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cis-7,8-Dicarbomethoxy-3,4-dimethyl-a/ifi-tricyclo[4.2.2.02'5]-
deca-3,9-diene (2Od). A solution of 300 mg (1.3 mmol) of 3,4-di-
methyltricyclo[4.2.2.02'5]deca-3,7-diene-9,10-dicarboxylic anhy
dride4 in 15 ml of dry methanol was heated at reflux for 5.5 hr, 
cooled to 0°, and treated with excess diazomethane in ether. The 
solution was kept overnight at room temperature and evaporated to 
leave a residue which was crystallized from aqueous methanol. 
Pure 20c was obtained as white crystals: mp 61.5-63°: <5TMS 
(CDCl3) 5.96 (m, 2, olefinic), 3.52 (s, 6, methyl), 2.86 (br s, 2), 
2.73-3.0 (m, 2), 2.5 (m, 2), 1.52 (br s, 6, methyl). Calcd m/e 
276.1361; found 276.1366. 

Anal. Calcd for C]6H20O4: C, 69.55; H, 7.30. Found: C, 69.54: 
H, 7.28. 

Rearrangement of 16d with PdI2(PPIvJh. Reaction of 11 mg 
(0.040 mmol) of 16d with 3 mg (0.005 mmol) of catalyst in 0.5 ml 
of benzene for 600 hr at 80° returned 84% of unchanged 16d and 
gave 5.9% of 17d, 1.6% of 19d, and 8.5% of 2Od (analysis on col
umn d).15 

Rearrangement of 16d with PdCl2(PPli3)2. Reaction of 3 mg 
(0.011 mmol) of 16d with 4 mg (0.009 mmol) of catalyst in 0.5 ml 
of benzene for 119 hr at 80° gave 100% of snoutane 17d (analysis 
on column d).15 

Rearrangement of 16d with PdCI2(PPhS)2. Reaction of 3 mg 
(0.011 mmol) of 16d with 3 mg (0.008 mmol) of catalyst in 0.5 ml 
of benzene for 120 hr at 80° gave 0.9% of 16d, 96.6% of 17d, 1.0% 
of 19d, and 1.5% of 2Od (analysis on column d).15 

Isomerization of 21 with PdI2(PPh3)2. Heating 6 mg of 214 with 
0.5 ml of 0.0019 M catalyst solution in benzene at 79° for 119.5 hr 
gave 8% of snoutane 224 and 92% of diene 23; 5TMS (CDCl3) 
5.70-6.15 (m, 2, olefinic), 5.83 (s, 2, cyclobutene), 3.73 and 3.67 
(two s, 3 each, methyls), 2.58-3.30 (br m, 6). 

Anal. Calcd for Ci4H16O4: C, 67.73; H, 6.50. Found: C, 67.64; 
H, 6.76. 

Isomerization of 21 with [Rh(NOR)CI]2. A solution of 43.5 mg of 
21 and 14 mg of catalyst in 1.4 ml of benzene was heated in a 
sealed ampoule at 40° for 44 hr. Work-up gave 26,9 mg of an oily 
product, vpc analysis of which on column f15 showed it to be single 

In the preceding paper of this series,1 complexes of Rh(I) 
(4d8) and Pd(II) (4d8) were shown to promote the rear
rangement of 1,8-bishomocubanes. In many instances, the 
isomerizations were observed to differ in type from the ex
clusive bond switching pathway catalyzed by Ag(I) (4d10) 

substance. Isolation and pmr analysis gave proof that this material 
was uniquely 23. 
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salts,3 dienes and not snoutanes arising as the major prod
ucts. These diverse catalytic properties cannot be distin
guished simply on the basis of the differing electronic con
figurations of the transition metals (d8 vs. d10) but are 
seemingly dependent to a greater extent on more subtle fac-
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Abstract: The effect of varied 4-substitution of the homocubane ring system on the course of Rh(I) and Pd(II) catalyzed 
rearrangements was probed both by direct examination of product ratios and kinetically in the case of [Rh(NOR)Cl] 2. Com
parison of the rate data with catalytic rate constants previously determined from Ag(I)-promoted bond switching reactions 
revealed a greatly diminished sensitivity of Rh(I) to the electronic nature of the substituent at C4 but an increase in its re
sponse to steric factors. The range of £RI, values, excluding those for the A-tert-b\\\y\ and 4.5-dimethyl examples, is but a fac
tor of 60 (compare Ag(I) where it is 500-fold). The rhodium norbornadiene chloride dimer promoted isomerization of 4-tri-
deuteriomethylhomocubane shows essentially nil deuterium isotope effect (k^/ko = 1-011 ± 0.005). This behavior is attrib
uted to the absence of carbonium ion character in the rate-determining transition state. The compatibility of these findings 
with an oxidative addition pathway is discussed, as are several additional quantitative relationships uncovered in this study. 
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Table I. Metal Catalyzed Isomerizations of Homocubane 

Catalyst 

AgClO4 
[Rh(NOR)Cl]2 

PdI2(PPh3). 

PdCl2(PPh3)O 
PdCl2(PhCN)2 

PtCl2 

RuO2 

[Ir(CO)3Cl]2 

(None) 
(None) 

Solvent 

C6He 
Ccrl6 
CHCl3 

CgH6 
CeHe 
CHCl3 

CcHo 
CeHe 
C6H6 

CgHg 
CHCl3 

CeH6 

Temp, 0C 

40 
40 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 

Time, hr 

40 
40 
48 

164 
164 

48 
166 
166 
164 
165 
96 

166 

1 

0.2 

89.5 
96 
34.1 

98.9 

2 

100 

62.8 
84.8 
97.0 
69 
83 
10.3 
4 
5.9 

100 
0.3 

(~~^ ^, ••»-* « ^* J-- , + < S*\ *•+ O / 

'wUinpuMUun, / c 
3 

100 
5.8 
2.7 

Trace 

26.6 

.„ 

4 

23.1 
9.5 
2.1 

31 
17 
0.2 

33.4 

* Unidentified 

8.2 
2.8 
0.9 

0.8 

" Determined by vpc analysis on a 10 ft X 0.125 in. 15% PMPE5-ring 
tors. An important one of these is the nature of the attached 
ligands, particularly as they affect by their electronegativ
ity, polarizability, and a donor-7r acceptor qualities the 
softness or hardness of the metal center.1,4 The importance 
of steric factors at the reaction site has also manifested it
self,1 and is particularly recognizable when the bishomocu-
bane is 4,5-disubstituted. 

The present report details our study of the transition 
metal promoted isomerizations of homocubanes, molecules 
whose strain energies are intermediate between those of the 
structurally related 1,8-bishomocubanes and cubanes. The 
substrates chosen for investigation are the parent hydrocar
bon, a wide range of 4-substituted derivatives, and the 4,5-
dimethyl compound. Kinetic analysis of their 
[Rh(NOR)Cl]2 promoted rearrangement has now provided 
convincing evidence that substantial electronic alteration at 
the reaction center in these strained molecules has little in
fluence on rate. Additionally, evidence has been uncovered 
that implicates ring strain as an influential factor in con
trolling the relative levels of diene formation and bond 
switching. That such metal catalyzed valence isomeriza
tions of homocubyl systems possess these additional intrigu
ing features is of considerable mechanistic consequence. 

Results 

Homocubane Rearrangements. While exposure of 1 to an
hydrous silver perchlorate in benzene leads exclusively and 
quantitatively to norsnoutane (2),5 reaction with catalytic 
amounts of rhodium norbornadiene chloride dimer gives 
rise only to diene 3. The palladium catalysts PdI2(PPh3)2, 
PdCl2(PPh3)2 , and PdCl2(PhCN)2 promote isomerization 
of 1 chiefly to 2, although appreciable amounts of 4 are also 
formed. The structural assignment to 4 was confirmed by 

spectral and vpc comparisons with an authentic sample pre
pared by rhodium dicarbonyl chloride dimer catalyzed rear
rangement of norsnoutane (2) as described earlier by Katz.6 

That 4 is a secondary product formed from 2 was demon
strated (a) by isomerization of the latter under the actual 
experimental conditions using PdCl2(PhCN)2 as catalyst 
and (b) by noting its rate of appearance on a time vs. prod-

column heated to 70-80°. 
uct distribution curve. Diene 3 is stable to further rear
rangement. A change in solvent polarity from benzene to 
chloroform led to an enhancement in the levels of conver
sion to 4. Table I lists the temperature, reaction times, and 
product distributions for these isomerizations. 

In contrast to the behavior discussed above, platinum 
chloride and ruthenium dioxide showed little catalytic ac
tivity. On the other hand, the catalyst system most varied in 
its effect on homocubane proved to be [Ir(CO)3Cl]2 . When 
reaction was allowed to proceed in dry benzene at 80° for 
165 hr, conversion to diene 3 as well as to 2 and 4 was ob
served. On this basis, the iridium catalyst stands alone at 
being able to effect meaningful competitive isomerization of 
1 along both possible reaction pathways. Also relevant were 
the findings that 1 in the absence of transition metals is es
sentially stable in benzene solution at 80° for 144 hr (0.3% 
conversion to norsnoutane observed), but is smoothly isom-
erized to 2 when heated in chloroform at the same tempera
ture for 96 hr. The latter control experiment, further study 
of which has not been pursued, seemingly points up the pos
sibility that the acid which is liberated from solvent under 
these conditions can likewise effect bond switching. 

The present results provide the basis for certain inter
esting comparisons to be made. As concerns 
[Rh(NOR)Cl]2 catalysis, both cubane7a and homocubane 
are isomerized exclusively to ring opened diene products. 
With 1,8-bishomocubane, however, small amounts of the 
dicyclopropane valence isomer also result.5 The alternative 
mechanistic channel shows a similar trend. Thus, cubane 
has been reported to undergo only bond switching in the 
presence of catalytic quantities of Pd(II) complexes, al
though neither the nature of these catalysts nor the reaction 
conditions have been specified.70 As shown above, homocu
bane is similarly not predisposed toward diene production 
with the various palladium complexes examined (Table I), 
only PdI2(PPh3)2 generating measurable quantities (2.7-
5.8%) of 3. With 1,8-bishomocubane, levels of diene as high 
as 29% have been noted.1 In the last two series which were 
examined in these laboratories, careful attention was given 
to utilization of the identical batch of catalyst throughout. 
Reaction temperatures differ by only 5°. According to this, 
bishomocubane does not exhibit an exclusivity in product 
formation which is followed by its more strained congeners. 
As will be seen, this prevailing tendency is manifested as 
well in the 4-methyl derivative but not in the 4,5-dimethyl 
series where steric factors gain appreciable significance. 

Isomerization Reactions of 4-Methylhomocubane. The 
perturbing effects of incremental alkyl substitution upon 
such homocubane rearrangements was first assessed with 
the 4-methyl derivative 5. Complete specificity was again 
encountered with AgC104 and [Rh(NOR)Cl]2 in benzene 
at 40°, the resulting isomeric hydrocarbons being 6 and 7, 
respectively. With PdI2(PPh3)2 and PdCl2(PPh3)2, conver-
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Table II. Metal Catalyzed Isomerizations of 4-Methylhomocubane 

Catalyst 

AsClO, 
[Rh(NOR)Cl]2 

PdI2(PPh3), 

PdCUPPh3), 

PdCU(PhCN)2 

PtCl, 

RuO, 
[Ir(CO)3Cl], 

(None) 
(None) 
(None) 

Solvent 

CgHt; 
CeH 6 
CHCl3 

CfiHs 
CeHe 
CeHe 
CHCl3 

CcHe 
CHCl3 

Cc1H is 
CRHG 

CeHe 
CeHe 
C F1H C 

CeHe 
CHCl3 

CHCl3 

CeHe 
CeHe 
Cp1He 
CHCl3 

CeHp 
CeHp 

Temp, 0C 

40 
40 
80 
40 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 

Time, hr 

24 
30 
72 
70 
23 
93 
72 
92 
16 
45 
96 
49 
90 

264 
96 
18 
76 
50 
95 

264 
96 

118 
144 

, 
5 

98 
81.9 

96.1 
79.6 
51.9 
95.8 
77.0 
14.8 
19 
95.2 
94.0 

6 

100 

93 
2 

15.5 
88 
98.4 
99.8 
0.9 

92.6 
12.5 

3.9 
4.2 
1.8 
0.2 

10.7 
4.6 

18 
4.5 
6.0 

Composition, %"— 
7 

100 

2.7 
3.6 
0 4 
4.2 

30.0 

8 

96.1 
97.4 
97.4 

1.4 
58.7 
98.2 

13.5 
37.2 

2.9 
6.0 

45.2 

0.3 

9 

1.8 

3.0 
2.6 
2.6 
6.0 

28.8 
1.8 

0.7 
2.0 
5.4 

, 
Unidentified 

7 

3 
10.2 

1 .6 
0.2 

5.5 

Determined by vpc analysis on a 10 ft X 0.125 in. 15% PMPE 5-ring column heated to 70-80 -

8 9 

sion to norsnoutane 6 was again heavily favored, although 
small amounts of an unidentified component also were 
formed (Table II). When PdCl2(PhCN)2 was utilized, two 
new isomers made their appearance in relative ratios of 
96-97% and 2.5-3%. The major component could be readily 
isolated by preparative vpc on an XF-1150 column. Its pmr 
spectrum (in CDCI3) shows absorptions for an exocyclic 
methylene group at 5 4.83 (m, 1), and 4.68 (m, 1), three al-
lylic protons at 2.43 (m, 1) and 2.28 (m, 2), and three cy-
clopropyl hydrogens at 0.90-1.25 (m, 3). Additional signals 
appear at 2.08 (m, 1), 1.80 (m, 1), and 1.52 (br s, 2). The 
infrared spectrum of a neat sample showed prominent peaks 
at 3070, 2975, 2940, 2865, 2840, 1660, 870, and 795 cm"1 . 
These characteristic spectral data serve as the basis for as
signment of structure to 8. Sufficient quantities of the 
minor isomer could not be obtained pure. However, the fol
lowing evidence suggests the hydrocarbon to be 9. When 
the progress of the rearrangement of 5 with PdCl2(PhCN)2 

at 25° was followed by vpc, 9 was initially formed more 
rapidly than 8, but gradually lost its concentration advan
tage to the exocyclic methylene compound. No further 
change was apparent when the relative percentage of 9 in 
this mixture dropped to approximately 3%. In addition, 
when a 99% pure sample of 8 (containing 1% of 9) was ex
posed to PdCl2(PhCN)2 at 80° for 24 hr, the ratio of these 

isomers returned to the apparent equilibrium point of 96:4 
in favor of 8. Palladium-catalyzed isomerizations of olefins 
are well known and have been the subject of considerable 
study.8 It may well be that the reaction follows a course in
volving insertion of Pd(II) into an allylic C-H bond, elimi
nation to give a Tr-allyl metal complex, and subsequent ad
dition of hydrogen at the alternative allylic terminus. Al
though we have no evidence on this point, the fact remains 
that the equilibrium lies heavily in the direction of 8 and 
signifies that this exocyclic olefin is thermodynamically 
more stable that its endocyclic isomer 9. This behavior is 
contrasted nicely by the reversed thermodynamic prefer
ence of the 13-14 pair, the additional methyl group now 
providing sufficient stabilization to endocyclic isomer 13 to 
decrease its free energy relative to 14. 

As with 1, RuO2 showed no catalytic properties toward 5, 
but PtCl2 was now reactive and converted 5 to 8 (98.2%) 
and 9 (1.8%) after 264 hr at 80°. Iridium tricarbonyl chlo
ride dimer maintained its position of promoting isomeriza-
tion to all four products (Table II). 

The Behavior of 4,5-Dimethylhomocubane. As previously 
noted,'' addition of catalytic amounts of silver perchlorate to 
anhydrous benzene solutions of 10 results in exclusive con
version to 11. Importantly, positioning of two alkyl groups 

IO 

CH3 CH3 
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Catalyst Solvent Temp, 0C Time 10 11 
-Composition, 

12 13 14 

AgClO4 
[Rh(NOR)Cl]2 
[Rh(NOR)Cl], 
PdI2(PPh3), 
PdCl2(PPh3),. 
PdCl2(PhCN)2 

(None) 

CeH6 

CDCl3 
CeHe 
CpHg 
CeHg 
CeHe 

CeHe 

40 
50 
40 
80 
80 
80 
80 
80 

24 hr 
7 days 
184 hr 

7 weeks 
7 weeks 

11 hr 
592 hr 

7 weeks 

93 
70 
50 

100 
12 
15 

(35)" 
(33)" 
(70)" 
67 

1.5 

54 
64 
(12)" 
(10)" 
(0)" 

33.5 
19 
(52)" 
(56)" 
(28)" 
32 
0.5 

0 . 5 
2 

(1)" 
(1)" 
(2)" 

1 

" Determined by vpc analysis on a 10 ft X 0.125 in. 15°;*, PMPE 5-ring column heated to 70°." Values normalized to 100°,;. 

Table IV. Isomerization Rate Data for Various 4-Substituted Homocubanes and 10 ([Rh(NOR)Cl]2, anhydrous CBHf„ 40.0 ) 

Compd R Arm,, M~l sec-1 
Ar1-Oi vs. 1 ArAE,0 M " 1 s e c - Arrcl VS. 1" 

1 
5 
15a 
15b 
15c 
15d 
15e 
15f 
10 

— H 
-CH 3 

-CH2OCH3 
-CH2OH 
—C(CH3)3 
-C6H-, 

-<l 
-OC2H, 

1.36 X 1O-2 

3.41 X 10-2 

3.23 X 10-2 

8.74 X IO-2 

4.05 X IO"5 

3.24 X 10-= 

2.90 X IO"2 

1.4 X IO"3 

1.06 X IO"3 

1.0 
2.5 
2.4 
6.4 
0.0030 
0.24 

2.1 
0.1 
0.078 

7.36 X IO"4 

7.15 X IO-3 

1.10 X IO'3 

8.49 X IO"3 

2.88 X 10~4 

1.66 X IO-2 

2.53 X IO"2 

3.69 X IO'1 

6.44 X IO"3 

1.0 
9.7 
1 .5 
11.5 
0.4 
22.6 

34.4 

500 
8.7 

" Data taken from ref 5. 

at the pair of remote corners does not alter the course of 
rearrangement usually promoted by Ag+ . Furthermore, 10 
rearranges 8.7 times faster than homocubane under these 
conditions. As shown in Table III, we have observed that 
the [Rh(NOR)Cl]2-promoted reaction does not afford 
diene 12 exclusively. Rather, hydrocarbon 12 is formed to 
the extent of only 64%. In addition, the product mixture 
contained 15% of the norsnoutane and a rather large 
amount of isomer 13 (19%). The structure proof for 13 rests 
upon its spectral features (pmr (CDCI3) <5 2.33 (m, 2, allyl-
ic), 1.80 (m, 1, bridgehead), 1.50-1.70 (m, 1, cyclopropyl 
bridgehead), 1.67 (s, 6, methyls), 1.43 (m, 2, methylene), 
and 1.27 (d, J = 4.5 Hz, 2, cyclopropyls)) and its formation 
from 11 in the presence of [Rh(NOR)Cl]2. A fourth prod
uct (2%), which also appears in low yield in the Pd(II) cata
lyzed isomerizations, was not available in quantities suffi
cient for characterization. Because it is produced in small 
amounts (1-2%) when 13 is exposed to complexes of Rh(I) 
and Pd(II), we have tentatively assigned to this substance 
the structure 14 by analogy with the rearrangement of 9 to 
8. Since 13 and 14 are formed by secondary rearrangement 
of 11, the response of 10 to this rhodium catalyst can be 
summed up as 64% diene formation and 36% bond switch
ing. The related 1,8-bishomocubane derivative experiences 
72.5% diene formation and 27.5% bond switching under 
comparable conditions.5 In this example, the usually en
hanced proclivity of homocubanes to furnish larger amounts 
of diene product is clearly not prevailing. 

The reactivity of 10 toward palladium catalysts is de
creased relative to the parent system and conversion to 
diene becomes reasonably competitive with norsnoutane 
formation when PdI2(PPh3)2 and PdCl2(PPh3)2 are em
ployed. It will be recalled that these complexes produce no 
detectable diene with 1 and 5. 

Kinetic Evaluation of Substituent Effects. The qualitative 
indications that 4-methylhomocubane (5) is more reactive 
toward [Rh(NOR)Cl]2 than homocubane (1) were con
firmed by quantitative measurements (Table IV). This pair 
of rearrangements, studied kinetically in anhydrous ben
zene at 40.0°, revealed a 2.5-fold acceleration to result 
upon introduction of the corner methyl group. This rate in
crease in diene production is somewhat less than that seen 
for Ag(I) catalysis where 5 undergoes structural reorgani

zation to the isomeric snoutane 9.7 times faster than 1. 
Similar comparison of the reactivity of 4,5-dimethylhomo-
cubane (10) toward the two catalyst systems has given evi
dence of more dramatic effects. With silver perchlorate in 
benzene, 10 experiences exclusive bond switching 8.7 times 
faster than 1 at 40°. When treated with [Rh(NOR)Cl]2 

under analogous conditions, 10 isomerizes a factor of 12.8 
times more slowly than 1. Factoring of the catalytic rate 
constant (AVRJ,) by that percentage of the reaction which 
proceeds by the bond switching mechanism (36%) gives a 
value of 3.8 X 1O -4 M~x sec - 1 . Consequently, the response 
of 10 to Rh(I)-promoted bond switching is 17 times less 
rapid than it is toward Ag(I) under these circumstances. 

The effect of 4-CH2OCH3 , 4-CH2OH, and 4-cyclopropyl 
substituents is to produce a 2.1-6.4-fold rate enhancement 
relative to 1. Such quite small accelerations again contrast 
with the behavior of these molecules toward silver ion 
(Table IV). Particularly striking, however, are the reactivi
ties of 15c, 15d, and 15f. The 4-/e/7-butyl group in 15c ex
erts a far greater steric impediment toward 
[Rh(NOR)Cl]2- than toward AgC104-promoted rearrange
ment. To argue the 100-fold decrease on the basis of the 
differing molecular dimensions of the catalysts and a mech
anistic changeover which may require the rhodium reagent 
to approach C4 in more intimate fashion appears reason
able. The rate decelerations caused by the 4-phenyl and A-
ethoxy groups are best ascribed to the absence of carboni-
um ion character in the rate determining transition state. 
When the reverse is true and some charge development does 
materialize as in the case of Ag(I) catalysis,5 then these 

4 [Rh(NOR)C!], 

15 

a, R = CH2OCH3 

Jb1R = CH2OH 

J1R=C(CHg)3 

d, R = C6H5 

e , R H 
7 , R = OC2H5 
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Figure 1. Correlation of log AiRh with a* for various 4-substituted ho-
mocubanes. The kinetic data are taken from Table IV. 

substituents accelerate valence isomerization. Close exami
nation of the data summarized in Table IV reveals the ki
netic difference between the two catalysts to be on the order 
of !00 for 15d and 5000 for ISf. 

Since homocubanes 15a-f are cleanly ring opened to 
16a-f under the conditions employed, the small accelerating 
effects of electron-donating groups such as methyl, me-
thoxymethyl, hydroxymethyl, and cyclopropyl, in conjunc
tion with the decelerating consequences of phenyl and eth-
oxy substitution at C4, can be most reasonably accounted 
for in terms of dominant inductive effects to the exclusion 
of possible resonance contributions in the transition state of 
kinetic consequence. 

Some attention was also given to 4-vinyl, 4-acetoxy-
methyl-, and 4-carbomethoxyhomocubanes. For unknown 
reasons, the first two compounds did not rearrange via 
pseudo-first-order kinetics. Isomerization of the ester was 
exceedingly slow; at 150°, rearrangement to form products 
was noted, several of which appeared to arise from secon
dary reactions. 

When the logarithmic values of k^h are plotted against 
the appropriate Taft a* constants as in Figure 1, a good 
straight line is not defined. With the exclusion of the data 
for 15c because of the obvious intrinsic steric complications, 
the correlation coefficient of the other six points comes only 
to 0.705. One reasonable way to interpret these data is to 
assume that [Rh(NOR)Cl]2 catalysis is especially subject 
to small alterations in the steric size of the 4-substituent. 

Secondary Deuterium Isotope Effect Data. Additional 
mechanistic insight was provided by the isomerization of 17 
to 18 with [Rh(NOR)Cl]2. Previously, 17 had been found 
to isomerize in the presence of silver perchlorate to 19 with 
a very small and somewhat inverse isotope effect of 0.97 ± 
0.03.5 In the present study, tandem experiments involving 
17 and its nonlabeled counterpart 5 were carried out simul
taneously under identical conditions. The average of several 
such sets of experiments showed the fractionation factor to 
be again negligible, although now slightly positive in direc
tion (kH/kD = 1.011 ± 0.005). This finding agrees with the 
earlier inferences that no meaningful hybridization changes 
operate at C4 in the rate determining step. Any mechanism 
involving positive charge development at C4 which would 
open the possibility for hyperconjugative interaction of the 
C-D bonds with the adjacent homocubyl orbital is convinc
ingly ruled out. 

> n 40° CD3 40° F 
C° 3 V * D = 0.97 * H A > - ' - ° M CD3 
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Figure 2. Plot of log /CRI, with S<r* for several cubane derivatives (data 
taken from ref 7a). 

Discussion 
The present results disclose that Rh(I)-catalyzed rear

rangements of homocubanes to dienes are insensitive to the 
electronic nature of the C4 substituent but affected kineti-
cally by steric compression at that site. 4-terf-Butylhomo-
cubane (ISc) is an extreme example of the latter category. 
4,5-Dimethyl derivative 10 is also encumbered but to a less
ened extent. Least-squares treatment of the kinetic data 
plotted in Figure 1, excluding the point for 15c, gives a 
p* value of —0.87. Significantly, this value compares closely 
to the small negative p* value observed for the 
[Rh(NOR)Cl] 2-promoted isomerization of cubane, carbo-
methoxycubane, and 1,4-biscarbomethoxycubane when the 
appropriate log &Rh values73 are plotted against Su*9 (see 
Figure 2). Viewed from a different perspective, the rate 
constants measured for the Rh(I)-promoted isomerizations 
of the homocubanes are seen to differ by a factor of only 60 
(excluding 10 and 15c, Table IV). 

In contrast, the k^g values for these same homocubanes 
vary by a factor of 500.5 Thus, that bond reorganization 
which operates to give snoutane products is appreciably 
more sensitive to the electronic characteristics of the corner 
substituent. This is also reflected nicely in the more nega
tive p* value of —2.33 (r = 0.995) for these reactions.5 Sim
ilarly, the rates of Ag(I) catalyzed isomerization of various 
cubanes7b generate a p* value of -1.35 (r = 0.987).I0 This 
kinetic behavior can most reasonably be taken to mean that 
development of positive charge does not take place in the 
rate-limiting step of the Rh(I) reactions. The small negative 
p* values could arise from a preequilibrium process,1' but a 
kinetic dependence*of the Michaelis-Menten type 

_ d[homocubane] _ feif[homocubane][Rh(I)] 
At /f[homocubane] + 1 

remains to be determined at the experimental level. 
The combined evidence can be satisfied by the proposal 

of Cassar, Eaton, and Halpern7a that ring opening reactions 
promoted by Rh(I) catalysts which give diene products pro
ceed stepwise through an intermediate such as 20 where the 

^ J5!». ^ ^1L^ 

20 

transition metal has entered into oxidative addition in the 
rate-determining step. What can be claimed additionally at 
this time is that the insertion process which leads to 20, does 
not entail charge development at C4. The real possibility ex
ists that this condition arises because oxidative addition into 
the nonadjacent C2C5 bond is kinetically favored. That one 
of the less substituted edge bonds enters more readily into 
oxidative addition might be inferred from the relative rates 
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of rearrangement of 5 (kTei = 2.5) and 10 (/crei = 0.078).12 

However, this single correlation should not be considered as 
establishing the point since the impact of steric effects at C4 

and Cs on the preequilibrium, if one does operate,1 ' has yet 
to be determined. Thus, the question remains open. 

Two final quantitative comparisons warrant mention. 
Firstly, the distribution of snoutane products from reaction 
of the various cubyl hydrocarbons with the several Pd(II) 
catalyst systems parallels increasing strain, barring the 
presence of an excessive level of steric congestion. Using 
Pdl2(PPh3)2 as an example, 1,8-bishomocubane is seen to 
undergo rearrangement with formation of much less snou
tane (4.5%) than is evidenced by homocubane (94.3% nor-
snoutane). With the introduction of a 4-methyl group, these 
percentages become 46.1 and 89.8, respectively. 

Secondly, the catalytic activity of Ag(I) and Rh(I) 
toward homocubanes is dissimilar not only in product for
mation but also in sensitivity to electronic factors. Analysis 
of the product and rate data reveals that the diene forming 
reaction is relatively substituent insensitive, whereas the 
bond switching process is particularly responsive to substi
tution at C4. These observations may prove to be generally 
characteristic of those features which distinguish isomeriza-
tions proceeding by way of oxidative addition from those in
volving generation of transient carbonium intermediates. 

Experimental Section 

Proton magnetic resonance spectra were obtained on Varian 
A60-A, Varian HA-100, and Jeolco MH-100 spectrometers; ap
parent splittings are given in all cases. Infrared spectra were deter
mined on Perkin-Elmer Model 137 and 467 instruments. Mass 
spectra were recorded on an AE1-MS9 spectrometer at an ioniza
tion potential of 70 eV. Elemental analyses were performed by the 
Scandinavian Microanalytical Laboratory, Herlev, Denmark. Pre
parative and analytic vpc work was done on a Varian Aerograph 
A90-P3 instrument equipped with a thermal conductivity detector. 
Kinetic measurements were achieved with the aid of a Hewlett-
Packard 5750 unit (flame ionization detector) equipped with an 
electronic integrator. 

General Rearrangement Procedure. The homocubane (3-45 mg) 
and appropriate catalyst (3-14 mg) were taken up in a small vol
ume of the indicated solvent (0.3-2 ml) and the resulting solutions 
were divided among three precleaned tubes which had been pre
viously flushed with nitrogen. For those reactions conducted at 
80°, the tubes were sealed under nitrogen. The contents of each 
tube were processed by shaking with 1 ml of saturated aqueous po
tassium cyanide solution and 0.2 ml of pentane. The organic layers 
so obtained were analyzed directly by vpc. 

endo-3-IVIethyltricyclo[4.2.1.025]nona-3,7-diene (7). A 100-mg 
sample of 5 was dissolved in 2 ml of anhydrous benzene which was 
1.08 X 10"2M in [Rh(NOR)Cl]2. After 7 days at room tempera
ture, the reaction mixture was treated as above with KCN. The or
ganic phase was dried and carefully evaporated and the only prod
uct was purified by preparative scale vpc on a 12 ft X 0.25 in. col
umn packed with 25% PMPE 6-ring on Chromosorb W (110°) to 
give 50 mg (50%) of 7 as a colorless liquid: 6TMS (CCl4) 5.85 (m, 
2), 5.65 (m, 1), 2.7 (m, 4), 1.9 (brd, 1), 1.55 (m, 4). 

Anal. Calcd for Ci0H12: C, 90.85; H, 9.15. Found: C, 90.86; H, 
9.08. 

8-Methylenetetracyclo[4.3.0.02-4.03'7]nonane (8). A solution of 50 
mg of 5 and 10 mg of PdCl2(PhCN)2 in 0.25 ml of chloroform was 
heated at 85° for 24 hr and processed as before. Isolation of the 
major product from a 6 ft X 0.25 in. 5% XF-1150 column at 65° 
gave pure 8 as a colorless liquid: <5TMS (CDCl?) 4.83 (m, 1), 4.68 
(m, 1), 2.43 (m, 1), 2.28 (m, 2), 2.08 (m. 1), 1.80 (m, 1), 1.52 (br 
s, 2), 0.90-1.25 (m,3). 

Calcd for C,0H,2 m/e 132.0939; found 132.0942. 
8,9-DimethyItetracyclo[4.3.0.024.037]non-8-ene (13). A solution 

of 25 mg (0.17 mmol) of 10 and 10 mg (0.026 mmol) of 
[Rh(CO)2Cl]2 in 0.3 ml of chloroform was sealed under argon in 
an nmr tube. After 3 hr at 50°, pmr analysis indicated approxi
mately 30% rearrangement to 13, after 9 hr 25% of 10 remained, 
and after 23 hr the conversion to 13 was complete. The spectrum 

remained unchanged after 5 days of additional heating (50°). 
Work-up as before and isolation from a 12 ft X 0.25 in. 10% 
PMPE 6-ring column (90°) gave pure 13: 5TMS (CDCl3) 2.33 (m, 
2), 1.80 (m, 1), 1.50-1.70 (m, 1), 1.67 (s, 6), 1.43 (m, 2), 1.27 (d, 
7 = 4.5 Hz, 2). 

Calcd for C n Hi 4 m/e 146.1095; found 146.1098. 
endo-3-Methoxy methyltricyclo[4.2.1.02,5]nona-3,7-diene (16a). 

A 50-mg (0.37 mmol) sample of 15a was dissolved in 2 ml of 0.015 
M [Rh(NOR)Cl]2 in benzene. After 24 hr at 40°, the reaction was 
arrested with aqueous potassium cyanide solution and the lone 
product was isolated from a 6 ft X 0.25 in. 20% Carbowax 20 M 
column (Chromosorb W) at 110°. There was obtained 19 mg 
(38%) of 16a: I5TMS (CCl4) 5.75 (m, 3), 3.55 (s, 2), 3.20 (s, 3), 2.75 
(m, 4), 1.85 (d, J = 8 Hz, 1), 1.5 (d, J = 8 Hz, 1). 

Anal. Calcd for CMHi40: C, 81.44; H, 8.70. Found: C, 81.31; 
H, 8.73. 

enrfo-3-Hydroxymethyltricyclo[4.2.1.02'5]nona-3,7-diene (16b). 
Reaction of 50 mg (0.35 mmol) of 15b with 5 mg (0.01 mmol) of 
[Rh(NOR)Cl]2 in 0.5 ml of benzene for 6 hr at 40° gave rise upon 
isolation from a 7 ft X 0.25 in. 10% Carbowax column (135°) to 
pure diene; emax (neat) 3350, 3055, 2965, 2930, 2865, 1655 cm-1; 
<5TMS (C6D6) 5.83 (m, 3), 3.77 (m, 2), 2.82 (m, 2), 2.42-2.65 (m, 
2), 1.87 (d, J = 8 Hz, 1), 1.52 (s, 1), 1.38 (d, J = 8 Hz, 1). Calcd 
m/e 148.0888; found 148.0889. 

Anal. Calcd for C10Hi2O: C, 81.04; H, 8.16. Found: C, 80.92; 
H, 8.32. 

endo-3- ferr-Butyltricyclo[4.2.1.02'5]nona-3,7-diene (16c). Reac
tion of 17 mg (0.10 mmol) of 15c with 5 mg (0.01 mmol) of 
[Rh(NOR)Cl]2 in 0.4 ml of benzene for 12 days at 60°, quenching 
with KCN solution, and isolation from the Carbowax column 
(85°) gave 16c: 5TMS (C6D6) 5.85 (m, 2), 5.65 (m, 1), 2.40-2.95 
(m, 4), 1.94 (d, J = 8 Hz, 1), 1.38 (d, J = 8 Hz, 1), 0.87 (s, 9). 
Calcd m/e 174.1408; found 174.1411. 

Anal. Calcd for C3Hi8 : C, 89.59; H, 10.41. Found: C, 89.59: H, 
10.37. 

e#K/o-3-Phenyltricyclo[4.2.1.02'5]nona-3,7-diene (16d). Reaction 
of 10 mg (0.095 nimol) of 15d with 11 mg (0.024 mmol) of 
[Rh(NOR)Cl]2 in 2 ml of benzene for 20 hr at 40° furnished pure 
16d after work-up and purification on the Carbowax column: 5TMS 
(C6D6) 7.10 (s, 5), 6.11 (br s, 1), 5.50-5.84 (m, 2), 3.16 (m, 1), 
2.84 (m, 2), 2.58 (m, 1), 1.88 (d, J = 9 Hz, 1), 1.52 (d, J = 9 Hz, 
1). Calcd for Ci5Hi4 m/e 194.1095; found 194.1099. 

endo-3-Cyclopropyltricyclo[4.2.1.02'5]nona-3,7-diene (16e). 
Reaction of 15 mg (0.095 mmol) of 15e with 3 mg (0.007 mmol) of 
[Rh(NOR)Cl]2 in 0.5 ml of benzene for 17hrat40° and vpc puri
fication on the Carbowax column (90°) afforded 16e: i>max (neat) 
3085, 3060, 3040, 3010, 2965, 2925, 2865, 1625 cm"1: 5Tvts 
(C6D6) 5.86 (m, 2), 5.68 (s, 1), 2.62 (m, 2), 2.38 (m. 2), 1.88 (d, J 
= 8 Hz, 1), 1.32 (d, J = 8 Hz, 1), 0.78-1.38 (m, 3). 0.14-0.48 (m, 
2). Calcd m/e 158.1095: found 158.1097. 

Anal. Calcd for C,4H,2: C, 91.08; H, 8.92. Found: C, 90.97; H, 
9.06. 

General Procedure for Kinetic Measurements. All kinetic experi
ments were run in oven-dried 1-dr vials (except for 15c where 
sealed tubes were used) which had been washed sequentially with 
nitric acid, distilled water, ammonium hydroxide, and distilled 
water. Fresh solutions of [Rh(NOR)Cl]2 in anhydrous benzene 
were prepared immediately before use. After addition of the homo
cubane, the solutions were allowed to equilibrate at 40.0° for 5-10 
min. An accurate timer was started and aliquots were removed at 
suitable time periods. Each aliquot was quenched in 1 ml of satu
rated aqueous potassium cyanide solution and analysis of the or
ganic layer was made on a Hewlett-Packard 5750 gas chromato-
graph. The areas of the relevant peaks were measured electronical
ly and by planimetry. Least-squares treatment of the plots of In a/ 
(a — x) vs. time (sec) provided the data in Table IV, which values 
represent the average of at least two runs. Reproducibility within 
±5% was observed throughout. For those homocubanes which 
rearranged rapidly, reaction was generally followed to 2-3 half-
lives. The slower rearrangements were analyzed kinetically to 
0.2-1 half-lives. Good linearity prevailed under both sets of cir
cumstances. 
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Abstract: The preparation of CgHgS, C8H10S, and C8Hi2S 9-thia[4.2.1]bicycles and the stereoisomeric pairs of the corre
sponding sulfoxides is described. The synthetic design necessitated the development and subsequent use of three highly selec
tive reactions: (i) oxidation of the 9-thia[4.2.1]bicycle with m-chloroperbenzoic acid to yield a single isomeric sulfoxide 
which, regardless of degree of saturation, incorporates the SO group invariably syn to the C2 bridge; (ii) exclusive catalytic 
hydrogenation of the ir appendage located anti to the SO dipole with marked affinity for ethylene over butadiene; and (iii) 
high-yield regiospecific diimide reduction of the IT segment positioned syn to the SO function. Under conditions of thermal 
activation, C8H8SO sulfoxides 2 and 4 and their dihydro counterparts S and 7 interconvert, while the tetrahydro analogs 8 
and 11 fail to do so. Mechanistically, all the evidence accumulated thus far from a measurement of activation constants 
suggests that directional transposition of the SO dipole results from scission of the C-SO bond bridging the molecule. More
over, examination of specifically tagged 4. namely 18, in this connection established that the 4 ^ 2 process is attended by 
bridge migration. Attention is also drawn to the absence of by-products in the 2 ^ 4 and 5 — 7 interconversions which is 
clearly indicative of strong interaction between the reactive sites, sulfinyl radical (S=O) and monoallylic or diallylic carbon 
center, of the species intermediating the isomerizations. 

Because of their inherent rigidity and well-defined shape, 
9-heterobicyclo[4.2.1]trienes (1; X = heteroatom) are ide-

X 

ally structured as models for the purpose of assessing (i) the 
practical merits of nonbonded ir interaction and, ultimately, 
of such intriguing concepts as bicycloconjugation and bicy-
cloaromaticity and (ii) the scope and limitations of the in
fluence exerted by orbital symmetry on the course of peri-
cyclic (sigmatropic, cheletropic, electrocyclic, etc.)1 trans
formations. Thus far, our recorded work in the area has 
dealt chiefly with photoinduced bond relocations2-3 and 
dimerization,4 thermal cheletropyr reagent chemistry,6 and 
photoelectron spectroscopy7 of the nitrogen member of the 
family.8 Recently, we also briefly touched upon the sulfur 
analog (1; X = S, SO), describing its preparation9 and pho
toinduced response.10 In an effort to probe the it electronics 
of this intriguing thiabicycle by photoelectron spectrosco
py1 ' and also to further assess its pericyclic response, we re
cently prepared a variety of key derivatives and are now of
fering a full account of the synthetic aspect of this work. In 
part, the present report also deals with mechanism, its chief 
emphasis along these lines residing on the inversion of the 
rigidly held sulfoxide bridge. 

Synthesis and Characterization 

Synthetic entry into the general 9-thiabicyclo-
[4.2.1]nona-2,4,7-triene skeleton was gained by the addi
tion of SO, thermally generated from ethylene sulfoxide, to 
cyclooctatetraene at 110°.12 The white crystalline sulfoxide 
thus prepared (nmr, Figure la) was shown to constitute a 
single stereoisomer, 2, by conversion to its invertomer 4. 
This was accomplished efficiently (ca. 40% overall yield) in 
two steps, (i) careful LiAlH4 reduction of 2 to the corre
sponding sulfide 3 (nmr, Figure lb) and (ii) oxidation of 3 
with w-chloroperbenzoic acid (MCPBA) at ca. —40° to 
produce sulfoxide 4 contaminated with only ca. 5% (nmr) of 
stereoisomer 2. Compound 4 was effectively separated from 
its stereoisomeric contaminant by means of column chro
matography at ca. —15° (nmr, Figure Ic). Chemically, the 
[4.2.1] frame of 4 was established by its conversion to sul
fide 3 on treatment with IJAIH4, while the stereoisomeric 
relationship between the two sulfoxides was confirmed by 
the conversion of 2 to 4 on exposure to trimethyloxonium 
fluoroborate. The specific stereochemical assignments 
shown in 2 and 4 were made on the basis of nmr spectral in
formation. Specifically, brief comparison of the nmr spectra 
depicted in Figures la and Ic reveals that the "ethylene" 
protons are displaced to higher field and the "butadiene" 
hydrogens to lower field on going from 4 to 2. Bearing in 
mind the well-documented deshielding effect experienced 
by protons positioned syn to the SO group,13~!> it is readily 
seen that the observed chemical shifts are best accommo
dated by the stereochemical assignments shown in 2 and 4. 
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