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graphic) molecular site symmetry is only C, (T), the molec- 
ular geometry (Fig. I )  shows no significant deviations from 
DZh symmetry. 
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The crystal structure of 1,3,5,7-tetra-tert-butyl-s-inda- 
cene 1 as determined at  room temperature"] shows effec- 
tive DZh symmetry of the carbon skeleton. Similarly, the 

Fig. I .  ORTEP [27] drawing of I at 100 K; parameters from the HO refine- 
ment [3]. Bond lengths [lo' prn] and angles ["] are indicated. Ellipsoids are 
scaled to enclose 50% probability. 

presence of only four 13C-NMR signals that show no per- 
ceptible line broadening down to - 130°C for the twelve C 
atoms of the perimeter is consistent either with a very low 
energy barrier between the valence isomers or  with a com- 
pletely delocalized twelve-electron 71 system. According to 
calculations"' ( M I N D 0 / 3  method), the energy barrier is 
only about 8 kJ mol-' for the tetrasubstituted molecule 1, 
although it is considerably larger for the parent hydrocar- 
bon."] 

We now report results of a new, more accurate low-tem- 
perature (100 K) X-ray analysis of 1, which substantiate 
and extend these  indication^.^^.“^ Although the (crystallo- 
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Moreover, as described below, a detailed analysis of the 
anisotropic displacement parameters U'' (ADPs)"] of the 
carbon atoms gives no evidence for disorder between two 
sets of atomic positions for the skeletal atoms. We con- 
clude that either the equilibrium structure of 1 has Dzh 
symmetry with a localized system or we are observing 
not the ground-state molecular structure in the crystal but 
rather the transition state for the valence isomerization, 
which may be stabilized by crystal packing forces. The ex- 
ample of biphenyl, planar in its crystal structure, nonpla- 
nar as a free molecule, can serve as a precedent."] 

Analysis of the ADPs with Trueblood's THMA pro- 
g r a d 8 ]  leads to the following indications: 

(1) Calculation of mean-square displacement amplitudes 
(MSDAs)I9' along all interatomic vectors shows that the 
molecule does not behave as a rigid body in the crystal. 
The MSDAs between nonbonded pairs of atoms-and in- 
deed the ellipsoids in Figure I-reveal appreciable mo- 
tions of the tert-butyl groups relative to the indacene skel- 
eton. On the other hand, the rigid-bond criterion'"] is satis- 
fied reasonably well, especially for the indacene skeleton, 
for which (A(MSDA)2)"2=7 pm'. 

(2) The translational ( T )  and librational ( L )  analysis," ' I  
including allowance for internal libration of the tert-butyl 
groups about the exocyclic bonds C4-C7 and C6-C8, 
leads to mean-square libration amplitudes, (q52), of 9 and 
20 (")', respectively,['21 considerably larger than the eigen- 
values of the L tensor (4.9, 0.9, 0.4 ( O ) ' ,  with the major 
eigenvalue approximately along the long axis of the mole- 
~uIe) . ' '~ l  
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(3) Although the above model leads to reasonable agree- 
ment between observed and calculated U tensors 
(((A U”)’)’’‘ = 15 pm’), the residual discrepancies show sys- 
tematic features. In the direction perpendicular to the ring 
plane, Uoh,d is significantly larger than Ucdlcd for the ring 
atoms C2, C3, and especially C5 (AU33=51 pm‘); for C7 
and C8, the reverse is true. Thus the model tends to ascribe 
too much motion to the quaternary C atoms C7 and C8, 
and too little to the ring atoms that are not attached to tert- 
butyl groups. This suggests that the ring atoms (especially 
C5) are moving in a direction perpendicular to the plane. 
Allowance for out-of-plane bending or buckling of the ring 
skeleton, as inferred in a variable-temperature study of 

would reduce these discrepancies. Within 
the molecular plane there are no significant differences be- 
tween U&,d and Uc.,lrd components for the ring atoms, 
whereas in an averaged structure involving superposition 
of two valence isomers with localized single and double 
bonds, we would expect U&d> Ucalcd to allow for the ef- 
fect of disorder.’I6’ If the observed structure were such a 
superposition, the two sets of  atomic positions could not 
differ from the averaged positions by more than about 
3 pm. 

The observed structure, if it is indeed the transition state 
for interconversion of the free molecules, may be stabilized 
relative to the structures with localized bonds by better 
packing of the tert-butyl groups. Model calculations sug- 
gest that the packing energy would be reduced by about 
4 kJ mol-’ per tert-butyl group for the small in-plane dis- 
placements of these groups that would be associated with 
the reorganization of the indacene skeleton. 

I n  contrast, a comparable analysis of the ADPs from a 
low-temperature study of tetra-tert-butylcyclobutadiene 
2[”] shows that in this crystal a t  123 K there is still residual 

disorder of the atoms of the central four-membered ring, 
corresponding to the coexistence of both valence isomers 
(although not in equal amounts). 

The room-temperature X-ray analysis of 2 led to a struc- 
ture in which the sides of the slightly nonplanar four-mem- 
bered ring were almost equal (146.4 and 148.3 pm).[I8] This 
result was in conflict with those obtained for other cyclo- 
butadiene derivatives where much larger differences (14- 
26pm) between the ring bonds were ob~erved.l’~] On the 
basis of quantum-mechanical model calculations, Borden 
and Davidson‘201 suggested that the bulky tert-butyl groups 
could exert a considerable “quadratization effect,” but this 
was countered by Ermer and Heilbronner,[2‘1 who argued 
from photoelectron spectroscopic evidence and force-field 
calculations that 2 must have a rectangular structure with 
appreciably different ring bond lengths. They proposed 
that the nearly square arrangement of the ring atoms found 
in the room-temperature analysis did not correspond to the 
actual molecular structure but rather to averaged atomic 
positions resulting from disorder among two rectangular 
structures. Indeed, ring bond lengths found in the subse- 
quent low-temperature crystal structure analysis at 123 K 
were different (144.1 and 152.7 pm),‘”] but the question of 
whether residual disorder was still present at this tempera- 
ture was left open. From a detailed analysis of the aniso- 

tropic displacement parameters U‘J151 of the carbon atoms 
in the 123 K structure, we now conclude that residual dis- 
order is indeed still present at this temperature. The results 
are compatible with an averaged superposition of two mu- 
tually perpendicular rectangular rings with sides approxi- 
mately 160 and 134 pm,IZ2] and with one orientation several 
times more probable than the other. 

ADPs from the 123 K structure determination were ana- 
lyzed, as for the indacene derivative l ,  with THMA.IX1 
Standard deviations of U tensor components are of the or- 
der of 5 pm2. Casual inspection of the probability ellip- 
soids (Fig. 2) shows that those of the methyl group carbon 
atoms are systematically larger than those of the other 
atoms. Calculation of M S D A S ‘ ~ ~  along interatomic vectors 
shows that in contrast to the indacene derivative 1 the ri- 
gid-bond criterion”*] is not obeyed for 2. For example, for 
the CILC6 bond A(MSDA) is 19 pm’. This in itself is an 
indication of possible disorder. However, MSDA differ- 
ences between nonbonded pairs of atoms are much larger 
(up to 100pm’) and indicate appreciable motions of the 
tert-butyl groups relative to the inner 

Fig. 2. ORTEP [26] drawing of 2 at 123 K. Ellipsoids are scaled to enclose 
50”h probability. Hydrogen atoms are omitted for clarity. 

The T, L,  and screw tensor (S) analysis, including inter- 
nal libration of the two independent tert-butyl groups 
about the ClLC2 and C6-C7 bonds, leads to mean-square 
libration amplitudes (4’) of 14 and 23 ( o ) 2  for the two in- 
ternal motions, These are several times 
larger than the eigenvalues of the L tensor (4.4, 2.4, 2.2 
( O ) * ,  with the lowest value along the crystallographic two- 
fold rotation axis; the molecule has effective D2 symmetry 
but only one of the symmetry elements is imposed by the 
space gro~p).‘‘~] 

The residual discrepancies between observed and calcu- 
lated U tensors show systematic features. One of these is 
the striking excess of 51 and 31 pm2 of the observed over 
the calculated tangential components of C1 and C6 (Table 
1). This feature cannot be attributed to underestimation of 
the overall molecular libration (this would affect the outer 
atoms rather than the inner ones), but it is qualitatively in 

Table I .  Calculated and observed mean-square displacement amplitudes 
[prn’] for the ring atoms C1 and C6 in 2 along the tangential, radial, and 
ring-normal directions. 

Observed Calculated 

CI 
C6 

221, 126, 170 
210, 126, 164 

170, 166, 154 
179, 157, 145 
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accord with the disorder model proposed by Ermer and 
Heilbronner (see Fig. 1 in Ref. [21]). I n  the crystal it is not 
necessary that the two perpendicular orientations of the 
rectangular ring have a common center (indeed, the above- 
mentioned A(MSDA) of 19 pm2 between C1 and C6 sug- 
gests that they d o  not). However, if we wish to make a 
rough estimate of the proportions of major and minor 
orientation present, it simplifies the argument somewhat if 
we assume this condition to be satisfied and use the aver- 
aged tangential MSDA excess of 41 pm2. 

For equal occupancy of the two perpendicular orienta- 
tions of a rectangular ring with sides of 134 and 160 prn'"' 
and a common center, we expect an excess MSDA of 
84 pm' in the tangential direction (in agreement with 
Ermer and Heilbronner's estimate of 80 pm2["I). For other 
occupancy factors p ,  the excess is then 336p(l - p )  and 
hence ~ ~ 0 . 8 6  for the observed excess MSDA of 41 pm2 at 
123 K.[261 

These examples, 1,3,5,7-tetra-tert-butyl-s-indacene with 
indications of delocalization consistent with a stabilized 
transition state between two valence isomers, and tetra- 
terl-butylcyclobutadiene with evidence for disorder among 
the two isomers, show how ADPs derived from high-qual- 
ity diffraction data can provide information about the na- 
ture and extent of mean displacements of atoms from their 
equilibrium positions and hence allow differentiation 
among alternative models compatible with these posi- 
tions. 
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Reaction of 1,3-Azaphosphinines 
with 2-tert-Butyl-1-phosphaethyne: 
9-Aza-2,4,6-triphosphatetracyclo- 
[5.3.0.0294.03~61de~a-8,10( 1)-diene 
By Gottjiried Markl,* Stefan Dietl, 
Manfred L. Ziegler, and Bernd Nuber 

Recently, we reported the synthesis of 1,3-azaphosphin- 
ines 1 from 3-azapyrylium salts by O / P  exchange with 
(Me3Si)3P.['1 

In contrast to phosphinines, which only undergo Diels- 
Alder reactions with highly reactive alkyne dienophiles 
(e.g., hexafluorobutyne) under drastic reaction conditions 
to give 1 -phosphabarrelenes,['] 1,3-azaphosphinines 1 react 
with all alkynes so far investigated even under mild condi- 
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