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Abstract: The structures, strain ener-
gies, and enthalpies of formation of di-
amantane 1, triamantane 2, isomeric
tetramantanes 3-5, 7,-pentamantane 6,
and D;,-hexamantane 7, and the struc-
tures of their respective radicals, cat-
ions, as well as radical cations, were
computed at the B3LYP/6-31G* level
of theory. For the most symmetrical hy-
drocarbons, the relative strain (per
carbon atom) decreases from the lower
to the higher diamondoids. The relative
stabilities of isomeric diamondoidyl
radicals vary only within small limits,
while the stabilities of the diamondoid-
yl cations increase with cage size and

cated close to the geometrical center of
the molecule is stabilized by 2-5 kcal
mol~!. In contrast, diamondoid radical
cations preferentially form highly delo-
calized structures with elongated pe-
ripheral C-H bonds. The effective
spin/charge delocalization lowers the
ionization potentials of diamondoids
significantly (down to 176.9 kcalmol
for 7). The reactivity of 1 was exten-
sively studied experimentally. Whereas
reactions with carbon-centered radicals
(Hal);C (Hal=halogen) lead to mix-
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tures of all possible tertiary and second-
ary halodiamantanes, uncharged elec-
trophiles (dimethyldioxirane, m-chloro-
perbenzoic acid, and CrO,Cl,) give
much higher tertiary versus secondary
selectivities. Medial bridgehead substi-

tution dominates in the reactions
with  strong  electrophiles  (Br,,
100 % HNO;), whereas with strong

single-electron transfer (SET) accep-
tors (photoexcited 1,2,4,5-tetracyano-
benzene) apical C*—H bridgehead sub-
stitution is preferred. For diamondoids
that form well-defined radical cations
(such as 1 and 4-7), exceptionally high
selectivities are expected upon oxida-

depend strongly on the geometric posi-
tion of the charge. Positive charge lo-

Introduction

Diamondoids are defined as a group of cage hydrocarbons
with carbon frameworks resembling the diamond lattice.

single-electron transfer
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tion with outer-sphere SET reagents.

The intensive development of the chemistry of cage com-
pounds was initiated by Schleyer’s discovery of a simple
preparation of adamantane through the “stabilomeric” re-
arrangement of tetrahydrodicyclopentadiene catalyzed by
Lewis acids.) Analogous thermodynamically controlled iso-
merizations of norbornene” or norbornadiene® dimers
were used for the preparation of diamantane, the next rep-
resentative diamondoid. Unfortunately, the “stabilomeric”
approach is not efficient for the preparation of higher dia-
mondoids (i.e., larger than tetramantane) because these pos-
sess multiple, energetically close, low-lying minima so that
mixtures of isomers ensue. Hence, to date only triaman-
tane* and C,,-tetramantane have been prepared synthetical-
ly.>® The synthetic inaccessibility of higher diamondoids is
the main reason why the chemistry of these fascinating cage
hydrocarbons is virtually undeveloped. The fact that dia-
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mondoids (ca. 1-5 nm) bridge the nanometer-scaled size gap
between molecular diamond-like structures (such as ada-
mantane and diamantane, ca. 0.2-0.5 nm) and macromolecu-
lar small diamonds (ca.1-100 nm), often referred to as
“nanodiamonds”,”! make them particularly attractive for the
preparation of pharmacologically active compounds (pro-
nounced membrane activity™ due to the high lipophilicity of
the aliphatic core structure is expected, as for adaman-
tanel), polymers with high rigidity,'” and hybrid materi-
als.l'!

As higher diamondoids are now accessible in sizeable
quantities from crude oil,'*'¥ the quest for their selective
functionalization arises. It is clear that the large number of
similarly reactive tertiary C—H bonds makes this a rather
challenging task; the secondary positions are even more dif-
ficult to functionalize selectively due to their lower reactivi-
ty and reduced steric accessibility.

Many preparatively useful procedures for the functionali-
zation of cage compounds are based on the reactions with
electrophiles, radicals, and strong single-electron oxidiz-
ers.’>1l The most useful are electrophilic oxidizers, which
often react selectively with tertiary C—H bonds of cage hy-
drocarbons. These reactions are mechanistically neither radi-
cal nor purely electrophilic in nature,’® and instead pro-
ceed through H-coupled electron-transfer pathways.'*? As

there is only one type of tertiary C—H bond in adamantane,
it reacts selectively with neat Br,?! ICL® and
100% HNO,,*! making many tertiary adamantane deriva-
tives available in high preparative yields, even on industrial
scale. Selective functionalization of diamantane with electro-
philes gives medial tertiary C' derivatives; apical C* deriva-
tives can only be obtained indirectly.” The chemistry of the
higher diamondoids was explored only roughly as, for in-
stance, triamantane already reacts with electrophiles with
very low selectivities.”

The present paper aims at answering the key question:
Which approaches are most useful for the selective prepara-
tion of functionalized diamondoids, that is, which reagents
will allow the desired discrimination between the non-equiv-
alent and similarly reactive tertiary C—H positions? Ionic,
radical, and radical cationic pathways are considered in our
experimental assessment of diamantane 1 and computation-
al predictions for higher diamondoids.

Results and Discussion
Although both trivial and systematic® nomenclatures were

proposed for diamondoids, we refer to the point group of
the respective hydrocarbon to differentiate between the iso-

diamantane (1)
([1]diamantane,
congressane)

triamantane (2)
([12]triamantane)

C,-tetramantane (3)
([123]tetramantane,
skew tetramantane)

C,,-tetramantane (4)
([121]tetramantane,
anti-tetramantane)

C,,tetramantane (5)
([1(2)3]tetramantane,
isotetramantane)

T.-pentamantane (6)
([1(2,3)4]pentamanate)

D, hexamantane (7)
(cyclohexamantane)

Figure 1. The B3LYP/6-31G* geometries of selected diamondoids with numbering of carbons.
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mers more easily. Lower diamondoids involve diamantane
(1, synthesized® and isolated from petroleum® in the
1960s); triamantane (2) and C,,-tetramantane (anfi-tetra-
mantane, 4),°) which were prepared synthetically and were
also isolated from petroleum recently. C,-Tetramantane
(skew tetramantane, 3), C;-tetramantane (isotetramantane,
5), T,-pentamantane (6),'”) and D,,-hexamantane (cyclohexa-
mantane, 7)!"* are currently only available from petroleum.
The B3LYP/6-31G* optimized geometries of these diamond-
oids with the numberings of the carbon cages are shown in
Figure 1.

Strain energies: Strain energies

are useful for predicting and
understanding the reactivity of
hydrocarbons.®*! Although di-

amondoids are comprised of 1
almost perfectly tetrahedral ge-
ometries around their carbon
atoms, they are, like the parent
adamantane, not strain-free.’
Among the various approaches
to evaluate strain energies,
those based on homodesmotic
equations are most reliable due
to the cancellation of systematic
errors. We used Equations (1)
and (2), which employ acylic
reference hydrocarbons, to give
the strain energies directly. The
B3LYP/6-31G* strain energies were evaluated by using
Equation (1) for 1 (n=2, k=18, (=6, m=8, p=0), 2 (n=3,
k=24,1=7,m=10, p=1), 3 and 4 (n=4, k=30, [=8, m=
12, p=2), 5 (n=4, k=30, [=9, m=10, p=3), and 6 (n=5,
k=36,1=12, m=8, p=6), and Equation (2) for 7.

+ 6 H,CCH,CH,

k CypseHansrz +/H,CCH,

k CAn+6H4nﬂ 2

C4n+6H4n+12 + kH3CCH3 =

1
IH,CCH,CH, + m (CH;);CH + p (CH;),C @

(:Z6H30 + 37 H3 CCH3 ==

2
6 H,CCH,CH, + 18 (CH,),CH + 2 (CH,),C @

The calculated strain energy (Ey,) of diamantane 1
(9.1 kcalmol ') is about 3 kcalmol ! larger than that of ada-
mantane.”3) However, the strain energy computed per
carbon atom for both hydrocarbons is virtually identical
(0.63 and 0.65 kcalmol™'). The strain energy of 2 is only
slightly higher (10.8 kcalmol™"); the relative strain per
carbon decreases slightly (0.60 kcalmol™'). The strain ener-
gies of the C,,-4 (12.3 kcalmol ™) and C;,-5 (11.5 kcalmol ™)
tetramantanes are very close (0.56 and 0.52 kcalmol™ per
carbon, respectively). The higher strain of C,-3 (Ey=17.5,
0.79 kcalmol ' per carbon) arises from distortions of the
central molecular unit, which displays an elongated C'-C?
bond (1.572 A), while T,-pentamantane (6) is almost strain-
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less (E4=9.3, 0.36 kcalmol™* per carbon). Thus, in going
from the lower to the higher diamondoids, the relative
strain (per carbon atom) decreases, at least for the most
symmetrical representatives. The geometry of D;,-hexaman-
tane (7) is distorted (Egy,=16.2, 0.62 kcalmol™' per carbon)
at the central molecular unit where the C'=C! bond is elon-
gated significantly (1.571 A).

Enthalpies of formation: We computed the heats of forma-
tion (A¢H,ys) by using the homodesmotic Equations (3)—(6).
The A¢H,o3 computed for 1 from Equation (3) is —34.1 kcal
mol™', in excellent agreement with the experimental value

-2 @ + 6HCCH, &)

o H,CCH,CH; + p (CH,),CH + r (CH,,C 4)

+1 /"7 + m (CH)CH = o@ + p% + r HiCCH,CH, ®)
kComeHanz  + I@ + mH,CCH, = o@ + p& + rH,CCH,CH, + s(CH,),CH (6)

of —34.87+0.58 kcalmol~.*"! For triamantane 2 (n=3), for
instance, we applied Equation (4) (I=6, k=m=o0=r=1,
p=2), Equation (5) (k=I=m=0=p=r=1), and Equa-
tion (6) (k=Il=0=p=r=1, s=3, m=6). The AiH,y of 2 is
—432+1.8kcalmol ' [-44.4, —41.4, and —43.8 kcalmol '
from Egs. (4), (5), and (6), respectively]; the A;H,y values
of the higher diamondoids 3-7 are —47.0+2.0, —52.0+3.5,
—54.7+44.5, —64.745.5, and —54.7+5.2 kcalmol !, respec-
tively.

Diamondoidyl cations: Radical, ionic, and oxidative trans-
formations are useful for the functionalization of cage com-
pounds.'” These are well developed for adamantane and its
derivatives,'*'%? for which single-electron oxidations are
usually the most selective.’¥ In contrast to adamantane,
higher diamondoids contain several non-equivalent tertiary
C—H bonds: from two in 1 and 6 to six in 3; this makes se-
lective C—H substitutions rather difficult. It was shown pre-
viously that the positional selectivities for the C—H substitu-
tions in cage compounds under ionic conditions correlate to
a certain extent (exceptions are rare®) with the stability of
the respective carbocations. We therefore calculated the rel-
ative stabilities (B3LYP/6-31G* AH,y, Figure2) of dia-
mondoidyl cations versus the 1-adamantyl cation (1-Ad*)
by using Equation (7). As expected, the relative stabilities
increase continuously with cage size, and the penta- and
hexamantyl cations (6a*, 6b™, 7a™, and 7b™) are already
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rel. AHog

® +
20% o 1-Ad

Figure 2. The B3LYP/6-31G* relative stabilities (AH,3, kcalmol™') of tertiary dimondoidyl cations versus the 1-adamantyl cation Cj,H;s* defined by

using Equation (7).

approximately 10 kcalmol™ more stable than 1-Ad*
(Figure 2).
1-Ad* + diamondoid — AdH + tert-diamondoidyl* (7)

For isomeric cations, the relative stabilities depend directly
on the position of the carbocationic center. Pronounced dif-
ferences were found already for the two tertiary cations of 1
for which the 4-cation (1a‘*) is approximately 3 kcalmol™
less stable than the more delocalized 1-cation (1b*). This
delocalization is best visualized with the electrostatic poten-
tial (Figure 3) for which the blue and red colors indicate the

4

+

4d*

1a

Figure 3. The electrostatic potentials of 4- and 1-diamantyl (1a* and 1b*)
as well as those of the 6- and 2-C,;,-tetramantyl (4a* and 4d™) cations.

areas of high positive and negative charge, respectively. The
dispersion of charge is apparent from the lower intensities
of the blue and red regions of the more stable medial cat-
ions. The distribution of the charge for C,,-tetramantyl cat-
ions 4a™ and 4d* is also shown in Figure 3.

In general, placing the cationic carbon closer to the geo-
metrical center of the molecule is favorable, and the periph-
eral cations are less stable; this is valid for all cations stud-
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ied. For instance, for the least- and the most-stable C*-(4a™)
and C*>-(4d*) cations, respectively, the distances of the
cation site to the geometric center are 3.309 and 1.282 A, re-
spectively. The increasing stabilities of tertiary cations en-
hance the reactivity of the higher diamondoids relative to
adamantane under ionic conditions: triamantane reacts with
bromine at 0°C rapidly,” whereas the bromination of ada-
mantane requires a longer reaction time or substantial heat-
ing !l

Diamondoidyl radicals: The correlation of the relative sta-
bilities of hydrocarbon radicals with the selectivities in C—H
substitution reactions is often crude because hydrogen-atom
abstractions are mostly entropy-controlled."”* We also
computed all possible isomeric tertiary radicals derived
from compounds 1-7; the B3LYP/6-31G* AH,y values vary
only in the range of 1 kcalmol ', Thus, free-radical substitu-
tions in diamondoids are expected to depend on the struc-
ture of the abstracting radical (vide infra), rather than on
the C—H bond strength. Nevertheless, pure radical reactions
are not expected to be highly selective.

Diamondoid radical cations: Single-electron transfer (SET)
oxidation reactions of hydrocarbons to radical cations re-
quire strong oxidants because the oxidation potentials of
saturated hydrocarbons are rather high. As the HOMOs of
cage hydrocarbons are typically highly delocalized, their
radical cations also display pronounced spin/charge delocali-
zations over the entire cage. This lowers the ionization po-
tentials (IPs) of cage hydrocarbons substantially (as a refer-
ence, the experimental vertical, IP,, of adamantane is
9.28 eV (214.1 kcalmol ),**! UB3LYP/6-31G* gives IP,=
214.0 kcalmol ™', Figure 4). For larger cages the IPs decrease
rapidly: The computed IP of diamantane 1 is 209.2 kcal
mol™' (experimental 8.93 eV, 206.0 kcalmol™)®” and only
182.3 kcalmol ™! for D;,-hexamantane 7.

Chem. Eur. J. 2005, 11,7091 -7101
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Figure 4. Vertical ionization potentials (IP,, kcalmol ) of selected diamondoids at the UB3LYP/6-31G* level
of theory computed on the B3LYP/6-31G* geometries of the neutral hydrocarbons.

Although the molecular structure of 1 belongs to the
point group D, this hydrocarbon is Jahn-Teller inactive be-
cause its HOMO is nondegenerate.™ Thus, the relaxed radi-
cal cation of diamantane (1'%)
retains the symmetry of the

parent molecule with the el aE -
charge and spin being highly 7
delocalized  throughout the %{)\677
cage, which is comprised of six H .
elongated co-parallel C-C 71

bonds (1.588 A, along the C; Z** T+
axis of the molecule) and two g H
long apical tertiary C*~H bonds 193+7

(1.111 A, Figures 5 and 6, vide T et @@
infra). The opposite is found 186 4
for diamantyl cations, for which
the medial 1-cation (1b*,
Figure 2) with elongated medial
C—C bonds is more stable than
the apical 1a*. The radical cat-
ions usually undergo proton
loss in solution from the posi-
tion with the most elongated
tertiary C—H bond. This pre-
dictable deprotonation usually produces the respective hy-
drocarbon radicals much more selectively than through radi-
cal hydrogen abstractions.'*2¥! Thus, one expects differ-
ent C—H bond selectivities for 1 under oxidative and nonox-
idative conditions.

Triamantane (2) distorts to C, symmetry after relaxation
(the C,, structure is not a minimum) either to 2a* or 2b'*,
the latter being 4.3 kcalmol™! more stable. Again, although
the peripheral carbocation 2a*t is the least stable among the
tertiary tetramantyl cations, the radical cation with the elon-
gated peripheral C—H bond, 2b't, is more stable than 2a'*
due to the more pronounced delocalization of spin and
charge in 2bt.

There are three radical cation minima for C,-tetraman-
tane (3a"t-3¢*), with 3b'* and 3¢ being virtually identi-
cal in energy (the difference is only 0.6 kcalmol™"). In con-
trast, 4 and 5 each give a single radical cation structure: the
C,,-tetramantane radical cation (4'") retains the symmetry
of the neutral compound with two elongated apical tertiary
C—H bonds and several elongated cage C—C bonds. This
structure is the most stable among all the tetramantane radi-

Chem. Eur. J. 2005, 11,7091 -7101
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cal cations computed. The
HOMO of § is doubly degener-

ate and ionization/relaxation

- from the C;, geometry leads to

C.-5'", which is even less stable

[+ than highly symmetrical C,,-4%.

T Analogous to adamantane,”’
H

T T,-6, which has a triply degen-

7-e erate HOMO, lowers its sym-

metry to give the C;, structure
6'". It should be pointed out,
that in the case of hydrocarbons
1 and 4-7 different starting structures were used for the ge-
ometry optimizations and all these starting points converged
to singular structures, shown in Figures 5 and 6.

e < L
E—I /\. [
J@ 2{@ ﬁ? Vﬁ/ \N y ,r/,t'\ T

1844 ~

at 1826 182.0 \:Z) [
5+ 3b*
181.4 181.1 j
3¢t 4+ 1793 H
1769
7+

Figure 5. The B3LYP/6-31G* energies (AE, kcalmol™) of the relaxed diamondoid radical cations relative to
the respective neutral hydrocarbons.

Although 1 and 7 belong to the same D;,;-point group, dif-
ferent orbital orderings are observed: The HOMO of 7 is
degenerate, and Jahn—Teller distortion upon ionization leads
to the Cy, structure 7-*.

Despite the essential absence of strain, remarkably low
adiabatic IPs were computed (177-184 kcalmol™') for the
higher diamondoids. This makes SET oxidations of these hy-
drocarbons, even with conventional single-electron chemical
oxidants (e.g., with tris(aryl)aminium salts®*’l), valuable. As
is seen from Figure 6, the structures of the diamondoid radi-
cal cations involve at least two significantly elongated (up to
1.111 A) tertiary C—H bonds. The deprotonation from these
positions is the most likely transformation of such species in
solution. Thus, SET-induced functionalizations may even
give a single tertiary C—H substitution product, especially if
the elongated C—H bonds are identical chemically (as in the
highly symmetrical radical cations 1'*, 4%, and 7).

Reactivity: We consider 1, which has two non-equivalent

types of tertiary C—H bonds, as an experimental model for
diamondoid functionalizations. Various reagents were exam-
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Figure 6. The B3LYP/6-31G* fully optimized geometries of the most favorable diamondoid radical cation structures.

ined to differentiate between the two tertiary positions. As
the selectivities are usually higher under ionic conditions, a
number of electrophilic reagents were used for the derivati-

zations of 1 (Scheme 1). Halogenations with electrophilic

halogens gave the 1-bromo de-
rivative 8 almost exclusively.*’!
Under thermodynamically con-
trolled conditions more stable
4-bromodiamantane (9) forms
together with 8. The reac-
tion with NO,BF, in nitrometh-
ane gave a mixture of the 1-
and 4-nitrodiamantanes 10 and
11, respectively.*! Nitration
with nitronium trifluorometh-
ane sulfonate, generated in situ
from tetrabutylammonium ni-
trate and triflic anhydride, af-
forded nitro- or nitroxydiaman-
tanes, depending on the solvent
used (not shown); selectivities
were not reported.*” The oxi-
dation of 1 with lead(1v) ace-
tatel® in CF,COOH/CH,Cl,
led to a mixture of 1- and 4-hy-
droxydiamantanes (12 and 13,
respectively)  after aqueous
workup. The direct preferential
substitution of the apical posi-

7096 ——
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tion of 1 was achieved only by photooxidation with diacetyl
and gave the 1- and 4-acetyldiamantanes 14 and 15, respec-
tively, in a ratio of approximately 1:5.14!

8(41%) + 9(59%)
tBuBr, AlBr,
8 (99%) 9 (1%)
80% 98%
NO,BF, 1 1. Pb(OAc), TFA, CH,Cl,
NO, C(NO,), %\ OH
67% 84%
NO, , ° 9 2 ’ OH +
b
hv, CH,Cl,
10 (92%) 11 (8%) 12 (91%) 13 (9%)

By &

14 (18%)

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

15 (82%)

Scheme 1. The ratios and the preparative yields of the tertiary C—H substitution products described in the lit-
erature for 1 (TFA = trifluoroacetic acid).

Chem. Eur. J. 2005, 11,7091 -7101
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Thus, the selectivity problem
for the two types of tertiary C—
H bonds in 1 remains largely
unsolved and there is also no
practical way for the selective
preparation of the structurally
more attractive 4-substituted
derivatives. In order to achieve (56%) (23%)
higher selectivities for the
apical C—H substitutions, we
first turned our attention to
carbon-centered radicals, which
previously were shown to be
most selective for radical ter-
tiary versus secondary C—H
substitutions of adamantane.”
However, our computational
assessment lowered our expec-
tations regarding the selectivi-
ties for 1. Indeed, reactions
with the Br;C as well as with
the L;C radicals generated
under phase-transfer catalytic
(PTC) conditions®! from CBr,
and HCI;, respectively, gave
mixtures of 1-, 3-, and 4-halo-
diamantanes (Scheme 2). The
ratio of products is in full
agreement with the B3LYP/6-
31G* (3-21G* for I) data
(Figure 7). For the reaction
with Br;C, the lowest barrier (TS1, 14.8 kcalmol ™, AG;F98
was computed for the hydrogen abstraction from the C'-H
position. The barriers for the abstraction from C*~H and
C*~H (17.2 and 16.6 kcalmol ™' via TS2 and TS3, respective-
ly) are higher. As a consequence, 1-bromodiamantane (8) is
the main product of the bromination of 1 with Br;C

20 (33%)

22 (98%) 3 (2%)

~2971 Hal
3.131

TS1 (Hal=Bn) 0.0
TS4 (Hal=l) 2.8

sl 6@ 5
N

TS2 (Hal=Br) 2.4
TS5 (Hal=l) 0.0

FULL PAPER

12 (91%) + 13 (9%)

A
ofo

acetone

(11%) 17 (48%) 18 (48%) 19 (4%)
CB“‘P/.'#SOH CHI,/NaOH
PTC
CI
cor " COOOOH
<« bl
1 HNo3 CHZCIZ
] 2.H,0
21 (11%) 12 (85%) 13 (15%)
CN
1 Br, CH,CN
2.H,0 NC
NHCOCH, NN on
CN
NC
1.NO,BF, CH,CN
2.H,0
24 (100%)

22 (77%) + 23 (23%)

Scheme 2. The product ratios for the C—H substitutions of 1 with various reagents as elaborated in the present
work (for preparative yields and full list of reagents including solvents used see the Experimental Section).

(Scheme 2). In contrast, the C*—H position of 1 is the most
reactive (AGJ,,=26.3 kcalmol ™!, TS5) towards I;C". The bar-
riers for the abstraction from C'-H and C*—H are larger
(29.1 and 28.9 kcalmol™ via TS4 and TS6, respectively,
Figure 7). The bulky I;C' radical favors the substitution at
C*—H because of substantial steric hindrance for C'~H ab-

TS3 (Hal=Br) 1.8
TS6 (Hal=l) 2.6

Figure 7. The B3LYP/6-31G* (3-21G* for I) optimized geometries (selected interatomic distances in A) for the transition structures for hydrogen abstrac-
tions from diamantane with the Br;C" (first entry) and I,C' (second entry) radicals and relative barriers AAG, (kcalmol™, italics).
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straction (the crucial C--H distance in TS4 for the abstrac-
tion from this position is larger than that in TS5 for the
C*-H abstraction, Figure 7). Thus, the C*—H substitution
with the I;C' radical shows an inverse selectivity relative to
the reactions of 1 with electrophiles, where C'—H functional-
izations dominate. However, radical reagents, even if they
are as selective as ,C:, are not very promising for the selec-
tive C—H functionalizations of diamondoids, because sub-
stantial amounts of secondary derivatives typically form.

Other types of reagents that play an important role in
alkane chemistry are peroxo species like dioxiranes,*? per-
acids,” as well as metal-oxo compounds.”” The C—H acti-
vations with peracids and dioxiranes are believed to occur
through concerted insertions,™ that is, they are mechanisti-
cally different from radical abstractions. In contrast to the
reactions with conventional radical abstractors, the hydrogen
abstractions with metal-oxo reagents occur through highly
polarized transition structures.’® Despite these mechanistic
differences, similar tertiary selectivities were observed in the
reaction of 1 with dimethyl dioxirane, m-chloroperbenzoic
acid, and with CrO,Cl, for which C'-substitution products
form predominantly (Scheme 2); much higher tertiary
versus secondary selectivities were observed.

The transformations of diamondoids with oxidizing elec-
trophiles are usually more selective than with radical re-
agents or with uncharged electrophiles. For instance, the re-
action with Br, in acetonitrile gave 1-acetaminodiamantane
(22) almost exclusively (we found only traces of apical acet-
amide 23). We have shown recently that the C—H substitu-
tions of adamantane with electrophilic reagents (E) occur
through H-coupled electron-transfer mechanisms®®”? involv-
ing transition structures with linear C.-H--E fragments. As
nitronium electrophiles were previously successfully used
for the functionalization of polycyclic hydrocarbons,**>" we
used 100% nitric acid, in which nitronium nitrate NO,*
NO;~ is believed®™ to be responsible for the C—H activa-
tion. We first modeled this reaction computationally for the
complex of NO,* with one molecule of HNO; attacking the
C'-H (TS7) and C*-H (TS8) positions of 1 (Figure 8).

The abstraction barriers are virtually identical (AG,=
30.4 and 31.0 kcalmol™'). Computations agree well with the
ratio of products obtained earlier for the reaction of 1 with
NO,BF, in nitromethane,*® as well as with our data on the
reaction of 1 with NO,BF, in acetonitrile, or with
100% HNOs; in various solvents (Scheme 2), and the major
substitution products derive from the statistically favored
C'-H position.

Strong single-electron acceptors, like photoexcited 1,2,4,5-
tetracyanobenzene (TCB)®! are able to oxidize al-
kanes.'*3341 The first step of these reactions involves outer-
sphere electron transfer from the alkane to photoexcited
TCB [Eq. (8)], followed by proton loss (in solution) from
the alkane radical cation forming an alkyl radical [Eq. (9)]
that couples with the aromatic reagent [Eq. (10)].

Alk—H + ArCN* — *Alk - - - H||ArCN ~ 8)
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Figure 8. The B3LYP/6-31G* optimized geometries of the transition
structures for the H-coupled electron transfer from diamantane to the
NO,*+HNO; complex (selected interatomic distances in A).

Alk---H* — Ak + H* 9)

AIK + ArCN~ + H* — Alk—Ar + HCN (10)

We found that oxidation of 1 with photoexcited TCB in ace-
tonitrile gave a single adduct (24), that is, proton loss from
the diamantane radical cation occurs exclusively from the
C*—H position. This agrees nicely with the computed struc-
ture of the diamantane radical cation 1'* in which this C—H
bond is substantially elongated relative to other C—H bonds
(Figure 6). Thus, opposite selectivities are observed for the
reactions of diamantane with electrophiles and outer-sphere
SET oxidizers. The SET approach may also invert the selec-
tivities in the functionalization of other higher diamondoids,
which can subsequently be probed as novel nanostructural
building blocks.

Conclusion

Naturally occurring diamondoids 2-7, which are now avail-
able in large quantities, are expected to be more reactive
than their parent molecules adamantane and diamantane
(1). The selective functionalization of higher diamondoids
still represents a formidable challenge because of the large
number of similarly reactive tertiary C—H bonds.

The relative stabilities of diamondoidyl radicals vary only
within small limits and conventional free-radical approaches
lead to mixtures of all possible tertiary and even secondary
diamondoid derivatives, as we have shown for 1 as a model.
Uncharged electrophiles like peroxo or metal-oxo reagents
behave similarly, but much higher tertiary versus secondary
selectivities are observed for 1 and are expected for 2-7.

Tonic transformations are more selective, as the differen-
ces in stabilities of isomeric tertiary diamondoidyl carbo-
cations are quite pronounced. In the reactions with charged
electrophiles, tertiary C—H bonds that are closer to the geo-
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metrical center of the molecule are most readily substituted.
Varying the type of electrophile changes the selectivities
only slightly, as found for 1 in the reactions with bromine
and nitrogen-containing electrophiles.

Because the stabilization in the diamondoidyl cations is
different from that in diamondoid radical cations, oxidative
transformations involving outer-sphere electron transfer
show inverted substitution selectivities relative to electro-
philic reagents. This was found experimentally for 1, which
forms 1-substituted derivatives under electrophilic and 4-
substituted derivatives under the SET oxidative conditions.
For hydrocarbons that form a single radical cationic struc-
ture (such as 4, 6, and 7) exceptionally high selectivities are
expected upon oxidation with outer-sphere SET oxidizers.
As the oxidation potentials of higher diamondoids are rela-
tively low (ca. 170-180 kcalmol ™), conventional chemical
SET oxidants are useful for direct selective functionalization
of higher diamondoids.

Experimental Section

Computational methods: Geometries were fully optimized at the
B3LYP!®! level of theory with a 6-31G* basis set including frequency
analyses to disclose the nature of all stationary points (Nimag=0 for
minima and 1 for transition structures). All computations were carried
out by using the Gaussian 03 program package.l’! The reaction pathways
along both directions from transition structures were verified by utilizing
intrinsic reaction coordinates.”” The xyz coordinates and the energies of
the computed species are collected in the Supporting Information.

Bromination of 1 under phase-transfer catalytic (PTC) conditions: A
mixture of 1 (0.66 g, 3.51 mmol), CBr, (4.5 g, 13.5 mmol), 50% aqueous
NaOH (15 mL), Bu,NBr (75 mg, 0.23 mmol), and CH,Cl, (15 mL) was
stirred at room temperature for 24 h, diluted with water (50 mL), and ex-
tracted with CH,Cl, (3x15mL). The combined extracts were washed
with water and dried over Na,SO,; excess solvent was removed in vacuo.
The residue was analyzed by GC-MS and showed conversion of approxi-
mately 95%; 1-bromodiamantane (8), 4-bromodiamantane (9), and 3-
bromodiamantane (16) formed in a ratio of 56:23:11, respectively. The
reaction mixture was separated by column chromatography (pentane as
eluent) which gave 8 (366 mg, 39.2%), 9 (92 mg, 9.8%), and 16 (18 mg,
2%), with spectral data identical to literature values.[>%¥

Iodination of 1 under PTC conditions: A mixture of 1 (300 mg,
1.59 mmol), CHI; (1.4 g, 3.56 mmol), solid NaOH (3.5 g), and CH,Cl,
(10 mL) was stirred at room temperature for 48 h, diluted with water
(30 mL), and extracted with CH,Cl, (3x10 mL). The combined extracts
were washed with an aqueous NaHSOj; solution and water, and dried
over Na,SOy,; excess solvents were removed in vacuo. The residue was
analyzed by GC-MS and showed conversion of approximately 75 %; 1-io-
dodiamantane (17), 4-iododiamantane (18), and 3-iododiamantane (19)
formed in a ratio of 12:12:1, respectively. MS (70 eV): m/z (%) for 17:
187 (100), 159 (3), 145 (8), 131 (11), 117 (6), 105 (10), 91 (18), 79 (21), 67
(7), 53 (4); MS (70 eV): m/z (%) for 18: 187 (100), 159 (3), 145 (8), 131
(11), 117 (8), 105 (12), 91 (21), 79 (15), 67 (9), 53 (4); MS (70 eV): m/z
(%) for 19: 187 (100), 159 (7), 145 (6), 131 (10), 117 (6), 105 (7), 91 (21),
77 (18), 67 (15), 53 (9). The reaction mixture was separated by column
chromatography (pentane as eluent), which gave a pure sample of 1-io-
dodiamantane 17 (195 mg, 39%) and a mixture of 18 and 19 (137 mg,
27%). The *C NMR spectra of 17 and 18 were identical to literature
data.[®! 3-Iododiamantane (19): *C NMR (75 MHz, CDCl,, 25°C, TMS):
0=25.7, 33.2, 34.0, 35.3, 35.8, 36.3, 37.3, 37.5, 37.7, 38.0, 39.2, 40.5, 46.7,
53.0 ppm.

Oxidation of 1 with HNO; in CH,Cl,: Compound 1 (2.8 g, 14.9 mmol),
CH,(C], (25 mL), and 100% HNO; (3 mL, 71 mmol) were mixed at 0°C,
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stirred for 20 min at 0°C, and then 40 min at room temperature, and then
diluted with water (14 mL). CH,Cl, was then removed and the reaction
mixture was refluxed for 1.5h. A 17:3 ratio of 1-hydroxydiamantane
(12)/4-hydroxydiamantane (13) was indicated by GC-MS (conversion ca.
95%). Column chromatography on silica gel (eluent of pentane/diethyl
ether=4:1) gave 1 (130 mg, 0.7 mmol), 1-hydroxydiamantane (12: 2.5 g,
82%), and 4-hydroxydiamantane (13: 0.4 g, 13%), with 'H and *C NMR
spectra identical to literature data.[*%

Oxidation of 1 with dimethyl dioxirane: A 0.1Mm solution of dimethyl di-
oxirane (18 mL, 1.8 mmol) was added to a solution of 1 (200 mg,
1.06 mmol) in acetone (20 mL) under stirring at room temperature. The
reaction mixture was analyzed by GC-MS after 24 h and was found to
contain unreacted 1 (32 %), 1-hydroxydiamantane (12, 52 %), 4-hydroxy-
diamantane (13, 5%), and a mixture of dihydroxy diadamantanes (11 % ).
MS (70 eV): miz (%): 220 (22), 202 (100), 145 (20), 130 (24), 123 (25),
110 (18), 95 (29), 91 (33), 77 (26), 55 (20). Mass spectra and the retention
times of 12 and 13 were identical to those for the standard samples ob-
tained as described above.

Ocxidation of 1 with m-chloroperbenzoic acid: m-Chloroperbenzoic acid
(130 mg, 1.32 mmol) was added in one portion to a solution of 1 (90 mg,
0.48 mmol) in CH,Cl, (25 mL). The reaction mixture was refluxed under
stirring for 2 h, cooled to RT, filtered, and washed with aqueous Na,SO;,
water, brine, and dried over Na,SO,. The GC-MS analysis of the reaction
mixture indicated 1 (57 %), 1-hydroxydiamantane (12, 23 %), 4-hydroxy-
diamantane (13, 4%), and a mixture of dihydroxy diamantanes (6%)
were present.

Oxidation of 1 with CrO,Cl,: Compound 1 (1.24 g, 6.59 mmol) was dis-
solved in CCl; (80 mL) and a solution of CrO,Cl, (2.04 g, 13.2 mmol) in
CCl, (20 mL) was added dropwise. The reaction mixture was kept at
room temperature while stirring for 8 h. Then a saturated aqueous
Na,SO; solution was added (15mL) and the mixture was shaken until
the color changed from dark red to dark green. The organic layer was
separated, the aqueous layer was extracted with CHCl; (3x10 mL). The
organic extracts were combined, washed with water, then brine, and were
dried over Na,SO,. The residue after solvent removal was separated by
column chromatography on silica gel. Elution with pentane yielded un-
reacted 1 (470 mg, 2.50 mmol) and a 3:1 mixture of 1-chlorodiamantane
(20) and 4-chlorodiamantane (21: 334 mg, 36.6 % calculated on reacted
1). The 'H NMR spectra of 20 and 21 were identical to literature data.*!
1-Chlorodiamantane (20): *C NMR (75 MHz, CDCls, 25°C, TMS): 6=
65.9, 49.5, 45.0, 40.9, 38.3, 37.17, 36.4, 33.4, 30.8, 25.1 ppm. 4-Chlorodi-
amantane (21): *C NMR (75 MHz, CDCl,, 25°C, TMS): 6 =68.1, 48.1,
40.6, 36.9, 35.8, 25.3 ppm. After changing the eluent to pentane/diethyl
ether=4:1, 1-hydroxydiamantane (12: 387 mg, 46.3% calculated on re-
acted 1) was isolated.

Reaction of 1 with Br, in CH;CN: A mixture of 1 (95 mg, 0.51 mmol),
CH,C], (0.3 mL), CH;CN (1 mL), and Br, (0.3 mL, 5.8 mmol) was stirred
for 24 h at room temperature, quenched with Na,SO; solution, and ex-
tracted with CH,Cl, (3 x5 mL). The combined extracts were washed with
brine and dried over Na,SO,. The GC-MS analysis of the reaction mix-
ture indicated 98% of 1l-acetaminodiamantane (22) and 2% of 4-
acetaminodiamantane (23). Column chromatography on silica gel (di-
ethyl ether/methanol=90:10) gave 1-acetaminodiamantane (22: 117 mg,
95 %); spectroscopic data of the latter were identical to available data of
the material described previously.” '"H NMR (300 MHz, CDCl;, 25°C,
TMS): 6=5.50 (brs, 1H), 2.22 (m, 2H), 2.03 (m, 2H), 1.93 (m, 4H), 1.90
(s, 4H), 1.45 (m, 8H), 1.49 ppm (m, 2H); "C NMR (75 MHz, CDCl,,
25°C, TMS): 6=169.1, 56.1, 41.5, 39.1, 38.7, 38.1, 37.3, 37.0, 32.8, 28.6,
25.1, 24.5 ppm; MS (70 eV): m/z (%): 245 (71), 230 (14), 202 (7), 186
(94), 171 (4), 157 (6), 143 (11), 130 (45), 129 (41), 95 (90), 94 (100), 79
(25), 67 (18), 53 (11). From the last fractions a mixture of 22 and 23 was
isolated (9 mg). 4-Acetaminodiamantane (23): “CNMR (75 MHz,
CDCl;, 25°C, TMS): 6=169.4, 50.8, 41.9, 38.7, 38.4, 36.4, 29.6, 24.4 ppm;
MS (70 eV): mlz (%): 245 (100), 230 (6), 202 (10), 187 (46), 171 (3), 157
(3), 143 (10), 129 (45), 129 (8), 106 (44), 91 (20), 79 (25), 67 (12), 53 (9).
Oxidation of 1 with NO,BF, in CH;CN: A mixture of 1 (95 mg,
0.51 mmol), CH,Cl, (0.3mL), CH;CN (1.5mL), and NO,BF, (0.6g,
4.5 mmol) was stirred at room temperature for 0.5 h. Workup as above
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gave a mixture (GC-MS) of 1-acetaminodiamantane (22, 74 %), 4-acet-
aminodiamantane (23, 22%), and diacetamides (4%). MS (70 eV): m/z
(%): 302 (33), 287 (71), 243 (100), 228 (8), 201 (23), 186 (19), 163 (7), 148
(27), 129 (13), 106 (47), 94 (20), 77 (18), 60 (12).

Oxidation of 1 with HNO; in CH;CN: A mixture of 1 (2.0 g, 10.6 mmol),
CHCl; (6 mL), CH;CN (25 mL), and 100% HNO; (17 mL, 0.4 mol) was
stirred for 6 h at room temperature, poured onto ice, and extracted with
HCCI; (3x 10 mL). Extracts were washed with saturated Na,CO; aqueous
solution (5x5mL), brine (2x10mL), and then dried over Na,SO,.
Column chromatography on silica gel (diethyl ether/methanol=90:10)
gave l-acetaminodiamantane (22: 2.2 g, 84 %), identical to the standard
sample. Some product (ca. 0.3 g), together with 4-acetaminodiamantane
(23) was found in the last fractions.

Photooxidation of 1 with TCB: A solution of diamantane 1 (200 mg,
1.06 mmol) and 1,2,4,5-tetracyanobenzene (75 mg, 0.42 mmol) in acetoni-
trile (160 mL) was irradiated with a low-pressure Hg-lamp in a quartz
vessel for 1h. Evaporation of the solvent and column chromatography
on silica gel (cyclohexane/ethyl acetate=7:2) gave diamantane 1
(128 mg, 0.68 mmol) and 2.4,5-tricyano-1-(4-diamantyl)benzene (24:
38 mg, 0.11 mmol, 10.5%) as a white solid, and unreacted TCB (45 mg,
0.25 mmol). 2,4,5-Tricyano-1-(4-diamantyl)benzene (24): M.p. 275°C
(decomp); '"H NMR (300 MHz, CDCl;, 25°C, TMS): 6=8.07 (s, 1H),
7.90 (s, 1H), 2.12 (m, 6H), 2.02 (m, 3H), 1.82 (m, 4H), 1.80 ppm (m,
6H); *C NMR (75 MHz, CDCl;, 25°C, TMS): 6=159.4, 139.5, 132.4,
119.3, 116.7, 116.1, 114.5, 113.8, 113.6, 41.5, 37.6, 37.3, 37.1, 36.1,
25.4 ppm; MS (70 eV): m/z (%): 339 (100), 324 (7), 282 (5), 268 (4), 243
(21), 230 (9), 217 (4), 187 (6), 134 (3), 105 (9), 91 (19) 79 (18), 55 (11); el-
emental analysis caled (%) for C;3H,N; (339.4): C 81.38, H 6.24, N
12.38; found: C 81.61, H 6.53, N 12.21.
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