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Comparison Between Theoretical and Experimental Deformation Density of
1,3,5,7-Tetra-t-butyl-s-indacene
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1,3,5,7-Tetra-¢-butyl-s-indacene is a twelve-membered fused-ring compound; the stabilization of the
compound by bulky ¢-butyl groups is discussed. The distribution of bonding electron density is depicted in
terms of deformation density using the experimental X-X method, a multipole expansion model and a cal-
culation according to the extended Hiickel molecular orbital method (EHMO). The molecules crystallize
according to the space group P2y/n with cell parameters a=9.700(3), b=11.746(3), c= 10.858(2)A,
B=107.67(2)°, Z=2 at 100K. The molecule has a center of inversion(1) and belongs to the symmetry point
group C;. The packing of two unique {-butyl groups in the asymmetric unit appears significantly different.
However, the map of deformation density in the plane of the ring shows pseudo Dy, symmetry. The ac-
cumulation of density at the midpoint of the bonds is observed as expected. The theoretical deformation
densities agree with the experimental ones. Analyses of the molecular-orbital wavefunctions provide a
good illustration of the aromatic x-electron system. A theoretical study of a series of substituents (-H, -
CH,, -t-butyl) on s-indacene illustrates the stabilization effect of the t-butyl group on the 12-w-electron ring
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system.

INTRODUCTION

s-Indacene is a thermally unstable molecule having
12-n electrons. However, 1,3,5,7-tetra-alkyl-s-indacenes
are relatively stable, especially with bulky r-butyl groups.
That ®C NMR spectra showed no temperature depend-
ence of the line shape down to -130°C! indicates that either
the n-electron system of the 12-membered ring is com-
pletely delocalized (1C} or only a small energy barrier ex-
ists between the two valence isomers (1A and 1B). We have
performed a detailed study of the distribution of charge
density in 1,3,5,7-tetra-f-butyl-s-indacene to understand
whether the bulky substituents affect the electron distribu-
tion of such a 12-n-electron system. The structure! at room
temperature shows a pseudo-Dy, molecutar symmetry of
the geometry of the 12-membered ring. A detailed analysis
of anisotropic displacement parameters (ADP)? of the
carbon atoms of this compound gave no evidence of disor-
der, i.e. no indication of resonance between valence
isomers. A transition state of the valence isomerization was
proposed for the molecular structure in the crystal? We
have investigated this state in terms of molecular-orbital
wavefunctions,
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EXPERIMENTAL SECTION

A single crystal of size 0.14 x 0.27 x 0.36 mm was
selected for measurements of diffraction data at 100K,
using a CAD4 diffractometer equipped with a graphite
monochromator, Mo Ko radiation was used for the inten-
sity measurements; a unique sct was collected up to 26 =
84°, An additional symmetry-equivalent set was collected
up to 28 = 72°. Furthermore, seven measurements with dif-
ferent y values for each reflection up to 26 = 32° and one
extra measurement with ¢ = 15° for reflections with 32° <
20 = 72° were collected. This process yielded 22,668 meas-
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urements in total, leading to 5675 nnique reflections after
averaging of the equivalents. The interest agreement index
ZAIL/ZT, is 0.02. 4383 reflections were considered observed
(Fo > do(F.)). Cell parameters were obtained by least-
squares fit of 75 reflections in the range 16° < 20 < 40°, The
structure was refined by full-matrix least squares. The final
agreement indices were R(F) = 0.043, R,(F) = 0.039 in
which w'= 4F {o*(1) + (0.011,,.)?]. Positional and thermal
parameters of all atoms except H1 and H5 used for calcula-
tion of the deformation density maps were obtained from
high-order (sinf/2 >0.65A™) refinement F=HO; (he
hydrogen-atom coordinates for H1 and H5 were set by cx-
tension of the C-H vectors until the C-H distances reached
1.085 A. Maps of the experimental deformation density
Ap .. were calculated from diffraction data with sind/1 <
0.75A; Ap,, = p®* - p™H0 and the electron density p is
the Fourier transform of the corresponding structural
amplitudes, F,

ie. o= %?F;_“ exp2rih-r)

The MO calculation was carried out using the coordinates
obtained from the diffraction data at 100K , The deforma-
tion density was computed by subtraction of the sum of
spherical atomic densities (e.g. s*p,**p,**p,** for C) from
the total electron density of the occupied molecular orbi-
tals. The sum of spherical atomic densities is calculated
with atoms at the same nuclear positions as the cquilibrium
molecular geometry.

HOMO

Le. Apme= 2, 01°- DT
i=1

The EHMO calculation was done with the ICON* pro-
gram. For the density calculation MOPLOT" and a locally
developed routine® for contour plots were used.

In addition, an electron-density distribution Apy.a
based on a multipole model was calculated in order to ob-
tain further information. Basically, this distribution
resembles the experimental one Ap, ,. except (hat p°* was
replaced by p™ e sych that

. i 1 -
Pmultlpule w— p:nn +P. pul + Z Z leRl(r)Ylm
1=0m—=—1
The first two terms are the spherical part of the
electron density for core and valence electrons respective-
ly. The third term is the sum of the multipole cxpansion in
terms of the spherical-harmonic serics Yy, P, and Py, arc
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population coefficients which were obtained by least-
squares refinement® togethes with conventional positional
and thermal paramcters. The dynamic map has been calcu-
lated with the thermal vibrations of nuclei up to experimen-
tal resolution (Fig. 4a). An additional static map was fur-
ther calculated without the thermal vibrations of the nuclei
and up to infinite resolution (Fig. 4b), this map is com-
parable to the theoretically calculated ones.

RESULTS AND DISCUSSION

The positional and anisotropic thermal parameters
from the full data, high-order (= 0.65A") and multipole
reflinements are given in Tables 1 and 27, The muliipole
cocfficicnts, Py, are listed in Table 3. The bond distances
and angles between the skeletal carbon atoms are shown in
the schematic diagram (Fig. 1), The gecometry is similar to
that at room temperature!, but the symmetry appears even
closer to Dy; that is, the differences between C1-C3* and
C1-C2; C5-C6 and CT5-C4; C2-C6 and C3-C4 are all smaller
than those at room temperature and all within one standard
error. Thus from the geometry of the ring skeleton, the sym-
metry is close to Dy, Although the molecular symmetry
may belong to Dy, the packing of the two t-buty! groups in
the solid is obviously different, as depicted in Fig. 2. There
C7,C9-C11 groups are packed in an cclipsed form along the

Fig. 1. Molecular structure of 1,3,5,7-1-butyl-s-indacene
with bond distances (A} and angles(°); the stand-
ard errors are 0.001A and 0.3° respectively,
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Table 1. Atomic Parameters x,y,z and Beq.(A?) Estimated Standard Errors in Parentheses Refer to the Last Digit Printed

X

Y z Beg x y z Beq
Cla  038118(7)  0.07183(6) 050021(6)  0.88(2) H92 0810 (1) -00069(8) 0688 (1) 25(2)
b 038096(6)  0.07200(5) 0.50018(5)  0.79(1) 0821 () 0012 (6) 00% (6) 29 (7
c.  038116(8)  007183(7)  0.50024(7) 0832 0812 0,003 0.088 23
2 0.43848(7)  007466(5)  039650(6) 081(2) H93 06382 (9 00120 (7)  00395(%) 16 (2
0.43849(5)  0.07480(4) 039654(5)  Q.75(1) 0644 (6) 0024 (5) 0044 (5) 25 (6)
043846(8)  0.07473(6)  039648(7)  0.78(2) 0.638 0.012 0.039 15
Cc3 055905(7)  000231(5)  039653(6) 082(2) |HI01 0606 (1) 01691 (8) 01549 (9) 21 (2
0.55908(5)  0.00235(5)  039%655(5)  0.24(1) 0591 (9) 0177 () 0155 (8) 33 (8)
0.55905(8)  QO02ZKHTy  03%5L(7)  0.79%(2) 0.605 0171 0.154 22
c4 0.59714(7)  0.02729(6) 0.28095(6) 0.87(2) K102 0784 (1) 01882 (8) 02007 (9) 23 (2)
0.59729(5)  002N4(5)  028093(5)  0.79(1) 0817 () 0181 (5) 0215 (5) 2.5 (6)
0.59729(8)  0.02716(7)  0.28096(7)  0.83(2) 0.784 0,188 0.200 23
cs 0.50050(7)  0.11147(6) 021332(6) 098(2) |HI03 0694 (1) 01934 (9 0305 (1) 29 (2
0.50053(6)  0.11167(5)  0.21299(5)  051(1) 0634 (6 0202 (5 0301 (6) 27 (6)
0.50045(9)  0.INS(7)  021309(7)  0.94(2) 0.695 0,154 0.305 25
C6 040241(7)  0.14228(6) 0.28023(6)  089(2) HIIl 0869 (1) 00380 (9 0430 (1) 25(2)
040223(6)  0.4230(5)  0.28033(5)  0.82(1) 0877 (6) 0055 (5 0445 (6) 26 (6)
040234(8)  0.14235(7)  02805A7)  0842) 0.870 0.037 0.430 24
C7 0.72065(7)  -0.02408(6)  0:24100(6) 101(2) H112 0950 (1) -00301 (%) 0319 (1) 25(2)
0.72062(6)  -002406(5)  024108(5)  0.93(1) 0948 (5) 0026 (4 0310 (9 21 (5
0.72055(8)  -0.02385(7)  024098(7)  097(2) 0.950 0.028 0320 25
Cs 028250(7)  0.22989(6)  0.23621(6) 1L11(2) HIIBZ 08% (1)  0.0868 (9) 03590 (9 21 (2
028251{7)  022985(5)  0.23610(6)  1.03(1) 088 (1) 0093 (9) 0348 (0 40 ()
028269(9)  0.22083(7)  0.3621(8)  1.07(2) 0.878 0.087 0.361 26
co 0.72888(8)  0.02741(7)  0.I13647) 136(2) H121 0262 (1) 02190 (9 00319 (%) 24 (2)
0.72907(8)  0.02762(6)  0.11357(6)  127(2) 0278 () 0234 (6) 0047 (1) 30 (D)
0.72921(9)  0.02752(8) 0.11368(8)  1.32(3) 0.262 0.218 0.039 27
C10  069985(5)  -0.15365(6)  022319(8) 153(3) HI1Z2 0368 (1) 03201 (7  01045(8) 16 (2)
0.69989(9)  -015370(6)  022322(7)  146(2) 0376 (6) 0312 (5) 0107 (5) 25 (6)
07000 (1)  -0.15358(8)  022331(9)  1.52(3) 0370 0320 0.106 18
Cll  086492(8)  0.00132(8)  G3460(7) 158(3) HI123 0202 (1) 03385 (9) 00783 (9) 26 (2)
086515(7)  0.0013%(8)  0.34625(7)  148(2) 0213 (6) 0323 (5 0078 (5) 25(6)
086498(9)  0.00107(9)  0346138) 1.52(3) 0.200 0.339 0.078 3.1
C12  027744(9)  0.27953(7) 010420(7)  163(3) Hi131 0313 (1) 03008 (9) 0422 (1) 30 ()
0.27734(3)  02795K7)  010410(7)  1.52(2) 0306 (8) 0308 (6) 0442 () 30(7
02775 (1)  0.27950(8) 0.1045(9)  1.59(3) 0311 0.300 0421 29
C13 03083 (1)  032860(7)  033408(8) 193(3) HI32 0226 (1) 03853 (9) 0302 (1) 27
03083 (1)  032830(7)  03M23(8) 182(2) 023 (1) 037 (1) 032 (1) 49 ()
03085 (1)  0.32849(9) 03342 (1)  1.89(4) 0227 0.388 0303 25
Cl4  0I3503(8)  017401(8)  022201(9) 192(3) HI33 0405 (1) 03657 (9) 03450 () 30 (2
0.13478(8)  0.17396(8)  022224(9)  1.80(2) 0414 (8} 0363 (6) 035 (M 31(8
01350 (1) 01742 (1) onn (1) 13403 0.407 0.366 0.345 27
H1 02991 (9) 01241 (7) 05010 (8) 14(2) H4L 0132 (1)  0.1448 (§) 03084 (9) 23 ()
0295 (8 0126 (3) 0497 O 17 (%) 0130 (8 0121 (7) 0307 (M 31 (8
0.298 0.124 0.501 15 0.129 0.144 0308 26
HS 05025 (%) 01449 (8) 01321 (9) 16 (2) H42 0116 (1)  0.1085 (9) 015 (1) 29
0501 (6) 0145 (5) 0121 (6) 26 (6) 0112 (7) 0106 (6 0164 {6 30 (M
0.502 0.145 0.131 15 0.115 0.107 0.158 30
H91 0747 (1) 01131(8) 01233(%) 20(2) HM3 0058 (1) OB17(Q) 619019 272
0748 () 0109 (7) 0111 (6) 29 (7 0054 (5 0240 (9 0183 (4) 194
0.748 0.112 0.122 19 0055 0.231 0.150 25

Beq = SBnZEijUijai‘aj‘aiaj
® full data refincments  ® high angle (> 0.65 A™) refinements € multipole refinements
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Table 2. Anisotropic Temperature Factors U;jx 100

u1 u22 us3 u12 u13 uz3
Cla. 1.11{2) 1.20(3) 1.03(3) 0.10(2) 0.36(2) 0.02(2)
b, 106(2) 1.142) 0.87(2) 0.18(1) 0.34(1) 0.11{1)
e LO6(3) 1.16(3) 0.97(3) 0.27(3) 0312 0.14(2)
2 110(2) 109(3) 0.90(3) 0.04(2) 031(2) 0.06(2)
1.02(2) 1.04(2) 0.30{2) 0.11(1) 031(1) 0.11(1)
104(3) 1.12(3) 0.83(3) 0.18(2) 0.35(2) 0.15(2)

c3 108(2) 115(3) 090(2) -0.012) 0352 -0.02(2)
0.9%(2) 1.05(2) 0.81(2) 0.12(1) 0.32(1) 0.09(1)
L02(3) 1.12(3) 0.8%(3) 0.18(2) 032(2) 0.11(2)

C4 L17(2) 1.20(3) 058(2) -0.06(2) 0.40(2) -0.04(2)
106(2) 1.12(2) 087(2) 0.07(1) 037(1) 0.06(1)
111(3)  1.23(3) 0.90(3) 0.12(3) 0.43(2) 0.10(2)
Cs 13%(3) 1.42(3) 0.95(3) 0.06(2) 0.43(2) 0.19(2)
129(2) 131(2) 0.91(2) 0.17(1) 0.44(1) 0.23(1)
133(3) 1.36(3) 0.96(3) 0.19(3) 0.45(2) 0.26(3)
Coé 119(3) 118(3) 0.55(3) 0.04(2) 030(2) 0.08(2)
111(2) 1.11(2) 091(2) 0.14(1) 0.31(1) 0.16(1)
115(3) 1.15(3) 0.93(3) 0.20(2) 035(2) 0.22(2)
Ci 134(3) 148(3) 1173 0.12(2) 0.61(2) 0.04(2)
1212y  136(2) 1.09(2) 0.13(1) 0.54(1) 0.06(1)
120(3) 142(3) 117(3) 0.13(3) 0.53(2) 0.09(3)
C8 1.53(3) 142(3) 1.28(3) 0.42(2) 0.45(2) 0.36(2)
145(2) 129(2) 1.20(2) 0.39(2) 0.45(1) 0.32(1)
146(3) 139(3) 1.25(3) 0.38(3) 0.46(3) 0.32(3)
co 205(3)  200(3) 1.43(3) 0.07(3) 1.00(3) 0.15(3)
195(2) 186(2) 133(2) 0.09(2) 0.96(2) 0.19(2)
208(3) 189(4) 136(3) 0.12(3) 1.00(3) 0.21(3)

C10  265(4) 1.55(3) 2.02(3) 0.25(3) 1.32(3) -0.03(3)
256(3) 139(2) 1.99(3) 022(2) 130{2) -0.05(2)
2.65(4)  143(4) 2.06(4) 0.21(3) 135(3) -0.04(3)
Cill  123(3) 3.07(4) 1.72(3) 0.02(3) 0.46(2) 0.07(3)
L13(2) 2.86(3) 162(2) 0.04(2) 0.42(2) (4.05(2}
1.20(3) 295(4) 1.64(3) 0.00(3) 0.44(3) 0.01(3)
CI2  251(4) 221(4) 1.55(3) 0.82(3) 0.73(3) 0.78(3)
236(3) 207(3) 1.42(2) 0.76(2) 0.69(2) 0.80(2)
241(4)  Z2.18(4) 149(4) 0.82(3) 0.68(3) 0.83(3)
Ci3  372(3) 170(3) 193(4) 0.8%(3) 087(3) -0.02(3)
361(4) 1.353(2) 1.80(3) 0.81(2) 0.84(2) -0.04(2)
373(5) 156(4) 1.92(4) 0.87(4) 0.88(4) -0.03(3)
Cl4  145(3) 256(4) 284(4) 044(3) 0.53(3) 0.99(3)
127(2) 273(3) 2.771(3) 0.40(2) 0.50(2) 1.02(3)
130(3) 2745 287(5) 0.35(3) 0.51(3) 0.95(4)

Anisotropic temperature factors are of the form
Temp = exp{-2v%(h%ui1a*?+ .. + 2hkupza*b* + W)
? full data refinements

® high angle { > 0.65A) refinements

€ multipole refinements

b-axis whereas the C8,C12-C14 groups are packed in a
staggered form. These results are consistent with the
analysis® of anisotropic displacement parameters with the
libration of exocyclic C4-C7 bond much smaller than that of
C6-C8 bond. Thus, the exact molecular symmetry in the
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crystal is G; in other words, the two in-plane twofold axes
are not present. Nevertheless, from the examination of the
map of deformation density (Fig. 3), one sees that the
twofold axes along C5-C5* and C1-C1* still exist at a stand-
ard deviation of one contour level (0.1e A?), but the shape
of the contour deviates slightly. Therefore we conclude that
the intermolecular packing docs not affect the symmetry of
the electron distribution. All the bonding electron densities
for C-C and C-H bonds are observed as expected,>*** with
density accumulation at the midpoint of the bonds. The
peak density is about 0.4 - 0.6 ¢ A for the C-C bond and 0.2
-0.3 ¢ A for the C-H bond. The agreement indices of the
various refinements are listed in Table 4, The multipole ex-
pansion evidently improves the agreement. The distribu-
tion of deformation density according to the dynamic mu}-
tipole model shown in Fig. 4a agrees with the experimental
one (Fig. 3). The map of the deformation density according
to the static muttipole model (Fig. 4b) has essentially the
same features as that in the dynamic case except that all the
peak densitics are increased; this result is expected when
the vibrational motions of the nuclei are ignored. The net

© Ci—-Cu.Ce
© CY-Cir.C1

Fig.2. Packing diagram with projection on b-axis.
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Table 3. Atomic Multipole Coefficients (P1m) of All Atoms

Atom C(5) C(6) C(2) c(3) C(4)
K HF 0582(2)
H1t=0m= 0 4.40(4) 420(3) 424 (3) 422 (3) 417(3)
1=0m= 1 -0.07(2) -0.02(1) 001 (1) 002 (1) 0.01(1)
m= -1 0.06(2) -0.04(1) 0.04 (1) 002 (1)° -0.02(1)
m= 0 0.01(1) 0.00(1) 0.01 (1) 0.00 (1) -0.02(1)
1=2m= 0 -0.19(1) -0.22(1) £13 (1) 0.18 (1) 0.24(1)
m= 1 0.01(1) 0.03(1) 0.00 (1) 0.00 (1) 0.02(1)
m= -1 -0.05(1) 0.01(1) 0.04 (1) 0.03 (1) 0.00(1)
m= 2 0.04(2) 0.01(2) 0.00 (2) -0.08 (2) 0.00(2)
m=-2 -0.03(2) -0.01(1) 003 (L) -0.04 {2) -0.04(1)
1=3m= 0 0.00(1) 0.00(1) 0.02 (1) 002 (1) 0.01(1)
m= 1 0.03(1) 0.04(1) 0.00 (1) 0.03 (1) 0.01(1)
m= -1 0.02(1) -0.02(1) 0.02 (1) 0.01 {1) 0.00(1)
m= 2 0.00(1) 0.00(1) 001 (1) 0.02 (1) 0.01(1)
m= -2 -0.02(1) -0.02(1) 0.02 (1) 0.02 (1) 0.01(1)
m= 3 0.26(2) 0.27(1) 0.29 (1) 027 (2) 0.27(1)
m= -3 0.03(2) -0.08(2) 0.06 (2) 012 (2) -0.07(2)
Atom Cc(1) () C(8) o) C(10)
Hl<0m= 0 438(3) 4.11(3) 416 {3) 472 (3) 475(3)
1=0m= 1 -0.06(1) -0.05(1) 0.06 (1) £0.08 (1) -0.11(1)
me= -1 -0.11(2) 0.06(1) 0.00 (1) 0.00 (1) -0.02(1)
m= 0 0.01(1) 0.02(1) 001 (1) 0.03 (1) -0.01(2)
1=2,m= 0 -0.21(1) 0.00(1) 0.02 (2) 0.00 (1) 0.00(1)
m= 1 0.00(1) 0.03(1) 0,01 (1) 0.01 (1) 0.02(1)
m= -1 0.02(1) -0.02(1) 0.03 (1) 0.05 (1) 0.04(1)
m= 2 0.09(2) -0.02(1) 003 (1) 0.0 (1) 0.02(1)
| m= -2 0.06(2) 0.04(1) 0.00 (1) 0.04 (1) 0.00(1)
‘ 1=3m= 0 0.04(1) -0.04{2) 0.00 (2) 0.02 (1) -0.01(1)
m= 1 0.01(1) -0.13(1) 018 (1) -0.15 (1) -0,15(1)
m=-1 0.01{1) -0.20(1) 0.23 (1) 0.11 (1) 0.10(1)
, m= 2 0.03(1) 0.00(1) -0.04 (1) -0.01 (1) 0.00(1)
m= -2 0.01(1) 0.02(1) 0.02 (1) 002 (1) 0.01(1)
m= 3 0.25(1) 0.17(1) Q.18 (1) 0.15 (1) 0.15(1)
m= -3 0.04(2) 0.03(1) -0.03 (1) 0.00 (1) 0.02(1)
Atom cay C(12) Cc(13) C(14)
H1=0m= 0 16203) 47003) 467 3 4568 (3)
| 1=0m= 1 -0.12(1) -0.12(1) -0.14 (1) 0.12 (1)
| m= -1 0.00(1) 0.01(1) 001 (1) 0.00 (1)
m= 0 0.03(1) 0.01(1) 0.01 (1) -0.02 (1)
| 1=2m= 0 0.03(1) 0.00(1) 0.00 (1) 0.06 (1)
m= 1 0.06(1) 0.01(1) 006 (1) 0.04 (1)
m= -1 0.01(1) 0.01(1) 0,04 (1) 0.01 (1)
| m= 2 002(1) -0.02(1) 0.04 (2) 0.01 (1)
| m= -2 0.00(1) 8.00(1) 0.03 (1) 0.00 (1)
| 1=3m= 0 0.03(1) -0.03(1) 0.05 (1) 001 (1)
m= 1 40.10(1) -0.10(1) 0.16 (1) 0.09 (1)
m= -1 0.08(1) 0.10(1) 0.06 (1) 0.10 (1)
m= 2 -0.03(1) -0.05(1) 001 (1) -0.03 (1)
m= -2 -0.04(1) -0.04(1) 0.02 (1) 005 (1)
m= 3 0.17(1) 0.14(1) 0.11 (1) 0.16 (1)
m= -3 0.01(1) 0.01{1) 0.03 (1) 0.02 (1)
Atom H(1) H(S) HOD-H(1)  H{121)-H(143)
H I=0m= 0 0.63(2) 0.61(2) 0.718(8) 0.696(8)
1=0m= 1 -0.01(1) 0.00(1) -0.007(4) -0.009(4)
m= -1 2.01(1) 0.01(1) -0.015(4) -0.015(4)
m= 0 -0.09(1) -0.05(1) 0.020(5) 0.018(5)
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Table 4. Agreement Indices of Least Squares Refinements
NV R Riw Rz Rzw )

conventional 127 00582 00550 00794 00612 24581
monopole 146 00501 00425 00653 00492 19042
octapole 368 00386 0.0275 00429 00265 12642

Ry = Z|Fo-kF¢|/ZF0; Riw = [Ew|Fo-kFo] YEuFo ]2
Ry = L{Fo>kF J/EFJ; Rpv = [Sw|Fol-kFe? | Yo Fo') 2
S = [Zw|Fo-kFc| /NO-NV}2

NO = numbers of reflections

NV = gnumbers of variables

atomic charges obtained from both the multipole refine-
ment and the EHMO method are shown in Fig. 5. From the
multipole result, one sees that electron densities are shifted
from the H atoms to the carbon atoms. However, from the
EHMOQ result, this shifts are not so evident.

In order to obtain further information about chemical
bonding, we carried out a calculation of the deformation
density based on the extended Hiickel approximation. The
molecular geometry was that deduced from the diffraction
data; we also tested an idealized geometry with all carbon
atoms in the rings in the sp® configuration. However the
slight changes of geometry produced significant effects on
neither the orbital energies nor the distribution of defor-
mation density, The theoretical deformation density dis-
tribution of the s-indacene ring plane is shown in Fig, 6 with
the contours defined in Fig. 3. The agreement between the
experimental and theoretical deformation density is good

Fig.3. Experimental deformation density distribution
{Aps) of the s-indacene plane, with contour fevel
0.1 ¢ A2, solid line as positive, dash line zero and
dotted line nepative.

Wang et al.

except that all the theoretical peak densities are 0.1-0.2 ¢
A2 smaller than the experimental ones. Relative to the den-
sity map based on the static multipole model, they are much
smaller. The reason is probably that only valence orbitals
and electrons are taken into account according to the
EHMO method.

Based on the ADP analysis, a transition state of the
valence isomerization was proposed.? Such a transition
state should be consistent firstly with the internuclear dis-
tances of the molecule and secondly with the electron den-
sity distribution. An extended Hiickel calculation was per-
formed onthe 1,3,5,7-tetra-R-s-indacene, with R = H, CH;
and (-butyl assuming the same geometry as the title com-

Fig. 4. Multipole deformation density distribution, Aoy.a.
{a) dynamic map with the experimental resolution.
(b) static map with infinite resolution.
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pound. The s-orbital energies of the three compounds are
compared in Fig. 7. Some & orbitals of s-indacene (R = H)
i.c. By, B;,, By, are evidently split into two on the replace-
ment of H by f-butyl, as the substituted carbon atoms take
part in the & orbitals of the ring. This result may provide the
reason for the increase of the thermal stability of such a 12-
n-clectron system. However, for the tetra-methyl com-
pound, ounly B,,, B, orbitals are split, so the effect is not as
significant as for the -butyl case. The overall z-orbital
energies are -79.60386, -108.19226, -118.98274 ¢V for
1,3,5,7-tetra-R-s-indacene with R = H, CH,, r-butyl
respectively. It is also interesting that there are six, eight
and nine x orbitals respectively; therefore, they correspond

Fig.5. Net atomic charges obtained from multipole
refinement (top) and from EHMO (buttom).
Definition local coordinates are also indicated.

Fig.6. Theoretical deformation density Ap,.,, coRtOUrs
as in Fig. 3.
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1012, 16 and 18 w-electron systems. Further results of the x-
bonding system of the title compound are shown in Fig. 8a-i
in which all the z-bonding orbitals are depicted in terms of
molecular-orbital contours at 0.5A above the molecular
plane. The nodal planes are clearly shown in the figures:
the orbital of least energy (7, - Fig. 8a) exhibits no nodal
plang in the ring; 7. 73, 75, 75 (Figs. 8b,c,e,f) each exhibits
one nodal plane; 7, 77, s each (Figs. 8d,g,i) exhibits two
nodal plancs, and 7, (Fig. 8h) has three nodal planes. From
the order in energy and the direction of the nodal plane, it
scems to indicate that the nodal plane passing through C5,
C5* and bisecting C2 - C3, C3* - C2*(horizontal direction)
causes a greater increase of orbital energy than that in the
vertical direction. It is conceivable that bending out of the
plane is easier along the vertical direction than in the

—
Biy
Qa
=10}
LUMO
B By -
- HOMO
B Au
_12l -
E{ev) |- By, o
— e —<
-13 [~ EESPPPPEEE L ___,.(-‘_(._, e
Bdg \.\.\\
™ N, ).‘ ——
- Yo——
,’/ —
-14}- )
Fa
- LY A—
-5 o
-16F [
R = Methyl H Bty
Do, symmetry

Fig.7. The orbital-energy level of 7-bonding M.0. for dif-
ferent substituted groups at the 1,3,5,7 positions of
s-indacene.
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L

,\‘;:‘

(g) m7(B1u) -12.83174 eV (h) ms(Au) -11.74988 eV (i) m9(Bazg) -11.39614 eV

Fig. 8. Nine wavefunctions of the s orbitals of 1,3,5,7-tetra-t-butyl-s-indacene; positive contour solid, negative dotted.

(a) Byg -14.49852 eV (b) By -13.20218 €V (c) By -13.10084 eV

Fig9. a-Orbital wavefunctions of s-indacene which are split into two in tctra-r-butyl-s-indacene.
(a) Bag (b) Bag (c) Biu, contour as in Fig. 8.
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horizontal direction, This result agrees with the observa-
tions of the ADP analysis.? Among them, six x orbitals (z,
s, 3, T, T4, 7 - Figs. 8b,e,c.f,d,g) originate from three z-
orbitals in s-indacene (B,,, By, and B,, - Figs. 9a,b,c). The
reason is that the occupied & orbitals are further coupled
with the central carbon atom of the ¢-butyl groups at the
1,3,5,7-positions and split into two levels with different
signs on the substituted carbon atoms e.g. Fig. 9a. vs. Figs.
8h,e. These extra orbitals contribute to the bonding of C1-
C2; C4-C5; C5-C6 and antibonding of C2-C3 and C2-C6.
These results are consistent with our experimental bond
distances. Also, in the By, mode {Figs. 9¢ and 8d,f), clearly
there are two nodal planes between atoms C2,C6/C3,C4
and C2*,C6*/C3*,C4* which make the bending of C4-C3-
C6 and C4*-C5*-C6* parts accessible. Moreover, the-out-
of plane thermal motion is much greater than the rigid-
body motion for C5 (Au = 59pm®*).? Thus the B,, modc cer-
tainly fits the out-of-plane motion of C4-C5-C6. Any vibra-
tional mode in resonance with such a wavefunction could
yield a slightly bent geometry which was proposed as the
transition state of this molecule” in the solid state. As for
the electron density distribution, all the C-C bonds are
about the same within 0.1 ¢ A2, Hence the differences of
the electron density may not be as clear as those of the dis-
tances, partially because the comparison of bonds should
be made on the integration of the density between the
bonded atoms rather than the peak density, as the density
distribution is a shape-dependent function. Even allter in-
tegration, the standard deviation may make the comparison
meaningless.

CONCLUSION

From the bond lengths, analysis of anisotropic ther-
mal motion and results on the deformation density of the
substituted s-indacenes, the title compound can certainly
be described as neither the resonance between two valence
isomers (1A and 1B), nor the delocalized model (1C); it is
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probably best described as ID. This description would
make the C4-C5-C6 part easy to bend out of the ring plane.
From the analyses of the nine occupied m-bonding
wavefunctions, there are three orbitals (7, 74, 7ry) which
contribute directly to such a form. The stabilization of such
a 12-z-electron system(s-indacene) by the buiky ¢-butyl
groups can be realized as a 18 w-¢lectron system, because
of the contribution from the substituted carbon atoms,

Although most theoretical deformation density
studies have been based on ab-initio™ calculation or a
local density functional method,'** our results indicate
that for molecules containing only light atoms, EHMO can
also provide a valid comparison, especially on the delocal-
ized m-bonding system.
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