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Abstract: Halogenative sub#itution of tetracyclo[7.2.1.04.tt.O6*t0]~,-5,12_dione with copper(R) 
bromide or molecular bromine has provided synthetic entry to the monobromo, 1.4 and l&dibromo. 1,4,6- 
ttibromo, and 1,4,6,9-tetrabromo derivatives. X-ray structural analysis of the latter four compormds has shown 
hondlengthsandbondangksnottobe 
On the other hand, conformational pm $” 

tly~~bythenumbaofI#anineatomsorthepm~veposition. 
erences am seen to vary appreciably with substitution pattern across the 

series. 

The defaikd smletural features of various classes ofpolyqmmmes have held faschWion since the explosive 
growth of this area of chemistry began approximately two decades ago.2 Some of the landmark molecules 
examined crystallographically include triqninacene,f dl- and meso-bivalvane.4 elassovalene,5 Cte- 

hexaquinacene,e [4]peristylanes,7 dodecahedrane.8 and derivatives of this completely spherical C, mokcuk.9 

Recently, controversy has arisen over the ground-state ekctronk structure of triquinacene (1). Heats of 
hydrogenation studies perfotmed on 1 and its pardally saturated congeners have given evidence of a 4.5 kcal/mol 
itregularity during the conversion of 1 to 2. not seen in the further reduction of 2 or of the tetrahydro derivative to 
3.lu Computational evaluation of these findings 11.12 has more recently suggested that the root cause of this 
energy difference resides not in the existence of neutral homoarumatic stabilixation within 1 as originally assumed, 

but to the fact that the planar cyclopentene rings in 1 become hvistcd upon saturationl3 

1 2 3 

The question of structural distortion in molecules constructed uniquely of five-membered rings is one in 
which we have had an abiding intcmst, %14 Notwithstanding, information concerning the mamter and direction in 
which polar groups attached to a central polyquinane core might modify bond kngths, bond angles, and/or the 
genera1 topography of the ring system remains obscure. As already noted, progressive saturation of the okfink 
linkages in 1 induces fundamental conformational changes of considerabk importance. However, triene 1 is the 
only member of this serks so far subjected to crysmlkgraphic scrutiny. 

In this connection, the bromination of dike&me 4 has now been studied in an effort to obtain several 
halogenated derivatives, which we surmised would be adequately crystalline for X-ray structural analysis. 
Placement on the ~ear~yclo~7.2.1.~~tt.06.t~~5,12~ framework of an increasing number of a- 
bromine substituents was intended to alter ekcaon density most notably in the vicinity of the carbonyl groups and 
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to introduce steric factors at positions 1,4,6, and 9 that could have conformational consequences. The synthesis 
of 5-9 and single crystal X-ray data for four of these brominated diketcoes form the subject of this paper. 

Results and Discussion 

Diketone 4, readily available by hydrogenation of the previously characterized doubly unsaturated 
pmcumor.15 was the starting material of choice. Heating 4 with 2 equiv of copper bromide in an ethyl acetate- 
chloroform solvent system16 resulted in conversion to a mixture of monobromide !I and dibromides 6 and 7. 
Chromatographic separation on silica gel provided pure samples in isolated yields of 42, 7, and 10%. 
respectively. Suitable distinction between the latter two isomers was achieved by l3C NhIR analysis, the C#- 
symmetric 6 giving rise to seven distinct signals and the Cz-symmetric 7 to only six. 

Tribromo derivative 8 was pmduced at reasonable levels when the propordon of CuRr2 was increased to 3 

equiv under otherwise identical conditions. To arrive at exhaustively brominated diketone 9, it proved most 
expedient to heat 4 with excess bromine in acetic acid. 17 All of the bromine-containing products were colorless 

solids. 
The crystals of dibromo diketone 6, obtained from ether, were assigned to the P2l/c space group from the 

systematic absences. In this instance, X-ray analysts * 18 confvmed the basic skeletal features and, in addition, 

revealed the ethano bridges in the non-oxygenated five-membered rings to be staggered (Figure 1). As a result, 
these cyclopentane subunits ate twisted. 

Figure 1. ORTEP drawing of 6. Figure 2. ORTEP drawing of 7. 
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The isomeric dibromide 7 was also recrystallized from ether. The crystals belonged to the Pbca space 
group, as confiied by successful solution and refinement of the structure. The arrangement in the crystal is 
shown in Figure 2. The similarities in the conformations of 6 and 7 am rather striking. The torsion angles 
involving the two non-bromide substituted bridgehead carbons reflect most sensitively the extent of twisting in the 
two cyclopentane rings. Thus. the H-C-C-H angle is -15.1’ for 6 and -18.1” for 7. For comparison, the 
average C-C-C-C torsion angles am -15.9’ (6) and -14.3’ (7). 

The structures for 8 and 9 were successfully refined in the P2t/n and Pnma space groups, respectively 

(Figures 3 and 4). The details of X-ray collection for all four compounds am collected in Table I. In contrast to 6 
and 7, the mom highly brominated diketones reside in an eclipsed conformation, with 9 actually having 
crystallographic mirror symmetry. (The C-C!H$I-I~-C torsion angles remain, however, in the narrow range of 

31.3-38.6’ for all four compounds). This mirror plane bisects the C(7)-C(7)’ bond. Tribromide 8 has 
pseudomirror symmetry broken only by the one unsubstituted position. This is reflected again in the H-C-C-H 
and C-C-C-C torsion angles involving the bridgehead positions, which are either 0.0“ by symmetry in 9 or very 

nearly so in 8 (- 1.5’ and 0.95’. iespectively). 

Figure 3. ORTEP drawing of 8. Figure 4. ORTEP drawing of 9. 

The actual bond lengths and angles are not significantly different in the four compounds, nor do the 
average bonding parameters exhibit any obvious trends. The data presented in Table II have a narrow range 
within each category, at a less than 30 conf&nce level of being cliffetent. 

On the other hand, major conformational differences separate the two dibromo compounds from the tri- 
and tetra-bromlnated derivatives. Side views of 6-9 modeled with SYRYL software (Figure 5) clearly reveal the 
confonnational differences. An analysis of the planes delined in Table III is presented in Table IV. These angles 
between planes reflect those portions of molecules 6-9 sensitive to the substitution pattern. First, the twisting of 
the skeletal framework is reflected in the rms deviations from the defined planes. The planes defmed by the 

bridgehead carbons and the two carbons bonded to each carbonyl group (planes 3 and 4). those defined by two 
carbons bonded to one carbonyl group and the two ethano carbon atoms bonded to them (planes 5.6). and the 
planes defined by the four carbon atoms bonded to carbonyl groups are all slgni.ticantly less planar in 6 Utah 7 than 
in 8 and 9. The ethano carbon atoms form planes in 8 and 9 consistent with their eclipsed confitmation. 

The major conformational differences am reflected ln the relative bending of the planes defined by the C- 

C(O)-C group (planes 1 and 2). The most prominent difference between 6/7 and 8/9 occurs in the angle between 
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Table IL Comparison of Average Distances (A) and Angles (“) for 69. 

F%ameter 6 7 8 9 wge 

C-0 1.20(l) 1.20(l) 1.21(l) 1.18(l) 0.03 

C-C@ridgehead) l.%(2) 1.58(2) 1.58(l) 1.58(l) 0.03 

C-C(ethan0) 1.53(l) 1.54(2) 1.54(l) 1.51(l) 0.03 

C-C(to ethano) 1.55(l) 1.50(2) 1.52(2) 1.545(5) 0.05 

C-C& bridgehead) 1.53(2) 1.50(2) 1.54(2) 1.532(8) 0.04 

C-C(to C=o) 1.52(l) 1.51(2) 1.528(4) 1.533(7) 0.03 

C-Br 1.955(5) 1.98(l) 1.94(l) 1.957(6) 0.04 

C-C(bridgehead)-C(bridgehead) 

C-C(bridgehead)-C 

c-C(CC)-c 

C-C(ethano)-C(etbano) 

c-c-o 

Br-C-C(btidgehead) 

Br-C-C(C0) 

Br-C-C(ethano) 

107.3(5) 106(l) 107.2(6) K&8(4) 1.3 

104.9(2) 103.5(5) 105.0(7) 105.9(6) 2.4 

110.2(6) 110(l) 109.6(6) W(2) 3.2 

103( 1) 103(2) 103(l) 104(l) 1 

125( 1) W3) 125(l) 126.4(8) 1.4 

113.3(9) 113.0(8) 112.1(2) 112.5(9) 1.2 

lW1) 104(2) 107(2) 107(2) 3 

111(l) 113(l) ill(2) 110.6(8) 2.4 

plane 2 and the plane defmed by the four carbons bonded to CO fragments (plane 9). The 21’9 angle varies t&n 

46O in 6 and 58” in 7 to 18’ in 8 and 11“ in 9. A modest difference is also observed in the angle between plane 9 

8 9 

Figure 5. The conformational differences that distinguish 6-9 (obtained with the SYBYL software package). 
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andplane6(&~bythetwo~a~sbondedtotheCOgroupandthetwoethanocarbonatomsbondedto 
plane 2 and the plane defined by the four carbons bonded to CO fragments (Plane 9). The 2f9 angle varies from 
46°in6and580in7m180in8and110in9. AmodestdifferwKxisalsoobservedintheanglebetweenplane9 
andplane6(&finedbythetwocarbonatomsbondcdtothecOgroupandthetwoethanocarbona~sbondedto 
them). The Q’9 angle averages 62’ in 6/7 and 68” in W9. The angle between plane 6 and plane 5 (the similar 
plane involving the CO group on the kfi side of the mokcuks depkted in Pigum 5) contracts from an average 56’ 
in 617 to 49.5O in 8/9. Similarly, the plane 4/6 angle contracts from 84” in # to 79’ in 8/9. 

The remaining angles involving the planes defined by the C-C(O)-C moieties (1 and 2) do not exhibit 
general trends but rather have deviations among themselves which apparently are related to the different 
substitution patterus. For example, the l/Z angles vary from 86” in 6.67’ in 7,77” in 8, to 62“ in 9. Other 
variations in the l/3,1/5,1/9.2/4, and 2/6 angles probably have similar o&ins. The remaining planes (involving 
carbon atoms only) show remarkabk consistency thtoughout the 6-9 serks. 

Table IV. Comparison of Plane Angles. 

Planes Angle (deg. 6) Angle (deg, 7) Angle @leg, 8) Angle (deg. 9) 

It3 
l/5 
Ii9 
l/IO 

2/4 
2/6 
2f9 
2IlO 
l/2 
314 
315 
3t9 
4/6 

4i9 
5i9 
5110 

516 
69 
@lo 
7/9 
8/9 
7l8 
9110 

14 19 
70 63 
48 55 

11 23 
73 60 
46 58 

86 67 
69 70 
84 82 
35 35 
84 83 
34 35 
62 63 

56 55 
62 62 

61 63 
61 62 
58 55 

24 17 
59 66 
59 51 

73 64 

16 22 

85 79 
18 11 
3 2 

77 62 
68 67 
83 83 
34 34 
79 79 
34 33 
63 63 
48 50 
50 49 
67 68 
82 82 
61 61 
61 61 
58 57 
15 13 
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Thus, the crystallographic data presented herein confirm that the ~~yclo[7.2.1.~~tt.~~t~Qdecmt 
5,12dione framework is subject to varied conformational distortion as a function of bromine substitution. 
However, bead distances am little affected as the halogen content is progressively &mased. 

Experimental !kctionl9 

Tetracyclo[7.2.1.~~11.06~~0]dodecane-5,12-dione (4). A solution of the 2,7diene precursor15 
(3.78 g, 20.3 mmol) in ethyl acetate (300 mL) was hydrogenated over 5% W-C (55 mg) at 50 psi in a Parr 
apparatus. Filtration through Cellte to remove the catalyst and solvent evaporation gave 3.67 g (95%) of 4 as a 
colorless solid, mp 129-131 ‘C, IR (KRr, cm-l) 1715; 1H NMR (300 MHz, CDCl,) 6 3.56-3.45 (m, 2 H), 3.00- 

2.96 (m, 4 II). 1.99-1.79 (m, 8 H); l3C NMR (20 MHz, CDC13) ppm 223.91, 55.54, 44.01, 30.72; MS m/z 

(M+) calcd 190.0994, obsd 190.0982. 
Ad. C&d for C12H14O2: C, 75.75; H, 7.42. Found C, 75.56; H, 7.43. 

Bromination of 4 with Copper(H) Bromide. A nitrogen-blanketed refluxing solution of 4 (504 
mg, 2.65 mmol) in 1: 1 ethyl acetate-chloroform (10 mL) was treated portionwise (ca 200 mg) with CuRr2 (1.19 

g, 2 equiv), with care to add the subsequent amount only after the initial green color had disappeared. Solid CuBr 
was observed to precipitate and the solution turned yellow. The cooled mixtum was iiltered thmugh Celite and the 
pad was washed well with ethyl acetate. The evaporated filtrate gave a residue that was separated into its 
components by chromatography on silica gel (elution with 20% ethyl acetate in petroleum ether). The first product 
to elute was 7 (Rt = 0.88.93 mg. 10%); colorless crystals, mp 117-l 18 T (from ether); IR (CCl,+ cm-l) 1748; 
1H NMR (300 MHz, CDCl3) 6 3.763.68 (m, 2, H). 3.59-3.46 (m. 2 H), 2.60-2.51 (m, 2 H), 2.27-2.11 (m, 4 
H), 1.65-1.52 (m, 2 H); 13C NMR (75 MHz, CDCl3) ppm 212.50, 65.68, 51.83, 49.79, 39.41, 27.21; MS m/z 

(M+) calcd 345.9204, obsd 345.9206. 
Anal. Calcd for Ct2H12Br202: C, 41.63; H, 3.50. Found: C, 41.84; H. 3.49. 
The second compound to elute was 6 (Rt = 0.73, 62 mg, 7%); colorless solid, mp 127-128 T (from 

ether); IR (CC4, cm-l) 1730; 1H NMR (300 MHz, CDC13) 6 3.87 (d, J = 10.1 Hz, 1 H). 3.64 (q. J = 10.3 Hz, 1 

H), 3.42-3.35 (m. 2 H), 2.50-2.40 (m, 2 H), 2.36-2.25 (m. 2 H), 2.08-1.97 (m, 2 H), 1.94-1.85 (m, 2 H); 13C 
NMR (75 MHz, CDC13) ppm 213.47, 64.80, 64.00, 51.90,40.58, 38.83, 30.06; MS m/z (Ivl+) calcd 345.9203, 

obsd 345.9201. 
And. Calcd for CI2Hl2Br202: C, 41.63; H. 3.50. Found: C, 41.85; H, 3.62. 
The most polar constituent was 5 (Rt = 0.35). a colorless solid (301 mg, 42%) having mp 87-88 T (from 

ether); IR (CC4, cm-t) 1735; tH NMR (300 MHz, CDCl3) 6 3.69-3.53 (m, 2 H). 3.45-3.38 (m, 1 H), 3.14- 

3.05 (m. 1 H), 3.02-2.95 (m. 1 H). 2.53-2.44 (m, 1 H), 2.24-2.07 (m, 2 H), 2.04-1.84 (m, 4 H), 1.65-1.52 
(m, 1 H); 13C NMR (75 MHz, CDC13) ppm 221.91. 214.66, 66.58. 55.54. 54.21, 53.95, 51.93, 42.30, 40.16. 

30.98, 29.75,28.94; MS mlz (M+) calcd 268.0098, obsd 268.0133. 
Anal. Calcd for C12Ht3Br02: C, 53.73; H, 4.89. Found: C, 53.32; H. 4.90. 

1,4,6-Tribromotetracyclo[7.2.l.O*~~~.O~~~~ldod~ane-S,l2-dione (8). A refluxing solution 
of l(890 mg. 4.7 mmol) in 1:l ethyl acetate-chlorofotm (20 mL) was treated under nitrogen with CuBr2 (3.14 g, 

14.1 mmol, 3 equiv) as described above. Purification by MPLC removed all bromination products except the 1.6 
dibromide which co-eluted with 8. Repeated recrystallization of this material from ethyl ether afforded pure 8 
(274 mg. 14%) as colorless crystals, mp 124-126 “C; IR (CC4, cm-l) 1755; 1H NMR (300 MHz, CDCl3) 8 3.96 

(d, J = 10.3 Hz, 1 H), 3.82 (t, J = 10.8 Hz, 1 H), 3.54-3.45 (m, 1 H), 2.62-2.36 (m. 4 H), 2.33-2.15 (m, 2 H). 
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2.03-1.92 (m. 1 H), 1.71-1.55 (m, 1 H); 13C NMR (75 MHZ. CDC13) ppm 212.50, 208.97, 63.77, 63.47, 

61.52, 58.93, 51.76.50.82, 41.50, 39.97, 38.56.28.59; MS m/z (M+) calcd 432.8310. obsd 432.8312. 
Anal. Calcd for C12HllBr302: C. 33.98; H, 2.62. Found: C, 33.99; H, 2.73. 

1,4,6,9-Tetrabromotetracyclo[7.2.1.0 4~1~.06~l@]dodecane-S,l2-dione (9). A solution of 4 
(108 mg, 0.57 mmol) in glacial acetic acid (20 mL) was heated to reflux under nitrogen and treated with bromine 
(0.35 mL, 1.09 g, 6.9 mmol) over 5 min. Heating was continued for 2 h. The cooled reaction mixture was 
diluted with water (10 mL) and U-I@2 (10 mL), and the aqueous layer was extracted with CH2Cl2 (3 x 10 mL). 
The combined organic phases were washed with water (3 x 10 mL), saturated NaHC!Gj solution (3 x 10 mL) and 

brine (10 mL) prior to drying and solvent evaporation. The residue was purified by chromatography (silica gel, 
elution with 20% ethyl acetate in petroleum ether) to give 229 mg (80%) of 9 as a colorless solid, mp 180-200 “C! 
(from ether); IR (CHCl3, cm-l) 1750; 1H NMR (300 MHZ, CDCl3) 6 4.01 (s, 2 H). 2.61-2.49 (m. 4 H), 2.26- 
2.13 (m, 4 H); 13C NMR (75 MHz, CDCl3) ppm 208.41, 62.77, 58.78, 39.65; MS m/z (M+) calcd 501.7415, 

obsd 501.7352. 
Anal. Calcd for C12Hlt$r402: C, 28.70; H, 2.01. Found C, 28.52; H. 2.06. 
X-ray quality crystals of 9 wem grown from CH2Cl2. 
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