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ABSTRACT: Comparative study of the intramolecular alkyne triple bond addition reaction to the conjugated

epoc

C=C—CH=X moiety (X = CH,,0,S,NH) revealed that two different pathways are possible in the system, namely
[4 + 2] and [3 + 2] cycloaddition reactions. The energetically preferred pathway for enynes (X =CH,) involves

[4 + 2] cycloaddition leading to benzene derivatives, whereas heteroatom-substituted substrates undergo [3 + 2]
cycloaddition resulting in an five-membered aromatic ring in the final product. This paper reports a detailed
mechanistic study based on full potential energy surface calculations at the MP2 and B3LYP theory levels, with
MP4(SDTQ) energy evaluation. The effect of solvent was included within the PCM approach. Copyright © 2003 John

Wiley & Sons, Ltd.

Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
KEYWORDS: [4 + 2] cycloaddition; [3 + 2] cycloaddition; cyclic allene; cyclic carbene; MP2; B3LYP; MP4; PCM

INTRODUCTION

Intramolecular [4 + 2] cycloaddition reactions of alkynes
with enynes and ynones have been shown to provide an
easy and convenient route to the synthesis of bicyclic
aromatic systems.'™ An interesting reaction mechanism
has been suggested based on experimental observations
(Scheme 1). In particular, six-membered allenes were
proposed as key intermediates in the process. None of
these intermediates were ever isolated in a pure form,
which is usually explained on the basis of the large
predicted strain energy of cyclic allenes.® However, in
the case of enynes [Scheme 1, Eqn. (I)], the presence of
the allene has been confirmed using trapping tech-
niques.®”

Recently, we have reported an ab initio study of the
[4 4+ 2] cycloaddition reaction of alkynes with enynes
[Scheme 1, Eqn. (D].'° The theoretical study revealed
that a cyclic allene intermediate is formed on the reaction
potential energy surface after the cycloaddition stage.

The similar allene intermediate proposed in the
cycloaddition reaction of ynones2 leads, however, to a
five-membered aromatic ring, in contrast to the process
involving enynes,' which results in a six-membered
benzene skeleton [cf. Eqns (I) and (II), Scheme 1]. It is
interesting that in the case of an oxygen-substituted
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Scheme 1. Intramolecular [4 + 2] cycloaddition reactions

substrate, experimental evidence for a heterocyclic
carbene intermediate was obtained.’

Clearly, investigations of these fascinating reactions
raise several important questions. The reasons respon-
sible for the changing size and type of the aromatic rings
in the final product are unknown, and the mechanism of
the intramolecular cycloaddition reaction of conjugated
ynones remains to be clarified.

Here we present the first detailed ab initio study of the
intramolecular cycloaddition reaction of an alkyne with a
C=C—CH=X four-electron donor. All reactants, inter-
mediates and transition states were optimized at the MP2
and B3LYP theory levels and energy evaluation at the
MP4(SDTQ) electron correlation level was performed.
The solvent effect was taken into account using the PCM
approach. In all cases, AE, AH, AG and AGg,,, potential
energy surfaces were calculated and are discussed in the
light of available experimental data. A comparative study
with the enyne cycloaddition reaction was performed to
understand the differences between the processes. In
addition, the reactivity of sulfur- and nitrogen-containing
compounds as potential four-electron donors was in-
vestigated.
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CALCULATION PROCEDURE

The geometries of all reactants, intermediates, transition
states and products were optimized at the second-order
Mgller-Plesset (MP2)'"!? level and with the B3LYP
hybrid density functional method."*~'* Standard 6-31G*
and 6-311G** basis sets were used throughout.16’17
Normal coordinate analysis was performed for all
stationary points to verify the transition states (one
imaginary frequency) and equilibrium structures (no
imaginary frequencies) and to calculate AH and AG
energy surfaces. Transition states were confirmed with
forward and backward IRC calculations based on the
second-order Gonzales—Schlegel method.'®

The solvent effect was studied within the PCM
approach.'®' The MP2/6-31G* and B3LYP/6-31G*
optimized geometries were used to run single-point PCM
calculations, since it has been shown that free energy
hypersurfaces in solution are very flat and reoptimization
has a very limited effect.”? This approach has been tested
in numerous cases and showed fairly accurate results.'® '
For a set of neutral molecules, the mean error with
respect to experimental solvation energy was found to be
below 0.2 kcal mol " (1 keal = 4.184 kJ).** To determine
the relative free energies in solution for the studied
potential energy surfaces, the relative free energies of
solvation were added to the relative free energies in the
gas phase.

High-level MP4(SDTQ)** % electron correlation cal-
culations were applied on the MP2 and B3LYP optimized
geometry.

MP2 and MP4(SDTQ) calculations were performed
using the PC-GAMESS version”® of the GAMESS/US
program.>’ The calculations were carried out on a
laboratory-made Intel CPU-based Linux cluster. PCM
and B3LYP calculations were performed with the

Gaussian 98%® package. MOLDEN was utilized for
molecular graphics visualization.*

MP2-calculated potential energy surfaces are helpful
for comparing the present results with the theoretical
study of hydrocarbon cycloaddition reactions published
earlier.!® For the studied system, full MP4(SDTQ)
calculations reproduce well the highly accurate CCSD(T)
results'® and, therefore, can be used to improve MP2
energies. In certain cases the MP2 theory level provides
less accurate geometry and energy for carbenes compared
with the B3LYP density functional method.>*** To
ensure reliability of the mechanistic conclusions in the
present work, all potential energy surfaces were also
studied with the B3LYP method.

RESULTS

In this section the potential energy surface of the studied
cycloaddition reaction is described. The proposed reac-
tion mechanism for the C=C—CH=0 moiety used as a
four-electron donor (1—7) involves cyclic allene (3) and
carbene (5) intermediates (Scheme 2).

Since the previous study'® was performed at the MP2
level, we will start considering results obtained at this
level first and proceed with a detailed comparative
analysis of both mechanisms for X =0 and X =CH,,
followed by a discussion of the B3LYP potential energy
surface, high electron correlation level calculations and
effect of solvent.

Energy data are summarized in Table 1, structures are
presented in Fig. 1 and a schematic representation of
potential energy surfaces is depicted in Fig. 2. Selected
geometry changes are discussed in the text and a detailed
description of geometric data is available as supplemen-
tary material (Table S1). Unless specified otherwise, the
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Scheme 2. Proposed mechanism of the cycloaddition reaction (hydrogen atoms of CH, groups are omitted)
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Table 1. Relative energy at different theory levels (kcal mol™'): method before double slash denotes the energy evaluation level,
after double slash the level used for geometry optimization and frequency calculations and B3LYP values are given in

parentheses
MP2%//MP2* MP2%//MP2* MP2%//MP2* MP4%//MP2?* MP4°//MP2*
(B3LYPY/B3LYP®)  (B3LYP¥/B3LYP®)  (B3LYP¥/B3LYP%)  (MP4%/B3LYP®)  (MP4°/B3LYP"
X Species AE AH AG AE AE
(0] 1 0.0 (0.0) 0.0 0.0) 0.0 (0.0) 0.0 0.0) 0.0 0.0)
2-TS 37.4 (32.6) 37.1 (31.5) 419 (35.7) 352 (33.4) 367 (34.7)
3 —17.8 (—22.3) —15.5 (—20.7) —10.0 (—152) —16.5 (-172) —-144 (—14.6)
4-TS 46.3 (40.2) 46.6 (40.1) 52.3 (45.6) 454 (45.0) 457 (45.7)
5 —2.1 (-10.7) —-0.5 (-9.6) 5.1 (-3.9) -3.8 (—4.7) -23 (-2.8)
6-TS 8.5 (1.9) 7.9 (0.9) 13.9 (7.0) 8.7 (7.9) 8.5 8.1)
7 —-70.5 (—=73.0) —68.1 (—=70.6) —62.1 (—64.6) —68.7 (—69.5) —65.1 (—65.5)
8-TS 472 (29.4) 46.7 (28.0) 51.4 (32.0)  40.1 (33.8) 406 (34.3)
CH2 1 0.0 0.0) 0 0.0) 0.0 (0.0) 0.0 0.0) 0.0 0.0)
2-TS 24.3 (29.7) 24.6 (28.7) 27.9 (332) 273 (26.9) 266 (26.4)
3 —21.2 (—21.5) —18.6 (—20.3) —14.2 (—14.6) —22.2 (=227 —-204 (—20.7)
4-TS 23.0 (20.1) 24.1 (20.0) 28.7 (25.9) 226 (222) 221 (1.7
5 0.1 (-5.9) 1.7 (—=5.7) 5.9 (0.0) —2.2 (-3.0) —-14 (-2.1)
6-TS 8.0 (4.0) 7.6 (2.3) 122 (8.4) 7.4 6.7) 6.4 (5.7)
7 —73.4 (—=73.5) —70.7 (—=71.8) —66.1 (—65.6) —-724 (=73.1) —69.7 (—=70.2)
8-TS — 51.7) — (49.6) — (54.5) — (61.1) — (59.8)

* 6-31G* basis set.
b 6-311G** basis set.

mechanism of the reactions is considered using the AG
potential energy surface as the most reliable one. A
separate discussion of AE and AH surfaces will be given
later.

Mechanism of intramolecular alkyne and
C=C—CH=0 unit cycloaddition reaction studied
at the MP2/6-31G* level

The [4 + 2] cycloaddition step takes place through the 2-
TS (Fig. 1) and requires overcoming a 41.9 kcal mol '
energy barrier (Table 1). Normal mode analysis gives
only one imaginary frequency of 649.9i cm™'. Forward
and backward IRC calculations at the MP2/6-31G* level
were run to confirm the transition state and to find the
appropriate conformation of 1.

Alkyne (C8=C9) and C4=C3—C2=0 parts are
subject to significant deformations in the transition state
as compared with 1. Triple bonds become longer by
~0.04 A and the double bond elongates by approximately
the same value. Alkyne units are no longer linear,
C7—C8—C9 =148.0° and C2—C3—C4 =130.4°. The
forming C4—C8 and C9—X1 bonds are of length 1.877
and 1.996 A, roespectively, being different from each
other by >0.1 A.

Overcoming 2-TS leads to the heterocyclic allene 3
with an almost planar structure of the six-membered ring
(see side view, Fig. 1), in agreement with literature
data.>* The energy gain of the stage is 10.0 kcal mol
compared with 1. The allene unit in 3 (C2—C3—
C4=109.3°, C2—C3=1387A, C3—C4=1412 A)

Copyright © 2003 John Wiley & Sons, Ltd.

deviates significantly from the linear structure, which it
usually possesses in a native non-cyclic state.

According to the experimental observations, a five-
membered furan ring is formed as a final product.
Therefore, an isomerization stage has been suggested to
take place after the cycloaddition reaction (Scheme 2).
The calculations succeeded in locating an appropriate
transition state, 4-TS. It has only one imaginary
frequency (521.4icm™') and possesses a ‘tricyclic’
nature. The IRC calculations at the MP2/6-31G* level
for both reactant and product directions confirmed that 4-
TS really interconnects 3 and 5.

The distances of breaking C4—C8 and forming
C3—C8 bonds are 1.739 and 1.811 A, respectively.
From a certain point of view the process can be
considered as a 1,2-carbon shift. The transition state 4-
TS is the only structure on the potential energy surface in
which two CH, groups lie out of plane (see side views,
Fig. 1), most likely owing to significant geometry
distortions. Bringing the shifting carbon atoms close
together also introduces geometry distortions in the
forming five-membered ring (cf. bond lengths and angles
of 4-TS with 3 and 5; see supplementary material, Table
S1).

Not surprisingly, the activation barrier is as high as
62.3 kcal mol™! (Table 1). Overcoming the transition
state leads to 5 with an aromatic furan ring and carbene
center at C4. The 1,2-H shift through the 6-TS with a
small activation barrier of 8.8 kcal mol™' results in the
final product formation. The stage is exothermic by 67.2
and 62.1 kcal mol ' compared with 5 and 1, respectively.
According to previous experimental and theoretical
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Figure 1. Optimized structures of 1-8-TS. Displacement vectors corresponding to imaginary frequency are shown for each

transition state

investigations,%’39 intramolecular rearrangements in

carbenes proceed via the singlet state, and we therefore
restrict our considerations within the singlet state of 5.
Upon analyzing movement along the imaginary modes
in 2-TS and 4-TS by serendipity a guess initial structure
was prepared representing a middle point between 1 and
5. The structure being passed to a transition state search
procedure converged to 8-TS (Fig. 1). Normal mode
analysis for 8-TS shows only one imaginary frequency of
903.2icm ', The IRC calculations for both directions
confirmed the nature of the transition state, which is
connecting species 1 and 5. In fact, 8-TS is a [3 + 2]
cycloaddition transition state and leads directly to furan
ring formation starting from the initial compound 1. In 8-
TS the forming X1—C9 bond is slightly longer than in 2-

Copyright © 2003 John Wiley & Sons, Ltd.

TS, 2.014 and 1.996 A respectively, while another
forming bond, C3—C8 (8-TS), is considerably shorter
than C4—C8 (2-TS), 1.765 and 1.877 A, respectively. In
agreement with these trends, the X1—C2 bond in 8-TS
(1.241 A) is shorter compared with 2-TS (1.275 A)
whereas the C4—C3 and C3—C2 bonds are longer in 8-
TS by 0.020 and 0.046 A, respectively.

In cycloaddition transition states the difference in the
forming bond lengths can be considered as a measure of
asynchronicity. For 2- TS A=1(X1—C9) — 1(C4—
C8)=0.119 A is significantly shorter than A =1(X1—
C9) — 1(C3—C8)=0.249 A for 8-TS. Therefore, in the
studied case bond formation through the [3 + 2] pathway
proceeds in a more asynchronous manner than in the
[4 + 2] cycloaddition.

J. Phys. Org. Chem. 2003; 16: 253-263
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4-TS

Figure 2. B3LYP/6-31G* and MP2/6-31G* (in parentheses)
optimized AG potential energy surfaces for X =0 (top) and
X =CH, (bottom). For X = CH, the energy for the 9-TS—12
path is given according to Ref. 10 (see text for details)

Comparing the barriers, one may see the preference of
[3 + 2] cycloaddition over subsequent [4 + 2] cycloaddi-
tion and isomerization. The 1—5-TS activation energy is
by 10.9 kcal mol ' lower than required for the 3—4-TS
stage (Table 1).

Mechanism of enyne (X1=CH,) cycloaddition
reaction studied at the MP2/6-31G* level

To rationalize the differences between heterocyclic
(X1 =0) and hydrocarbon (X1 =CH,) substituents, the
same potential energy surface was also calculated for the
later case. Energy data are given in Table 1 and details of
geometry parameters are listed in the supplementary
material (Table S1). In addition, Scheme 2 and Fig. 2 also
display the 9-TS—10—11-TS—12 pathway studied
earlier.'’

In this case the discussion of particular geometries and
energies will not be repeated for X1 =CH, structures;

Copyright © 2003 John Wiley & Sons, Ltd.

rather, the differences from heterocyclic reaction
(X1 =0) will be outlined.

The [4 + 2] cycloaddition of enynes proceeds through
the similar transition state 2-TS. However, it has an
earlier character: X1—C9 and C4—C8 bonds are 2.175
and 2.127 A, respectively, for X1 =CH,, and 1.996 and
1.877 A for X1 =0. In agreement with geometry trends,
the 1—2-TS activation barrier is only 27.9 kcal mol '
(compared with 41.9 kcal mol ! for X1 = O). In addition,
cyclic allene 3 formation is more-exothermic by
4.2 keal mol .

In a similar way, the isomerization and 1,2-H shift via
4-TS and 6-TS leads to 7. However, the 3—4-TS
activation barrier is much smaller, AG*=42.9 and
62.3 kcal mol ! for X1 =CH, and X1 = O, respectively.
Attempts to locate 8-TS were not successful in this case:
transition state optimizations starting from various initial
structures converged to 2-TS.

Since enynes have hydrogen atoms at X1 (X1 =CH,),
an alternative pathway involving two 1,2-H shifts
becomes applicable.'® According to the energy data, this
pathway is more preferable: AG*(3—4-
TS) = 42.9 kcal mol ', while AG*(3—9-
TS) = 26.1 kcal mol~'. Benzene ring formation (12) is
energetically more favored than cyclopentadiene (7) by
32.9 kcal mol~'. Hence the 1—12 conversion is the most
likely pathway.

Mechanisms of intramolecular alkyne and
C=C—CH=X units (X1 =0,CH,;) cycloaddition re-
action studied at the B3LYP/6-31G* level

Reoptimization of the structures at the B3LYP level
resulted in a similar potential energy surface (Fig. 2).
Therefore, in the present section the mechanistic details
discussed above will not be repeated. The main
differences between the B3LYP and MP2 calculations
will be outlined instead. For both reactions (X1 = O and
X1 =CH,), the B3BLYP optimized structures of 1, 3, 5 and
7 agree very well with those obtained at the MP2 level.
An average deviation of 0.005 A in bond lengths and 0.9°
in bond angles was observed for the above set of
stationary points.

Similar structures of the carbon skeleton isomerization
transition state (4-TS) were calculated for both reactions
and the difference in activation energies does not exceed
2.5 keal mol .

In the [4 + 2] cycloaddition reaction of the hetero-
atomic substrate (2-TS, X1 =0), the forming COI4—C8
and X1—C9 bond lengths are 1.833 and 2.254 A at the
B3LYP le\gel, whereas MP2 calculations result in 1.877
and 1.996 A, respectively. Therefore, both forming bonds
are longer at the B3LYP level, indicating an earlier
character of the transition state and resulting in a lower
activation energy: 35.7 and 41.9kcalmol™' at the
B3LYP and MP2 levels, respectively (Table 1).

J. Phys. Org. Chem. 2003; 16: 253-263
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In the transition state of the enyne cycloaddition
reaction (2-TS, X1 =CH,), one of the forming bonds is
longer at the B3LYP level (C4—C8 =2.243 vs 2.127 A at
the B3LYP and MP2 levels, respectively), whereas the
second one is longer at the MP2 level (X1—C9=2.159
vs 2.175 A at the B3ALYP and MP2 levels, respectively).
In this case B3LYP gives an activation barrier
5.3 kcal mol ™' higher than the MP2 calculated value
(Table 1).

Hybrid density functional calculations considerably
increase the asynchronicity of the heterocyclic (X1 =0)
[3 + 2] cycloaddition transition state (A = 0.686, 0.249 A
at the B3LYP and MP2 levels, respectively) and
significantly decrease the activation energy (AG™ = 32.0
and 51.4 kcal mol~! for B3LYP and MP2 calculations,
respectively).

Within the B3LYP theory level the 8-TS transition
state was located for the enyne [3 + 2] cycloaddition
reaction (X1 = CH,) with a very high activation barrier of
54.5kcal mol™' (Fig. 2). Therefore, it is not surprising
that 8-TS was not found in MP2 calculations, since this
stationary point may be too high on the MP2 energy
surface.

Clearly, comparative B3ALYP/MP2 studies performed
in the present work revealed that the main differences are
in the description of the cycloaddition transition states,
whereas calculations for the other stationary points agree
within reasonable accuracy (Fig. 2). Although the
absolute values of the activation barriers change on the
B3LYP potential energy surface, the relative trends
remain the same: (i) for oxygen-containing molecules the
[3 4 2] pathway is preferred over the sequence of [4 + 2]
cycloaddition and isomerization; and (ii) in the case of
enynes (X1 =CH,), both [3 + 2] cycloaddition and 1,2-
carbon shift stages are unlikely.

AE, AH energy surfaces and high electron
correlation level calculations

AE and AH potential energy surfaces for heterocyclic
reaction (X1 =0) agree fairly well with each other for
both B3LYP and MP2 calculations (Table 1). The small
deviations within a few kcalmol™' mainly reflect
differences in ZPVE contribution.

Comparison of AH and AG surfaces (X1=0)
calculated with both methods shows a higher energy
shift of 2-TS and 8-TS by ~4 kcal mol~' and a higher
energy shift for the other stationary points by ~5-—
6 kcal mol '. The change is due to the entropy contribu-
tion resulting from increased ordering of the system.
Similar trends are observed for the reaction of enynes
(X1 =CHy).

Table 1 presents the results of full MP4(SDTQ)
calculations applied on both B3LYP and MP2 optimized
geometries. The MP3 and MP4(SDQ) energy data will
not be discussed here, since it has been shown already

Copyright © 2003 John Wiley & Sons, Ltd.

that these methods do not accomplish an accuracy level
of the full fourth-order Mgller—Plesset theory.'® AE
energy surfaces (X1=0) at the MP4/6-31G*//MP2/6—
31G* and MP2/6-31G*//MP2/6-31G* levels are in good
agreement with each other except for 8-TS, which is
7.1 kcal mol ' lower for the former. The MP4/6-31G*//
B3LYP/6-31G* and B3LYP/6-31G*//B3LYP/6-31G*
calculations are in reasonable agreement including the
[3 + 2] cycloaddition transition state (8-TS). Overall, the
MP4//MP2 energy surface fairly accurately reproduces
the MP4//B3LYP calculated energy surface.

Correct accounting of electron correlation at a higher
level might require applying a good basis set. To check
the influence of the basis set effect, single-point MP4/6—
311G** calculations were performed for both MP2/6—
31G* and B3LYP/6-31G* optimized structures (Table
1). The energy data obtained give no evidence of
substantial differences compared with the single-point
MP4/6-31G* surface, thus, confirming the adequate
basis set chosen.

Effect of Solvent

Experimental synthetic procedures for the studied
cycloaddition reaction were carried out in toluene
solution.? PCM calculations were applied to model the
influence from the toluene environment. In addition, the
effect of more polar aqueous solutions was estimated.
Analyzing the AG potential energy surface (X1 =0) in
the gas phase (Table 1) and in solvent (Table 2), one
notes only a minor influence. Taking into account the
toluene surrounding slightly decreases both 1—-2-TS and
1-8-TS cycloaddition barriers by ~1.5 kcal mol '. The
exothermicity of the 1—-3 stage is increased by
~2.0 kcal mol .
The above discussion applies to both MP2 and B3LYP
calculations, which perform in good agreement.
Accounting for the effect of the more polar water
surrounding in most cases further decreases the activation
barriers of cycloaddition stages. As far as reaction
energies are concerned, only the exothermicity of the
153 step is affected in the same manner, while 157
conversion does not lead to an additional energy gain.
The same general tendencies are calculated for the
enyne cycloaddition reaction (X1 = CH,) and will not be
repeated here (cf. Tables 1 and 2). It should be noted that
PCM calculations model only the effect of the media and
do not include specific solute—solvent interactions.

Mechanism of reactions involving nitrogen and
sulfur

Although so far experimental data have been reported
only for the oxygen-containing molecules, in the present
work an attempt was made to predict the reactivity of two

J. Phys. Org. Chem. 2003; 16: 253-263
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Table 2. Solvent effect corrected free energy surfaces (kcal mol™"), with B3LYP values parentheses

MP2/6-31G*//MP2/6-31G*
(B3LYP/6-31G*//B3LYP/6-31G*)

MP2/6-31G*//MP2/6-31G*
(B3LYP/6-31G*//B3LYP/6-31G*)

X Species AGs,,. (toluene) AGs,y. (Water)
(0) 1 0.0 (0.0) 0.0 0.0)
2-TS 40.2 (34.1) 39.7 (33.9)
3 —13.2 (—18.2) —15.7 (—20.0)
4-TS 49.8 (42.9) 49.7 (43.0)
5 2.9 (—6.6) 2.7 (=7.5)
6-TS 11.0 (3.8) 8.9 (1.6)
7 —64.0 (—66.9) —63.0 (—66.1)
8-TS 49.7 (30.7) 48.7 (31.2)
CH2 1 0.0 (0.0 0.0 0.0)
2-TS 259 (31.0) 25.8 (31.4)
3 —17.1 (—17.8) —18.3 (—18.7)
4-TS 252 (22.3) 23.0 (21.1)
5 2.7 (=3.7) -0.2 (—6.4)
6-TS 8.3 “4.3) 4.1 0.7)
7 —68.8 (—68.7) —69.4 (—68.9)
8-TS — (52.1) — (51.6)

other heteroatoms of practical importance in organic
chemistry. Starting with substrates containing nitrogen
(X1 =NH) and sulfur (X1 =S), similar potential energy
surfaces were calculated leading to bicyclic derivatives of
pyrrole and thiophene (Scheme 2). It is interesting that
stationary points for both [4 4 2] and [3 + 2] cycloaddi-
tion pathways were located. This indicates the general
scope of the chemical transformation, suggesting that it
may be a route to a broad range of heterocyclic species.

Geometry (supplementary material, Table S2) and
energy (Table 3) data were evaluated only with the
computationally inexpensive B3LYP approach, which
was shown to provide reliable results for the system
studied. Owing to the similar nature of the stationary
points the discussion of particular structural properties
will be omitted (see above). Most attention will be paid to
outlining the main tendencies among the studied series of
compounds.

Comparing the X1—C9 and C4—CS8 bonds lengths in
[4 + 2] cycloaddition transition states, one observes
similar values for X1=CH,, O and NH, whereas for
X1 =S both bonds are considerably longer. In agreement
with the earlier character of 2-TS, the activation barrier
for X1 =8 is smaller (AG” =24.8 kcal mol™") than for
the other cases (AG”=33.2-35.7kcalmol™! for
X1=CH,, O, NH). The only geometry parameter that
differs significantly in the substrates (1) is the X1—C2
bond length (1.283 and 1.646 A for X1 =NH and X1 =S,
respectively). In addition to the forming bonds, X1—C2
and C2—C3—C4 display the greatest differences in 2-
TS (see supplementary material, Table S2).

Among the heteroatomic molecules studied, the
smallest activation energy for the isomerization step
(3—4-TS) was calculated for X1=S
(AG”=55.9 kcal mol "), while the isomerization reac-
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tion in the case of nitrogen (X1 = NH) would be the most
difficult (AG™ = 69.4 kcal mol '). Again, longer sulfur—
carbon bonds (cf. X1—C2 and X1—C9 in supplementary
material, Tables S1 and Table S2) would probably allow
more flexibility and more tolerance in structural defor-
mation, therefore lowering the activation barrier.

Interestingly, that activation barriers of the [3 + 2]
cycloaddition reaction for heteroatomic molecules do not
show significant deviations, being in the range 32.0-
35.7 kcal mol ' (Tables 1 and 3).

All overall chemical transformations (1—7) are
substantially exothermic: 64.6, 76.7 and 78.5 kcal mol ™!
for X1 =0, S and NH, respectively. Replacing relatively
weak acetylenic m-bonds with ¢-bonds and aromatic
stabilization energy are the main contributions to the
reaction exothermicity. In agreement with the expected
aromaticity properties,’® the energy gain upon making
pyrrole and thiophene rings is higher than for furan
derivatives. The highest value was obtained for the
benzene (1—12) derivative: 96.2 kcal mol™' as calcu-
lated at the B3LYP/6-31G* level. Undoubtedly, the large
energy gain provides a strong driving force for the
reaction.

The same energetic tendencies as noted above
(X1=0) are observed while modeling a toluene
surrounding for the compounds with X1 =S and NH
(Table 3). Taking account of the effect of the media
lowers the 1—2-TS barrier by ~2kcalmol™' and
increases the exothermicity of the cyclic allene formation
(by 5.1 kcal mol™" for X1 =NH and 3.0 kcal mol~" for
X1=3S). The effects of the solvent on the 3—4-TS
activation energy and 3—35 reaction energy are small,
<1 kcal mol~". This is also applicable for the 5—6-TS
step. Product formation (7) in a toluene surrounding is
~3 kcal mol ' more exothermic than in the gas phase.
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Table 3. Relative energy of intramolecular cycloaddition reaction for the sulfur- and nitrogen-containing molecules calculated at

the B3LYP/6-31G* level (kcal mol™")

AGSUIV AC;Solv

X Species AE AH AG (toluene) (water)
NH 1 0.0 0.0 0.0 0.0 0.0
2-TS 32.0 30.8 34.9 32.4 32.4

3 —42.6 —40.7 —354 —40.5 —45.8

4-TS 29.0 28.8 34.0 30.5 30.6

5 —27.6 —26.4 —21.0 —25.7 —28.5

6-TS —-12.5 —13.7 -7.9 —-12.3 —14.5

7 —86.2 —84.1 —78.5 —81.8 —80.9

8-TS 33.7 32.1 35.7 33.6 34.0

S 1 0.0 0.0 0.0 0.0 0.0
2-TS 21.3 20.4 24.8 229 23.4

3 -31.9 -30.9 —25.0 —28.0 —27.7

4-TS 25.6 25.1 30.9 27.6 27.7

5 —-20.8 —20.4 —14.4 —17.7 —19.4

6-TS -89 —-10.5 —4.1 -8.0 —-10.0

7 —84.9 —83.1 —76.7 —79.7 —78.7

8-TS 33.1 31.7 35.7 34.1 35.0

DISCUSSION 1 and 7, since carbene 5 is the first intermediate formed.

The above results represent the first computation of the
intramolecular cycloaddition reaction of an alkyne unit
with the C=C—CH=X moiety. The unique feature of
the reactions studied is governed by the competing nature
of the [4+2] and [3+ 2] cycloaddition pathways
possible in this chemical system. The direction of the
process may be controlled by tuning the substrate
structure. The following major points are selected for
discussion.

1. The chemical transformation of all the substrates
studied in this work may start with the [4+ 2]
cycloaddition stage leading to intermediate cyclic allene
(3) formation (Scheme 2). The presence of the hydrogen
atoms in enynes (X1 =CH,) allows less energetically
demanding utilization of the intermediate through the
subsequent 1,2-H shifts (3—12). The pathway to a six-
membered benzene ring is the most likely one for enynes,
since conversion through the other pathways would
require overcoming transition states with higher activa-
tion energy (Table 1, Fig. 2). The results are in total
agreement with the experimental findings, which con-
firmed the presence of cyclic allenes and detected
corresponding final products.®® The calculations are
also in agreement with the theoretical study reported
earlier.'®

There is no way of following this pathway for the
oxygen-containing molecules (X1 =0) that will afford
carbon skeleton isomerization leading to a five-mem-
bered ring (3—7).

The present study first suggests the alternative pathway
of [3 + 2] cycloaddition instead of [4 + 2] cycloaddition
and isomerization. The calculations indicate the [3 + 2]
cycloaddition pathway to be preferred, therefore exclud-
ing allene 3 from the potential energy surface connecting

Copyright © 2003 John Wiley & Sons, Ltd.

For the oxygen-substituted molecules, the experimental
study provides evidence for the involvement of hetero-
cyclic carbene in the cycloaddition reaction.” This
observation strongly supports the mechanistic study
described here.

2. The experimental evidence for heterocyclic carbene
formation? was obtained from the fragmentation reaction
of the specially designed compound 13 (Scheme 3), and
this topic deserves detailed discussion. Cyclic carbene 14
resulting from the substrate 13 may undergo either a 1,2-
Me shift (14—16) similar to the 1,2-H shift considered
above or a fragmentation reaction leading to a charac-
teristic furan derivative (14—18).

The model calculations (R; =R, = H) have shown that
carbene 14 conversions to isobenzofuran derivative 16
and to substituted furan 18 are exothermic processes
accompanied by a similar energy gain, AG=-37.2
and — 37.8 kcal mol ', respectively (Fig. 3). However,
the activation barriers differ dramatically, being
32.7kcalmol™" higher for the methyl shift reaction
(AG*=42.3 and 9.6 kcal mol™! for 15-TS and 17-TS,
respectively). The result can be rationalized by taking
into account that in 15-TS two strained spiro-connected
cyclopropyl rings are present (Fig. 3). In contrast, the
process leading to 18 involves breaking a strained three-
membered ring in the substrate. Therefore, the overall
conversion reaction is kinetically controlled.

The experimental study” represents a rare example of a
well designed fragmentation reaction achieved by fine
tuning of the substrate structure. The theoretical calcula-
tions are in agreement with available experimental data
and rationalize the mechanism of the process.

The backward 18—17-TS—14 reaction brings up a
very interesting point (applying the microscopic reversi-
bility principle). It can be considered as cyclopropanation
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Scheme 3. Methyl shift and fragmentation reaction of the heterocyclic carbene intermediate 14
via a concerted [2 + 1] double bond addition to an alkyne with the MP4//B3LYP-calculated value

carbon atom. The precedence of C=C bond addition to
highly strained cyclic alkynes has been reported
recently,*'**? suggesting that the alkyne unit may act as
if it were a dicarbene. In a formal sense the cyclopro-
panation utilizes one of the carbene centers while
releasing the another one. In the case studied (14—17-
TS—18) the process implies a similar reaction mechan-
ism, but chemical transformation undergoes the opposite
direction, from strained cyclic carbene to energetically
favored alkyne.

3. Computed activation energies (Fig. 2) suggest that
enynes (X1 =CH,) would be more reactive in a [4 + 2]
cycloaddition reaction, whereas the barrier height in a
[3 + 2] cycloaddition is significantly smaller for oxygen-
substituted molecules (X1 = O). The conclusions are in
agreement with experimentally determined structures of
the products.’?

Considering the heterocyclic substrates
(X1 =0,S,NH), the [4 + 2] cycloaddition barrier height
follows the trend O =~ NH > S (Tables 1 and 3) and in
the 1,2-C shift process AG” decreases in the order NH >
Oo>S.

In heteroatomic cases [3 + 2] the cycloaddition path-
way is preferred over the [4 + 2] cycloaddition and
isomerization. The similar potential energy surfaces for
the former pathway with X1 =0, S, NH suggest that
pyrrole and thiophene derivatives may be obtained under
approximately the same reaction conditions. Further
experimental studies on the topic will not only be able
to verify the prediction, but also provide some evidence
to distinguish between the cycloaddition pathways.

4. The mechanistic conclusions derived at both theory
levels agree with each other, showing the same trends in
relative stability of intermediates and barrier heights
(X1 =0). The most noticeable deviation concerns the
1-58-TS barrier height (Table 1). The MP2/MP2
calculations seem to overestimate the barrier
(AE* =472 kcal mol ") compared with the MP4//MP2
level (AE” = 40.1 kcal mol "), while the B3LYP//B3LYP
value (AE*=29.4kcalmol ") is in a good agreement
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(AE” =33.8 kcal mol V).

Under the experimental conditions the cycloaddition
reaction is carried out at 180°C.? The activation barrier of
the rate-determining step (1—8-TS) computed at the
MP2 level is too high to provide a good product yield in a
reasonable reaction time. Sophisticated electron correla-
tion accounting at the MP4//MP2 level gives more
reliable results, and B3LYP and MP4//B3LYP calcula-
tions are in very good agreement with experiment. It
should be noted that on the B3LYP potential energy
surface 8-TS is lower in energy than both 2-TS and 6-TS
(X1 =0, Fig. 2).

Except for 8-T'S, the MP2 and B3LYP potential energy
surfaces (AE, AH and AG) are in reasonable agreement.
Both methods provide reliable geometries, since MP4//
MP2 and MP4//B3LYP energy data are well reproduced
(Table 1).

5. Available experimental investigations in most cases
do not indicate a dramatic sensitivity of cycloaddition
reactions to the effect of solvent.”’ In some cases
cycloaddition reactions are accelerated in aqueous
media,** but this was attributed to specific interaction
with water rather than a simple effect of polarity.*’

The present study confirms this tendency for the
studied reaction. Both theory levels suggest that the effect
of the solvent surrounding is unlikely to introduce
significant changes to the potential energy surfaces
(Tables 1-3). Solvent effect calculations at the MP2-
PCM and B3LYP-PCM levels are in good mutual
agreement.

CONCLUSIONS

The detailed examination of the intramolecular alkyne
and C=C—CH=X cycloaddition reactions reported here
has shown that competing [4 4 2] and [3 + 2] cycloaddi-
tion pathways can take place. A six-membered cyclic
allene intermediate formed after the enyne [4 + 2]
cycloaddition stage easily undergoes a 1,2-H shift,
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Figure 3. Optimized structures and selected geometry parameters for 14-18 calculated at the B3LYP/6-31G* level.
Displacement vectors corresponding to imaginary frequency are shown for each transition state; the energies are reported

relative to 14

leading to a stable aromatic product with a benzene
skeleton. In contrast, in the case of heteroatom-
substituted molecules, the energetically favored pathway
starts with a [3 + 2] cycloaddition reaction resulting in a
five-membered aromatic ring.

The system studied represents a unique example of
utilizing the competing nature of the cycloaddition
reactions to obtain different products simply by tuning
the substrate structure. The reported theoretical study
makes it possible to clarify the mechanism of the process
and allows further rational reaction design.

Supplementary material

Optimized values of bond lengths and bond angles are
given in Tables S1 and S2. Coordinates in XYZ format are

Copyright © 2003 John Wiley & Sons, Ltd.

given for the optimized geometries (52 structures) and
transition state imaginary mode animations are available
in GIF format. All data are available at the epoc website
at http://www.wiley.com/epoc.
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