¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

The unique catalytic role of water in aromatic
C-H activation at neutral pH: a combined NMR
and DFT study of polyphenolic compounds
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Direct activation of aromatic C—H bonds in polyphenolic compounds in a single step, without the use of
late transition metals, is demonstrated with the use of D,O and common phosphate buffer at neutral pD
and near ambient temperatures. Detailed variable temperature and pD *H NMR studies were carried
out to investigate, for the first time, the Gibbs activation energy (AG®), the activation enthalpy (AH?),
and activation entropy (TAS') of H/D exchange reactions of the natural product catechin and the
model compounds resorcinol and phloroglucinol. NMR and DFT calculations support a catalytic cycle
comprising two water molecules in a keto—enol tautomeric process. The reduction of AG* values
due to the catalytic role of two molecules of water by a factor of 20-30 kcal mol™ and the resulting
acceleration of the H/D exchange rate by a factor of 102°~10%° should be compared with a minor
reduction in AG* of 0.4 to 4.5 kcal mol™! due to the effect of an additional electron donating oxygen
group and the deprotonation of OH groups. It can therefore be concluded that although the H/D
exchange process can be accelerated by a small amount of an acid or a base to break a C-H bond,
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water as a catalyst plays the major role. This approach opens a new vistas for the combined use of NMR
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Introduction

The growing interest in H/D-exchange reactions at carbon
centers” is due to intensive basic research on C-H bond
activation,® in mechanistic investigations on catalysts and
reaction pathways,’® and the increasing demand for isotopi-
cally labeled compounds as reference materials in mass spec-
trometry and for pharmacokinetic and metabolic studies.”°
The methods for H/D exchange may be broadly divided into two
classes, pH-dependent H/D exchange and metal-catalyzed H/D
exchange. Acid-catalyzed methods, through an electrophilic
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and DFT studies as tools to understand the molecular basis of the catalytic role of water.

aromatic substitution reaction mechanism, have been utilized
with strong deuterated Brensted acids or alternatively Lewis
acids, in combination with a deuterium source.'*™* Base-
catalyzed H/D-exchange reactions can also provide a convenient
method for the exchange of acidic hydrogen atoms by means of
keto-enol equilibria in a variety of carbonyl compounds.'*™*°

A central component of the methodological developments
of H/D and H/T exchange was the study of metal-catalyzed
activations, thus resulting in exchange reactions under milder
conditions in sensitive classes of compounds.'”>" Since the
seminal research studies in the late 1960s on H/D exchange by
homogeneous catalysis, many efficient methods have been
developed which allow a high degree of deuteration in both
aromatic and aliphatic substrates.”> > An important technical
advantage was the development of heterogeneous catalysis due
to the possibility to remove the catalyst by simple filtration at
the end of the reaction. However, side reactions such as the
formation of products of dehalogenation, hydrogenation, and
hydrolysis, as well as epimerization and racemization have
been frequently encountered.>®

Traditionally most organic catalytic reactions have been con-
ducted in aprotic or non-polar organic solvents. These notions,
arising mainly from reactivity and solubility considerations,
have been modified with the discovery of the effect of water as a
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(a)

Fig. 1 Chemical structures of catechin (a), resorcinol (b), and phloroglucinol (c).

solvent in a variety of organic reactions.”” Water can have a
significant catalytic effect because it can act as both a proton
donor and a proton acceptor and, thus, mediates intra- and
inter-molecular proton transfer reactions. In particular, a great
importance has been attributed to the explicit role of one or
more water molecules shuttling the proton between various
reaction sites. Nevertheless, despite the considerable efforts
directed into understanding the physicochemical basis of the
rate acceleration in homogeneous and heterogeneous water
reactions,?” " the nature of the interactions that influence Gibbs
activation energy and, thus, reactivity was not fully understood.*®

Herein, we describe the investigation of the unique catalytic
role of H,O in aromatic C-H activation of a natural product
catechin (a) and the model compounds resorcinol (b) and
phloroglucinol (c) (Fig. 1) through keto-enol tautomerization
at neutral pH and near ambient temperatures with the use of
variable temperature and pD NMR studies and DFT calculations.

Results and discussion
NMR studies

It has been suggested that the mechanism of H/D exchange
reaction of aromatic C-H protons in acid or basic conditions of
polyphenolic compounds®” ™" follows a two-step process,”’ as
shown in Fig. 2. In the first step, the solvent D" is transferred to
the aromatic carbon atom with the formation of an intermediate
c-complex carbocation. In the second step, the hydrogen atom
linked to the same carbon is eliminated as H' from the c-complex.
Furthermore, it was found that oxygen substituents on the
aromatic ring are expected to stabilize the c-complex carbo-
cation intermediate®* and, thus, to increase the exchange rate.

Due to the mesomeric effects of electron-donating substitu-
tion groups, such as hydroxyl groups, the aromatic rings of

OH OH
H H D
ot p _H
HO gf HO gf HO Hﬁ
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flavonoids have certain electronic density at specific sites. For
instance, the substitution pattern of ring A can facilitate
the electrophilic aromatic substitution reactions involving
hydrogen exchange with deuterium at a particular carbon atom.
In a basic solution, a path for exchange via a ketone-enolate
intermediate has been suggested,**** which also results in the
formation of c-complexes.

The H/D exchange reaction of catechin (a), resorcinol (b),
and phloroglucinol (c) (2.5 mM) was investigated using variable
temperature and pD 1D 'H NMR spectroscopy. The NMR
experiments were performed with the use of phosphate buffer
(25 mM) in order to maintain a constant ionic strength and
minimize temperature variation of the pD of solution due to
the pK, values of the compounds investigated*>™*” (Table S1 in
ESIY). Fig. 3 illustrates the expanded region of the "H NMR
spectra of catechin (a) recorded at different time intervals. The
assignment of the resonances was confirmed using 2D "H-"*C
HSQC and HMBC experiments. The H2’, H5’ and H6' resonances
of ring B, which are well separated from the other aromatic
signals, do not show H/D exchange and, thus, were used as
an internal integration reference. In contrast, H/D exchange at
C(8)-H and C(6)-H of ring A was clearly observed even at pD = 6.92
and 7.93 and at 298 K. The pD values of the solutes in D,O were
estimated using the following relationship:*®

pD = pH (reading) + 0.4 6))

The number of spectra to generate a single C(6)-H and C(8)-H
H/D kinetic curve was 86 to 30. Fig. 4 and Fig. S1 in ESIf
illustrate the decay of the C(6)-H and C(8)-H NMR signals as a
function of time at pD values 6.93 and 8.88, respectively.
The data were fitted to the relative integrals of the C(8)-H and
C(6)-H protons and follow first-order kinetics with reactivity
order C(6)-H > C(8)-H. The experimental data demonstrate

OH

Fig. 2 Suggested mechanism of the H/D exchange process of aromatic C—H protons of flavonoids.**
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Fig. 3 Selected 1D *H NMR (400 MHz) spectral range illustrating C(6)-H
and C(8)-H H/D exchange of 2.5 mM catechin (a) in DO, T = 298 K and
25 mM phosphate buffer at pD = 6.92 (a), pD = 7.93 (b), and pD = 8.88 (c).
The spectra were recorded at time intervals of 6.6 min. Total experimental
time 8 h, and 48 min for (a—c), respectively.

an increase in the exchange rate at pD = 8.88 as compared with
pD = 6.93. The decay of the 'H NMR signal of phloroglucinol (c)
as a function of time at pD values 6.93 and 7.94 is illustrated in
Fig. 5. At pD = 8.48 the exchange rate was very fast which did
not allow the accurate determination of the thermodynamic
parameters of the activation energy (see discussion below). In
contrast, in the case of resorcinol (b), the exchange rate was
very slow even at pD = 9.91. Fig. 6 illustrates the significant
reduction of the integral of the composite signal of the C(4,6)-H
protons at 0 = 6.45 ppm, compared to that of C(2)-H. The
integral of the C(5)-H proton at § = 7.15 ppm remained
constant and clearly shows the presence of a doublet due to
3] coupling of the C(6)-D, C(5)-H, C(4)-H and C(6)-H, C(5)-H,
C(4)-D isotopomers (Fig. 6(b)-(d)). The decay of the C(4)-H,
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C(6)-H and C(2)-H signals as a function of time was, therefore,
investigated at elevated temperatures (Fig. S2 in ESIf). The
reactivity order was found to be C(4,6)-H > C(2)-H.
According to the linear form of the Eyring equation:
k  AH'1

kg  AS!
N = —TT-HHT—FT. (2)

where AH* is the enthalpy of activation (kcal mol '), AS* is the
entropy of activation (kcal mol™* K ~%), kg is Boltzmann’s
constant (0.32984183 x 10> kcal K "), T is the absolute
temperature in Kelvin (K), k is the rate constant in s™', R is
the ideal gas constant (1.9872036 x 10> kcal K~ mol ), and
is Planck’s constant (1.582611 x 107 keal s). The values for
AH* and AS* can be determined from kinetic data, obtained

k 1
from a ln? vs. = plot. Eqn (2) is a straight line with a negative

AH? ASt Kk
slope,—T, and a y-intercept = + lnTB. The Gibbs energy of

activation, AG® (kcal mol™?), is given by

AG* = AH* — TAS* (3)

The Eyring plots of H/D exchange reactions of catechin (a),
resorcinol (b), and phloroglucinol (c) are illustrated in Fig. 7. In
all cases very good linear regression correlation coefficients
(R* = 0.93-0.99) and standard deviation (+0.30 to +1.92 kcal mol *
and +0.02 to +5.1 kcal mol™' for AH* and TAS* values,
respectively) were obtained. The effects of pD on AH', TAS*
and AG* for H/D exchange reactions of catechin (a), resorcinol
(b), and phloroglucinol (c) are presented in Table 1. The
experimental AG* values of catechin (a) and phloroglucinol (c)
were found to be in the range of 20.96-19.50 kcal mol ' at pD
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Fig. 4 C-6(A) and C-8 (B) H/D exchange kinetic curves of 2.5 mM catechin (a) in D,O, phosphate buffer solution (25 mM), pD = 6.93 at 298 K and 308 K.
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Fig. 5 Composite C(2)-H, C(4)-H and C(6)—H H/D exchange kinetic curves of 2.5 mM phloroglucinol (c) in D,O, phosphate buffer solution (25 mM): (A)
pD = 6.94 at 298 K (a) and 303 K (b), (B) pD = 7.94 at 298 K (a) and 303 K (b), (C) D = 8.94 at 293 K (a) and 298 K (b).

C(5)-H C(4,6)-H C(2)-H

(a)

it
,J‘ML (b)
A

(c)

/—

T T T T T T T T T T T T T T T T T T T

7.2 6.8

ppm

Fig. 6 Selected 1D H NMR (400 MHz) spectral range illustrating the
C(2)-H and C(4,6)-H H/D exchange of 2.5 mM resorcinol (b) in D,O,
T = 333 K, and 25 mM phosphate buffer solution, pD = 9.91. The spectra
were recorded at time intervals of 0 h (a), 10 h (b), 20 h (c), and 30 h (d).

values 6.90-8.94. The enthalpy term, AH, is the major contri-
butor to the Gibbs energy of activation, AG*, with the entropic
term, TAS*, playing a minor role. The AG* values of resorcinol (b)
were found to be in the range of 22.7 to 23.9 kcal mol ' and,
thus, are larger than those of catechin (a) and phloroglucinol (c).

17404 | Phys. Chem. Chem. Phys., 2020, 22,17401-17411

Surprisingly, the entropic term TAS* in the case of resorcinol (b)
increases significantly and becomes of nearly equal importance
to the AH® term; however, the statistical error also increased
significantly. The Eyring plots do not show any curvature or
temperature dependence of the activation energies. This
indicates that tunneling phenomena are not of importance
for the temperature range and activation energies (19.50 to
23.9 keal mol ") investigated. This is contrary to the importance
of tunneling phenomena in umbrella-like inversion of pyrami-
dalized amines at low temperatures and with small and narrow
activation barriers (< 3.5 keal mol ').**

Literature pK, values*>™ for the molecules investigated in
the present work are shown in Table S1 in ESIL} Catechin (a)
exists in the uncharged (non-deprotonated) state at pD = 6.9;
at pD = 7.9, ~20% of the molecules exist in the mono-
deprotonated form, and at pD = 8.9, nearly 60% of the mole-
cules exist in the mono-deprotonated form. At pD = 7.9, the
Gibbs activation enthalpy of catechin (a) is slightly larger. At
pD = 8.9, the exchange rate of catechin (a) increases signifi-
cantly, and the Gibbs activation energy is reduced by 0.76 and
0.92 kcal mol™" for C-8 and C-6 protons, respectively. This
demonstrates that the deprotonation of the OH group can
result in the reduction of the AG* values. Phloroglucinol (c) at

This journal is © the Owner Societies 2020
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Fig. 7 Eyring plots of (A) C(6)—H (a) and C(8)-H (b) protons of 2.5 mM catechin (a); (B) C(2)-H (a), and C(4,6)—H (b) protons of 2.5 mM resorcinol (b), and
(C) C(2,4,6)—H protons of 2.5 mM phloroglucinol (c) in D,O, phosphate buffer solution (25 mM) at various pD values.

Table 1 Effects of pD on activation enthalpy (AH?), activation entropy (AS*) and Gibbs activation energy (AG*), for H/D exchange reactions of catechin
(a), resorcinol (b), and phloroglucinol (c) at a buffer concentration of 25 mM

Compound pD  AH* (kcal mol™") —TAS® (kcal mol™*) AG* (kcal mol™*) AH* (kcal mol™) —TAS* (kcal mol™*) AG* (kcal mol™?)
Catechin C(8)-H C(6)-H

6.90 17.25 £+ 1.31 3.24 + 0.39 20.50 16.00 £+ 1.32 4.42 + 0.60 20.42

7.90 18.43 £ 1.63 2.52 + 0.33 20.96 18.03 £ 1.56 2.90 £ 0.37 20.94

8.90 20.38 + 0.65 —0.64 + 0.02 19.74 20.93 £+ 0.66 —1.43 + 0.06 19.50
Resorcinol C(2)-H C(4,6)-H

8.91 15.14 +1.92 8.74 £ 2.94 23.88 13.72 £ 1.79 9.41 + 3.47 23.13

9.91 1291 + 1.67 10.56 + 4.81 23.47 11.48 + 1.64 11.20 £ 5.10 22.68
Phloroglucinol C(2,4,6)-H

6.94 17.46 £ 0.30 3.50 + 0.09 20.96

7.94 16.05 £ 0.78 3.69 + 0.26 19.74

8.94 16.55 + 1.15 2.86 £ 0.29 19.41

pD = 6.94 exists mainly (>90%) in the uncharged state; at pD =
7.94, 40% of the molecules exist in the mono-deprotonated
state which results in the reduction of the AG® values by
~1.2 keal mol™". At pD = 8.94, one of the OH groups is 90%
and a second one is 40% in the deprotonated states. Despite the
subtle changes in the ionization state, the AG* value reduces by
only ~1.55 kecal mol™* which is slightly larger compared with
the results obtained for catechin (a). Resorcinol (b) at pD = 8.91
exists essentially in the uncharged state; at pD = 9.91, 70% of
the molecules exist in the mono-deprotonated state but the

This journal is © the Owner Societies 2020

reduction of the AG* value for both C-2 proton and the C-4 and
C-6 protons is only 0.4 to 0.5 kcal mol . This demonstrates
that the acceleration of the H/D exchange rate and, thus, the
reduction in AG* values of catechin (a) and phloroglucinol (c)
upon deprotonation of an OH group are not only due to the
synergistic effect of the two ~OH groups in meta position, but
also due to the presence of an additional electron donating
oxygen group.

Several experiments were also performed at constant
concentration (2.5 mM) of resorcinol and catechin with variable

Phys. Chem. Chem. Phys., 2020, 22,17401-17411 | 17405
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concentration of the phosphate buffer (c = 5 mM, 25 mM and
50 mM at pD = 7.5 and C =5 mM, 25 mM and 100 mM at pD = 9.6).
The maximum reduction of the AG* values at high buffer concen-
tration was found to be <1.5 kcal mol *. This demonstrates a
minor catalytic effect of the phosphate buffer.

DFT mechanistic studies

Our experimental NMR results that H/D substitution reactions
can be performed at neutral pD and at ambient temperatures
clearly demonstrate that water can play a major catalytic role.
An alternative reaction mechanism, therefore, via a keto-enol
tautomerization was investigated with quantum chemical
methods in which a water-assisted proton transfer takes place
from the phenol OH group to the a-carbon.

The catalytic effect of water molecules in resorcinol (b)
was investigated: (i) at the B3LYP/6-31+G(d) and PBE1PBE/
6-31+G(d) level of theory,”® by incorporating also the semi-
empirical Grimme’s dispersion correction GD3BJ,”" and (ii) at
the M0-62X/6-31+G(d)*> and ®B97XD/6-31+G(d)"* level with van
der Waals functionals. The following cases were investigated:
(i) in vacuum, (ii) in IEF-PCM (water) without explicit water
molecules, and (iii) in IEF-PCM (water) in the presence of
one, two, and four explicit molecules of water (Table 2 and
Tables S3, S4 in ESIt). In all cases the keto-enol species are in
thermodynamic equilibrium with overwhelming preference of
the phenol-type tautomer.

For the ground state of resorcinol (b), three orientations
of the two -OH groups in meta position were investigated
(Fig. S3 in ESIf). The phenolic OH groups were found to
invariably lie in the plane of the aromatic ring. The homodrome
configuration® (in-out) of the two -OH groups was found
to be of lower energy. The resulting activation energies of
this conformer in vacuum were found to be AG* (C(2)-H) =
62.5 kecal mol™ and 50.9 kcal mol™*, and AG* (C(4,6)-H) =
61.6 kcal mol " and 50.1 kecal mol ', with optimization of the
structures at the B3LYP/6-31+G(d) and PBE1PBE/6-31+G(d)
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level, respectively. These values were significantly reduced in
the water continuum model (IEF-PCM) and in the presence of a
single explicit water molecule: AG* (C(2)-H) = 38.2 kecal mol "
and 36.0 kecal mol™* and AG* (C(4,6)-H) = 37.6 kcal mol™* and
35.5 keal mol™!, with optimization of the structures at the
B3LYP/6-31+G(d) and PBE1PBE/6-31+G(d) level, respectively
(Table S2 in ESIt). In the presence of two explicit water
molecules, further significant reduction in AG* values was
obtained: AG* (C(2)-H) = 28.5 kcal mol™" and 26.2 kcal mol ™"
and AG* (C(4,6)-H) = 31.0 kcal mol* and 28.4 kcal mol~* with
optimization of the structures at the B3LYP/6-31+G(d) and
PBE1PBE/6-31+G(d) level, respectively (Table 2, Table S3 and
Fig. S4 in ESIY).

The use of the empirical Grimme’s dispersion correction
GD3BJ°" results in further improvements of the calculated AG*
values. Thus, at the B3LYP-GD3BJ/6-31+G(d) (IEF-PCM water)
level, the computational values AG* (C(2)-H) = 25.6 kcal mol ™
and AG* (C(4,6)-H) = 25.7 kecal mol™* (Table 2) are in quanti-
tative agreement with the experimental values AG* (C(2)-H) =
23.88 kecal mol™* and AG* (C(4,6)-H) = 23.13 kcal mol " (Table 1).
Similar results were obtained at the PBE1PBE-GD3BJ/6-31+G(d)
(IEF-PCM water) level (Table S3 in ESIt). In contrast, the computa-
tional values AG* at the M0-62X/6-31+G(d) (IEF-PCM water) and
®B97XD/6-31+G(d) (IEF-PCM water) level with van der Waals
functionals were found to deviate from the experimental data
(Table S4 in ESIt). The above results clearly demonstrate
the advantages of the semi-empirical Grimme’s dispersion
correction,”" and the unique catalytic role of two water molecules
in reducing the activation energies AG". In the transition state, the
phenol -OH group and the two water molecules provide one
proton for a hydrogen bond to C-2 carbon in a homodrome
configuration.>® This imposes for the water molecules a rotation
so that molecule 1 directs a proton to molecule 2 and molecule 2
to C-2 between the two ~OH groups in meta position (Fig. 8).

Mehr et al® investigated deuteration of aromatic rings under
very mild conditions through keto-enamine tautomeric equilibrium.

Table 2 Computed activation enthalpy (AH?), activation entropy (—TAS*) and Gibbs activation energy (AG*) for resorcinol, phloroglucinol and catechin

for various molecular solvation species

AH?, —TAS?, AGH,
Functional Complex Group keal mol " keal mol " keal mol "
B3LYP/6-31+G(d) (IEF-PCM water) Resorcinol (in-out conformer) C(2)-H 61.7 0.3 62.0
C(4,6)-H 61.0 0.4 61.4
B3LYP/6-31+G(d) (IEF-PCM water) Resorcinol + 2H,0 (in-out conformer) C(2)-H 24.8 3.7 28.5
C(4,6)-H 26.0 5.0 31.0
B3LYP-GD3BJ/6-31+G(d) (IEF-PCM water) Resorcinol + 2H,0 (in-out conformer) C(2)-H 22.1 3.5 25.6
C(4,6)-H 22.3 3.4 25.7
B3LYP/6-31+G(d) (IEF-PCM water) Resorcinol + 4H,0 (in-out conformer) C(2)-H 21.4 7.5 28.9
C(4,6)-H 27.2 2.5 29.7
B3LYP-GD3BJ/6-31+G(d) (IEF-PCM water) Resorcinol + 4H,0 (in-out conformer) C(2)-H 22.5 4.8 27.3
C(4,6)-H 26.6 2.0 28.6
B3LYP/6-31+G(d) (IEF-PCM water) Resorcinol + 4H,0 (in-in conformer) C(2)-H 23.8 2.5 26.3
C(4,6)-H — — —
B3LYP-GD3BJ/6-31+G(d) (IEF-PCM water) Resorcinol + 4H,0 (in-in conformer) C(2)-H 22.1 2.1 24.2
C(4,6)-H — — —
B3LYP/6-31+G(d) (IEF-PCM water) Phloroglucinol + 2H,0 C(2,4,6)-H  26.8 2.1 28.9
B3LYP-GD3BJ/6-31+G(d) (IEF-PCM water) Phloroglucinol + 2H,0 C(2,4,6)-H 19.6 3.6 23.2
B3LYP/6-31+G(d) (IEF-PCM water) Catechin + 2H,0 C(6)-H 23.5 4.3 27.8
C(8)-H 23.1 2.4 25.5
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Fig. 8 Aromatic C-H activation of resorcinol in the presence of two (a) and four (b) bound molecules of D,O.

It was found that a chain of five water molecules has a significant
role in lowering the activation barrier. This particular hydrogen
bond framework, which can afford activation barriers as low as
27.3 kcal mol™', was considered to be indispensable since
several calculations using fewer than five molecules of H,O
raised AG® values considerably. In order to clarify the above
issue, we performed additional computations for resorcinol with
four discrete molecules of H,O at the B3LYP/6-31+G(d) and
PBE1PBE/6-31+G(d) level. With both functionals, the AG* values
increased relative to those with two discrete molecules of H,O.
Inclusion of the semi-empirical Grimme’s dispersion correction
GD3BJ did not improve the results (Table 2 and Table S3 in
ESIT). In order to get computational results comparable to those
of the experimental data, it was necessary to use the higher
energy in-in conformer (Fig. S3 in ESIf, Table 2 and Table S3 in
ESIt). From the above it can be concluded that two and not four
discrete molecules of H,O are catalytically important (Fig. 8).
The transition state (TS) structure of resorcinol (b) in the
presence of two and four discrete water molecules is shown in
Fig. 9. The geometric arrangements are the same either in the
gas phase or in aqueous solution. The normal modes, corres-
ponding to the reaction coordinate, for the TS structures with
two and four discrete water molecules in aqueous solution
associated with the imaginary or negative frequency were found
to be ¥ = 1001.03; cm™* and 381.44i cm™* respectively. By
comparing the numerical values of the imaginary frequencies
it can be concluded that the imaginary frequency for the
transition state structure with two discrete water molecules
is greater by a factor of ~2.62 compared to the one with
four water molecules. Examination of the corresponding
vibrational modes for Fig. 9(a) shows that the greatest move-
ments involve the hydrogen atoms H2, H5 and H3. This
indicates that the geometric distortion of the solvation complex

This journal is © the Owner Societies 2020

Ce

(a) (b)

Fig. 9 The transition state with normal mode vectors of resorcinol (b) in
the presence of two (a) and four (b) discrete water molecules.

of resorcinol (b) + 2H,O is relatively large particularly with
respect to the normal mode concerning the atom H2 which has
the largest magnitude (|vyz| = 0.929 A). The geometric distortions
in Fig. 9(b) involve the atoms H'2, H'5 and H'3. However,
inspection of all normal modes for the two transition states
shows that in Fig. 9(b), the two extra water molecules (denoted
0’3 and 04) do not participate in the exchange mechanism.
Hence, the first TS involves the optimal number of two water
molecules, given also the fact of the greater value of the
imaginary frequency. Consequently, the TS involving four water
molecules becomes of secondary importance. A rigorous proof
of the above transition state (TS) was obtained through an IRC
(Intrinsic Reaction Coordinate) calculation,’®>*
Fig. 10. This type of computation starts from the transition
state and examines the reaction path on the potential energy
surface (PES) on either side of the TS, leading down to reactants
and products. The IRC curve was obtained using the LQA (Local
Quadratic Approximation) algorithm,’®®® where the reaction
path is represented as a Taylor series expansion of the arc length
truncated to second order.

as shown in
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Fig. 10 IRC path in the gaseous phase from the transition state towards
reactants (resorcinol (b) plus two discrete water molecules) and products
(keto product).

Similar DFT calculations were carried out for phloroglucinol (c).
In the lower energy ground state of phloroglucinol (c), the three
—-OH groups were found to be in a homodrome configuration and
in the plane of the aromatic ring. As in the case of resorcinol (b),
activation energies were significantly reduced in the water con-
tinuum model (IEF-PCM) and in the presence of two explicit water
molecules (Fig. S5 in ESIt). Interestingly at the B3LYP-GD3BJ/6-
31+G(d) and PBE1PBE-GD3BJ/6-31+G(d) level, the resulted Gibbs
activation energies (Table 2 and Tables S2, S3 in ESIt) were found
to be significantly lower than those of resorcinol (b), in excellent
agreement with the experimental data (Table 1).

The 2R,3S configuration was used in the DFT calculations of
catechin (a).°"®* The water starting arrangement was to place
both water molecules either in the vicinity of the phenol
C(7)-OH and C(6)-H groups or in the vicinity of C(9)-OH and
C(8)-H groups. After optimization, the water molecules turn out
to be hydrogen bonded to each other. The DFT structures of the
ground states of catechin (a) with respect to its transition state
with two discrete molecules of H,O are illustrated in Fig. 11.
Again, a significant reduction in AG* values was obtained with
respect to AG* values in the absence of discrete molecules of
H,O. The overall excellent agreement of computational and
experimental AG® values, therefore, demonstrates a unique
catalytic effect of H,0%® of over 23-30 kcal mol . Interestingly,
the synergistic effect of two OH groups in meta position, the
presence of an additional electron donating oxygen group, and
the deprotonation of OH groups result only in a moderate
reduction of AG* values by a factor of 0.4 to 4.5 kcal mol™™.

The computed values of the different contributions to the
total activation entropy, AS*, are shown in Table S5 (ESIt).
The vibration entropy, ASyi,, makes a major contribution to the
activation energy with translational entropy, AStyans, and rota-
tional entropy, ASg., playing a negligible role at the B3LYP/
6-31+G(d) and PBE1PBE/6-31+G(d) level of theory. The signifi-
cant effect of vibrational entropy is in agreement with the
previous analysis of Fig. 9. A natural bond orbital (NBO)
analysis of catechin (a), resorcinol (b), and phloroglucinol (c)
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was carried out to explain the effect of charge transfer and
delocalization on the H/D exchange process (Table S6, ESIf).
The NBO charges, at the B3LYP/6-31+G(d) and PBE1PBE/
6-31+G(d) level, indicate a significant variation of the charges
of the carbon atoms, involved in the H/D exchange process.
Thus, the charge density of C(2), C(4), and C(6) of phloroglucinol
(c) (—0.413) shows a significant increase with respect to C(2)
(—0.380), and C(4), C(6) (—0.368) of resorcinol (b). The plot of the
NBO charge densities of the aromatic carbons involved in H/D
exchange vs. the respective computational or experimental Gibbs
activation energies for catechin (a), resorcinol (b), and phloro-
glucinol (c), however, does not show any functional dependence.

Materials

All chemicals were of reagent grade and were purchased
commercially.

NMR spectroscopy

"H NMR spectra were obtained on Bruker AV-500 and AV-400
NMR instruments using 2.5 mM catechin (a), resorcinol (b),
and phloroglucinol (c) dissolved in 25 mM phosphate buffer in
D,O0 solutions at specified pD values.

Computational details

Calculations were performed with the DFT method, with the
B3LYP and PBEO (PBE1PBE) hybrid functional as implemented
in the Gaussian 09W Package.*® The molecular structures of
catechin (a), resorcinol (b), and phloroglucinol (c¢) without and
with one and two discrete water molecules were optimized
at the B3LYP/6-31+G(d) and PBE1PBE/6-31+G(d) basis set
level in the gas phase, as well as using the IEF-PCM model
(Integral Equation Formalism-Polarizable Continuum Model).
For resorcinol, further computations were performed at the
MO0-62X/6-31+G(d) and ®B97XD/6-31+G(d) level with two discrete
H,O molecules and at the B3LYP-GD3BJ/6-31+G(d) and PBE1PBE-
GD3B]J/6-31+G(d) level with two and four discrete H,O molecules.
For phloroglucinol, further computations were performed at the
B3LYP-GD3B]/6-31+G(d) and PBE1PBE-GD3BJ/6-31+G(d) level. In
order to investigate the transition state, as well as the structure of
the products, calculations were carried out at the same level of
theory using gas phase and IEF-PCM models without and with
one, two, and four discrete water molecules. The computed
geometries were verified as minima by frequency calculations at
the same level of theory (no imaginary frequencies).

Conclusions

We have reported that aromatic H/D substitution reactions can
be performed in water at neutral pH and at near ambient
temperatures by the use of water catalysis under unprecedented
mild conditions. The experimental AG* values of catechin and
phloroglucinol were found to be in the range of 21-19.5 kcal mol ™
at pD values of 6.9-8.8. The enthalpic AH* term was found to be
the major contributor to the AG® values with a minor
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Fig. 11 DFT structures of the ground states of catechin (a) with respect to its transition state with two discrete molecules of water at the C(6)-H proton with
minimization of the structures at the DFT/B3LYP/6-31+G(d) (IEF-PCM Water) (A) and at the DFT/PBE1PBE/6-31+G(d) (IEF-PCM Water) level of theory (B).

contribution (up to 3.7 keal mol™") of the entropic TAS* term.
In contrast, the exchange rates for H/D exchange were signifi-
cantly slower in resorcinol with AG* values in the range of 22.5
to 23.9 keal mol ™, at pD values 8.9-9.9. This demonstrates that
the acceleration of the H/D exchange rate and, thus, reduction
in AG* values of catechin and phloroglucinol are not only due
to the synergistic effect of the two ~OH groups in meta position,
but also due to the presence of an additional electron donating
—-OH group. The experimental data were compared with DFT
calculations at the B3LYP/6-31+G(d) and PBE1PBE/6-31+G(d)
level of theory using the IEF-PCM model. Without explicit
molecules of water, AG* values were found to be in the range
of 62 to 50 kcal mol™ . In contrast, inclusion of two discrete
solvation molecules of H,O results in a significant reduction
of AG* values which were found to be in the range of 30 to
23 kcal mol . The use of the empirical Grimme’s dispersion

This journal is © the Owner Societies 2020

correction GD3BJ®' results in further improvement of the
calculated AG* values for resorcinol and phloroglucinol which
are in quantitative agreement with the experimental values.
This study demonstrates that the activation enthalpy (AHY),
activation entropy (AS*) and Gibbs activation free energy (AG¥)
can be of predictive value for the aromatic C-H activation
in polyphenolic compounds, making their physicochemical
interpretation an invaluable tool for the understanding of
mechanisms and reactivity. This approach is meaningful for
several reasons:

(i) the present data necessitate the incorporation of water
catalysis (Fig. 8) in undergraduate textbooks in addition to the
acid/base catalyzed H/D exchange mechanism (Fig. 2);

(ii) aqueous chemistry predominates in biological processes
and, thus, the catalytic role of water may have implications for
biocatalytic reactions and artificial biomimetic systems;
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(iii) water catalysis by definition is a green chemistry and
environmentally friendly method, since it avoids the use of
dipolar aprotic solvents;

(iv) water catalysis may require lower reaction temperatures
given the high concentration of D,O as a cheap and environ-
mentally benign deuterium source which can potentially trans-
late into large scale processes.
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