Chapter 4
DFT based study on the mechanism of an unexpected reaction

of aldehydes with 1, 3-dicarbonyl compounds

In this chapter we have investigated the mechanism of an unexpected reaction
between two molecules of 1, 3-dicarbonyl compound and one molecule of the aldehyde in
presence of molecular iodine by density functional theory based approach. The
geometries and the frequencies of reactants, intermediates and fransition states are
calculated using Becke three parameter exchange and Lee-Yang-Parr correlation
Jfunctional. The vibrational analysis, intrinsic reaction coordinate (IRC) calculation and
ESP analysis verify the authenticity of the transition states. Depending on substitution
pattern of 1, 3-dicarbonyl compound, there may be two pathways, one leads to furan
derivative and the other to cyclopropane derivative. The nucleus independent chemical
shift (NICS) values have been calculated for the intermediates, products and the
corresponding tranmsition states to ensure the aromaticity contribution to the reaction

pathway. The results are in good agreement with the experimental findings.
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4.1 Introduction

Cyclopropane ring is found both in natural products and in biologically active
mole-cules.' The unusual bonding and ring strain make it an interesting moiety to
organic and bioorganic chemists. It can easily undergo selective ring opening and [1, 2]
cycloaddition reactions. A variety of cyclopropanation reactions are well documented.®
The substituted dihydrofurans, an important class of heterocycles are widely present in
numerous natural products and show antibacterial as well as antifungal activities.”"® Due
to diverse roles in organic synthesis, the synthetic methodologies for dihydrofurans have

also been studied in detail % *

Oxidative addition reaction of various aldehydes with 5,5-dimethylcyclohexane-
1,3-dione and 1,3-indandione can selectively endow with spiro dihydrofuran and
cyclopropane derivatives in presence of iodine and dimethylaminopyridine (DMAP).* 1t
is a solvent free reaction and reported to be an unexpected reaction. Generally 1, 3-
dicarbonyl compound reacts with an aldehyde and gives aldol condensation product.
However, in this case as iodine and DMAP are introduced, this reaction proceeds to

further cyclization following an unusual pathway.

The mechanism of aldol condensation reactions has already been studied
extensively.”>* Bouillon etal have studied diastereoselective intramolecular aldol
condensations of 1,6-diketones in ab initio method.'® Arno and Domingo have studied
proline catalyzed aldol reaction between acetone and isobutyraldehyde.'” However, no
such mechanistic study has been reported for the title reaction. So our present work aims
to investigate the most plausible mechanistic pathway in DFT framework which will be
beneficial to further theoretical and experimental studies. To understand the mechanism
of this highly selective cyclization, we have theoretically investigated the common steps
of the reaction with acetyl acetone as 1, 3-dicarbonyl compound and acetaldehyde. To
study the step of cyclization, we have taken (1) dimedone and 3- nitro benzaldehyde in

one plausible path and (2) 1,3-indanedione and 3-nitro benzaldehyde in another (Scheme
4.1).
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4.2 Methodology

In this work, we explore mechanistic pathways for this unexpected reaction
through DFT studies using Becke three parameter exchange and Lee-Yang-Parr
correlation functional. Since the systems investigated in this work are quite large, the
geometries of all the reactants, intermediates, transition states and products have been
optimized using the simplest split-valence basis function for computational economy. As
iodine is undefined in this standard basis set, LANL2DZ is used as an extrabasis function
for iodine. For all optimized structures, frequency analysis has been carried out. This
allows one to assign the reactants and products as genuine minima and shows one
imaginary frequency for the transition states. Intrinsic reaction coordinate (IRC)
calculations have been done to verify whether the transition states connect the reactants
to the products. The exchange correlation functional, which is used in this work, contains
spurious electron self interaction, related to long range nondynamic correlation of
electron?' The self interaction error (SIE) influences the shape of the potential energy
surface near the transition state by lowering the barrier height.”* Being aware of this fact,
we have further refined our B3LYP results by carrying out single point calculation at
MP2 level on the transition states.”” Reactivity of any molecule at a specific site can be
determined by local reactivity parameters such as Fukui function and so on. In this study,
we have calculated Fukui function at different sites of a molecule. Regioselectivity for
nucleophilic or electrophilic attack at site k¥ can be ascertained through evaluation of

Fukui function (£ ), ***° and can be estimated using population analysis as
fii' = [pN+1) — p(N)]  for nucleophilic attack 4.1)

fi—= [p(N) — px(N—=1)]  for eletrophilic attack (4.2)

where p(N+1), p(N) and p(N—1) are the electron densities of the (N+1), N and (N—1)
electron systems respectively.”” 2* Condensed form of these functions was presented by

Yang and Mortier” yielding
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fi" = [qN+1) - qu(N)] (4.3)
fi = [qu(N) — qu(N-1) ], 44

where q(N+1), gu(N), qu(N-1) are the charges at atom & on the anion, neutral, and cation
species obtained by different population analysis. Since here we do not use any diffused
function, Mulliken population analysis (MPA) has been used to estimate the condensed
Fukui function. In this work Fukui functions are calculated following Egs. (4.3) and
(4.4). The thermodynamic functions (AG and AH) are calculated within ideal gas, rigid-
rotor and harmonic oscillator approximations at 298.15K temperature and 1 atm pressure.
The nucleus independent chemical shift (NICS) is a useful tool to analyze the
contribution of aromaticity to the reaction path.’*** We have calculated the NICS values
for the intermediates, products and also for the transition states to ensure the o [NICS(0)]

and m [NICS(1}] aromaticity contribution to the reaction path.
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Scheme 4.1: (A) Schematic mechanism for the general steps of the reaction. (B) Two
possible paths of cyclization; 7g; is formed in the reaction between dimedone and 3-
nitro benzaldehyde and 8g; is formed in the reaction between 1,3-indanedione and 3-

nitro benzaldehyde which on subsequent cyclization form 7h; and 8h, respectively.

4.3 Results and discussion

In this work, we have investigated the reaction mechanism using exchange-
correlation functional B3LYP in the unrestricted DFT formalism. All structures are
optimized using 3-21G basis function. LANL2DZ is used as an extrabasis function for

iodine. All calculations are implemented through Gaussian 03W quantum chemical
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package.*® The potential energy map for the pathways related to the reaction between two
molecules of the 1,3-dicarbonyl compound and one molecule of the aldehyde in presence
of molecular iodine in basic medium is illustrated in Figure 4.1 where the relative

energies in the parenthesis are taken from Table 4.1.

Our investigation shows that 1,3 dicarbonyl compound produces a carbanion (1a)
in alkaline medium (Scheme 4.1). Now the carbanion (1a) undergoes nucleophilic attack
to an aldehyde (1b) and gives the aldol condensation product (2¢) via the transition state
(TS1). The unique imaginary frequency of TSI is —62.44 cm ™' and therefore it can be
affirmed as the real one. This reaction is a barrier less exothermic reaction having
AH=—1534.695 kJ mol™'. The spontaneity of this step is also apparent from the negative
AG value (Table 4.2). Subsequent elimination of water from (2¢) gives the product (3d)

through TS2 which shows an imaginary frequency —1249.34 em”

originating from
oscillation of the acidic proton from carbon to ~OH group. This step of the reaction is
slightly endothermic in nature (AH=117.661 kJ mol™") and requires an activation energy
of 195.300 kJ mol™. Electrophilicity of carbon centers in (3d) is quantified in terms of
condensed Fukui functions (Table 4.3). Higher the value of Fukui function (f;"), greater
is the probability of nucleophilic attack at site £ Now the carbanion (1a) produced from
the second molecule of 1, 3 dicarbonyl compound reacts with double bonded C attached
with —Me group of (3d) as predicted from Fukui functions via the transition state TS3 and
1,4 Michael addition takes place. Before the transition state can be achieved an
intermediate (IM;) is formed by the weak vanderwaals interaction. Frequency calculation
of TS3 shows an imaginary frequency ~255.26 em™' leading towards the product (4e).
This step of reaction requires small activation barrier of 46.988 kJ mol™'. Therefore it is
expected to be fast. This is also supported by negative AG value (—1526.653 kJ mol™).
Thermochemical analysis shows that this step is highly exothermic (Table 4.2) in nature.
The compound (4¢) undergoes enolization with an activation barrier of 294.981 kJ mol™.
Here we have observed that the keto form (4e) is energetically lower than the
corresponding enol form (5f). The tautomerism takes place through a four membered
transition state (TS4) (Figure 4.2) which shows an imaginary frequency —1732.10 em™
originating from the oscillation of proton from carbon to carbonyl oxygen. In this context

one can note that the tautomeric process is endothermic in nature. The enol form (5f)
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which seems to be an intermediate, undergoes iodination at the most activated site to give
the key intermediate (6g) via TS5 which is a six membered transition state (Figure 4.2)

!, This step requires activation energy of

having an imaginary frequency —176.90 cm"~
1302.609 kJ mol™'. Nonetheless according to thermochemical analysis, this step is

slightly exothermic in nature.

Table 4.1
Theoretical prediction of total energy (Hartree) at MP2, ZPVE (Hartree/particle) and

relative energies AE (a.u) for reactants, products, intermediates and transition states.

Species Total energy ZPVE AE (a.u)
UB3LYP MP2
la+1b -496.284 -494.099 0.166 0.0
IM1 -496.322 -494.300 0.169 -0.032
TS1 -496.270 -494.252 0.169 0.016
2c -496.889 -494.883 0.184 -0.6
TS2 -496.814 -494.795 0.179 -0.517
3d+H,0 -496.839 -494.660 0.177 -0.561
3d+la -764.170 -760.765 0.267 -266.666
M2 -764.217 -761.076 0.270 -266.707
TS3 -764.199 -761.068 0.270 -266.699
4e ~764.795 -761.681 0.285 -267.297
TS4 -764.682 -761.552 0.279 -267.174
5f -764.797 -761.613 0.285 -267.229
5t+ 1 -14546.340 -14537.359 0.285 -14043.141
TSS -14545.841 -14535.624 0.283 -14041.408
6g-+HI -14546.279 -14537.774 0.278 -14043.563
7gl1 -8281.182 -8272.880 0.464 --
TS6 -8280.921 -8272.779 0.454 -
7h1+HI -3281.172 -8272.860 0.452 -
8g2 -8349.764 -8341.350 0.342 --
TS7 -8349.485 -8341.260 0.330 -
8h2+HI -8349.710 -8341.295 0.326 --
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Figure 4.1 (A) shows the schematic representation of the energy profile (reactants,
intermediates, transition states and products) for the general steps of the reaction [Scheme

4.1:(A)}). Whereas (B) and (C) show that of two cyclization pathways [Scheme 4.1: (B)].

Table 4.2

Free energy and enthalpy change of the reactions.

Conversion AG(kJ mol™) AH(kJ mol™)
la+ 1b — 2¢ —1478.460 —1534.695
2¢ —3d 70.304 117.661
la+3d — 4e —1526.653 —1584.673
4e — 5f 148.337 146.037
5f— 6g —2.513 -9.585
7g1 — Thy —34.765 8.149
8g, — 8hy 72.788 121.509
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Figure 4.2 The optimized structures of the transition states corresponding to scheme 1.
Distances are given in angstrom.
Table 4.3

Condensed Fukui functions at different probable positions of 3d for nucleophilic attack.

position Condensed
Fukui function
1-C 0.062
2-C 0.014
3-C 0.062
4-C 0.095

The discussion about the complication of the reaction mechanism is due here. The
intermediate (6g) can undergo cyclization in two different ways (path 1 and path 2) which
depends on the substitution pattern. In path 1, an intramolecular nucleophilic O-attack
with an elimination of HI yields dihydrofuran. On the other hand, in path 2 a nucleophilic
C-attack produces cyclopropane with an elimination of HI. To study two alternative
pathways we have selected two different sets of reactants as shown in scheme 4.1(B).
Reaction between dimedone and 3-nitro benzaldehyde goes via the first path i.e., the
nucleophilic attack of oxygen which results dihydrofuran derivative and the
corresponding transition state (TS6) is characterized by its negative frequency —237.73

em”'. Condensed Fukui function (f¢") calculation of intermediate 7g; (Table 4.4) suggests
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Table 4.4
Condensed Fukui functions at two different active sites of 7g; and 8g, for electrophilic

attack.
Species | position Condensed
Fukui function
7g1 1-C 0.013
3-0 0.028
822 1-C 0.082
3-0 0.068

the higher electrophilicity of oxygen atom rather than carbon atom. Hence it can be
predicted that the intermediate (7g1) must follow path 1. This prediction can be further
supported by the analysis of electrostatic potential (ESP). The calculated electrostatic
potential partial charges of the reacting sites of the intermediate (7g;) and the transition
state (TS6) are given in Table 4.5. There is some positive ESP charge on I atom in the
intermediate whereas in the transition state it gains negative ESP charge. As the reaction
proceeds from the intermediate to the transition state the negative ESP charge on C-5
atom shrinks and it is strewn on the I atom so that the I atom can be eliminated as 1"
leaving C-5 as a site for nucleophilic attack. Increase of ESP charge (from 0.436 to
0.447) on hydrogen atom of ~OH in the transition state (TS6) indicates the liberation of
proton. The authenticity of the transition state (TS6) is thus justified by ESP analysis and
the mechanism of this step is well understood. This step of the reaction requires an
activation barrier of 680.747 kJ mol™' and it is impulsive in nature (AG =—34.765 kJ

mol ™).

Table 4.5
ESP partial atomic charges of 7gl and TS6 computed at the UB3LYP level.

Atom® | Partial atomic charges
7g1 TS6
C1 —0.460 —0.546
03 —0.546 -0.534
H4 0.436 0.447
C5 —1.255 -0.816
I6 0.165 -0.014

® The atomic numbering system is shown in scheme 4.1.
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However, in case of the reaction between 1, 3-indanedione and 3-nitro
benzaldehyde the alternative path is followed; i.e., reaction takes place through C-attack.
In this case the reaction proceeds through the transition state, TS7 (imaginary frequency
~230.84 cm™"). Condensed Fukui function (fi) has been calculated for the intermediate
8g, (Table 4.4) which indicates higher susceptibility of electrophilic attack at carbon
atom rather than oxygen atom. So the involvement of path 2 for the second case is well
supported and predicted. This prophecy is further justified by ESP analysis. There is
negative ESP charge on C-5 in the intermediate (8gz) but it gains positive ESP charge
(+0.051) in the transition state (Table 4.6). Positive ESP charge on hydrogen atom of OH
increases from +0.442 to +0.505 in the transition state and iodine gains negative ESP
charge (—0.321) in the transition state. This indicates liberation of proton and iodide ion
in the form of HI. So the reaction proceeds in the right direction through this transition
state (TS7) i.e., the authenticity of the transition state as well as the mechanism of this
step are established by ESP analysis. This step of cyclization requires an activation
energy of 728.312 kJ mol™ and it is slightly endothermic (AH=121.509 kJ mol™) in

nature.

Table 4.6

ESP partial atomic charges of 8g2 and TS7 computed at the UB3LYP level.

Atom” Partial atomic charges
8g2 TS7

C1 —1.245 -0.236
C2 0.550 0.632

03 —-0.576 —0.558
H4 0.442 0.505

C5 -0.821 0.051

i6 0.130 -0.321

b . . . .
The atomic numbering system is shown in scheme 4.1.

For the last two alternating steps we have calculated the nucleus independent

chemical shift (NICS) of the intermediates, transition states and products (Table 4.7 and
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Table 4.8) to establish the feasibility of the reaction. If we consider the first path (path 1),
in the intermediate (7g1) all the rings are seen to be aromatic in nature [negative NICS(0)
and NICS(1)]. Now when the intermediate (7gl) undergoes cyclization via TS6 an
additional ring (D) is formed. In the transition state NICS(0) and NICS(1) values of the
new ring (D) are found to be negative. For ring D, NICS(1) value is smaller than NICS(0)
and both values increase in the product (7h1). Now for the second path of cyclization
(path 2), the intermediate (8g2) possesses four aromatic rings. In the transition state
(TS7) an additional ring (F) is being formed which is extremely aromatic in nature
INICS(0) value —35.56]. Both values [NICS(0) & NICS(1)] of ring (F) increase in the
product (8h2). So the driving force of these two pathways is obviously the huge gain in

aromaticity. Indeed this argument lends a strong support for this so-called unusuai

reaction.
Table 4.7
NICS(0) and NICS(1) values of 7gl, TS6 and 7hl computed at the UB3LYP level.
Tgl TS6 7hi
Ring | NICS(0) | NICS(1) | NICS(0) | NICS(1) | NICS(0) | NICS(1)
A -8.51 -10.72 —6.56 ~8.40 -9.00 | —10.96
B ~0.42 -1.29 0.26 0.07 -1.09 ~3.10
C ~1.32 ~1.53 0.86 -2.69 -1.32 ~1.54
D - -- —2.88 ~0.32 -5.10 ~1.49
NICStoa | —10.25 | —13.54 -8.32 -11.34 | ~16.51 | —17.09
Table 4.8
NICS(0) and NICS(1) values of 8g2, TS7 and 8h2 computed at the UB3LYP level.
8g2 TS7 8h2
Ring | NICS(0) | NICS(I) | NICS(0) | NICS(I) ; NICS(0) | NICS(D)
A -934 | —10.94 | ~8.80 | —10.87 { -8.61 —10.55
B ~7.45 1 -10.83 | —6.31 -9.33 ~7.6 —10.49
C 3.90 ~3.28 5.78 -0.78 5.78 ~1.21
D -6.24 -9.15 ~6.65 —8.97 ~-7.54 | —10.61
E 6.60 0.87 4.58 —-0.85 5.66 ~0.96
F - -- -36.25 | -4.77 | 3556 | —6.11
NICStota | —12.53 | —33.33 | —47.65 | —35.57 | —47.87 | —39.93
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As the applied functional is reported to be inadequate in producing an accurate

picture of potential energy surface, >

the results have been compared with single point
MP2 calculations on B3LYP optimized geometries. MP2 energies of the reactants,
transition states and products reproduce the energy ordering of DFT functional but with
an overall scaled down representation. Comparison of DFT and post Hartee-Fock results

are given in Table 4.1.

4.4 Summary

In this work we have studied the addition mechanism of two molecules of 1, 3-
dicarbonyl compound and one molecule of aldehyde in presence of molecular iodine
within unrestricted DFT framework using B3LYP hybrid functional. General steps of the
reaction are studied using acetyl acetone as 1, 3-dicarbonyl compound and acetaldehyde.
There may be two pathways depending on the substitution pattern of 1, 3-dicarbonyl
compound. One leads to spiro dihydrofuran and other cyclopropane derivatives. Paths
being followed in either situation can be predicted by condensed Fukui function
calculation and by ESP analysis. In each steps transition states are calculated. Vibrational
analysis, IRC calculations and ESP analysis confirm these transition states. The nucleus
independent chemical shift (NICS) calculation suggests that the gain in aromaticity plays
an important role in the last step of the reaction. Thermochemical analysis is in good
agreement with each step of the proposed mechanism. As a whole, the present DFT study
explains well the experimental finding and also provides the details of the reaction

mechanism.
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