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Abstract The Vilsmeier–Haack formylation reactions with hydrocarbons are sluggish in

acetonitrile medium. The VH reactions follows second-order kinetics and affords formyl

derivatives under kinetic conditions that are also irrespective of the nature of the oxy-

chloride (POCl3 or SOCl2) used for the preparation of VH reagent along with DMF.

However, the reactions undergo significant rate accelerations in the presence of transition

metal ions such as Cu(II), Ni(II), Co(II) and Cd(II). Transition metal ion catalyzed VH

formylation is explained through the formation of a mixed ligand complex of the

[M(II)S(VHR)] type prior to the rate determining rearrangement step, before yielding

formyl derivatives of hydrocarbons.

Keywords Vilsmeier–Haack formylation � Hydrocarbons � Transition metal ions �
Catalysts � Kinetics � Mechanism

1 Introduction

The Vilsmeier–Haack reagent is a versatile reagent in organic synthesis [1–14]. Formy-

lation of organic compounds is an important reaction in organic synthesis, which can be

achieved more conveniently under Vilsmeier–Haack conditions than with other procedures

[15–17] such as the Reimer–Tiemann [15], Gattermann–Koch [16], and Duff methods [17].

Earlier publications from our laboratory reported certain kinetic and mechanistic aspects of

formylation, cyclization, acetylation and benzylation under VH conditions in various
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solvent media [11–14]. Over the years, transition metal ions have received enormous

attention by synthetic, inorganic and physical organic chemists all over the world because

of their proven ability as efficient homogeneous catalysts in organic synthesis dealing with

different redox [18–32], photochemical [29], and substitution reactions such as hydro-

genation [30], nitration [31] and formylation reactions [32]. Even though many results

have been published in the literature showing the catalytic effects of transition metal based

species in a variety of chemical reactions. not much work has reported on transition metal

ion catalyzed kinetic studies of VH reactions [29]. In continuation of our ongoing research

on synthesis, kinetics and mechanism of VH reactions, the authors performed a detailed

kinetic study of transition metal ion catalyzed Vilsmeier–Haack formylation of aromatic

hydrocarbons.

2 Experimental Details

2.1 Materials

Solvents such as acetonitrile and dichloroethane were of highest purity HPLC grade.

Deionized water was further purified over acid dichromate and alkaline permanganate

solutions before use. All the other chemicals used in this study (organic substrates such as

hydrocarbons, phenols, and their substituted compounds) were procured from Sigma

Aldrich Chemicals (Hyderabad, India) with highest purity (99 %). A carbonate-free

sodium hydroxide stock solution was prepared according to standard procedures and the

concentration was systematically checked by titration against potassium hydrogen phtha-

late. All the metal nitrates used in the present work were of Analytical Reagent (AR) grade

of 99 % purity (S.D. Fine Chemicals Ltd., India). Stock solutions of metal nitrates (Cu(II),

Co(II), Ni(II) and Cd(II) nitrates) were prepared in acetonitrile solvent and standardized by

EDTA titrations according to literature procedures [33].

2.2 VH Reagents

Flasks containing DMF dissolved in a suitable solvent {generally dichloroethane (DCE), or

acetonitrile (ACN)}, along with SOCl2 and POCl3, were cooled and thermally equilibrated

for about 30 min at -5 �C by keeping them in a benzene trough chilled from outside with

ice and NaCl. Requisite amounts of solvent and amide were transferred into a 100 mL flask

and POCl3 or SOCl2 was added drop wise, at -5 �C, with constant stirring. The resultant

reagent mixture was kept aside for about an hour to ensure complete formation of the VH

adduct. Its concentration was checked by acid–base titration to the bromocresol green end

point according to literature reports [9–14].

2.3 Kinetic Method

Organic substrates such as hydrocarbons, phenols, and their substituted derivatives were

used for kinetic studies of VH reactions in ACN and DCE. The thermostat (Toshniwal,

India) was adjusted to the desired reaction temperature (with a precision of ±0.1 �C). Two

different flasks, one containing known amount of Vilsmeier–Haack reagent (DMF/SOCl2
or DMF/POCl3) in a suitable solvent, and the other with the substrate solution, were taken

and clamped in the thermostatic bath for about 30 min. The reaction was initiated by
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adding the requisite amount of substrate solution to the reaction vessel containing the other

contents of the reaction mixture. The entire reaction mixture was stirred until the end of the

reaction. A kinetic method was adopted to monitor progress of the VH reaction, which is

similar to that reported in our earlier papers [11–14]. Aliquots of the reaction mixture were

withdrawn into a conical flask, containing considerable (and known) amount of hot dis-

tilled water, at different time intervals. The unreacted VH adduct underwent hydrolysis and

gave a mixture of acids (hydrochloric and sulfuric acids for DMF/SOCl2 and hydrochloric

and phosphoric acids for DMF/POCl3). The acid content was estimated against standard

NaOH solution to the bromocresol green end point. Reproducibility of the results was

crosschecked by conducting kinetic runs three to four times. The results were reproducible

within ±3 % error.

2.4 Product Analysis Under Kinetic Conditions

After completing the kinetic study of the reaction, excess (remaining part of the reaction

mixture) was refluxed further and left aside overnight. The solution was then poured into ice-

cold water with vigorous stirring and kept aside for about 2 h. The resultant solution was

neutralized with sodium hydrogen carbonate. The organic phase was extracted with DCE,

dried over MgSO4 and the solvent evaporated. Products of the reaction were isolated and

found to be formyl derivatives of the substrates (Scheme 1) as characterized by 1H-NMR and

mass spectra with comparison to authentic samples and found to be satisfactory (Table 1).

3 Results and Discussion

3.1 Order of the VH Reaction

Plots of lnVt versus time were linear with negative slope and intercept as shown in Figs. 1 and

2, when [substrate]o � [VHR]o the reaction shows first-order kinetics in [substrate]. Rep-

resentative data are presented in Table 2. However, under the condition [VHR]o =

[substrate]o, the plots of [1/(a – x)] or [1/Vt] versus time are linear with positive slope and

intercept at the ordinate indicating that the VH reaction follows overall second-order kinetics

(Figs. 3 and 4). From the slopes of these plots, second-order rate constant were evaluated.

3.1.1 Reactive Species of VH Adduct and Mechanism of Formylation Reactions
Involving the DMF–Oxychloride [POCl3 or SOCl2] Adduct

In spite of different opinions prevailing on the formulae of the reactive VH adduct species,

infrared spectroscopic studies of Arnold and Holy, electronic spectroscopic and 31P NMR

spectroscopic study results of Marino, Martin and several others [3–10], together with the

VHR = DMF / Oxychloride

(i) ACN/DCE
(ii)ACN/M(II) Nitrate

X

Y
O

X

Y

H

Scheme 1 VHR = DMF ? (SOCl2 or POCl3); Y = OH; X = ED or EWD groups
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kinetic studies reported from our laboratory [11, 12] on VH adducts, revealed that a

number of covalent, ionic and ion-pair species of VH-adduct (I to VI) can exist in solution

as shown in Chart 1, taking DMF and POCl3 as a specific example (Chart 1).

Thionyl chloride, being a good Lewis acid like POCl3, can easily interact with a Lewis

base (DMF) to form VH adducts analogous to DMF/POCl3. In view of this, the reaction

mechanism with DMF/SOCl2 does not differ much from that with DMF/POCl3. It is

therefore reasonable to consider similar type of reactive species (VII to X) in the present

work. Accordingly, the species can be written as:

Fig. 1 Plots of ln Vt versus time for the formylation of phenol using (POCl3 ? DMF) at 333 K

Fig. 2 Plots of ln Vt versus time for the formylation of naphthol using (SOCl2 ? DMF) at 333 K

Chart 1 H reactive species with DMF POCl3

J Solution Chem (2016) 45:371–394 375
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CH3ð Þ2N ¼ CHCl
� �þ

OSOCl½ �� ðVIIÞ

CH3ð Þ2N ¼ CH-OSOCl
� �þ

Cl� ðVIIIÞ

CH3ð Þ2N ¼ CHClOSOCl
� �þ ðIXÞ

CH3ð Þ2N ¼ CHCl
� �þ ðXÞ

This aspect, coupled with the observed linearity of the plot of log10 k (POCl3) versus log10

k (SOCl2), indicates that a similar type of mechanism is operative in both the POCl3 and

SOCl2 systems. Earlier studies from our laboratory also revealed that the reaction rates

were relatively higher in DCE media (solvent of low dielectric constant) than those of

MeCN media (solvent of high dielectric constant). Ingold’s rule states that, for ion–ion and

ion–dipole type species participating in the slow step, reaction rates should be faster in the

solvent of low dielectric constant. This statement lends support for considering the par-

ticipation of cationic species of VH adduct (Me2N-CHCl)? in the rate limiting step. In

addition to this, the cationic species of VH adduct (Me2N-CHCl)? is electrophilically more

reactive than non-ionic or ion-pair intermediates of the VH adduct (Scheme 2).

For the above scheme the rate law is,

Table 2 First-order rate constants for VH formylation with hydrocarbons

VH Reagent Substrate First order rate constant (k0 9 10-5)/s-1

Native Cu(II) Ni(II) Co(II) Cd(II)

DMF/POCl3 Naphthalene 13.3 18.3 20.0 17.0 15.0

Phenol 11.7 16.7 18.3 15.0 15.0

4-Nitrophenol 5.00 6.67 6.67 6.70 12.0

2-Chlorophenol 3.33 8.33 8.33 6.70 6.70

o-Cresol 8.33 15.0 16.7 13.0 12.0

p-Cresol 8.33 13.3 15.0 12.0 12.0

Toluene 16.7 21.7 23.3 22.0 22.0

Anisole 20.0 23.3 23.3 23.0 23.0

1-Naphthol 13.3 18.3 20.0 18.0 18.0

2-naphthol 13.3 23.3 23.3 23.0 22.0

DMF/SOCl2 Naphthalene 3.33 5.00 5.00 3.33 3.33

Phenol 3.33 5.00 5.00 5.00 5.00

4-Nitrophenol 1.67 3.33 1.67 1.67 1.67

2-Chlorophenol 1.67 1.67 1.67 1.67 1.67

o-Cresol 5.00 6.67 6.66 6.67 6.67

p-Cresol 6.70 8.33 8.33 8.33 8.33

Toluene 5.00 6.67 6.66 5.00 5.00

Anisole 5.00 6.67 6.66 6.67 6.67

1-Naphthol 5.00 5.00 6.66 5.00 5.00

2-Naphthol 5.00 6.67 6.66 6.67 6.67

[subs] = 0.09 mol�dm-3; [VHR] = 0.005 mol�dm-3

376 J Solution Chem (2016) 45:371–394
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[Me2N-C(H)SOCl]+[Cl] - Me2N - COH + SOCl2 [Me2N - C(H) Cl]+

Path - A
Me2CN medium

Path - B
DCE medium

(Formyl Derivative)

Ar-H Ar-HAr-H = Aromatic Hydrocarbon

Scheme 2 General mechanism of VH formylation reactions

Fig. 3 Plots of (1/Vt) versus time for the formylation of phenol using (POCl3 ? DMF) at 333 K

Fig. 4 Plots of (1/Vt) versus time for the formylation of naphthol using (SOCl2 ? DMF) at 333 K
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�d substrate½ �
dt

¼ k substrate½ � VH adduct½ �

This rate law explains second-order kinetics with first-order dependences on [substrate]

and [VH adduct], showing the consistency of the proposed mechanism.

3.1.2 Mechanism of VH Reactions in Transition Metal Ion Catalyzed Reactions

In order to have a closer look into the transition metal ion catalyzed reactions, a detailed

spectrophotometric study dealing with M(II) binding with the substrate and VHR under

different conditions has been undertaken. Electronic absorption spectra of Cu(II), Ni(II)

and Co(II) showed bands at 756, 490 and 512 nm, respectively. These bands underwent

either hypsochromic or bathochromic shifts in the presence of aromatic hydrocarbon, with

or without VHR. Observed shifts are shown in Figs. 5, 6, 7, 8 and the data are presented in

Table 3. These observations indicate binary and ternary complex formation due to the

interaction of substrate with metal ion M(II) in the absence and/or presence of VHR.

3.1.3 Metal Ion–Substrate Interactions

M IIð Þ þ S �
K1

M IIð ÞS

According to this model, a metal ion–substrate complex [M(II)S] is formed in the pre-

equilibrium step due to the interaction of metal ion (M) with substrate (S). The equilibrium

constant K or (K1) is the binding constant, which can be determined using an approach of

Benesi and Hildebrand [34–41]:

Fig. 5 UV–Visible spectra of Cu(II) with naphthalene and VHR

378 J Solution Chem (2016) 45:371–394
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) M IIð ÞS½ � ¼ K1 M IIð Þ½ �CS

1 þ K1 M IIð Þ½ � ð1Þ

where the total concentration of substrate is CS, which is also considered as the algebraic

sum of free substrate species (S) and metal ion bound substrate species (M(II)S). To

observe one-to-one binding between a single substrate (S) and metal ion (M) using UV–V

is absorbance, the Benesi–Hildebrand method [34–36] can be now employed. Using the

Beer–Lambert law, the concentration of [M(II)S] can be rewritten as,

A ¼ e M IIð ÞS½ �b where b ¼ path lengthð Þ

where [M(II)S] = A/eb; when b = 1 cm, [M(II)S] = A/e.
Substituting for [M(II)S] in the binding isotherm Eq. 1, the equilibrium constant K can

now be correlated to the change in absorbance due to the formation of the M(II)S complex.

! A

e
¼ M IIð ÞS½ � ¼ K M IIð Þ½ �CS

1 þ K M IIð Þ½ �

) A

CS

¼ M IIð ÞS½ � ¼ DeK M IIð Þ½ �
1 þ K M IIð Þ½ �

Fig. 6 UV–Visible spectra of Cu(II) with phenol and VHR
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Fig. 7 UV–Visible spectra of Cu(II) with 2-naphthol and VHR

Fig. 8 UV–Visible spectra of Ni(II) with naphthalene and VHR

380 J Solution Chem (2016) 45:371–394
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) CS

A
¼ 1

eK M IIð Þ½ � þ
1

e

Further modifications result in an equation where a double reciprocal plot can be made

with (CS/A) as a function of 1/[M(II)], and the value of e can be derived from the intercept

while K can be calculated from the slope. Such reciprocal plots have been made in this

study and can be seen in Fig. 9. The values of K and e are presented in Table 4.

Table 3 UV spectroscopic observations of transition metal species in VH reactions

S. N. Substrate Metal
ion

M(II) ion
peak (nm)

M(II) ? substrate
peak(nm)

M(II) ? substrate
?VHR peak (nm)

1. Naphthalene Cu(II) 756 757
(slight bathochromic)

479
(hypsochromic)

Ni(II) 490 462
(hypsochromic)

499
(bathochromic)

Co(II) 520 510
(hypsochromic)

588, 684
(bathochromic)

2. Phenol Cu(II) 756 415
(hypsochromic)

470
(hypsochromic)

Ni(II) 490 470
(hypsochromic)

499
(bathochromic)

Co(II) 520 517
(hypsochromic)

589,685
(bathochromic)

3. 2-Naphthol Cu(II) 756 453
(hypsochromic)

489
(hypsochromic)

Ni(II) 490 464
(hypsochromic)

498
(bathochromic)

Co(II) 520 510
(hypsochromic)

587,654
(bathochromic)

4. Toluene Cu(II) 756 748
(hypsochromic)

470
(hypsochromic)

Ni(II) 490 463
(hypsochromic)

497
(bathochromic)

Co(II) 520 517
(hypsochromic)

589, 685
(bathochromic)

y = 1E-06x + 0.010
R² = 0.993

0.0104
0.0106
0.0108

0.011
0.0112
0.0114
0.0116
0.0118

0.012

0 500 1000 1500

[n
ap

ht
ha

le
ne

]/O
D

1/[Cu(II)]

Naphthalene with Cu(II)

y = 4E-06x + 0.002
R² = 0.976

0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008

0 500 1000 1500

[N
ap
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le
ne
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D

1/[Ni(II)]
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Fig. 9 Benesi–Hildebrand plots for K1
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3.1.4 Interaction of Metal ion with Substrate in the Presence of VHR

The model for ternary complex formation in micellar media is represented in the following

equilibria:

M IIð Þ þ S �
K1

M IIð ÞS

M IIð ÞS þ VHR �
K2

M IIð ÞS�VHR½ �

The terms M, S and VHR represent metal ion, substrate, brominating reagent in these

equations while [M(II)S] and [M(II)S–VHR] refer to binary and ternary complexes formed

due to the interaction of metal ion, substrate, and VHR respectively:

M IIð ÞS�VHR½ � ¼ K2 M IIð ÞS½ � VHR½ �

M IIð ÞS½ � ¼ K1 M IIð Þ½ � S½ � ) S½ � ¼ M IIð ÞS½ �=K1 M IIð Þ½ �

However, the total substrate concentration ([S]t) is the sum of free substrate (S) and metal

ion bound substrate (M(II)S) concentrations, respectively:

S½ �t¼ S½ � þ M IIð ÞS½ � ) S½ � ¼ S½ �t� M IIð ÞS½ �

Application of the equilibrium concept finally leads to an expression for [M(II)S-VHR]:

M IIð ÞS � VHR½ � ¼ K1K2 M IIð Þ½ � S½ �t VHR½ �t
1 þ K1 M IIð Þ½ � þ K1K2 M IIð Þ½ � S½ �t
� � ð2Þ

Using the Beer–Lambert law, this equation can be rewritten with the absorption coeffi-

cients and concentrations of each component:

A ¼ e M IIð ÞS � VHRð Þ½ �b where b ¼ path lengthð Þ

where [(M(II)S-VHR)] = A/eb; when b = 1 cm, [M(II)S] = A/e. Substituting for

[(M(II)S-VHR)] in the binding isotherm Eq. 2, the equilibrium constant K can now be

correlated to the change in absorbance due to the formation of the [(M(II)S-VHR)]

complex:

A ¼
e K1K2 M IIð Þ½ � S½ �t VHR½ �t
� �

1 þ K1 M IIð Þ½ � þ K1K2 M IIð Þ½ � S½ �t
� � ¼

e K1K2 M IIð Þ½ � S½ �t VHR½ �t
� �

1 þ K1 M IIð Þ½ � 1 þ K2 S½ �t
� �

Taking reciprocals to the above equation affords a reciprocal plot with (1/A) as a function

of 1/[M(II)], and e can be derived from the intercept while K can be calculated from the

slope:

1

A
¼ 1 þ K1½MðIIÞ ð1 þ K2� ½S�tÞ

e K1K2 M IIð Þ½ � S½ �t VHR½ �t
� �

1

A
¼ 1

e K1K2 M IIð Þ½ � S½ �t VHR½ �t
� � ¼

1 þ K2 S½ �t
� �

e K2 S½ �t VHR½ �t
� �

S½ �t VHR½ �t
A

¼ 1

e K1K2 M IIð Þ½ �ð Þ ¼
1 þ K2 S½ �t
� �

eK2
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Now, from the reciprocal plot with ([S]t[VHR]t/DA) as a function of 1/[M(II)], a straight

line with intercept (1 ? K2[S]t)/eK2 and slope = (1/eK1K2) should be obtained, which is

observed in the present study (Fig. 10). From the intercept, the value e can be computed

with the assumption that 1 � K2[S]t, which ultimately leads to intercept = [S]t/e, while K2

can be calculated from the slope with proper substitution of K1 evaluated earlier for the

binary system. Gibbs energy values (DG) involving the formation constants (K1 and K2) are

evaluated according to van’t Hoff’s isotherm, and related data are presented in Table 4:

DG ¼ �RTlnKi:

3.1.5 Metal Ion Catalyzed Mechanism of Formylation Reactions Involving a DMF–
Oxychloride [POCl3 or SOCl2] Adduct

UV spectroscopic studies (Figs. 5, 6, 7 and 8) of metal ion interactions with aromatic

hydrocarbons and in the absence and presence of VH reagents clearly indicate that aro-

matic hydrocarbons form binary [M(II)S] complexes as well as ternary complexes of the

type [M(II)–S–VHR]. These findings, coupled with the observed second-order kinetics

with first-order rate dependences on [substrate] as well as [VHR] and rate enhancements in

metal ion catalyzed reactions, substantiate the formation of a binary [M(II)S] complex in

the first step giving rise to a ternary complex in the second step. The ternary complex thus

formed rearranges to give products in the slow step, as is shown in Schemes 3 and 4.

In Schemes 3 and 4, [M(II)S] and [M(II)S–VHR] refer to binary and ternary complexes

formed due to the interaction of metal ion, substrate, and VHR, respectively. The products

are obtained from the decomposition of [M(II)S–VHR] in the slow step in the metal ion

catalyzed reactions. For the above schemes the rate law is given by:

) V ¼ kcK1K2 M IIð Þ½ � S½ �t VHR½ �t
1 þ K1 M IIð Þ½ � þ K1K2 M IIð Þ½ � S½ �t
� �

According to this rate law, the reaction kinetics should indicate first-order kinetics with

respect to [VHR] and fractional order in both [substrate] as well as [M(II)]. But, the

kinetics of the study indicate first order in both the reactants [VHR] and [substrate]. This

change may be explained due to the small contribution of the product of (K1K2[M(II)][S]t).

If (1 ? K1 [M(II)]) � K1K2[M(II)][S]t in the denominator of the above rate equation, then

the contribution of (K1K2[M(II)][S]t) can be neglected. The rate equation now takes the

form,

y = 6E-07x + 0.003
R² = 0.969

0.003
0.0031
0.0032
0.0033
0.0034
0.0035
0.0036
0.0037
0.0038

0 500 1000 1500[N
ap

ht
ha

len
e]

x[
V

H
R

]/O
D

1/[Ni(II)

Ni(II) with Napthalene and VHR

Fig. 10 Benesi–Hildbrand plots for K2
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V ¼ kcK1K2 M IIð Þ½ � S½ �t VHR½ �t
1 þ K1 M IIð Þ½ �

Rearranging the rate law gives:

V

S½ �t VHR½ �t
¼ k00 ¼ kcK1K2 M IIð Þ½ �Þ

1 þ K1 M IIð Þ½ �

M(II) + S M(II)S
K1

Products

K2

kc

VHR

[M(II) S - VHR]

Scheme 3 Metal ion catalyzed
VH reaction with hydrocarbons

OH OM(II)

N
H3C

H3C
H

Cl
P

Cl
Cl

O

O

OM(II)
H NMe2

H Cl-H+

OM(II)
NMe2

H Cl

OM(II)
NMe2

H O
H

H

OM(II)
NMe2

H O H

-H+

-M(II)

OH
CHO

H+ + PO2Cl2 HPO2Cl2

[PO2Cl2]

M(II) +
K1

(VHR)
K2

-

k

Slow

-H+

Scheme 4 Metal ion catalyzed VH mechanism with phenol
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Since very low concentrations ([M(II)\ 0.001 mol�L-1) are used in this study, the con-

tribution due to (K1 [M(II)]) can be neglected in the denominator. The above equation then

takes the form,

k00 ¼ kcK1K2 M IIð Þ½ �

Second-order rate constants (k00) are reported in Table 4 and related activation parameters

were computed from Eyring’s equation using the theory of reaction rates [37, 38].

According to Eyring’s theory of reaction rates, the rate constant (k) can be given as

k ¼ ktð Þ RT=Nhð Þexpð�DG#=RTÞ ð3Þ

In the above equation, the transmission coefficient (kt) is assumed to be unity; R, N, h

and T represent the gas constant, Avogadro number, Planck’s constant and reaction

Fig. 11 Gibbs–Helmholtz plots for VH formylation of phenol using (POCl3 ? DMF)

Fig. 12 Gibbs–Helmholtz plots for VH formylation of 1-naphthol using (SOCl2 ? DMF)
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temperature, and DG# the Gibbs energy of activation. Rearrangement of the above equation

gives:

exp DG#=RT
� �

¼ RT=Nhkð Þ ð4Þ

Taking the natural logarithm for the above equation then gives:

DG# ¼ RT1n RT=Nhkð Þ ð5Þ

The Gibbs energy of activation (DG#) has been evaluated at various temperatures by

using the above equation. But, the Gibbs energy of activation (DG#) is related to the

enthalpy (DH#) and entropy of activation (DS#) by the Gibbs–Helmholtz equation:

DG# ¼ DH#�TDS# ð6Þ

Now, the plots of DG# as a function of temperature (T) should be linear with negative

slopes (DS#) and definite intercepts on the ordinate which are equal to (DH#). Such plots

were realized in the present study (Figs. 11 and 12). From the slopes and intercepts of these

plots, the enthalpies and entropies of activation were evaluated. Activation parameters

have been evaluated for all the substrates studied in this reaction and the data are presented

in Tables 5, 6 and 7. It is of interest to note that Gibbs energies of activation (DG#) for all

the substrates are by and large of the same magnitude, indicating a similar type of

mechanism is operative. The small entropies of activation (DS#) presented in these

tables show that the transition state is tending towards decomposition to afford

stable products. Obtained negative Gibbs energy values (DG) for binding constants K1 and

K2 indicate the favorable nature of complex formation during the course of the reaction.

4 Conclusions

In summary, the authors have successfully demonstrated transition metal ion catalyzed

Vilsmeier–Haack formylation reactions with hydrocarbons in acetonitrile medium. The

VH reactions followed second-order kinetics and afford formyl derivatives under kinetic

conditions, also irrespective of the nature of oxychloride used for the preparation of VH

reagent along with DMF. The calculated Gibbs energies of activation (DG#) for all the

substrates are, by and large, of the same magnitude, indicating a similar type of mechanism

is operative. Small positive entropies of activation (DS#) observed in this study probably

indicate that the transition state is tending towards decomposition to afford stable products.

The obtained negative Gibbs energy values (DG) for binding constants K1 and K2 indicate

the spontaneous nature of complex formation during the course of reaction. The present

finding is advantageous to understand the nature of reactive species as well as the

mechanism of formylation.
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