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Polyheteroadamantanes So Stable?
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ABSTRACT

X=BH AH = -84.5 kcal/mol X=AIH

J

AH =-=177.8 kcal/mol

X=SiH, AH=-69.4 kcal/mol X=GeH, AH=-62.1 kcal/mol
X=NH AH =-8.7 kcal/mol X=PH AH =-11.7 kcal/mol
X=0 AH =-19.5 kcal/mol X=8 AH = 24.6 kcal/mol

at B3LYP/6-311+G**//B3LYP/6-311+G**

The representative isodesmic reactions shown in the Abstract graphic for (CH),Xs hexaheteroadamantane derivatives reveal energetic nonadditivity
to remarkably different extents: while the electropositive element stabilizations are exceptionally large and the pnictide and hexaoxaadamantane
stabilizations are more modest, the sulfur and selenium analogues are destabilized. Similar behavior is exhibited by (CH,)¢X, tetraheteroada-
mantanes. Analysis shows that aromaticity is not involved; the sign and magnitude of the nonadditivity depends on the interplay of
hyperconjugation, electrostatic, and steric (lone pair repulsion) effects.

The principle of “additivity”, that functional groups and other
structural entities largely retain their character and properties
upon being transferred from one “strain-free” molecular
environment to another, greatly simplifies the interpretation
and the study of chemistry.2¥~" But understanding exceptions
0 “regular” behavior increases knowledge. Thus, energy
differences between cyclically conjugated and linear polyenes
depending on the number of s electrons are attributed to
“aromaticity” and to “antiaromaticity.’*® Large deviations
from energetic additivity in aliphatic systems are also
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known®~9 but are far less well appreciated, investigated,
and understood.

This paper is concerned with heteroadamantane deriva-
tives, which despite having nonaromatic magnetic properties
and normal geometrical parameters, exhibit remarkable
energetic nonadditivity, in some cases far exceeding the
aromatic stabilization of benzene.

Like adamantane itself, which is synthesized easily by
exothermic isomerization of strained precursors,**® several
of its polyhetero analogues were prepared by routes sug-
gesting the advantages of having diamondoid over alternative
skeletons. As early as 1860, Butlerow obtained urotropin (14)
by the simple reaction of ammonia with formaldehyde.>® Its
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Table 1. Nonadditivity of Poly-heteroadamantanes (CH)4(XH)s and (CHy)eX4 (X =

B, Al, Ga, N, P, As), (CH)4(XH,)s and

(CH,)s(XH)4 (X = Si, Ge), and (CH),Xs (X = O, S, Se) (AH, in kcal/mol at B3LYP/6-311+G** + ZPE) Evaluated by Isodesmic

Reactions Shown below?

isodesmic reactions X AH C-X q© qex) NICS(0)
Hx7\xu 1,B 84.46 1.571 -1.24 0.71 595
2,Al 177.75  1.954 -2.00 1.49 219
XH Ta
3,Ga 14825 1983 -1.76 1.26 2,01
4,B 34.63 1.591 -1.14 0.98 -5.07
— 4
5, Al 11137 1978 -1.62 1.68 6.89
//X\/ T,
d
6,Ga 101.60  2.008 -1.43 1.44 11.95
H2X7\XH2 7, Si 69.43 1.898 -1.62 1.20 -0.50
x 8, Ge 62.05 1.985 -1.46 1.03 -0.15
9, Si 45.90 1.895 -1.35 143 -0.50
Hl/;;:lﬂ__’ :}ji;;) Z}jz;;) 10,Ge 43.99 1.981 -1.22 1.25 0.33
nx7\xu XH 11,N 9.72 a-b-c-d:1.470- 0.32 —-0.70(x0.02) 4.59
(=8 -5 1.463-1.474-1.483
/Lx 12,P 11.65 1.885-1.891- -1.18 0.65 3.01
"" G Cs 1.885-1.879
13, As 18.78 2.007-2.014- -1.23 0.71(z0.01)  3.09
2.007-2.000
14,N 11.31 1.477 0.00 —-0.58 834
-y
E 15,p 247 1.871 -1.05 0.85 6.15
16, As 529 1.993 -1.07 0.92 4.03
17,0 19.53 1.412 0.67 -0.58 5.62
X X X
)\Q — @ - 5@ 18,8 -2459  1.840 -0.71 0.30 4.42
"X
xj\x Ta Cay 19, Se -18.04 1983 -0.90 0.43 543

aCX bond lengths in A, NBO charges (B3LYP/6-311+G**), and NICS (PW91/6-311+G**) at cage centers (NICS(0), in ppm) are also given. The

B3LYP/6-311+G**-optimized geometries were used throughout.

C¢N4 tetraazaadamantane structure was determined defini-
tively by X-ray analysis in 1922.5° Molecules with the C,Bg
hexaboraadamantane skeleton form by pyrolysis, e.g., BMe;
gave (CH)4(MeB); ca. 25% yield,®*" and dimerization of a
C,Bs-closo-carbaborane gave (CMe)4(EtB)s.° Fort’s gener-
alization, “Almost all of the elements in groups 13, 15, and
16 can be incorporated into an adamantane skeleton”,” has
been amply extended in the ensuing three decades.® Indeed,
hexabora- (1, see Table 1),°*® hexagalla- (3),° tetraaza-
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(14),%79 hexathia- (18),2°*" and hexaselenaadamantane
(19)** representatives have been synthesized and character-
ized experimentally. Hexagallaadamantane (3), (GaR)s(CR’).,
derivatives were synthesized by treating alkynes (R'"C=CH;
R” = Me, n-Pr) with dialkylgallium hydrides (R,GaH; R =
Me, Et).° Most recently, arsinicin A, a tetraarsenaadamantane
derivative, was isolated from a sponge in the southwest
Pacific Ocean.*?

Nevertheless, no special thermochemical stability was
associated with adamantane®®® or with other diamondoid
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derivatives until the discovery of the enormous stabilization
of (CH)4(BH)s (1, 104.7 kcal/mol at the MP2(fc)/6-31G*
level) by Minyaev, Quapp, Subramanian, Schleyer, and Mo
(MQSSM) in 1997.*3 The strikingly large energetic nonad-
ditivity was based on the isodesmic comparison of 1 (which
has the six borons in one molecule) with six 2-boraadaman-
tanes, each having only one boron (see Table 1). The
stabilization of 1 (and by implication of its B-alkyl
derivatives)®® was ascribed to the cumulative result of the
24 hyperconjugative interactions between the adjacent ocg
and the vacant boron p-orbitals in (CH),(BH)s.*® Herges et
al.’s recent reinvestigation of the spherically aromatic T4
CioH1,*™ adamantdiy! dication identified the hyperconjugative
contribution to its stabilization.** We have now extended
these computational studies to many more main group
element hexa- and tetra-heteroadamantanes 1—19 (CH)4(X)s
(X =BH, AlH, GaH, SiH,, GeH,, NH, PH, AsH, O, S, and
Se) and (CHy)e(Y)s (Y = B, Al, Ga, SiH, GeH, N, P, and
As). The computed energies of the isodesmic reactions for
1-19 (Table 1) show wide-ranging nonadditive behavior.
In particular, the stabilizations of the Al and Ga systems are
even larger than those with B. Indeed, the implied greater
stability of 3 than 1 is consistent with Uhl’s finding that
(GaR)6(CR")4 (R” = Et or Bu, R = Et) did not undergo the
nido-carbaborane rearrangement observed on heating
[(BEt)s(CMe),].°

Despite the lack of lone pairs and vacant valence orbitals,
Si and Ge systems 7—10 also exhibit large stabilizations.
Although more modest, the stabililization of the polyhetero
N, P, As, and O derivatives are still considerable. In contrast,
(CH),S¢ and (CH),Ses actually were destabilized (by 24.6
and 18.0 kcal/mol, Table 1). The reasons for this disparate
behavior and the deviations from additivity, the subject of
this paper, are not immediately apparent. The geometries
have typical single bond lengths, and all valences are
classical. The magnetic properties show that these cages are
nonaromatic and lack continuous electron delocalization.

All geometries were local minima; the nonadditivity
evaluations (AH, Table 1, corrected by unscaled zero-point
vibrational energy) were computed at B3LYP/6-311+G**//
B3LYP/6-311+G***® using Gaussian 03.1° The small posi-
tive isotropic NICS(0)*” (nucleus-independent chemical
shifts) values computed at cage centers for 1—19 (Table 1)
indicate that aromaticity is not responsible for the stabiliza-
tion of these compounds. CMO-NICS*® showed the negative
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NICS(0), —5.07 ppm for 4, to be due to many small
nonaromatic diatropic contributions of lower-lying MOs.

%
5 X[Z_-x
HX~ ~<XH Lx/

X=B,Al,Ga(n=4) X=B,AlLGa(n=3)

erﬁj\%xn I/ q
XH Xil X
LxS

HX XH

X=N,P,As (n=2) X=N,P,As (n=3)

%7\9

x’l\x
X=0,S,Se (n=4)

Figure 1. ocx—px (X = B, Al, Ga), px—o*cx (X =N, P, As, O,

S, Se) hyperconjugation demonstrations of 1—6, 11—19. n is the

number of hyperconjugative interactions related to p orbitals of
each X.

Figure 1 summarizes both anomeric (negative) px—o*cx*°

and regular ocx—px hyperconjugation. Thus, the boron
derivatives 1 and 4 have 24 and 12 total interactions,
respectively. Although the vacant p-orbital of boron is known
to be the best group 13 acceptor,?® the stabilizations of the
Al and Ga analogues (2, 3, 5, and 6) are even larger than
those of 1 and 4. The similarly large nonadditive stabiliza-
tions of the Si and Ge derivatives (7—10, Table 1) also point
to the additional importance of another effect, electrostatic
stabilization.

Wiberg et al.>® recognized that the presence of multiple
electropositive or electronegative substituents on the same
atom has major energetic consequences due to enhanced
electrostatic interactions. Thus, C(SiH3), and CF, are stabi-
lized (evaluated using the isodesmic equation CX, + 3 CH,
— 4 CH3X at MP3/6-311++G**//MP2/6-31G*) by 13.9 (X
= SiH3) and 49.3 (expt. 53.4) kcal/mol (X = F).*®

Like C(SiH3)4, the adamantane-based species 1—10 have
multiple electropositive atoms bound to each carbon, three
X’sin 1—3, 7, and 8 and two X’s in 4—6, 9, and 10. Large
carbon negative charges and enhanced Coulombic attractions
with the positively charged heteroatoms result. The C and
X charges (Table 1; note the values for Al and Ga in
particular) provide direct evidence for the dominating role

(19) Schleyer, P. v. R.; Kos, A. J. Tetrahedron 1983, 39, 1141-1150.

(20) Block localized wavefunction (BLW) evaluations of the hypercon-
jugation energies due to ocy—px (X = B, Al, Ga) interactions gave 5.42,
2.15, and 2.16 kcal/mol for staggered conformations of CH3BH,, CH;AIH,,
and CH;GaH, respectively, at B3LYP/6-31G(d)//B3LYP/6-311+G**. For
the BLW method, see: (a) Mo, Y.; Peyerimhoff, S. D. J. Chem. Phys. 1998,
109, 1687. (b) Mo, Y.; Zhang, Y.; Gao, J. J. Am. Chem. Soc. 1999, 121,
5737. (c) Mo, Y.; Wu, W.; Song, L.; Lin, M.; Zhang, Q.; Gao, J. Angew.
Chem. 2004, 116, 2020-2024. (d) Mo, Y. J. Chem. Phys. 2003, 119, 1300.
(e) Mo, Y.; Song, L.; Lin, Y. J. Phys. Chem. A 2007, 111, 8291.
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of electrostatic effects in the stabilization of 2—3 and 5—10.
Moreover, the larger stabilization of 2, 3, 5, and 6 than 7—10
shows that ocx—px (X = Al, Ga) hyperconjugation also
contributes significantly. Albeit smaller in magnitude,
appreciable C (negative) — X (positive) charge differences
are observed for X = P (12, 15) and As (13, 16) systems
(Table 1).

MQSSM™® pointed out that polysubstitution results in a
large number of interactions. Although the energy of each
one of these is modest individually, their cummulative effect
is considerable; consequently, large deviations from “isodes-
mic” additivity result. This “multiplication” magnifies the
sum of the electrostatic, steric, and hyperconjugative poly-
heteroadamantane interactions. Very large composite effects
(Table 1) result.

Although O and N are the second and third most
electronegative elements after F, 11, 14, and even 17 do not
appear to behave like CF, electrostatically.3*® This is
indicated by the much smaller C and X charges in Table 1.
The main stabilizing contribution to 11, 14, and 17 is
“negative hyperconjugation” (“anomeric effect”),*® involving
Ipx—0*cx (X = N, O, Figure 1).

Scheme 1. Evaluations of Nonadditive 1,3- (or 1,4-) X:+-X
Interactions in Di- and Trisubstituted Cyclohexanes (B3LYP/
6-311+G** + ZPE)

X=N P As

;
o o
+ — ) H+% 188 -1.18 173
H
)’( |
z%-» /;\\//X +% 260 029 060

H H H
X xH X
3 . S~ w2 706 -1.01  -219
[ —
X X X
2H%ﬂ H% “ +N 110 -090  -165
wm_.raﬁ\\//xm,rz% 349 -300 520
H’x
X=0 S Se
X X
2%—» LM+ % -331 225 1.98
X X X
~—— 836 570 45t
VT T
Xﬁ_, XW 553 -1.10  -1.23
[ L~

Consistent with our previous reports,®~¢ hyperconjugation
effects involving second- and third-row elements do not
disappear but are significantly attenuated relative to their first-
row counterparts. Di- and trisubstituted cyclohexanes (see
Scheme 1) model the 1,3-X:+-X (X = N, P, As) interactions
in 11—-13 nicely. Note that the nonadditivity values (based
on monosubstituted rings) of the 1,3,5-trisubstituted cyclo-
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hexanes are approximately three times those of their 1,3-
disubstituted analogues. The expected stabilizations of 11—13
based on transferability of the disubstituted cyclohexane data
and on the relative axial (a) or equatorial (€) hydrogen
configurations of 11—13 (all have six ae’s, three aa’s, and
three ee’s) are 15.8 kcal/mol for 11 [i. e., (—1.89 x 6) +
(—2.60 x 3) + (1.10 x 3)], 10.7 kcal/mol for 12, and 17.1
kcal/mol for 13. The data in Table 1 (9.72, 11.65, 18.78 kcal/
mol, respectively) are reasonably consistent, as ring strain
(verified in other models) may reduce the value for 11.

Why are 18 and 19 destabilized? The electrostatic effect
should be small since the electronegativities of C, S, and Se
are similar. However, each S(Se) has two lone pairs, and
the 1,3-S-++S (Se-+Se) distances, 3.088 A (3.338 A), shorter
than the van der Waals separations, 3.60 A (3.80 A), indicate
steric repulsions. (The nonadditive energies shown in Scheme
1 agree.) Houk et al. investigated the interactions involving
the S lone pairs and neighboring ¢ bonds in the complete
set of polythiaadamantanes very thoroughly recently but did
not address the nonadditivity issue.?*

Although 1,3-dioxane is favored over its 1,4-isomer by
5.5 kcal/mol (expt. 5.5 kcal/mol), both 1,3-dithiacyclohexane
and 1,3-diselenacyclohexane are 1.1 and 1.2 kcal/mol less
stable, respectively, than their 1,4-disubstituted counterparts
(Scheme 1). Based on the isodesmic reactions involving thia-
and selenacyclohexane, 1,3-S:--S and Se---Se repulsions
destabilize 1,3-dithia- and 1,3-diselenacyclohexane by 2.3
and 2.0 kcal/mol, respectively. Thus, 12 such 1,3-interactions
are expected to destabilize 18 and 19 by 27.6 and 24.0 kcal/
mol, compared to the respective directly computed 24.6 and
18.0 kcal/mol values (Table 1). Such repulsions are absent
or much reduced by the hydrogen-substituted heteroatoms
of the pnictide species, which have only one lone pair on
each heteroatom, and the stabilizing hyperconjugative and
electrostatic effects dominate. The behavior of the heteroada-
mantanes is mirrored by that of the Scheme 1 cyclohexane-
based set.

In conclusion, isodesmic reaction energies have identified
remarkably large (up to 178 kcal/mol!) nonadditivities in
heteroadamantanes 1—19. The stabilization and destabiliza-
tions are due to the interplay among hyperconjugation
(dominating in B, N, O species), electrostatic (Al, Ga, Si,
Ge, P, As), and strain (S and Se lone pair repulsion) effects.
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