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Hydroboration of three allotropes of carbon, i.e., diamond (100) surface, [60]fullerene, and single-
wall carbon nanotubes (SWNTSs), with borane (BHj3) has been explored by means of quantum
chemical calculations. The calculations predicted that the hydroboration of Csp and the C(100)-
2x1 surface occurs readily, whereas the hydroboration of the sidewall of an armchair (5,5) SWNT
is thermoneutral with a barrier height of 11.5 kcal/mol. This suggests that sidewall hydroboration,
if viable, would be highly reversible on the (5,5) SWNT. The as-hydroborated carbonous materials
can be good starting points for further chemical modification and manipulation of these carbonous
materials, given the abundant chemistry of organoboranes.

Introduction

The hydrobration of olefins is one of the most important
reactions in synthetic organic chemistry, because the so-
formed organoboranes are very useful intermediates and
are subject to a large number of organic transformations
under mild conditions.! The prototype reaction is the
hydroboration of ethylene (C,H,) with borane (BHj3),
which produces ethylborane (C,HsBH,). The reaction
mechanism disclosed by quantum chemical calculations??
is shown in Scheme 1. This reaction is initiated by
electrophilic attack of the electron-deficient boron center
of borane to the s-bond of ethylene, forming a z-complex
followed by B—H breakage.?® The absolute rate constant
of the reaction of borane with ethylene in the gas phase
was first determined by Fehlner* and later by Pasternack
et al.> A negative activation energy (—4 kcal/mol) for the
overall reaction was suggested by Pasternack et al.5 to
bring their and Fehlner’s data into agreement. Contro-
versy exists in the theoretical predictions of the activation
energy of this reaction. While the ab initio SCF calcula-
tions overestimated the activation energy with predicted
values larger than >4 kcal/mol,®> MP2 calculations with
inclusion of correlation energy found no transition state
for the reaction.®® Nevertheless, the high reactivity of
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SCHEME 1. Hydroboration of Olefins with
Borane
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borane toward the C—C s-bond in olefins inspires us to
consider the feasibility of its possible reactions with
fullerene, the diamond (100)-2x 1 surface, and the side-
walls of carbon nanotubes, which are rich in C—C
s-bonds.

Indeed, hydroboration of [60]fullerene was found to be
facile, occurring at a 6,6 ring fusion C—C bond of Cg.5 It
is well-known that in Cg the 6,6 ring fusion C—C bonds
are shorter than the 6,5 ring fusion C—C bonds’” and can
be regarded as a C=C double bond.® This accounts for
the high site-selectivity of Cs hydroboration.® One pur-
pose of the present work is to explore, by means of
quantum chemical calculations, the mechanism of the
BH; 4 Cgo reaction and to see to what extent this reaction
resembles the prototype C,H, + BH3; reaction.

So far, there has been no report regarding BH; reaction
with the C(100) surface or with the sidewalls of carbon
nanotubes. The reconstructed C(100)-2x1 surface has a
bonding motif in which the adjacent surface carbon atoms
are paired up to form symmetric dimers.® The bonding
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within the surface dimer can be described in terms of a
strong o-bond and a weaker sz-bond, analogous to the
bonding within the C=C double bond of simple alkenes.
Previous experimental and theoretical studies showed
that the surface dimers, similar to simple alkenes, are
subject to Diels—Alder reactions with conjugated dienes'®t*
and 1,3-dipolar cycloadditions.’? Moreover, the 7-bonding
within the surface dimer is weaker than that in ethylene,
due to the nonplanar geometry on the surface dimer,
giving rise to a higher reactivity of the surface dimer.
Accordingly, we infer that the reaction of BH3; with the
surface dimer would be feasible too, leading to hydrobo-
ration of the C(100)-2x1 surface. The second purpose of
the present work is to confirm such an inference.

The graphene-like sidewalls of carbon nanotubes dis-
play high chemical stability, which impedes the chemical
manipulation of carbon nanotubes for further practical
uses.’® However, the curvature of nanotube sidewalls
induces local strain and misalignment of m-orbitals,
which would furnish nanotube sidewalls with higher
chemical reactivity than that of a flat graphene sheet.!?
Recent experimental and theoretical studies demon-
strated that the sidewalls of single-wall carbon nanotubes
(SWNTSs) can be covalently functionalized by undergoing
[1+2] cycloaddition of nitrenes'* and 1,3-dipolar cycload-
ditions of 1,3-dipolar molecules,'>1¢ Diels—Alder cycload-
dition of quinodimethane,'” and base-catalyzed [2+3]
cycloaddition of Os0,4.*® In these heterogeneous organic
reactions, some of the sidewall C—C bonds play the role
that a C=C double bond in simple alkenes always does.
Considering the high reactivity of BH; toward the C=C
bond in simple alkenes, we suspect whether analogous
reaction can occur on the sidewalls of SWNTSs. The third
purpose of the present work is to explore the reaction of
BH; with the sidewalls of SWNTSs.

Computational Details

The hybrid density functional theory B3LYP method, i.e.,
Becke's 3-parameter nonlocal exchange functional® with the
correlation functional of Lee—Yang—Parr,?° with the standard
6-31G* basis set has been used to study the gas-phase reaction
between BH3; and C;H, (see Figure 1) and the gas—surface
reaction between BH3; and the C(100)-2x 1 surface (see Figures
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FIGURE 1. B3LYP/6-31G* optimized geometries (units in A
for bond length and deg for angle) of the reactants, intermedi-
ate, transition state, and product of the BH; + C,H, reaction.
Energies (kcal/mol) relative to isolated reactants are given in
parentheses.

CoHyz LM1d (-79.6)

FIGURE 2. B3LYP/6-31G* optimized geometries (units in A
for bond length and deg for angle) of the CqH1, cluster model
and the product of the BH; + CgHj, reaction. Energy (kcal/
mol) relative to isolated reactants is given in parentheses.

FIGURE 3. A series of geometries on the reaction path for
the reaction of BH3; on the cluster model of the C(100)-2x1
surface. Energies relative to isolated reactants are given in
kcal/mol.

2 and 3). A CgHj; cluster model (see Figure 2) has been
employed to represent a dimer site on the C(100)-2x 1 surface.
This cluster model in combination with the B3LYP density
functional method was also used in previous theoretical studies
of the Diels—Alder cycloaddition* and 1,3-dipolar cycloaddi-
tions'? on the C(100)-2x1 surface.

A 2-layered ONIOM approach? has been used to study the
reactions of BH3z with Ceo and SWNT. The semiempirical AM1
method?? and the hybrid density functional B3LYP method!®2°
together with the standard 6-31G* basis set were employed
for the low-level and high-level treatments, respectively.
Geometry optimizations were performed within such a 2-lay-
ered ONIOM(B3LYP/6-31G*:AM1) approach. Figure 4 shows
the architecture of the 2-layered ONIOM model of Ceo, in which
the high-level part is a Cy cluster (white circles) in together
with eight H atoms as boundary atoms. A similar modeling
scheme was used previously in the theoretical prediction of
bond-breaking energy in Cg by Froese et al.?®

In our study of the reaction of BH; with SWNTs, we take
the armchair (5,5) SWNT as an example, which was repre-
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FIGURE 4. ONIOM(B3LYP/6-31G*:AM1) optimized geom-
etries (units in A for bond length and deg for angle) of Ceo and
the intermediate, transition state, and product of the BH; +
Ceo reaction. Energies (kcal/mol) relative to isolated reactants
are given in parentheses.

sented by a CizHz model tube (optimal diameter ~6.8 A).
Figure 5a shows the Ci3oHz0 model tube, in which the high-
level part is a Cys cluster (the shaded atoms in Figure 5a),
together with ten H atoms as boundary atoms. Such a
modeling scheme was employed in our previous studies of the
1,3-DC of O3 and Diels—Alder addition of quinodimethane onto
the sidewall of (5,5) SWNT.6:1” Similar ONIOM modeling was
used in many theoretical investigations of carbon nanotube
chemistry.'824 On the model tube, only the 1,2 pair site (see
Figure 5a) has been considered in the reaction with BHs, as
our previous study showed this pair site is more ene-like than
the 1,3 pair site.'®

All calculations were performed with use of the Gaussian98
program.?®

Results and Discussion

A. BH3; + C,H,. The B3LYP/6-31G* optimized geom-
etries of the intermediate (LM1) and product (LM2) of
the gas-phase BH; + C,H, reaction are depicted in Figure
1, together with the transition state (TS1) that connects
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FIGURE 5. (a) The CizH2 model tube to represent the
armchair (5,5) SWNT, in which the 16 shaded atoms are used
for the high-level treatment in the 2-layered ONIOM(B3LYP/
6-31G*:AM1) calculations; (b) ONIOM(B3LYP/6-31G*:AM1)
optimized geometries (local views, units in A for bond length
and deg for bond angle) of the product (LM1c) and transition
state (TS1lc) for the BH; + (5,5) SWNT reaction. Energies
(kcal/mol) relative to isolated reactants are given in paren-
theses.

the intermediate and the product. LM1 is a s#-complex
between BH3; and C,H, with a predicted bonding energy
of 11.9 kcal/mol. The product LM2 is ethylborane, which
is predicted to be 34.8 kcal/mol lower in energy than the
reactants. The transition state TS1 is found to be slightly
higher in energy than the z-complex, but is 11.8 kcal/
mol lower in energy than the reactants. Thus the B3LYP/
6-31G* predicted no activation energy for the overall
reaction, in agreement with the Kinetic experiments
reported by Pasternack et al.’ In contrast, positive
activation energies for the overall reaction were predicted
in previous ab initio SCF calculations. Thus, for this gas-
phase reaction, our B3LYP/6-31G* calculations and the
previous ab initio SCF calculations® agree in the pre-
dicted reaction mechanism, but differ largely in the
predicted energetics. The present B3LYP/6-31G* predic-
tion is superior to the previous ab initio SCF predictions
regarding the energetics of the BH; + C,H, reaction.
B. BH; + CoHi,. The product of the reaction of BH;
with the dimer of the CgHj, cluster model predicted at
the B3LYP/6-31G* level of theory is depicted as LM1d
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in Figure 2. The reaction is highly exothermic by —79.6
kcal/mol, giving rise to —BH;, and —H adspecies. Neither
a r-complex nor a transition state has been found for such
a gas—surface reaction. Detailed potential energy surface
(PES) calculations revealed that such a gas—surface
reaction is barrierless, as shown in Figure 3. This clearly
shows that the C=C dimer on the C(100)-2x1 surface is
more reactive than the C=C double bond in ethylene. An
analogous reaction on the Si(100)-2 x 1 surface, which has
Si=Si dimers, was found to be highly exothermic and
barrierless by means of density functional cluster model
calculations.?®

C. BH; + Cgo. The product of the reaction of BH; with
the 6,6 ring fusion C—C bond predicted at the ONIOM-
(B3LYP/6-31G*:AML1) level of theory is depicted as LM2f
in Figure 4. The predicted exothermicity of such a BH3
+ Ceo reaction is —15.1 kcal/mol. To justify the ONIOM
approach used, we have calculated the exothermicity of
the BH; + Cg reaction purely at the B3LYP/6-31G* level
of theory. Full geometry optimizations on Cgo and LM2f
were performed at the B3LYP/6-31G* level. The as-
predicted exothermicity is —15.0 kcal/mol, showing the
ONIOM(B3LYP/6-31G*:AM1) prediction is reliable.

Further ONIOM calculations predicted a weak molec-
ular complex (LM1f) of BH3 + Cg and a transition state
(TS1f) that leads to the product, hydroborated Cegp. In
LMA1f, the closest C—B distance is 2.93 A. The predicted
bonding energy between BH3; and Cg is only 1.3 kcal/
mol. The transition state TS1f is 3.1 kcal/mol higher in
energy than free reactants (BH; + Cgo). As such, the
overall activation energy for the BH; + Cg reaction is
3.1 kcal/mol predicted by the ONIOM(B3LYP/6-31G*:
AML1) calculations.

It is interesting to find that the BH; + Cg reaction is
neither kinetically nor thermodynamically favorable over
the prototype BH3; + C,H, reaction. This can be related
to the z-conjugation of Cgo and high electron deficiency
of Cgo.8 Ceo is known to be highly electron deficient with
a high electron affinity of 2.65 eV.?” With an empty p,
atomic orbital at the boron center, BHj is also electron
deficient. It is not easy for two electron-deficient mol-
ecules, i.e., BH; and Cg, to form a strong dative bond.
Thus the bonding in the (BH3 + Cg) molecular complex
LM1f is rather weak, while CoH, can form a much
stronger m—p, dative bond with BHs;. The electron
deficiency of Cgo makes the B—H bond activation more
difficult than does C,H,, as the B—H bond activation
demands electron transfer from Cg or C,H,; to BH3.23
Hence the BH; + Cg reaction requires an activation
energy, while the BH; + C,H, reaction does not. In the
product of the reaction of BH3z + Cg, the two reacted C
atoms adopt sp? hybridization, i.e., the reaction leads to
a partial destruction of the sr-conjugation running around
the Ceq surface. This accounts for the lower exothermicity
of the BH3; + Cgo reaction.

D. BH; + (5,5) SWNT. The optimized geometries (local
views) of the product (LM1c) and transition state (TS1c)
in the reaction of BH;z with the 1,2 pair site on the
sidewall of (5,5) SWNT are depicted in Figure 5b. The
reaction gives rise to —BH; and —H adspecies connecting
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with two neighboring C atoms on the tubewall. The
reacted C atoms thus adopt sp® hybridization. As a result,
the reacted C—C bond in LM1c has a bond length of 1.68
A, which is the upper limit for a C—C single bond.
However, the distance between the —BH, and —H ad-
species in LMic is only 1.68 A, implying substantial
interaction between the two adspecies. This structural
feature is unique in the hydroborated (5,5) SWNT, as a
much longer H to BH; distance is found in either the
hydroborated Cg or the hydroborated C(100). TS1c is a
4-center transition state, similar to those predicted for
the BH; + C,H, reaction and the BHs; 4+ Cgg reaction.
Thus all these reactions adopt similar mechanism for the
activation of the B—H bond in BHjs, i.e., upon approach
of the BH; molecule to the C=C bond, electron transfer
occurs from the z-bond to the BH3; molecule, leading to
polarization of the C—C bond and the B—H bond followed
by cleavage of the B—H bond and formation of C—BH,
and C—H bonds.

Furthermore, the heterogeneous BH; + (5,5) SWNT
reaction is predicted to be thermoneutral with an activa-
tion energy of 11.2 kcal/mol, suggesting that the sidewall
hydroboration of (5,5) SWNT, if viable, would be highly
reversible. However, such a thermoneutral reaction
seems to be unfavorable in terms of translational entropy.
Since the chemical reactivity of the sidewalls of SWNTSs
depends on the sidewall curvature or/and the diameter
of SWNTs, and SWNTs with larger diameters are less
reactive,’® it is expected that sidewall hydroboration of
SWNTSs with larger diameters would hardly be viable in
practice.

Concluding Remarks

Motivated by the hydroboration chemistry of olefins,
we explored theoretically the hydroboration chemistry of
three carbon allotropes, i.e., C(100), [60]fullerene and a
single-wall carbon nanotube. Our quantum chemical
calculations suggest that the hydroboration chemistry of
olefins can be used to chemically functionalize these
carbonous materials except SWNTSs, leading to —BH, and
—H adspecies on the surfaces. Given the as-hydroborated
carbonous materials as the starting point for further
chemical modification, the abundant chemistry of orga-
noboranes would offer high flexibility in the chemical
modification and manipulation of those carbonous ma-
terials that are of great importance in industry.
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