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Utilization of the acid/base effects simultaneously is one of
the basic principles used by transition-metal (TM) complexes
to activate H-H/C-H o bonds. In principle, the high reactivity
of metal-free FLPs (frustrated Lewis pairs) towards H, can
also be attributed to these effects. On the basis of our pro-
posed integrated FLPs, we pushed the effects to a higher (if
not a limit) level at which the extremely unreactive methane
C-H o bond can be activated by our designed metal-free
closed-shell molecules. Three molecules (M3c, M4b, and
M4c) among the reported have activation free energies (22.4,
20.0, and 20.2 kcalmol™!, respectively) comparable with (or
less than) the 22.3 kcalmol™ of a TM model complex that
features a Ti=N double bond. The derivative of the TM model
has been experimentally shown to be capable of activating

methane. Moreover, some of the activation reactions are (or
nearly) thermoneutral. For example, the methane activations
of M3c, M4b, and M4c are exothermic by -1.9, -4.5, and
-5.2 kcalmol™! of free energies, respectively. The kinetics
and thermodynamics imply that the molecules could be fur-
ther developed to realize catalytic methane activation. The
electronic structure analyses reveal that, although our metal-
free molecules and the TM model complex share the same
principle in activating the C-H bond, there are differences
as to how they go about maintaining the effective active sites.
The reported molecules could be the targets for experimental
realizations. The strategy could be applied to the design of
similar molecules to realize more general C-H bond acti-
vation of alkanes.

Introduction

Functionalization by means of C—H c-bond activation is
a promising strategy to directly and therefore economically
transform alkanes (e.g., methane) into more valuable func-
tionalized molecules.['l Much effort has been devoted to the
design and synthesis of new reagents/catalysts that can
break the unreactive C—H bond.>*! It is known that both
transition-metal (TM) complexes®! (including enzymatic
systems?®2b) and TM-free reagentst! (e.g., ozone,? su-
peracids,*®! peracids,’*! and dioxiranel*d) or species (e.g.,
free radicals and radical cations,?*31 hydrocarbon
ions™3s]) are able to achieve the goal. In the catalog of
metal-free methane activation, recent developments include
the study of Bettinger’s group, which used the photo-pro-
duced in situ triplet borylnitrene to activate methane and a
variety of cycloalkanes. Schwarz’s group found that the
P,0,,™" radical cation can abstract hydrogen atoms from
methane,?>31 ethane, and propane.l! De Petris’s groupt3<-31
showed that the SO, radical cation can also effectively ac-
tivate methane by means of hydrogen abstraction. However,
except for these special metal-free systems mentioned above,
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there is rarely experimental or computational evidence to
show that methane can be activated by “regular” metal-
free closed-shell molecules. The unusual reactivity of FLPs
recently discovered by Stephan’s group™ and our proposed
integrated FLP active sites!™ renewed our early interest[®! in
methane activation. We here report a computational proof-
of-principle study to show that the C-H ¢ bond of methane
can be cleaved by “regular” closed-shell molecules with ex-
perimentally feasible energetics.

Results and Discussion

Both C-H and H-H bond activations involve c-bond
breaking. Although FLPs are very reactive towards H, and
the principle of using synergic acid/base effects was unveiled
by Papai’s and Li’s groups,[’l we are interested in whether
the principle can be applied to methane activation. The op-
timized transition state (FLP-TS in Scheme 1) for the reac-
tion of an FLP prototype [P(Bu)s/B(C¢F5);*?1] with meth-
ane is shown in Scheme 1. Similar to the TM-mediated C—
H versus H-H activations, the FLP is much less reactive
towards methane (AGZ; = 38.3 kcalmol ') than towards hy-
drogen (AGZ, = 13.6 kcalmol ™). On the basis of the struc-
ture of the transition state, we reasoned that, because the
CH, moiety lies between the basic and acidic centers, the
CHj; subunit hinders the efficient interactions between the
vacant boron orbital and the C—H o-bonding orbital, which
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weakens the Lewis acid effect of the FLP in breaking the
C-H bond of CH,4. We thus hypothesized that a concerted
side-on attack via a cyclic transition state could be energeti-
cally more favorable. In fact, this attacking pattern is often
preferred in TM-mediated methane and hydrogen acti-
vations.”] Note that it has been confirmed by intrinsic reac-
tion coordinate (IRC) calculations that the structure of the
transition state of the FLP (FLP-TS in Scheme 1) connects
to a side-on attacking structure (FLP-IM in the Supporting
Information, SI1) along the reaction coordinate, which ex-
cludes the existence of a side-on attacking transition state
for the FLP-mediated methane activation.

Our previously proposed integrated FLPs,P! exemplified
by models M1 and M2 (Scheme 1), are suitable for such a
side-on attack and were used as starting points. As shown
in Table 1, the calculations on the M1 methane activation
gave a barrier (AGZ,) of 33.6 kcalmol™! and on the more
experimentally practicable molecule (M1a) gave a barrier of
46.8 kcalmol™'. The high barriers of M1 and Mla can be
attributed to the following two factors: (i) the active sites
are not reactive enough to activate methane because meth-
ane is much more difficult to activate than H,'* and (ii) the
steric effect of the bulky dimethylphenyl groups of M1a also
disfavor the reaction. Previously, wel*®! proposed tuning the
relative orientation of the two critical orbitals (i.e., the vac-
ant boron orbital and nitrogen lone pair) of M1 into a face-
to-face arrangement like that in M2 to enhance the reactiv-
ity of the active site. Based on M2, we designed more exper-
imentally practicable molecules that reach the kind of reac-
tivity towards H, that is comparable with the well-known
metal-ligand bifunctional hydrogenation catalysts.®] In-
deed, M2 is more reactive towards methane than M1 and
has a lower activation barrier of around 2.0 kcalmol™!
(Table 1). To further improve the reactivity of the active site,
M3 and M4 were designed in this study. In agreement with
our assumption that because methane is larger than hydro-
gen molecules, an enlarged active site could benefit methane
activation, M3 and M4 are more reactive towards methane
than M2 by around 4.0 kcalmol ™! (Table 1). Taking M2 and
M3 as examples, we also investigated the ability of methane
activation of their counterparts by replacing the N centers
with P centers (see SI2 in the Supporting Information). The
counterparts of M2 and M3 have much higher barriers
(49.5 and 46.0 kcalmol ! in SI3, respectively). The high bar-
riers can be mainly ascribed to the repulsive electrostatic
interactions between the positive P center (+0.82¢ and
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+0.84 ¢ for the counterparts of M2 and M3, respectively)
and the positive H-(CH3) atom. In contrast, the nitrogen
atoms in M2 and M3, as well as others reported in this
paper, all bear negative charges [e.g., —0.59 ¢ (M2) and
—0.57 e (M3)].

Table 1. Relative enthalpies and free energies (in kcalmol™) in
cyclohexane solvent,ll HOMO-LUMO gap (in eV), and the
distortion energies® (in kcalmol™) of the molecules (Ey) and
CH,4 moieties (Ecy,) in the transition states.

Molecule Transition state Product Gap Eno Ecp,
AH* AG® AH AG

M1 225 33.6 1.2 11.8 82 183 421
M2 204 312 0.8 134 75 140 370
M3 15.5 27.0 0.3 115 79 132 363
M4 16.2 2715 09 10.3 78 138 388
Mia 31.9 46.8 85 232 70 197 408
M2a 21.5 33.0 23 129 7.5 16.1 384
M3a 17.1 300 0.6 114 7.7 151 38.5
Mda 16.3 281 24 9.6 7.6 149  40.1
M2b 14.7 265 -10.0 2.1 71 162 325
M3b 17.3 283 58 438 79 241 319
M4b 7.7 200 -167 45 72 143 342
M2¢ 13.6 254 120 0.7 69 165 313
M3c 104 24 -136 -19 76 172 305
Md4c 8.1 202 -174 52 72 158 323
5 113 23 214 -114 70 25 389
P/B¢ 289 383 6.1 32 47 365 339

[a] Gas-phase results are given in SI3 in the Supporting Infor-
mation. [b] See ref.°"! [c] P/B = P(1Bu)s/B(C¢Fs)s.

M2-M4 are just the models for our strategic develop-
ment and not experimentally operable because they can be
dimerized, thereby disabling their activation ability. There-
fore, dimerizations must be avoided. Moreover, because our
goal is to achieve methane activation and the C-H o bond
is more difficult to activate than the H-H o bond, the de-
signed candidates would have higher reactivity than those
for H, activation, which raises the concern that the candi-
dates could be destroyed by reacting with each other (re-
ferred to hereafter as self-destruction) because the candi-
dates also contain C-H o bonds. This concern exerts more
strict restrictions on the design of bulky substituents to
overcome dimerizations. The molecules we reported pre-
viously have exposed methyl groups and were found to be
unsuitable (see SI4 in the Supporting Information for de-
tails). As shown by MXa (X = 2-4) in Figure 1, we were
able to overcome the dimerization and self-destruction is-
sues by means of the concave active sites, by adding two
2255
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M2a R=H
M2b R=F
M2c R=CF,

r=2.576 r,=1.332
r=2.573 r=1.331
r,=2.576 r=1.333

M3a R=H
M3b R=F

r=2.870 r,=1.328
r=1.768 r,=1.323
M3c R=CF, r,=2.724 r,=1.326

M4a R=H
M4b R=F

r=3.116 r,=1.330
r=3.095 r,=1.326
M4c R=CF, r,=2.995 r,=1.325

M4X (X=a, b, c)

Figure 1. M05-2X/6-31G(d,p)-optimized structures of the designed candidates and the model of the experimental TM complex. Some

trivial hydrogen atoms are omitted for clarity.

cyclohexane-like rings to M2-M4. By using F atoms in
MXb and CF; groups in MXc (X = 2-4) (Figure 1), we
intended to lower the barriers through the enhancement of
the Lewis acidities of the B centers. As listed in Table 1, the
large HOMO-LUMO gaps (6.9-8.2 e¢V) of these molecules
exclude their diradical characters.

Before we report the kinetics and thermodynamics of the
methane activations of MXa, MXb, and MXc (X = 2-4),
we need to confirm whether they can overcome dimeriza-
tion and self-destruction issues. For brevity, the detailed
energetic and geometric results are provided in SI4 in the
Supporting Information, and we summarize the major re-
sults below. By using the same procedure as we used pre-
viously,Pa3¢ we attempted to locate the possible dimers.
The optimization for the dimers of M2a gave two separated
monomers due to severe steric congestion. We could locate
one type of dimer for M3a and M4a, but they are highly
strained and lie 113.0 and 123.0 kcalmol™! above M3a +
M3a and M4a + Mda, respectively. The other type of di-
mers for M3a and M4a also went to the separated mono-
mers, respectively. Because MXb and MXc have steric ef-
fects close to those of MXa (X = 2-4), it should be safe to
conclude that they are also able to avoid the dimerization
issue. We then checked whether they can self-destruct.
Using cyclohexane (which is also used as a solvent in TM-
mediated methane activation experiments®) to mimic the
chemical features of our designed molecules, we calculated
the barriers for activating the C-H bond of cyclohexane.
The barriers (AGg,) are in the range of 42.3-44.0 (MXa),
33.3-41.7 (MXb), and 40.6-50.1 kcalmol~! (MXec), which
are at least 9.0 (MXa), 6.9 (MXb), and 20.4 kcalmol!
(MXc, X = 2-4) larger than those for methane activation,
respectively, though the C—H bond of cyclohexane is weaker
than the C-H bond of methane. This is reasonable because
the concave active sites of the designed molecules spatially
prevent the proximity of cyclohexane to the active sites. Be-
cause MXb and MXc (X = 2-4) contain C-F bonds, we
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further checked the possible self-destruction by means of
C-F bond activations. Using CH;F as a probe molecule,
the predicted barriers for activating the C-F bond range
from 30.3 to 42.1 kcal mol™!, which are 7.5-17.4 kcalmol™!
higher than those for methane activation. Because the de-
signed molecules are more sterically bulky than the probe
molecules (cyclohexane and CH;F), it can be expected that
the barriers for self-destructions by means of C-H or C-F
bond activations should be higher than the values estimated
on the basis of the activation of probe molecules. It is pos-
sible to control the experimental conditions to avoid self-
destruction.

The reactions of MXa, MXb, and MXc (X = 2-4) with
methane have been studied. Figure2 only presents the
structures for the three best reactions (M3¢, M4b, and M4c)
and the rest are given in SI3 in the Supporting Information.
The energetic results in the solvent are compiled in Table 1.
Experimentally, it has been found that a variety of early
TM complexes can break C-H bond of alkanes by means
of 1,2-addition to the TM—imido double bond.”! As a refer-
ence to examine whether our molecules are reactive enough
to activate methane, the reaction of the TM complex model
(5) with methane was also studied at the current levels and
the energetic and geometric results are included in Table 1
and Figure 1, respectively. Sakaki’s group!!® recently used
5 as a model to gain insight into the mechanism of the
experimental methane 1,2-addition to the TM complex
[(1BusSiO),Ti = NSirBu,?I].

In comparison with the models M2-M4, the activations
of M2a-M4a are only slightly kinetically less favorable
(Table 1). In comparison with the large barrier difference
(13.2 kcalmol ') between M1 and Mla, the slightly higher
barriers indicate that the active sites with additional protec-
tion constructions are still structurally and electronically
optimal for methane activation. This encouraged us to use
electron-withdrawing F substituents in M2b-M4b and CF;
groups in M2c¢-Mdc to further lower the barriers. As seen
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Fb-Hb

Fa-Hc

Fb-Hc

I =2.463
Moy =2-259
I =2.855
ey =3.096
Ione=2.363
Moo =2.363
I =3.057
Moon=3.058
I =2.289
Moy =2-421

I ..=3.040
r..=2.876

Fa-Ha

Fb-Hb

Fa-He

Fb-He

5TS

r. ..=2.378
r., ..=2.379
I ..=2.989
r,..=3.131

2.066 K
Ti ,

1.877
1014

5PR

Figure 2. M05-2X/6-31G(d,p)-optimized structures of transition states and products of M3c, M4b, M4c, and 5. Some trivial hydrogen

atoms are omitted for clarity.

in Table 1, the improvements are substantial. Remarkably,
the barriers of M4b (20.0 kcalmol™') and Midc
(20.2 kcalmol ') are smaller than the 22.3 kcalmol ™! of 5
and the barrier of M3c¢ (22.4 kcalmol™!) is also comparable
with that of 5. Note that the TM complex [(Bu3SiO),Ti =
NSizBus] modeled by 5 has been experimentally demon-
strated to be capable of activating methane by means of
1,2-addition,®® and should have a barrier higher than that
of 5 because the simplified model does not account for the
more crowded steric effects due to the bulky /Bu groups.
Another feature of the methane activations of MXb and
MXc (X = 2-4) worthy of emphasis is that they are (or
nearly) reversible. The free energies of the products, relative
to their corresponding reactants, are in the range of —5.2—
4.8 kcalmol™'. In terms of the reversibility, the designed
metal-free molecules are better than 5, for which the meth-
ane activation is exothermic by 11.4 kcalmol~!. Reversibil-
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ity is important to realize catalytic reactions. For instance,
both TM and TM-free hydrogenation catalysts have the ki-
netics and thermodynamics for reversible hydrogen acti-
vation.[®!! In addition, the activated H and CHj in the
products lie closely on the same side, which could facilitate
the transfer of H and CHj; to other substrates to complete
catalytic cycles, which is similar to the hydrogen activation
of metal-ligand bifunctional hydrogenation catalysts.*]

It has been revealed that the synergistic acid/base effects
are crucial for the facile H-H bond cleavages of FLPs. The
basic principle is applicable to our predicted methane acti-
vations. However, the methane activation of the typical
P(1Bu)s/B(C4Fs); FLP has a much higher barrier (AGZ, =
38.3 kcalmol !). On the basis of the present study, in ad-
dition to the side-on attacking pattern mentioned above, we
can add the following factors that are responsible for the
higher reactivity of our molecules relative to typical FLPs:
2257

www.eurjic.org



FULL PAPER

G. Lu, L. Zhao, H. Li, F. Huang, Z.-X. Wang

(1) The fine-tuned active sites enhance the synergistic acid/
base effect. (ii) The side-on attack causes less distortion. In
the transition state of P(1Bu);/B(C¢Fs); FLP methane acti-
vation, the distortion energyl®® (the energy difference be-
tween the B/P pair moiety fixed in the structure of the tran-
sition state and the free B/P pair) of the FLP is
36.5 kcalmol !, whereas the values in the present cases are
in the range of 13.2 to 19.7 kcalmol ™!, except for M3b that
has a distortion energy of 24.1 kcalmol™! due to the formed
weak B-N dative bond (rg n = 1.768 A; see Figure 1).
However, the distortion energies of the CH, moiety (the
energy difference between the moiety fixed in the structure
of the transition state and the free methane) are relatively
more comparable (see Table 1), which indicates that C-H
bond breaking starts at a similar degree of distortion of
CH,. (iii) The electron-withdrawing effect of F and CF;
groups in MXb and MXc (X = 2-4) further contributes to
lower the energy barriers. (iv) As indicated by the C-H---F
distances (Figure 2), C-H-F hydrogen bonding exists in
the transition states of M Xc (X = 2-4), which is also helpful
in lowering the barriers.

In terms of electronic structure, our molecules are similar
to the TM model complex 5. Each of the active sites con-
tains an electron-deficient center (B or Ti) and an electron-
rich center (i.e., N) to serve as electron acceptor and donor
for operation of the synergistic acidic/basic effects, which
results in a similar activation mechanism (heterolytic cleav-
age). However, comparing our molecules with 5 raises an
intriguing question. Although the Ti and N centers in 5
can be bound together directly, the N and B centers in our
molecules have to be separated by linkage(s). The NH,BH,
(without the linkage) has a H, activation energy barrier of
43.2 kcalmol™!, which is significantly larger than the
10.2 kcalmol™! of CH,-separated M1 at the CCSD(T)/aug-
cc-pVTZ//MP2/aug-cc-pVTZ+ZPE(MP2) level.’4 To gain
insight into this issue, we compared the two critical orbitals
of 5 with those of BH,NH, and M3 in Figure 3. It can be
observed that the LUMO of 5 is dominated by the Ti d.-
atomic orbital and the HOMO-1 is occupied by the nitro-
gen p, lone pair. Due to the unmatched symmetries of the
two orbitals, the nitrogen lone-pair electrons cannot be do-
nated to the electron-deficient Ti center. In contrast, the
vacant boron orbital and nitrogen lone-pair orbital have the
same orbital (p,) symmetries to interact with each other,
which results in electron donation and a weakening of the
acidity of B and the basicity of the N centers. When the B
and N centers are separated by linkages as exemplified by
M3, the interaction between the vacant boron orbital and
nitrogen lone pair is spatially prohibited. Therefore, the
acidic and basic centers are well maintained and the syner-
gistic acid/base effects can operate as desired. Put briefly,
the activation principles of the TM complex (e.g., 5) and
our metal-free molecules are the same, but the ways to pre-
serve the effective acid/base active sites are different.

Starting from adamantanone (Scheme 2), Schaap et
al.l"?l succeeded in joining two adamantanone molecules to
give adamantylideneadamantane, which is structurally very
similar to our model M3. Furthermore, the experimentally
2258
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LUMO Vacant B orbital

LUMO Vacant B orbital

LUMO Tid?

¢

Figure 3. Two critical orbitals of 5, BH,NH,, and M3.

accessible compounds!'¥) such as 3-borabicyclo[3.3.1]-
nonane (3-BBN), 3-azabicyclo[3.3.1]Jnonane (3-ABN), 1-
boraadamantane, and 1-azaadamantane also have the
structural elements that are embedded in our designed mo-
lecules. The decisive coupling steps of two adamantanone
molecules may provide clues for the experimental realiza-
tion of our designed molecules. If these molecules can be
synthesized, we will have quite a different approach to acti-
vate methane according to our predicted kinetics and ther-
modynamics. Concerning the important issue of how to
convert methane (or other alkanes) into functionalized
high-value chemicals and the benefits that the TM-free way
could bring to our environment, efforts to see if the pro-
posed strategy works experimentally could prove to be
worthwhile.

et

Adamantanone

3-BBN 3-ABN 1-boraadamantane

Adamantylideneadamantane

1-azaadamantane

Scheme 2.

Conclusion

C-H o-bond activation of methane has attracted exten-
sive research effort because it is not only a promising ap-
proach to directly functionalize the inert and abundant mo-
lecule but also because it lies at the heart of our under-
standing of chemical reactivity. Although utilization of the
synergistic acid/base effects is one of the basic principles for
TM-mediated hydrogen and methane activations, we have
pushed the effects to a higher (if not a limit) level in the
metal-free domain, at which the extremely unreactive C-H
bond can be activated by our designed metal-free closed-
shell molecules. We have TM complexes for both H-H and
C-H bond activations, but there has been no experimental
or computational evidence for FLP-based C-H activation.
In principle, our computational study demonstrates that, if
properly constructed, FLP-based metal-free systems can
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also reach the high reactivity of TM complexes. The re-
ported examples could be the target of experimental realiza-
tions. The strategy could be extended to similar molecules
for methane activation or more general C-H o-bond acti-
vation of alkanes.

Computational Methods

All structures reported in this work were optimized and then char-
acterized to be energy minima (no imaginary frequency) or transi-
tion states (only one imaginary frequency) at the MO05-2X/
6-31G(d.p) level in the gas phase. The M05-2X functionall'¥l has
proven to be suitable for studying similar reactions by others!!*! and
us.Ba-5¢I Using cyclohexane as a solvent representative, the solvent
effects were accounted by the IEFPCM model'®! in combination
with the UFF atomic radii with explicit radius for hydrogen atoms.
The IEFPCM calculations were performed at the MO05-2X/6-
311++G(2d,p) level with the gas-phase M05-2X/6-31G(d,p) struc-
tures. The M05-2X/6-31G(d,p) harmonic frequencies were used for
thermal and entropic corrections at 297.15 K and 1 atm. The acti-
vations are entropically unfavorable processes. It should be noted
that the ideal gas-phase model overestimates the entropic penalties
of the reactions because the suppressing effect of the solvent on
the freedom of the transitional and vibrational motions are not
properly accounted for by the ideal gas-phase model. Our reported
free-energy barriers should therefore be considered conservative
estimations. All these calculations were carried out by using the
Gaussian 03 program.['7]

Supporting Information (see footnote on the first page of this arti-
cle): Optimized geometries of the reaction of P(zBu)s/B(C¢Fs); with
methane, B/P counterparts, energetic and geometric results of the
reported systems, and verification of self-destruction issues.
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