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Abstract. The structure and confonnatlon of the 9,10-annelated-1.4,5,8- 
tetraoxadecalms (3, 4 and 5) were mvestlgated m solutton usmg NMR 
spectroscopy, ni the crystal usmg X-riy diffraction analysis and by 
computation. usmg the MM2 force field, suitably parametenzed to include 
structural mamfestatlons of the unomerrc effect The study focused on the 
geometry, viz., the structural parameters of-ihe anomenc nioletles and the nng 
conformation and degree of puckering, as affected by changes m the dihedral 
angle of the 9,10-annelatmg system Very good agreement between the three 
methods was obtamed, showing increased chair deformation, as the 9,10- 
substltuents approach coplananty 

INTRODUCTION 

We have reported some time ago studies of m-1,4,5,8-tetraoxadecahn (TOD)* (1) 
and some of Its denvatlves* ’ wlthm our quest for new polyoxacychc systems with 

coordmatlon ablhty These had revealed at the time, conslderable lacunae m the knowledge 

and understanding of the behavlour and the structural features of such systems and led to 

more fundamental, recently reported studies of l&dloxanes bearmg polar substttuent? ” 
and on various aspects of the anomenc eJectI* in O-C-O contaming systems In the present 

study we focus our attentron m two dlrectlons (1) the conformatlonal behavlour and 

the structural lmpltcatlons of substltutmg posmons 9 and 10 m TOD and gomg, by Judlclous 

changes m the substltutlon pattern, from largely gauche to echpsed dihedral angles around 

the 9,lO bond, (n) how do the structural mamfestatlons of the anonrerzc effect affect 

these systems In fact, we wanted to “see” how the w-decahn type cavity behaves under such 

constraints To this end we chose for exammatlon three 9,10-annelated-TOD, 1 e , 
2,5,7,10-tetraoxa[n 4 4lpropellane (2) denvatlves from among those we had reported earher’ 

** The School of Chemistry at Tel-Aviv Umverslty IS part of the Raymond and Beverly 
Sackler Faculty of Exact Sciences 
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Specifically, we sought to analyze rehably the detailed structural and conformatlonal 

features of the TOD system as we change gradually the 9.10~annelatmg moiety from l,lO- 

decyhdene (2, X-X = CH2-(CH,)s-CHJ, through 2,2’-blphenylene (2, X-X = o-CSHq-C6H4-o’) to 

1,8-naphthylene (2, X-X = 1,8-C1,Hs) These compounds (3, 4 and 5 respectlvely)6 were, 

hence, probed by two expenmental techniques m solution, usmg NMR spectroscopy and m the 

solid, usmg X-ray diffraction analysis, as well as by smtable emplncal force field 

calculations 
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Methodology and Results 

The charactenstx ‘H-NMR AA’BB’ patterns of the -OCH2-CH20- fragment m 3.4 and 5 

at ca 4 ppm, were analyzed m de@& to extract the couplmg constants and, hence, the 

d&dral angles around the central bond wthm that fragment It tmned out that attempts 

to freeze out the Mg mverslon processes faded, smce very low temperatures were 

needed to decrease the rate of mverslon m part~uhu of 4 and 5 (wde mfra) and the low 

solubihty of these compounds hampered the low temperature measurements We could, though, 

use the data of the mvertmg system for our purpose, by makmg use of the known R 

value, l3 VIZ, R = Jtran,jJcls = 05(J, ax + J eq,eq)/05(Jax eq + Jq,ax) = 2 for chm 

conformations, R>2 for highly puckered lhavs and R 
3 

= 1.5 for twist-boat conformations, of 

mx-membered rings One may recall that this approach has also been quantlfied,‘4 for 

evaluation of the correspondmg dihedral angle (Da), VIZ, cos Da= [3/(4R+2)]“* The results 

achieved by this approach are assembled m Table 1 The trend obtamed was evident and 

somewhat surpnsmg at the time, namely that startmg with the normal six-membered TOD chm 

m 3 towards mcreasmg coplananty around the 9,lO bond, first m 4 and reachmg a maximum 

m 5. mcreased puckermg of the -OCH2-CH,O- part of the char conformations was observed 

throughout 
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Table 1. Data from ‘H-NMR measurements of the -OCH2-CH,O- moiety m compounds 3-5 and 

calculated R valuesI and dihedral angles (Da.deg)14 thereof 

Comp 3 4 5 

Solvent CDCI, 
(=a3 

CDCl,+CS, (1 1) 

T(K) 333 253 333 253 297 313 

J 
gem 

J trims 

J 
ClS 

-1147 -1147 -1145 -11 86 -1177 -1176 

656 658 655 626 6 28 626 

3 45 3 59 2 86 2 42 2 52 2 48 

R 19 19 23 26 25 25 

D, 56 56 59 61 60 60 

D MMZAE 544 57 6 669 
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We decrded to verrfy our above, largely quahtattve results, by other and more 

quanhtatrve means, along wtth probmg the structural mamfestatton of the O-C-O unomerrc 

effect 111 these systems Crystallography was the method of chorce and, hence, smgle 

crystals of 3. 4 and 5 were grown and SubJected to X-ray drffractron analysrs For enhanced 

rehabrhty and accuracy, compound 3 was analyzed m a low temperature X-ray drffractron 

expenment. In addltron to that, these. three compounds, as well as the parent w-TOD (1) 

system were calculated, usmg MM2”‘t6 wrth smtable parametenzatron for the anomerrc 
efect 937s 

The combined crystallographic and computatronal results for the most relevant 

structural parameters m the TOD rmgs are given m Table 2, while the general 

crystallographtc data are given m Tables 3-9 and Figure 1 

Table 2. Observed’ (calculatedb) C-O bond lengths (L, A), C-O-C bond angles (A,deg ) 

anddrhedral angles (D,deg ) wrthm the C-O-C-O-C moretres of compounds 3 - 5 and 1 

Compound 
Parameter 

3c 4 sd le 

Ol-C2 1 435 (1433) 1 441 (1 432) 1 437, 1430 (1427) 1.439 (1432) 
Ol-C9 1436 (1433) 1424 (1432) 1416, 1 411 (1426) 1 420 (1425) 
080 1406 (1.408) 1.408 (1.409) 1.407, 1411 (1.406) 1410 (1400) 
C7-08 1440 (1 441) 1442 (1.440) 1434, 1430 (1.437) 1432 (1.443) 

L c3-04 1444 (1441) 1439 (1.440) 1434, 1430 (1437) 1441 (1443) 
04-Cl0 1409 (1 408) 1.415 (1 409) 1.410, 1411 (1 406) 1393 (1400) 
05Cl0 1434 (1 433) 1.429 (1.432) 1.401, 1411 (1 426) 1420 (1 425) 
05C6 1437 (1433) 1.430 (1432) 1438, 1437 (1427) 1430 (1 432) 

C2-Ol-c9 113 1 (112 6) 
c3-04-Cl0 113 7 (113 7) 

A C6-05Cl0 1130 (1126) 
C7-08-C9 113 6 (113 7) 

Ol-C2-C3-04 56 1 ( 54 4) 
Ol-c9-ClO-04 -53 3 (-54 9) 

D 05-C6-C7-C8 55 6 ( 54 3) 
OS-C9-ClO-05 52 7 (-54 8) 
x-c9-ClO-x -48 1 (-44 3) 

113.4 (112.2) 1130, 1134 (1124) 1091 (1100) 
1140 (113 7) 113 7, 113 1 (113 2) 113 3 (112 3) 
113.4 (1122) 1135, 1135 (1124) 1095 (1100) 
113 7 (113 7) 113 6, 113 1 (113 2) 113 2 (112 3) 

57 3 ( 576) 62 8, 62 6 ( 669) 584 ( 592) 
-49 5 (-52 4) -41 0, -41.8 (-35 1) -53 7 (-52 4) 

57.0 ( 570) 517, 626 ( 669) 579 ( 592) 
-51 4 (-52 5) -41 2, -41 8 (-35 9) -51 8 (-52 4) 
-40.6 (-44 3) -24 7, -26 4 (-22 1) -54 8 (-50 3) 

DR 56 59 60 58 

D 544 57 6 669 592 
MMZ-A@ 

a) X-ray dtffractron analysts, results are uncorrected for hbratton 
b) Molecular mechsmcs MM2-AE (MMP2-AE for the aromatrc denvatrves 3 & 4) ‘* 
c) Low temperature (128K) X-ray dtffractton measurement 
d) Two crystallographtc values are given, for the two dtfferent molecules m 

the unit cell (see text) 
e) Literature data for the parent m-1,4,5,8-tetraoxadecalm (1) are given for 

comparison X-ray data from ref 2 and NMR data from ref 22 
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Table 3. Summary of Crystal Data and Expertmental Parameters 

Compound 3 4 5 

formula 

mol wt 
space group 

Z 

;“, 
c; A 
P, deg 

CHO 
16 28 4 

284 40 
WC 

+$g;;J 

11 107(l) 
%40(l) 

V, A3 
4, gem-’ 

p, cm-’ 
28 Irnnts, deg 
scan rate, deg /mm 
no of umque datrvO 

data-&$ b3o(I) 

29416 
1284 

0 84 
50 

;229 

1928 1248 

1387 2 6163 4 
1419 1456 

0.93 0 98 
54 46 

4 1666 33816 
1165 2298 
624 2840 

R‘ .. 0 037 0042 0042 
wR 0042 0042 0040 
IApLn,, 021 023 023 

“goodness of fit”, e 1 33 107 120 

Figure 1. ORTEP drawmgs of the molecular structures of 3, 4, and 5 
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DISCUSSION 

We start by stating that we are gratified by the excellent agreement of the results 

achieved from the three - NMR, X-ray and computational - probes. 

The above results should be vlewed 111 several contexts We start with the mmal 

purpose of this work, namely, the analysis of the shape of the mtemal decalm-type cavity 

as a function of 9,10-bridge m TOD We had expected a gradual puckermg m the -OCH*-CH,O- 

part of the rmgs, as the X-Cg-ClO-X dihedral angle IS decreased, culmmatmg with a rmg 

flip to a twist-boat conformation when (near) coplananty IS reached m 5 The latter, 

however, does not happen, the mcreased puckermg ; the rmg penphery bemg the only 

observed effect, mdlcatmg stramed-chau conformattons A search for precedence led to 

some mterestmg fmdmgs on related systems with similar structural constraints Thus, 

dlhydro-1,Cdloxm (6) (m which the 0-CH=CH-0 part of the nng IS largely coplanar) and 

some of its denvatlves were found” to exhibit NMR constants m the AA’BB’ (-0CH2-CH*O-) 

system which mdlcated a gauche dihedral angle of 60’ Similar calculations on the data 

from an earlier study,*l gave 61 ’ In the latter, the bamer to nng mverslon was also 

measured and found (by line-shape analysis) to be 7 6 kcal/mol *’ Such a low barner 

demands very low temperature measurements, down to -15O’C. which could indeed not be apphed 

to our low solublllty compounds 

These results can be mstructlvely compared to the few available ‘H-NMR and X-ray 

dlffractlon data for the general m-1,4,5.8-tetraoxadecalm case The parent compound (1) 

Itself exhibits an R value of 2 17 (as extracted from an early ‘H-Nh4R analysls22) wnh a 

corresponding Da of 58“. m excellent agreement with our own X-ray diffractron results2 

(Table 2). To the best of our knowledge, only one former X-ray dlffracnon analysis of a 

1,4,5,8-TOD denvatlve IS available, namely that of frans-2,3-carboethoxy-cls_l.4,5,8-tetra- 

oxadecalm (7) 23 For the sake of completeness, some of Its relevant structural parameters 

are given here (MMZAE calculated values m parentheses), the bond lengths m the C-O-C-O-C 

moiety and the 0-CH2-CH2-0 dihedral angle, to be compared wtth those m Table 2 Ol-C9 1 42 

(142), 08-C9 140 (140). C7-08 1 47 (1 43) A, 05-C6-C7-08 57 1 (59 0) deg 

t From the ,9 structural data one can readtly obtain a quantltanve estimate of 
nng-puckermg m terms of the total puckenng amplitude Q and the extent of dlstpplon of 
an “ideal cha# structure, tuan 8 (cf reference 19) Q values quoted m this paper 
0 63 8, for an ideal cyclohexane chair with all C-C bond lengths at 1 54 A and Q = 0 52 1 
for a pyranold nng representing a puckenng at 

Similarly, 
the C-O-C and a slight flattening at 

opposite part of the chair structure the puckenng parameters of the 
mdlvldual asymmetncally constrained 6-membered nngs of the tetraoxadecahns 1 and 3 
descnbe a distorted chair m which the increased puckenng on one side of the nng IS 
counterbalanced by the flattening of Its other part, the Q and ran 0 values rangmg 
within 0 54-0.55 A and 0 03-O 11, respectively The dIstortion 1s somewhat higher for 
compound 4, Q - 0 53-O 54 A, and largest for compound 5, 0 51-O 53 A, (ran 8 = 0 28) 
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This brmgs us to the next issue. namely, the stereoek?ctromc behavtour of the systems 

under sctutmy All of them exhibit the well establtshed11’12 smtctural features implicit 

to the Momeric effect m C-O-C-O-C fragments, nz., long axtal C-O bonds and short 

equatortal ones, along with relatively wide C-O-C bond angles. This leads to an anttclpated 

wtdenmg effect of the TOD cavity. havmg two oxygens of mcreased electron density facmg 

each another across tt The full potential of thts arrangement (m terms of reacttvrty, 

coordmatmg power, etc ) is still to be explored. 

Fmally, some crystallographtc features While the three tetraoxadecalms (3, 4 and 5) 

are optrcally mactrve m solution because they racemixe spontaneously due to rapid 

enantromer mterconverston by rmg-mversion. they are of course mtrmsically chtral 

However, only 4 crystalhzes m an enantiomorphous space group (P212,21), whereas 3 and 5 

(as well as 1’) occur m racemrc crystals (C?/c), 5 havmg a pecuhar packmg mode of 

three crystallographtcally independent molecules m the asymmetnc umt with eight of the 

latter m the umt cell We feel compelled also to mention here the extenstve probes of 

propellanes. camed out by the Harfa school u However, there IS very little to relate to 

our present study, smce they have usually a neopentyhc rmg-conJommg bond m thetr 

systems, wtth no heteroatom on tt 

EXPERIMENTAL SECTION 

Compounds 3. 4 and 5 were prepared accordmg to the prevtously reported procedures,6 

and recrystalhzed several times from toluene NMR spectra were taken on Brucker WH-90 and 

AM-360 WB spectrometers, chemical shifts are given m ppm downfield from TMS and couplmg 

constants m Hz 

3 ‘H-NMR (CDCI,, 300 K) 8 4 009, 3.997, 3 991, 3 981. 3 971, 3.961 3 948, 3 937, 

3 932. 3 918, 3 648, 3 636, 3 630. 3 618, 3 605. 3596, 3586, 3577 (AA’BB’ system, 

J -1147, Jtrans 658, Jets 3 50, 8H). 1 7-2 0 (m, 4H), 125-l 5 (m, 16H) 13C-NMR 

&%I,) 6 133 52, 133 28. 95.67, 60.79, 3205, 26.36, 25 09, 23 24, 1979 

4 ‘H-NMR (CDC13. 295 K) 8 8 37-8 27, 7 96-7 71. 7 55-7 25 (3xm, 8H), 4 325, 4 253 

4.238, 4 199, 4 181. 4 130, 4 072. 3 804. 3 746. 3 695, 3 676, 3 638, 3 623, 3 550 (AA’BB’ 

system, J -11 45, Jtrans 6 55, Jcls 2 86. 8H) “C-NMR (CDC13) 6 133 50. 129 33, 128 17 

12690, %.02, 123 33, 92 24, 60 99 

5 ‘H-NMR (CDC13, 297 K) 8 7 79-7 74. 7 57-7.47. 7 29-7 22 (3xm, 6H), 4 153, 4 147, 

4 139. 4 128, 4 113, 4 101, 4 097. 4 087. 3.682, 3 673, 3 668, 3 656, 3 641, 3 630, 3.623, 

3 616 (AA’BB’ system, Jgem -11 77, Jtrans 6 28. J,., 2 52, 6H) 13C-NMR (CDC13) 6 137 50, 

129 06. 128 14, 127 15, 119 12, 11908, 99 22, 61 75 
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Crystal Structure Analyses. 

X-ray diffraction data for compounds 3, 4 and 5 were measured at ca. 2O“C on a CAD4 

tifractometer eqmpped urlth a graphite monochromator. using MoKa (h=O 7107 ;i> radlatlon and 

the 61 scan techmque with scan range of 0 9 + tan 0” The data for compound 3 were 

collected on an upgraded ficker diffractometer at 128K, usmg MoKa tiation and the o-28 

scans from 1.3’ below Ka, to 1 6” above Kaz25 Possible detenoraaon of the analyzed 

crystals was tested by detectmg frequently the mtenslties of three standard reflections of 

cbfferent zones of the reciprocal space, and was found neghglble durmg the measurements 

The data sets were not corrected for absorption or secondary extmcnon effects Several 

very strong reflections wluch appeared to suffer from extmctlon, VDZ, 2,2,2; -6,0,2, 

4,0,2, -1,1,2; -2,0,4, -5.1.5 and -8,0,6 m 4, were excluded from the final calculations 

The cell constants and pertment details of the expenmental condltlons are summarized m 

Table 3 and ORTEP plots of 3, 4 and 5 are given m Figure 1 The three structures were 

solved by direct methods (SHELXS-86) 26 Their refinements were camed out by large-block 

least-squares (SHELX-76):’ mcludmg the positional and amsotroplc thermal parameters of all 

the nonhydrogen atoms. The hydrogens were included m the structure factor computations m 

calculated positions, and were assigned a fixed lsotroplc temperature factor of U=O 05 i2 (4 & 

5) or U=O 04 i2 (3) The final refinements were based only on those observations that 

sattsfied the condttlon 

mmmnzmg w(AF)’ 

F’, > 3&), usmg expenmental weights [w=d2(F,)] and 

They converged smoothly at relatively low discrepancy factors of 

R=O 04 

Fmal atomic coordmates of 3, 4 and 5 are hsted m Tables 4-6 and the resultmg 

bond lengths, bond angles and torsion angles m Tables 7-9 The crystallographic atom-labeling 

scheme used 1s ldentlcal with the molecular one shown m 1 Three crystallographlcally 

mdependent molecules conmbute to the asymmetnc unit of 5 two he m general 

postnons, while the third 1s located on a twofold axls of rotation at (0 5,y.O 75) which 

comcldes with the C(15)-C(20) bond The correspondmg atoms m the three rhfferent species 

are marked by unpnmed, pnmed and doubly pnmed labels, respectively 

Acknowledgments. The calculations were performed on the IBM 4381 and CYBER 180/990 

computers at the Computational Center of Tel-Aviv University, the staff of which provided 

valuable assistance We thank Mrs Sarah Wemman for skillful technical assistance This work 

was started durmg the tenure of one of us (B F) of the Francqul Vlsltmg Chair at the 

State Umverslty of Gent The Francqul Foundation 1s gratefully acknowledged for thus 

nommatlon This research has been supported by the Basic Research Fund of the Israel 

National Academy of Sciences 
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Table 4. Atonuc Posmonal and Isotropic Themul Parameters of 3 

x/a z/C U 
eq 

0 2087( 1) 

: %Z 
ylw{ 

:‘:z$:; 
0.1777( 1) 
0 1741(l) 
0.1680(l) 
;:;=;; 

0 1100(l) 
0 1423( 1) 

-00 ogq;; 
-0’1476(2) 
-0 2404( 1) 
-0 4478( 1) 
-0 5215(2) 
-0 3721(2) 
-0.2364(l) 
-0 X07(2) 
-0 3131(2) 
-0 3959(2) 
-0 5424(2) 
-0 5673(2) 

1; ;z;; 
-0 2374(2) 
-0 0499(2) 
0 0279(2) 

-0 0646(2) 
-0 0209(2) 

0 1170(l) 
-0 0017( 1) 
-0.0942( 1) 
-0 085q 1) 
00513(l) 

: ::;lt{ 
0 2451(l) 
0 1281(l) 

x ~~~I:; 
-0’0723( 1) 
-0 0921(l) 
-0 1542(l) 
-0 0893( 1) 

: zz$; 
0 1447(l) 
0 1961(l) 
0 1220(l) 

Ue4 1s one thud of the trace of the orthogonahzed U1, tensor 

0.0204(4) 
0 0220(6) 
O.O218(6j 
0 0202f41 
0 02Ol@j 
0.0230(6) 
0.0218(6) 
0 0198(4) 
0 0184(6) 
y;cw;; 

0’0243(6) 
0 0248(6) 
O.O269(6j 
0 0291C6) 
0.0258(6) 
0.0261(6) 
O-0264(6) 
O-0228(6) 
0 0202(6) 

Table 5. Atomic Posltlonal and Isotropy Thermal Parameters of 4. 

x/a z/C 

0.4846(4) 
0 6628(6) 
0 7317(5j 
0 58-4) 
0 4412(3j 
0 2804(6) 
0 2233(6) 
0 1831(3) 
0 3380(5) 
0 4076(5) 
0 2793(5) 

8 :E$; 

x :~~~:; 
0 1733(5) 
0 1752(5) 
0 0927(6) 
0 0885(6) 
0 1691(7) 
0 2557(6) 
0 2591(5) 

U 
eq 

0 0943(3) 
0 0516(5) 

-0 0942(4) 
-0 2067(3) 
-0 1679(3) 
-0 1165(4) 
0 0376(4) 
0 0345(3) 

-0 0152(4) 
-0.1701(4) 
-0 2983(4) 
-0 4318(4) 
-0 5561(4) 
-0 5469(4) 
-0 4147(4) 
-0 2879(4) 
-0 1479(4) 
-0 1401(5) 
-0 0078(5) 
0 1203(5) 
0 1142(4) 

-0 0187(4) 

0 1523( 1) 
0 1247(2) 
0 1497(2) 

0 2633(2j 
0 2439(2) 
0 1806(l) 
0 1455(2) 
0 1663( 1) 
0 1478(2) 
0 1802(2) 
0 161 l(2) 
0 1102(2) 
z Ow:; 

: E$ 
-0 0297(2) 
-0 0059(2) 
0 0495(2) 
0 0819(2) 

0 0359(7) 
0 0444(g) 
0 0418(g) 
0 0355(7) 
0 0345(7) 
004304;y) 

0 0342(6) 
0 0278(8) 
0 0285(g) 

: :z$; 

:E${ 
0 0412(9) 
0 03 IO(g) 
; ;;w; 

OOSll(9) 
00 Oz3ygy) 

0 0299(7) 

5789 

Ues 1s one third of the trace of the orthogonahzed U,, tensor 
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Table 6. Atormc Poslhonal and Isotropic Thermal Parameters of 5 

0 27&) 
0 2959(l) 
0 3351(l) 
yw{ 

0 3108(l) 
0 2707( 1) 
0 2597( 1) 
0 2830(l) 
0 3266(l) 
0 3353( 1) 
0 3656( 1) 
0 3673( 1) 
0 3401(l) 

: ;;88;:; 
0 249q 1) 
0.2481( 1) 
0.2771( 1) 
0.3073( 1) 
0 1471(l) 
0 1512(l) 
0 1132(l) 
00 ywj 

x :~~~~~ 
0 1153(l) 
0 1214(l) 
0 0831(l) 

: :i$; 
0 0398( 1) 

x z:$; 

x ::ti# 
0 1694(l) 
0 1357(l) 
0 1044(l) 
04662(l) 
04901(l) 
046%(l) 
0 4569( 1) 
00 ;7&(1’ 

O-4690( 1) 

: zi1:; 
; yJ1’ 

0 17y&3) 
0 1929(4) 
0.2274(4) 
0 1002(3) 
0.1886(3) 

: Ei# 
0 0872(3) 
0 0653(4) 
0 0727(4) 

-0 0896(4) 
-0 1548(5) 

1; ;;g:; 
-0 3442(4) 
-0 4217(4) 
-0 3387(S) 
-0 1767(4) 
-0 1015(4) 
-; yw; 

0 2065(5) 
0 2307(4) 
0 1049(3) 
0 1891(3) 

i :~~~:; 
0 1 M(3) 
0 0862(4) 
0 0791(4) 

-0 0869(4) 
-0 1631(4) 
1; y;; 

-0 3307(4) 
-0 3%2(5) 
-0 3046( 5) 
-0 1426(4) 
-0 0772(4) 
-0 1709(4) 
0 1781(3) 

x :E$ 
0 0881(3) 
0 0641(4) 
-0 3455(6) 
-0 4185(5) 
-0 3313(5) 
1: l6w;; 

-0 1870(6) 

00&l) 

Eii$;j 
0 1228(l) 
0 2222( 1) 

00 ;;E$; 
0 1947(l) 
0 M@(2) 
0 1744(2) 
0 1960(2) 
0 2362(2) 
0 24w2) 
y;;w;; 

0 1231(2) 
0 0863(2) 
0 0865(2) 

: i2si 
0’5597( 1) 

x z~$; 

8 i:;;:; 

: E{$ 
0.6411(l) 
0 5752(2) 
0 5241(2) 

: :;z$; 

EE${ 
0 5534(2) 
0 5813(2) 
0 6045(2) 

: ~~~;~ 
0 5517(2) 
0.6883( 1) 
0 6375(2) 
0 8302(2) 
0 7894( 1) 
;;;%2’ 

0 7089(2) 
0 6729(2) 
0 6754(2) 
;yz2) 

0 0354(13) 

EiE$;) 
0 0335( 10) 
0 0410(16) 
;;;:;;;1 

0 0269(13) 
0 0273( 13) 
0.0283( 13) 
0.0388( 15) 
0 0431(16) 
00431(16) 
0 0323( 14) 
00 03;;;:; 

0 0338( 14) 
0 0271(12) 
0 0263( 12) 
0 0332(9) 
0 0426( 15) 
0 0361( 13) 

: E$; 
0 0366( 14) 
0 0364( 14) 
0 0318(9) 
00271(11) 
0 0250( 13) 
0 0262( 13) 
0 0335( 15) 
0 0373( 15) 
0 0374( 16) 
00314(13) 
0 0395( 15) 
0 0381( 16) 
0 0327( 15) 
0 0293(13) 
0 0260( 12) 
0 0358(8) 
0 0386(14) 
0 0395( 14) 
0 0341(9) 
0 0288( 14) 
0 0391(23) 
00468(16) 
0 0485( 18) 
0 0391( 14) 
00312(14) 
0 0296(18) 

Ues 1s one third of the trace of the orthogonahzed U1, tensor 
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Table 7. Bond Dzstances (i) , Bond Angles and Tomon Angles (deg ) of 3. 

(a) Bond dmances 

:: :z 
C2 -C3 

E 
-04 
- Cl0 

05 - C6 

:: :E” 
c7 - 08 
08 -C9 
C9 - Cl0 

(b) Bond angles 
C2 -01 -C9 
01 -C2 -c3 
C2 -c3 -04 
c3 - 04 - Cl0 
C6 - 05 - Cl0 
05 - C6 - C7 
C6 - C7 - 08 
C7 -08 -C9 
01 - C9 - 08 
08 - c9 - C20 
08 - C9 - Cl0 
01 -C9 -C20 

::o: $ : g; 
05 - Cl0 - C9 

(c) Torsion angles 
C2 -01 -c9 -Cl0 
c2 -01 -c9 -C20 
C2 -01 -C9 -08 
c9 -01 -c2 -c3 
01 -C2 -c3 -04 
c2 -c3 -04 -Cl0 
c3 -04 -Cl0 -Cl1 
c3 -04 -Cl0 -05 
c3 -04 -Cl0 -C9 
C6 -05 -Cl0 -04 
C6 -05 -Cl0 -Cl1 
C6 -05 -Cl0 -C9 
Cl0 -05 -C6 -ti 
05 -C6 -C7 -08 
C6 -C7 -08 -C9 
C7 -08 -C9 -01 
C7 -08 -c9 -Cl0 
C7 -08 -C9 -C20 
01 -c9 -Cl0 -05 
01 -c9 -Cl0 -04 
08 -C9 -Cl0 -05 

:.JW;j 

l-504(2) 
1444(2) 
1409(l) 
1 437(2) 
1434(2) 
1.504(2) 

: 2;; 
15~2) 

:iG ;lt,’ 
109 9( 1) 

::: 2:; 

: :: :I:] 
113 6(l) 
105 6( 1) 
107 2( 1) 

::z;:; 
109 l(1) 

:hz 2:; 

56 2(2) 
- 692(2) 

175 2( 1) 
-58 6(2) 
56 l(2) 

-57 2(2) 
177 2( 1) 
-63 3(2) 
55 4(2) 

173 ql) 
-70 7(2) 
54 q2) 

-57 l(2) 
55 q2) 

-56 8(2) 
-62 9(2) 
55 o(2) 

1:; $:; 
-53 3(2) 
-52 7(2) 

c9 -C20 
Cl0 - Cl1 
Cl1 - Cl2 
Cl2 - Cl3 
Cl3 - Cl4 
Cl4 - Cl5 
Cl5 - Cl6 
Cl6 - Cl7 
Cl7 - Cl8 
cl8 - cl9 
Cl9 - C20 

04 - Cl0 - C9 
04 - Cl0 - 05 
C9 - Cl0 - Cl1 
05 -ClO-Cl1 
04 - Cl0 - Cl1 
Cl0 - Cl1 - Cl2 
Cl1 - Cl2 - Cl3 
Cl2 - Cl3 - Cl4 
Cl3 - Cl4 - Cl5 
Cl4 - Cl5 - Cl6 
Cl5 - Cl6 - Cl7 
Cl6 - Cl7 - Cl8 
Cl7 - Cl8 - Cl9 
Cl8 - Cl9 - C20 
C9 - C20 - Cl9 

08 - C9 - Cl0 -04 
08 - C9 - C20 -Cl9 
01 - C9 - C20 -Cl9 
08 - C9 - Cl0 -Cl1 
01 - C9 - Cl0 -Cl1 
C20 -c9 - Cl0 -05 
C20 -c9 - Cl0 -04 
Cl0 -c9 - C20 -Cl9 
C20 -c9 - Cl0 -Cl1 
C9 -Cl0 - Cl1 -Cl2 
05 -Cl0 - Cl1 -Cl2 
04 -Cl0 - Cl1 -Cl2 
Cl0 -Cl1 -Cl2 -Cl3 
Cl1 -Cl2 -Cl3 -Cl4 
Cl2 -Cl3 -Cl4 -Cl5 
Cl3 -Cl4 -Cl5 -Cl6 
Cl4 -Cl5 -Cl6 -Cl7 
Cl5 -Cl6 -Cl7 -Cl8 
Cl6 -Cl7 -Cl8 -Cl9 
Cl7 -Cl8 -Cl9 -C20 
Cl8 -Cl9 -C20 -C9 

15~2) 
1.518(2) 
1 528(2) 
1.533(2) 
1 547(2) 
1.529(2) 
1 535(2) 
1 529(2) 

: ::“8{;; 
1 539(2) 

1102(l) 
106 l(1) 
112 2(l) 
112 l(1) 
106 3( 1) 

:E :I:; 
112 8(l) 
115 2(l) 
114 8(l) 
113 O(1) 
114 5(l) 
115 3(l) 
112 3(l) 
1167(l) 

- 169 l(1) 
- 33 5(2) 

- 267;)) 
- 1716(l) 
- 173 3(l) 

70 2(2) 
89 l(2) 

- 48 l(2) 
177 9(l) 

- 58 l(2) 
57 4(2) 

- 1627(l) 
69 O(2) 

- 1279(2) 
66 7(2) 
75 5(2) 

- 1706(l) 
71 9(2) 
71 l(2) 

- 1549(l) 
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Table 8. Bond Distances (i). Bond Angles and Tomon Angles (deg ) of 4 

(a) Bond distances 
c9 -01 
C9 - Cl0 
C9 -08 
C9 -C22 

Cl0 - Cl1 
08 -C7 
C7 -C6 
C6 - 05 

(b) Bond angles. 
08 - C9 - C22 
Cl0 - c9 - C22 
Cl0 - c9 - 08 
01 -c9 -C22 
01 - c9 - 08 
01 - c9 - Cl0 
C9 -01 -C2 
01 - c2 - c3 
C2 -c3 -04 
c3 - 04 - Cl0 
C9 - Cl0 - 04 
04 -ClO-Cl1 
04 - Cl0 - 05 
C9 -ClO-Cl1 
c9 - Cl0 - 05 
05 - Cl0 - Cl1 
C9 -08 -C7 
08 - C7 - C6 
C7 - C6 - 05 
Cl0 - 05 - C6 

(c) Torsion angles 
08 -C9 x22 -C21 
Cl0 -C9 -C22 -C21 
01 -c9 -c22 -C21 
08 -C9 -C22 -Cl7 
Cl0 -c9 -C22 -Cl7 
01 -c9 -C22 -Cl7 
Cl0 -C9 -08 -C7 
01 -C9 -08 X7 
01 -c9 -Cl0 -05 

1421(4) 

: i$:; 
1524(6) 
1441(5) 
1490(5) 
1438(4) 

: :;$i; 
1 507(5) 
1442(5) 
149w5) 
1.430(4) 

104.3(3) 

::; it:; 

:A: ;zj 
110 7(3) 

: :: 613 
108 8(3) 

: :‘: :iz; 
104’0(3) 

:?I 2:; 
M-8(3) 
112 2(2) 
113.7(3) 

%I:{ 
113 4(3) 

82 8(4) 

-!;: 2;; 
-90.8(4) 
29 4(5) 

154 7(4) 
55 4(4) 

-65 O(4) 
66 3(4) 

C22 - C21 
C22 - Cl7 
C21 - C20 
c20 - Cl9 
Cl9 - Cl8 
Cl8 - Cl7 
Cl7 - Cl6 
Cl6 - Cl5 
Cl6 - Cl1 
Cl5 - Cl4 
Cl4 - Cl3 
Cl3 - Cl2 
Cl2 - Cl1 

c9 - C22 - Cl7 
C9 -C22-C21 
cm - C22 - Cl7 
C22 - C21- C20 
C21 - c20 - Cl9 
C20 - Cl9 - Cl8 
Cl9 - Cl8 - Cl7 
C22 - Cl7 - Cl8 
Cl8 - Cl7 - Cl6 
C22 - Cl7 - Cl6 
Cl7 - Cl6 - Cl1 
Cl7 - Cl6 - Cl5 
Cl5 - Cl6 - Cl1 
Cl6 - Cl5 - Cl4 
Cl5 - Cl4 - Cl3 
Cl4 - Cl3 - Cl2 
Cl3 - Cl2 - Cl1 
Cl6 - Cl1 - Cl2 
Cl0 - Cl1 - Cl2 
Cl0 - Cl1 - Cl6 

C22 X9 -08 -C7 
C9 -01 -C2 -c3 
01 -C2 -c3 -04 
c2 -c3 -04 -Cl0 
c3 -04 -Cl0 x9 
c3 -04 -Cl0 -05 
c3 -04 -Cl0 -Cl1 

176 5(3) 
-57 7(4) 
57 3(4) 

-57 5(4) 
53 5(4) 

-65 2(3) 
176 7(3) 

04 -Cl0 -Cl1 -Cl6 -914(4) 
C9 -Cl0 -Cl1 -Cl6 30 o(5) 

1 385(5) 

: E$; 

: :;$i; 
l-395(6) 
1476(5) 

: %I:; 
1380(5) 
1 371(6) 
1 379(5) 
13W5) 

::: :;i; 
120 q4) 
120 7(4) 

%z$; 
121’7(4) 
117 7(4) 
1219(4) 
120 4(4) 
120 4(3) 
122 5(4) 
117 l(3) 

E $8 
119 q4) 

E 2:; 
119 3(3) 
119 8(3) 



5793 

Table 8. Torsion Angles (deg.) of 4 (cant) 

01 -C9 -Cl0 -Cl1 
C22 -C9 -Cl0 -04 
08 -C9 -Cl0 -04 
01 -c9 -Cl0 -04 
Cl0 -c9 -01 -C2 
08 -C9 -01 -C2 
C22 -C9 -01 -C2 
08 -C9 -Cl0 -Cl1 
08 -C9 -Cl0 -05 
C22 -c9 -Cl0 -Cl1 
C22 -c9 -Cl0 -05 

-166 7(3) 
76 5(4) 

- y; ;$] 
52.5(4) 

173 l(3) 
-73 q4) 

75 5(4) 
-51.4(4) 
-40 7(4) 

-167 7(3) 

04 -Cl0 -Cl1 -Cl2 
C9 -Cl0 -Cl1 -Cl2 
04 -Cl0 -05 -C6 
C9 -Cl0 -05 -C6 
05 -Cl0 -Cl1 -Cl6 
05 -Cl0 -Cl1 -Cl2 
Cl1 -Cl0 -05 -C6 
C9 -08 -C7 -C6 
08 -CL’ -C6 -05 
C7 -C6 -05 -Cl0 

81 7(4) 
- 156.9(3) 

:‘337:‘::’ 
155 7(3) 
-31.2(5) 
-74 2(4) 
-57 9(4) 
57 o(4) 

-57 9(4) 

Table 9 Bond Distances (A), Bond Angles and Torsion Angles (deg ) of 5 

(a) Bond dtstances 
bond molecule 1 

(unpnmed) 

c3 -04 
04 - Cl0 
Cl0 - 05 
Cl0 - Cl1 

C9 -01 

08 - C7 

C9 - Cl0 
C9 -08 
C9 - Cl9 

g :g 

C7 -c6 
C6 - 05 
Cl9 - Cl8 
Cl9 - c20 
Cl8 - Cl7 
Cl7 - Cl6 
Cl6 - Cl5 
Cl5 - Cl4 
Cl5 - c20 
Cl4 - Cl3 
Cl3 - Cl2 
Cl2 - Cl1 
Cl1 - c20 

1433(d) 
1 410(5) 
1 401(4) 

1416(4) 

1 501(5) 

1570(4) 

1 434(4) 
1492(4) 

1 407(5) 

1 

1 520(5) 

438(5) 
1354(4) 

1 437(5) 

: 

1 487(4) 

rig; 

: :::I:{ 
1410(5) 
1 389(5) 

f :;:;i; 
1 366(5) 
1 403(4) 

molecule 2 
(pnmd) 

1 419(5) 

: ~~I:; 

: ::;::; 
1491(5) 
1430(5) 
1 408(5) 
1415(5) 
1 504(5) 
1 435(5) 
1491(5) 
1 434(5) 
1 359(4) 
1 407(4) 

: %$j 
1418(5) 

: %$ 

! i$; 
1 369(4) 
1 397(4) 

molecule 3 
(d. pnmed) 

1 41 l(4) 

: E${ 
1 508(5) 
1430(5) 
1 495(5) 

1 429(4) 

1366(5) 
1 39q4) 
1418(6) 

1 385(7) 
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Table 9 Bond Distances (A), Bond Angles and Torsion Angles (deg ) of 5 (cant) 

(b) Bond Angles 

angle 

g* : g; : g:; 
Cl0 - C9 - 08 
01 - c9 - Cl9 
01 - C9 - 08 

:; 
- c9 - Cl0 
-01 -c2 

01 -C2 -c3 
C2 -c3 -04 

G-4 -ClO-Cl1 
04 - Cl0 - 05 
C9 - Cl0 - Cl1 
C9 - Cl0 - 05 
05 - Cl0 - Cl1 
C9 - 08 - C7 
08 - C7 - C6 
C7 - C6 - 05 
Cl0 - 05 - C6 
c9 - Cl9 - C20 
C9 - Cl9 - Cl8 
Cl8 - Cl9 - C20 
Cl9 - Cl8 - Cl7 
Cl8 - Cl7 - Cl6 
Cl7 - Cl6 - Cl5 
Cl6 - Cl5 - C20 
Cl6 - Cl5 - Cl4 
Cl4 - Cl5 - C20 
Cl5 - Cl4 - Cl3 
Cl4 - Cl3 - Cl2 
Cl3 - Cl2 - Cl1 
Cl0 - Cl1 - Cl2 
Cl2 - Cl1 - c20 
Cl0 - Cl1 - C20 
Cl5 - C20 - Cl1 
Cl9 - C20 - Cl1 
Cl9 - C20 - Cl5 

molecule 1 
(mwm~) 

E?${ 
112 2(3) 

:A: S$ 
114 9(3) 
113 4(3) 

:Ei !I:; 
113 4(3) 
110 5(3) 
105 2(3) 
106 5(3) 
102 5(3) 
113 8(4) 
117 9(3) 
113 7(3) 
109 S(3) 
109 5(3) 
113 5(3) 
107 3(3) 
132 8(4) 

K$; 

::; ;::j 

::s6 $i] 

::: $8 

::i!i :I:] 

::i 731:; 
108 7(3) 
124 2(4) 

molecule 2 
(primed)) 

:: 2:; 
: :26 :t:; 

106 q3) 
113.8(3) 

:i; $j 
109’2(3) 

molecule 3 
(d pllmed) 

105 102 5(3) 8(3) 
111 o(3) 

:A: :I:; 
114 q3) 
113 5(3) 
109.5(3) 

:t gzj 
117 7(4) 
115 3(3) 
108 l(3) 
110 o(4) 
113 7(3) 

113 l(3) 
108 7(3) 

120 3(i) 
116 9(4) 
123 4(4) 
119 3(4) 
116 7(2) 
126 7(3) 

113 4(2) 
123 3(2) 
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Table 9. Bond Distances (i), Bond Angles and Torston Angles (deg ) of 5 (cant) 

(c) Toraon angles 

angle 

08 -C9 -Cl9 -Cl8 
Cl0 -C9 -Cl9 -Cl8 
01 -C9 -Cl9 -Cl8 
08 X9 -Cl9 -C20 
Cl0 X9 -Cl9 X20 
01 X9 -Cl9 X20 
Cl0 X9 -08 -C7 
01 -C9 -08 -C7 
01 -C9 -Cl0 -05 
01 X9 -Cl0 -Cl1 
Cl9 -C9 -Cl0 -04 
08 -C9 -Cl0 -04 
01 -c9 -Cl0 -04 
Cl0 -C9 -01 -C2 
08 -C9 -01 -C2 
Cl9 -C9 -01 -C2 
08 -C9 -Cl0 -Cl1 
08 -C9 -Cl0 -05 
Cl9 -c9 -Cl0 -Cl1 
Cl9 -c9 -Cl0 -05 
Cl9 -C9 -08 -C7 
C9 -01 -C2 -c3 
01 -C2 -c3 -04 
C2 -c3 -04 -Cl0 
c3 -04 -Cl0 -c9 
c3 -04 -Cl0 -05 
c3 -04 -Cl0 -Cl1 
04 -Cl0 -Cl1 X20 
C9 -Cl0 -Cl1 -C20 
04 -Cl0 -Cl1 -Cl2 
C9 -Cl0 -Cl1 -Cl2 
04 -Cl0 -05 -C6 
c-9 -Cl0 -0s -ci 
05 -Cl0 -Cl1 -C20 
05 -Cl0 -Cl1 -Cl2 
Cl1 -Cl0 -05 -C6 
C9 -08 -C7 -C6 
08 -C7 -C6 -05 
C7 -C6 -05 -Cl0 

molecule 1 
(unpnmed) 

75 2(6) 
- yw; 
-%:8(4) 
20 7(4) 

‘Zi) 
-77.9(4) 
78.8(4) 

-‘$X70; 

$X(X; 

44 3(5) 
168 l(3) 
-76 q4) 

87 3(4) 
-41 2(5) 
-24.7(4) 

-fE :I$ 
-55 l(4) 
62 8(4) 

-62 7(4) 
50 3(4) 

-73 7(4) 
160 3(3) 

-zi G 
78 5(6) 

- 165 8(5) 

l~~-~~; 
146 8(4) 
-40 o(7) 
-73 5(5) 
-58 9(4) 
61 7(4) 

-57.2(5) 

molecule 2 
(Pruned) 

-72 4(6) 

‘ZG) 
98 3(4) 

-19.5(4) 

-ZG$) 
78:4(4) 

-82.1(4) 
149.7( 3) 
-88 9(4) 

lzS) 
-4417(5) 

- 1;;;;:) 

-E 2:; 
22 9(4) 

151.1(3) 

-:568*$)) 

-:: $8 
-45 4(5) 
78 q4) 

-‘E $i,’ 
-19 o(4) 
-72 O(6) 
170 4(4) 

-_y;;y; 
-14i 2(4) 

45 2(6) 
74 6(5) 
58 q4) 

molecule 3 
(d. pnmed) 

79 2(6) 

148 5(4) 

-74 5(4) 
78 l(4) 

-l:GG; 

-_yll 8:(4:) 
45 4(4) 
168 l(3) 
-74 8(5) 

-26 4(4) 

161 O(3) 
-55 q4) 
62 q4) 

-62 O(4) 

5795 
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