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The molecular structure and electron-density distribution of two [l. 1. I]propellane derivatives have been 
determined from accurate single-crystal X-ray diffraction measurements at 81 K. The crystals of these highly 
reactive compounds (both are liquid at room temperature) were grown directly on the X-ray diffractometer at ca. 
208 and 228 K, respectively. Both compounds crystallize in the space group P2Jc with one molecule in the 
asymmemc unit. The symmetry of the propellane C-atom skeleton is close to D,, for both molecules. The distances 
between the two bridgehead C-atoms are 1.587 and 1.585 A, and the mean lengths of the propellane side bonds 
are 1.525 and 1.528 A, respectively. The deformation density peaks of the propellane side bonds (ca. 0.25 e/A3) 
lie somewhat outside the internuclear connection lines and so correspond to ‘bent bonds’ as expected. On the other 
hand, the difference electron density between the bridgehead nuclei is slightly negative in both molecules. An 
interesting feature, observed in these difference maps, is the presence of a diffuse, positive difference density at 
each inverted C-atom, outside the bridgehead bond, a probable site of electrophilic attack. 

Introduction. - The small-ring propellanes such as [ 1. I .  llpropellane have been the 
subject of a series of experimental [l-51 and theoretical [6][7] studies. With regard to 
chemical-bonding theories, the nature of the central C-C bond in such strained molecules 
is of particular interest. For example, it has been stated by Newton and Schulmun [6] that ‘no 
evidence for a central bond is found in [ 1.1.1 Jpropellane in terms of the charge distribution, 
although the bond length of 1.60 8, is significantly shorter than the corresponding nonbonded 
distance of 1.89 8, in bicyclo[ 1.1. llpentane’. More recently Wiberg et al. [7] have analyzed 
the total (calculated) density of [ l.l.l]propellane by examining its Luplucian, i.e. its second 
derivative. These authors came to a different conclusion, namely that the propellane 
molecule is accumulating charge at the midpoint of the central bond, and that the bridgehead 
nuclei are bonded to one another, in contrast to the related bicyclic compound. 

A B 
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In the present article, we report the molecular geometry, the crystal packing, and the 
electron-density distribution in the [ 1.1. llpropellane derivatives, tetracyclo- 
[4.1 .0.01~5.02~6]heptane (A) and tetracyclo[5.1 .0.01.6.02.7]octane (B) [2][8], as found by low- 
temperature (81 K) crystal structure analysis. 

Preliminary results of the structure analysis of [ 1.1. llpropellane itself are also described. 

Experimental. - The X-ray measurements were made on an EnraFNonius CAD4 diffractometer equipped 
with graphite monochromator (MoKa radiation, A =  0.7107 A) and a locally modified Enraf-Nonius gas-stream 
low-temperature device. Temperature fluctuations, as monitored by a Pt 100-C2 resistor, were less than 0.3 K 
during the experiments. 

The preparation of single crystals of A and B of good quality for an accurate X-ray diffraction study is not 
trivial. Both compounds are liquid at r.t. and highly unstable above ca. 233 K as well as in presence of traces of 
humidity. Thus, all manipulations with A and B were carried out in a pure N, atmosphere below 223 K. Crystals 
of A and of B were obtained by very slow cooling ( - 1 K / 24 h ) of one drop of liquid enclosed in a glass capillary 
mounted on the diffractometer. The crystallization process could be observed through a telescope, and diffraction 
measurements carried out without disturbing the crystals, once they had formed. After several crystallization 
attempts, almost spherical crystals of good optical quality could be obtained at ca. 208 K for A (0 = 0.6 mm) and 
ca. 228 K for B ( 0 = 0.4 mm) . Unit cell dimensions (81 K) listed in Table 1 were obtained by least-squares 
refinement of setting angles for 24 reflections with 28  values in the range of 40 to 60”. For each data set, six 
standard reflections, distributed between H = (2 sin 8/A) 0.3 and 1.8 A-’, were monitored at intervals of 2.8 h 
radiation time. The intensity loss of the standard reflections, especially for A, depends not only on the radiation 
time but also on the scattering angle, as observed in a previous electron-density study [9]. 

Table 1 .  Experimental Details of the X-Ray Diflaction Measurements for the Two [ I  .I  .I]Propellane 
Derivatives C,H,  (molecule A) and C, H , ,  (molecule B) 

Data set A B 

Temperature of data collection [K] 
Melting point [K] 
Crystal diameter [mm] 
Space group 
Cell dimensions a [A] 

b [A1 
c “41 
P [“I 

Unit cell contents 
Dc W m ’ l  
2 sin8/A range [A-’] 
Scan mode 
No. of symmetry equivalent orientations measured 
No. of measured reflections 
R,n, = (F  
No. of unique reflections 
No. of observed reflections ( b 3  &I)) 
No. of variables in final least-squares analysis 
Type of refinement 
Exponentially modified weight factor r [AZ] 
Extinction correction 
y = PIP, for the strongest reflection 
R (F) 
R, (F)  

I I,,, - (1”) 1)G N (I,,) 

81 
206-209 
- 0.6 

8.299(2) 
5.956( 1) 
11.026(2) 
102.92(2) 
4 x C,H, 

1.05 
1.808 

4 
-14900 
0.025 
3278 
2312 
96 
F 

3.0 
isotropic 

0.82 
0.035 
0.043 

P2,lC 

w/e 

81 
226-230 
- 0.4 

9.17 l(2) 
S.940( 1) 
11.483(2) 
105.42(2) 

1.17 
1.99 
018 
2 - 10300 

0.014 
4957 
3172 
114 
F 
2.5 

isotropic 
0.94 
0.032 
0.033 

P2,/c 

4 C*H, 0 
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For example, after a four-week irradiation period of a crystal of A, a low-order reflection at H = 0.33 A-' 
decreased by ca. 6.5%, whereas a reflection at H = 1.67 A-l lost about 13%. The nonlinear intensity fall-off, 
produced by radiation damage in the crystal, was accompanied by a small but significant increase of the unit cell 
volume of ca. 0.13% and a marked increase of the monoclinic p angle of 0.1 1 '. For data set of B, the intensity loss 
of the individual standard reflections was in the range 4 to 7% after a three-week irradiation period. An appropriate 
scaling correction was made for both data sets to compensate for the nonlinear intensity drift [lo]. 

The structures were solved by direct methods [ 111 and refined by full-matrix least-squares analysis [ 121, using 
modified weights [13] and an isotropic extinction correction. Additional experimental details are summarized in 
Table-1. The atomic coordinates and displacement parameters are listed in Table 2. 

ADP Analyses. -Preliminary analyses of the atomic displacement parameters (ADP's) 
listed in Table 2 show that the rigid-body tests [ 141 are satisfied well for both molecules. 
The largest differences between mean-square vibrational amplitudes of pairs of atoms along 
their respective interatomic vectors are 4 x lo4 A2in A and 6 x 10-"AZ in B. The T, L, S 
analyses [ 151 with the program THMAl 1 [ 161 lead to excellent agreement between observed 
and calculated U,  components, with R factors [R = C( ( W A U ~ ~ ~ / ~ ( W U ~ ~ ) ~ )  i'z] of 0.01 1 and 
0.024 for molecule A and B, respectively. The eigenvalues of L are 28.4,12.3, and 9.9 deg2 
in A, and 9.2,7.2, and 5.2 deg2 in B. The eigenvalues of T are 0.016,0.013, and 0.012 A2 
in A and 0.012,0.011, and 0.010 A2 in B. The largest libration is nearly about the longest 
molecular axis in both molecules. The estimated librational corrections of the C-C bond 
lengths are ca. 0.008 A for A and 0.003 A for B. 

Fig. I ,  Stereoscopic view of molecule A (above) and B (below) at 81 K .  Vibrational ellipsoids, isotropic 
for H-atoms, are shown at the 50% probability level. 
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Molecular Geometry. -Bond lengths and bond angles for molecules A and B are listed 
in Table 3, and a drawing of A and B is shown in Fig. I .  Although the low-temperature X- 
ray data (81 K) extend to relatively high resolution for this type of compounds (H = 1.8A-I 
for data set A ,  H = 2.0 A-l for data set B), the systematic errors in the C-C bond lengths are 
probably several times larger than the estimated standard deviations (- 0.0008 A for A and 
- 0.0006 A for B). For example, there is an appreciable systematic shortening of the C-C 
distances due to librational motion of the molecules even at 81 K (see above). The values 
given in parentheses should compensate for this error. 

Table 3. a) Bond Lengths [A] from the Two 81 -K X-Ray Analyses. Values in parentheses are 
corrected for librational motion. E.s.d.'s are less than 0.001 A for both structures. 

Molecule A 
~~~ 

Molecule B 

1.520 (1.529) 
1.522 (1.529) 
1.512 (1.517) 
1.577 (1.587) 
1.519 (1.528) 
1.509 (1.517) 
1.521 (1.529) 
1.513 (1.519) 
1.549 (1.557) 
1.513 (1.519) 

1.521 (1.524) 

1.516 (1.519) 
1.582 (1.585) 
1.522 (1.526) 
1.519 (1.522) 
1.535 (1.538) 
1.515 (1.517) 
1.529 (1.533) 

1.529 (1.533) 
1.515 (1.518) 

1.534 (1.537) 

b) C-C-C Bond Angles ["I from the Two 81-K Analyses. E.s.d.'s are ~ a . 0 . 0 5 ~  for molecule A and ca. 
0.03" for molecule B. 

58.84 
58.45 
58.81 
58.70 
58.60 
58.69 
62.46 
62.95 
62.50 
98.03 
98.04 
90.25 
90.09 
97.80 
97.82 
109.25 
108.97 
101.58 
101.48 

59.21 
58.69 
59.22 
58.43 
58.50 
58.47 
62.36 
62.81 
62.31 
96.08 
95.42 
95.97 
94.94 
95.71 
95.07 

119.26 
119.56 
110.97 

110.94 
111.01 
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The crucial distance in these propellane molecules is that between the inverted C-atoms 
C(2) and C(4), amounting to 1.577 (1.587) 8, in A and to 1.582 (1.585) 8, in B. Both values 
are only slightly (0.013 and 0.01 1 A) longer than the bridgehead-bridgehead distance in a 
[3.l.l]propellane derivative, determined at 95 K [17]. The lengths of the propellane side 
bonds are in the range of 1 SO9 (1.5 1 7) to 1.522 ( 1.5 29) 8, (mean 1.525 A) for A and 1.5 16 
(1.5 19) to 1.535 (1 S38) 8, (mean 1.528 8,) for B. Structurally equivalent C-C bond lengths 
in each molecule agree within 0.002 A (see Table 3). The six C-C-C bond angles of the three- 
membered rings, formed by the central and the individual side bonds range from 58.5 to 
58.8'inAandfrom 58.4to59.2' inB; the threeC-C-Canglesformedbythetwosidebonds 
are close to 62.5' in both molecules. There is a slight deviation from D,, in that the 
bridgehead-methylene C-C bonds are significantly shorter than the other side bonds (Table 
4). 

Table 4. Bond Lengths in [1.1 .I]Propellane by Various Methods 

Central C-C Side C-C 
[A1 "41 

Newton and Schulman [6] 4-31G 1.60 
Hedberg and Hedberg [4] Electron diffraction 1.596(5) 
Wiberg et al. [3] IWRaman 1.60(2) 

6-31G*-MP2 1.594 
6-31G*-MP3 1.572 

Present work C,H8 (molecule A, 81 K) 1.587(1) 

1.585(1) C,H,, (molecule B, 81 K) 

") 
b, 

Averaged over all six side bonds. 
Averaged over the two bridgehead-methylene side bonds C(2)-C(3) and C(3)-C(4) only. 

1.53 
1.525(2) 
1.522(2) 
1.515 
1.514 
1.525(3) ') 
1.517(1) ') 
1.528(3) ') 
1.520(2) b, ___ 

Long before its actual preparation [ 11, the molecular structure of [ 1.1.l]propellane was 
established by ab initio MO calculations (4-31G basis set) [6]. These gave the 
bridgehead-bridgehead distance as 1.60 and the length of a side bond as 1.53 8,. More 
recently, the geometry of this molecule was redetermined by higher-level calculations (6- 
31G* basis set, including increasing degree of electron correlation) [3], by analysis of its 
vibrational spectrum [3], and by a gas-phase electron-diffraction study [4]. The C-C 
distances obtained by the various methods, summarized in Table 4, are in good agreement 
with our experimental results. In fact, the side-bond lengths agree within 0.016 A. The mean 
value of our bridgehead-bridgehead distances (1.586 A) is 0.014 and 0.01 8, shorter than the 
experimental values reported in [3][4] and lies between the latest theoretical values [3]. 

Results of a recent room-temperature X-ray crystal structure analysis of a coupled 
[ 1.1. Ilpropellane derivative [ 181 show only minor deviations from the molecular geometry 
observed in A and B. The C-C distances are ca. 0.01 8, shorter on average than our corrected 
values. 

Crystal Packing. - As C-H distances obtained by least-squares refinement are 
characteristically ca. 0.1 8, too short, the H-positions, listed in Table 2, were moved along 
the corresponding bond direction to give C-H distances of 1.09 A. 
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For crystal A , the packing is looser than in B (cf. the densities listed in Table I). In A, 
there are no intermolecular H..H distances less than 2.4 A and only eight such contacts in 
the range of 2.45 to 2.65 A to eight neighbouring molecules. We also find five short 
intermolecular C...H contacts less than 2.8 A; four of these occur between the bridgehead 
C-atoms and four neighbouring molecules. Fig. 2 shows that C(2) is in contact with H(l'), 
H(71') and H(72'); the corresponding distances being 2.67, 2.79, and 2.74 A, and the 
C(2)...H-C' angles 149, 163, and 150", respectively. On the opposite side of the molecule, 
C(4) makes only one such contact with H(5'); the distance is 2.78 A, and the 
C(4)...H(5')-C(5') angle is 146". There is also a short distance of 2.78 8, between C(5) and 
H(32) , of 2.80 A between the centre of the C(2)-C(3) side bond and H(l'), and of 2.74 A 
between the centre of the C(4)-C(5) side bond and H(32). 

c/ 
Fig. 2. Stereoscopic view of the reference molecule A and four of its nearest neighbours 

The packing of crystal B is more compact with one intermolecular H..H distance of 2.35 
A and 13 H..H distances in the range of 2.44 to 2.65 A between B and nine neighbouring 
molecules. In contrast to A, there are only two intermolecular C..H contacts less than 2.8 
A, one (2.75 A, 143") between the bridgeheadatomC(2) andH(81'), the other(2.73 A, 154") 
between the bridgehead atom C(4) and H(5'). In addition, there is one short distance between 
the centre of the C(4)-C(5) side bond and H(31') of 2.72 A. 

Difference Densities. - The X-X difference maps shown in Figs. 3 and 4 are based on 
all (Fo-Fc ) coefficients with F, > 3 0 (Z) and H < 1.5 a total of 1562 reflections for 
molecule A and 17 17 reflections for molecule B. The noise level is low, partly because the 
weakest, inaccurately measured reflections were eliminated from this analysis. The average 
standard deviation of the difference density, estimated as [2CoS(F')]1~2/Vis 0.01 e/A3 in A 
and 0.013 e/A3 in B. Close to the atomic centers, however, the effective error may be much 
larger because the difference density is there the difference between large values of the 
electron density. The difference maps calculated in the mean planes of the molecules A and 
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B (Fig. 3 ) ,  defined by C(1), C(3), and C(5), show characteristic accumulation of electron 
density along the C-C and C-H bonds. For molecule A, the highest difference-density peaks 
occur in the five-membered ring, along C(5)-C(6), C(6)-C(7), and C(1)<(7), and range 
from 0.35 to 0.40 e/A3 . In molecule B, the difference-density peaks along C(5)-C(6) and 
C( l)-C(8), the only C-C bonds in the mean molecular plane, amount to 0.4 and 0.45 e/A3. 
The slightly lower peak heights in A are partly due to the larger atomic vibration amplitudes 
in this crystal. 

Fig. 3.  Electron-density difference maps through the mean plane of A (left) and B (right). Contours are 

The difference-density maps in the planes of the three-membered rings of the propellane 
skeletons are shown in Fig. 4 ,  u-f. In all six maps, only the side bonds exhibit a positive 
difference density, and the individual density maxima (0.2 to 0.3 e/A3) lie somewhat outside 
the internuclear connection lines, a typical feature of ‘bent bonds’ [17][19]. These peaks 
overlap to give an accumulation of electron density (- 0.15 e/A3) at the ring centers. The three 
peaks, in the mirror plane of the propellane skeleton, arranged around each C(2)-C(4) line 
(Fig.  3) ,  represent sections through these overlap densities. The difference density along the 
C(2)-C(4) line in A (Fig. 4 ,  a-c) and B (Fig. 4, d-f) is slightly negative, similar to the 
difference density observedearlier between inverted C-atoms in a [3.1. llpropellane derivative 
[ 171. The most interesting feature in these difference maps, however, is the rather diffuse, 
positive density close to each inverted C-atom along the extensions of the internuclear 
connection lines C(2)-C(4) and mostly linked to the ‘bent-bond’ maxima. In molecule B, the 
diffuse densities at C(2) and C(4) are quite symmetric (Fig.  4 ,  d-j), i.e. both reaching cu. 0.1 
e/A3, in contrast to molecule A, where the diffuse density at C(2) (- 0.15 e/A3) is about 
double of that at C(4) (Fig.  4 ,  a-c). While this asymmetry is hardly significant in view of the 
large error in Ap near the atomic centers, it is tempting to connect it to the asymmetry in the 
packing of the bridgehead atoms in A. Recall (Fig.  2) that C(2) makes three short 
intermolecular C .  .H contacts but C(4) only one, in contrast to molecule B where each 
bridgehead atom exhibits one short C..H contact. With the present data, we can not decide, 

drawn at intervals of 0.05 e/A3 , full for positive, dotted for zero, dashed for negative. 
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Fig. 4. Electron-density difference maps through the planes of the three-membered rings in molecules A 
(a-c) and B (d-9. Contours are drawn at intervals of 0.025 efA’ . 
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whether this asymmetry of the difference density in molecule A is caused by experimental 
error or by packing effects. 

In a recent theoretical study of hydrocarbon molecules, Wiberg et a/. [7] have analyzed 
the total electron density of [ l.l.l]propellane by examining the Laplacian, i.e. the second 
derivative of the electron density. According to this analysis, 'the valence shell of an inverted 
carbon atom exhibits five local charge concentrations, four bonded and one nonbonded'. The 
nonbonded charge concentration, exposed outside the bridgehead bond is designated as a 
site of electrophilic attack. Wiberg et al. also state that there is an appreciable accumulation 
of charge between the bridgehead nuclei (- 4/5 of a normal C-C bond at the bond critical 
point) and conclude that the bridgehead atoms are bonded to one another in contrast to 
bicyclo[ 1.1. llpentane, where the bridgehead atoms are separated by 1.89 A. The nonbonded 
charge concentrations found in the Laplacian analysis can be identified with the diffuse, 
nonbonded difference-density peaks close to C(2) and C(4) shown in Fig. 4 .  In contrast to 
the theoretical analysis of [ 1.1. llpropellane, we do not observe an accumulation of charge 
between the bridgehead nuclei. The slightly negative difference density along the C(2)-C(4) 
connection lines in A and B requires comments. 

First, it is clear that the accurate determination of very weak density features in an X-X 
map depends critically on the experimental details such as the accuracy of the X-ray data, 
the resolution of the diffraction experiment, the refinement procedure, and others [lob]. For 
example, a small change in scale factor could raise or lower the deformation density by one 
or two contours . Second, the observed difference density along the central C-C bonds is 
weak or negative, because the reference density for [ 1.1. llpropellane, built from spherical, 
neutral atoms, removes too much charge from this region. In fact, as pointed out by several 
authors, weak or even negative difference density may occur in certain covalent bonds [9] 
because of the choice of a spherical-atom reference state [7] [20]. Third, because of the finite 
resolution of the X-ray diffraction experiment, and because F, and y, are not exactly equal, 
series-termination errors may still produce appreciable ripples close to the atomic centers 
and strong difference-density peaks and troughs. Thus, weak deformation-density peaks 
close to much stronger ones may be lost, because they overlap with negative ripples 
produced by the stronger ones. 

Preliminary Resultsfor [l.l.l]Propellane. -The structure analysis of [ 1.1. llpropellane 
is not trivial. After much effort, a single crystal could be obtained from the melt at about 263 
K, using the same procedure as described (see Experimental). 

Although this compound is not as reactive as the two propellane derivatives A and B, we 
observed a slow decomposition of our sample during the crystallization process and also 
during data collection. The diffraction pattern can be indexed in terms of a centered 
monoclinic cell with a = 18.228(5) A, h = 10.833(3) A, c = 11.109(3) A, p =  128.44(2)"(at 
138 K), Z = 16. The systematic absences are compatible with the space groups C2, Cm, and 
C2Jm. If the centrosymmetric space group C2/m is assumed, the asymmetric unit consists of 
two propellane molecules, otherwise four. At lower temperature, the crystal undergoes a 
phase transition. The transition temperature, in the range of 118 to 128 K, varied from one 
crystal sample to another. All crystals obtained of the low-temperature phase were twinned, 
and its space group has not yet been established. A data set of the high-temperature phase 
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has been recorded at 138 K. It shows a pronounced intensity fall-off with increasing 
scattering angle, an indication of a highly disordered structure. To obtain an accurate crystal 
structure of [ 1.1. llpropellane, it may be necessary to grow a single crystal well below the 
transition temperature and then measure a data set at 80 K. Although X-ray diffraction 
studies of this kind have already been carried out [2 11, crystallization at very low temperatures 
is often problematic and time-consuming. 

P. S .  thanks Prof. Jack D. Dunitz for helpful discussion and for his corrections on the manuscript. 
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