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Selective C—H activations and functionalizations of hydro-
carbons are challenging chemical processes with enormous
synthetic potential.'l Transition metal catalyzed?3 and
metal-freel C—H activations are being studied intensively."!
Allylic C—H activations with organoborane reagents have
been established as useful methods in organic synthesis.[®!
Koster and Rotermund discovered in 1960 that the pyrolysis
of triorganoboranes (e.g. tri-n-octylborane) yielded bicycloor-
ganoborane, alkene, and molecular hydrogen (Scheme 1)."
After further studies Koster et al. proposed a four-center
mechanism for the observed cleavage of C—H and the
formation of C—B bonds (Scheme 2).[8!

250-350°C
B + +
</\/\/\/>3 e CQ 2 CgHyg+ 2 H2

Scheme 1. Pyrolysis of tri-n-octylborane.

Scheme 2. The four-center mechanism of borane —hydrocarbon dehydro-
genation reactions proposed by Koster.

Recently, similar intramolecular C—H activations of tert-
butyl and phenyl groups in organoboranes in solution were
reported!(®! without transition metal catalysts.l®! To analyze the
factors influencing the reactivity and selectivity of these
direct, uncatalyzed borane —hydrocarbon dehydrogenations,
we have studied the kinetic and thermodynamic aspects by
theoretical methods.
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While reactions of borane 1 with ammonia (2b) and water
(2¢) are well known, there are no reports on the analogous
direct borane-methane (2a) dehydrogenation reaction
(Scheme 3).’7 With borane both ammonia and water

AG*=30.5 kcalmol~!, Table 2).["" The attack of the electro-
philic boron atom occurs at the C—H bond and induces the
elimination of H, from the transition 4a (Figure 1).'] The
analogy to the four-center mechanism proposed by Koster

(Scheme 2) is apparent. While ammonia and

"W oy 1F water yield products (5b and 5¢) in strongly
“B—H + H—E —»> Hz\BEI — | BB E | o HB—E + Hy elxothermlc and exergonic re.actlons the formz.i-
H H tion of methylborane 5a is slightly endothermic
E=CHs 1O 2a(To 3a(Cy) 4 (Cy) 5a(C) 6., and endergonic (see E, in Table 2).l"
E=NHz 2b (C3v) 3b (C3v) 4b (Cs) 5b (C2v) Activation of C-H bonds through direct,
E= OH 2¢ (Ca) 3¢ (Cs) 4e (C1) 5¢ (Cs)

Scheme 3. Reactions of borane with methane, ammonia, and water (Tables 1 and 2).

form stabile adduct complexes!'” (see the adduct format-
ion energies E,; of 3b and 3c calculated at the B3LYP/
6-311 ++ G*#1L. 2] Jevel, Tables 1 and 2).['1 The subsequent
elimination of hydrogen (6) via the transition structures 4b
and 4 ¢ (activation energy, F, Table 2)["¥ yield the exothermic
and exergonic products 5b and 5¢ (total reaction energy FE.,
Table 2, Scheme 3). Methane (2a) and borane form only a
weakly bound van der Waals complex 3a (see E,q in Table 2).
However, relatively small activation barriers relative to the
educts E,(Ed), are computed for the hydrogen elimination
between methane and borane via the transition structure
4a (Figure 1) (AE*=23.5 kcalmol~!, AH*=21.8 kcalmol~},

o &)

Figure 1. The transition structure 4a of the methane —borane dehydrogen-
ation optimized at the B3LYP/6-311 ++ G** level.

intramolecular dehydrogenation reactions has
been observed for tert-butyl groups and also for
phenyl moieties in organoborane compounds.®!
From benzene and borane a weakly bound van der Waals
complex is formed (E,q in Table 3).['8] The transition structure
for the benzene-borane dehydrogenation (Figure 2)["! is
similar to that of the methane-borane dehydrogenation
(Figure 1), however smaller activation barriers (E,(Ed) values
for X=H in Table 3) and an exothermic energy of reaction
(E,) are predicted.?”l The influence of electronic effects on the
dehydrogenations of arenes is clearly demonstrated in mono-
substituted benzene derivatives, in which the borane attacks
the para position (Scheme 4, Table 3). The lowest activation
energy barriers (E,) and the most exothermic energies of
reaction (E,) are found for electron-donating substituents
(e.g. X=NMe,, OMe). In contrast, electron-withdrawing
substituents in the para position cause increased activation
barriers and less exothermic reactions. There is a good
correlation between Hammett o, values of the para substitu-
ents X and electronic activation energies (Figure 3).2 In
transition structures with electron-donating substituents, the
H—H bonds of the leaving dihydrogen units are shorter than in
the transition structures with electron-withdrawing-substitu-
ents (e.g. NMe,: 1.093 A versus NO,: 1.147 A, Table 4).

Table 1. Electronic,?! enthalpic, and Gibbs’ free energies!! [a.u.] for the starting materials, first-formed adducts, transition structures, and products of the

reactions between BH; and H-E (Scheme 3).

E 1 2 3 4l 5 6
CH; (a) —26.59500 —40.48940 —67.08341 —67.04689 (1139) —65.91272 —1.16951
—26.59117 —40.48559 —67.07597 —67.04205 —65.90789 —1.16620
—26.61254 —40.50672 —67.11258 —67.07064 —65.93604 —1.18100
NH, (b) —56.54846 — 83.18046 —83.12560 (1442) —82.02631
—56.54464 —83.17569 —83.12101 —82.02214
—56.56649 —83.20290 —83.14887 — 82.04806
OH (¢) —76.43726 —103.04509 —103.01126 (1421) —101.91276
—76.43348 —103.03992 —103.00696 —101.90877
—76.45490 —103.06898 —103.03432 —101.93494

[a] BBLYP/6-311 ++ G** optimized structures, unscaled zero-point energy corrections are included. [b] 7=298.15 K, p =1 atm. [c] Transition structures
with imaginary frequency in parenthesis [cm™'].

Table 2. Relative electronic,?! enthalpic,’! and Gibbs’ free energies!® [kcalmol!] of adduct formations of 3 (E,,), energy barriers of dehydrogenations
relative to 3 E,(vdW), and relative to the starting materials 1 and 2 E,(Ed), and the total reaction energies relative to the starting materials E, (Table 1,
Scheme 3).

E E. E,(vdW) E,(Ed) E,

CH, (a) 0.6 (—0.1),9 0.5, 4.2 229,213,263 235,218,305 14,17,14

CH, (a) —0.1(~12)9 —04,43 222,208,248 22.1,20.4,29.1 0.0,0.3,0.1

NH, (b) —232,-25.0, —15.0 344,343,339 112,93, 18.9 —329, -33.0, —314
OH (¢) ~8.0,-96,—1.0 212,207,218 132, 11.1,20.8 —314, —31.6, —30.4

a] B3LYP/6-311 ++ G** optimized structures, unscaled zero-point energies are included. [b] T=298.15 K, pP= 1 atm. [c] No zero-point energy correction.
d] MP2(fc)/6-311 ++ G** optimized structures, unscaled zero-point energies are included.
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Table 3. Hammett parameter o, of the substituents X and the relative electronic,*! enthalpic,” and Gibbs’ free energies, [kcal mol~'] of adduct formation
(E,q), activation barriers (E,), and total reaction energies (E,) for the reaction shown in Scheme 4.

X a,(X)kl E 4 E,(vdW)l! E,(Ed)l Eld

NMe, —0.63 —1.8(-3.8), —25,6.7 17.4,17.0, 18.0 15.6, 14.5, 24.7 -9.8,-95, -6.6
OMe —0.28 —-08(—27),-09,7.1 17.5,16.5,19.2 16.7,15.5, 26.3 -78,-72,-51
Bu —0.15 —-03(-21),-04,73 17.4,16.3, 19.4 17.1,15.9, 26.7 —-63,-57,-37
Me -0.14 —04(-21),01,54 17.6, 16.4, 20.3 17.1,16.5,25.7 —64,-58,-38
Hib 0.0 —-02(-17),-02,56 17.8, 16.6, 20.0 17.6, 16.4, 25.6 —5.6,—-49, -4.0
F +0.15 —0.1(-1.8),-02,6.7 17.9,16.7,20.2 17.8,16.5,26.9 —6.3,-56,-3.6
Cl +0.24 —0.1(-1.5),0.0, 6.7 17.9,16.7,20.3 17.8,16.6, 27.0 -59,-52,-32
Br +0.26 0.0 (—1.5),0.0,6.8 17.8,16.7,20.2 17.9,16.7, 27.0 -58,-51,-31
COMe +0.47 0.1(-1.2),03,6.4 18.0,16.7,21.2 18.1,17.0, 27.7 —4.6, -39, -2.0
CF; +0.53 0.3 (—1.0), 1.0,5.4 18.2,16.9,21.3 18.5,17.9,26.7 —45,-38,-18
CN +0.70 0.4 (-0.9), 0.5, 6.6 18.2,16.9,21.2 18.6,17.4,27.8 —44,-38,-18
NO, +0.81 0.5 (-0.7),0.7, 6.5 18.4,17.1,21.5 18.9,17.8,28.1 —-39,-32,-14

[a] B3LYP/6-311 ++ G** optimized structures, unscaled zero-point energies are included. [b] T=298.15 K, p =1 atm. [c] Hammett values.?! [d] Electronic
energies of adduct formation, in parentheses are the values without zero-point energy correction. [e] Activation barrier relative to van der Waals complexes.
[f] Activation barrier relative to isolated starting materials molecules. [g] Energy of reaction relative to isolated starting materials molecules. [h] See Figure 2.

Figure 2. The transition structure of the benzene-borane dehydrogen-
ation optimized at the B3LYP/6-311 ++ G** level.

H..
oy
H. !
o O ="

Ho
B--C;
" @ s

Scheme 4. Dehydrogenation between BH; and monosubstituted benzene
derivatives.

200

T 19.oji

-1
E,/kcal mol 18.0
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-0.8 -0.4 0.0 04 0.8
op —»

Figure 3. Correlation of the electronic activation energies (E,) and the
Hammett o, values for dehydrogenations between borane and monosub-
stituted benzene derivatives (correlation coefficient: 0.96, y =2.1x+17.3;
Table 3, Scheme 4).

Analysis of the B—C,,,, bond lengths and of the C,,, partial
charges explains the decrease of the activation barriers with
increasingly stronger electron-donating substituents X (Ta-
ble 4): more negative partial charges at C,,,, (e.g. —0.34 for
NMe, versus —0.26 for NO,) result in more stable bonds to

4138 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Table 4. Selected bond lengths (B—C,, C—H, H-H [A]) and natural bond
orbital (NBO) partial charges g [a.u.] of the transition structures in
borane —arene dehydrogenations (Scheme 4).0%

X B-C C—H H-HM q(C)™ q (Hc,)[d]
NMe, 1.710 1.431 1.093 —0.341 +0.341
OMe 1.721 1.421 1.106 —0.324 +0.344
Bu 1.727 1.417 1.114 —0.297 +0.345
Me 1.728 1.417 1.114 —0.299 +0.345
HP! 1.733 1.413 1.120 —0.290 +0.346
F 1.733 1.409 1.121 —0.310 +0.347
Cl 1.735 1.406 1.126 —0.294 +0.348
Br 1.735 1.405 1.127 —0.287 +0.348
COMe 1.739 1.403 1.134 —0.268 +0.347
CF; 1.743 1.399 1.138 —0.274 +0.348
CN 1.744 1.396 1.142 —0.267 +0.349
NO, 1.747 1.392 1.147 —0.260 +0.350

[a] B3LYP/6-311 ++ G** optimized structures. [b] See Figure 2. [c] Bond
lengths in the leaving H, molecule. [d] B3LYP/6-31G**//B3LYP/6-31G**.

the electrophilic boron center,?” which lead to shorter B—C,,,,
bonds (1.710 A for NMe, versus 1.747 for NO,, Table 4).

In conclusion, relatively small activation barriers
(< 30 kcal mol ') are predicted for dehydrogenation reactions
between borane and hydrocarbons that occur via four-center
transition states. Even lower activation barriers and more
exothermic reactions should result for donor-substituted
arenes. These different reactivities, which can be tuned by
the substituents, could provide the basis for selective and
directed functionalizations of hydrocarbons.
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Multilevel Molecular Electronic Species:
Electrochemical Reduction of a [2 x 2] Co}!
Grid-Type Complex by 11 Electrons in

10 Reversible Steps**
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The search for high-density information storage devices has
stimulated an increasing interest in molecules exhibiting
multistable behavior.ll' Multistability can be achieved by
several means by exploiting changes in intrinsic molecular
properties such as spin state,”! conformation,”! or redox
state.ll For instance, fullerenes and nanotubes have attracted
wide interest in view of their potential in the design of new
materials and electronic devices based on their unusual
electrochemical behavior (reversible single-electron reduc-
tions and semiconducting properties).’] Multicenter transition
metal complexes with different redox states are very attrac-
tive candidates for the design of multilevel electronic systems.
Thus, for instance, polynuclear metal complexes of polypy-
ridine ligands present several reversible multielectron steps.©]

We have described recently a new class of polypyridine-
derived, multinuclear metal complexes of the [2 x 2] MY grid-
type (M =transition metal),*® which have been found to
present a range of interesting structural” and physicochem-
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