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All-Metal Aromatic Complexes Show High Reactivity in the Oxidation Reaction of Methane
and Some Hydrocarbons
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The C-H activations of methane, ethane, propane, and propene catalyzed by all-metal aromatic complexes
Al Fe were investigated. The results reveal that the rate-determining barrier of methane activation reaction
with Al4Fe is lower than that of both some well-known inorganic catalysts and some metal organic catalysts.
It was found that the all-metal aromatic complexes have high reactivity for thid Gctivation of ethane,
propane, and propene. Further research showed that the ability of all-metal aromatic complex to accept an
electron and the degree of electron delocalization on its aromatic plane had obvious influences on the reactivity
of Al,Fe. The present work predicts a new kind of catalyst for the alkyHGactivation reaction: all-metal
aromatic catalyst.

1. Introduction recent studie&? Besides its aromaticity, A}~ also has strong
ability to bind with transition metal elements, which will strongly
The oxidation reaction is one of the most important reactions influence the electronic structure of the metal. We can speculate
in current chemical industry, for it is a crucial way to convert that all-metal aromatic complexes may also have excellent
hydrocarbons into more useful oxygenated compounds. How- reactivity in some reactions. The investigation on the reactivity
ever, due to the high €H bond dissociation energy, most of of all-metal aromatic complexes is a challenging w8r&nd
the saturated carberhydrogen bonds are hard to oxidize. P450 development in this field is very slo®,because the all-metal
enzymes are monoxygenation catalysts and highly effective for aromatic complexes were discovered only several year§ago.
the oxidation of hydrocarborisThe active center of P450  All-metal aromatic complexes show some similar characteristics
enzymes is an oxoiron hemeSligar et al. and Poulos et al.  with porphyrin, such as aromaticity and the ability to bind with
elucidated the structure of the active center of P450 enzymestransition metals. Whether they have similar reactivity as metal
by X-ray diffractior?and EXAFS crystallograph§>Some key  porphyrin is quite interesting and remains unknown.
intermediates in the catalytic cycle of cytochrome P450 have The need for the oxidation of methane, one of the most
been identified by experiments:¢ Shaik et al. confirmed these abundant natural sources on the earth, expands quickly. How

experimental results with theoretical studies. More reaction to activate methane to corresponding oxides such as methanol

details are presented in these theoretical studies, and they are, L ; . .
- . S a significant but challenging research in modern chemistry.
helpful for characterizing the features of experimetiThe key The high dissociation energy (%05_0 kcal/mol) of thekEbond y

structure of P450 is Feporphyrin, which has been proven to calls for effective catalysts. Until now, many molecules with

be a highly effective catalyst, td8.There are two important excellent catalytic ability for methane activation reaction have

points for Fe-porphyrin which decides its high reactivity: already been reported. Among these, inorganic catalysts (such
porphyrin can bind metal ions and porphyrin has an electron as ;0151 M0sOg:15 FeO', MnO*, CuO*, and CoG:16 Pt-

hole. The porphyrin hole is part of the oxoiron porphyrin system containing inorganic complexés;iron-substituted polyoxo-
that can assist with the catalysis through abstraction and metalate “POM-Fe=0O*":18 chromyl chloride’® and gold

reshuttling of an electron from the substrafée—porphyrin is | q | ; | h q
a biomimetic of cytochrome P450, and it keeps high reactivity. OMPlexe¥) and metal organic catalysts [such as compound |
of P450%2421methane monooxygenase hydroxylase component

To explore simpler catalyst with the high catalytic efficiency (MMOH). 22 bipyrimidine—PtCh.23 andN-heterocyclic carbene

of Fe—porphyrin is an interesting issue. ] 4
o S . Pd(ll) complexe¥] are two kinds of the most important
Recently, the finding of aromaticity in aluminum clusters categories. Compared with the inorganic catalysts, the metal
Al42~ has expanded the aromaticity concept into all-metal 9c : P . 9 ysts, .
organic catalysts mentioned above are usually more effective

complexes. The properties of these all-metal aromatic com- . o
plexes have been widely investigated, such as the geometricand the barriers of rate-determ!nmg step ca.ltalyzed by the_m are
' lower. However, POM-Fe=0%" is an exception, the reactivity

structure3—® molecular orbital$;” electron density,resonance LT

energy? and ring current and magnetisi#® It was found that  ©f Which is higher than that of compound I of P430.
molecules or clusters built by all-metal aromatic compounds ~ The present work will explore the reactivity of all-metal
have some differences from those built by organic aromatic aromatic complexes for the methane activation reaction, which

compound$Pi! |t was also found that all-metal aromatic concerns two current chemistry researches: the activation of
complexes interacted with other small molecules easily in our methane and the reactivity of all-metal aromatic complexes. In
order to shed more light on the reactivity of all-metal aromatic
* Corresponding author. Fax-+86-571-8795-1895. E-mail: lihv@ ~ COmplexes, the rate-determining steps of the oxidations of
zju.edu.cn. ethane, propane, and propene were also investigated.
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2. Computational Methods 4., >3-a 295
Satisfying results of the methane oxidation can be obtained )

at with the B3LYP method1516d.18.283 YP was also accurate

enough to describe all-metal aromatic systéi#%st2°For some

of these systems, calculations at the B3LYP level are even

sufficiently accurate compared with these results obtained at 81 et Int 5192 L

CCSD(T) and QCISD¥29%Hence, all the geometries were fully ]: ! 266

optimized withGaussian 03y the B3LYP method in this work. = ot 2 3

A total of four different basis sets were used in this research: 256 "-‘\\ L8 =0 Y

basis set A, LANL2DZ basis set was used for Fe and 3181 s I 3pgn 5

6-311++G** basis set for other atoms in methane activation ) L M "

reaction; basis set B, LANL2DZ basis set was used for Fe and ' “Int 3

6-31G for other atoms; basis set C, CEP-121G basis set was SRea ,": 1;

used for Fe and 6-3H#+G** for other atoms; basis set D, ;—H ' u

6-311++G** basis set was used for all atoms. Energy calcula- e * s

tions, zero-point energies (ZPE) correction, nuclear independent 20, 2 a«“J .

chemical shift (NICSY¢ as well as delocalization index (DI) *Rea A

calculations” have been performed at the same level of theory é &‘ ) _'1_";’

as that used to optimize the structures. The electron configura- o e

tions were calculated by the natural bond orbital (NBO) Rea Pro i

program. The ionization potential and electron affinity of all- Pro

metal aromatic compound and porphyrin have been calculated Rea TS1 Int TS2 Pro

with basis set B. _ _ _ dow L 2418 1128 00965 0962 00963
The nL:chear (ljntdeper:jqetntthchemlcal[_sTft (fl\![IhCS) (iallcutlatl_cl)_ﬂs H 2460 1153 0061 0965 0064

were performed to predict the aromaticity of the catalysts. The

valueri/vas calculattleod for a ghost atom t}f/1at was plac)éd at1A e Vi WEE TE BEES ESG UL

H 1604 1747 1785 1865 2160

below the center of the A~ plane. It has been known that a
negative NICS indicates that the corresponding structure is Figure 1. The reaction pathways of methane-to-methanol conver-
aromatic, while a positive NICS indicates that the structure is sion. The italic values are Gibbs free energy changes in kcal/mol,
antiaromatié® Furthermore, some pioneering research has relative to theé’Rea. Values in the table represent the bond length in A.

proven that for the aromatic ring, the more negative the NICS
is, the greater the electron delocalizatior8is.

3. Results and Discussion

3.1. Characters of All-Metal Aromatic Oxoiron Complex.
All-metal aromatic plane Alwas used to replace the porphyrin
plane and a neutral all-metal aromatic systent-AD was built

L means low-spin state and H means high-spin state. Calculated with
basis set A.

POM—Fe=0%"18 compound | of P458! and (N,Py)-
Fe=0?%° are three powerful catalysts including an=F@
fragment for the methane oxidation. PG¥e=0*" is also a
catalyst with an FeO group embedded in metal clusters.
Comparison between AfeO and these three catalysts is helpful

(Figure 1). In Figure 1, the reactant, transition state, intermediate,for understanding the reactivity of the all-metal compound

and product are abbreviated &Rea,35TS, 33nt, and35Pro,

(Table 1). The FeO bond of3Al4,FeO andPAl ,FeO are 1.613

respectively. The value of the left superscript means the spinand 1.619 A, and both are shorter than those of POM

multiplicity. For example3Rea means the reactant with a spin
multiplicity of 3 (two unpaired electrons).

The calculated NICS value of & is —27.3 ppmi22which
further demonstrates that the all-metal ring, A4 aromatic

Fe=0*", compound | of P450, and ¢Ry)Fe=0. The distances
from the Fe to the Al plane are obviously longer than those
from Fe to the porphyrin ring plane of compound | and
imidazole-ligated Fe(I15-porphyrin (FePIn¥ or from Fe to the

Sola et al. have proposed that the delocalization index (DI) can plane of the four surface oxygen atoms of PONE=0O*".

be used as an electronic aromaticity criteféhe difference
of the DI of the AFAI bond (ADI) was only 0.001, which
suggests that electrons in the,Alng are highly delocalized.
High electron delocalization results in the planar structure of
Al4. When the Al plane binds with Fe, th&DI increases a
little (but still stays smaller than 0.15) f8Al,Fe, Al Fe, and

Compared with compound | of P450, the spin densities of
Al4FeO are much closer to those of PGHe=0*" and
(N4Py)Fe=0O, which were found to be more powerful catalysts
than compound | of P458:2°

3.2. Methane Oxidation Catalyzed by AlFeO. In this paper,
the reaction processes withAl s/eO ancPAl ,FeO were inves-

5Al4Fe. It indicates that binding with Fe decreases the electron tigated. It was very important for understanding the reactivity

delocalization of the Al plane a little, but the Al plane still
stays aromatic becaugeDl < 0.1527° Further evidence about
the aromaticity of'Al4Fe, 2Al,Fe, and®Al4,Fe comes from the
NICS calculations. The calculated NICS values 8 4Fe,
SAl4Fe, and®AlsFe are —12.9, —19.0, and —16.9 ppm,
respectively, which indicate théAl,Fe,3Al JFe, ancPAl ;Fe are
aromatic compounds. Among these three compounds, the Al

plane of3Al4Fe possesses the highest electron delocalization,

which results in the most stable structutalFeO. It is found
that1Al4FeO is less stable thail/eO ancPAlFeO by 24.4
and 20.1 kcal/mol, respectively. Hence, the reactivity of
1Al4FeO will not be investigated in this work.

of the catalysts with these two different spin staé¥e$he FeO
fragment in botiPRea anc’Rea carries three units of spin. The
biggest difference between thigea andRea is the spin density
carried by the Al plane (Table 2). To conserve the spin state,
the Al, plane of°Rea carries one unit of positive spin, whereas
that of 3Rea carries one unit of negative spin.

Generally, the oxidation of methane includes two stepsHC
activation and GO rebound' Such steps for methane oxidation
activated by AIFeO were investigated (Figure 1).

(1) C—H activation step: one hydrogen of GHransfers
toward the FeO fragment via a transition state TS1. TS1 exhibits
a negative spin density on the migrating hydrogen (Table 2),
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TABLE 1: Parameter of Catalysts Including Fe=O Fragment®

Al FeO: compd | of P450: POM-Fe=0*": (N4Py)Fe=0: FePIm:
5SM (°SM) 4SM ((SM) P 4SM ((SM)e 5SM (SMm)d 5SM (SM)e
r(Fe—0) (A) 1.619 (1.613) 1.651 (1.648) 1.642 (1.664) 1.643 (1.651)
r(Fe—plane) (Ay 1.666 (1.291) 0.143 (0.154) 0.191 (0.166) 0.36 (0.14)
E (kcal/mol)’ 4.3(0.0) 0.0(0.1) 0.0 (10.6) 4.6 (0.0) 2.8 (0.0
SDxd 2.76 (2.33) 1.04 (1.17) 2.15 2.93(1.06)
SDo 0.62 (0.56) 0.98 (0.92) 0.65 0.75 (0.98)

aThe values in the parentheses belong to the low-spin state. The value of the left of “SM” means the spin muRiRlafityences 4a and 21a.
¢ Reference 18 9 Reference 29 ¢ Reference 30 Distance between Fe and @Distance between Fe and the plane, thepdne for ALFeO, the
porphyrin ring plane for compound | of P450 or FePIm, or the plane of the four surface oxygen atoms ferf@®®~. " The relative energy
of the high-spin state and the low-spin statéhe spin density carried by Fe and O.

TABLE 2: Spin Densities of All the States in the Methane TABLE 3: Amount of Electron Change of the Aromatic
Activation by Al ,FeO Plane in the Reaction Processes and the Energy Change (in
fragment _spin _ Rea Ts1 Int Ts2 Pro ’Iz\%zélérgtci)rlw)go;rt‘hgléACrt?(r)nnatlc Plane Induced by Losing and
Al L 093 003 -052 021 089 — — —
H 093 -147 -173 -062 —086 Rea—TS1 TSl—Int Int—TS2 TS2—Pro
Fe L 2.51 2.92 3.21 2.97 3.02 electron L 10.24 f0.11 10.68 10.16
H 2.38 2.51 2.55 3.10 2.78 changé H 10.47 10.24 10.08 10.45
(0] L 0.55 0.53 0.26 0.03 0.06
H 0.55 0.43 0.17 0.25 0.06 Al — A2 —  Porpf —  Porpf —
H+° L 0.00 -0.01 0.07 0.03 0.01 Alg~ Al Porphr Porph~
H 0.00 —0.03 0.03 0.00 0.01 — _
CHs L 000 052 098 076 002 g 48.1 1571 313 139.1
H 0.00 0.55 0.97 —-0.72 0.00

al | . dH high-spin stdtk 2| means low-spin state and H means high-spin stdteméans
h me?ns c:jw-spm stage Ianl crj"ee.‘?fb Igh-spin Z TePresents ¢ the aromatic plane Alets an electron in the reaction processes
the translerred proton. Calculated with basis set A. and " means that the aromatic planesAbses an electrort.Energy
o ) ) change of the aromatic plane losing an electron (ionization potential)
which is a typical feature of the hydrogen abstraction process or accepting an electron (electron affinity). Porph represents porphyrin.
by a radical®?2¢The barrier of the €H activation catalyzed Al Al,~, Al*7, Porpli-, Porphr, and Porpfr are all the most stable
by 5Al,FeO is 21.8 kcal/mol and that WMFGO is 25.6 kcal/ §tattzss. Forsexample, AI represents the most stable one®# 2,
mol, respectively. In the transition process ReaTS1, to Al and Al
conserve the spin state, the electrons in the phine of the TABLE 4: Energy Changes (in kcal/mol) of Methane
high-spin process tend to pair (spln_ densities ch_ange from 0.93Activation with Different Inorganic Catalysts 2
to 0.03), whereas these electrons in the Iow-splr) process tend 'Ts1 (Ts2 HTS1 HTS2
to be separate (from-0.93 to—1.47). It can explain why the

barrier of3TS1 is higher than that fTS1. AlsFe ég-g) (?-‘é) (ié-g) (15-96)
~ (2) C-O rebound step: following the €H activation step, FeO'b 15.7 28 31.1 36.2
it is found that the methyl migrates toward the oxygen atom  CcuOt® 24.7 3.7 32.8 385
via TS2.3TS2 possesses a very low barrier (5.4 kcal/mol), Mo3Og* 45.0 15.0 13.6
whereas’TS2 has a much higher rebound barrier (15.6 kcal/ ~ Al«C& 57.8 40.2

mol). From?3Int to 3TS2, the total spin electrons on the four 3p aValues in parentheses represent enthalpy chafigieference 16e.

orbitals of Al atom increase one unit (see the electronic structure ¢ Reference 15& Reference 13.

listed in the Supporting Information). As a result, the NICS value

becomes more negative by 15.8 ppm in this process, which3Rea,®TS1,3Int, TS2, andPPro, respectively. These values are

indicates that the degree of electron delocalization on the Al 3.98, 0.0C, 0.83, 0.0C, and 0.00 in Rea,>TS1,%Int, 5TS2,

plane of3TS2 is higher than that ofint. Such an electron  and®Pro, respectively.

delocalization increasing process could compensate for the The Gibbs free energies change of Redro is—5.7 kcal/

instability of the transition state; thus, the barrier33%2 is mol for the low-spin state anet9.5 kcal/mol for high-spin state,

very low. Correspondingly, the degree of electron delocalization respectively. These values are lower than those catalyzed by

changes little fronfint to STS2, and®TS2 possesses a higher compound | of P450-¢41.5 kcal/mol for low-spin state and

barrier. The high barrier ofTS2 suggests that the radical —35.9 kcal/mol for high-spin staté}.The low energy changes

intermediate®int may have a longer lifetime and a greater indicate that the interaction between §3H and AkFe is

possibility to be observed by experiment. Because the barrierweaker than that between @BIH and compound | of P450,

of 5TS2 is much higher than that FS2, the dominant pathway  which suggests that the final product §bH may leave the

of methane activation by AFe will be the one with low spin CH3;OH—AIFe cluster by adsorbing less heat.

state. The C-H activation step is the rate-determining step in
From®Int to °TS2, the Al plane loses electrons, whereas the methane-to-methanol catalyzed by,A0, and the barrier of

Al, plane gets electrons frofnt to 3TS2 (Table 3). As listed  this step is lower than those catalyzed by some typical inorganic

in the same table, the electron-losing process will absorb energycatalysts (Table 4), such as M@ (45 kcal/mol)!52 The C—H

and the electron-accepting process will release energy. This camactivation barrier catalyzed by &eO is also lower than that

further explain why the barrier ofTS2 is lower than that of  catalyzed by some typical organic catalysts, such as compound

5TS2. | of P450 (Figure 2). Though the barrier of the-8 activation
During the reaction, the Alalmost keeps planar. The dihedral step with ALFeO is higher than that with FEOQ(15.7 kcal/

angels of the Al are 0.08, 0.06’, 0.0C, 0.38, and 0.18 in mol), the rate-determining step with Fé@ the CG-O rebound
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Figure 2. Alkyl C —H activation barriers (Gibbs free energy in kcal/mol) with,”¢ and cytochrome P450. The values withFd are relative to
the isolated reactants. Values with P450 come from ref 20b. Calculated with basis set B.

; iar i _ani TABLE 5: Barrier of TS1 (in kcal/mol) of Methane
step (corresponding barrier is 28.6 kcal/mol for low-spin state Activation with Different Basis Sets:

and 36.2 kcal/mol for high-spin stat&f Hence, the barrier of

the rate-determining step with AeO is still lower than that basissetA  basissetB  basissetC  basis setD
with FeO". Our previous research suggested that the aromatic L 25.6 25.9 26.3 28.3
plane Al, could also activate the oxygen molecule and oxidized H 21.8 211 23.8 25.8

oxygen can react with methane effectively; however, the  a| means low-spin state and H means high-spin state.
corresponding barrier was quite high (57.8 kcal/nékence,
AlFe is really a potential highly effective catalyst. method section were adopted to evaluate the barrier of methane
3.3. Ethane, Propane, and Propene Activation Catalyzed  activation. Basis sets A and B use the same basis set (LANL2DZ)
by Al4FeO. Figure 2 shows the €H activation barriers of for Fe but different basis sets (6-8%G** and 6-31G) for other
methane, ethane, propane, and propene catalyzed by all-metajioms. Basis sets A, C, and D use different basis sets
aromatic complex AFeO and a typical organic aromatic (LANL2DZ, CEP-121G and 6-3%+G**) for Fe but the same
catalyst, compound | of P450. From methane to ethane to pagis (6-3%-+G**) for other atoms. As shown in Table 5, basis
propane, the barrier with AFe decreases gradually. This order  gets A and B give similar results both for low-spin state and
is identical to that catalyzed by P450. It is worth noticing that high-spin state. This indicates that the 6-31G basis set for the
the C—H activation barriers with AFe are all lower thanthose  gtoms except Fe can well-describe the reaction. In fact, the
with P450. It suggests that all-metal aromatic complexes should 6.31G basis set has been widely used in the calculation of the
be highly effective catalysts for the alkyl-€H activation  activation processes of hydrocarbddThe basis set used for
reaction. ) . Fe is crucial. Basis sets including the relativistic effect
As indicated by a previous study, porphyrin has an electron (| ANL2DZ and CEP-121G) of Fe give similar results; however,
“hole” serving as an electronic sink that can facilitate the ihe pasis set without the relativistic effect (6-31£G**) of
oxidation reactiort? A similar phenomenon has also been found Fe seems to give a higher barrier.
for Al42~. During the methane activation with Ale, the amount
of electron carried by the aromatic plane;Aeeps increasing 4 conclusions

from 3Rea to3Pro (Table 3). This indicates that the electron
transfers from the substrate to the catalyst. As we can see, the It seems that Afe is a powerful catalyst for the methane-

electron affinity of all-metal aromatic plane Ak greater than ~ to-methanol conversion. The catalytic ability of all-metal
that of porphyrin plane, which indicates that it is more favorable aromatic complexes is stronger than that of both some well-
for Al4 plane to accept an electron. This can explain why the known inorganic catalysts and some metal organic catalysts.
C—H activation barriers with AFe are lower than those with  The present work predicts a new kind of catalyst for the alkyl
P450. C—H activation reaction: all-metal aromatic catalyst. Such a

The C-H hydroxylation of propene catalyzed by PGM catalyst is an inorganic catalyst, however it shows some
Fe=0*" has been investigated by Shaik et al. Their calculated characters of metal organic catalysts, such as compound | of
C—H activation barriers are 14-419.3 kcal/mol (values ob-  P450. We believe that other all-metal aromatic complexes may
tained with different basis sets) for the low-spin state and-22.7 also have catalytic ability for the alkyl-€H activation reaction
17.9 kcal/mol for the high-spin state, which suggested that or some other reactions.

POM—Fe=0*" should be a highly powerful catalysgb For This work presented a theoretical study on the potential
the oxidation of propene, the reactivity of &0 is much closer  catalytic ability of all-metal aromatic compounds. The condition
to POM—Fe=0*" rather than P450. to prepare all-metal aromatic complexes is still quite rigoPous

3.4. Results with Different Calculation Methods.In order and there is a long way to go to explore the reactivity of all-

to investigate the influence of basis sets on the calculation metal aromatic compound directly by experiment. Under this
results, four different basis sets described in the computationalsituation, theoretical predictions are especially meaningful. We
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expect that this study will be helpful for the future development  (15) (a) Fu, G.; Xu, X.; Lu, X.; Wan, HJ. Am. Chem. So@005 127,
of the research on the reactivity of all-metal aromatic com- 3989- (b) Fu, G.; Xu, X.; Lu, X.; Wan, HJ. Phys, Chem. 2005 109

. . . 6416. (c) Liang, W.; Bell, A.; Head-Gordon, M.; Chakraborty,JA Phys.
pounds. Our theoretical results are waiting for experimental chem. B2004 108 4362,
support.

(16) (a) Bdwme, D. K.; Schwarz, HAngew. Chem., Int. EQR005 44,
Shaik et al. have revealed that the reactions catalyzed by2336. (b) Schwarz, Hnt. J. Mass Spectron2004 237, 75. (c) Schider,

; ; D.; Schwarz, H.; Clemmer, D. E.; Chen, Y.; Armentrout, P. B.; Baranov,
compound | of P450 in the gas phase are different from those V. I> Bohme, D. K.Int. J. Mass Spectrom. lon Pro997 161 175, (d)

in solution. The hydmgen. bond fqrming be'tween. compound | yoshizawa, K.; Shiota, Y.; Yamabe, J. Am. Chem. S0d998 120, 564.
and the solvent molecule in the microcosmic environment also (e) Shiota, Y.; Yoshizawa, KI. Am. Chem. So00Q 122, 12317. (f) Xu,

has influence on the reactidf32We believe that the studies
on the solvent effect will be helpful for fully understanding the

reactivity of all-metal aromatic compounds. Our research in this

field is in progress.
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