its deuterium derivatives by 
Crawford & Miller (1949). Two sets of roots were 
obtained by these workers, and we have computed 
the parameters from (10) for each of these. The 
numerical values are given in Table 5. 

There is no reason to doubt tha t  the force constants 
involved in stretching the ring bonds in benzene are 
essentially the same as the corresponding constants in 
tr indan. On the other hand, one might expect some 
change in the force constants involved in bending 
the external benzene angles when the ligands are 
changed from hydrogen to carbon. However, different 

The other condition can be the requirement tha t  the 
sum of the angles in the five-membered ring is 3~. 
In  terms of our parameters,  this becomes 

2fll -- 271 -- ~1 = 0.4958 (9) 

The equilibrium static configuration is then ob- 
tained by  minimizing V subject to conditions (8) 
and (9). The solution is 

t2 "-- 

S l  --- 

r l =  

i l l=  

(1/D)[ 21 (½flfa + 0.6669flf4 + 0.6669f~f4 - ¼f~) 

+ 2~(f J 4  + f2A)] , 
(1/D)[ 21 ( - 0.6669flf4 - ½f~fa - 0.6669fgf4 - ¼f2) 

+22(--flf4--f2f4)] , 
21/8kl , 

- 0"204121/kl, 

(1/D)[2 i-o.6669f - fj  + 0.6669f  - f 

+ 22(--f~. +f22)], 

71 = ½2~/k2 , 
(31 = ( - 0"222321 + ½22)/k2, (10) 

in which 21 and 22 are Lagrangian multipliers deter- 
mined by the equations 

A C 1 7 ~  I I  

Table 5. Force constants used to calculate static 
configuration of trindan 

Constant* Set 1 Set 2 
f~= ½(A, +A2) 7.278 md.A -1 6.411 md.A -1 
f2= ½(A~-A2) 0.554 md.A -1 1.422 md.A -1 
f 3 = r 2 c - H _ F '  2 1-108 md.A 1.107 md.A 
fd=rc_H/z2 1.403 md --0.219 md 
* The Greek letters are the nomenclature of Crawford & 

Miller (1949), who used constants with units of md.A -I. 
We used rc-H= 1-08 A. 

orders of magtritude or a change hi sign of the inter- 
action constant are not expected. 

The results of the static calculation are compared 
with the experimental measurements in Table 6. 

The experimental parameters in Table 6 are the 
mean values given in Tables 2 and 3, increased in 
the case of bond lengths by  the 0.003 I correction 
arising from the molecular oscillation. There are small 
errors in the calculation arising from the expansion of 
(7) to obtain (8). While these could be eliminated by 
another iteration, there is little to be gained by doing 
this since these errors are small compared with the 
errors due to uncertainties in the force constants and 
failure of the harmonic force law for these relatively 
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Table 6. Comparison of observed and calculated molecular parameters of trindan 

Calculated Deviation 

Parameter Experimental* Set 1 Set 2 Set 1 Set 2 

1.390+t 1 1.395+0.011/~ 1.356/k 1.385 A 0-039 A 0.010 .~ 
1.390 + t~ 1.378 +_ 0.010 1.421 1.386 -- 0-043 -- 0"008 
1.540 + s, 1.544 _+ 0.014 1.536 1-532 0.008 0-012 
1.540 + h  1"568 + 0.018 1.547 1.552 0"021 0.016 
120° -- fll 112.5 + 0.8 ° 111.4 ° 111.4 ° 1.1 ° 1-1 ° 

109"5° + 71 101.5 + 0"6 105.0 104.4 -- 3"5 -- 2.9 
109"5° + ~1 110.5 + 2.0 107.3 108.5 3.2 2.0 

* The preeisions quoted here were computed from the r.m.s, deviations from the means of the three or six measurements 
of the corresponding parameter. 

large deviat ions f rom the uns t ra ined  angles. The to ta l  
s t ra in  energies are 10.6 and  14.2 kcal.mole -1 for sets 
1 and  2, respectively.  These are p robably  low since 
the  energy arising f rom hydrogen repulsion has not  
been included. 

Crawford & Miller's set 1 would predict  consider- 
able a l te rna t ion  of bond lengths a round the  benzene 
ring, a l though in the  opposite direction to t h a t  sug- 
gested by  the  Mil ls-Nixon effect. This is clearly due 
to the  large value of the  angle-bond interact ion con- 
s t an t  which t hey  called /~2. The fact  t ha t  no such 
a l te rna t ion  was found provides a basis for preferring 
their  set 2. Coulson & Longuet-Higgins  (1948) have 
used the  empirical  LCAO method  to compute the  
bond-st re tching force constant  of benzene, and  they  
calculate t '~=6 .84 ,  ~'t2=1.14, /~3--0.73, and_Ftd= 
0.52 md.~-A This gives fl = 5-38 and f2 = 2.80 md./~ -I. 
This also is in better agreement with set 2, although 
the agreement is not particularly good. 

Longuet-Higgins  & Coulson (1946) have  computed 
the  s tat ic  configuration of hydrindene.  Their  angular  
s trains in the  f ive-membered ring are quite close to 
our computed ones in Table 6. They compute a com- 
pression in the  benzene bond which is shared with 
the  f ive-membered ring of 0-022 A, which is consider- 
ab ly  larger t han  the  0.005 A we compute with the set-2 
force constants. This is partly due to the fact that 
they did not include an angle-bond interaction con- 
stant, which tends to elongate this bond when it is 
negative. 

We wish to t h a n k  Prof. R. A. Barnes of these lab- 
oratories for prepar ing the  sample of t r indan.  We 

t h a n k  Prof. R a y  Pepinsky  and  the  s taff  of the  Crys- 
tal lographic Labora to ry  of the  Pennsy lvan ia  S ta te  
Univers i ty  for their  help in computing a three-dimen- 
sional Fourier  synthesis with X-RAC.  We also t h a n k  
Prof. G. A. Je f f rey  and  Dr  D. Fell of the  Crystallo- 
graphic Labora to ry  of the  Univers i ty  of P i t t sbu rgh  
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