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ABSTRACT: The complex (PNP)TiCHtBu(CH2
tBu) (PNP = N[2-PiPr2-4-methyl-

phenyl]2
−) dehydrogenates cyclohexane to cyclohexene by forming a transient low-valent

titanium-alkyl species, [(PNP)Ti(CH2
tBu)], which reacts with 2 equiv of quinoline (Q) at

room temperature to form H3C
tBu and a Ti(IV) species where the less hindered C2N1

bond of Q is ruptured and coupled to another equivalent of Q. The product isolated from
this reaction is an imide with a tethered cycloamide group, (PNP)TiN[C18H13N] (1).
Under photolytic conditions, intramolecular CH bond activation across the imide
moiety in 1 occurs to form 2, and thermolysis reverses this process. The reaction of 2 equiv of isoquinoline (Iq) with
intermediate [(PNP)Ti(CH2

tBu)] results in regioselective cleavage of the C1N2 and C1H bonds, which eventually couple to
form complex 3, a constitutional isomer of 1. Akin to 1, the transient [(PNP)Ti(CH2

tBu)] complex can ring-open and couple
two pyridine molecules, to produce a close analogue of 1, complex (PNP)TiN[C10H9N] (4). Multinuclear and
multidimensional NMR spectra confirm structures for complexes 1−4, whereas solid-state structural analysis reveals the
structures of 2, 3, and 4. DFT calculations suggest an unprecedented mechanism for ring-opening of Q where the reactive
intermediate in the low-spin manifold crosses over to the high-spin surface to access a low-energy transition state but returns to
the low-spin surface immediately. This double spin-crossover constitutes a rare example of a two-state reactivity, which is key for
enabling the reaction at room temperature. The regioselective behavior of Iq ring-opening is found to be due to electronic effects,
where the aromatic resonance of the bicycle is maintained during the key CC coupling event.

■ INTRODUCTION

Activating and ultimately breaking the strong bonds present in
N-heterocycles such as pyridine, quinoline, lutidine, bipyridine,
and imidazoles1−9 is a significant challenge. Being able to
efficiently and selectively break these bonds will ultimately
allow for improving industrial processes like hydrodenitrogen-
ation (HDN)1,2 and hydrotreating (HT)3 that are essential for
refining oil and petrochemicals. Generally, the treatment of
petroleum-based feedstocks involves processes that are largely
optimized for removing more abundant contaminants that carry
sulfur and oxygen. As a result, currently available technologies
for the removal of compounds containing nitrogen are less
efficient.1 In part, this is due to the inherent strength of
aromatic C−N bonds that often call for harsh conditions when
converting N-heterocycles to hydrocarbons and ammonia, for
example. Typical reaction conditions for HDN involve up to
2000 psi of H2 and temperatures of 300−500 °C using poorly
defined heterogeneous catalysts based on NiMo/Al2O3 or
CoMo/Al2O3.

2,4 Thus, a methodology that can predictably
denitrogenate or hydrodenitrogenate common petrochemical
impurities with minimal energy input is highly sought after.
One promising entry to understanding denitrogenation or ring-

opening of N-heterocycles under mild conditions is studying
transition metal complexes that enable C−N bond activation in
a homogeneous environment, with the goal of developing a
clear picture of how such strong bonds can be broken,
especially in a regioselective fashion.
Currently, there are five recognized ways, as enumerated in

Scheme 1, by which a well-defined metal complex can activate
and split the C−N bond in aromatic N-heterocycles: (eq 1)
HDN and hydrogenolysis of pyridine with Rh catalysts, CO,
and H2O,

5 (eq 2) C−H bond activation of 1-methylimidazole
followed by insertion into another imidazole,6 (eq 3) reductive
splitting of the pyridine by low-valent metal centers,7 (eq 4)
ring-opening metathesis of pyridine with a metal−carbon triple
bond,8 and (eq 5) reduction of the C−N bond of a pre-
assembled substituted pyridine followed by migratory insertion
of an alkyl or hydride ligand.9 Surprisingly, well-defined
complexes that can break the C−N bond in fused, bicyclic
N-heterocycles such as quinoline (Q) and isoquinoline (Iq)
have not been reported (Scheme 2). Although Q and Iq are
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known to bind to metal complexes and become dearomatized,
there is no documented case of C−N bond cleavage of this
substrate class, which is understandable since these are some of

the most difficult impurities to activate in industrial HDN and
HT processes. To overcome these limitations, heterogeneous
catalysts must be treated under high pressure of H2 (80−120
atm) and forcing conditions (340−380 °C) to produce NH3

and hydrocarbons.9 Combining some key steps in eqs 2, 3, and
5 in Scheme 1, we now demonstrate that the C−N bonds of Q
(N1−C2) and Iq (N2−C1) can be activated and cleaved at room
temperature. Spectroscopic and structural characterizations of
the products that were prepared by splitting and functionalizing
these heterocycles are reported, and the mechanism for this
unprecedented transformation is proposed on the basis of

Scheme 1. Five Different Examples of Homogeneous Models That Can Split the N−C Bond in Pyridine or 1-Methylimidazole

Scheme 2. Diagram and Atom Labeling in Quinoline (Q)
and Isoquinoline (Iq)

Scheme 3. Synthesis of Complexes 1 and 2 from the Precursor (PNP)TiCHtBu(CH2
tBu) and 2 Equiv of Qa

aShown in the reaction is the use of the 1-octene complex (PNP)Ti(CH2
tBu)(η2-H2CCHnHex)] with 2 equiv of Q under thermolytic conditions

to produce 1 along with other side products. The ligand PNP has been simplified for clarity.
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computational molecular modeling studies supported by a
series of experiments. These studies suggest that an analogous
transformation should also be possible for the ring-opening and
coupling of pyridine (Py), and this prediction was fully
confirmed.

■ RESULTS AND DISCUSSION

When the complex (PNP)TiCHtBu(CH2
tBu) is treated with

2 equiv of Q in cyclohexane over 48 h at 25 °C, we observe a
color change from green to dark brown with the formation of 2
equiv of H3C

tBu along with the spectroscopic observation of
two titanium products in a 3:1 ratio based on the 31P{1H}
NMR spectrum (25.2 and 21.2 ppm, 2JPP = 64 Hz; 40.0 and
32.5 ppm, 2JPP = 56 Hz).10 Purification of the major product
was accomplished in 46% yield by washing the crude solid with
copious amounts of chilled (−35 °C) n-pentane. Both 1H and
31P NMR spectra indicated the presence of a small impurity
(∼2% after purification), which we have been unable to
identify. We propose the major product to be the ring-opened
and coupled Q product (PNP)TiN[C18H13N] (1) on the
basis of a combination of multinuclear and multidimensional
NMR spectroscopic studies (Scheme 3). For instance, the 1H
NMR spectrum of 1 displays resonances at 6.05 ppm (d, 3JHH =
8.1 Hz), 5.57 ppm (virtual t), and 4.93 ppm (d, 3JHH = 6.7 Hz),
which were all confirmed to be carbon-bound based on the
1H−13C HSQC (both coupled and decoupled) NMR
spectroscopic experiment. One of the small 3JHH values implies
cisoid orientation of at least two hydrogens in the olefinic
residue. In the 1H−13C HSQC NMR spectrum of 1, the 1JCH
for the olefinic resonances of 1H (13C) at 6.05 (116.9) ppm,
5.57 (120.1) ppm, and 4.93 (84.4) ppm were found to be 169,
154, and 161 Hz, respectively. These coupling constants are

indicative of these carbons having significant sp2 character.
Taken together, the NMR studies suggest that the ring opened
carbon chain likely contains a [CCHCHCHC]
linkage with one transoid and two cisoid hydrogens, as
shown in the NMR spectrum in Figure 1. The 1H and
31P{1H} NMR spectra of 1 reveal the presence of a C1-
symmetric species in solution. The spectroscopic observation of
Q residues at 6.65−7.32 ppm as well as pyridine-like
resonances clearly indicate the presence of a ring-opened Q
residue that has coupled to another Q.
Scheme 3 depicts some probable resonances for 1 where the

titanium center could be construed as low-valent with a
chelated ketimide-quinoline (canonical form 1a), or a titanium-
(IV) with an arylimide ligand tethered with a quinolinide group
(canonical form 1b). Regardless of which resonance structure is
more representative, a diene linker unites the Q motif to the
ring-opened residue. Under Xe light (250−385 nm), complex 1
gradually converts over 16 h to a new species 2, which is readily
observed in both the 1H and 31P{1H} NMR spectra and
isolated in 49% yield. By comparing the 31P{1H} NMR spectra,
complex 2 can be identified as the second species formed in the
mixture resulting from (PNP)TiCHtBu(CH2

tBu) and 2
equiv of Q in the presence of light. Whereas 1 lacks the
diagnostic NH resonance, complex 2 clearly shows this feature
at 8.14 ppm in the 1H NMR spectrum (bottom right of Figure
1). Of note, such a singlet resonance in 2 is not carbon-bound,
according to the 1H−13C HSQC (decoupled) NMR spectrum.
In addition to the NH feature, the 1H NMR spectrum displays
two vinylic hydrogen resonances at 4.90 (d) and 3.61 ppm (s).
Notably, heating 2 in C6D6 over 1 day at 50 °C promotes an
intramolecular α-hydrogen abstraction to regenerate 1 (Scheme

Figure 1. Left: Molecular structure of 2 displaying thermal ellipsoids at the 30% probability level. Solvent (THF), iPr, and H-atoms, with the
exception of α- and olefinic hydrogens, have been omitted for clarity. Selected bonds lengths (Å) and angles (°): Ti(1)−N(1), 2.107(2); Ti(1)−
N(2), 1.973(2); Ti(1)−N(3), 2.104(2); Ti(1)−C(34), 2.158(3); N(2)−C(27), 1.359(3); C(27)−C(32), 1.427(4); C(32)−C(33), 1.444(4);
C(33)−C(34), 1.352(4); C(34)−C(35), 1.423(4); C(35)−C(36), 1.360(5); C(36)−N(3), 1.420(4); Ti(1)−P(1), 2.5752(9); Ti(1)−P(2),
2.6074(9); P(2)−Ti(1)−P(1), 149.80(3); P(1)−Ti(1)−N(1), 74.54(6); P(1)−Ti(1)−N(2), 94.56(7); P(1)−Ti(1)−N(3), 95.93(7); P(1)−Ti(1)−
C(34), 91.32(9); P(2)−Ti(1)−N(1), 75.26(6); P(2)−Ti(1)−N(2), 85.61(7); P(2)−Ti(1)−N(3), 95.87(7); P(2)−Ti(1)−C(34), 118.32(9);
N(1)−Ti(1)−N(2), 90.56(9); N(1)−Ti(1)−N(3), 113.03(9); N(1)−Ti(1)−C(34), 162.56(10); N(2)−Ti(1)−N(3), 156.00(9); N(2)−Ti(1)−
C(34), 80.25(11); N(3)−Ti(1)−C(34), 77.99(11). Right: Expanded 1H NMR spectra of 1 (top) and 2 (bottom).
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3), thus implying the latter to be the thermodynamic product as
opposed to the kinetic product 2.
Despite not being able to obtain definitive structural

information for 1, single crystals of 2 could be collected from
THF/n-pentane cooled to −35 °C over several weeks. Figure 1
shows the solid-state structure of 2 clearly revealing a pseudo-
octahedral titanium center with two nearly orthogonal pincer
scaffolds, PNP and NCN. The structure also shows how one Q
molecule has been ring-opened and coupled to another Q
residue. The asymmetric pincer NCN scaffold resulting from
this transformation possesses two fused 5- and 6-metallacycles.
Metrical parameters reveal that the anilide contains a very short
Ti(1)N(2) bond of 1.973(2) Å, which suggests multiple
bond character and distinguishes it from the arylamide, where
bond lengths of 2.107(2) and 2.104(2) Å for Ti(1)N(1) and
Ti(1)N(3), respectively, were found. Although the TiN
distances imply a canonical resonance 2a (Scheme 3), the C
C bonds linking C32 to C36 are all quite short (1.35−1.44 Å),
suggesting altering/conjugated CC and CC bonds.
A proposed set of intermediates leading to 1 are shown in

Scheme 3. Initial α-hydrogen abstraction in (PNP)Ti
CHtBu(CH2

tBu) results in the formation of the alkylidyne
[(PNP)TiCtBu] (A), which dehydrogenates the solvent
(cyclohexane) by virtue of 1,2-CH bond addition to form
[(PNP)TiCHtBu(C6H11)] (B) and β-hydrogen abstraction
steps to form species [(PNP)Ti(CH2

tBu)(η2-C6H10)] (C).11

Unlike Py and picoline, which readily undergo [2+2]-
cycloaddition across the alkylidyne ligand in A,8 the more
hindered Q does not react, therefore allowing dehydrogenation
of the solvent medium to take place instead. We propose that
dissociation of cyclohexene from C produces the low-valent
and unsaturated complex [(PNP)Ti(CH2

tBu)] (D),12 which
then activates, ring-opens, and couples two Q molecules to
ultimately produce 1. To probe whether an intermediate such
as D (or the olefin adduct C) is activating Q, we prepared a

more stable olefin complex, [(PNP)Ti(CH2
tBu)(η2-H2C

CHnHex)],11 from n-octane dehydrogenation via A, as a
mixture of two diastereomers (Scheme 3). As shown in Scheme
3, such species reacts slowly with 2 equiv of Q to form 1, 1-
octene, and H3C

tBu, but this reaction is not clean and produces
other titanium products. This result implies that a low-valent
Ti(II) organometallic reagent (species such as C or the olefin-
free species D) is responsible for the activation and ring-
opening of the N-heterocycle. The stability of [(PNP)Ti-
(CH2

tBu)(η2-H2CCHnHex)] versus C to olefin loss might
provide an explanation for why formation of 1 is not as clean in
the case of the 1-octene adduct.
To understand how the N-heterocycle ring-opening takes

place, we constructed a quantum chemical molecular model
based on density functional theory. Special focus was given to
the regioselectivity in the reaction with Iq, as is highlighted
below. The ring-opening reaction likely begins with the
formation of the Ti-alkylidyne intermediate A, which we
studied extensively in previous work.8 Thus, we begin the
mechanistic investigation with intermediate C, the coordina-
tively unsaturated Ti-alkyl complex that is ready to bind the N-
heterocyclic substrate.

Quinoline (Q) Ring-Opening. The calculated reaction
energy profile of the ring-opening of Q is shown in Figure 2.
The reaction begins with the extrusion of the cyclohexene from
C followed by addition of the substrate Q to the activated
catalyst (PNP)Ti(CH2

tBu) (D), which forms the reactant
complex Q1 consisting of a Ti(II)-d2 center that may adopt a
low-spin singlet or a high-spin triplet configuration. Intuitively,
the high-spin state is expected to be lower in energy given that
the low-valent Ti(II) is surrounded by ligands that create a
medium to weak ligand field. In good agreement with this
plausible view, our calculations suggest that the high-spin
complex 3Q1 is 11.8 kcal/mol lower in energy than its low-spin
analogue 1Q1. As illustrated in Figure 2 in black, the high-spin

Figure 2. Free energy profile for the ring-opening of quinoline starting from D. Blue and black traces represent the singlet and triplet energy surfaces,
respectively.13
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states stay lower in energy and, therefore, are dominant during
the early phase of the reaction. The ring-opening is initiated by
proton transfer from the C2 position of Q to the alkyl moiety,
−CH2

tBu, followed by dissociation of neopentane to give Q3. A
second equivalent of Q binds to the 5-coordinate Ti center in
Q3 to afford intermediate Q4, which displays an interesting
coordination geometry. As illustrated in Figure 3, the imino-

carbanionic fragment binds in an η2-fashion to form a
titanoaziridine moiety. This three-membered metallohetero-
cycle is highly strained and occupies one of the equatorial
binding sites of a trigonal bipyramidal geometry, where the P−
Ti−P vector defines the main axial direction. It is this ring-
strain that drives the next step of the reaction and leads to the
C−C bond formation between two Q rings traversing the
transition state Q4-TS. Unlike the other species encountered
thus far, the triplet state of this transition state 3Q4-TS is
located at a relative free energy of 18.5 kcal/mol, which is 12.2
kcal/mol higher than the low-spin singlet analog 1Q4-TS. The
barrier of C−C bond formation would be 40.1 kcal/mol on the
high-spin energy surface. A barrier of this magnitude cannot be
overcome at realistic conditions. But if the 3Q4 intermediate
undergoes intersystem crossing to access the low-spin singlet
transition state 1Q4-TS, the barrier becomes 27.9 kcal/mol.
This result indicates that the most viable mechanism involves a
“two-state reactivity” (TSR).14 Interestingly, we found a rare
example of a TSR where there are two spin-crossover events
during C−C coupling: The reactant and product both prefer
the high-spin states, but the lowest energy transition state is in
the low-spin-state manifold, as illustrated in Figure 2.
The double spin-crossover during C−C bond formation is

exceedingly difficult to test experimentally, as the spin-crossover
transition state has by definition no detectable lifetime. But our

computer model highlights that it is the intrinsic flexibility of
the electronic structure of the Ti(II) center that leads to low-
energy barriers in the mechanism. We also considered the
possibility that the double spin-crossover is a computational
artifact and may be caused by the systemic problems of density
functionals, and we tested various commonly used functionals
(see the Supporting Information). Although the energy values
change notably, the overall conclusion that the double spin-
crossover is energetically plausible remains valid in all cases.
In order to better understand the transient reversal of the

spin-state energy ordering, we examined the required changes
in bonding. As conceptualized in Figure 4, the CC bond

formation leads to a substantial shift in charges. The second
equivalent of Q acts as a Lewis acid and is nucleophilically
attacked by the first equivalent of deprotonated Q. To enable
such an attack, the π-electron from the CN moiety must be
localized on the nitrogen, thus creating a carbon center with
increased positive partial charge, which can be attacked, while
turning the N-donor site to an amido functionality. This
electron density distortion has a profound effect on the bond
lengths in the titanium pincer complex and Q. The bond length
of TiN2 in 3Q4-TS is 1.979 Å, which is 0.18 Å shorter than
3Q4. This notable change of bond lengths reflects on the
nucleophilic attack mentioned above. In the 3Q4 intermediate,
the d-orbitals adopt the ordering according to a trigonal-
bipyramidal geometry, which has low-lying dxz and dyz orbitals,
as shown in Figure 4. Although intermediate 3Q4 is not
rigorously in a trigonal-bipyramidal geometry due to the steric
repulsion between the PNP ligand and the benzo-structure in
Q, the idealized d-orbital splitting shown in Figure 4 is
instructive and plausible for the triplet 3Q4 intermediate.
During the CC bond formation associated with the transition
state 3Q4-TS, the pyridyl-N group becomes an amido ligand,
which leads to a substantial destabilization of the dyz orbital and
triggers the spin-pairing, as illustrated in Figure 4. As a result,
3Q4-TS is 11.9 kcal/mol higher in energy than 1Q4-TS. After
the CC bond formation is complete, the geometry relaxes,
the charges are more uniformly distributed in the ligand system,
and the triplet product 3Q5 is again 7.7 kcal/mol lower in
energy than its singlet analogue 1Q5. With this d-orbital

Figure 3. Optimized structures of 3Q4, 1Q4-TS, 3Q4-TS, and 3Q5.
Non-essential atoms have been omitted for clarity.

Figure 4. Conceptual d-orbital splitting diagram of [Ti] complex.
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splitting concept in hands, we examined the FMOs of the 3Q4
and the 3Q4-TS to validate our hypothesis (Figure S4). The
energy difference of SOMOs indicate that 3Q4-TS has more d-
orbital splitting compared with 3Q4, which is in line with our
hypothesis.
The CC coupled intermediate ligand, anchored to the Ti-

center in a bidentate fashion in the 3Q5, is severely strained,
and the structural stress may be released by a ring-opening step
traversing 3Q5-TS with a relatively low barrier of 16.4 kcal/mol.
The immediate product of this step is the Ti-imido complex

Q6 and the stronger ligand field that the formally anionic ligand
presents to Ti leads to another spin-crossover into the low-spin
manifold. We found that the singlet intermediate 1Q6 is 8.6
kcal/mol lower in energy than the triplet state 3Q6.
Isomerization of the cisoid butadiene fragment to the transoid
butadiene followed by proton transfer gives the final product
complex Q8, as illustrated in Figure 2. As mentioned above, 1H
NMR and 31P NMR spectroscopic data are consistent with two
isomers or possibly tautomers being present in solution. We
propose that the two species observed in solution are 1Q7 and
Q8. Note that what we label Q7 for convenience of describing
the computed mechanism is product 1, and Q8 is 2. Whereas
our calculations predict that Q7 will prefer the singlet, low-spin
state, the two spin states in Q8 are only 3.6 kcal/mol apart
energetically, and they may exist in an equilibrium of both spin
states.
Regioselective Isoquinoline (Iq) Ring-Opening. To

gain further insight into the mechanism of how complex 1 is
formed, we explored the isomeric N-heterocycle Iq with
(PNP)TiCHtBu(CH2

tBu). When complex (PNP)Ti
CHtBu(CH2

tBu) is dissolved in cyclohexane and 2 equiv of
Iq is added, a gradual color change from green to dark brown
takes place over a period of 36 h at 25 °C. Examination of the
volatiles reveals clean formation of cyclohexene, whereas
crystallization of the solid results in an isomeric form of
complex 1 that we could isolate, namely compound 3 in 59%
yield (Scheme 4). 1H, 31P{1H}, and 13C{1H} NMR spectral

data are consistent with species 3 having C1 symmetry.
Diagnostic features in the 1H NMR spectrum shown in Figure
5 (right) are the presence of olefinic residues at 5.72 ppm (s),
in addition to two other distinct doublets further downfield
shifted at 7.38 and 6.38 ppm (3JCH ≈ 6 Hz), respectively. The
doublet at 7.38 ppm was correlated to a highly downfield-
shifted carbon resonance at 142.3 ppm implying this vinylic
carbon to be bound to the imide-like nitrogen.7,15,16 In contrast,
the singlet resonance at 5.72 ppm in the 1H NMR
spectroscopic trace was correlated to a carbon resonance at

78.2 ppm, whereas the doublet at 6.38 ppm was correlated to
carbon resonance 112.4 ppm. The 31P{1H} NMR spectrum
displayed a pair of doublets (23.88 and 21.87 ppm, 2JPP = 64
Hz) in accord with only one species being produced. Given the
complexity of the multinuclear NMR spectra for 3, we
successfully collected elemental analysis on crystals and X-ray
diffraction data on a small single crystal grown from n-pentane
at −35 °C. Such a small crystal of dimensions 0.09 × 0.04 ×
0.01 mm3 was exposed to synchrotron radiation,10 and Figure 5
(left) displays the solid-state structure of 3, clearly revealing the
presence of a short TiN bond (1.737(8) Å) having a
tethered group that is essentially conjugated. One notable
feature in the structure of 3 is the site of ring-opening in the Iq
which is regiospecific and occurs at the most hindered N2C1
site whereas coupling of a second Iq is also selective at the C1
position. Judging from the shorter Ti−C(35) (2.301(8) Å) and
Ti−C(36) (2.512(8) Å) distances, the coupled Iq moiety could
be construed as an imide tethered to a dearomatized and
conjugated isoquinolinide denoted as 3a in Scheme 4 or, less
likely, as a Ti(II) ketimide tethered to a neutral isoquinoline
group, depicted as resonance 3b. As shown in Figure 5, the Iq
motif is bound to the titanium center in an η3-fashion that
includes the imido functionality. Since the C−N and C−H
activation of Iq took place exclusively at the C1 position
(Scheme 2), there is no longer a vulnerable vinylic C−H bond
proximal to the imide moiety at the C6 position of Iq, and as a
result, we propose this feature to be the main reason why 3
does not have an NH isomeric form akin to 2.
Structurally, the main difference between the two N-

heterocycles is that Iq has two neighboring C−H fragments
at the C1 and C3 positions, whereas Q only has one such
neighbor at the C2 with the C6-position being a bridgehead
carbon of the bicycle. The ring-opening reaction is initiated by
substrate binding followed by deprotonation of the neighboring
C−H moiety, as mentioned above. When Q is used as the
substrate, there is only one possible site for the deprotonation
to occur, but there are two C−H groups that may be
deprotonated in Iq. Experimentally, only C3-deprotonation is
observed, but it is not clear what determines this regioselective
behavior. Figure 6 shows the computed reaction energy profile
for the ring-opening reaction of Iq. As discussed above for Q,
both the high-spin triplet and low-spin singlet states are
considered, anticipating that spin-crossover may become
important in this case also. Overall, the triplet-state
intermediates dominate again, and spin-crossover plays a role,
but to a much less pronounced extent.
Since the conversion of (PNP)TiCHtBu(CH2

tBu) and Iq
to 3a is clean, we monitored the reaction at 27 °C via 31P NMR
spectroscopy. It was found that the rate of conversion was
independent of Iq concentration (using 5 equiv of Iq, k = 6 ×
10−5 s−1; using 50 equiv of Iq, k = 8 × 10−5 s−1) and that the
rate followed pseudo-first-order kinetics akin to what we
observe for the conversion of (PNP)TiCHtBu(CH2

tBu) to
(PNP)TiCHPh(Ph) in C6H6 via intermediate A (k = 6.5 ×
10−5 s−1 at 27 °C). These results suggest that formation of A is
overall rate-determining, and that the activation, ring-opening,
and coupling of Iq are post rate-determining. Monitoring the
reaction does not reveal any intermediates, and it is consistent
with formation of A being the bottleneck of the reaction.
The general pattern of the mechanism for the Iq ring-

opening reaction is analogous to that found for Q, but
significant differences are found. Initial binding of Iq to the
Ti(II) center followed by deprotonation leads to the

Scheme 4. Synthesis of Complex 3 from (PNP)Ti
CHtBu(CH2

tBu) and Iqa

a[Ti] represents the fragment (PNP)Ti.
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titanoaziridine intermediate 3I2, which binds another equivalent
of Iq in preparation for the CC coupling step. It is at this
step where the two mechanisms diverge. Instead of undergoing
CC bond formation, the two Iq units in the intermediate 3I4
exchange a proton to afford the tautomer 3I5. This step is
associated with a barrier of 25.8 kcal/mol and affords a
titanoaziridine system where the CN bond has been
switched from C3N position in 3I4 to C1N in 3I5.
As will be explained below, direct deprotonation of the C1−

H is not possible, and this indirect path to tautomerization is
required. Following a trivial rotation of the Iq moiety,
intermediate 3I6 is finally ready to undergo C−C coupling
traversing the transition state 3I6-TS at a relative free energy of
5.9 kcal/mol to give a barrier of 30.3 kcal/molthis is the
highest barrier encountered in this reaction and is a contender
for being the rate-determining step. Interestingly, the
intersystem crossing into the singlet spin manifold that was
observed for the reaction of Q is not found in this case (vide

inf ra). Instead, the spin-crossover into the singlet spin surface
occurs in the next step, where the C−C coupled intermediate
3I7 undergoes ring-opening to produce the final product
complex 1I8. In previous studies, the generation of the
alkylidyne intermediate A was consistently found to be rate
determining with calculated barriers being ∼30 kcal/mol. A
kinetics study of the Iq reaction showed no dependence on the
concentration of Iq, thus, suggesting that the rate-determining
step is the formation of the initial alkylidyne A.
Two questions about this proposed mechanism deserve

special attention: (i) The experimentally observed regio-
selectivity is directly connected to the deprotonation events,
and we found a reaction sequence where the C1−H is removed
first followed by a tautomerization that removes the C3−H.
Why is the C3−H not removed directly? (ii) The C−C
coupling step is regioselective and only gives C1−C1′ coupled
products. What is the reason for this selectivity?

Figure 5. Left: Molecular structure of 3 displaying thermal ellipsoids at the 30% probability level. iPr and H-atoms, with the exception of α- and
olefinic-hydrogens, have been omitted for clarity. Right: Expanded 1H NMR spectrum of 3.

Figure 6. Free energy profile for the ring-opening of Iq.13
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Figure 7 compares the deprotonation of Iq at the C1−H with
that at the C3−H positions. First, substrate binding to the

Ti(II) center affords two possible conformers, 3I1 and 3I1′, that
are nearly isoenergetic, but where either the C3−H or C1−H
points toward the neopentyl functionality for deprotonation.
Interestingly, our calculations suggest that the deprotonation of
C1−H is kinetically notably more difficult with a barrier of 26.9
kcal/mol, shown in red in Figure 7, compared to the removal of
the proton from the C3−H position, which only requires 19.0
kcal/mol. This decisive regioselectivity is interesting and is the
first suggestion that the mechanism does not involve direct
deprotonation of the C1−H. Instead, C3−H is deprotonated
first, followed by tautomerization to remove the C1−H and
then complete the ring-opening at the C1-position.
To understand the high energy of 3I1′-TS associated with

the direct deprotonation of C1−H, a fragmentation analysis was
performed for 3I1-TS and 3I1′-TS. The transition states are
deconstructed into their chemically meaningful fragments: the
[Ti]-neopentyl and the Iq units. By comparing the energies of
these fragments, we can deduce how these fragments in 3I1-TS
and 3I1′-TS compare to each other energetically. Then, we let
the fragments interact with each other and compare the
interaction energies. As illustrated in Figure 8, these energy
terms allow for understanding whether the ultimate energy
difference comes from structural distortions that the substrate
or metal-complex undergoes to reach the transition state or if
there is a difference in how the substrate interacts with the
metal-complex. Only the electronic energy is considered
because the changes in entropies and solvation energies are
comparable and do not cause the observed difference. The
overall electronic energy difference is 7.7 kcal/mol, and, as
shown in light blue and light red, the structural distortion
energies of the metal complex and Iq are 1.0 and 2.8 kcal/mol,
respectively. The interaction energy difference is 3.8 kcal/mol
and contributes the main energy difference. In 3I1′-TS the
fragments are more distorted and the interaction is weaker than
in 3I1-TS, because the C1−H is more hindered than the C3−H.
For the C1−H deprotonation to occur, the Iq substrate must
adopt a geometry where significant steric repulsion between the

Iq and the Ti complex cannot be avoided, more specifically the
neopentyl moiety of the Ti-complex causes a significant steric
clash with the Iq substrate. This intuitively understandable,
albeit slightly complicated reason is responsible for the C3−H
deprotonation, followed by the tautomerization and the ring-
opening, as discussed above.
The intermediates 3I5 and 3I6 were then studied to

rationalize the regioselective C−C coupling that leads to the
final product. Figure 9 shows the reaction energy profiles for

the C−C bond formation of the two conformers and reveals
that 3I6-TS is 7.8 kcal/mol lower in energy than 3I5-TS.
Inspecting the Lewis structure representations of the transition
states, we hypothesize that the barrier is strongly affected by
whether or not the aromaticity of the phenyl moiety in the
bicycle is lost during C−C bond formation. In 3I5-TS and 3I7′,
one of the Iq units loses its aromaticity, whereas it remains
aromatic in 3I6-TS and 3I7, as illustrated in Figure 9. To
substantiate our hypothesis, we carried out a fragmentation
analysis on 3I7 and 3I7′. The energy components shown in

Figure 7. Energy profiles of the deprotonation for both isomers; black:
deprotonation at C3; red: deprotonation at C1.

Figure 8. Single point-energy calculations for the fragments and
interaction energy of 3I1-TS and 3I1′-TS.

Figure 9. Energy profile of possible pathways for the C−C bond
formation and the ring-opening of Iq. black, C−C bond formation
with C1; red, C−C bond formation with C3.
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Figure 10 paint a picture that is very consistent with our
hypothesis: The overall electronic energy difference of 15.8

kcal/mol originates mostly from the energy difference of the
C−C bond linked Iq fragments. The calculated energy
difference of 18.4 kcal/mol is consistent with the energy
difference of a conjugated, cyclic polyene vs an aromatic 6-
membered ring. Thus, the loss of aromaticity in the fused
phenyl moiety that is necessary for the C1−C3′ coupling acts as
a deterrent for this pathway, which is sterically more favorable,
and leads to an exquisite regioselectivity for the C1−C1′
coupling.
Ring-Opening of Pyridine (Py): [2+2]-Cycloaddition

versus C−H Activation and C−C Coupling. Having
proposed how a low-valent titanium species such as D is
responsible in the C−H activation and coupling of Q and Iq,
we turned our attention to exploring the chemistry of such
fragment with Py. Since kinetics appears to be a key feature of
why the alkylidyne A does not react with Q and Iq via [2+2]-
cycloaddition, we investigated the reactivity of a synthon to the
Ti(II) fragment D. As shown in Scheme 5, treating the olefin
(PNP)Ti(CH2

tBu)(η2-H2CCHnBu)11 with Py at 25 °C over
48 h resulted in formation of a new species we assign to be
(PNP)TiN[C10H9N] (4) on the basis of 1H, 13C{1H}, and
31P{1H} NMR spectroscopy and solid-state X-ray diffraction
studies (vide inf ra). Although the 1H NMR spectrum is

broadened, the 31P{1H} NMR spectrum reveals formation of 4
accompanied by another species in 10% that could not be
characterized unambiguously. The 13C{1H} NMR spectrum
displays five resonances of the [NCHCHCHCH
CH] linkage at 148.0, 121.1, 109.4, 112.8, and 86.8 ppm, which
were correlated in the 1H−13C HMQC NMR spectrum to the
1H NMR trace with resonances at 7.24, 6.68, 5.65, 4.88, and
4.65 ppm, respectively. A solid-state structure confirmed the
proposed connectivity in 4 (Figure 11), which could be
construed as an imide tethered by a diene group to a reduced
pyridyl motif (4a), a ketimide with a coordinated and anionic
pyridyl group (4b), or a Ti(II) fragment having a ketimide
group tethered with a diene group to a neutral pyridyl (4c)
among other less likely resonance forms. Our molecular
structure is more consistent with resonances 4a and 4b
shown in Scheme 5, given the short Ti(1)N(2) bond of
1.808(2) Å (imido like). The solid-state structure of 4 also
reveals a conjugated chain of five CH groups connecting the
imide and pyridyl moieties, where four of them are oriented in a
cisoid fashion. We propose this same type of orientation to be
present in the structure of 1. Evidence for reduction of the
pyridyl group stems from the slightly shorter Ti(1)N(3)
distance of 2.183(2) Å when compared to the longer dative
TiN average distance (∼2.25 Å) in Ti(IV) pyridine
adducts.17 Overall, Figure 11 unambiguously confirms a new
mode for ring-opening and coupling of pyridine, akin to what
we proposed for the ring-opening of Q in the formation of 1.
As indicated in Scheme 5, formation of 4 most likely

traverses 1-hexene dissociation in (PNP)Ti(CH2
tBu)(η2-

H2CCHnBu) to form D, followed by binding of a pyridine
to form [(PNP)Ti(CH2

tBu)(pyridine)], which undergoes C−
H activation to form the pyridyl [(PNP)Ti(η2-NC5H4)] and
H3C

tBu. Binding of another pyridine ligand would then form
[(PNP)Ti(η2-NC5H4)(pyridine)], which undergoes coupling
via a migratory insertion to form the monohydrobipyridyl
intermediate [(PNP)Ti(NC5H4NC6H5)]. The latter species
undergoes ring-opening by the low-valent titanium(II) to
ultimately form 4. This mechanism is fully analogous to the
computed ring-opening mechanisms of Q and Iq described in
detail above.
Realizing that A would compete for pyridine vs cyclohexane

dehydrogenation, we explored an independent synthesis of 4
using the alkylidyne precursor (PNP)TiCHtBu(CH2

tBu).
We found that treating the alkylidyne synthon (PNP)Ti
CHtBu(CH2

tBu) with a 1:1 mixture of pyridine and cyclo-
hexane (∼0.5 mL of each) over 48 h resulted in quantitative
formation of the previously reported ring-opened azametalla-
bicyclic product (PNP)Ti(η1:η2-NHC4H4CC

tBu)8 from [2+2]-

Figure 10. Single point-energy calculations for the fragments and
interaction energy of 3I7 and 3I7′.

Scheme 5. Ring-Opening and Coupling of Pyridine to Form 4 by a Ti(II) Synthon along with a Proposed Pathway to Its
Formation
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cycloaddition of pyridine across the TiC bond in A. Under
these conditions, we found no evidence of cyclohexane
dehydrogenation and formation of transient D. As expected,
binding of pyridine to A is much more favored over a σ-
complex such as cyclohexane. When the same experiment was
performed using a 1:1 mixture of pyridine and benzene, we
observe (PNP)Ti(η1:η2-NHC4H4CC

tBu) along with some C−
H activation of the arene, namely (PNP)TiCHtBu(C6H5)
(4:1),8b also suggesting that pyridine binds preferentially to A
over a π or σ coordination by benzene. However, performing
the same reaction using a much lower stoichiometry of pyridine
(3 equiv of pyridine to titanium in ∼3 mL of cyclohexane)
resulted in formation of (PNP)Ti(η1:η2-NHC4H4CC

tBu) along
with 4 in a 2:1 ratio based on the 31P{1H} NMR spectrum
(Scheme 5 and Figure 11). Scheme 6 illustrates how the
(PNP)Ti(η1:η2-NHC4H4CC

tBu) and 4 are formed when
pyridine is used in a 3:1 ratio with the alkylidyne precursor
(PNP)TiCHtBu(CH2

tBu).

Since cyclohexane is present as virtually the solvent medium,
dehydrogenation of such hydrocarbon by A occurs compet-
itively with binding of pyridine to form [(PNP)TiCtBu-
(pyridine)], a species that undergoes [2+2]-cycloaddition, ring-
opening, and H-atom migration to form (PNP)Ti(η1:η2-
NHC4H4CC

tBu).8b Dehydrogenation of cyclohexane produces
D and cyclohexene via B and C, where 2 equiv of Py most

likely becomes activated by the Ti(II) fragment to form 4 and
H3C

tBu following a set of similar steps proposed previously in
Scheme 5.

■ CONCLUSION

We discovered that the low-valent (PNP)Ti(II)-alkyl complex
is capable of ring-opening aromatic N-heterocycles under mild
conditions. By fully integrating computational and experimental
tools of mechanistic inquiry, we were able to construct a
complete mechanism that is in full agreement with
experimental observations and provides a detailed under-
standing of each of the steps in this reaction. We propose the
rate-determining step for this reaction to be the formation of A.
The ring-opening is facilitated by deprotonation in the ortho
position to the nitrogen to form a titanoaziridine complex,
which attacks a second equivalent of the heterocycle bound to
the metal center in a nucleophilic fashion. The resulting C−C
coupled product is structurally strained and undergoes ring-
opening in an effort to minimize that structural strain. The
deprotonation and C−C coupling are stereoselective, and we
found a double spin-crossover mechanism at the C−C coupling
step of quinoline ring-opening, which constitutes a rare
example of a two-state reactivity where a high-spin intermediate
undergoes intersystem crossing to a low-spin transition state
and falls back into a high-spin product complex, with the overall
effect of significantly lowering the likely rate-determining
barrier of the reaction. The experimentally observed regio-
chemistry when isoquinoline is used cannot be explained
simply by considering steric factors, as the sterically more
challenging C1−H is functionalized. Our calculations teach us
that the C3−H is initially deprotonated, but the complex
tautomerizes to exchange a proton between two isoquinoline
ligands to afford the experimentally observed regiochemistry.
The energetics of the C−C coupling step in isoquinoline is
controlled by the aromaticity of the fused phenyl moiety, which
leads to a substantial degree of energetic control over the
reaction. The computational study suggested that pyridine ring-
opening should also be possible, and subsequent experiments
showed that this is indeed the case. These studies provide a first
example of a highly selective ring-opening reaction of a

Figure 11. Left: Molecular structure of 4 displaying thermal ellipsoids at the 30% probability level. Solvent (toluene), iPr, and H-atoms, with the
exception of α- and olefinic-hydrogens, have been omitted for clarity. Right: 31P{1H} NMR spectra of 4 [top: (PNP)TiCHtBu(CH2

tBu) with 3
equiv of Py in cyclohexane, bottom: (PNP)Ti(CH2

tBu)(η2-H2CCHnBu] with Py: red, 4; blue, (PNP)Ti(η1:η2-NHC4H4CC
tBu); green,

unidentified product.

Scheme 6. Divergent Pathways to Py Ring-Opening and the
Independent Synthesis of 4 via Alkylidyne A
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heterocycle containing a bicyclic skeleton under mild
conditions.
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(14) (a) Schröder, D.; Shaik, S.; Schwarz, H. Acc. Chem. Res. 2000,
33, 139. (b) Poli, R.; Harvey, J. N. Chem. Soc. Rev. 2003, 32, 1.
(15) (a) Lentz, M. R.; Fanwick, P. E.; Rothwell, I. P. Chem. Commun.
2002, 2482. (b) Bonanno, J. B.; Veige, A. S.; Wolczanski, P. T.;
Lobkovsky, E. B. Inorg. Chim. Acta 2003, 345, 173.
(16) (a) Basuli, F.; Bailey, B. C.; Watson, L. A.; Tomaszewski, J.;
Huffman, J. C.; Mindiola, D. J. Organometallics 2005, 24, 1886.
(b) Bailey, B. C.; Fout, A. R.; Fan, H.; Tomaszewski, J.; Huffman, J. C.;
Gary, J. B.; Johnson, M. J. A.; Mindiola, D. J. J. Am. Chem. Soc. 2007,
129, 2234.
(17) Selected examples of Ti(IV)-pyridine adducts: (a) Latesky, S. L.;
McMullen, A. K.; Rothwell, I. P.; Huffman, J. C. J. Am. Chem. Soc.
1985, 107, 5981. (b) Collier, P. E.; Blake, A. J.; Mountford, P. J. Chem.
Soc., Dalton Trans. 1997, 2911. (c) Schofield, A. D.; Nova, A.; Selby, J.
D.; Manley, C. D.; Schwarz, A. D.; Clot, E.; Mountford, P. J. Am.
Chem. Soc. 2010, 132, 10484. (d) Selby, J. D.; Feliz, M.; Schwarz, A.
D.; Clot, E.; Mountford, P. Organometallics 2011, 30, 2295.
(e) Schwarz, A. D.; Nova, A.; Clot, E.; Mountford, P. Inorg. Chem.
2011, 50, 12155. (f) Tonks, I. A.; Meier, J. C.; Bercaw, J. E.
Organometallics 2013, 32, 3451. (g) Adler, C.; Bekurdts, A.; Haase, D.;
Saak, W.; Schmidtmann, M.; Beckhaus, R. Eur. J. Inorg. Chem. 2014,
2014, 1289.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b07433
J. Am. Chem. Soc. 2017, 139, 12804−12814

12814

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.7b07433
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07433/suppl_file/ja7b07433_si_001.zip
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07433/suppl_file/ja7b07433_si_002.pdf
mailto:mindiola@sas.upenn.edu
mailto:mbaik2805@kaist.ac.kr
http://orcid.org/0000-0002-8804-757X
http://orcid.org/0000-0001-8205-7868
http://orcid.org/0000-0002-8832-8187
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07433/suppl_file/ja7b07433_si_002.pdf
http://dx.doi.org/10.1021/jacs.7b07433

