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The mechanism of the unique reaction of,CiC,H4) with MeCN yielding benzene and pyridine is
unraveled using the DFT method. This reaction is characterized by the cleavage of two CC double bonds
and one CN triple bond. Two separate mechanisms have been determined for these bond cleavages,
wherein the first one involves two and the second one involves three MeCN molecules. In both these
mechanisms, aromaticity-driven steps are identified on the basis of delocalized electronic structures,
energetic stabilization, and significant NICS values of the intermediates. The aromaticity is a dominant
factor for the high exothermicity of 65.8 kcal/mol found in the second mechanism. The third MeCN was
very important for the CN triple bond breaking stage of the second mechanism, as it stabilized the titanium
nitride intermediate by forming an aromatic TiNCN titanacycle. Therbitals of the intermediates#
electron TICCC and TiNCN titanacycles are found to be stabilized by participation of a vacant Ti “d”
orbital in the 4r-electron conjugation, which is an important factor of aromaticity in metalloaromatic
systems. Moreover, the agostic bonding interactions of the type recently identified in ruthenacyclobutanes
have also been found in the intermediateelectron titanacycles. Similar bonding interactions also occur

in the 4r-electron tungstenacyclobutadiene of the Schrock complex W[CHCHGHIGlour knowledge,
this reaction is the first theoretical study of an aromaticity-driven organo-transition metal reaction.

Introduction the last two decadéd.?! However, only a few successful
examples are known for the cleavage of CC double, CC triple,
and CN triple bond8'3° Schrock’s metathesis reaction on a
multiply bonded dinuclear tungsten complex is well-known for

%C and CN triple bond cleavagé.The Ritter reaction is a
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i 11 ; 1989 111, 2717.
to organic synthesis:'1 A number of noteworthy achievements, (16) Gozin. M.; Weisman, A.; Ben-David, Y.: Milstein, Dlature1993
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Scheme 1 of the negative frequency was sufficient to specify the corresponding
o carti reaction path. In some cases, intrinsic reaction coordinate (IRC)
ey °_€"b°f-‘:\{ unit - calculation&344near the TS region followed by geometry optimiza-
\c@ﬂ iy - I T—— oo .3 tion of both reactants and products were performed to confirm the
x5 T_/C . - CC S connectivity of the TSs. Unscaled vibrational frequencies were used
"\_‘g 'CFCLB reflux, 1h, in THF c'ﬁ"cﬁt:;‘Et RN SR to calculate zero-point energy (ZPE) correction to the total energy.
Q S\ £ Ei = pr P The Gibbs free energies were also calculated employing the usual

approximations of statistical thermodynamics (ideal gas, harmonic
oscillator, and rigid rotor) at a temperature of 298.15 K and a
famous reaction know to activate CN triple borfé&ecently, pressure of 1.00 atm. Unless otherwise noted, the Gibbs free energy
Rybak-Akimova et al. have observed strong CN triple bond changes are used throughout in the text.
activation in a condensation reaction when acetonitrile reacted  Using the B3LYP/Gen1 level optimized geometry, absolute NMR
with a dinuclear nickel(ll) comple¥ The iridium hydride shielding values were calculated for selected systems by the gauge-
catalyst IrH(CO)(PP¥)s discovered by Murahashi and co- independent atomic orbital (GIAO) metHSdat the B3LYP/6-
workers is found to be very effective for the complete activation 3114-+G** level of theory. Further, nucleus-independent chemical
of CN triple bond in nitriles’ shift (NICS) values were obtained by calculating absolute NMR
In the present work we are interested in the reaction of a shielding at ring centers. NICS values pioneered by Schleyer were
biscyclopentadienyl-titanacyclobutadiene complex recently re- used as a descriptor of aromaticity from the magnetic point of view.
ported by Takahashi et @& which is given in Scheme 1. One A negative NICS value denotes aromaticity. For instance, a NICS
of the products of the reaction was a substituted benzene, and/alué of around—10.0 ppm is observed in the case of benzene
its arene ring contained two adjacent carbon atoms derived from(this value varies slightly depending on the method and basis set
one of the Ti-bound Cp ligands, whereas the second productempmye‘j)- A positive value of NI(_:S §hows antlaroma_ltl_clty, while
pyridine contained the three remaining carbon atoms of this SMall NICS values close to zero indicate nonaromaticity.
ligand. This reaction was sure to involve the rupture of CC and

CN multiple bonds. Although the CC multiple bond cleavage Results and Discussion
was quite evident in the experimental results, attention was not ) )
paid to the obvious aspect of the CN triple bond cleav#de. A. Geometry of Titanocene Metallacycle 1.In Figure 1,

fact, proposing a mechanism for the CN bond activation is very the optimized geometry of titanacyclopentadiene systeis
challenging from intuitive chemical knowledge alone. Therefore, depicted along with the TSs and intermediates for the formation
we decided to undertake a theoretical study of this reaction, asOf benzene. The Cp ligands inare in staggered arrangement,
it can truly enhance our understanding and appreciation of the@nd its Ti-Cs, C4—Cs, and G—C; distances are 2.119, 1.354,
reactive possibilities of transition metals. Hence, a quantum and 1.465 A, respectively. Further, the Cp carbon atogend
chemical modeling is performed to get a plausible and complete Cs are at the same distance of 2.807 A from and G,
mechanism of this unique reaction. In the present work, using 'esSPectively, of the butadiene-1,4-diyl moiety. This distance is
the density functional theory (DFT) method and model mol- well within the sum of van der Waals ratfiiof two carbon

ecules CpTi(CsHs) (1) and MeCN, we explored such a atoms, and therefore a small twist or turn in the Cp ligand or
mechanism. the butadiene-1,4-diyl moiety can lead to the closer approach

of the Cp carbon atoms to the butadiene-1,4-diyl moiety,
resulting in a migration or an insertion reaction between them.
We explore this possibility by doing a transition state search
All the molecular geometries were optimized at the DFT level for the G—Cs bond formation.

by using Becke's three-parameter exchange functionaP{B3n B. Migratory Insertion of the Carbon Atoms of the Cp
conjunction with the Lee Yang—Parr correlation functional (LYP) Ligand. The transition stat&S1is located for the &-Cs bond

as implemented in the Gaussian 03 suite of progré&fsr Ti, the formation. Compared td, in this TS the bond from the £
basis set LanL2DZ was uséti.*! For H, C, and N, 6-31G(d) basis  carhon G to Ti (Ti—Cy) is almost broken and strong bonding
functions were selecteéd. The DFT method thus employed is

denoted as B3LYP/Genl. Normal coordinate analysis has been (38) Frisch, M. J.; Trucks, G. W.: Schlegel, H. B.: Scuseria, G. E.; Robb
performed for all stationary points to characterize the transition \ ‘A ~'cheeseman, J. R.; Montgomery, J., J. A.: Vreven, T.; Kudin, K. N.:’
states and minimum structures. Therefore, the energy minimum Burant, J. C.; Millam, J. M.; yengar, S. S.; Tomasi, J.; Barone, V.; Mennucci,
structures reported in this paper show positive eigenvalues of theB.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuiji, H.;
Hessian matrix, whereas transition states (TSs) have one negativ«{"ada’ M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.;

. - ; . 2 akajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J.
eigenvalue. For most TSs, the analysis including the visualization g~ \yiaichian. H. P.: Cross. J. B. Bakken. V.: Adamo. G.- Jaramillo. J.:

Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
(29) Datka, J.; Broclawik, E.; Kozyra, P.; Kukulska-Zajac, E.; Bartula, Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;;
D.; Szutiak, M. The activation of €C bond in alkenes by Cuions in Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,

zeolites IR, TPD-IR studies and DFT calculationsRacent Adances In A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D
The Science and Technology of Zeolites and Related Materials,R&s A Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;

Computational Methods

Elsevier: Amsterdam, 2004; Vol. 154, pp 2154156. Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
(30) Chisholm, M. H.Chem. Rec2001, 1, 12—-23. P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
(31) Reddy, K. L.Tetrahedron Lett2003 44, 1453-1455. Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
(32) Kryatov, S. V.; Nazarenko, A. Y.; Smitha, M. B.; Rybak-Akimova, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
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Figure 1. Migratory insertion of G into the Ti—C; bond of1 and subsequent cleavage of the Cp ring CC bonds. Aromaticity-driven step
is shown in red. Relative free energy is in kcal/mol (blue) and distances are in angstroms. Atom numbering is also shown.

interaction takes place between the Cp carbgra@ G at a conducted reactions at ambient temperature with the bicyclic
distance of 1.584 A. The resulting intermediate product from titanacyclobutadiene derivative bias well as with the complex

TS1lis 2. In 2, the G—C; bond distance 1.396 A is considered Cm‘ll'iC(SiME3)=C(Py)C(SiM@)=&:(Py) and obtained the X-ray

as a double bond having? coordination with Ti. This weak . -
L . structure of3b and3c. Structure3db is very similar to3a, except
coordination gives long bond lengths of 2.394 and 2.357 A for that in 3b both the double bonds in the six-membered ring are

Ti—Cs and Ti—C7 bonds, respectively. On the other hand, the ) !
bond length values of 2.201, 2.114, and 1.457 A observed for a-coordinated to the metal atom. It may be seen that a simple
' ' structural rearrangement Ba would lead to the formation of

Ti—Cg, Ti—Cy, and G—Cy, respectively, are indicative of their . . .

o bond character. The schematic structedas suitable for2, a structure W'th the same metdigand bondl_ng as that i8b.
and on that basis, the transformationlab 2 is considered as Complexsg Is also formed as a result of mtramolepulqr cc
a migratory insertion process of the Cp carbon atom into the bond cou_pllng follqwed by the intramolecular coordination of
Ti—C bond. The free energy of activation for this step is found the a-pyridyl substituent to the metal atom.
to be 24.7 kcal/mol. It may be noted that the—Cs bond

formation in2 destroys its aromatic Cp ligand as well as the )og, \?>°% 35, ® A 482 7
aromatic titanacyclobutadiene ring, and the compound itself is C//Cs’, '%CZ S A 8! 05\ \C‘%’
now a 14-electron system. We believe that the 14-electron 457 /2 Yo % '\ 1.4s8 \é/C\q /Cs(H / % s
configuration as well as the loss of a substantial amount of _ , 08?{37; 13% Gy 1‘436\_8\/\( v&i Ci=c,
aromaticity in2 is the main reason for the high endothermicity \\_iﬁ//(j"1 & fﬁ‘@fé\ N 1383
of 19.2 kcal/mol observed for theto 2 conversion. / 2.095 N 2407 T 2197

In complex2, the a-carbon G is only 2.678 A from the Ti-C6 = 2.394 )
nearest Cp carbon, and as a resRIguickly passes through Ch\> l:g;:ggg: <Qé:
TS2with an activation energy of 5.2 kcal/mol. The visualization Ti-CO = 2.114

of the imaginary frequency ofS2 suggested the bonding
interaction between £and G at a distance of 2.040 A. The
product3 formed fromTS2 has a relative energy of 16.6 kcal/
mol. The two-carbon unit composed of @nd G of the Cp
ring in 3 is mostly freed from any significant interaction with
the metal atom. Also ir8, if the carbon atoms of the £CgCq
unit are connected via bonds to Ti and ¢-Cs (1.383 A) is
m-coordinated to Ti, the oxidation state of the metal will-bé
and the schematic structuBa can be drawn for it. On the other
hand, if we consider that the Ti is bound to an allylic three-
carbon unit (GCgCy), the formal electron count would give a
+2 oxidation state for Ti. A molecular orbital analysis 8f 3b 3¢

showed no occupied “d” orbital, and that supportedt+d

oxidation state for the metal. Therefore, the conversio tof C. Rupture of CC Bonds Leading to the Formation of
3is considered as a CC bond coupling reaction3,Ithe G— Benzene.In the next two consecutive steps, via.;~ TS3—

Ce unit originally coming from the Cp ligand becomes a part 4 5n44 — TS4 — 5, the unprecedented double CC bond
of a six-membered ring. This six-membered ring composed of cleavage (6-C; and G—Cs) of the Cp ring observed in the
the GC2C3CsCsCo region can be visualized as a precursor gy neriment of Takahashi et #lis unraveled (Figure 1). The

structure for benzene formation. , Eact of the former and the latter steps are 8.3 and 3.4 kcal/mol,
Experimental support is also available for the intramolecular respectively. An allylic moiety composed of &@Cs unit is
rearrangement described in the above two paragraphs. For

instance, a reaction similar to th¢o 2 conversion was already (47) Rosenthal, U.; Lefeber, C.; Arndt, P.; Tillack, A.; Baumann, W.;
discovered two decades ago by Rosenthal et34al.who Kempe, R.; Burlakov, V. VJ. Organomet. Chenl995 503 221.
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Figure 2. Activation of CN triple bonds in MeCN. Aromaticity-driven step is shown in red. Relative free energy is in kcal/mol (blue) and

distances are in angstroms. Atom numbering is also shown.

identified in structured. Its Ti—C; bond of length of 1.977 A
has significant double-bond character, and the G bond is
only 2.394 A away from the metal. Therefore, the schematic
structureda is suggested fod, which means that Ti is in the
+4 oxidation state. Therefore, th8 to 4 conversion is
considered as a simple CC bond cleavage reaction.

TiCg=2008  Cs~C
1480 CAC;53001 % 81 437 é 1
“Cef 9l a2 Lo 90 -\ Ca
ToNRLLE T P Cd
~ vV ~ 4 C3
N 7_529 3~ ool
2.280

5b

Schrock complex

The low activation barrier and the high exothermicity of 10.6
kcal/mol of the stegl — TS4 — 5 can be explained when we

noted that any experimental evidence to support the existence

1
of the 12-electron species CpTi[CHCHCH] found5rwould
further strengthen the validity of the present mechanism. This
complex may be difficult to detect because the 12-electron Ti
would be highly reactive. Instead of a 12-electron Ti species

such as CpTi[CHCHCH], examples exist of heavier group
metals especially of group 6 metals. For instance the X-ray

1
structure of the complex W[C(t-Bu)CMeCMelCWwas re-
ported by Schrock et al. more than two decades®adake
in the case of5, this tungsten complex too showed a short
W—Cg bond of length 2.115 A (see the schematic structure of

1
WI[C(t-Bu)CMeCMe]C}, showing the bond length parameters
obtained from the X-ray geometry).

1422

HaC
N 1443 30\ ll TCq ’% \
HiC- 20 A 007 Cq\-i& HsC\Cgcv-;:Cs ,:0 \\ \
1325) Co r}l\ H /Ce N, ~ \ 29 \\\ 148
N 9‘-’% ‘\'ﬁ 75, o Ny
Isg AD )
7a 7b 8a

D. Coordination of the First and Second CHCN to Ti
and Activation of CN Triple Bonds. An incoming MeCN

invoke aromaticity. Since the aromatization energy of benzene molecule can easily displace the loosely bound benzerte in

is around 30.0 kcal/mdB4°we can assume that the formation
of loosely Ti-bound benzene complex brings that much

This step giving6 is exothermic by 18.1 kcal/mol (Figure 2).
A slight amount of slippage of MeCN from its end-on

aromatic stabilization energy to the system and that also accountszoordination in6 leads to the early transition Staf&5 (Eqact =
for the exothermicity of the reaction. Even the four-membered 8.6 kcal/mol), which shows a weak bonding interaction between

titanacycl&®51defined by TiGCgCs of 5 attains some stabilizing

C; and MeCN carbon G at a distance of 3.073 A. FrofS5,

m-delocalization effect because the bond lengths of 1.890, 1.890,the product of MeCN insertion into the FiC; bond forms.7

1.441, and 1.437 A observed forIC;, Ti—Coy, C;—Cg, and
Cs—Cy, respectively, suggest thatcan be represented by a
resonance combination of the structubasand5b. The Ti—Cg
distance of 2.098 A is quite short in this complex and is
even shorter than the FiC,, single bond length id. It may be

(48) Schleyer, P. v. R.; Puhlhofer, Brg. Lett.2002 4, 2873.

(49) Suresh, C. H.; Koga, NI. Org. Chem2002 67, 1965.

(50) Lugo, A.; Fischer, J.; Lawson, D. B. Mol. Struct. (THEOCHEM)
2004 674, 139.

(51) Iron, M. A.; Martin, J. M. L.; van der Boom, M. El. Am. Chem.
Soc.2003 125 13020.

is a quite stable metallaheterocycle, which is placed at a relative
energy 0f—33.9 kcal/mol as compared to compléxin 7, the
bond Iengths of T‘i‘Cg, Ti—N]_, N1—Ci0, C10—C7, Ci—Csg, and
Cs—Cy are 1.958, 1.817, 1.325, 1.441, 1.443, and 1.383 A,
respectively, suggesting significant double-bond character for
all of them. Therefore, a resonance combination of two
structuresyaand7b, is assigned for it. The higher stability of
complex7 is thus accounted for by the delocalized nature of

(52) Pedersen, S. F.; Schrock, R. R.; Churchill, M. R.; Wasserman, H.
J.J. Am. Chem. S0d.982 104, 6808-6809.
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1

Figure 3. Rupture of CN triple bond via the reaction of two MeCN molecules to titanium. Aromaticity-driven step is shown in red.
Relative free energy is in kcal/mol (blue) and distances are in angstroms. Atom numbering is also shown.

the sixz electrons in the metallaheterocy& which means gives pyridine, which is an aromaticity-driven process, as it
significant aromatic character fat. Thus,6 to 7 conversion shows low activation energyEf: = 10.0 kcal/mol) and a
(Figure 2) is also considered an aromaticity-driven process. The high exothermicity of 28.7 kcal/mol. In this step, the original
highlight of this part of the reaction is the substantial activation Cj1—Nj triple bond of the second MeCN is completely cleaved.
of the CN triple bond by consuming only 8.4 kcal/mol in energy. Thus, it is clear that the mechanism involving the third MeCN
At this stage, a second MeCN molecule coordinatesvia is the preferred one. A comparison of the structure and energies
its CN 7 electrons (Figure 2). The complékthus formed is of 11 and15 suggests that the third MeCN stabilizes the-Ni
further stabilized by 4.0 kcal/mol. Interestingly, unliKe the triple bond by 28.2 kcal/mol.
metallaheterocycle unit TipC;¢C7CsCy is planar, and it shows F. Orbital Interactions in the Four-Membered Titanacycle
a lesser degree of delocalized nature of thersetectrons (see
schematic structur&a). From 8, nearly a barrierless process —— —
for the insertion of the FCy bond to Ti-Cy1 occurs. The CHCH]CI 3. The four-membered titanacycles TICHCHCHSNn

resulting produc® is quite stable at the relative energy-o48.7 [ .
kcal/mol. The Gi—Nj triple bond (1.183 A) in comple® is and TINC(CH)N in 15 are structurally and electronically very

clearly activated to a G—N, double bond (1.281 A) in complex interesting, §tru_ctura|ly interesting becausg they show bond.
9 with almost no cost in energy length equalization as well as a very short distance between Ti

E. Rupture of CN Triple Bonds. We have considered two and the diagonally opposite carbon atom in the titanacycle. This

possibilities for the further activation ofi&-N, double bond ;—L_dfhgi:;?;ﬁéi ;?gl%é?t:?tﬁé%gtifs?:]%bogf d'?\eirrlﬂtsﬁ s
in 9. In the first possibility, the CN activation is observed when 9

9 passes throughS7 leading to the formation af0. Intermedi- of 2.120 A observed in the parent compléxElectronically

. ) . . . these titanacycles are like the €lectron Hekel systems, and
ate10 contains the precursor heterocyclic moiety for the pyridine X h .
. L . A . such organic systems are usually antiaromatic. To understand
formation, which is depicted in Figure 3. However, this step

needs a relatively highaeof 23.9 kcal/mol. The G—Na bond the bonding in these systems, we have calculated the structure

1

breaks away from complex0 when it passes throughS8, of systems CpTiIiCHCHCHI) and CpTiNC(CH)N (17) and
which gives rise to the pyridine-bound titanium nitritie The analyzed their MOs. The optimized structure and the important
Eact for this step of the reaction is only 9.2 kcal/mol, and itis MOs are presented in Figure 5.
exothermic by 11.6 kcal/mol. The overall activation energy for The two occupiedr orbitals MO29 and MO34 fod 6 and
the combined steps & — TS7— 10— TS8— 11 has gone  MO32 and MO36 forl7 describe theirr-bonding interactions.
up to 31.9 kcal/mol, and the reaction is also endothermic by Theser orbitals are stabilized by participation of vacant Ti “d”
11.1 kcal/mol. In terms of the energetics, this is not very orbital in the conjugation, which is an important factor of
favorable for the reaction. Althoughi,l has more energy than  aromaticity in metalloaromatic systerf&4 The M0O26 and
9, the formation of this complex in the mechanism is interesting MO33 in 16 and MO34 and MO37 irl7 are responsible for
because, in the experiment, Takahashi et al. have reported thehe bonding interaction between the metal atom and the carbon
formation of NH;, and a reasonable reaction for its generation atom diagonally opposite it. This type of bonding interaction is
is thought to be the hydrolysis of a titanium nitride complex. observed in the case of the ruthenacyclobutane intermediate
Such a hydrolysis reaction may require complicated multistep found in Grubb’s olefin metathesis reaction mechanism, and
hydrogen transfer processes, and because the focus of this workuch a bonding is designated as agostic because the metal “d”
is on the formation of benzene and pyridine, further reaction of orbital is in direct interaction with the CG bond in16 or the
11 with water was not attempted. CN ¢ bond in17.55%6 The agostic bond il6 is «,3-(CCC)

For the second possibility, the reaction of a third MeCN to agostic, and that id7 is o,5-(NCN) agostic. In the case of the
the most stable intermediageis considered. Such a reaction

.
Intermediates and the Related Schrock Complex W[CH

gives13through the metastable intermediaandTS9 (Figure (53) Masui, H.Coord. Chem. Re 2001, 219-221, 957-992.
4). TheEaqs found to be 21.2 kcal/mol. Frods, the formation 71 Huand. ¥.-2.; Yang, S.-Y.; Li, X.-¥J. Organomet. Chen2004
of the six-membered heterocycle systévhis very easy (see (55) Suresh, C. H.; Koga, NOrganometallics2004 23, 76—80.

TS10, Eaet = 3.6 kcal/mol). The next stedd — TS11— 15) (56) Suresh, C. H.; Baik, M.-HDalton Trans.2005 2982-2984.
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Figure 4. Rupture of CN triple bond via the reaction of three MeCN molecules to titanium. Aromaticity-driven step is shown in red.
Relative free energy is in kcal/mol (blue) and distances are in angstroms. Atom numbering is also shown.

HOMO (MO34)

HOMO-1 (MO37) MO36

Figure 5. Molecular orbitals of titanacycle systeri§ and17 showing ther bond and agostic interactions. See text for details. All bond
lengths are in angstroms.

MO35 HOMO (MO43)

Schrock complex
Figure 6. Molecular orbitals of Schrock complex showing thebond and agostic interactions. All bond lengths are in angstroms.

1 1
Schrock complex W[C(t-Bu)CMeCMe]ghlready mentioned  with the X-ray structure of W[C(t-Bu)CMeCMe]glThe MOs
in Section C, we may expect the same MO features for the similar to those found il6 and 17 were also detected in the
metallacycle? To verify this, the unsubstituted metallacycle tungstanacyclobutadiene complex.

W[CHCHCH]CI; was optimized at the B3LYP/Genl leveland  G. NICS Analysis and Aromaticity. The phenomenon of
the MOs were analyzed (cf. Figure 6). The-\@ and W-CI aromaticty is one of the most widely used concepts in chemistry,
distances of the optimized geometry were in good agreementparticularly in organic chemistr§/.%8 A compound is identified
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Suresh and Koga

Figure 7. NICS values in ppm unit at the ring center 884, TS5, TS8, andTS11 and their corresponding produds?, 11, and15.

as aromatic based on physicochemical evidence such as bondTiCCC twist is 2.3). Such high negative NICS values were
length equalization, planar structure, magnetic susceptibility also observed in the nonplanar pericyclic transition state, and
increase, magnetic anisotropy, ring current, remarkable stability, according to Schleyer et &t that was due to the large in-plane
and characteristic reactions of the systems. The study ofo orbital contribution. Aromatization of the six-membered
aromaticity has become somewhat simplified after Schleyer et N-heterocyclic metallacene unit ihis also observed (NICS

al %85 introduced NICS as an efficient magnetic criterion of
aromaticity. On the basis of this criterion, it was even possible

—9.0 ppm). However, the NICS value 6f0.9 ppm observed
for the N-heterocyclic unit in transition staf&s8 suggests only

to understand aromaticity of transition states. For instance, it a small aromatic stabilization. As expected, once Ti&8 is
has been used as an effective probe of aromaticity in transitionconverted to the produdtl, the aromatization of the pyridine

states of pericyclic reactio§861.66-68 So far the transition states
of an organometallic reaction was not considered for NICS
evaluation of aromaticity. Further, to our knowledge there is

ring occurs (NICS= —5.3 ppm). We can also see a substantial
reduction in the aromatic character of the Cp anion ligand in
TS8and11 as compared to that of the other systems shown in

no theoretical study in the literature on the mechanism of an Figure 5. InTS1], the six-membered heterocycle is weakly
organo-transition metal reaction that focuses on the aromaticity aromatic (NICS= —1.8 ppm), while its TINCN titanacycle is
factor. Therefore, in the present study, since we propose four highly aromatic 15.7 ppm). The pyridine unit df5is more

aromaticity-driven processes, viz., 8y~ TS4 — 5; (i) 6 —
TS5— 7, (iii) 10— TS8— 11; and (iv)14— TS11— 15, it
is felt that an NICS analysis is worth doing.

In Figure 7, the NICS values at the ring centers of the
transition statesTS4, TS5, TS8, and TS11 and their corre-
sponding products are depicted. The NICS value-4f8 ppm
in the six-membered ring 0of S4 clearly suggests its partial
aromatization. Irb, the benzene ring NICS value 69.2 ppm
indicates its full aromatization. Interestingly, the titanacyclo-
butadiene units iTS4, 5, andTS5 also show aromatic character.
The high negative NICS value of the titanacyclobutadiene unit
in TS4is due to its increased nonplanar structure (TiCCC twist
is 13.6) as compared t® (TICCC twist is 1.4) and TS5

(57) Schleyer, P. v. RChem. Re. 2001, 101, 1115-1117.

(58) Minkin, V. J.; Glukhovtsev, M. N.; Simkin, B. YAromaticity and
Antiaromaticity; Electronic and Structural Aspec®iley: New York, 1994.

(59) Krygowski, T. M.; Ejsmont, K.; StepierB. T.; Cyrdrski, M. K.;
Poater, J.; SélaV. J. Org. Chem2004 69, 6634.

(60) Jiao, H. J.; Nagelkerke, R.; Kurtz, H. A.; Williams, R. V.; Borden,
W. T.; Schleyer, P. v. RJ. Am. Chem. S0d.997, 119 5921-5929.

(61) Jiao, H. J.; Schleyer, P. v. B. Phys. Org. Chenl998 11, 655-
662.

(62) Jiao, H. J.; Schleyer, P. v. R.; Beno, B. R.; Houk, K. N.; Warmuth,
R. Angew. Chem., Int. Ed. Endgl997, 36, 2761-2764.

(63) Erhardt, S.; Frenking, G.; Chen, Z. F.; Schleyer, P. vVARgew.
Chem., Int. Ed2005 44, 1078-1082.

(64) Lein, M.; Frunzke, J.; Frenking, @&ngew. Chem., Int. ER003
42, 1303-1306.

(65) Schleyer, P. v. R.; Manoharan, M.; Wang, Z. X.; Kiran, B.; Jiao,
H. J.; Puchta, R.; Hommes, Xrg. Lett.2001, 3, 2465-2468.

(66) Zora, M.J. Org. Chem2004 69, 1940.

(67) Sawicka, D.; Houk, K. NJ. Mol. Model.200Q 6, 158-165.

(68) Sawicka, D.; Li, Y.; Houk, K. NJ. Chem. Soc., Perkin Trans. 2
1999 2349-2355.

aromatic than that of1, and its TINCN metallacycle retains a
high amount of aromaticity 8.8 ppm). The NICS-based
assessment as well as the energetics are more supportive toward
the three-acetonitrile-mediated reaction giving ris& &11and
15than the two-acetonitrile-mediated reaction consisting:8

and 11 Thus the NICS criterion as well as the energetics of
the reaction supports the reaction stéps> TS4 — 5, 6 —
TS5— 7, and14— TS11— 15as aromaticity-driven processes.

Conclusions

The energetics of the purely intramolecular part of the
mechanism 1 — 5) as depicted in Figure 1 suggests that this
mechanism is quite reasonable for the formation of benzene.
In this mechanism, the intermediate structl2e3, and4 formed
before5 are at high energy levels as comparedLid-urther,
once the first step of the reaction leading to the formatio®, of
the highest activation energy step in the whole reaction, is
passed, the reaction steps fr@&n3, and4 are relatively very
easy because of their low activation barriers. Therefore, the
possibility of an intermolecular mechanism in which the
acetonitrile coordinates with the intermedia2e8, and4 before
the formation of5 is less likely. The energetics and the NICS-
based analysis suggests that compared to the two-MeCN-
mediated mechanism (Figure 3), the three-MeCN-mediated
mechanism (Figure 4) is more attractive for the CN triple bond
breaking leading to the formation of pyridine. Based on the
three-MeCN-mediated mechanism, the reaction between titana-
cyclopentadienyl complexd and acetonitrile giving rise to
benzene and pyridine can be considered as a highly exothermic
process. The aromaticity is a dominant factor for the high
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exothermicity of 65.8 kcal/mol observed for this reaction. The support that the phenomenon of aromaticity commonly observed
NICS criterion is found to be quite useful in assessing the in organic chemistry can be cleverly utilized as an important
aromaticity factor in these reactions. Both energetics and the catalytic element for designing systems capable of breaking
NICS-based aromaticity evaluation clearly supported4tie strong double and triple bonds. For instance, stable derivatives
5, 6 to 7, and 14 to 15 conversions as aromaticity-driven  of 6, 7, 9, or 15 could be considered for developing metathesis
processes. Even the nonaromatic intermediate and transitioncatalysts for triple-bonded systems.

states are not too unstable to stop the reaction. The involvement

of a third MeCN molecule was found to be very crucial for the )
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