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ABSTRACT: Intramolecular cyclization of the heteroenyne-
allene, 2-((phenylimino)methyleneamino)-benzonitrile (1) in
the presence of HCl to produce 2-chloro-3-phenyl-4(3H)-
quinazoliniminium chloride (Qz) involves the formation of two
new bonds: a C−Cl bond and a C−N bond. We propose five
pathways for this reaction. Four of these pathways involve
chloride capture to form the C−Cl bond prior to the
intramolecular nucleophilic attack to form the C−N bond,
while one pathway involves ring closure to form the C−N bond
prior to C−Cl bond formation. All calculations were carried out
at B3LYP and MP2 levels of theory and employed the 6-311G*
basis set. The solvent effects were considered using a Polarized
Continuum Model with dichloromethane as the solvent. The calculations at both levels show that the mechanism involves initial
protonation of 1, preferentially at Nα to give 2 which rapidly captures the chloride ion to form 5. This intermediate is protonated
at the −CN group to form 8ROT, which then tautomerizes to its more stable isomer 9ROT. The latter undergoes intramolecular
nucleophilic attack from Nβ to the protonated −CN group to form the cyclized intermediate 12, which tautomerizes to its most
stable isomer 13. The coordination of Cl− ion present in the solution with 13 gives the final product Qz.

■ INTRODUCTION
Natural and synthetic compounds containing the 4(3H)-
quinazolinone ring system exhibit a broad range of applications
in medicine as antihypertensive,1 antimalarial,2 antimicrobial,3

anticonvulsive,4 anti-Alzheimer’s,5 antiarteriosclerotic,6 anti-
cancer,7 anti-inflammatory,8 and analgesic9 agents (Figure 1).
4(3H)-Quinazolinones have also found uses in industry as
electroluminescent materials and dyes.10 As a result, there is a
continued demand for the search and discovery of new,
efficient, and versatile methods to synthesize these molecular
frameworks.11 One way to obtain the 4(3H)-quinazolinone
scaffold is from 4(3H)-quinazolinimine, which is considered to
be an important building block of the quinazolinone ring
system. Some synthetically produced 4(3H)-quinazolinimines
have also demonstrated therapeutic potential against Alz-
heimer’s disease and cancer (Figure 1).12 Therefore, several
synthetic methods have been developed for the construction of
this latter framework.13 However, most of these protocols suffer
from low product yields,12c,14 lack of versatility,15 high
temperature requirements,16 tedious workup condi-
tions,12b,13a,b,17 and long reactions times.18

Our research group has reported a facile synthetic route to
obtain the 4(3H)-quinazoliniminium scaffold, specifically, the
2-chloro-3-phenyl-4(3H)-quinazoliniminium chloride salt (Qz)
through the intramolecular cyclization of heteroenyne-allene 1
in the presence of chlorotrimethylsilane (TMSCl) and trace
water with dichloromethane as solvent at room temperature19

(Scheme 1). It was believed that the reaction involves the
generation of HCl in situ, from TMSCl and trace water, which
plays an important role toward product formation. To confirm
this hypothesis, HCl gas was passed through a solution of 1
dissolved in dichloromethane at room temperature, and this
indeed resulted in the formation of Qz.19 The reaction is highly
versatile, and several derivatives of Qz carrying a variety of
electron donating and electron withdrawing groups on the
aromatic rings were prepared from the corresponding
heteroenyne-allenes by this method in good to excellent
yields.19 No other products were detected in our reaction
mixture. The cyclization of 1 to Qz involves (a) C−Cl bond
formation and (b) an intramolecular C−N bond formation.
The sequence in which these two events take place was not
known. In this article, we undertook a computational study to
gain insights into the mechanism of cyclization of 1 to Qz with
the goal of identifying critical reactive intermediates involved in
the formation of the product, which could subsequently enable
us to select, modify, or/and improve experimental conditions to
increase the efficiency and scope of this reaction. In addition,
the investigation of the mechanism of Qz formation may direct
efforts toward the exploration of new chemistry emanating
from the putative reactive intermediates and thus expand a
synthetic chemist’s toolbox of useful reactions.

Received: November 21, 2014
Published: April 13, 2015

Article

pubs.acs.org/joc

© 2015 American Chemical Society 4299 DOI: 10.1021/jo502664s
J. Org. Chem. 2015, 80, 4299−4305

pubs.acs.org/joc
http://dx.doi.org/10.1021/jo502664s


Note that the cyclization under study is in stark contrast to
the well-known thermally and photochemically triggered
Myers-Saito (C2−C7)20 and Schmittel (C2−C6)21 cyclizations
of the related systems, e.g., enyne-allenes and enyne-
carbodimides, which involve diradical22 or carbene intermedi-
ates,23 and lead to the formation of completely different
products arising through H atom abstraction from a suitable H-
donor,20a formal ene reaction,21a formal Diels−Alder,24 or
formal [2 + 2] reactions.25 Similar thermal and photochemical
cyclizations of Qz have been investigated in our laboratory but
were unsuccessful.

Figure 1. Select examples featuring the 4(3H)-quinazolinone (red) and 4(3H)-quinazolinimine (blue) cores.

Scheme 1. 2-Chloro-3-phenyl-4(3H)-quinazoliniminium
Chloride (Qz) from Heteroenyne-allene 1

Scheme 2. Proposed Mechanistic Pathways for the Addition of HCl to Heteroenyne-allene 1 to form Qz
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■ COMPUTATIONAL METHODS
All calculations were performed using the Gaussian 09 package of
programs.26 Optimized geometries of all stationary points on the
potential energy surface were first obtained using density functional
theory (B3LYP) with the employment of the 6-311G*27 basis set.
Optimizations were followed with vibrational analyses to ensure an
imaginary frequency of zero for the ground states and one for the
transition states.28 Solvent effect on the reaction energies and
activation barriers was considered by performing single point polarized
continuum model (PCM)29 calculations for dichloromethane (ε =
8.93) on optimized gas phase geometries at B3LYP/6-311G*.
Although, DFT is a widely used cost-effective method for routine
computations of large molecular systems, it has been shown to be
inadequate in describing the conjugated π-bonded systems and their
proton affinities.30 The inaccuracy of the DFT is attributed to the self-
interaction error.31 Therefore, the potential energy surface was also
mapped at second order MØller−Plesset perturbation theory
(MP2(full))32 using the 6-311G* basis set. Vibrational data were
obtained to characterize the minima (zero imaginary frequency) and
transition states (one negative (imaginary) frequency). Solvent effects
were considered by performing single point PCM29 calculations for
dichloromethane (ε = 8.93) on optimized gas phase geometries at
MP2(full)/6-311G*. TS3 cannot be located at the MP2 level (vide
infra).
Each transition state connecting the corresponding reactant and

product was confirmed by following the intrinsic reaction coordinate33

(IRC) path in both directions. For TS1, TS2, TS4, and TS5, the IRC
analyses were carried out at MP2, and for TS3, this calculation was
performed at the B3LYP level of theory. Thermochemical data
obtained in gas phase at both levels was used with the corresponding
single point solvation energies to calculate Gibbs free energies of
solvation. Both B3LYP and MP2 produced identical overall
conclusions about the mechanistic pathway. However, the reaction
was predicted to be more exothermic at the MP2 level and exhibited
slightly lower energetic requirements to form the product as opposed
to the B3LYP level (Figures 5S and 6S, Supporting Information). The
discussion below is based on ΔG(solv) at MP2(full)/6-311G*.

■ RESULTS AND DISCUSSION
The reaction of heteroenyne-allene 1 with HCl to form the 2-
chloro-3-phenyl-4(3H)-quinazoliniminium chloride salt (Qz)

may involve any of the five possible pathways depicted in
Scheme 2. After the initial protonation at Nα, Nβ, and Nγ to
form intermediates 2, 3, and 4, four of the pathways consider
Cl− capture at the carbodiiimide carbon (C−Cl bond
formation) prior to the nucleophilic attack of Nβ on the
protonated −CN group (C−N bond formation) involving
intermediates 5, 6, and 7, and one considers nucleophilic attack
prior to the Cl− capture via intermediate 14. These pathways
are discussed in the following sections.
Protonation of Heteroenyne-allene 1. In the presence of

a Bronsted acid (HCl), there are three possible sites for the
protonation of 1, i.e., at Nα, Nβ, and Nγ. The highest occupied
molecular orbital (HOMO) of heteroenyne-allene 1 was
analyzed to determine the preferred sites of protonation

(Figure 2). Note that the molecular orbital component is
mostly localized on the carbodiimide moiety (-NCN-) and
on the phenyl ring attached to the Nβ. There is no contribution
of the molecular orbital on the −CN group. This implies that
Nα and Nβ of 1 are more basic than Nγ and are therefore
expected to undergo faster protonation. This hypothesis is also
supported by literature precedence that reports carbodiimides
to exhibit higher proton affinities than nitriles.34

Indeed, our data indicate that protonation of 1 at Nα to form
2 (24.0 kcal/mol) and at Nβ to form 3 (25.6 kcal/mol) is more
favorable than protonation at Nγ to give 4 (40.8 kcal/mol) as
shown in Figure 3. There is also not a significant difference in
the ΔG(solv) values for the protonation of Nα and Nβ, even
though the frontier molecular orbital theory suggests Nβ to be
more basic than Nα and hence more likely to get protonated
(Figure 2).

Intramolecular Nucleophilic Attack Prior to Chloride
Capture. The above result implies that 4 is a high energy
intermediate and that any further chemistry emanating from
this species is expected to have a minor contribution. In fact,
the pathway that considers intramolecular nucleophilic attack
(C−N bond formation) in 4 to form 14 via TS5 prior to
chloride capture (C−Cl bond formation) is extremely ender-

Figure 2. HOMO of heteroenyne-allene 1.

Figure 3. Protonation of heteroenyne-allene.

Figure 4. Intramolecular cyclization of 4 (energies are relative to 1).
Displacement vectors for TS5 are also shown.
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gonic (29.5 kcal/mol) and is associated with a large activation
barrier of 31.2 kcal/mol (72.0 kcal/mol from 1). Thus, this
pathway is not expected to play any significant role in the
mechanism (Figure 4).
Chloride Capture Prior to Intramolecular Nucleophilic

Attack. The capture of Cl− at the carbodiimide carbon to form
5, 6, and 7, is a highly exergonic process for 2 and 3 (ΔG(solv)

values of −28.1 and −27.1 kcal/mol, respectively); however, it
is slightly endergonic for 4 (5.8 kcal/mol) owing to the loss of
aromaticity in ring A of 7 (Figure 5). Next, as outlined in
Scheme 2, the protonation of 5−7 is expected to form cations
8−10. However, the attempted optimization of intermediates

8−10 with the phenyl ring attached to Nβ, syn to the C−Cl
bond, resulted in cyclization to the corresponding cations 11−
13. This is attributed to the presence of a protonated nitrile
group in close proximity to the nucleophilic nitrogen atom
(Nβ). Instead, we were able to obtain the rotamers 8ROT and
9ROT in which the phenyl ring attached to Nβ is anti to the
C−Cl bond and 10ROT with an “E” configuration about the
CNα bond (Figure 6). The protonation of 5−7 at the nitrile
group to form intermediates 8ROT−10ROT occurs with a free
energy increase of 40.1, 33.9, and 34.5 kca1/mol, respectively.
The protonation of the −CN group activates 8ROT, 9ROT,

and 10ROT toward nucleophilic attack35 from Nβ of the

Figure 5. Cl− capture by 2−4 followed by protonation and cyclization to product formation. Energies are relative to heteroenyne-allene 1.
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carbodiimide moiety. This nucleophilic attack in the case of
8ROT and 9ROT leads to the formation of the ring cyclized
cations 11 and 12 via TS1 and TS2, respectively (Figure 7).
The conversion of 8ROT to 11 is highly exergonic (−32.3
kcal/mol) and occurs with an activation barrier of 14.5 kcal/
mol. However, the conversion of 9ROT to 12 is endergonic
(3.7 kcal/mol) and occurs with a slightly lower activation
barrier of 11.1 kcal/mol (Figure 5). The cyclization of 10ROT
to 13 occurs with an 89.8 kcal/mol free energy decrease. We
were unable to obtain the transition state TS3 at the MP2 level.
At B3LYP, TS3 was found to have a high activation barrier of
31.7 kcal/mol (+103.8 kcal/mol from 1) from the correspond-
ing B3LYP/6-311G* optimized 10ROT in dichloromethane as
solvent using the PCM model (Figure 6S, Supporting
Information). IRC analysis revealed that as 10ROT undergoes
rotational isomerism to 10 at room temperature, it undergoes
ring closure to form 13 via TS3 (Figures 3S, 5S, and 6S,
Supporting Information).
One other pathway for C−N bond formation involves

electrocyclization of 7 to 15. We were able to locate the
transition state structure TS4 connecting the rotamer 7ROT to
15 (Figure 7). 7ROT, which has a phenyl ring at Nβ, anti to the
C−Cl bond similar to 8ROT−10ROT, is 2.4 kcal/mol more
stable than 7. This path is strongly exergonic (−51.7 kcal/mol)
due to the regaining of aromaticity in ring A of product 15 and
is calculated to proceed with a small activation barrier of 4.8
kcal/mol (Figure 5).
Tautomerization between the Pathways. Because of

the significantly high activation barrier associated with pathway
1 → 4 → 7(7ROT) → 10ROT → TS3 → 13, it is not
expected to contribute toward the formation of the final
product Qz. However, the pathways 1 → 2 → 5 → 8ROT →
TS1 → 11 → Qz, 1 → 3 → 6 → 9ROT → TS2 → 12 → Qz,
and 1 → 4 → 7ROT → TS4 → 15 → 13 → Qz have
essentially identical energy requirements with the highest

energy point on these at +50.5 (TS1), +43.5 (TS2), and +49.0
(TS4) kcal/mol, respectively (Figure 5). Therefore, it is not
possible to favor one of these pathways over the others based
on energetics. However, one important aspect of this
cyclization reaction is that the various pathways are
interconnected via tautomerization (Scheme 2 and Figure 5,
bottom). For instance, 5−7(7ROT) are interconverting
tautomers with 5 being most stable and 6 only 2.6 kcal/mol
higher in energy. However, 7 and its rotamer 7ROT are 50.7
and 48.3 kcal/mol more unstable than 5. Similarly, among
8ROT−10ROT, 9ROT is the most stable tautomer, with
8ROT and 10ROT about 3.6 and 48.7 kcal/mol higher in
energy, respectively. The high energy associated with 7, 7ROT,
and 10ROT is attributed to the lack of aromatic character in
ring A. In addition, 11, 12, and 13 are also tautomers, with 13
being most stable. Compounds 11 and 12 are 12.4 and 44.8
kcal/mol higher in energy than 13.
Because of the occurrence of this tautomerization between

the intermediates, the final mechanistic pathway is predicted to
involve the initial protonation of 1, preferentially at Nα, to give
2 that is expected to rapidly capture the chloride ion to form 5.
This intermediate is protonated at the −CN group to form
8ROT, which then tautomerizes to its more stable isomer
9ROT. The latter undergoes intramolecular nucleophilic attack
from Nβ to the protonated −CN group to form the cyclized
intermediate 12 that tautomerizes to the most stable isomer 13.
The coordination of Cl− ion present in the solution with 13
gives the final product Qz (−2.5 kcal/mol).

■ CONCLUSIONS

We have employed computational methods to investigate the
mechanism of formation of 2-chloro-3-phenyl-4(3H)-quinazo-
liniminium chloride salt (Qz) from the heteroenyne-allene 1 in
the presence of dichloromethane. Our results indicate that the
addition of Cl− to the carbodiimide moiety to form the C−Cl

Figure 6. Optimized structures of 7ROT−10ROT at MP2(full)/6-311G*.

Figure 7. Optimized structures of TS1 (left), TS2 (center), and TS4 (right) at MP2(full)/6-311G* (displacement vectors are also shown).
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bond precedes the nucleophilic attack from Nβ on the
protonated −CN group to form the C−N bond. Furthermore,
our calculations suggest that the reaction mechanism follows
the pathway 1→ 2→ 5→ 8ROT→ 9ROT (via tautomerism)
→ TS2 → 12 → 13 (via tautomerism) → Qz. Overall, the
formation of product Qz is predicted to occur with 11.2 kcal/
mol free energy decrease from the heteroenyne-allene 1 at
MP2/6-311G*.
Our mechanistic study further reveals that the protonation of

Nα and Nβ of 1 occurs in preference to Nγ, which offers the
opportunity to explore new chemistry by trapping the
intermediates 2 and 3 with an appropriately placed internal
nucleophile. As a result, we synthesized heteroenyne-allenes
(analogous to 1) substituted with a biphenyl ring at Nβ and
successfully cyclized these compounds to phenanthridine fused
quinazoliniminiums in the presence of hydrogen halide.36 The
preliminary investigations suggest that the reaction proceeds via
the initial protonation of carbodiimide nitrogens to form
intermediates similar to 2 and 3, which are then trapped by a
nucleophilic attack from the neighboring biphenyl ring to form
the phenanthridinylium cation, which eventually forms the
fused heterocycle via a nucleophilic attack on the −CN group.
This work will be reported in due course.
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