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Molecular mechanics calculations have been performed on several bishomocubane derivatives in
ordertobetter understand their reactivities and properties. Strain energies of the five bishomocubane
hydrocarbons, (CH)g(CHy)s, calculated by the MM2(87) method increase in the order 1,4 < 1,3 <
1,3’ < 1,2 < 1,1. The values are 73.34, 76.63, 90.14, 93.12, and 112.57 kcal/mol, respectively. The
order of the 1,4 and 1,3 isomers is reversed from that of previous calculations using the Allinger 1971
and Engler 1973 force fields. Approximately the same order was found for the corresponding
compounds that contained only the cyclobutane portions of these bishomocubanes. The same order
was calculated for the gem-dimethyl derivatives of 1,4- and 1,3-bishomocubane in contrast to the
order found in previous calculations using the Allinger 1971-1972 force field. Calculated strain
energies of the gem-dimethyldibromo- and gem-diphenylmethoxybromo-1,3- and -1,4-bishomocubane
ethylene ketals alsoincreasein the order 1,4 < 1,3, Perchloro-1,4-bishomocubane has alower calculated
strain energy than does perchloro-1,3-bishomocubane, 187.17 vs 195.70 kcal/mol. Enthalpies of
formation were calculated for endo-dicyclopentadiene, two substituted derivatives, and the related
1,3- or 1,4-bishomocubanes. Geometries were calculated for 1,3-bishomocubanone, methylene-1,3-
bishomocubane, several hydroxy derivatives, and related hydrocarbons. These results add to our

understanding of several reactions and properties of these compounds.

Introduction

Molecular mechanics calculations have been used ex-
tensively to predict enthalpies of formation, strain energies,
and geometries of organic compounds including some in
the bishomocubane series.1-2¢ The seeming inconsistency
of some of these calculations and the general interest in
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these compounds!-?4-3! prompted a further investigation
of these calculations and an extension to other derivatives.

Results and Discussion

The enthalpies of formation and strain energies of the
five bishomocubanes 1-5132 as calculated by the MM2(87)
program!9:33:34 gre given in Figure 1. As expected, all five
of these isomers have lower strain energies than that of
homocubane (11) or cubane (12) (Figure 1), mainly because
of smaller deviations from the normal tetrahedral bond
angles for the bishomocubanes. Our calculated strain
energies for 2, 11, and 12 agree exactly with values
calculated recently by other workers,20:2!
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Figure 1. Enthalpies of formation and strain energies (SE)
calculated by MM2(87).

In carbocyclic systems, four-membered rings are sig-
nificantly more strained than five- or six-membered rings.
Thus, we originally reasoned that one could predict the
order of strain energies in the bishomocubanes 1-5 by
considering only the four-membered ring portions of these
molecules. 1,4-Bishomocubane (1) contains two four-
membered rings that are not fused to each other and should
be the least strained of the five bishomocubanes. 1,3-
Bishomocubane (2) contains two four-membered rings
fused to each other and should be the next most strained.
Both 1,3’- (3) and 1,2-bishomocubane (4) contain three
four-membered rings fused to each other, linearly fused
in 8 and fused about a single carbon atom in 4. The latter
appeared to us to be the more strained. 1,1-Bishomocu-
bane (5) contains four four-membered rings fused to each
other and was predicted to be the most strained of the five
isomers. Thus, the predicted order of increasing strain
energy was 1 <2 <3 <4 <35, the order actually found by
the MM2 calculations.

Totest whether the hydrocarbons analogous to 1-5 with
the non-four-membered ring portions removed follow the
same strain order, we calculated the strain energies of
compounds 6-10 (Figure 1). The order is nearly the same;
only the tricycloalkanes 8 and 9 are interchanged. The
calculated strain energies of these two compounds differ
only slightly compared with the range of strain energies
for the entire series of compounds 6-10. The calculated
minimum energy structures of 8 and 9 are shown in Figure
2. One possible reason for the reversal in relative strain
energies of 8 and 9 may be the 2.279 A interaction of the
two endo hydrogen atoms of 8 (two such interactions by
symmetry). The closest nongeminal, nonvicinal, hydro-
gen-hydrogen distance in 9 is 2.673 A (three such
interactions by symmetry). These types of hydrogen-
hydrogen interactions are absent in 3 and 4 and may
account for the reversed order. Interestingly, the strain
energies of 6-10 are all ~26-27 kcal/mol per four-
membered ring.3%

In comparing the strain energy orders of 1-5 and 6-10
possibly twice the strain energy of cyclobutane (6) should

(35) Gasteiger, J.; Dammer, O. Tetrahedron 1978, 34, 2939-2945.
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Figure 2. MM2-calculated structures of tricyclic hydrocarbons
8 and 9.

be used because 1 has two four-membered rings. If this
is done, compounds 1 and 2 are not in the same order as
2 X 6 (55.02 kcal/mol) and 7. However, again the noncage
series has hydrogen—hydrogen interaction differences, two
more cis vicinal interactions in 2 X 6 than in 7, that are
not present in the bishomocubane series.

The above discussion does not take into account the
other non-four-membered ring related interactions present
in these molecules. The MM2 calculation does take into
account all significant aspects of strain in these molecules,
not just that attributable to the arrangement of the four-
membered rings.

Godleski and co-workers? reported enthalpies of for-
mation of the bishomocubanes 1 and 2 calculated by the
Allinger 1971 and Engler 1973 force fields. The values for
the 1,4 isomer 1 were higher than for the 1,3 isomer 2
(49.86 and 48.34 kcal/mol, respectively, for the Engler force
field; 55.03 and 52.19 kcal/mol, respectively, for the Allinger
force field). Osawa and co-workers’ calculated enthalpies
of formation and strain energies for the gem-dimethyl
derivatives, 13 and 14, by using the Allinger 1971-1972
force field. They also found higher values forthe 1,4 isomer
13 (39.35 and 82.03 kcal/mol, respectively) than for the
1,3 isomer 14 (37.63 and 80.31 kcal/mol, respectively).
These relative values are reversed from the results of the
present calculations, which employed the MM2(87) pro-
gram (Figure 1). Wefind both 1,3-bishomocubanes, 2 and
14, to have higher enthalpies of formation and strain
energies than the corresponding 1,4-bishomocubanes, 1
and 13, respectively. The differences in these earlier
workers’ and our results apparently were caused by the
different parameters used in the various programs. Earlier,
Schleyer and co-workers reported a higher calculated strain
energy for 1,1,4-trishomocubane (one methylene bridge
and one ethano bridge) than for 1,1,3-trishomocubane.3
Calculated strain energies of the other trishomocubanes
paralleled our results on the bishomocubanes.3

The results of acetolyses of secondary sulfonate ester
derivatives 15 and 26-29 of the bishomocubanes 1-5,
summarized in Figure 3,3237.38 gare in general agreement
with expectations based on the calculated strain energies
of 1-5. The most strained ester 15 gave products,
rationalized by a series of 1,2-alkyl shifts of carbocations
(Figure 3), representing all five bishomocuby! systems.37
All of the other esters 26-29 gave products with lower or
nearly the same strain energies as the starting ester.3237.38
The relative rates of these acetolyses (25 °C, Figure 3) also
agree in general with expectations that the fastest rates

(36) Kent, G. J.; Godleski, S. A.; Osawa, E.; Schleyer, P. v. R. J. Orz.
Chem. 1977, 42, 3852-3859; 1979, 44, 3739.
. (37) Dauben, W. G.; Whalen, D. L. J. Am. Chem. Soc. 1971, 93, 7244~
7249,
(38) Brown, S. F. Senior Thesis, Princeton University, 1967.
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Figure 3. Rearrangements of bishomocubyl cations on acetolyses of sulfonate esters.

would occur for those esters in which the most strain can
be relieved in the transition state.

Ring expansion reactions of homocubylcarbinyl systems
30and 37 (Figures 4 and 5) gave 1,3-bishomocubyl products
31, 32, and 38 rather than the 1,4 isomers 83 and 39,
respectively.3%40 MM2 calculations on 30, 32, 33 (Figure
4), and 37-39 (Figure 5) gave the same order of strain
energies as noted above for the hydrocarbons 11, 2, and
1 (and ‘14 and 13). Thus, the less stable (by MM2) 1,3
isomers are formed rather than the more stable 1,4 isomers.
The earlier explanation of a probable higher steric strain
for the 1,4 isomer 33 compared to that of the 1,3 isomer
327 is probably incorrect. Calculations on the specific
compounds, 33 and 32 (Figure 4), show the reversed order
of strain energies.

The explanation of more relief of strain in the homocubyl
system by cleaving one of the a bonds (34 and 40, Figures
4 and 5, respectively) than by cleaving the b bond3® may
be correct. The calculated enthalpies of formation and

(39) Klunder, A. J. H.; Zwanenburg, B. Tetrahedron 1973, 29, 161-
166.

(40) Mak, T.C. W.; Yip, Y.C.; Luh, T.-Y. Tetrahedron 1986, 42, 1981~
1988,

strain energies of the hydrocarbons 43 and 44 resulting
from cleavage of the a and b bonds, respectively, of
homocubane (11) are shown in Figure 6. The values
calculated by the Allinger 1971-1972 force field (46.07
and 74.57 kcal/mol, respectively, for 43 and 56.23 and 84.73
kcal/mol, respectively, for 447) were in the same order as
calculated by the MM2(87) program, although the dif-
ferences were much smaller from the latter calculation.
The difference in the bond strain energies of 11 (Figure
6) is only ~1 kcal/mol.”

The symmetrical hydrocarbon 44 has a closer calculated
nonbonded hydrogen—hydrogen interaction, 2.082 A, than
does 43, 2.217 A (Figure 7). These repulsions are not
presentin a homocubyl system undergoing bond cleavage.
Thus, 43 and 44 may not be good models of the bond-
cleaved systems. The diketones 45 and 46 (Figure 6) do
not have these close hydrogen interactions, but the relative
strain energies are in the same order. The calculated
difference in strain energies is much larger between the
diketones than between the hydrocarbons.

Arecent report of similar reactions of homocubylcarbinyl
and cubyldicarbinyl systems indicated that mixtures of
1,3- and 1,4-bishomocubyl products were formed, with
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larger amounts of the 1,4 isomer being formed from more
highly stabilized cations related to 40.2¢ A consistent
explanation for all the above results involves kinetic control
in reactions of the less stable homocubylcarbinyl cations
togive theless stable 1,3-bishomocubyl isomers by cleaving
the more strained a bonds and thermodynamic control in
reactions of the more stable cations to give the more stable
1,4 isomers by cleaving the b bond.
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Figure 6. Enthalpies of formation and strain energies of model
secohomocubanes and bond strain energies of homocubane (11).

2217A
43 44

Figure 7. MM2-calculated structures of secohomocubanes 43
and 44.

Perchloro-endo-dicyclopentadiene (47) gave perchloro-
1,4-bishomocubane (48) (mirex) on treatment with A1Cls.4!
If a cationic rearrangement via 50-52 is responsible for
this transformation,! the possibility exists for the for-

‘mation of perchloro-1,3-bishomocubane (49) as well (Figure

8). MM2 calculations on 47-49 explain the preferential
formation of 48. The very high calculated strain energies
of 47-49 compared to the values for the corresponding
hydrocarbons is interesting in light of the high stability
of the chlorocarbons.

An attempt to prepare the 1,3 perchlorocarbon 49 by
reaction of the diketone 54 with PCl; gave the 1,4 isomer
4842 (Figure 9). A likely mechanism for this reaction via
cations 55 and 56 would explain this transformation.3?
The rearrangement of the 1,3-bishomocubyl system to the
1,4 isomer is entirely reasonable in light of the MM2
calculations.

The calculated enthalpy change for the conversion of
the perchlorodiene 47 to the cage isomer 48 (Figure 8) is
exothermic by 47.10 kcal/mol. This exothermicity is in
qualitative agreement with the ease of this process.4! In
contrast, the calculated enthalpy change for the hypo-
thetical analogous conversion of the corresponding hy-
drocarbon (87 — 1) is nearly thermoneutral. At least two
factors may contribute to the greater exothermicity of the
chlorinated system (47 — 48) than that of the hydrocarbon
system (§7 — 1). One is the differential effect of chlorine
substituents on the enthalpy of formation of alkenes and
cyclobutanes. Calculations using Benson’s group values#
indicate greater exothermicities for the conversion of

‘chloroalkenes to chlorocyclobutanes than for the conver-

(41) Mark, V.; Weil, E. D. J. Org. Chem. 1971, 36, 676-686.

(42) Eaton, P, E, Ph.D. Thesis, Harvard University, 1960.

(43) Benson, S. W. Thermochemical Kinetics, 2nd ed.; John Wiley &
Sons: New York, 1976.
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Figure9. Rearrangement of perchloro-1,3-bishomocubanedione
(54) on reaction with PCls.
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sion of hydrocarbon alkenes to cyclobutanes. A second
factor may be relief of steric compression of chlorine atoms
in the diene 47 on conversion to the 1,4-bishomocubane
48. Of the various types of close Cl--Cl interactions in 48
(Figure 8), the following interatomic distances, calculated
by MM2, in 47 show the greatest increase on conversion
to 48: Cla..Clb, 2,914 — 2.968 A; CI¥...Cl¢, 3.342 — 3.511
A (CIb..Cle); ClIb-Cld, 3,110 — 3.746 A; Cle-Cld, 3.058 —
3.357 A; Cld..Cle, 3.169 — 3.247 A. Other Cl--Cl inter-
actions in 47 are also relieved on conversion to 48. These

Dilling
Z —V o o (a2
MeZCO
57
AHs (@) 44.59 47.85 kcal/mol [MM2(87)]
SE 31.56 76.63 kcal/mol

46

AH; (solid) 38.66 keal/mol [expti*®]

AH, (g) = 3.26 kcal/mol [MM2(87)]

o
Z hv
— @, (89%)
o
58 59

AH (g) 19.10
SE 27.81 80.80 kcal/mol
AH (cryst) -3.81 12.60 kcal/mol [expti*?]
AH, (g) = 6.86 kcalmol [MM2(87)]
AH, (cryst) = 16.41 [exptl]

25.96 kcalmol [MM2(87)]

Figure 10. Enthalpies of formation and strain energies of endo-
dicyclopentadiene (57), the ketone 58, and. their photochemical
ring-closure products 2 and 59.

are significant changes in light of the 1.8 A van der Waal’s
radius of chlorine.# .

The known photochemical transformation of the diene
57 to the 1,3-bishomocuby! isomer 24547 is calculated to
be endothermic by 3.26 kcal/mol (Figure 10), a lower value
than the 9.76 kcal/mol calculated previously using the
Allinger 1971-1972 force field.5 A slightly larger endo-
thermicity, 6.86 kcal/mol, is calculated for the related
transformation of the dienone 5845 (Figure 10). This
calculated gas-phase value is somewhat lower than the
16.41 kcal/mol crystal-phase value derived from the
experimental enthalpies of formation of the reactant 58
and product 59.5! Enthalpies of vaporization for 58 and
59 would be required for us to make a direct comparison.

Metal hydride reductions325052 of and additions of
organometallic reagentst® to 1,3-bishomocubanone 59
(Figure 11) indicate that the reagents attack the bridge
carbon atom preferentially from the anti side. Peracid
epoxidation of methylene-1,3-bishomocubane (64) (Figure
12) also shows a slight preference for anti attack.535¢ MM2
calculations show that one of the carbon-hydrogen in-
ternuclear distances, indicated in Figure 13, in 59 and 64
is shorter than the other three indicated distances. One

(44) Gould, E. S. Mechanism and Structure in Organic Chemistry,
Henry Holt & Co.: New York, 1959; p 51.

(45) Schenck, G. O.; Steinmetz, R. Bull. Soc. Chim. Belg. 1962, 71,
781-800.

(46) Schenck, G. O.; Steinmetz, R. Chem. Ber. 1968, 96, 520-525.

(47) Dilling, W. L.; Braendlin, H. P.; McBee, E. T. Tetrahedron 1967,
23, 1211-1224; 1968, 24, op 3517; 1969, 25, op 2047.

(48) Stull, D. R.; Westrum, E. F,, Jr,; Sinke, G. C. The Chemical
Thermodynamics of Organic Compounds; John Wiley & Sons: New York,
1969; p 720.

(49) Cookson, R. C.; Hudec, dJ.; Williams, R. O. Tetrahedron Lett. 1960,
29-32

(50) Cookson, R. C.; Hudec, J.; Williams, R. O. J. Chem. Soc. C 1967,
1382-1385.
(51) Cookson, R. C.; Crundwell, E.; Hill, R. R.; Hudec, J. J. Chem. Soc.
1964, 3062-3075.
(52) Dilling, W. L.; Reineke, C. E. Tetrahedron Lett. 1967, 2647-2553.
(63) Dilling, W. L.; Alford, J. A. J. Am. Chem. Soc. 1974, 96, 3616—
3623.
(64) Dilling, W. L.; Alford, J. A. Tetrahedron Lett. 1971, 761-764.
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3.193A 3.200 A
(1 13) (1.13)
3.084 A 3.088 A
(1 .09) (1.09)
N 2841 A
t?’ @1 00) ?1@1 .00)
59 64
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(59) and methylene-1,3-bishomocubane (64) (relative distances
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explanation for the selectivity exhibited in these reactions
is the steric effect of this close hydrogen atom in partially
blocking the syn side of the bridge carbon atom that is
attacked. The lower selectivity in the epoxidation could
result from an attack of the peracid near the center of the
carbon-carbon double bond while the reactions at the
carbonyl group occur on its carbon atom, nearer the close
hydrogen atom. The predominance of the syn acetate 68
over the anti epimer 67 in the addition of acetic acid to
64 under various conditions535¢ may result from prefer-
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Al(OFPr),
MeyCO, FPrOH
120°C
61 «<————— . 60

50+ 1 : 50+ 1 [exptl]
AH; 8.04 8.16 kcal/mol
SE 77.22 77.34 keal/mol

53.8 : 46.2 (calcd for 120°C, AS = 0)

50% H,S0,

THF, ~25°C
62 = > 63

48+ 4 : 52+ 4 [exptl]
AH;y ~0.88 -0.69 kcal/mol
SE 77.90 78.09 kcal/mol
57.9 : 42.1 (caled for 25°C, AS = 0)

Figure 14. Enthalpies of formation and strain energies of 1,3-
bishomocubanols 60-61 and 62-63 and their equilibrations.
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Figure 15, MM2-calculated structures of anti- (61) and syn-
1,3-bishomocubanol (60) (relative distances in parentheses).

ential bridging of the intermediate cation on the anti side,
leaving the syn side more open to attack by acetate.

Equilibration of the secondary alcohols 60 and 61 gave
nearly equal amounts of the two epimers®? (Figure 14).
MM2 calculations indicate that the synisomer 60is slightly
more strained than the anti isomer 61. This calculated
enthalpy difference (gas phase) translates into a 46.2:53.8
equilibrium mixture in favor of the anti alcohol 61 at 120
°C if AS is negligible.5® The closer O--H distance in 60
compared to 61, indicated in Figure 15, may explain the
difference in their calculated stabilities.

Likewise, equilibration of the tertiary alcohols 62 and
63 gave nearly equal amounts of the two isomers (Figure
14). The calculated enthalpy difference leads to a pre-
dicted equilibrium composition of 57.9:42.1 at 25 °C in
favor of the syn alcohol 62. The lowest energy confor-
mation of 63 has the shortest interatomic distance of those
shown in Figure 16 and may explain the calculated
preference for the syn alcohol 62. The experimental
results, although not very precise, do not reflect this
preference.

Calculated enthalpies of formation and strain energies
of syn- 69 and anti-methyl-1,3-bishomocubane 70 are
shown in Figure 17. Again, one of the C---H distances in
the syn methyl isomer 69 is shorter than corresponding
distances in the anti epimer 70. Not unexpectedly, the
difference in enthalpies of formation between the syn and

(55) Seeref 9 for a discussion of the relevance of AS in these calculations.
The closely related structures discussed here should minimize the
importance of AS in these calculations.
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3.248 A

2719 A
(1.15) \

62 63

Figure 16. MM2-calculated structures of methyl-syn- (62) and
methyl-anti-1,3-bishomocubanol (63) (relative distances in pa-
rentheses).
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(1.21) %
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AH; 41.33 41.05 kcalimol
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Figure 17. MM2-calculated structures of syn- (69) and anti-
methyl-1,3-bishomocubane (70) (relative distances in parenthe-
ses).
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X =H, OH, OCHO, OAc, OTs
X CH4?
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Figure 18. Syn (s) and anti (a) protons on 1,3-bishomocubyl
derivatives.

anti methyl isomers 69 and 70, 0.28 kcal/mol, is larger
than the corresponding difference in the secondary alcohols
60 and 61, 0.12 kecal/mol. Thus, the methyl group has a
stronger preference for the anti position than does the
hydroxyl group. When both substituents are present, as
in 62 and 63, the preference of the methyl group is greatest,
and the most stable isomer is the anti methyl, syn hydroxyl
isomer 62, by 0.19 kcal/mol.

Proton NMR spectra of several syn and anti pairs of
1,3-bishomocubyl derivatives (Figure 18) show that the
chemical shifts of protons, H®, on the syn side of the
methylene bridge are shifted downfield relative to those,
He, on the anti side.’®8 The chemical shifts of methyl

(56) Dilling, W. L. J. Org. Chem. 1978, 40, 2380-2384.

Dilling
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Figure 19. MM2-calculated structures of 1,3-bishomocubane
(2) and gem-dimethyl derivative 14.

protons in 73 and 74 differ more, i — o = 0.29-0.32
ppm, than do those of the secondary derivatives 71 and
72, oy — Oy = 0.23-0.29 ppm. Calculated interatomic
distances (Figures 15, 16, 19) of the lowest energy confor-
mations agree with our earlier suggestion that the chemical
shift differences may be caused by greater steric com-
pression of the syn protons than of the anti protons. In
all examples the syn protons are nearer one of the indicated
tertiary protons than are the anti protons. Thesyn methyl
proton of 14 is nearer to the indicated proton, 2.297 A,
than is the syn methylene proton of 2, 2.727 A (Figure 19).
This proximity difference may account for the greater shift
difference in the methyl derivatives 73 and 74 than in the
secondary derivatives 71 and 72. The same trend is noted
in the distances shown in Figures 15 and 16. The relative
distances (1.00, 1.17, 1.18, 1.23) estimated with ball and
spring models of 25 were in the same order and nearly the
same magnitude as those (1.00, 1.14, 1.20, 1.25) calculated
with the MM2 program.

Conclusions

MM2(87) calculations indicate that the bishomocubanes
increase in strain energy in the order 1,4 < 1,3 < 1,3’ <
1,2 < 1,1. This order is approximately the same as that
calculated for the analogous set of compounds that contain
only the four-membered ring portions of these compounds.
These results are consistent with the reactivity of several
derivatives of the bishomocubanes. The stereochemistry
of several addition reactions of 1,3-bishomocubanone and
methylene-1,3-bishomocubane are consistent with the
calculated geometry of these compounds. The calculated
stabilities of syn and anti isomers of 1,3-bishomocubanols
indicate that the isomers with the closer intramolecular
interactions between the methylene bridge syn substit-
uents and the v tertiary hydrogen atoms have the higher
strain energies. Proton NMR chemical shifts agree
qualitatively with calculated geometries that show closer
intramolecular interactions of methylene bridge substit-
uents on the syn side than on the anti side.

Supplementary Material Available: Figures (stick, ball
and stick, and CPK space-filling) that show the calculated
structures of compounds 1-14, 30, 32-33, 37-39, 43-49, 57-64, and
69-70 (10 pages). This material is contained in libraries on
microfiche, immediately follows this article in the microfilm
version of the journal, and can be ordered from the ACS; see any
current masthead page for ordering information.



