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Abstract

Benzocyclobutenols, obtained by arynic condensation
of 1,2-diketone monoketal enolates, can transpose to
give alkoxyindanones that undergo cyclization to
1,4-dioxa heterocyclic derivatives. The X-ray crystal
structure analysis of these products, carried out using
Cu Ko, radiation (1 = 1-540562 A) at room tempera-
ture [293 (2) K], gave the following data: 2,3,4a,-
9b-tetrahydro-4a,5-butano-5H-indenol 1,2][1,4]dioxin
(L,3), C,H,;0,, M,=230-3, monoclinic, P2,/c,
a=13-033 (8), b— 10. 293(5), ¢=9- 267(4)A ,B—
90-94 (2)°, = 1243 (1) A3, Z =4, D =
1-231 Mg m~3, u 0-598 mm~!, F(000) =496, R =
0-0493 for 671 observed reflections; 3,3-dimethyl-3.-
4,5a,10b-tetrahydro-5a,6-butano-2H,6 H-indenol 1,2-b1-
[1,4]dioxepin (IIL3), C,H,0, M,=272.4, mono-
clinic, C2/c, a=128-683(8), b=6-446(1), c=
18-451 (8) A, f=116-19 (2)°, ¥=13061 (2)A3, Z=
8, D, =1:182Mgm=3 u=0-553mm~!, F(000)=
1184, R =0-0712 for 2544 observed reflections;
2,3,4a,9b-tetrahydro-4a,5-pentano-5H-indenol 1,2]-
[1,4]dioxin (I,4), CH,,0, M, =244.3, monoclinic,
P2,/c,a=1-716 (l), b=17-474 (4), c = 10-362 (1) A,
f=106-44 (1)°, =1322(4) A%, Z=4, D, =
1.227Mgm™3, u= 0 588 mm~!, F(000) = 528, R =
0-0617 for 1348 observed reflections; 3,4,5a,10b-tetra-
hydro-5a,6-pentano-2H,6 H-indeno| l,2—b][ 1,4]dioxepin

* An account of this research was communicated at the
XIth European Crystallographic Meeting, Vienna, 28 August-—
2 September 1988.
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(IL4), C,,H,0, M,=258.4, triclinic, PI, a=
9.766 (2), b=14-622(7), c=10-404(4)A, a=
105-15(2), £=96-95(8), yp=101-57(1)°, V=
1381 (1)A3, Z=4, D ,=1243Mgm™3, u=

0-588 mm~!, F(000) = 560, R = 0-0459 for 4032 ob-
served reflections; 2,3,4a,9b-tetrahydro-4a,5-hexano-

5H-indenol 1, 2][1 ,4]dioxin  (L5), C,,H,,0,, M,=
2584, P2/n, a=11.012(1), b= 6-989(1), ¢
37.644 (6) A, f— 9244 (1)° V'— 2894 (1) A%, 7 — 8,

D.=1-186 Mg m‘3, 4=0-561 mm~', F(000) = 1120,
R :0~0300 for 3188 observed reflections; 2.3,4a,9b-
tetrahydro-4a,5-octano-5H-indenol1,2][1,4]dioxin (1,7),
C,H,0,, M, =1286-4, orthorhombic,  Pbca,
a=19-721 (4), b=18-801 (4), c=8-542 () A,
V=3167(1)A% Z=8, D,=1201Mgm™, u=
0-556 mm~!, F(000)= 1248, R =0-0498, for 1789
observed reflections; 2,3,4a,9b-tetrahydro-4a,5-
nonano-5H-indeno[1,2][1,4]dioxin (1,8), C,,H,0, M

= 300-4, triclinic, PI, a=35-752 (1), b= 13-238 (5)
c=11-724 3) A, a=108-48 (3), B=99-05 (4), y—

89-40(1)°, V=8354(4)A’, Z=2, D,
1-194 Mg m~3, x4 =0-548 mm~!, F(000)= 328, R:
0-0478 for 2462 observed reflections. The stereo-

chemistry at the junctions of the dioxa and poly-
methylene rings with the pentaatomic indan ring is
influenced by the number of C atoms of the alkane ring.
Comparison of the conformations of the puckered rings
shows that, in the case of the fused 11-membered
cycloalkane, significant conformational changes are
present. The endocyclic angles in the benzo ring are
deformed in a systematic way which was found to be
peculiar to the fused indan system.

© 1989 International Union of Crystallography
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Introduction

Benzocyclobutenols (3) can be easily obtained by
arynic condensation of 1,2-diketone monoketal enolates
according to the scheme below (Gregoire, Carré &
Caubére, 1986):

HO OR gr

o

H
(3) cis
n=1t04

X

NaNH,-'BuONa
ek Bt
THF

()

0 RO or e
o) %
(2)

(3) trans
n=5t8

The scheme shows that the configuration at the junction
of the cycloalkane ring depends on the number of C
atoms in this ring. These alcohols are of interest not
only for their potential pharmacological activity
(Trockle, Catau, Barberi, Jacque, Carré & Caubeére,
1981), but also as excellent starting materials for
synthesizing a number of polycyclic aromatic deriva-
tives.

In the presence of acids and under aprotic condi-
tions, the benzocyclobutenols are transposed to give
alkoxyindanones:

HO OR or Qo
Me,SiCI OR
[ on
or BF,~OEt,
4 AR
(3a) R =Mecis (4a)R' =Me

(3b) R, R =CH,CH, ¢is or trans {4b) R = CH,CH,0H

The stereochemistry of the alkoxyindanones cannot be
forecast even when the stereochemistry of the starting
alcohol is known. Only in a few cases can the
stereochemistry of (4) be deduced by chemical correla-
tion or from the stereochemistry of the corresponding
indanonols (5) obtained from (3) under acidic protic
conditions  (Carré, Jamart-Grégoire, Geoffroy,
Caubére, Ianelli & Nardelli, 1988):

HO OR oR //0
10" OH
[ 1 90 —
s
(3a) or {3b) cis or trans (51

The knowledge of the stereochemistry of (4) and (5) is
important not only for the characterization of these
products, but also for proposing a possible mechanism
for the transposition of (3) into (4) or (5).

When the transposition reactions are performed on
(3b) under aprotic conditions, the products (4b) are
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obtained, for which the same problems concerning the
stereochemistry are present.

Compounds (4b) can give cyclization, according to
the scheme:

0 OH HO o o
{ s 2 3
BF,-OEt, 0 BF,~OEt,

Qrg Oy | o Oy

[SENCS H Mn W Un
(4b) (6)

giving compounds (6) in which the stereochemistry at
the junction between rings A and B should be the same
as in compounds (4b), so the knowledge of the structure
of (6) leads to the structures of (4) and (5) by chemical
correlation. On the other hand the knowledge of the
stereochemistry of the junction between rings 4 and C
allows the stereochemistry of cyclization to be inter-
preted, which, for (4b), can take place by two possible
routes:

0

H s

With these problems in mind, the crystal structures
of the compounds (6), hereafter denoted by (I,n) with
n=3,4, 5,7, 8, were studied and, in addition, structures
containing larger oxygen-containing heterocyclic rings
were also considered.

O/j o/%v
W o
n=3

n=4
(n.4) (n,3)

In the present paper the results of these analyses are
illustrated in connection with the above problems and
the conformations of the different molecules are
compared.

Experimental

The compounds were prepared as described elsewhere
(Carré et al., 1988). The relevant data concerning the
crystal structure analyses are summarized in Table 1.
The intensities were measured with a Siemens AED
diffractometer, using the 6/26 scan mode, scan speed
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Table 1. Experimental data for the crystallographic analyses

1,3) (I11,3)

Reflections for lattice parameters

. Number 25 25
Grange (°) 14-0-30-4 30-0-40-0
Crystal size (mm) 0-3x0-1x0-1 0-6x0-5x0-8
Extinction parameter g — 0-166(5)x 10" 7

h range —14/14 -31/31
k range 0/11 0/7
{range 0/10 0/22
Standard reflection 240 040
No. of measured reflections 2115 2617
Condition for observed reflections 1>1-50(0) 1>30(D
R(int) 0-011 0-048
Max. LS shift to e.s.d. ratio 0-018 0-073
Min./max. height in final 4p map (e A-%) -0-09/0-06 —0-38/0-29
No. of refined parameters 158 277
wR 0-0572 0-0978
N 0-4353 0-9603
k, g \w = k/16*(F,) + gF,2)t 0-5203, 0-0053 1.0,0-0106

3-12° min~!, scan width (1-10 + 0-14tand) mm.
Cu Ko (nickel-filtered) radiation was used for all
measurements. The integrated intensities were obtained
by a modified version (Belletti, Ugozzoli, Cantoni &
Pasquinelli, 1979) of the Lehman & Larsen (1974)
procedure. All the reflections were corrected for
Lorentz and polarization effects but not for absorption.
Correction for extinction was carried out according to
Zachariasen (1963) in the case of compounds (I,4),
(11,4), (1,5) and (I,8).

The structures were determined by direct methods
with SHELX86 (Sheldrick, 1986) for compounds
(I11,3), (1,4), (1,5), (1,7), (1,8) and MULTANSO (Main,
Fiske, Hull, Lessinger, Germain, Declercq & Woolf-
son, 1980) for (I,3) and (II,4), and refined by
anisotropic full-matrix least squares on F, using
SHELXT76 (Sheldrick, 1976). The H atoms were
located from difference Fourier syntheses and refined
isotropically. The rather high value (0-0712) of the R
index for compound (IIL,3) is due to the poor quality of
the crystal sample in spite of the efforts made to choose
the best available crystal.

The two crystallographically independent molecules
in compounds (IL,4) and (1,5) are related by pseudo-
symmetry operations. The correctness of the space-
group choice was checked by using TRACER (Lawton
& Jacobson, 1965), NEWLAT (Mugnoli, 1985),
STRUCTURE TIDY (Gelato & Parthé, 1987),
MISSYM (Le Page, 1987), the SYMMOL subroutine
of PARST (Nardelli 1983) and local programs
calculating direct-lattice vectors. From PLUTO
(Motherwell & Clegg, 1976) drawings of the cell
contents it appears that in compound (I1,4) there are
local pseudo c-glides at 1a, ~1b parallel to ¢ and local
pseudo screws at jc approximately perpendicular to
these glides, while in compound (1,5) the two indepen-
dent molecules are related by local pseudo b-glides
perpendicular to the ab plane at ~0-4a.

The atomic scattering factors and the anomalous-
scattering coefficients are from International Tables for
X-ray Crystallography (1974). The final atomic coordi-

1.4) (I1,4) (15) 17 1.8
29 27 28 28 27
14.0-43.5 24.0-34-8 18.1-45.0 30-0-40-0 25-5-35-7
0:6x0-2x0-2  0-2x0-4 x0-4 0-5x0-6x0-1 0-2x0-4x07 0-5x0-3x0-4
3.7(2)x 10°% 0:96(2)x 107 0-78(2)x 10 * — —
-9/8 —11/11 —15/15 —24/24 -1/6
0/21 -17/17 0/11 0/22 —15/15
0/12 0/12 0/48 0/9 0/13
-222 5-33 1120 8101 -3-62
2733 5076 6274 5405 2996
I>20(0) I>20(1) I>20(0) 1>20(D) 1>20(D)
0-0103 — 0-024 0-033 —
0-054 0-037 0-008 0-063 0-022
—0-11/0-08 -0-17/0-12 —0-09/0-07 —0-13/0-11 —0-22/0-15
243 520 520 294 311
0-0835 0-0587 0-0379 0-0759 0-0602
4-5514 1-9401 0-9541 0-5441 2-0895
1.0, 0-0005 1.0, 0-0005 1.0, 0-0005 1.0.0-0191 1-0. 0-0005

nates are given in Table 2.* Throughout the paper the
averaged values are means weighted according to the
reciprocals of the variances, and the corresponding
e.s.d.’s are the largest of the values of the ‘external’ and
‘internal’ standard deviations (Topping, 1960).

The calculations were carried out on the Gould-Sell
32/77 computer of the Centro di Studio per la
Strutturistica Diffrattometrica del CNR (Parma). In
addition to the quoted programs. LOPARM (Nardelli
& Mangia, 1984) and ORTEP (Johnson, 1965) were
used.

Discussion

Bond distances and angles are compared in Tables 3
and 4, respectively, and ORTEP drawings of the
molecules are displayed in Fig. 1.

Analysis of the anisotropic atomic displacements

The anisotropic atomic displacements have been
analyzed in terms of the LST rigid-body model
according to Schomaker & Trueblood (1968) and
Trueblood (1978) by using the THMV program
(Trueblood, 1984), and the most significant results are
quoted in Table 5. Considering the standard level of the
crystal structure analyses, the agreement between
U;;(obs.) and U;;(calc.) is fairly acceptable. The average
differences in the mean-square vibrational amplitudes
along the interatomic directions for all pairs of atoms,
A, are all less than their average e.s.d.’s so the Hirshfeld
(1976) principle (Rosenfield, Trueblood & Dunitz,
1978) is satisfied and the rigid-body treatment is a valid
approximation, even if no discrimination between
dynamical and statical displacements is possible. The

* Lists of structure factors, anisotropic displacement parameters,
H-atom parameters, bond lengths, angles, torsion angles and CSD
bibliographic references, and distributions of bond angles have been
deposited with the British Library Document Supply Centre as
Supplementary Publication No. SUP 51438 (169 pp.). Copies may
be obtained through The Executive Secretary, International Union
of Crystallography, 5 Abbey Square, Chester CH1 2HU, England.
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic thermal parameters (A* x 10%) with e.s.d.’s in
parentheses

U,, =} (trace of the orthogonalized U/, tensor).

x y z U X y z U

Compound (I,3) Compound (11,4)
(o]} 5723 (3) 1296 (4) 7310 (4) 571(16) 028 2334 (1) 1946 (1) —2720 (1) 405 (5)
02 6842 (3) 380 (4) 9708 (4) 627(17) CIB 4011 Q2) 1705 (1) —4288 (2) 394 (7)
Cl 6246 (4) 67 (6) 7196 (6) 459 (22) C2B 2973 (2) 2318 (1) -3713 (2) 353(7)
(o¥] 7118 (5) —51(6) 8288 (6) 482(22) C38 3971(2) 3319 (1) —2900 (2) 383(7)
C3 7993 (4) 748 (6) 7580 (6) 515(25) C4B 6520 (2) 3631 (2) —1499 (2) 520(9)
c4 8473 (5) 636 (6) 4821 (7 646 (28) C5B 7711 (3) 3265 (2) —1323(3) 621(11)
cs 8099 (7) 376 (7) 3446 (1) 782 (34) C6B 7730 (3) 2350 (2) —2102 (3) 622 (11)
C6 7116 (7 —40 (8) 3251(D) 766 (31) C1B 6568 (3) 1780 (2) —3088 (3) 530(9)
c1 6459 (5) —197 (6) 4426 (6) 578 (26) C8B 5379 (2) 2151 (2) —3264 (2) 405 (7)
(o} ] 6822 (5) 94 (6) 5793 (5) 473 (24) C9B 5349 (2) 3068 (2) —2481 (2) 406 (7)
c9 7822 (5) 491 (6) 5988 (6) 491 (25) C10B 3367 (3) 284 (2) —3516 (2) 498 (8)
C10 5403 (5) 1534 (7) 8764 (7) 676 (27) Cl1B 1284 (2) 1038 (2) —3190 (3) 537(9)
Cll 6304 (6) 1589 (6) 9727 (7) 688 (29) CI28 1886 (2) 2391 (2) —4844 (2) 471 (8)
C12 7388 (5) —1483 (6) 8453 (7) 590 (26) C13B 767 (3) 2932 (2) —4409 (3) 635(11)
C13 8415 (6) —1688 (7) 9170 (7) 779 (32) Cl14B 1327 3) 3975 (2) 3492 (3) 831 (14)
Cl4 9258 (6) —1042 (8) 8265 (8) 892 (37) C15B 1918 (3) 4048 (2) —2041 (3) 808 (13)
Cl15 9054 (5) 405 (8) 8156 (7) 804 (33) C16B 3446 (3) 3959 (2) —1741 (2) 508 (8)

C21B 1890 (3) 172 (2) —3179(3) 587 (10)
Compound (IIL,3)
[o}} 3238.0 (4) 925-2 (17) 9223.5 (6) 383 (4) Compound (1,5)
02 4174-0 (4) 3257-4 (18) 9773.6 (6) 441 (5) 014 4922-1(10) —3569-2(19) 17244 (3) 472 (4)
Cl 3568-4 (5) 555-1(20) 8847.7 (8) 302(5) 024 68280 (10) —2324.5(17) 1302-9 (3) 427 (4)
Cc2 3981-9 (5) 2271-5(21) 9004-4 (8) 304 (5) Cl4 5596.0 (14) —4925-3 (26) 1529-9 (5) 383 (6)
C3 3684-1 (5) 3951-1 (22) 8367-8 (9) 334 (6) c24 6214-1(15) —4079-1(26) 1203-5 (4) 377(6)
c1 2910-3 (6) —1732.9 (26) 7422-2 (9) 399 (6) C34 7286-4 (15) —5481.2(27) 1144.0 (5) 425 (6)
C8 3245-8 (5) 721-3 (22) 7946-3 (8) 321(5) c44 8592.0 (17) —7215-9 (30) 1642-7 (6) 515(7)
C9 3309-1 (5) 2661-9 (23) 7670-2 (8) 330(5) C54 8630-2 (19) —7865-7(31) 1988-6 (6) 604 (8)
C21 3841-0(7) 1602-3 (27) 10657-4 (9) 437(6) C64 76720 (21) —~7559-5(32) 2207-1(5) 603 (8)
Cls 4034-6 (6) 5466-5 (23) 8198-7(11) 431(7) C74 6648-0 (18) —6577-9 (30) 2081-8 (5) 500 (7)
C10 3438-7(7) 1923 (28) 10034-1 (10) 444 (6) C84 6611.7(15) —5921.4 (25) 1735-2 (4) 380 (6)
C6 2637-2 (6) —239-1(31) 6607-2 (9) 475(7) C94 7567-3 (15) —6237-2 (26) 1514-6 (5) 396 (6)
C12 4429-1 (6) 1345.9 (25) 8864-9 (10) 392 (6) C104 5653-2(17) —1942-7 (30) 1822-6 (5) 499 (7)
Cl4 4454-4 (6) 4390-0 (27) 8049-2 (10) 455(7) Cll4 6115-2 (16) —1015.9(28) 1499-4 (5) 486 (7)
C13 4774-5 (6) 2998-2 (31) 8757.0 (12) 508 (7) Cl24 5275-5(17) —3737-6 (30) 900-0 (5) 510 (7)
C5 2698-6 (6) 1713-5 (34) 6335-0 (10) 512(7) Cl134 5664-6 (22) —2493.6 (36) 595-0 (6) 707 (9)
C4 3032-4 (6) 3166-0 (29) 6859-0 (10) 433 (6) Cl44 6760-7 (26) —3209.1 (42) 400-6 (6) 831 (11
Ctl 4297-6 (7) 1952-2 (31) 10456-2 (9) 481 (7 Cl54 6678:6 (29) —5282-1 (46) 272-8(6) 964 (13)
C22 4044 (1) 527 (4) 11479 (1) 619 (9) Cl64 7394.3 (26) —6747-2 (41) 493.8 (6) 867 (11)
Cc23 3590 (1) 3670 (4) 10681 (2) 1 Cl174 7044-6 (20) ~7124-4 (32) 876-9(5) 597 (8)

OlB —3422-6 (10) —1411-1(18) —1770-9(3) 442 (4)
Compound (1,4) 02B ~1415-7(10) —2625-2(17) —1335-4 (3) 395 (4)
ol —1436 (3) 1913 (2) —1879 (3) 887 (14) C1B —2712-8 (14) —43.7(26) —1572-8 (4) 372.(6)
02 64 (3) 3009 (2) 133 (3) 617(11) C2B -2019-3 (14) —879-4 (25) —1241-4 (4) 357(5)
Cl 467 (5) 2109 (3) —1535 (4) 670(19) C3B —943.9 (14) 540-1(27) —1172-8 (4) 394 (6)
C2 933 (5) 2905 (2) —932 (4) 551(15) C4B 258.7 (16) 22642 (29) —1664-0 (5) 477(7)
c3 3004 (4) 2844 (2) —179 (4) 515(15) C5B 218.7 (18) 2928.4 (30) —2009-9 (6) 545 (7)
c4 4650 (6) 1654 (3) 1109 (5) 691(21) C6B —793-8 (20) 2638-5 (30) —2235-3(5) 545 (7)
(of} 4602 (9) 881 (4) 1310(7) 942 (30) C1B —1785-3 (17) 1637-6 (30) —2115-8(5) 477(7)
C6 3162 (11) 456 (4) 586 (8) 1013 (35) C8B8 —1746-3 (15) 972-1(25) —1771-1 (4) 381 (6)
ok} 1715 (10) 797 (3) —-380(7) 916 (30) C98 —739.8 (15) 1286-5 (26) —1543-2 (4) 385 (6)
cs 1754 (5) 1583 (3) —593 (4) 639 (18) C108 —2709.9 (17) —3042.4 (29) —1861-7(5) 464 (6)
Cc9 3227 (5) 2009 (2) 175 (4) 507 (15) Cl1B —2165-0 (16) —3955-1(27) —1533-8(5) 448 (6)
C10 —2145 (6) 2024 (4) -752(5) 895 (26) CI28 —~2895-0 (16) —1246-4 (29) —944.5 (5) 463 (6)
Cll —1854 (5) 2823 (4) —267(5) 800 (23) C138 —2428.6 (19) —2476-1(33) ~635-0(5) 590 (8)
c12 456 (8) 3540 (4) —1970 (5) 836 (25) Cl14B —~1317-6 (20) —1694.5 (36) ~426-8 (5) 641(9)
c13 697 (11) 4347 (4) —1400 (7) 1064 (34) CI5B —1427-6 21) 374-9 (39) —304.9(5) 680 (9)
Cl4 2594 (12) 4550 (4) —568 (8) 1121 (37) C16B —738-8 (21) 1843-3 (37) —521-4(5) 677 (9)
Cls 3078 (10) 4214 (3) 847 (7 932 (29) C17B —1144.8 (17) 2196-0 (30) ~909-9 (5) 520(7)
Cl6 3744 (6) 3379 (3) 1010 (5) 652(19)

Compound (1,7)
Compound (I1,4) [o]] -5171-9(9) —~387-8(8) —1673-1(24) 607 (7)
014 —1630 (2) —1184 (1) —243 (1) 424(5) 02 —4240-2 (8) —1530-2 (8) —-1816-3 (21) 511(6)
024 —3955-4 (14) —1600-5 (9) —~2411-4 (12) 353(5) Cl —4852 (1) —565 (1) -3112(3) 502 (8)
Cl4 —2718 (2) —2064 (1) —558 (2) 370(7) [o¥] —4156 (1) —957 (1) —2932 (3) 466 (8)
C24 —4165 (2) —2071 (1) —1376 (2) 331(6) C3 —4076 (1) —-1351(1) —4527(3) 467 (8)
C34 —4805 (2) —3164 (1) —2156 (2) 370(7) c4 —5059 (1) —~1963 (1) —6115 (4) 570 (9)
Cad —3407 (2) —4452 (2) —3150(2) 486 (8) cs —5758 (1) 1983 (2) —6377 (4) 655 (10)
C54 —2104 (3) —4696 (2) —~3066 (3) 597 (10) cé6 —6194 (1) —1552(2) —5541 (4) 652 (11)
C64 —938(3) —4082 (2) —2134 (3) 629 (11) Cc7 ~5944 (1) —~1074 (1) —4437 (4) 573 (9)
C74 —1045 (2) —3213(2) —1282(3) 534 (9) [of ] —5247(1) —-1050 (1) —4181 (3) 475 (8)
C84 —2339(2) —2963 (1) —1370(2) 396 (7) c9 —4808 (1) —1497 (1) —5000 (3) 481 (8)
C94 —3516 (2) —3580 (1) —2284 (2) 378 (7) cl10 —5229(1) —990 (2) —643 (4) 640 (10)
C104 —1090 (2) —968 (2) —1381(2) 429 (7) cll1 —4541 (1) —1310 (1) —360 (4) 592 (10)
Cll4 —3408 (2) —565 (1) —1976 (2) 447 (8) C12 —3596 (1) —450 (1) —2368 (4) 563 (10)
Cl124 —5134 (2) —1650 (2) —453 (2) 442 (8) c13 ~2955 (1) —-790 (2) ~1701 (4) 655 (11)
C134 —6528 (3) —1553(2) —1168 (3) 559 (9) Cl4 —2562 (1) —~1284 (1) —2789 (4) 590 (10)
Cl44 —7478 (3) —2479 (2) —2184 (3) 714 (11) Cl15 —2213 (1) —919 (1) —4158 (4) 580 (10)
Cl54 —6976 (3) —2821(2) —3505 (3) 691(11) Cl6 —2080(1) —1394 (2) —5557(5) 703 (11)
Cl64 —~5833(2) —3394 (2) —3493 (2) 468 (8) C17 —2678 (1) ~1812(2) —6232(5) 678 (11)
c214 —1815(2) —278 (2) —1891(2) 464 (8) C18 —3266 (1) —1406 (2) —6938 (4) 660 (11)

O1B 3504 (2) 676 (1) —4630 (1) 471(6) c19 —3701 (1) —941 (1) —5846 (3) 537(9)
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Table 2 (cont.)
x y z Ueq

Compound (1,8)

02 4492-7 (18) 8867-9(8) 2547.9 (11) 482 (4)
ol 7284-9 (22) 9977-5(9) 1425-9 (12) 599 (5)
C1 6647 (3) 8875 (1) 963 (2) 459 (6)
C2 6458 (2) 8396 (1) 1982 (1) 393 (5)
C3 5958 (3) 7207 (1) 1209 (1) 392 (5)
ca 8653 (3) 6222 (2) —384 (2) 530 (7)
Cs 10195 (4) 6337 (2) —1147(2) 614 (7)
c6 10721 (3) 7330 (2) —1214(2) 585 (8)
c7 9701 (3) 8232 (2) —549 (2) 520 (7)
c8 8152 (3) 8114 (1) 202 (1) 442 (6)
(o 7636 (3) 7116 (1) 293 (1) 425 (5)
Cl10 5344 (4) 10473 (2) 2014 (2) 693 (9)
cii 4830 (4) 10008 (1) 2978 (2) 608 (8)
ci2 8752 (3) 8596 (1) 2917 (1) 426 (6)
ci3 8454 (3) 8506 (1) 4166 (2) 470 (6)
Cl4 10203 (3) 7803 (2) 4631 (2) 554 (7)
cis 9513 (4) 7450 (2) 5659 (2) 658 (8)
Cl6 7170 (4) 6800 (2) 5324 (2) 665 (9)
c17 7075 (4) 5753 (2) 4259 (2) 639 (8)
ci8 4825 (4) 5537(2) 3325(2) 623 (8)
c19 4373 (3) 6329 (1) 2616 (2) 487 (6)
C20 6219 (3) 6345 (1) 1819 (2) 438 (6)

root-mean-square eigenvalues of the L and T tensors in
the inertial frame have quite reasonable values and are
comparable in all the examined compounds. Cor-
rections of bond distances for these displacements have
no particularly relevant values, so they have not been
considered in the following discussion.

Configurations at the junctions

As shown by the Newman projections of Fig. 2 and
the data quoted in Table 6, the stereochemistry at the
C1—C2 junction is cis for all the examined compounds
and this is observed whatever the nature of the C2—C3
junction. So, of the two possibilities for cyclization

2-(HYDROXYALKYLOXY)INDANONE CYCLIZATION PRODUCTS

pointed out in the Introduction, that giving the cis
junction is the correct one, and this conclusion seems to
be general, since even larger oxygen-containing hetero-
cyclic rings, like the dioxepinic ones present in
compounds (I1,4) and (I11,3), were found to be cis.

Considering the configurations at the C1, C2 and C3
chiral centres, it appears that these configurations
depend on the number of atoms in the cycloalkane
rings, according to the scheme:

S, R, S (or R, S, R) when n < 8 and odd,
R, S, S (or S, R, R) when n < 8 and even,
S,S,R (orR,R, S)whenn =8,

with both enantiomers present in the crystals of the
compounds, as they all belong to centrosymmetric
space groups.

It is worth noticing the situation in compound (I,8)
where O1 and O2 show the smallest displacements
from the mean plane through the pentaatomic ring on
opposite sides of it, while in all the other compounds
these displacements are on the same side and much
more relevant. This particular behaviour of compound
(1,8) has to be related to the presence of the large
cycloalkane ring which influences the conformations of
both the pentaatomic and dioxa rings.

Pentaatomic ring

In all the compounds the pentaatomic ring shows
the same envelope conformation with the pseudo-mirror
along C2 and the midpoint of the C8—C9 bond (Fig.
3a). The total puckering amplitude, Q, (Cremer &
Pople, 1975), ranges from 0-274 (3) to 0-359 (6) A in

Table 3. Comparison of bond distances (A) in the different compounds

(11,4) 15)

(1,3) (11L,3) 1,4 Mol. 4 Mol. B Mol. 4 Mol. B 17 (1,8)
C1-01 1.442 (7) 1.420(2) 1-.433(5) 1-428(2) 1-420(2) 1.425(2)  1-425(2) 1.420(3) 1-416 (2)
C2-02 1-440 (7) 1-425 (2) 1.450(5)  1-436 (3) 1.437(3) 1.442(2)  1.441(2) 1-449 (3) 1-436 (2)
01-C10 1-438 (7) 1.425(2) 1-432(6)  1-435(3) 1-430 (3) 1.432(2)  1-434(2) 1-438 (4) 1:447(3)
02-Cl11 1429 (8) 1.423 (2) 1.438(5)  1-429(2) 1-430(2) 1.432(2)  1-432(2) 1-439 (4) 1-436 (2)
Cl-C2 1.514 (8) 1-553(2) 1-524(6)  1.556(3) 1.556 (3) 1-547(2) 1.549 (2) 1.565 (3) 1-537(3)
C2-C3 1.559 (8) 1-548(2) 1.553(4)  1.550(2) 1.545(2)  1-558(2) 1.558 (2) 1-559 (4) 1.551(2)
C3-C9 1.512(8) 1-511(2) 1-503 (5) 1510 (3) 1-508 (3) 1.511(3)  1-514(2) 1-524 (3) 1-530(2)
C1-C8 1-512 (8) 1.508 (2) 1-489(6) 1-507(3) 1-512(3)  1-503(2) 1504 (2) 1-507 (3) 1-488 (2)
C8-C9 1.375(8) 1:392(2) 1-393(5)  1:382(3) 1-382(3) 1.386(2) 1-390(2) 1.394 (3)  1-398(3)
C7-C8 1-378 (8) 1-385(2) 1-392(8)  1-383(3) 1-390 (4) 1.382(2) 1377 (2) 1-393(3)  1-388(3)
C6—C7 1.406 (10) 1-392(2) 1.396 (9) 1.378 (4) 1-388 (3) 1-385(3)  1-388(3) 1-393(4)  1-385(3)
C5-C6 1-360 (12)  1-395(3) 1-:360(9) 1.383(3) 1.377 (4) 1-382(3)  1.387(3) 1.380 (4) 1-380 (4)
C4-Cs 1.383(10) 1-382(2) 1-367(9) 1-387(4) 1-387(4)  1-378(3) 1-381 (3) 1-397(4)  1-397(3)
C4-C9 1-394 (9) 1.388 (2) 1.380(8) 1-387(3) 1-389(3) 1-388(3)  1-388(2) 1-386(4)  1.381(2)
C10-C11  1.465 (10) —_ 1-479 (10) — — 1.487(3) 1-493(3) 1-504 (4)  1-515(4)
C10-C21 — 1.520(2) — 1.509(4) 1-512(4) — — — —
Cl1-C21 — 1.527(3) — 1-513(3)  1.503 (4) — — — —
C2-Ci12 1.522(9) 1.536 (3) 1-517(7) 1-530(3) 1-527 (3) 1-526 (2) 1-529(2)  1.537(3) 1-543 (2)
C12-C13  1-500(10) 1-526(3) 1-520 (9) 1.521 (4) 1.518 (4) 1-516 (3) 1-520(3)  1-526 (4) 1.542(3)
C13-Cl4  1.543(10) 1.515(2) 1-500(11) 1-524 (3) 1.522 (4) 1.522 (4) 1-526 (3)  1.525(4) 1.518 (3)
Cl4-CI15 [.516(11) 1-517(3) 1:524(10) 1.511(4) 1.518(5) 1.528 (4) 1.524 (4) 1-520 (4) 1-530 (4)
C15-C16 - — 1-538(7) 1.525 (4) 1.526 (4) 1-519(4)  1-532(3) 1.515(4) 1.534(3)
C16-C17 — — — — — 1-531(3) 1-531(3) 1-531(4) 1-538 (3)
C17-C18 — — — — — — — 1.513 (4) 1-523(3)
C18-C19 — — — — — — — 1-540 (4) 1.528 (3)
C19-C20 — — — - — — — —_ 1.525(3)
C3-C15 1.516 (9) 1.529 (2) — — —_ — — — —
C3-Cl6 — - 1.522(6)  1-529 (3) 1.532(3) — — — —
C3-C17 — — — — — 1-542(3) 1.545 (3) — —
C3-C19 — — — — — — — 1.552 (4) —
C3-C20 — — — — — —_ — — 1-521(3)



S. IANELLI et al.

183

Table 4. Comparison of bond angles (°) in the different compounds

(11,4) L5)

(L,3) (111,3) 1.4) Mol. 4 Mol. B Mol. 4 Mol. B (%)) (L,8)
C1-01-C10 111-3 (4) 114-2(2) 110-:7(3) 115-4(2) 115-8(2) 111-2(1) 1114 (1) 112-3(2) 105-0 (2)
C2-02-C11 114-2 (4) 117-0 (1) 113-4 (3) 1170 (2) 117-8 (2) 114-6 (1) 1146 (1) 113-6 (2) 109-6 (2)
C2-C1-01 111-8 (4) 114-1 (1) 114-9(3)  116-0(2) 115-9(2) 114-2(2) 114-2 (1) 114-5(2) 112-2(2)
C1-C2-02 112-9 (5) 115-5(1) 108-9(3) 111-1(2) 110-4(2)  109-6 (1) 109-8 (1) 108-4 (2) 107-0 (2)
01-C10-C1t 109-6 (5) — 110-5 (4) —_ — 110-0 (2) 110-3 (2) 110-0 (2) 112:6 (2)
02-C11-C10 110-3 (5) — 110-7(4) — — 111:0(2) 110-9 (2) 110-4 (2) 113-8(2)
01-C1-C8 106-8 (4) 108-0 (2) 116-6 (4) 114-8 (2) 116-4 (2) 1159 (2) 116-2(1) 1159 (2) 120-:3(2)
02-C2-C12 105-5 (4) 110-8 (1) 112-2(4) 112-6 (2) 113-2(2)  110:9(2) 110-4 (2) 109-7 (2) 111-4 (1)
Cl1-C2-C12 108-3 (5) 108-5 (1) 113-3 (4) 112-0(2) 111-6 (2) 110:3 (2) 110-3(2) 111:7(2) 111-8(2)
c8-Cl1-C2 101-5(5) 101-6 (1) 105-1(4) 103-9 (2) 103-7(2) 104-0 (2) 104-0 (1) 103-1(2) 102-7 (2)
C1-C2-C3 102-8(4)  103-7(1) 103-3 (3) 103-8(2)  103-4(2) 103-6 (1) 103-8 (1) 103-1(2) 99-8 (1)
C2-C3-C9 102-8 (5) 102-0 (1) 110-0 (1) 102:5(3) 103-6(2) 102-3 (2) 102-0 (1} 102-8 (2) 994 (2)
02-C2-C3 114-7(5)  106-6 (1)  104-1(3) 104-8(2) 105-0(2) 102.8(1) 103-0 (1) 103-5(2) 112-8(2)
C9-C8-Cl 112:0(5)  110-6 (1) 108-6 (4) 110-5(2) 109-8(2) 109-5(2) 109-3 (2) 110-4 (2) 106-0 (2)
C7-C8-C9 119-7 (5) 121-0(2) 119-1(5) 120-7(2) 121-0 (2) 121.4 (2) 121-3(2) 121.0(2) 121-2(2)
C1-C8-C7 128-2 (6) 128-4 (1)  132:3(5) 128-8 (2) 129:2(2)  129-1(2) 129-2(2) 128-6 (2) 132-6 (2)
C3-C9-C8 107-8(5)  110-0(1) 111-3(3) 110-8 (2) 110-9 (2) 111-5(2) 111-6 (2) 110-3 (2) 111-0(2)
C3-C9-C4 131.0(6)  130-0(2) 128-4 (4) 128-9 (2) 129-1(2) 128-6 (2) 128-5 (2) 129-4 (2) 129-1(2)
C8-C9-C4 121-2(5) 120-0(2)  120-4 (4) 120-3 (3) 1199 (2) 119-8 (2) 119-8 (2) 120-3(2) 119-9(2)
C9-C4-C5 119-0 (6) 119-0 (2} 120-1 (5) 118-8(3) 119-3(3) 118-8 (2) 118-7(2) 1186 (2) 119-0(2)
C4-C5-C6 120:0(6) 121-:2(2) 120-5 (6) 120-6 (3) 120-5 (3) 121-2(2) 121-3(2) 121-0(3) 120-6 (2)
C5-C6~-C7 121-2(7) 119-7(2)  120-8(6) 120-6 (3) 120-8 (3) 120-3(2) 119-9(2) 120-6 (3) 121-1(2)
C6—C7-C8 118-9(6)  119-1(2) 119-1(6)  119-1(3) 118-5(3) 118-4 (2) 118-8 (2) 118-4 (2) 118-2(2)
C3-C2-C1I12 112-6 (5) 111:5(1)  114:3(4) 112-0(2) 112:7(2) 118-9 (2) 119-0 (2) 119-7(2) 113-4(2)
C2--Ci2—-C13 112-5(5)  112:9(2)  115-2(5) 115-8 (2) 116-6 (2) 116-9 (2) 116-9 (2) 116-9(2) 114-6 (2)
Cl12-C13-C14 109-7 (6) 110-1(2)  115-7(6) 116-4 (3) 115-8(3) 115-5 (2) 115-4 (2) 116-7(3) 114-6 (2)
C13-C14-C15 109-5 (6) 110-0(2)  113:2(7) 115:7(3) 113-9 (3) 115-2(2) 115-0 (2) 115-1(2) 114-7(2)
C14-C15-C16 — — 116-9 (5) 116-5(2) 117-0 (3) 116-4 (2) 115-4 (2) 114-8(2) 114-5(2)
C15-C16-C17 — — - — — 119-1(2) 119-0 (2) 117-8(2) 115:0(2)
C16—Ci17-C18 — — —_ — — — — 118-8 (2) 115-1(2)
C17-C18—C19 — — — — — — — 118-2 (3) 115-7(2)
C18-C19-C20 —_ — — — — — — — 114-1(2)
C14-C15-C3 114-2 (6) 113-0 (1) -- — — — — — —
C15-C16-C3 — — 117-3(4)  117-2(2)  116:4 (2) — — — —
C16—C17-C3 — — — — — 116-3(2) 116-6 (2) — —
C18—-C19-C3 —_ — — — — 115-0(2) —
C19-C20-C3 — — — — — — — — 115-2(2)
C2-C3-C15 113-5(5) 114-2(2) — — — — — — —
C9-C3-CI5 115:0(5) 1176 (2) — — —_ — — — —
C2-C3-Cl16 — — 117-1(3) 116-9 (2) 117-7(2) — —_ — —
C9-C3-Cl6 — — 114-1 (3) 114-3(2) 114.5 (2) — — — —
Cc2-C3-C17 — — — — —_ 116-8 (2) 117-0 (2} — —
C9-C3-C17 - — — — — 111-4 (2) 111:3(2) — —
C2-C3-C19 — — — — — — — 116-5 (2} —
C9-C3-C19 — — — — — — — 110-4 (2) —
C2-C3-C20 — — — — — — — — 120-3 (1)
C9-C3-C20 — — — —_ — — — — 113-9(2)
01-C10-C21 — 114.6 (2) — 111-7(2) 112-7(2) — — —_ —
02-Ct1-C21 — 113-4 (2) — 112-1(2) 113-1(2) — — — —
C10-C21-Cl11 —_ 110-5(2) — 111-5(2) 113-2(3) — — — —

all the compounds except (1,8) where Q is significantly
larger, 0-455 (2) A. In this compound, the conforma-
tion tends to be intermediate between envelope and
half-chair with the pseudo-mirror along C2 and the
midpoint of C8—C9, and the pseudo-twofold axis along
C9 and the midpoint of C1—C2 (Fig. 3b).

In Fig. 3, where the relevant geometry of the ring is
illustrated, the averaged values for all the molecules,
except (I,8), are compared with the corresponding
values for (I,8). Some strain is observed at the C1—-C2
and C2—C3 junctions where these distances tend to be
larger than the corresponding ones for the C(sp®)—
C(sp?) bonds in these rings. The large cycloalkane ring
in (1,8) produces a sensible narrowing of the endocyclic
angles at C2 and C3, and relevant changes in the
torsion angles.

Dioxin and dioxepin rings

Fig. 4 compares the averaged conformation of the
dioxin ring in compounds of type (I), except (I,8), with

that in compound (L,8). In both cases the conformation
is a chair with a more pronounced pseudo-mirror
involving the C atoms at the C1—C2 junction, but the
position of the pseudo-mirror depends upon the size of
the cycloalkane ring fused at C2—C3: it runs through
C1..-C11 in the case of compound (I,8) and through
C2---C10in all the other cases.

Differences are also observed for the endocyclic
bond angles, which average 111-7° for (a) and 110-0°
for (b), and torsion angles, which average 53-8° for (a)
and 58-2° for (b),* showing that the large cyclo-
undecane ring exerts some influence on the con-
formation of the dioxin ring, increasing its puckering

* The comparison of averaged absolute values provides a global
view of the average agreement. Of course, for a detailed evaluation,
each observed value of those quoted in Figs. 3-6 should be
compared with the corresponding value in the calculated models
available in the literature (Hendrickson, 1967; Bixon & Lifson,
1967).
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and producing a more relevant distortion from the ideal
chair conformation which requires average values of
111:6 and 54-4° for bond and torsion angles,
respectively.

The relevant parameters describing the conforma-
tion of the seven-membered dioxepin rings are shown in
Fig. 5. From them it appears that in both cases the
conformation is a twisted chair (TC) with the pseudo-
twofold axis running along C21 and the midpoint of

2-(HYDROXYALKYLOXY)INDANONE CYCLIZATION PRODUCTS

C1-C2 in the case of compound (II,4), whereas this
axis is along C2 and the midpoint of C10—C21 in
compound (IIL,3). So the presence of the two methyl
groups at C21 influences the conformation of the ring,
reducing its puckering. The averaged bond and torsion
angles, 113.8 and 64.7° for compound (II,4) and
114.2 and 66-1° for compound (IIL3), approach the
theoretical values of 114-6 and 64-8° respectively for
TC-cycloheptane (Hendrickson, 1967).

(11L,3)

Fig. 1. ORTEP (Johnson, 1965) drawings of the molecules. Ellipsoids at 50% probability.
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Table 5. Analysis of the anisotropic atomic displacements in terms of LST right-body motion

A T

Compound Ax10* a(4U)x 10* o(U,)x 10 R,y max.—min. max.—min.
13) 50 (63) 40 43 0-102 4.6-2-6° 0-24-0-18 A
(1,3) 33(52) 31 8 0-119 3.6-2:0 0-19-0-17
(1,4) 64 (79) 39 35 0-088 5.2-2-5 0-28-0-17
(11,4) Mol. 4 24 (44) 28 12 0-104 3.9-2.5 0-20-0:-16

Mol. B 30(52) 29 13 0-094 4.2-2-8 0-21-0-16
(1,5) Mol. 4 25 (31) 18 12 0-056 4-4-2.5 0-21-0-17

Mol. B 25(32) 21 I1 0-071 3.2-2:6 0-21-0-17
()] 30(38) 29 14 0-084 3.7-2-0 0-23-0-20
(1,8) 30 (43) 25 9 0-074 3.6-2-3 0-20-0-18

A=mean difference of the mean-square vibrational amplitudes along the interatomic directions for all pairs of atoms:
AU = Uy(obs.)—U,fcalc.); R, = [ Z(wAUYY E(wU 1Y%, o(AU) = | 2(wdUYY/ 2w*¥2; o(U,) = mean e.s.d. of U,’s; A and 1 are
the root-mean-square eigenvalues of the L and T tensors in the inertial frame, respectively.

Table 6. Configurations at the C1-C2 and C2-C3 junctions
Configurations

Compound do1) d(02) 7, 7, atC1C2C3
13) —1-589 (4) A —0.348 (4) A 44.6 (6)° -36 (3)° S RS
(111,3) ~1-546 (2) ~0-493 (2) 33.2(2) —42(1) S R S
(1,4) —0-442 (3) —1-604 (2) 48-9 (4) —161(2) R S S
(I1,4) Mol. 4 0-588 (2) 1-569 (2) 40-5(3) —157(2) R S S

Mol. B —0-509 (2) —=1-591(2) 44-9(3) —161(1) S R R
(1,5) Mol. 4 —0-537(1) —1-612(1) 46-8 (2) -30(1) R S R

Mol. B 0-537(1) 1-610(1) 46-9(2) -30(1) R S R
L7 —0-493 (2) —1-636 (2) 48:2(2) =34(1) R S R
1.8) —0:092 (2) 0-394 (2) 66-7(2) 40 (1) S S R

d(0O1) and d(O2) are the distances of Ol and O2 from the

mean plane through the pentaatomic ring. 7, and r, are the

01-C1—-C2-02 and 02—C2—-C3—H3 torsion angles, respectively.

Cycloalkane rings

The conformations of the cycloalkane rings in the
compounds examined are those corresponding to
minimum energy (Hendrickson, 1967; Bixon & Lifson,
1967), with some small deformations caused by the ring
fusion and by the presence of the adjacent dioxa ring.
The averaged values for the fused cyclohexane rings in
compounds (I,3) and (III,3) are quoted in Fig. 6(a). Its
conformation is essentially a chair, C, with small
deformations making the pseudo-mirror along C3...
C13 in compound (I,3) and the pseudo-twofold axis
along the midpoints of the C2—C3 and C13-C14
bonds in compound (III,3) more pronounced. The
averaged endocyclic bond and torsion angles are 111-9
and 52-8° (theoretical values for C, 111-6 and 54.4°)
respectively.

The averaged values for the fused cycloheptane ring
of compounds (I,4) and (II,4) are indicative of a
twisted-chair (TC) conformation (Fig. 6b) with a
pseudo-twofold axis along C16 and the midpoint of
C12—Cl13. The averaged bond (115-7°) and torsion
(62-8°) angles approach the theoretical average values
of 114-6 and 64-8° respectively, corresponding to the
minimum conformation energy of cycloheptane
(25-1 kJ mol-1, Hendrickson, 1967).

The conformation of the fused cyclooctane ring,
present in compound (I,5), is illustrated in Fig. 6(c)
which shows that the local pseudo-mirror runs along the
C12-.-C16 direction. It is in a good agreement with the
boat—chair (BC) conformation that was found to

correspond to the energy minimum. The averaged bond
and torsion angles are 116-9 and 68.0° (theoretical
values for BC 116-2 and 69-2°, energy 41-8 kJ mol~!,
Hendrickson, 1967).

Also in the case of the fused cyclodecane ring,
present in compound (I,7), the conformation [boat—
chair-boat (BCB)] is found to be in agreement with that
corresponding to the minimum energy with a local
pseudo-twofold axis running along the midpoint of the
C3—C19 and C14—C15 bonds. The averaged bond and
torsion angles are 117-0 and 78-4° (theoretical values
for BCB, 116-8 and 78-8°, energy 55-2 kJ mol-!,
Hendrickson, 1967).

The relevant averaged data illustrating the con-
formation of the cycloundecane ring present in com-
pound (I,8) are shown in Fig. 6(¢). They approximate
those calculated by Bixon & Lifson (1967) on the basis
of minimum energy, nevertheless showing discrepances
in bond and torsion angles which are more relevant
when the sides of the ring near to the junction are
involved. The averaged bond and torsion angles are
115-2 and 95.9° (theoretical values 113.6, 97.4°,
energy 45-1 kJ mol~1).

Deformation of the benzene ring

The fusion of benzene with the pentaatomic ring to
form the indan system does not seem to influence the
aromatic C—C distances, which do not show sig-
nificant differences from their 1.386 (1) A average
value. The same cannot be said for the endocyclic
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angles, as some of them deviate significantly from 120°.
Nevertheless this angular distortion is such as to
maintain the centrosymmetry of the ring: the angles at
C8 and C5 widen roughly as much as those at C7 and
C4 narrow. The effect of small-ring fusion on the

geometry of the benzene ring has been studied
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Fig. 2. Newman projections along the C1-C2 and C2-C3
junctions showing the configurations in the different types of
compounds: (a) and (a’) refer to compounds (I,3) (data above)
and (II1,3) (data below); (b) and (b’) refer to compounds (1,4)
(data above), (I1,4) molecule 4 (data in the middle) and (I1,4)
molecule B (data below); (c¢) and (c') refer to compounds (1,5)
molecule 4 (data above), (1,5) molecule B (data in the middle)
and (1,7) (data below); (d) and (d’) refer to compound (I,8).

systematically by Allen (1981) and his conclusions
agree quite well with the findings of the present work.
To update the analysis of the angular deformations in
the indan system, a more recent release (1988) of the
Cambridge Structural Database (Allen, Bellard, Brice,

Cartwright, Doubleday, Higgs, Hummelink,
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Table 7. Statistics of angle (°) distributions in 127

indan derivatives

a
€
O -
3 sy
Py, 2P0 l
'60{6\/ e ‘350,91
© _ D 2
% 2 QOO’PJC 9\\0‘6’3\
8 = \
= 8
N =
[e:]
1 &
Distribution u o b)) b, m
C7-C8-C9 121-33(7) 0-81 1.37 6-28 121.3
C6—C7-C8 118-22 (8) 0-92 0-34 0-76 117-7
C5—-C6—C7 120-69 (8) 0-95 —0-66 2:48 121-0
C4-C5-C6 121.06 (7) 0-84¢ —0-39 1.57 121-0
C5-C4-C9  118:57(9) 1.02  —0-25 0-85 119-0
C4-C9-C8 120-06 (8) 0-85 -—1-29 3.82 120-4
C1-C8-C9 109-62 (14) 1-.58 —0-65 0-68 109-4
C3-C9-C8 110-13 (16) 1.75 —0-68 2.03 111-2
C1-C8-C7 129-01 (15) 165 —0-02 2.78 1286
C3-C9-C4  129.71(14) 1.58  0.95 1.55 130-1

4 =sample mean, o= sample standard deviation, (b,)"? =sample coeffi-
cient of skewness, b, = sample coefficient of kurtosis, m = sample mode. The
data in the scheme are weighted means.

Hummelink-Peters, Kennard, Motherwell, Rodgers &
Watson, 1979) was searched. The analysis was based
on 127 crystallographically independent molecules
(including those illustrated in the present work; a full
list of references has been deposited) of indan deriva-
tives, with no substitution on the fused benzene ring and
no coordination of this ring to metal centres. The atom
labelling in the ring is that assumed in the molecules of
Fig. 1 and the endocyclic angle data from the literature
were assigned assuming that C8 is the atom of the
junction with the larger angle.

The results of the statistical analysis, carried out
using the UNIVARIATE procedure (SAS Institute Inc.,
1985) and local programs, are collected in Table 7 (the
corresponding histograms have been deposited). These
data confirm Allen’s (1981) findings that the angular
deformations are well defined and significant. Consider-
ing the benzene endocyclic angles, the Kolmogorov
statistical test for normality shows that the distri-
butions of the angles at C8 and C9 have highly
significant deviations from the normal distribution
(>99% confidence level), those of the angles at C6 and
C5 are significantly nonnormal (97 and 98% con-
fidence levels, respectively), while those of the angles at
C7 and C4 do not deviate significantly from the normal
distribution (<85 and 89% confidence levels, respec-
tively). A possible explanation of the observed devia-
tions is that the substituents at C1, C2 and C3 exert
systematic effects (on the values of the angles) that are
greatest at the C atoms of the junction, C8 and C9, less
at C5 and C6, where the angles are larger, and
negligible at the angles at C4 and C7 that are narrower.
These effects also influence the skewness and kurtosis
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Table 8. Relevant data from packing analysis

1,3) (111,3) 1,4)
viz 3105 382.8 3306
Cx 0-690 0-692 0-698
Vi 214.5 264-17 2308
» 244.3 300-9 2615
Sy (calc.) 244.6 3124 265-5
Vil Z 963 117:9 99.9
VieeZo 31.0 30-8 30.2
177.0 2112 197-4
N 35 44 38
Sr, 50-11 62.38 54.20
z, 90 108 96

(11,4) (1,5) a7 (1.8)
345.2 361-8 395.9 4177
0-718 0-686 0-712 0-714
2480 248-1 282:0 298-2
2756 277:1 308-0 324.4
286-4 286-4 3282 349-1
97-6 1137 113.9 119:5
28.2 31-4 28-8 28-6
2164 1932 2264 244.0
41 41 47 50
58.29 58.29 6647 70.56
102 102 114 120

V = unit-cell volume (A%), Z=number of molecules in the unit cell, C,= Kitaigorodskii (1961) packing coefficient.
¥,, = molecular volume (A3), S,, = molecular free surface (A2), S,,(calc.) = sum of the reference group increments (Gavezzotti.
1985), Vpee/ Z = volume free in the cell per molecule (A3 mol-?), E = van der Waals crystal packing energy (kJ mol~') calculated
at 10 A cutoff, N = number of atoms in the molecule, 2r, = sum of van der Waals radii of atoms in the molecule (ry=1-17.
re=1175r,=1-.40 A), Z, = number of valence electrons in the molecule.

coefficients, which, for a normal distribution have
values of 0 and 3. The skewness is minimum positive
for C7 and negative for C4, and is maximum for the
benzene endocyclic angles at the atoms of the junction:
positive for C8 (the low values are grouped closer to the
mean than high values), negative for C9 (the higher
values are grouped closer to the mean than the low
values). If an exception is made for the C7—C8—C9
and C4—C9—C8 angles, whose distributions are lepto-
kurtic, all the other angles show the tendency to give
platokurtic distributions.

The distributions of the angles external to the
benzene ring, ie. C1-C8-C9, C3—C9-C8, Cl—
C8—C7 and C3—C9—C4, all show highly significant
deviations from the normal distribution (>99% con-
fidence level) in agreement with the fact that probably
all these angles are systematically influenced by the
substituents at Cl, C2 and C3. The distributions of
these angles show negative skewness, except C3—
C9—-C4, and platokurtosis. For C1—-C8—C7 the
distribution shows skewness and kurtosis values near to
those expected for a normal distribution.

The analysis of all these data shows that the fusion of
the two rings produces a shift of C1 and C3 towards the
inside of the pentaatomic ring, while the C7 and C4
atoms are shifted towards the outside of the benzene
ring without any sensible change of bond distances and
loss of planarity for the ring and bonds at the junction.

Crystal-packing analysis

Packing of the molecules in all these compounds is
essentially determined by van der Waals interactions.
Some intermolecular contacts of the C—H-.-O type
with H.--O distances less than 2:6 A can be con-
sidered as weak hydrogen bonds (Taylor & Kennard,
1982; Berkovitch-Yellin & Leiserowitz, 1984). These
bonds in general involve C—H groups of the benzene
ring or hydrogens attached to carbons adjacent to the
O atoms of the dioxa rings and are weak enough to
exert no relevant influence on the quantities considered
in the following packing analysis.

The analysis was carried out by using the OPEC
program (Gavezzotti, 1983), with the H atoms con-
sidered to be in the positions calculated by the PARST
program (C—H = 1.07 A). The relevant results are
quoted in Table 8, where the molecular volume, V,,, the
molecular free surface, S,,, the volume free in the cell,
Vieer and van der Waals packing energy, E, are as
defined by Gavezzotti (1985). The values of the
Kitaigorodskii (1961) packing coefficient, Cy, are quite
normal and probably their variation with the number of
the atoms in the molecules is connected with changes in
the molecular shapes which influence the close packing
possibilities. Related to these coefficients are the free
volumes: V% = 100(1—Cg).

Good linear relations are observed for V/Z, V,, and
Sy as functions of the sum of the van der Waals
radii, Zr,-, as shown by the following least-squares
linear-regression equations:

V/Z = 44-6439 (7) + 5-31102 (1) 2r;, (r*=0-978)
Sy =47-2178 (4) + 3:952594 (1) Xr; (r>=0-987)
Vy =8-27100 (3) + 4-112308 (1) 2 r; (r*= 1-000)

where the standard deviations are given in parentheses.
Similar good fits are observed for the same magnitudes
as functions of the number of valence electrons, Z, the
van der Waals radii being strictly related to this
number.

The overcrowding present in the molecules is
indicated by the fact that the S,, values are smaller than
predicted by reference group increments S,,(calc.).

A less satisfactory linear relationship is observed for
the van der Waals crystal packing energy, if considered
as function of S,

E=0-4238 (13) + 0-734327 4) S,, (r*=0-845)

This is probably a consequence of the fact that
crowding effects are not equal in this series of
compounds.

The authors are indebted to Mr D. Belletti for his
valuable help in collecting intensity data and to Dr M.
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Lanfranchi who assisted with the graphical problems.
Thanks are due to Dr E. J. Gabe (Chemistry Division
NRC, Ottawa, Canada) who kindly made available the
NRCVAX/PC system of programs containing the
MISSYM routine used to check the space-group
assignments. The files of the Cambridge Structural
Database were accessed through Servizio Italiano di
Diffusione Dati Cristallografici, CNR, and the statis-
tical calculations were carried out on the IBM-4341
computer of the Centro di Calcolo Elettronico della
Universita di Parma.
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