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Abstract Detailed quartet and doublet potential energy
surfaces for the Ti* + C3Hg — TiC3H{ + Hy and Ti™ +
CsHg — TiC2H;¥|r + CHy elimination reactions have been
studied using density functional theory with B3LYP func-
tional and ab initio coupled cluster CCSD(T) methods. Sev-
eral Hy elimination and CH4 elimination reaction paths have
been examined including the IRC following. In particular,
the mechanisms involving, respectively, the HzTiC3Hg and
CH3TiHC2HI intermediates have been studied.

Keywords Ti™ + C3Hjg reaction - Density functional
theory - CCSD(T)

1 Introduction

Gas-phase studies of bare transition-metal cations (M) with
neutral substrates enable elucidation of the elementary reac-
tion steps under well defined conditions, and they have been
an active experimental research area [1-8]. This especially
concerns activation of the prototypical C—H and C—C bonds
by M™T. Because of the charged nature of intermediates and
products of these activations, various mass spectrometric
techniques have been the methods of choice to study such
processes [1-8]. The lack of additional effects caused by
solvents, other coordinated ligands, counterions, etc. make
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the gas-phase transition metal cation/molecule reactions also
well suited for computational modeling, provided that the
appropriate theoretical methods are used [9]. Previously, we
investigated the reaction paths for the early transition metal
cation Ti™ and ethane using density functional theory (DFT)
and single- and multi-reference ab initio methods [10]. The
ethane C—H activation by Ti™ resulting in the formation of
TiCzHI + H» was calculated to be essentially thermoneu-
tral, while the C-C activation leading to the formation of
TiCH;r + CHy4 appeared to be a significantly endothermic
process with all the computational methods used [10]. In the
present work, we extend these theoretical studies to the Tit
+ propane mechanism. From the mechanistic point of view,
the bond activation of propane by a transition metal cation is
a more complex process compared to that of ethane because,
both primary and secondary C—H bonds can be attacked by
M in propane. Unlike the lower alkanes, the exothermic
C-C bond activation channel might be available with the
propane substrate [1-3].

There have been reported several experimental studies on
the gas-phase reactions of Ti™ with propane conducted under
low and high pressure conditions [11-15]. Using a flow tube
reactor technique, Weisshaar and co-workers [11] observed
in the high-pressure multiple-collision environment that the
primary products at thermal energies were those of Hp elim-
ination, TiC3Hg' + Hj, with the adduct ions TngHéIr and
CH4 elimination products TiCzHI + CHy found to be rel-
atively small, i.e., 16 and < 1%, respectively. Consistent
with the results of Weisshaar [11], the Castleman group [12]
also found under high-pressure multiple-collision conditions
that the H; elimination is the predominant process at thermal
energies (91%). Sunderlin and Armentrout [13] studied the
Tit 4 C3Hg reaction by means of a guided-ion beam mass
spectrometer under low-pressure single-collision conditions.
These researchers observed that at thermal energies the Hy
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elimination products prevailed, with only small amounts of
CH4 elimination detected [13]. The most recent study of the
reaction of Ti* with propane and deuterated propanes at ther-
mal energies was conducted by the Armentrout group [14].
In the low-pressure single-collision environment of the flow
tube, the TiC3Hg' + H» were again the primary products
detected, followed by the TiCzHI + CHy, with the prod-
uct distribution determined to be 98 and 2%, respectively.
The dehydrogenation and demethanation of C3Hg by Ti™
were found to be mildly exothermic processes, by 7 &= 3 and
16 £ 3kcal/mol, respectively [14,15]. Note the more exo-
thermic channel in the case of CH4 elimination. However,
despite the moderate exothermicity of the two elimination
channels, the observed reaction efficiency was low, 17% for
H; loss and < 1% for CHy loss [14].

Following the previous theoretical investigation [10], both
density functional theory (DFT) and ab initio calculations
have been performed for the Ti* + C3Hg — TiC3H{ + H»
and Ti* 4+ C3Hg — TiC,H] + CH4 elimination reactions.
The main goal is to find the most preferred reaction paths
for the two cases, and possibly, to indicate the factors con-
tributing to the observed low efficiency of these eliminations,
especially CHy. The present work adds to the systematic stud-
ies of structural and reactivity aspects of Ti chemistry [16].
One finding of the preceding study for Ti™+ ethane was that
the DFT B3LYP optimized structures of the intermediates
and transition states along the reaction paths were generally
in acceptable agreement with the corresponding multi-refer-
ence ab initio structures [10]. To the current knowledge of
the authors, there are only few related computational studies
of the reactions between the first row transition metal cation
and propane aiming at the elucidation of the detailed mech-
anisms of both the C-H and C-C activation [17-20]. In fact,
all of these calculations involved exclusively late transition
metals. Holthausen and Koch [17] studied the reaction of Fe
with C3Hg at the DFT B3LYP level, whereas Yietal. [18,19]
investigated the M™ + C3Hjg reactions for M = Ni and Co at
the same electronic structure level combined with statistical
rate theory. The Co™ + propane reaction was also exam-
ined by Fedorov and Gordon [20] using the multi-reference
based CASSCF/MRMP?2 ab initio methods and effective core
potential on the transition metal.

2 Computational methods

The potential energy surfaces (PESs) of the two elimination
reactions were explored with density functional theory (DFT)
[21] using the hybrid B3LYP [22-25] functional. Optimized
structures were followed by a force constant matrix calcula-
tion/diagonalization to confirm the character of the located
stationary points [minimum or transition state (TS)] and to
provide zero-point energy (ZPE) corrections. The latter cor-
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rections are included in the relative energies discussed below
(collected in Tables 1, 2). Each transition state was verified
to connect a desired pair of minima by tracing the intrinsic
reaction coordinate (IRC) [26-32]. These DFT calculations
used the valence triple-zeta plus polarization (TZVP) basis
set stored internally in GAMESS [33] and described fully in
a previous paper [10]. The relative energies have also been
calculated with the supplemented Wachters/Pople’s basis sets
[10,34,35], denoted as WP, and using both the B3LYP and
coupled-cluster singles and doubles methods including per-
turbative triples [CCSD(T)] [36—41]. For WP, the final Ti
basis derived from Wachters primitive set [34] and supple-
mented with diffuse p, d and polarization f functions had
the form (15s11p6d2f)/[10s7p4d2f] and it was used in con-
junction with Pople’s 6-311+G(2d,2p) basis set for C and H
[35].

3 Results and discussion
3.1 Reactants and products

The structures of the C3Hg reactant and those of the prod-
ucts of dehydrogenation and demethanation of C3Hg by Ti™,
TngHgr + Hj and TiCzHI + CHy4, are shown in Fig. 1.
The experimental ground state of Tit is *F(4s'3d?) with
its lowest doublet state >F derived from the same electronic
configuration lying 13.2 kcal/mol higher in energy [42]. The
DFT B3LYP estimates of the >F —*F splitting of Ti* [43] of
14.3 (TZVP) and 13.5 (WP) kcal/mol compare satisfactorily
with experiment. As discussed previously [10], the CCSD(T)
method with WP basis set predicts the correct ordering of the
4F(4s'3d?) and 2F(4s'3d?) states of Tit, though it underes-
timates the >F —*F splitting. The geometric and electronic
structure of the CH4 elimination product TiCij{ (Fig. 1c)
was examined thoroughly in the previous paper as the Hj
elimination product from the TiT+ ethane reaction [10].
Briefly, B3LYP finds the quartet (*B1) to be the ground state
of TngHI separated from the lowest doublet state (CA))
by only 2.0kcal/mol (WP basis). The CCSD(T)/WP ener-
getic order is reversed, i.e., the doublet 2A1 ground-state is
0.2 kcal/mol below the quartet 4B 1. In both methods, the two
states are nearly degenerate.

The distinct H, elimination paths described below resulted
in the following elimination product (TiC3Hg“) isomers:
TiCH3CHCH; (Ti*-propene), TiCH,CH,CH; (Tit-cyclo-
propane) and TiCHCHQCH;' (Fig. 1b). The quartet TiCHj3
CHCH;r (Tit-propene) is found consistently to be the
ground-state Hp elimination product, with the doublet
TiCHj3 CHCH;‘ lying only 2.5 and 1.2 kcal/mol higher at the
B3LYP/WP and CCSD(T)/WP levels of theory. The dou-
blet cyclic isomer TiCH2CH2CH2+ (Ti*-cyclopropane) is the
third most stable H» elimination species, placed respectively
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Table 1 Relative energies for H, elimination paths (kcal/mol)

B3LYP/TZVP B3LYP/WP? CCSD(T)/WP?
Pathl: Tit + C3Hg — TiCH3;CHCH; + H»
Doublet
Tit + C3Hg 14.3 13.5
Tit ... C3Hg(1) -89 —10.5 —10.3
C-H® ins. TS(TS1-2)° 0.3 —0.6 7.9
HTiC3HT (2) —16.2 —17.4 -7.7
H, elim. TS (TS2-3) -7.8 -9.0 0.6
TiC3H -+ - Hy (3) —11.4 —12.6 -3.1
TiCH3;CHCHS + H, —4.7 —5.6 2.1
Quartet
Tit + C3Hg 0.0 0.0 0.0
Tit---C3Hg (1) -22.3 -23.5 —17.2
C-H® ins. TS(TS1-2) 9.8 9.0 18.0
HTiC3HY (2) 7.6 6.8 14.4
H, elim. TS (TS2-3) 12.2 11.4 21.8
TiC3HY - Hy 3) —14.2 —153 —4.9
TiCH;CHCHJ + H, —7.4 —8.1 0.9
Path2: Tit + C3Hg — TiCH,CH,CHJ + Hy
Doublet
Tit + C3Hg 14.3 13.5
Tit .- C3Hg (4) -9.3 —11.1 -58
C-HD ins. TS(TS4-5) 5.1 4.0 11.2
HTiC3HY (5) —15.3 —-16.6 -7.2
H, elim. TS (TS5-6) —0.1 -1.6 9.3
TiC3H{ - - - H, (6) -9.9 -10.8 —-1.3
TiCH,CH>CHJ +H, -39 —4.4 48
Quartet
Tit + C3Hg 0.0 0.0 0.0
Tit - .- C3Hg (4) —18.9 —20.3 —13.5
C-H ins. TS(TS4-5) 13.6 12.7 19.6
HTiC3HT (5) 13.0 12.1 17.7
H, elim. TS (TS5-6) 27.7 26.6 36.3
TiC3H; -+ - H, (6) 16.1 152 25.9
TiCH,CH,CHj + H, 21.6 21.1 32.0
Path3: Tit + C3Hg — TiCH3;CHCH; + H»
Doublet®
HTiC3H (10) —13.4 —14.0 —4.3
H migr. TS (TS10-7) —0.5 -1.0 10.4
Dihydrido species (7) —4.3 —4.7 5.7
H, elim. TS (TS7-8) 4.0 3.6 13.1
TiC3H; -+ -Hy (8) -7.0 -7.8 1.6
TiCH;CHCH; + H, —4.7 -5.6 2.1
Quartet®
Tit ... C3Hg (5a) —23.6 —24.6 -17.2
H migr. TS (TS5a-7) 41.7 41.0 52.2
Dihydrido species (7) 35.1 342 47.1
H, elim. TS (TS7-8) 36.7 35.8 43.8
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Table 1 continued

B3LYP/TZVP B3LYP/WP*? CCSD(T)/WP?

TiC3H{ -~ H, (8) —12.6 —13.5 —2.1
TiCH;CHCHJ + H, —7.4 -8.1 0.9
Path4: Ti* + C3Hg — TiCHCH,CHJ + H,
Doublet

Ti™ + C3Hg 14.3 13.5

Tit - - C3Hg (9) —7.4 -9.0 —6.4
C-H®D ins. TS(TS9-10)° 2.9 2.2 10.4
HTiCsHT (10) —13.4 —14.0 —43
H, elim. TS (TS10-11) 7.4 6.4 14.4
TiC3H{ - - - Hy (11) 7.2 6.3 14.8
TiCHCH,CHY + H, 17.2 16.7 21.1
Quartet

Tit + C3Hg 0.0 0.0 0.0
Tit...C3Hg (9) —-19.5 —21.1 —15.1
C-HD ins. TS(TS9-10)° 18.5 17.9 25.9
HTiC3H7 (10) 15.9 15.3 21.7
H, elim. TS (TS10-11) 29.0 28.4 37.9
TiCsH{ - - Hp (11) 18.6 18.0 28.0
TiCHCH,CHY + H, 24.7 24.7 29.2

Energies are relative to the Tit (*F) + C3Hg ground-state reactants and include ZPE corrections

* At the B3LYP/TZVP geometries
b C-H® means the primary(i = 1) and secondary (i = 2) C—H bond
¢ The first two steps are common with Path 2

at 3.7 and 3.9 kcal/mol relative to the ground-state. The quar-
tet cyclic structure TiCHzCHZCH;r is not competitive ener-
getically, being 29.2 (B3LYP) and 31.1 (CCSD(T)) kcal/mol
less stable than the ground state. Another plausible H; elim-
ination species, TiCHCH,CHZ, obtained from a 1,1 type
H; elimination reaction from the relevant insertion inter-
mediate (see below) and with Ti* bound only to one C
atom (Fig. 1b) are high energy structures: at B3ALYP/WP
(CCSD(T)/WP) they lie 24.8 (20.2) and 32.8 (28.3) kcal/mol
above the ground-state for the doublet and quartet, respec-
tively. Although the latter elimination channel is obviously
not accessible at thermal energies, the calculated paths will
also be presented for comparison.

3.2 Initial complexes

It was mentioned in the Introduction that Tit - - - C3Hg ad-
ducts/initial complexes were stabilized and detected under
multiple-collision conditions [11]. Due to the presence of
two terminal CH3 groups and a central CH; group in pro-
pane, several Tit - . - C3Hg adducts of an ion-induced dipole
kind are conceivable. A systematic search led to the n° 1, n* 4
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and n° 9 structures with Ti* coordinating to either two or one
CHj3 (4,9) or to both CH3 and CH» (1) as shown in Figs. 3, 4,
6 and 7 for the doublet and quartet, respectively. It is impor-
tant to note that all of these adducts have been confirmed by
an IRC to be involved in the respective elimination reaction
paths. Additionally, the unique n> 5a quartet adduct (Fig. 6)
having all three CH,, groups of propane engaged (one C—H
per group) was confirmed by an IRC to be involved in the H,
elimination path (see below). For the “low-coordinated” n?
complex 1a having Ti* bound to the central CH, (Fig. 2),
only the quartet is structurally stable. The doublet structure is
a saddle point with a small 30icm ™! imaginary mode. As for
Tit+ ethane [10], the quartet Tit - - - C3Hg structures are sig-
nificantly lower in energy than the doublet analogs (Tables 1,
2). The binding energies (BE) of the lower energy quar-
tet Ti™ - - - C3Hg complexes are within a 4-5kcal/mol range.
The actual BE values are ca. 20-25kcal/mol (B3LYP/WP)
and 14-18kcal/mol (CCSD(T)/WP) (Tables 1, 2). The bind-
ing energy of > 1a(*B;) complex is 19.9 and 14.5 kcal/mol
at B3LYP/WP and CCSD(T)/WP, respectively. Taking into
account the expected overbinding by B3LYP [46,47], the two
sets of BEs compare reasonably well.

In analogy with the reactions of M™ with ethane involv-
ing the first-row transition metal M cations (M=Ti,Co,Fe)
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Table 2 Relative energies for CH4 elimination paths (kcal/mol)
B3LYP/TZVP B3LYP/WP? CCSD(T)/WP?
Pathlc: Tit + C3Hg — TiCoH + CHy
Doublet
Tit + C3Hg 14.3 13.5
Tit-..C3Hg 4) -9.3 —11.1 -5.8
C—C ins. TS(TS4-12) 14.7 13.6 24.0
CH3TiC,H{ (12) —28.4 —29.6 —17.1
CHy elim. TS (TS12-13) —8.0 -93 1.9
TiCoHJ -+~ CHs (13) —24.9 —26.2 -17.8
TiCoHJ + CHy —143 -14.8 -5.2
Quartet
Tit + C3Hg 0.0 0.0 0.0
Tit-..C3Hg 4) —18.9 -20.3 —13.5
C—C ins. TS(TS4-12) 9.3 7.9 20.0
CH3TiC,H{ (12) 1.7 0.8 11.9
CHy elim. TS (TS12-13) 10.3 8.8 21.8
TiCoHJ -+ CHs (13) —28.3 —29.7 —18.3
TiCoHJ + CHy —16.1 -16.8 —4.9
Path2c: Tit + C3Hg — TiCoH + CHy
Double®
CH3TiCoHY (12) —28.4 —29.6 —17.1
H migr. TS (TS12-14) —12.9 —13.8 —0.5
CH3TiHCH (14) —-16.0 —17.0 —4.5
CHy elim. TS (TS14-13) -1.2 —2.4 10.2
TiCoHJ -+~ CHs (13) —24.9 —26.2 -17.8
TiCH + CHy4 —143 —14.8 -5.2
Quartet®
CH3TiC,HY (12a) 3.3 2.3 11.7
CHj, elim. (TS12a-13) 23.4 22.5 32.5
TiCoHJ - --CH4 (13) —28.3 —29.7 —18.3
TiCH + CHy —16.1 —-16.8 —4.9
Path3c: Tit + C3Hg — TiC,H + CHy
Doubler~d
HTiC3HT (5) —15.3 —-16.6 -7.2
CH3; migr. TS (TS5-14) -58 -72 4.1
Quartet®
HTiC3HT (5) 13.0 12.1 17.7
CH3 migr. TS(TS5-14) 36.9 35.7 43.7
CH3TiHC H (14) 16.5 15.5 24.8
CHy elim. TS (TS14-13) 18.3 17.1 27.8
TiCoHJ - -~ CH, (13) —28.3 —29.7 —18.3
TiCoH; + CHy -16.1 -16.8 4.9

Energies are relative to the Ti™ (*F) + C3Hg ground-state reactants and include ZPE corrections

2 At the B3LYP/TZVP geometries

b The first two steps are common with Pathlc (plus isom. of 12 to 12a for the quartet path)

¢ The first two steps are common with Path2
d The last two steps are common with Path2c
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107.5
(a) (107.7)
o

TiC ;Hg

2 TiCH,CH,CH,*(C, Cy)

H bend=26.4° .
%A, TiC,H4"(C,,)

H bend=10.3°
4
B,

Fig. 1 Structures of a C3Hg reactant, b various H; elimination prod-
ucts, and ¢ CHy elimination products from the Ti* + C3Hg reaction
(bond lengths in A). For TngHj{, H bend denotes the out-of-plane

Fig. 2 The initial Ti* - - - C3Hg complex structures not involved in the
elimination paths (bond lengths in A); magnitude of imaginary fre-
quency (cm™1) for the doublet complex is shown
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Dih Ti-C-C-C=23.7°
‘A

A

bending angle of the H atoms (0° for the isolated C;Hy). Values in
parentheses are from experiment (taken from references [44,45])

[10,46,47], for Ti™ + propane, the relevant Ti™ - - C3Hg
complex initiates a subsequent Ti™ insertion, into a primary
(C-HM) or secondary (C-H®) C-H bond or C-C bond
of propane. Based on the results for Ti™+ ethane [10], the
quartet and doublet PESs for C—H activation in propane are
expected to cross early in the reaction coordinate (r.c.). This
expectation arises from the significantly higher energy of
the quartet C—H insertion intermediates relative to the dou-
blet analogs. Furthermore, since some doublet and quartet
H,/CHy4 elimination products from the Ti* 4 C3Hg reaction
have similar relative energies, the spin crossing between the
quartet and doublet PESs can also occur in the vicinity of the
exit channel. In this work, the doublet and quartet PESs have
been calculated systematically along the respective paths.
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The structures involved in the H>, /CH4 elimination reac-
tions are shown in Figs. 3,4 and 5 (doublet) and Figs. 6, 7 and
8 (quartet). The same labels are used for the corresponding
doublet and quartet structures (except for some unique cases).
Because there is a substantial degree of similarity between the
B3LYP/TZVP geometric parameters of the species involved
in the Ti*+ ethane [10] and Ti*+ propane reactions, the
discussion below primarily focuses on the mechanistic and
energetic issues for the latter process.

3.3 H; elimination

The energy profiles for Hy elimination paths examined are
denoted Pathi (i = 1 —4) and drawn in Figs. 9a—d. These
profiles are calculated based on the B3LYP energies and
each Pathi includes the high- and low-spin PESs, essen-
tial to predict the lowest energy path. The corresponding
CCSD(T) energy profiles have been shown in Figs. 10a—d.
The CCSD(T)/WP versus B3LYP/WP relative energies for
the various intermediates and transition states involved are
compared in Table 1.

3.3.1 Pathl

Pathl involves the reaction sequence 1 — TS1-2 — 2 —
TS2-3 — 3 — TiCH3;CHCH; + H» (Figs. 3, 6, 9a). The
energy profile of Pathl bears close resemblance to that for
dehydrogenation of ethane by Ti* [10]. There is, especially,
double spin crossing along the r.c.: first, between the initial
complex and secondary C—H insertion transition state, and
second, after passing the H; elimination TS. Both crossings
take place below the TiT (*F) + C3Hg asymptote, at least
according to B3LYP (Fig. 9a). At low energies, the first spin
crossing could turn the reaction to the lower energy dou-
blet PES, on which the energetically most favorable C—H
insertion TS is located. This is on condition that the strongly
enough spin-orbit coupling occurs [10]. As explained earlier
[10], switching to the low-spin PES enables forming a stable
insertion species by singlet coupling a pair of electrons to
form Ti—C(Ti—H) bonds. Conserving the high spin does not
permit forming strong covalent bonds [10] and the quartet
reaction intermediates show significantly longer Ti—C dis-
tances compared to the doublet analogs (up to 0.4 A).

Thus, for Pathl, the insertion occurs into the C—-H® bond
and leads to the doublet intermediate HTiC3H;r 2 viathe TS1-
2 transition state (oxidative addition). As the next step on the
doublet PES, the molecular complex TiCH3 CHCH;‘ ---Hp
3 is formed via the four-center 1,2 H, elimination transition
state TS2-3. Because, on the quartet surface, the complex 3
formation step is significantly exothermic (by 22.1 kcal/mol
at BALYP/WP with respect to 2) and results in the more stable
quartet structure compared to the doublet analogue, the sec-
ond spin crossing occurs in this region. The final step is the

endothermic Hj release from 3 (Fig. 9a). The overall H; elim-
ination reaction Ti™ (*F) + C3Hg — TiCH;CHCH; (*A) +
H; is calculated at B3ALYP/WP to be mildly exothermic, by
8.1kcal/mol, in reasonable agreement with experiment (7 &
3kcal/mol) [14]. At this computational level, the rate-limit-
ing doublet transition state TS1-2 is located slightly below
(0.6 kcal/mol) the Tit (*F) + C3Hg asymptote. CCSD(T)/WP
(Fig. 10a) finds the overall reaction to be essentially thermo-
neutral (AE, = 0.9 kcal/mol), while the barrier for the dou-
blet C-H® bond insertion is located at this level 7.9 kcal/mol
above the ground-state reactant energy. It is well known that
DFT underestimates barrier heights, so these results are con-
sistent with that observation. However, the doublet-quartet
crossings are predicted by the two methods to occur in the
same regions.

3.3.2 Path2

Path?2 involves the reaction sequence 4 — TS4-5 — 5 —
TS5-6 - 6 — TiCHZCHQCH;r +H, (Figs. 3, 6, 9b), with
an early spin crossing analogous to PathI (Fig. 9b). CCSD(T),
Fig. 10b, exhibits similar spin crossing. The doublet inser-
tion takes place into the primary C—H bond via the TS4-5
transition state, resulting in the intermediate 5 (Fig. 9b). The
subsequent formation of Hy proceeds through the four-center
1,3 Hj eliminationTS5-6 and leads to the dihydrogen com-
plex TiCH2CH2CH2+ ---Hp 6. The latter contains the cyclic
product TiCHzCH2CH2+ , left after releasing H». The quartet
PES remains significantly shifted upward after the spin cross-
over, ending endothermically (Fig. 9b). The energetically
most favorable channel within Path2, Tit (4F) + C3Hg —
TiCHQCHzCH;_ (2A/ )+ Ha, is formally spin-forbidden, with
a B3ALYP/WP exothermicity of 4.4 kcal/mol, ca. half that of
Pathl. At CCSD(T)/WP (Fig. 10b), this reaction is slightly
endothermic, by 4.8 kcal/mol (Table 1). Compared to Pathl,
Path2 appears also less favorable kinetically because the rate-
limiting doublet transition state TS4-5 involved in the latter is
located 4.0 (11.2) kcal/mol above the TiT (*F)+C3Hg asymp-
tote, based on the B3LYP/WP [CCSD(T)/WP] calculations.

3.3.3 Path3

The first two steps of Path3 including the spin crossing and
yielding the C-H" insertion intermediate HTiC3H7+ 5
(Fig. 9¢) are common with Path2. On the doublet surface, 5
can rearrange to the somewhat less stable isomer 10 (Fig. 3),
differing primarily by the Ti-C-C-C dihedral angle (the lat-
ter isomer is also involved in Path4, see below). Attempts to
locate the corresponding isomerization TS failed. The IRC
calculation confirmed that starting with 10, further rearrange-
ment via the H migration transition state TS10-7 leads to the
dihydrido intermediate H2TiC3H6+ 7 (Fig. 3). Interestingly,
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*~ Dih Ti-C-C-C=2.6° :
TS5-6 (C1,2A) 11401

Dih Ti-C-C-C=-119.6°
10 (C,,°A)

Fig. 3 Doublet structures relevant to the H, elimination of C3Hg by Ti™ and starting with the n° 1 and n* 4 Tit - - - C3Hg initial complexes,
respectively (bond lengths in A, bond angles in degrees); for TS’s, the associated imaginary frequencies (cm~!) are given
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1536
J1121

9 (C,7A™)

(i)

5
10(C7A) TS10-11 (C;,2A) 883i

11 (C,2A)

Fig. 4 Doublet structures relevant to the Hy elimination of C3Hg by TiT and starting with the 3 9 Ti™ - - - C3Hg initial complex (bond lengths in
A); for TS’s, the associated imaginary frequencies (cm™!) are given

TS14-13 (C,2A) 884i

Fig. 5 Doublet structures relevant to the CHy elimination of C3Hg by Ti* (bond lengths in A, bond angles in degrees); for TS’s, the associated
imaginary frequencies (cm™) are given
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= = Dih Ti-C-C-C=33.7°
TS4-5 (C1,*A) 272i 5 (CA)

0.767
R

2.126 ;’;’2. 119

1.49
TS5a-7 (C1,*A) 712i

o
TS7-8 (C1,*A) 362i

Fig. 6 Quartet structures relevant to the H, elimination path analogs of the doublet paths described in Fig. 3 (bond lengths in A, bond angles in
degrees); for TS’s, the associated imaginary frequencies (cm™') are given
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10 (C1,*A)

©
TS10-11 (Cy,*A) 1050

Fig. 7 Quartet structures relevant to the Hy elimination path analogs of the doublet paths described in Fig. 4 (bond lengths in A, bond angles in
degrees); for TS’s, the associated imaginary frequencies (cm™!) are given

TS5-14 (C 1,*A) 489i

Fig. 8 Quartet structures relevant to the CHy elimination path analogs of the doublet paths described in Fig. 5 (bond lengths in A, bond angles in
degrees); for TS’s, the associated imaginary frequencies (cm~!) are given
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Fig. 9 The B3L¥P energy 200 4 (a) .
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this kind of intermediate was postulated by experimentalists
[8,14]. However, for the MT 4 C3Hg reactions involving
M = Fe and Ni, the existence of the dihydrido structure as
a minimum on the PES was not supported [17,18]. At the
B3LYP/WP level of theory, the dihydrido species 7and TS10-
7 directly leading to it both lie below the ground-state reactant
energy, by 4.7 and 1.0kcal/mol, respectively. CCSD(T)/WP
(Fig. 10c) locates the two structures somewhat above this
asymptote, by 5.7 and 10.4 kcal/mol (Table 1). Towards the
exit channel, 7 can transform via TS7-8 to the dihydrogen
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complex TiCH3 CHCH;r -- - Hp 8, from which H; is expelled.
Note that 8 shows the Hy fragment in the cis position with
respect to the CH3 group, unlike its more stable isomer 3,
involved in Pathl, having H; unit in the trans position.

On the the quartet PES, dihydrido species 7 is highly
unstable (Fig. 9c). The IRC calculation revealed that the
immediate transition state involved, TS5a-7, connects to the
Tit ... C3Hg complex 5a instead of to the quartet analog
of 10. Consequently, the predicted reaction step from Sa to
7 requires overcoming a large energetic barrier. Similar to
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Fig. 9 continued 4 TS5a-7
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Pathl, the following step leading to the elimination prod-
ucts precursor TiCH3CHCH§r ---Hpy 8 is appreciably exo-
thermic on the quartet PES (by 47.7 kcal/mol relative to 7at
B3LYP/WP), which crosses the doublet surface after passage
of TS7-8. The exit channel of Path3 corresponds to that of
Pathl. Path3 is consistent with the general stepwise mech-
anism for M™ + C3Hg reaction originally suggested by ex-
perimentalists [8, 14]. At B3LYP/WP, the rate-limiting TS of
Path3 is the same as for Path2, whereas with CCSD(T)/WP,
the Hp elimination TS7-8 is the highest energy point on
the doublet PES lying 13.1 kcal/mol above TiT (*F) 4+ C3Hg
(Table 1, Fig. 10c).

T

3.3.4 Path4

Path4 (Figs. 4,7, 9d) is similar to Path2 in that there is a sin-
gle spin crossing early at r.c. - between the initial 1> adduct
9 and C—H insertion transition state TS9-10—and that the
quartet surface is mostly shifted above the doublet one. The
insertion step produces directly the intermediate 10, involved
also in Path3 (note a different view of doublet structure 10
in Figs. 3, 4). The B3LYP/WP(CCSD(T)/WP) barrier height
at the doublet TS9-10 amounts to 2.2 (10.4) kcal/mol rela-
tive to the quartet reactants, which is only 2.9 (2.5) kcal/mol
larger than the net energy requirement at the doublet TS1-2
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belonging to Pathl (Table 1). Nevertheless, the remainder of
Path4 proceeding on the lower energy doublet PES is less
favorable, ending especially with the endothermic products
obtained from 10 by 1,1 H; elimination through TS10-11
(Fig. 9d, Table 1).

It appears from the above comparison, that the three routes
Pathi (i = 1 — 3) involve an “early” quartet-doublet spin
crossing (we neglect the endothermic Path4), with Pathl
and Path3 found to have the largest exothermicity. The
rate-limiting T'S located on the doublet PES reachable by the

@ Springer

prior efficient spin crossing is found to be either for C—-H
insertion or H, elimination, depending on the path and the
method. For Pathl, the associated net barrier which corre-
sponds to the secondary C—H insertion is predicted to be
the lowest and ranges from —0.6 (B3LYP/WP) to 7.9
(CCSD(T)/WP) kcal/mol. One can thus conclude that
the Hy elimination Pathl is expected to be most favoured
at low energies. The two methods agree qualitatively,
although the CCSD(T) PES is shifted upward by several
kcal/mol.
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Fig. 10 continued y
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3.4 CHy elimination

The CH4 elimination energy profiles are named Pathic (i =
1 —3) and presented in Figs. 11a—c (B3LYP) and Figs. 12a—c
(CCSD(T)). Both Pathic and Path2c involve an initial C—C
insertion, whereas Path3c involves the initial primary C—H
bond insertion shared with Path2 for H; loss. The three paths
begin with the 7* 4 adduct formation.

3.4.1 Pathlc

Pathlcinvolves the reaction sequence 4 — TS4-12 — 12 —
TS12-13 — 13 — TiCij + CHy4 (Figs. 3,4, 5, 6, 8, 11a,

12a). After passing the C—C insertion transition state TS4-
12, the quartet PES crosses for the first time the doublet
PES and this apparently occurs above the Tit (*F) 4+ C3Hg
asymptote (Figs. 11a, 12a). The lower energy doublet PES
in this region leads to the very stable CH}TiCQH;’_ 12 inser-
tion intermediate (the global minimum), lying ca. 30 kcal/mol
[17 for CCSD(T)] below the Tit (*F) 4+ C3Hg reactants. The
energy profile featuring the C—C insertion product “deep
well” resembles that of demethanation of C;Hg by Ti™ [10].
In the next step on the doublet surface, CH3TiC2H;F 12 is
transformed to the molecular complex TiCzHI ---CHy4 13
via the CHy elimination transition state TS12-13 (Figs. 5,
11a). The latter step on the quartet surface appears to be
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Fig. 11 The B3LYP energy
profiles for the Tit + C3Hg —
TiC,H] + CHy reaction
corresponding to a Pathlc,

b Path2c and ¢ Path3c

significantly exothermic (by 30.5 kcal/mol at B3ALYP/WP and
30.2kcal/mol for CCSD(T) relative to 12) which results in the
more stable quartet structure 13 relative to the doublet coun-
terpart and second spin crossing (Fig. 11a). The endother-
mic CHy release from 13 ends Pathlc. Note that according
to CCSD(T)/WP (Fig. 12a) this is accompanied by another
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rate-limiting C—C insertion quartet transition state TS4-12
is placed 7.9 kcal/mol above the Ti* (*F) + C3Hg asymptote.
The CCSD(T)/WP predicted exothermicity is 5.2 kcal/mol
[with the TngH"t|r (?A1) + CHy products], whereas the bar-
rier for the quartet C—C bond insertion is located 20 kcal/mol
above the ground-state reactant energy (Table 2).

spin crossing because the doublet products lie at this level

0.2 kcal/mol below the quartet ones (Table 2).

3.4.2 Path2c

The overall CHy4 elimination reaction Ti* (*F) +C3Hg —

TiCzHI (4B1 )+CHy is found at B3LYP/WP to be exothermic
by 16.8kcal/mol, in reasonable agreement with experiment
(16 + 3kcal/mol) [14,15]. At this level of theory, the
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The first two steps of Path2c (Figs. 11b, 12b) are the same
as for Pathlc. Along Path2c, the common insertion inter-
mediate CH3TiC2H;r 12 rearranges on the doublet PES to
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the CH3TiHC2H;¥|r species 14 via an H migration transi-
tion state TS12-14 (Fig. 5). At B3LYP/WP, 14 and TS12-
14 are below the Tit(*F) + C3Hg reference, by 17.0 and
13.8 kcal/mol, respectively. CCSD(T)/WP locates the two
structures also below this reference, by 4.5 and 0.5 kcal/mol
(Table 2; Fig. 12b). The doublet intermediate 14 can elim-
inate CHy4 through the transition state TS14-13 to yield the
molecular complex TngHj{ ---CHy4 13.

On the quartet PES, starting from CH3 TiC2H+, the mech-
anism of CH4 elimination is different. In this case a single
step is needed to transform the CH3TiC2Hgr intermediate
to the CHy precursor. It begins rather with its isomer 12a
and leads directly to the complex TiCzHI -..CHy 13 via
TS12a-13 as confirmed by the IRC (Figs. 8, 11b). Despite
careful searching, we were not able to locate the 12— 12a
isomerization TS. As anticipated from the Pathlc profile, the
rearrangement from 12a to 13 is accompanied by the second
spin crossing (Fig. 11b). Obviously, the exit channel here
looks like that for Pathlic.

3.4.3 Path3c

For Path3c, the C-H") bond insertion step is shared with
Path2 (Path3) for Hy loss. Starting from the doublet inser-
tion intermediate S, the key step of Path3c is the CH3 group
migration via TS5-14 to form the CH3TiHC2HI intermedi-
ate 14, the latter already encountered along Path2c (Fig. 5,
Fig. 11c). Therefore, the remainder of Path3c on the doublet
PES, starting from 14, corresponds to Path2c. Between 5 and
14, the quartet PES lies some 12-36 kcal/mol (B3LYP/WP)
above the Tit (*F) + C3Hg asymptote. Transforming the

quartet 14 to TiCszt|r -- - CHy via TS14-13 leads to a second
spin crossing in the region of the exit channel (Fig. 11c).
Although, the overall CH4 elimination reaction exother-
micity of Path3c is the same as for Pathlc and Path2c, the
three paths differ kinetically. For the last two routes, the rate-
limiting TS is that for C—C insertion, located on the quartet
PES and lying 7.9 (B3LYP/WP) and 20 kcal/mol [CCSD(T)/
WP] above Tit (4F) + C3Hg. For Path3c, the rate-limiting
TS is located on the doublet PES. According to B3ALYP/WP
it is for the primary C-H insertion with the net barrier of
4.0kcal/mol. With CCSD(T)/WP, the doublet TS heights for
primary C—H insertion (11.2kcal/mol) and CHy4 elimination
(10.2kcal/mol) of Path3c are within 1 kcal/mol and are thus
both candidates for the rate-limiting TS (Table 2). The three
paths feature a second “late” spin crossing in the vicinity of
the exit channel; though only for Pathlc and Path3c this is
expected to occur below the Tit (*F) 4+ C3Hg asymptote. At
low energies, the CHy elimination Path3c is thus most likely.

4 Conclusions

The following major conclusions can be inferred from the
detailed exploration of PES for the reactions of H, and CHy4
elimination of C3Hg by Tit:

(i) The lowest energy path for Hy elimination (Pathl)
involves an initial Ti* insertion into a secondary C—H bond
on the doublet PES. This step must be preceded by the
quartet-doublet spin crossing. An additional “late” spin cross-
ing occurs in the region of the exit channel. At B3ALYP/WP,
the overall Ti* (*F) + C3Hg — TiCH3;CHCHJ (*A) + H,
reaction is found to be exothermic by 8.1 kcal/mol. The rate-
limiting TS, for the secondary C—H insertion, is located at
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this level 0.6 kcal/mol below the Ti+ (4F) + C3Hg reference.
CCSD(T)/WP finds the overall elimination reaction to be
essentially thermoneutral with the corresponding barrier of
the same rate-limiting TS of 7.9 kcal/mol.

(i1) The lowest energy path for CH, elimination (Path3c)
involves an initial TiT insertion into primary C—H bond on the
doublet PES. This step must be preceded by a spin crossing.
Second [and third at CCSD(T)/WP] “late” spin crossings also
take place along the path. With B3ALYP/WP [CCSD(T)/WP],
the overall Ti* (*F) + C3Hg — TiCoHJ (*B1) + CH4(TiC,
HI (2A;) + CHy) reaction exothermicity is calculated as
16.8 (5.2) kcal/mol. The B3LYP/WP rate-limiting TS, for
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the primary C—H insertion, is located 4.0 kcal/mol above the
Tit (*F) + C3Hg reference. According to CCSD(T)/WP, the
doublet TSs along Path3c for primary C-H insertion and
CHy elimination with the respective heights of 11.2 and
10.2kcal/mol are both candidates for the rate-limiting TS.

(iii) The observed [14] at thermal energies low efficiency
of the two eliminations, especially CHy, can be caused by
multiple spin crossings required along the lowest energy
paths. To discuss this effect quantitatively, both the precise
location of the spin crossings, especially those lying above
the Tit (*F) 4+ C3Hg asymptote, and Ti spin-orbit coupling
matrix element estimate are needed [10].
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