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Abstract Because of discrepancies in the available experi-
mental data, an extensive theoretical investigation of the
formation of the Vilsmeier-Haack (VH) complex has been
carried out. The barriers to complex formation calculated
using eight different density functional methods (BLYP,
B2-PLYP, B3LYP, B3PW91, MPWIK, M06-2X, and
PBEI1PBE), MP2, and extrapolation techniques (CBS-QB3,
G3B3) with several basis sets (6—31+G**, 6—-311++G**, 6—
311+(3df,2p), aug-cc-pVDZ, and aug-cc-pVTZ) were com-
pared with experimental data. For the overall reaction, MP2/
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aug-cc-pVDZ and MO06-2X/6—31+G(d,p) perform best
compared to the CBS techniques. The results help clarify
some open mechanistic questions.
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Introduction

The Vilsmeier-Haack (VH) reaction [1], originally reported
in 1927, has long been an important synthetic reaction. It
has been used extensively for formylation and the synthesis
of biologically active heterocyclic compounds [2-7]. In
general, the reaction proceeds via formation of a complex
between N,N-dimethylformamide (DMF) and POCI;
(Fig. 1). This electrophilic adduct is instrumental in
introducing an aldehyde group into activated aromatic
compounds since it decomposes readily in contact with
water. It has been reported that the rate-determining step
of the formylation reaction is either the attack of this
electrophilic adduct on the aromatic substrate or the
formation of the adduct itself, depending on the
reactivity of aromatic substrate [8]. Three different types
of Vilsmeier complex structure have been proposed, as
shown in Fig. 1. The covalent structure I can be ruled out
based on infrared spectra [9, 10]. The spectroscopic [11]
and chemical [12, 13] evidence suggests one of the ionic
structures II or III.

Martin et al. [14] studied the mechanism of the complex
formation in dichloromethane at different temperatures by
nuclear magnetic resonance spectroscopy and reported a free
energy of activation of 15.3 kcal mol™" at 313 K and that the
reaction follows second-order kinetics. They suggested that
the complex structures were in equilibrium with the reagents.
Another kinetic investigation of the complex formation was
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carried out by Alunni et al. [8], also at different temperatures
in dichloroethane. They also observed second-order kinetics
for the formation of the complex. According to their results,
the reaction enthalpy and entropy of the formation were
found to be -13.7 kcal mol ' and -38.6 kcal mol ',
respectively, and the activation parameters were AH”=
15.8 keal mol™' and AS?=-20.7 cal mol™' K™', which
corresponds to a free energy of activation with
22.3 kecal mol™' at 313 K. However, they also noted a
serious disagreement between their values and those of
Martin et al. that cannot be ascribed entirely to the
different experimental conditions. Recently, Dyer et al. [15]
also performed a kinetic investigation of the Vilsmeier
reaction. Their suggested mechanism is that the carbonyl
oxygen makes a new single bond with phosphorous when the
P-Cl single bond breaks in the first step to form the ionic
structure II. A rearrangement is then suggested to occur to
form structure III in the second step. They calculated the
kinetic data for each step at different temperatures in
dichloromethane. Their computed activation parameters were
AH?=0.81 kcal mol ' AS*=-68.83 cal mol ' K" for the
first step, in which the reaction follows the second-order
kinetics, and AH*=12.47 kcal mol™' AS”=-
33.92 cal mol ' K ™! for the second step (first-order kinetics).
They also reported the reaction enthalpies of the first and
second steps to be —1.82 and —2.20 kcal mol™', which
corresponds to a total reaction enthalpy of —4.02 kcal mol .
However, they reported that the complex formation follows
first-order kinetics since the second step of the complex
formation is rate determining, in disagreement with the
earlier results of Alunni et al. [8] and Martin et al. [14], both
concerning the reaction kinetics and the activation enthalpies.

In view of the experimental ambiguities and because
we are unaware of theoretical work on the Vilsmeier
formylation, we now report a high-level ab initio and
density-functional theory (DFT) study of the mechanism
of Vilsmeier-Haack complex. Our purpose in modeling
the mechanism using reference (ab initio extrapolation)
methods is twofold; to resolve the differences between
the experimental studies and to define the performance of
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computationally more economical DFT techniques and
MP2 for such processes.

Computational methods

Calculations were performed with the Gaussian 03 [16] and
Gaussian 09 [17] program packages. In order to obtain
chemically accurate theoretical gas-phase thermochemical
energies, CBS—QB3 [18-20] and G3B3 [21] were used.
CBS—QB3 energies of the complex structures II and III in
solvent were corrected for solvent effects (in dichloroethane)
using the SMD [22] solvation model. The functionals we
have tested are the BLYP [23-25], Grimme’s pertubatively
corrected density functional B2-PLYP [26], B3LYP [25, 27],
B3PWO1 [27, 28], PBEIPBE [29], the hybrid-GGA
MPWIK [30, 31] and the hybrid meta-GGA M06-2X [32].
For comparison, we have also used second-order Maoller-
Plesset theory (MP2) [33] to calculate the activation barrier
of the first step. The 6—-31+G**, 6—-311++G**, 6—311+G
(3df,2p), aug—cc—pVDZ, and aug—cc—pVTZ basis sets
[34-40] were used. Analytical computations of vibrational
frequencies within the harmonic approximation were used to
characterize the stationary points. Thermal corrections to the
zero point energy (ZPE), enthalpy, and entropy were
calculated at 298.15 K and 1 atm. In addition to using the
SMD solvation model, solvent effects using dichloroethane
were also taken into account by performing single-point
calculations on the gas-phase geometries using the polariz-

Table 1 CBS-QB3 energies (kcal mol ') of Vilsmeier complex
structure III relative to II

1

Gas phase, 0 K 4.87
Gas phase, 298 K 431
Dichloroethane, 298 K -8.22
Dicholoromethane, 298 K -8.34
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Table 2 Calculated enthalpies
(kcal mol™") of RC (AHgc),
TSI (AH?), and complex II
(AHy ) relative to the reactants.
The reference gas-phase
energies are simply the mean of
the values calculated with
CBS-QB3 and G3B3. The MUE
is the mean absolute error for
AHRCa AH¢ and AHH

3211

AHpc  AH? AHy Error AHge  Error AH*  Error AH; ~ MUE
CBS—QB3 =560 2613 -1.19
G3B3 -540 2632 -1.24
Reference

-550 2623 -1.22
BLYP
6-31+G(d,p) -0.52 2879 1226  —4.98 -2.57 -13.48 7.01
6-311++(d,p) -0.98  28.04 1218 —4.52 -1.82 -13.40 6.58
6-311+G(3df2p)  —0.51 30.05  10.18  —4.99 -3.83 -11.40 6.74
B2-PLYP
6-31+G(d,p) -229 3620  2.88 -3.21 -9.98 -4.10 5.76
6-311++(d,p) -290 3583 592 -2.60 -9.61 —7.14 6.45
6-311+G(3df2p)  —2.09  36.66 3.25 -3.41 —10.44 —4.47 6.10
B3LYP
6-31+G(d,p) -1.61 3241 833 -3.89 -6.19 -9.55 6.54
6-311++(d,p) -2.01 32.04  8.07 -3.49 -5.82 -9.29 6.20
6-311+G(3df2p) —1.56 3334  5.96 -3.94 -7.12 —7.18 6.08
aug-cc-pVDZ -1.04 2992 11.06 —4.46 -3.70 -12.28 6.81
aug-cc-pVTZ —0.61 33.16 1035  —4.89 -6.94 -11.57 7.80
B3PW91
6-31+G(d,p) -0.79 3258  7.37 —-4.71 -6.36 -8.59 6.55
6-311++(d,p) -143 3221 695 —-4.07 -5.99 -8.17 6.07
6-311+G(3df2p)  —0.81 3292 7.9 —-4.69 -6.70 -8.81 6.73
aug-cc-pVDZ -0.17 2981  10.18 —5.33 -3.59 -11.40 6.77
aug-cc-pVTZ 0.17 33.01  9.61 -5.67 -6.79 -10.83 7.76
PBE1PBE
6-31+G(d,p) -2.66 2974  3.50 -2.84 -3.52 —4.72 3.69
6-311++(d,p) 331 2941  3.08 -2.19 -3.19 —4.30 3.22
6-311+G(3df2p) —2.56 2982  3.71 —-2.94 -3.60 —-4.93 3.82
aug-cc-pVDZ -1.93 2683 627 -3.57 -0.60 —7.49 3.89
aug-cc-pVTZ -138 3004 579 —4.12 -3.82 -7.01 498
MPWI1K
6-31+G(d,p) -2.62 3137 182 -2.88 -5.15 -3.04 3.69
6-311++(d,p) -326 3116 1.32 -2.24 —4.94 -2.54 3.24
6-311+G(3df2p) —2.40 3138  1.98 -3.10 -5.16 -3.20 3.82
aug-cc-pVDZ -230 2831 494 -3.20 -2.09 -6.16 3.81
aug-cc-pVTZ -1.57  31.69 424 -3.93 -5.47 -5.46 4.95
MO6-2X
6-31+G(d,p) -645 2349 343 095 2.74 222 1.97
6-311++(d,p) -739 2289 —427 1.89 3.34 3.06 2.76
6-311+G(3df2p) —620 2416 -323  0.70 2.07 2.02 1.59
aug-cc-pVDZ —-5.41 2096 -041  —0.09 5.27 -0.81 2.05
aug-cc-pVTZ -543 2438 -1.18  —0.07 1.85 -0.03 0.65
MP2
6-31+G(d,p) -6.28 2861 —4.11  0.78 -2.39 2.90 2.02
6-311++(d,p) -6.79 2850 585 1.9 -2.28 4.64 2.73
6-311+G(3df2p) —5.72 2583 —3.14 022 0.40 1.93 0.85
aug-cc-pVDZ -6.31 2067 -2.75 081 5.56 1.54 2.63
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Table 3 Calculated enthalpies
(kcal mol™") of RC (AHgc),

TS1 (AH?), and complex II
(AHp ) relative to the reactants in
dichloroethane. The differences
of the calculated activation
(AAH?) and reaction (AAH)
enthalpies from the experimental
data reported by Alunni et al. [8]
and by Dyer et al. [15], respec-
tively, are given in parentheses

Computational levels AHgc AHrg,” AAH? AHy AAH
MO06—2X/6-31+G(d,p) -3.17 18.51 2.71 —-0.82 1.00
MO06—2X/6—-311+G(3df,2p) -3.00 19.63 3.83 —0.68 1.14
MO062X/aug—cc—pVDZ -2.35 16.32 0.52 1.15 297
MO062X/aug—cc—pVTZ —2.24 19.91 4.11 0.47 2.29
MP2/6-31+G(d,p) —-1.68 25.65 9.85 —0.02 1.80
MP2/6-311+G(3df,2p) -1.33 22.72 6.92 0.47 2.29
MP2/aug-cc-pVDZ -2.10 17.56 1.76 0.86 2.68

able continuum (overlapping spheres) model [41] (PCM).
Thermodynamic corrections obtained from frequency calcu-
lations in the gas phase were added to the electronic energy
plus solvation free energy obtained from single point PCM
calculations in order to compute ZPE corrected energy,
enthalpy, and Gibbs energy values in solution.

Results

The stabilities of complexes II and III (Table 1) were
evaluated by comparing the calculated CBS—QB3 energies
in the gas phase and solution. Complex II is
431 kcal mol™' more stable than III in the gas phase,
whereas it is 8.22 and 8.34 kcal mol ' less stable in
dichloroethane and dichloromethane, respectively. This
indicates that complex III is favored in solution, which
agrees with the experimental observations [8, 11-13].

The performance of different density functionals and MP2
relative to the reference calculations for the gas phase

Table 2 shows the calculated activation and reaction
enthalpies for the first step. The CBS-QB3 and G3B3

—e— MP2/aug-cc-pVDZ
—a— MO0B-2X/aug-cc-pVDZ
—a— M0B-2X/6-31+G(d.p)
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Fig. 2 Potential energy scans (PESs) for the rearrangement step
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methods agree within close limits for all species
calculated and can be considered to represent reference
gas-phase data. The mean absolute errors (MUE) of the
DFT functionals and MP2 are also given in Table 2. The
most popular functionals, B3LYP and B3PW91, used with
the aug-cc-pVTZ basis set give the largest deviations
(MUE=7.80 and 7.76 kcal mol !, respectively) from the
reference data and also underestimate the reaction enthal-
py by an average of —9.97 and —9.56 kcal mol ',
respectively. BLYP performs better in predicting the
activation barrier than B3LYP and B3PW91 with an
average error of —2.74 kcal mol '. However, it gives the
largest average error (—12.76 kcal mol ") for the reaction
enthalpy. The average MUEs of the BLYP, B3LYP, and
B3PW91 functionals are 6.78, 6.69, and 6.78 kcal mol ',
respectively. For the activation enthalpy, the B2-PLYP
functional performs even less well than the popular func-
tionals with an average error of —10.01 kcal mol ', but better
for reaction enthalpy (average error of —5.24 kcal mol ™).
However, its overall average MUE is still quite significant
(6.10 kcal mol ). PBEIPBE and Truhlar’s hybrid method,
MPWIK show similar deviations from the reference data.
Their average MUEs are 3.92 and 3.90 kcal mol ", respec-
tively, better than the DFT functionals mentioned above. On

in dichloroethane ——MP2/aug-cc-pVDZ
—o— M0B-2X/6-31+G(d,p)
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Fig. 3 Imaginary frequencies of
third points on the potential

MP2/aug-cc-pVDZ

energy scans (*: obtained from R -
full transition state optimization) Lo ad
0 e
204.712

the other hand, Truhlar’s other hybrid-meta method,
MO06-2X has the lowest MUE (0.65 kcal mol™") when
used with aug-cc-pVTZ and performs the best overall
(average MUE=1.84 kcal mol™") of the DFT functionals
investigated. It predicts the activation and reaction enthalpies
with average errors of 3.05 and 1.29 kcal mol ',
respectively. MP2 gives the best estimation in the
activation barrier (average error=0.26 kcal mol '), but
its average MUE (2.08 kcal mol™") is 0.24 kcal mol ™'
higher than that of the MO06-2X density functional
technique. MP2/6—311+G(3df,2p) and M06-2X/aug-cc-
pVTZ perform remarkably well with MUEs of
0.85 kcal mol™'. An adequate basis set is important 6-
311+G(3df,2p) and aug-cc-pVTZ perform significantly
better than aug-cc-pVDZ.

The calculated solvent effect and comparison
with experimental data

The above calculations all refer to the gas phase,
whereas the reaction was carried out in dichloroethane
or dichloromethane. We therefore considered the solvent
effect by calculating the activation enthalpies of the first
step using self-consistent reaction field theory. We chose

Table 4 The computed enthalpies of transition state, TS2 (AHrs,”)
and complex III (AHpy) relative to complex II in vacuo and
dichloroethane

In vacuo In dichloroethane

AHrsy” AHpy AHrsy” AHyy
MO06—-2X/6-31+G(d,p) 10.63 10.77 291 -0.36
MO06-2X/aug-cc-pVDZ 13.76 11.86 2.98 2.10
MP2/aug-cc-pVDZ 4.79 5.27 -0.45 -2.20

MO06-2X/aug-cc-pVDZ  M06-2X/6-31+G(d, p)

4 in vacuo

?

40.21

134.812

f’?" e

27.51

<

| in solution

111.41 199.4i

dichloroethane as solvent since it and dichloromethane
gave similar stabilities for the ionic complexes (Table 1).
The results are listed in Table 3.

Generally, calculations with the aug-cc-pVDZ basis set
agree best with the experimental activation energy. The
barriers in dichloroethane for MP2 and M06-2X with aug-
cc-pVDZ differ only 1.76 and 0.52 kcal mol ' from the
experimental value reported by Alunni et al. [8], respec-
tively. The results obtained with the 6—31+G(d,p) basis set
vary strongly with the computational method used. M06-
2X/6-31+G(d,p) differs only 2.71 kcal mol ' from the
experimental data [8] whereas MP2/6-31+G(d,p) over-
estimates the barrier by 9.85 kcal mol™'. The 6-311+G
(3df,2p) basis set behaves similarly. However, increasing
the size of the basis set for M06-2X increases the difference
between the calculated and experimental barriers, but leads
to the expected improvement for MP2.

The M06—2X/6-31+G(d,p) level agrees best with the
experimental reaction enthalpy of Dyer et al. [15]. The aug-
cc-pVDZ basis set gives acceptable differences of 2.97 and
2.68 kcal mol™' for M06-2X and MP2, respectively. Thus
MO06-2X/aug-cc-pVDZ or MP2/aug-cc-pVDZ represent
good compromises for the calculations in solution. MP2/
aug-cc-pVDZ is probably to be preferred because the basis-
set dependence of MP2 is more predictable than that of
M06—2X, although the latter is computationally more
economical.

Table 5 Dipole moments (Debye) of the structures in the second step
in vacuo

Mt Hrs2 M
MO06—-2X/6-31+G(d,p) 4.89 10.95 12.71
MP2/aug-cc-pVDZ 4.96 8.36 9.54
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imaginary frequencies as displacement vectors are shown in
Fig. 3, which shows that the structure of the third point

Rearrangement from VH complex II to III

The potential energy surface of the second step including the
rearrangement of II to III was generated with coordinate-
driving potential scans in which the points on the surface were
optimized under constraint of the C-O bond distance (Fig. 2).
Scan computations verify that complex II is more stable than

III in the gas phase but less stable in solution.
Figure 2 shows two transition states on the potential

hypersurfaces. The first one is the third point for both gas

cannot be the target transition state for the second step of

Vilsmeir-Haack formation since its imaginary frequency
does not show the breaking of the C-O bond and the C-Cl
bond formation. This transition state belongs to the
rotations of N-methyl groups due to steric effect of CI
atom that comes closer to the C atom. Its barrier heights are

approximately 6.8-8.2 and 6.2-7.6 kcal mol ™' in gas and
solution, respectively, which is reasonable for a single bond

rotation barrier.
The sixth points (at rc.o=1.9 A) for the MP2/aug-cc-

pVDZ and MO06-2X/aug-cc-pVDZ levels and the eighth

and solution phases. The frequency computations of the
third points at the same levels were carried out. In solution,
the structure calculated for a constrained C-O distance of
1.6 A has one imaginary frequency for each level. In
gas phase, it also has one imaginary frequency for
M06-2X/6-31+G(d,p) but no imaginary frequencies for
MP2/aug-cc-pVDZ and MO06-2X/ aug-cc-pVDZ levels.

Therefore, full transition state optimizations of this struc-
The

point (at rc.o=2.1 A) for M06-2X/6-31+G(d,p) in the gas
phase and the fifth points (at rc.o=1.8 A) for all levels in
dichloroethane were identified as the second transition
states on the surfaces from the frequency computations.

Full optimizations of these points were carried out using the
same levels and each gave one imaginary frequency that

ture at these levels in gas phase were also carried out.

TS1
2067 23.49 081
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|——‘.
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; 0.41 2.09
\II e—.
i — e m
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represents the breaking of the C-O bond and the formation
of the C-Cl bond (see TS2 in Fig. 1). The reaction and
activation enthalpies calculated from full optimizations are
listed in Table 4. Single point energy computations in
dichloroethane were also performed to calculate solvent
effects and these energies were also listed in Table 4.

For the activation energy, M06-2X in gas phase
coincidentally agrees well with the reported value
(12.47 kcal mol™") by Dyer et al. [15] but gives a
considerably lower value in solution. The activation
barriers computed by MP2 in the gas and solution phases
are significantly lower than the experimental value and that
for AHTSf even becomes negative after vibrational
corrections, indicating that the reaction is barrierless at this
level. Table 4 shows that the computed activation enthalpies
of the second step with M06-2X/6-31+G(d,p) and MP2/
aug-cc-pVDZ are lower than the calculated reaction
enthalpies. This arises from the fact that complex III has a
higher dipole moment than TS2 in the gas phase (Table 5).
MO06-2X/aug-cc-pVDZ gives a gas phase minimum that is
probably spurious. According to the computed reaction
energies of the second step, complex II is found to be more
stable than III in the gas phase by the levels used, as well as
CBS-QB3. On the other hand, in solution phase, the M06-
2X/6-31+G(d,p) and MP2/aug-cc-pVDZ find that complex
IT is less stable than III, which also agrees with CBS-QB3
computations (Table 1), whereas M06-2X/aug-cc-pVDZ
still finds complex II more stable than III unlike CBS-QB3.
Furthermore, the calculated reaction enthalpy in solution at
the M06-2X/6-31+G(d,p) and MP2/aug-cc-pVDZ levels
agrees well with the experimental reaction enthalpy
(—2.20 kcal mol™") of Dyer et al. [15].

Figure 4 shows the energy profile of the overall
reaction. After full optimizations of the stationary points
using the MP2/aug-cc-pVDZ and M06-2X/6-31+G(d,p)
levels in the gas phase, the single point energy computa-
tions in dichloroethane were also carried out using the
same levels. The results obtained from the computations
indicate that the second step, which follows first order
kinetics, cannot be the rate-determining step of VH
complex formation since its barrier is lower than that of
the first step in both gas and solution phases. This is not
consistent with the observation of Dyer et al. [15], but
supports those of Martin et al. [14] and Alunni et al. [8].
However, the computed reaction enthalpy is consistent
with reported value (totally, —4.02 kcal mol ") of Dyer et
al. [15].

Conclusions

The above results represent the, to our knowledge, first
computational study of the potential energy surface of the

Vilsmeier-Haack complex formation mechanism of dime-
thylformamide (DMF) and phosphorus oxychloride
(POCI5). The following conclusions can be drawn:

1 The ionic complex II is more stable than complex III in
the gas phase but it is less stable in dichloroethane or
dichloromethane solution. This is consistent with the
fact that structure III has recently gained in favor on the
basis of chemical, spectroscopic, and thermodynamic
evidence [8, 11-13].

2 Unlike the observation of Dyer et al. [15], we observed
that the VH complex formation follows a second order
kinetics since the rate-determining step is the first step,
the addition of DMF to POCIl; with an activation
barriers of 20.7 and 17.6 kcal mol ' in gas and solution
phases, respectively. This supports the observation of
Martin et al. [14] and Alunni et al. [8]. Nevertheless, for
the total reaction enthalpy, the theoretical results are
consistent with the results of Dyer et al. [15].

3 For the first step of the Vilsmeier-Haack complex
formation, MP2/aug-cc-pVDZ, M06-2X/aug-cc-pVDZ,
and M06-2X/6-31+G(d,p) predicted activation energies
very close to that of Alunni et al. [8] in solution. However,
the MP2/6-311+G(3df,2p) and M06-2X/aug-cc-PVTZ
levels performed the best in the gas phase compared to
the reference calculations. The computed reaction enthal-
pies are in better agreement with the data reported by
Dyer et al. [10] than with those of Alunni et al. [8].

4 In the second step, the activation barrier of TS2
computed by M06-2X in the gas phase is consistent
with the experimental value reported by Dyer et al. [15]
but this value is found to be considerably lower by the
computational levels used in solution. The MP2/aug-cc-
pVDZ and MO06-2X/6-31+G(d,p) levels are in good
agreement with CBS-QB3 in the prediction of the
stability of VH complexes.
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