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Table 4. Mean-square amplitudes of nuclear 
displacements (A. 2x  103) parallel Uil and transverse 

U± to C - - H  and C - - D  bond directions 

C2H2 C2H2 C2D2 C2D2 
(131 K) (141 K) (143 K) (15 K) 

C U 55 (2) 60 (2) 47 (2) 15 (1) 
C Ul 59 (I) 63 (1) 67 (2) 19 (1), 27 (1)* 
H(D) U 65 (4) 65 (4) 60 (2) 23 (2) 
H(D) U~ 163 (2) 177 (4) 182 (4) 54 (3), 57 (2)* 

* Normal to layers of molecules ( = U33). 

The neutron diffraction study was carried out at 
Brookhaven Nat ional  Labora to ry  under  contract  
DE-AC02-76CH00016 with the US Depar tment  of  
Energy and supported by its Office of Basic Energy 
Sciences. One of  us (PP) gratefully acknowledges the 
financial suppor t  of  the Belgian Nat ional  Science 
Foundat ion ,  N F W O .  
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Abstract 

meso-D3-Trishomocubylidene-D3-trishomocubane 
oxide, (2a), C22H240, M r = 3 0 4 . 4 4 ,  monoclinic,  
P2~/a, a = 12.337 (2), b = 6.361 (3), c = 19.891 (2)A,  
/ 3 = 9 6 . 4 4 ( 1 )  °, V =1551 .1 (9 ) ,~3 ,  Z = 4 ,  Dx= 
1.303 g cm -3, a ( M o  Ka) = 0.71069 ./k, /x = 
0.72 c m -  1, F(000) = 656, T = 296 K, R = 0.049 for 

* Authors to whom correspondence should be addressed. 

0108-7681/92/050731-07506.00 

1321 reflections. D,L-D3-Trishomocubylidene-D3- 
t r i shomocubane oxide, (2b), C=H240,  Mr = 304.44, 
monoclinic, C2/c, a = 21.471 (5), b = 6.352 ~ ! i  c =  
12.351 (3) A, fl = 117.26 (1) °, V =  1497.4(6) Z = 
4, Dx = 1.350 g cm -3, A(Cu Ka) = 1.54178/~, /z = 
5.77 c m -  1, F(000) = 656, T = 296 K, R = 0.051 for 
1085 reflections. D,L-Bi-D3-trishomocubyl, (3), 
C22H26, Mr = 290.45, triclinic, P1, a = 6.324 (1), b = 
10.591 (2), c = 11.767 (3)A,  a = 103.14 (2), /3 = 

© 1992 International Union of Crystallography 
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99.18 (2), ~, = 95.67 (1) °, V=  750.1 (3) A 3, Z =  2, Dx 
= 1.286 g cm -3, a(Mo Ka) = 0.71069 A, /z = 
0.67cm-1,  F(000)=316 ,  T = 2 9 8 K ,  R = 0 . 0 6 3  for 
2387 reflections. The trishomocubane moieties can be 
considered as formed from three multiply fused nor- 
bornane groups. The strained homocubane systems 
have nine C - - C - - C  angles between 94.1 and 98.8 ° 
and 18 between 102.7 and 105.8 ° . There are three 
distinct classes of bond lengths which average 
1.518 (5), 1.527 (8) and 1.567 (5) A in the three struc- 
tures. The X-ray parameters are compared with 
those from the Cambridge Structural Database and 
with theoretical calculations of trishomocubane 
using the programs MM3, AM1 and GA USSIAN90. 
These parameters are also compared with those from 
experimental and theoretical studies of norbornane. 
The density of the o,e-isomer (2b) is significantly 
larger than that of the meso-isomer (2a). 

Introduction 

As part of a general investigation of the synthesis 
and chemistry of novel polycyclic cage systems 
(Marchand, 1989), we recently reported the synthesis 
of meso- and D,L-D3-trishomocubylidene-D3- 
trishomocubane [(l a) and (lb), respectively] along 
with the results obtained via addition of biparticulate 
electrophiles (i.e., CF3CO2H and Br2) to the C = C  
double bond in each of these novel alkenes 
(Marchand et al., 1990). More recently, we initiated 
an investigation of the corresponding addition of 
uniparticulate electrophiles (Paquette, Allen & 
Broadhurst, 1971) to these systems (see scheme 
below). In the first study, we investigated the epoxi- 
dation of the C = C  double bond in (la) and (lb) by 
using m-chloroperbenzoic acid (MCPBA). Each 
epoxidation reaction proceeded smoothly, thereby 
affording the corresponding meso-epoxide [(2a), m.p. 

MCPBA, CH.4Cl. z 
> 

298 K. 12 h 

(1 a) (2a) 

MCPaA, CH=Ch 
) 

298 K, 12 h 

(1 b) (2b) 

7 

1 
6 

6 I 2 
7 

8 

(3) (4) (5) 

Table 1. Crystal data and collection and refinement 
parameters 

(2a)  (2b) (3) 
Color Colorless Colorless Colorless 
Size (mm) 0.43 × 0.45 0.32 x 0.20 0.45 x 0.38 

x 0.28 × 0.15 x 0.09 
A (A) 0.71069 I. 54178 0.71069 
Unit-cell reflections 16 25 25 

20 range (°) 20.07-23.39 77.80-79.86 23.74-28.50 
Data-collection method w-20 to-20 to 
20 range (~) 3.-50 3- 120 3 5 0  
Scan speed C m i n  ') 16.0" 8.0* 4-29.3 
Reference reflections 3 3 2 
hkl range - 2 ,  14; 0, 7; 0, 23; 0, 7; - 2 ,  8; - 13, 

- 2 1 ,  21 - 14, 14 13; - 15, 15 
Reflections measured 3752 1414 4962 
Unique reflections 3006 1373 3439 
R,,, 0.041 0.071 0.007 
Reflections > 3or(/) 1321 1085 2387 
Systematic absences hOl: h ~ 2n hkl: h + k ~ 2n None 

0k0: k ~ 2n hOl: 1 ~ 2n 
Transmission factors 0.95 1.00 0.92 1.00 0.9243.96 
R 0.049 0.051 0.063 
wR 0.049 0.055 0.056 
Number of  parameters 305 154 303 
S 2.44 5.95 1.39 
(A/Or)max 0.04 0.01 0.02 
Ap . . . .  Apm,, (e A '3 ) 0 .18,-0.21 0 .22 , -  0.26 0 .27 , -0 .26  

* W e a k  re f l ec t ions  [I  < 10.0~r(/)] r e s c a n n e d  th ree  t imes .  

463-464 K] and the D,L-epoxide [(2b), m.p. 514 K], 
respectively. The X-ray structures of compounds (2a) 
and (2b), as well as the fully saturated reference 
compound (3), are reported. In addition, the bond 
lengths and angles in trishomocubane (4) have been 
investigated theoretically through the use of MM3 
(Allinger, Yuh & Li, 1989), A M P A C  (Dewar, 
Zoebisch, Healy & Stewart, 1985) and 
GA USSIAN90 (Frisch et al., 1990). These values are 
compared with those obtained from the three X-ray 
structures and from an analysis of literature data. 
Since trishomocubane can be considered to be com- 
posed of three highly fused norbornane moieties, (5), 
these data are compared with those reported for 
norbornane. 

Experimental 

All compounds were obtained by synthesis. Crystal 
data and data collection and refinement parameters 
are given in Table 1. Data for compounds (2a) and 
(2b) were collected on two Rigaku AFC-6s diffrac- 
tometers while data for (3) were collected on a 
Nicolet R3M//z update of a Syntex P21 diffractom- 
eter. Lorentz and polarization corrections and a 
0-scan absorption correction were applied. The 
structures were solved by direct methods and refined 
by full-matrix least-squares techniques. The function 
minimized for all structures was Yw(IFo!-  IF~[) 2 
where w = 4Foa/o'2(Fo 2) with ~r2(Fo 2) from counting 
statistics with a p factor of 0.01 for compounds (2a) 
and (2b) and w = [crZ(Fo) + 0.00043Fo 2]- l for com- 
pound (3). Neutral-atom scattering factors and 
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Table 2. Atomic positional parameters for compound 
(2a) 

Beq  = (87r213)Z,ZjUoa,*aj*a,.aj. 

x y z Beq (A 2) 
o(1) 0.5196 (3) 0.3150 (5) 0.2653 (1) 3.6 (2) 
c(1) 0.4778 (4) 0.1305 (7) 0.2265 (2) 2.8 (2) 
c(2) 0.5018 (4) 0.1110 (8) 0.1545 (2) 3.0 (2) 
c(3) 0.4274 (4) 0.2814 (9) 0.1193 (3) 3.6 (3) 
C(4) 0.4104 (5) 0.2084 (10) 0.0465 (3) 4.3 (3) 
c(5) 0.3611 (4) -0.0010 (9) 0.0632 (3) 3.9 (3) 
C(6) 0.2631 (4) 0.0611 (10) 0.0973 (3) 4.2 (3) 
c(7) 0.2416 (5) -0.1301 (12) 0.1400 (3) 4.9 (3) 
c(8) 0.3538 (4) -0.1271 (9) 0.1795 (3) 3.8 (3) 
c(9) 0.3575 (4) 0.0899 (8) 0.2129 (2) 3.3 (2) 
c(10) 0.4364 (4) -0.0865 (8) 0.1266 (3) 3.6 (3) 
C(I 1) 0.3193 (4) 0.2240 (9) 0.1491 (3) 3.6 (3) 
c(12) 0.5506 (4) 0.1030 (7) 0.2896 (2) 2.7 (2) 
c(13) 0.5222 (4) 0.0266 (8) 0,3563 (2) 3.1 (2) 
c(14) 0.5533 (4) -0.2053 (8) 0.3544 (2) 3.2 (2) 
C(15) 0.5738 (5) -0.2637 (9) 0.4292 (3) 3.8 (3) 
c(16) 0.6637 (4) -0.1028 (8) 0.4447 (2) 3.4 (2) 
c(17) 0.7477 (4) -0.1607 (9) 0.397t (3) 3.7 (3) 
c(18) 0.8110 (4) 0.0421 (9) 0.3904 (3) 3.8 (3) 
c(19) 0.7101 (4) 0.1664 (8) 0.3636 (2) 2.9 (2) 
c(20) 0.6677 (4) 0.0441 (7) 0.2998 (2) 2.7 (2) 
c(21) 0.6188 (4) 0.1051 (8) 0.4085 (2) 2.9 (2) 
c(22) 0.6687 (4) -0.1829 (8) 0.3299 (2) 3.0 (2) 

Table 3. Atomic positional parameters for compound 
(2b) 

B~q = (87r2/3)Z i •jU,ja,*aj*a i.aj. 

x y z &q(A 2) 
O(I) 1.000 0.0539 (3) ~ 4.25 (9) 
C(I) 0.9682 (1) -0.1465 (3) 0.2559 (2) 3.69 (8) 
C(2) 0.9585 (1) -0.1992 (3) 0.3650 (2) 3.84 (9) 
C(3) 0.8934 (1) -0.0728 (4) 0.3454 (2) 4.2 (i) 
C(4) 0.8662 (1) -0.1943 (4) 0.4199 (3) 4.9 (1) 
C(5) 0.8566 (i) -0.3982 (4) 0.3504 (2) 4.6 (1) 
C(6) 0.8067 (1) -0.3372 (4) 0.2186 (2) 4.5 (I) 
C(7) 0.8206 (1) -0.5010 (4) 0.1435 (3) 4.7 (1) 
C(8) 0.8979 (1) --0.4472 (4) 0.1946 (2) 4.1 (1) 
C(9) 0.8963 (1) -0.2151 (4) 0.1617 (2) 3.87 (9) 
C(10) 0.9253 (1) -0.4241 (4) 0.3363 (2) 4.0 (1) 
C(I 1) 0.8446 (1) -0.1332 (4) 0.2088 (2) 4.1 (1) 

from the Cambridge Structural Database (Allen, 
Kennard & Taylor, 1983; references for the struc- 
tural fragments are given in Table 5) while Table 6 
lists selected valence angles for the three compounds. 
Figs. 1, 2 and 3 are thermal ellipsoid plots of the 
three compounds.* 

anomalous scattering factors were taken from Inter- 
national Tables for X-ray Crystallography (Cromer & 
Waber, 1974; Cromer, 1974). Calculations for com- 
pounds (2a) and (2b) used the TEXSAN (Molecular 
Structure Corporation, 1985) program package on a 
MicroVAX 3100/76 cluster. Analysis of compound 
(3) used a Desktop 30 Microeclipse and Nova 4/C 
configuration and the SHELXTL (Nicolet Instru- 
ment Corporation, 1986) program package. All 
theoretical calculations were performed on the 
MicroVAX cluster using MM3 (Allinger, Yuh & Li, 
1989), AMPAC (Dewar, Zoebisch, Healy & Stewart, 
1985) and GAUSSIAN90 (Frisch et al., 1990). 

Tables 2-4 contain the atomic positional param- 
eters for compounds (2a), (2b) and (3). Table 5 gives 
the bond lengths for the three compounds and the 
average bond lengths for ten fragments extracted 

c L c4 

c= cli  
,7  

C15 

Fig. 1. Thermal-ell ipsoid drawing for c o m p o u n d  (2a). Ellipsoids 
are drawn at the 35% probabil i ty level. H a toms are represented 
by spheres of  arbi trary size. 

* Lists of  H-a tom coordinates,  anisotropic thermal parameters  
and structure factors for compounds  (2a), (2b) and (3) have been 
deposited with the British Library Document  Supply Centre as 
Supplementary Publication No.  SUP 55148 (57 pp.). Copies may 
be obtained through The Technical Editor, International Union of  
Crystal lography,  5 Abbey  Square, Chester C H I  2HU,  England. 
[CIF reference: ST0578] 

c6 ,~q 

C7 

Fig. 2. Thermal-ellipsoid drawing for compound  (2b). Ellipsoids 
are drawn at the 35% probabil i ty level. H a toms are represented 
by spheres of  arbitrary size. 

2 c 2 o ~ ~  

Fig. 3. Thermal-ell ipsoid drawing for c o m p o u n d  (3). Ellipsoids are 
drawn at the 35% probabil i ty level. H a toms are represented by 
spheres of  arbi trary size. 
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Table 4. Atomic coordinates (× 10 4) and isotropic 
thermal parameters ( x 10 3) for compound (3) 

Equivalent isotropic U defined as one third of the trace of the 
orthogonal ized U;j tensor. 

x y z Ueq(A 2) 
C(l) 2128 (3) 3860 (2) 7681 (2) 33 (1) 
C(2) 1216 (4) 2665 (2) 6654 (2) 35 (1) 
C(3) - 1220 (4) 2625 (2) 6516 (2) 39 (1) 
C(4) -- 2091 (4) 1196 (2) 59 ! 1 (2) 52 (1) 
C(5) -873 (4) 678 (2) 6889 (2) 43 (1) 
C(6) - 1715 (4) 1340 (2) 7983 (2) 44 (1) 
C(7) 58 (4) 1300 (2) 9004 (2) 45 (1) 
C(8) 1798 (3) 2054 (2) 8575 (2) 38 (1) 
C(9) 946 (3) 3344 (2) 8547 (2) 35 (i) 
C(10) 1456 (3) 1454 (2) 7204 (2) 36 (I) 
C(l I) - 1405 (3) 2787 (2) 7852 (2) 38 (I) 
C(12) 1662 (3) 5185 (2) 7499 (2) 32 (1) 
C(13) 2890 (3) 6363 (2) 8455 (2) 33 (1) 
C(14) 2046 (3) 7523 (2) 8056 (2) 35 (1) 
C(15) 3825 (4) 8654 (2) 8674 (2) 42 (1) 
C(16) 5563 (3) 8013 (2) 8098 (2) 38 (1) 
C(17) 4680 (3) 7798 (2) 6775 (2) 37 (1) 
C(18) 5837 (4) 6709 (2) 6202 (2) 42 (1) 
C(19) 4994 (3) 5745 (2) 6870 (2) 33 (1) 
C(20) 2538 (3) 5631 (2) 6501 (2) 32 (1) 
C(21) 5230 (3) 6554 (2) 8186 (2) 34 (1) 
C(22) 2342 (3) 7131 (2) 6732 (2) 31 (1) 

Discussion 

Trishomocubane, (4), can be described as consisting 
of three highly fused norbornane, (5), units sharing 
common C - - C  bonds; i.e., carbons (2, 3, 11, 9, 8, 10, 
1), (3, 2, 10, 5, 6, 11, 4) and (8, 9, 11, 6, 5, 10, 7) of 
(4) each correspond to C(1) through C(7) of (5). 
Compounds (2a), (2b) and (3) are structures involv- 
ing two trishomocubanes connected via an epoxide 
ring or a C--C single bond. The bond lengths and 

valence angles for these compounds are listed in 
Tables 5 and 6. If we exclude the bonds and angles 
centered at C(1) because of the different substituents, 
the distances and angles from the four independent 
measurements agree quite well. The errors given in 
parentheses are the standard deviations calculated 
from the average of the four independent measure- 
ments. These data also show excellent agreement 
with the equivalent values extracted from the Cam- 
bridge Structural Database (Allen, Kennard & 
Taylor, 1983). 

The bond lengths of an isolated norbornane mol- 
ecule, (5), have been investigated by theoretical cal- 
culations and by gas-phase electron diffraction 
(GED). As a result of starting assumptions and large 
standard deviations there are a variety of interpreta- 
tions of the GED (Yokozeki & Kuchitsu, 1971; 
Morino, Kuchitsu & Yokozeki, 1967; Dallinga & 
Toneman, 1968; Chiang, Wilcox & Bauer, 1968; 
Doms, Van den Enden, Geise & Van Alsenoy, 1983); 
however, a set of re, parameters (Doms, Van den 
Enden, Geise & Van Alsenoy, 1983) has been recom- 
mended for (5). These parameters, analysis of data 
from the Cambridge Structural Database (Doms, 
Van Hemelrijk, Van de Mieroop, Lenstra & Geise, 
1985), and distances from a 4-21G basis-set calcula- 
tion converted to R~ geometry are given in Table 7. 
While valence-angle agreement was good, the bond- 
length variations, skewed distributions found in the 
X-ray structures from the Cambridge Structural 
Database, and the large standard deviations in the 
GED analysis did not permit the unequivocal 
sequencing of the bond lengths. 

Table 5. Observed bond distances (A) for compounds (2a), (2b) and (3) 

C o m p o u n d  (2a) C o m p o u n d  (2b) 
X-ray X-ray h X-ray 

c(1)--C(12) 1.470 (5) 1.439 (3) 
C(I)--O(I) 1.466 (5) 1.469 (5) 1.462 (3) 
C(1)---C(2) 1.499 (5) 1.491 (6) 1.492 (3) 
C(1)--C(9) 1.500 (6) 1.484 (6) 1.510 (3) 
C(2)--C(3) 1.538 (6) 1.526 (7) 1.533 (3) 
C(2)--C(I0) 1.561 (6) 1.571 (6) 1.564 (3) 
C(3)--C(4) 1.513 (7) 1.526 (6) 1.508 (4) 
C(3)--C(11) 1.562 (7) 1.563 (6) 1.572 (3) 
C(4)--C(5) 1.517 (8) 1.515 (7) 1.515 (3) 
C(5)---C(6) 1.504 (7) 1.526 (7) 1.534 (3) 
C(5)---C(10) 1.576 (7) 1.576 (6) 1.571 (3) 
C(6)---C(7) 1.524 (8) 1.521 (7) 1.511 (4) 
C(6)--C(I 1) 1.568 (7) 1.570 (6) 1.564 (3) 
C(7)--C(8) 1.513 (7) 1.520 (7) 1.521 (3) 
C(8)---C(9) 1.530 (7) 1.530 (6) 1.526 (3) 
C(8)--C(10) 1.567 (7) 1.564 (6) 1.577 (3) 
C(9)--C(11) 1.557 (6) 1.562 (6) 1.562 (3) 

C o m p o u n d  (3) Average Literature ~ 
X-ray X-ray h X-ray" X-ray 

1.516 (3) . . . . .  
_ 

1.527 (2) 1.523 (2) 1.506 (17) 1.517 (16) 
1.521 (3) 1.523 (3) 1.508 (16) 1.516 (21) 
1.518 (3) 1.525 (3) 1.528 (8) 1.528 (12) 
1.573 (3) 1.565 (3) 1.567 (5) 1.572 (4) 
1.524 (3) 1.518 (3) 1.518 (7) 1.516 (4) 
1.567 (3) 1.565 (3) 1.566 (4) 1.568 (8) 
.519 (3) 1.518 (3) 1.517 (2) 1.513 (6) 
.521 (3) 1.525 (3) 1.522 (I 1) 1.524 (6) 
.559 (3) 1.568 (3) 1.570 (7) 1.563 (6) 
.518 (3) 1.513 (3) 1.517 (5) 1.512 (9) 
.571 (3) 1.563 (3) 1.567 (4) 1.566 (6) 
.514 (3) 1.528 (3) 1.519 (6) 1.514 (9) 
.523 (3) 1.529 (3) 1.528 (3) 1.527 (5) 
.565 (3) 1.566 (3) 1.568 (6) 1.568 (6) 
.565 (3) 1.571 (3) 1.563 (5) 1.564 (5) 

Notes: (a) A search of  the Cambridge Database (Allen, Kennard, & Taylor,  1983) yielded ten structural fragments with reported 
coordinates. The C(1) - -C(2)  and C(1)- -C(9)  distances show large standard deviations because of the differing substitution patterns 
involving C(I). The references are as follows: Marchand,  Chou,  Ekstrand & van der Helm (1976) ( I P C U N D ) ;  Marchand  et al. (1990) 
( K E T R E G ,  K E T R 1 K ,  K E T R U W ,  KETSAD) ;  Tolstikov, Lerman, Galin, Struchkov & Andr ianov (1978) (CUDOCS) ;  Watson,  Nagl, 
Marchand  & Deshpande  (1989) ( JAPBIL,  JAPBOR) ;  Watson,  Nagl, Marchand  & Reddy  (1990) (SEJPOM);  Watson,  Nagl, Marchand  
& Vidyasagar  (1989) (SAZDAY) .  (b) Numbering for the independent half of  the molecule generated by CO') = C(I I  + j ) ,  e.g. C(2) 
becomes C(13). (c) Numbers in the parentheses are standard deviations of the five distances from the average value. 
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Table 6. Selected valence angles (°)for compounds (2a), (2b) and (3) 

Compound  (2a) 
c(2)--C(1)--C(9) 96.4 (4) 96.8 (4) 
c(i)--C(2)--C(3) 101.9 (4) 102.1 (4) 
C(l)--C(2)--C(lO) 104.9 (4) 104.4 (4) 
C(3)--C(2)--C(10) 98.5 (4) 98.6 (4) 
C(2)--C(3)~C(4) 103.4 (4) 103.1 (4) 
C(2)--C(3)--C(11) 98.8 (4) 99.2 (4) 
C(4)--C(3)--C(11) 105.1 (4) 105.6 (4) 
C(3)--C(4)--C(5) 94.3 (4) 94.1 (4) 
c(4)---C(5)--C(6) 103.3 (5) 104.1 (4) 
C(4)--C(5)--C(10) 105.3 (4) 105.2 (4) 
C(6)--C(5)--C(10) 99.3 (4) 98.4 (4) 
C(5)---C(6)--C(7) 103.9 (5) 103.9 (4) 
C(5)--C(6)---C(1 i) 98.7 (4) 98.7 (4) 
C(7)--C(6)--C(11) 104.6 (4) 106.1 (4) 
C(6)--C(7)--C(8) 94.2 (5) 93.7 (4) 
C(7)---C(8)--C(9) 102.6 (5) 102.5 (4) 
C(7)--C(8)--C(10) 106.2 (5) 106.5 (4) 
C(9)--C(8)--C(10) 98.4 (4) 98.4 (4) 
C(8)--C(9)--C(1) 102.4 (4) 102.8 (4) 
C(I)--C(9)--C(I 1) 104.8 (4) 104.6 (4) 
C(8)--C(9)--C(11) 98.6 (4) 99.5 (4) 
C(2)--C(10)--C(5) 104.0 (4) 103.7 (4) 
C(2)--C(10)--C(8) 104.0 (4) 104.0 (4) 
C(5)--C(10)--C(8) i03.0 (4) 103.4 (4) 
C(3)--C(l l)--C(6) 103.7 (4) 104.0 (4) 
C(3)--C(11)--C(9) 104.1 (4) 103.6 (4) 
C(6)--C(l I)---CO) 104.2 (4) 102.7 (4) 
C(I)--O(1)--C(I 2) 60.1 (2) - 
0(1)--C(1)--C(12) 60.0 (3) 

Compound  (2b) Compound  (3) 
96.6 (2) 93.5 (i) 93.7 (1) 

103.6 (2) 104.3 (2) 103.3 (1) 
103.7 (2) 105.0 (2) 106.0 (2) 
98.9 (2) 98.6 (2) 98.9 (2) 

102.5 (2) 103.6 (2) 103.1 (2) 
98.8 (2) 98.4 (2) 98.5 (2) 

106.0 (2) 105.3 (2) 105.8 (2) 
94.7 (2) 94.2 (2) 94.1 (1) 

103.5 (2) 103.0 (2) 103.0 (2) 
105.2 (2) 105.7 (2) 105.5 (2) 
98.3 (3) 98.7 (2) 98.8 (1) 

103.8 (2) 103.3 (2) 103.4 (2) 
99.0 (2) 98.7 (2) 98.9 (2) 

105.5 (2) 105.3 (2) 105.3 (2) 
94.4 (2) 94.1 (2) 94.3 (2) 

102.7 (2) 103.4 (2) 103.0 (2) 
105.2 (2) 105.7 (1) 105.6 (2) 
99.0 (2) 98.4 (2) 98.5 (2) 

100.6 (2) 103.6 (2) 104.1 (2) 
105.5 (2) 106.0 (2) 105.3 (2) 
99.0 (2) 98.8 (1) 98.3 (1) 

103.4 (2) 103.9 (2) 103.6 (2) 
103.7 (2) 104.0 (1) 104.0 (1) 
104.0 (2) 103.8 (2) 103.7 (2) 
103.5 (2) 103.7 (2) 103.6 (1) 
104.1 (2) 104.0 (2) 103.9 (2) 
103.7 (2) 103.6 (2) 104.2 (2) 
59.0 (2) 
60.5 (1) - - 

O(1)--C(12)--C(1) 59.8 (3) 

Notes: (a) Large deviation associated with differing substitution at C(I). (b) See 

Average a 
95.4 (1.7) 

103.0 (1.0) 
1o4.8 (8) 
98.7 (2) 

103.1 (4) 
98.7 (3) 

105.6 (4) 
94.3 (3) 

103.4 (5) 
105.4 (2) 
98.7 (4) 

103.7 (3) 
98.8 (1) 

105.4 (5) 
94.1 (3) 

102.8 (4) 
io5.8 (5) 
98.5 (3) 
102.7 (1.3) 
105.2 (6) 
98.8 (5) 

103.7 (2) 
103.9 (!) 
103.6 (4) 
103.7 (2) 
103.9 (2) 
103.7 (6) 

Literature 
average b 
95.9 (8) 

102.0 (6) 
104.6 (6) 
98.0 (2) 

103.2 (1) 
99.3 (3) 

105.2 (2) 
94.4 (2) 

103.3 (2) 
1o5.5 (2) 
98.8 (2) 

103.0 (4) 
98.5 (!) 

105.6 (1) 
94.7 (2) 

102.9 (2) 
1o5.1 (3) 
98.2 (2) 

102.8 (5) 
104.5 (3) 
98.5 (2) 

103.8 (1) 
104.3 (2) 
104.0 (2) 
103.8 (2) 
104.1 (2) 
104.1 (2) 

Table 4 for literature references. 

Table 7. Bond distances (•) and angles (°)from geometry-averaged X-ray fragments, electron diffraction and ab 
initio calculations for norbornane and trishomocubane averaged data for (2a), (2b) and (3), averaged X-ray 

fragments, MM3, AM1 and ab initio calculations 

Norbornane  a Tr ishomocubane b 
X-ray c G E D  Ab initio X-ray X-ray d MM3 AM1 Ab initio 

C(1)--C(2) 1.544 (23) 1.536 (15) 1.545 1.526 (8) 1.526 (2) 1.532 1.565 1.543 
C(1)--C(7) 1.535 (22) 1.544 (24) 1.544 1.518 (5) 1.515 (2) 1.513 1.532 1.534 
C(2)--C(3) 1.559 (19) 1.573 (15) 1 . 5 7 6  . . . . .  
C(2)---C(3)/C(1)--C(2) 1.567 (5) 1.567 (3) 1.563 1.578 1.582 

C(1)--C(2)--C(3) 103 (2) 102.7 103.1 103.8 (4) 104.1 (2) 103.2 103.7 103.7 
C(2)--C(1)--C(6) 108 (5) 109.0 108.0 98.7 (4) 98.6 (3) ~ 99.6 99.4 99.0 
C(2)---C(1)--C(7) 102 (3) 102.0 (1) 101.6 103.1 (4) 102.9 (2) 101.9 101.3 102.6 

105.4 (4) 105.1 (5) / 105.4 105.4 105.3 
C(1)---C(7)--C(4) 94 (I) 93.4 (I) 94.6 94.2 (5) 94.6 (2y 95.1 95.3 94.7 

Notes: (a) Taken from the papers of  Doms,  Van Hemelrijk, Van de Mieroop, Lenstra & Geise (1985) and Doms,  Van den Enden, Geise 
& Van Alsenoy (1983). G E D  and 4-21G basis-set ab initio values converted to r,, geometries. Norbornane  numbering system used in the 
table. (b) The distances associated with C(1) in the X-ray structures of  (2a), (2b) and (3) have been left out  of  the average value. MM3,  
AM1 and ab initio (3-21G) references in body of  paper. (c) Geometry-averaged values from Cambridge Structural Database (Doms, Van 
Hemelrijk, Van de Mieroop, Lenstra & Geise, 1985). (d) Geometry-averaged values from Cambridge Structural Database. See Table 4 
for references. The numbers in parentheses are s tandard deviations of  the average values. (e) Combinat ion  of  C(2)- -C(1)- -C(6) /C(1)- -  
C(2)--C(3). 00 Distinction made between C(1)--C(2)--C(3)  and C(I ) - -C(2) - -C(10)  ( t r ishomocubane numbering) types for compound  
(4). (g) C(2)--C(1)--C(9)  ( t r ishomocubane numbering) in (4) omitted from average because of  different substituents at this point. 

In the analysis of data from the Cambridge Struc- 
tural Database (Domes, Van den Enden, Geise & 
Van Alsenoy, 1983) all compounds in which the 
norbornane shared a C--C bond with a strained ring 
were omitted. However, we are interested in the 
variations in bond lengths, angles and reactivity of 
such strained ring systems, and in how these values 

differ from the isolated component parts. The tris- 
homocubane moiety (4) contains six bonds corre- 
sponding to the C(1)--C(7) bond type in norbornane 
[all bonds involving C(1), C(4) and C(7) are equiva- 
lent to the C(1)--C(7) bond in (5)], three bonds 
which correspond to the C(1)---C(2) bond type in (5) 
[C(2)--C(3), C(5)---C(6) and C(8)--C(9)], and six 
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bonds which represent a fusion of C(1)--C(2) and 
C(2)--C(3) bond types [all bonds involving atoms 
C(10) and C(l 1) in (4)1. 

In Table 5 we have tabulated the bond distances 
for compounds (2a), (2b) and (3), and X-ray data 
from the Cambridge Structural Database while Table 
7 contains the averaged observed and calculated data 
for norbornane and trishomocubane. If one excludes 
the bonds associated with C(1) in the trishomocu- 
bane derivatives, there is good internal agreement. 
Bonds of the norbornane C(1)--C(7) type average 
1.518 (5) A (1.508-1.528/k), bonds of the C(1)--C(2) 
type average 1.527 (8)A (1.504-1.538/k) while the 
shared C(1)--C(2) with C(2)--C(3) types average 
1.567(5) A, (1.557-1.576 A). The averages of the 
average values from the Cambridge Structural 
Database are in excellent agreement giving values of 
1.515 (2), 1.526 (2) and 1.567 (3)/k for the three 
bond types. While there is some overlap between the 
range of values, for every molecule the bond lengths 
are ordered such that C(1)--C(7) < C(1)---C(2) < 
C(2)--C(3). This is also true for the X-ray data on 
the norbornane derivatives. In the more highly 
strained trishomocubane system the average C(1)-- 
C(7) and C(1)--C(2) bonds are shorter by 0.017 and 
0.018 ,~ than in (5) while the mixed bond is only 
0.008 A longer than the C(2)--C(3) type. MM3, 
AM1 and ab initio calculations provide the same 
ordering sequence for trishomocubane with MM3 
agreeing more closely with the X-ray data; however, 
the quantum-mechanical values have not been 
reduced to r~ distances. The differences between the 
C(1)--C(7) and C(1)---C(2) distances and the C(1)-- 
C(7) and C(2)--C(3) distances offer a better com- 
parison. These differences for the trishomocubane 
X-ray data are 0.008 and 0.049 A for (2a), (2b) and 
(3), for the literature structures 0.011 and 0.052 A, 
for MM3 0.019 and 0.050 A, and for the STO3-21G 
calculations 0.009 and 0.048 A. The C(1)--C(2) dis- 
tance of 1.565A from the AM1 calculation is 
inconsistent with all other data. The ordering 
sequence from these studies differs consistently from 
that recommended from GED studies for (5); how- 
ever, the large standard deviations of the GED study 
would not make an inversion of order unreasonable. 

MM3 calculations give strain energies of 
158.9 kJ mol-~ for norbornane (5) and 
392.7 kJ mol-I  for trishomocubane (4). Compounds 
(2a), (2b) and (3) have strain energies of 815.3, 807.8 
and 793.9 kJ mol -~ which are slightly more than 
twice that of trishomocubane (4). From this one 
might expect the bonds and angles for compounds 
(2a), (2b) and (3) not to differ significantly from an 
isolated trishomocubane moiety, (4), except around 
the C(1) position. Compound (2b) has a slightly 
lower strain energy than (2a); however, it has 
a significantly higher density, 1.350 versus 

1.304gcm -3, yielding a higher energy per unit 
volume. 

Table 6 lists selected valence angles and averaged 
values are given in Table 7. The trishomocubane 
moiety has nine C - - C - - C  angles between 94.1 and 
98.8 ° and 18 between 102.7 and 105.8 °. The nor- 
bornane units in trishomocubane do not retain the 
Cv symmetry found in (5), but the molecule is skewed 
with a pseudo-twofold axis passing through C(7). 
The C(I)---C(2) and C(3)--C(4) equivalent distances 
in norbornane are now 1.527 (8) and 1.567 (5),~ in 
the norbornane units of trishomocubane. The C(2)-- 
C(1)--C(6) angle of 109.0 ° in norbornane is reduced 
to 98.7 (4) <> and because of fusion is identical to the 
C(2)--C(3)--C(4) angle. The C(1)--C(2)--C(3) 
angle of 103.8 (4) ° differs significantly from this 
value. C(2)--C(1)--C(7) and C(6)--C(1)--C(7) 
which are equivalent in (5) are now 105.4 (4) and 
103.2 (4) ° in (4). 
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to WHW, B-963 to APM), the National Science 
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Abstract 

A platy specimen of n-C24Hso grown from n- 
dodecane has been found to be a twin. Bragg reflec- 
tions from the two twins overlap extensively and a 
cyclic procedure was used to correct the observed 
intensities for mutual overlapping. The resulting data 
could only be refined isotropically to R = 0.23, but 
the molecule is not overly distorted. The crystal 
structure is isostructural with other even triclinic, P1 
n-alkanes. 

Introduction 

The crystal structures of the n-alkanes with an even 
number of C atoms from C6H14 to C22H46 are known 
with considerable certainty (Nyburg & Gerson, 1992; 
Heyding, Russell, Varty & St-Cyr, 1990). They are 
isostructural, triclinic, P1, with one molecule per 
unit cell. Their cell dimensions fit well with those 
predicted from the C18H38 structure (Nyburg & 
Lfith, 1972) by Nyburg & Potworowski (1973) (N & 
P). U p  to C22H46 no polymorphs have been reported. 
Above C22H46 the structures become less certain. 
While lattice parameters consistent with those pre- 
dicted have been reported for C24H5o and C26H54 
(Heyding, Russell, Varty & St-Cyr, 1990) powder 
patterns have also been reported which yield ambigu- 
ous results (Gerson, Roberts & Sherwood, 1991). 
The cell dimensions predicted for C28H58 (N & P) 
from the monoclinc C36H74 structure (Shearer & 
Vand, 1956) have been confirmed (Gerson, Roberts 
& Sherwood, 1991). An orthorhombic polytypic 
modification of this structure has also been reported 
(Boistelle, Simon & P6pe, 1976). 

0108-7681/92/050737-05506.00 

We felt it desirable to attempt the crystal structure 
analysis of C24H50. In the event we were frustrated 
by our inability to grow a single crystal. The best 
crystals we could grow were twinned. Bragg reflec- 
tions from the two twins overlap badly and only an 
approximate crystal structure could be established. 
However ,  C24H5o does appear to belong to the 
isostructural series of triclinic even n-alkanes. 

Experimental 

A flat plate (1 x 0.6 x 0.3 mm) of C24H5o (Aldrich 
Chemical Company Ltd) giving well-defined extinc- 
tions on rotation in cross-polarized light was cut 
from an agglomeration grown in n-dodecane 
(C12H26) by slow cooling from 303 to 298 K. 

On a Okl precession photograph, the 001 reflections 
were clearly resolved. Their spacing c* = 0.033 A 1, 
agrees well with c* = 0.0331 A ~ from the predicted 
cell (N & P): a = 4.285, b = 4.82, c = 32.50 A, a = 
86.43, fl = 68.71, y = 72.7 °. 

The 01l row, by contrast, had less-well resolved 
reflections and exhibited one striking anomaly: two 
prominent reflections with a separation of 1.65c* 
along z* (Fig. 1). This can be explained as due to 
twinning. First, we assume the Okl planes from the 
two twins, tl and t2 are coplanar. Second, we assume 
that the two z* axes are collinear or nearly so. If the 
N & P cell is assumed, the 011 reflections with 
anomalous separation can be indexed as 01,13 from 
one twin and 01,12 from the other (Fig. 1). Their 
separation along z* calculates as 1.66c* as required, 
and allows an unambiguous assignment of the x* 
axes to be made. A consequence of this mutual 
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