8366 J. Am. Chem. So@001,123,8366-8377

0-Quinone Methide as Alkylating Agent of Nitrogen, Oxygen, and
Sulfur Nucleophiles. The Role of H-Bonding and Solvent Effects on
the Reactivity through a DFT Computational Study

Cristiana Di Valentin, Mauro Freccero,* Riccardo Zanaletti, and Mirko Sarzi-Amade

Contribution from the Dipartimento di Chimica Organica, Warsitadi Pavia,
V.le Taramelli 10, 27100 Raa, Italy

Receied February 19, 2001. Ré&sed Manuscript Receed June 11, 2001

Abstract: The reactivity of the alkylating agerd-quinone methide d-QM) toward NH;, H,O, and HS,
prototypes of nitrogen-, oxygen-, and sulfur-centered nucleophiles, has been studied by quantum chemical
methods in the frame of DF theory (B3LYP) in reactions modeling its reactivity in water with biological
nucleophiles. The computational analysis explores the reaction ef Nd®D, and HS with 0-QM, both free

and H-bonded to a discrete water molecule, with the aim to rationalize the specific and general effect of the
solvent ono-QM reactivity. Optimizations of stationary points were done at the B3LYP level using several
basis sets [6-31G(d), 6-3%15(d,p), adding d and f functions to the S atom, 6-8T(d,p),S(2df), and AUG-
cc-pVTZ]. The activation energies calculated for the addition reactions were found to be reduced by the assistance
of a water molecule, which makes easier the proton-transfer process in these alkylation reactions by at least
12.9, 10.5, and 6.0 kcal mol [at the B3LYP/AUG-cc-pVTZ//B3LYP/6-314G(d,p) level], for ammonia,

water, and hydrogen sulfide, respectively. A proper comparison of an uncatalyzed with a water-catalyzed
reaction mechanism has been made on the basis of activation Gibbs free energies. In gas-phase alkylation of
ammonia and water by-QM, reactions assisted by an additional water molecule H-bondedQb! (water-
catalyzed mechanism) are favored over their uncatalyzed counterparts by 5.6 and 4.0 kepdtrtiué B3LYP/
6-311+G(d,p) level], respectively. In contrast, the hydrogen sulfide alkylation reaction in the gas phase shows
a slight preference for a direct alkylation without water assistance, even though the free energy difference
(AAG*) between the two reaction mechanisms is very small (by 1.0 kcalnailthe B3LYP/6-31%G-
(d,p),S(2df) level of theory). The bulk solvent effect, evaluated by the C-PCM model, significantly modifies
the relative importance of the uncatalyzed and water-assisted alkylation mechans@Nbyn comparison

to the case in the gas phase. Unexpectedly, the uncatalyzed mechanism becomes highly favored over the
catalyzed one in the alkylation reaction of ammonia (by 7.0 kcal#ya@nd hydrogen sulfide (by 4.0 kcal

mol™1). In contrast, activation induced by water complexation still plays an important role sa@ié hydration

reaction in water as solvent.

Introduction drugs are believed to form covalent linkages with DNA bases
through QM intermediatel!! DNA cross-linking, which is
probably one of the most important application of QMs
reactivity, has been obtained as a result of two consecutive

alkylating steps, both involving QMS.

Quinone methides (QMs) are interesting reactive intermedi-
ates because they can be involved in a large number of chemical
and biological processes such as biosynthesis of liganu
enzyme inhibitior?~” Among hydrolase inhibitors;” QMs have

recently been used as coval@ractamasé phosphatast® and
ribonuclease Ainactivators. It has been suggested that quinone
methide structures play a key role in the chemistry of several
classes of antibiotic drugs and antitumor compounds such as
mitomycin G and anthracycline$1° Those quinoid antitumor
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Such a reactivity is mainly due to the QM electrophilic nature,
which is remarkable in comparison to that of other neutral
electrophiles. In fact, QMs are good Michael acceptors, and
nucleophiles add readily under mild conditions at the QM
exocyclic methylene group to form benzylic adduckQM (1)
andp-QM (2) (Scheme 1) are the prototypes of more complex
quinone methide-like structures, and they represent simple
models which can be used to study the effects of the ortho and
para geometries on the reactivity and selectivity.
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Alkylations of simple sulfur-, nitrogen-, and oxygen-centered
nucleophiles by quinone methides have experimentally been
investigated3-15 More recently, their reactivity has been studied
with biological nucleophiles such as free amino aéfd$;172
oligopeptides?17 and nucleobase$§: 20

The understanding of the relationships between QM structural
modifications, solvent effects (including both specific inter-

actions, such as H-bonding with the alkylated substrates and

bulk effects), and QM reactivity/selectivity is indispensable for
designing QM-based drugs that, while active, are however
characterized by the lowest possible toxicological and pharma-
cological side effectd! For instance, it is commonly believed
that the shorter the QM half-lives, the lower their hepatotoxic
effectsl6.17b.c

In general, the selectivity of peptide- or DNA-alkylating
agents is the result of their selective preassociation with the
biological substrate directed by a specific structure of their
chemical precursors. The selectivity of the reaction is less
frequently determined by a specific characteristic of the elec-
trophilic moiety of the alkylating agents; however, when this
aspect is important, as in the case of QMs, it should be
thoroughly investigated. A full understanding of this aspect will
allow an improved explanation of their chemical and pharma-
cological activities.

Experimental data demonstrate that reactivity and selectivity
in the reaction of QMs with biological nucleophiles can be
highly sensitive to (i) modification of the electrophile strucdre
and (ii) the protonation of the carbonyl moiéf{2°In fact, both
reactivity and selectivity of QM alkylation reactions can be
enhanced by hydrogen bonding involving the QM carbonyl
oxygert® and either a protic solvent such as wéter Brgnsted
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acic®3ac24and acidic hydrogen atoms in peptides and in DNA
nucleobase¥ 20 Shielding of the carbonyl oxygen from such

a solvent interaction has been suggested as the cause of the
low reactivity of crowdeg-QMs (with hydrophobic substituents

at the 2- and 6-positionay:2°

Although research on QMs as biological alkylating agents is
at present very active on the experimental side, no computational
investigation focused on the effect of structural features,
H-bonding, and solvent effect on the QM-reactivity/selectivity
has appeared to date in the literature. The pioneering investiga-
tion by Soucek et al. based on the HMO method is, to our
knowledge, the first and only attempt to predict the stability
(and thus to some extent the reactivity) of sevepaland
o-quinone methide®®

Concerning related nucleophilic addition dg3-unsaturated
carbonyl compounds, previous ab initio computational studies
have been reported for the Michael addition of anionic
nucleophile$®?7 to “classical activated double bonds” (acrolein,
acrylonitrile, maleimide, acrylic and methacrylic acids). Al-
though, in a biological environment, nucleophiles exist mainly
in the undissociated form, only two computational studies
addressed the 1,4-addition to activated double bonds with neutral
nucleophiles such as ammotfi@and dimethylaminé?

QMs are much less stable and much more reactive alkylating
agents than classical electron-poor olefin, and a generalization
of the results obtained for the alkylation of ammonia by acrolein
and acrylic acids to QMs is probably not appropriate.

The highest experimental reactivity ofQM among other
QMs and its unexpected high selectivity in the alkylation of
amino acid®® and nucleobasé&s2° (dC, dA, and dG) prompted
us to investigate in more detail the general sensitivity of the
electrophile to protonation and the role of its ortho geometry.
Thus, we report a thorough computational DFT investigation
on the alkylation reaction of prototype nucleophiles (ammonia
and hydrogen sulfide) byo-QM, in competition with its
hydration reaction in water. In particular, we will clarify the
role of the protic solvent water and the hydrogen bonding
betweern-QM and the substrate (being alkylated) in the control
of its reactivity.

Our study is also aimed at validating an affordable and
reliable computational method to deal with the selectivity of
QM alkylation with polyfunctional biological nucleophiles.
Actually, it is part of a systematic experimental and computa-
tional investigation, currently in progress in our laboratory, on
the electrophilic alkylation of enzymes and nucleobases with
QMs.

Computational Details

All calculations were carried out using the Gaussiar®%nd
Gaussian 98 program packages.
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Reactants, intermediatel) (transition structuresS), and products

describing the geometries of the stationary points, we optimized an

Valentin et al.

Table 1. Relative Energies (kcal mol)? of the Stationary Points
(P) have been optimized by the B3LYP method, using 6-31G(d) and G
6-311+G(d,p) basis sets. To assess the reliability of a basis set in (

overning the Reaction betweerQM and Nucleophiles without
1-3) and with @—6) an Explicit Water Molecule in Vacuum at the
B3LYP Level with Different Basis Sets

intermediate Il) and three TSs, namel$1, S2in, and S3in, at the
B3LYP/AUG-cc-pVTZ level. B3LYP/6-313G(d,p) optimized geom-
etries were used for systematic single-point calculations at the B3LYP/
AUG-cc-pVTZ level. Stationary points for the alkylation reaction

involving hydrogen sulfide have also been optimized with B3LYP using
the 6-311#G(d,p) basis set extended with a further d-type function
and an f-type function on the S atom [hereafter referred to as 6-G11
(d,p),S(2df)]. The extension of the S atom basis set is suggested to
achieve a better treatment of stationary points containing S atms.

Intrinsic reaction coordinate (IRC) calculations were performed [at
the B3LYP/6-31%G(d,p) level for ammonia and water nucleophiles
and at the B3LYP/6-3tG(d,p),S(3df) level for hydrogen sulfide
alkylation reaction] in order to connect the TSs to precomplexed
reagents and products and to investigate in detail the alkylation process
as a function of the nucleophile features.

To confirm the nature of the stationary points and to produce
theoretical activation parameters, vibrational frequencies (in the
harmonic approximation) were calculated for all the optimized B3LYP/
6-311+G(d,p) [B3LYP/6-313%+G(d,p),S(2df) for stationary points
involving a S atom] structures and used, unscaled, to compute the zero-
point energies, their thermal corrections, the vibrational entropies, and
their contributions to activation enthalpies, entropies, and Gibbs
activation free energies. The computed relative electronic energies for
complexes and transition structures and the thermodynamic activation
parameters [at the B3LYP/6-315(d,p) and B3LYP/6-311G(d,p),S-

B3LYP/
AUG-cc-pVTZ// B3LYP/
B3LYP/ B3LYP/ B3LYP/ AUG-cc-
structure 6-31G(d) 6-3114+-G(d,p) 6-3114+G(d,p) pVvTZ
Uncatalyzed Mechanism (Figure 1)
11 —6.05 —4.23 —3.51 —
12 —-9.62 -7.01 —6.18 —6.19
13 -3.91 —3.18(-3.00y -2.59
S1 1.58 5.13 6.28 6.29
S2in 4.03 10.29 10.65 10.65
S2out 6.06 11.64 11.81 -
S3in 7.19 7.97 (8.39) 8.29 8.27
S3out 7.61 8.30(8.57 8.39
Water-Catalyzed Mechanism (Figure 2)
14 —15.64 —11.66 —9.81 -
15 —19.69 —15.54 —13.22 —
16 —14.64 -11.15 -
sS4 —-1499 -9.22 —6.66 -
S5in —13.79 —3.46 -1.57 -
S5out —-9.86 —0.26 1.28 -
S6in —-452 —0.11(0.34 1.78
S6out -3.39 0.88 (1.12) 2.34
Reaction Products (Figure 1)
P1 —-31.90 -28.77 -
P2 —29.61 —-23.61 -
P3 —28.73 —28.89 -

(2df) levels], obtained from gas-phase vibrational frequencies, are listed
in Tables 1 and 2, respectively.

The computed enthalpy, entropy, and Gibbs free energy were
converted from the 1 atm standard state into the standard state of molal
concentration (ideal mixture at 1 molrtand 1 atm) in order to allow
a direct comparison with the experimental result in water soli#ion.

We have also performed CHelpG charge calculations in order to
analyze atomic charges and dipole moments of the stationary points
(Table 3).

The contributions of specific and bulk solvent effects to the activation
Gibbs free energy of the reactions under study were investigated in

b
311+G(d,p),S(2df) level.

2 Relative to the isolated reactants, whose energies (Hartree) are
—76.4089533 (KHO), —56.5479473 (NH), —399.3854386 (bB),
—345.53581691) (B3LYP/6-31G(d));—76.4584638 (D), —56.582636

(NH3), —399.4225308 (15), —345.6315701%) (B3LYP/6-311-G(d,p));

—76.4661979 (KO), —56.5888217(NH), —399.432261 (kS),
—345.66510901) [single-point calculations, B3LYP/AUG-cc-pVTZ//
B3LYP/6-311G(d,p)]; —76.466198 (HO), —56.5888577 (Nh),
—399.4322644 (18), —345.6652194 1) (B3LYP/AUG-cc-pVTZ).
Stationary points containgna S atom optimized at the B3LYP/6-

two steps. First, a specific water molecule was explicitly included in without an explicit water molecule, have been investigated in order to
the gas-phase computation. The solvent was then considered as Llarify the r_ol.e of both protonation and bulk effects of water on the
macroscopic and continuum medium. Each stationary point has been®QM reactivity as alkylating agent.

optimized in solvent at the B3LYP/6-3#15(d,p) level, using the
COSMO version of the polarizable continuum model implemented in
the Gaussian package (C-PCM)The reaction mechanisms, with and

(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98 Revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(32) (a) Arnaud, R.; Juvin, P.; Vakle Y. J. Org. Chem1999 64, 8880.

(b) Rutting, P. J.; Burgers, P. C.; Francis, J. T.; Terlouw, JJKPhys.
Chem.1996 100, 9694.

Results and Discussion

The Choice of the Basis SefThe most relevant geometrical
parameters of all stationary points, without and with addition
of an explicit water molecule, located at B3LYP/6-31G(d) and
B3LYP/6-31H-G(d,p) [B3LYP/6-311G(d,p),S(2df) for sta-

tionary points with a sulfur atom] levels on the potential energy
surface describing the alkylation of ammonia, water, and

hydrogen sulfide by-QM (1) are gathered in Figures 1 and 2.
The corresponding relative (to free reactants) energies are
listed in Table 1, and some additional information concerning
electronic features (charges, charge transfers, and dipole mo-
ments) is given in Table 3.
From a geometrical point of view, the enlargement of the
basis set from 6-31G(d) to 6-3115(d,p) does not change TS-

(33) For conversion from 1 atm standard state to 1 mol/L standard state, forming bond lengths by more than 0.13 A, while prereaction

the following contributions need to be added to standard enthalpy, entropy, ¢

and Gibbs free energy=-RT, —R — RIn RT, andRTIn RT, whereR is
the value ofRin L x atm/molx K (ref 45). For a reaction with A- B =
C stoichiometry (such as the unassisted alkylation mechanism, Figure 1),
the corrections foAH*, AS,, andAG* areRT, R+ RIn RT, andRTIn
RT. At 298 K, the corrections amount to 0.59 and.90 kcal mot? for
AH* and AG* and+8.34 eu forAS' (ref 46). For a reaction with A- B
+ C = D stoichiometry (such as the water-assisted alkylation mechanism,

luster geometries]—16) are more affected by basis set choice.
Moreover, on passing from 6-31G(d) to 6-31G(d,p), both
intermediate and TS geometries become more reliable, at least
as judged from a comparison with the corresponding AUG-cc-
pVTZ geometries. In fact, we demonstrated that geometrical

features of stationary points (suchl@asandS1—-S3) optimized

Figure 2), the corrections foAH*, ASf, and AG* are RT, 2R + R In
RT), and RTIn RT. At 298 K, the corrections amount to 1.18 an8.79
kcal mol? for AH* and AG* and+16.68 eu forAS'.

(34) (a) Cramer, C. J.; Truhlar, D. @hem Re. 1999 99, 2161. (b)
Barone, V.; Cossi, MJ. Phys. Chem1998 102 1995.
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Table 2. B3LYP/6-311G(d,p) Thermodynamic ParametersH,
—TAS, AGga9,® Solvent Effect on the Stationary Poin®Q, kcal
mol1),> and Solvent Effect on the Alkylation Reaction§AG, kcal
mol~)¢ of NH3, H,O, and HS by 0-QM, without and with an
Explicit Water Molecule at 298.15 K

structure  AH —TAS  AGgas oGP OAG®  AGsq?
Uncatalyzed Mechanism (Figure 1)
11 —2.14 5.14 3.00 -—3.48 4.96 7.96
- - - (—3.59y (5.05¢ (8.05}f
12 —4.79 5.57 0.78 —4.83 5.86 6.64
- - - (—5.07¢ (5.84F (6.62F
13 —1.24 4.04 2.80 -0.10 4.26 7.06
(—1.07) (4.00y (2.93) - - -
(—0.64y (3.88¢ (6.68}
S1 7.17 8.61 15.78 —12.04 —-3.60 12.18
- - - (—12.55¥ (—3.91F (11.87%
S2in 11.39 9.40 20.79 —8.46 223 23.02
- - - (—9.05¢ (1.86f (22.65%
S2out  12.52 9.42 2194 -9.32 137 2331
- - - (—10.04y (0.87f (22.81}%
S3in 8.15 9.03 17.18 —2.33 2.02 19.20
(8.58f (9.01f (17.59) - - (19.61)
- - - (—2.59F (1.93F (19.11%
S3out 8.43 8.98 17.41 —-2.56 180 19.21
(8.62 (8.98f (17.61) - - (19.41)
- - - (—2.86y (1.66f (19.07y
Water-Catalyzed Mechanism (Figure 2)
14 —7.30 11.22 3.92 —4.33 10.81 14.72
15 —10.89 11.68 0.78 —5.31 12.08 12.86
16 —6.94 9.81 287 —1.33 9.73 12.60
S4 —492 1513 10.21 —10.14 5,00 1521
- - - (—6.75¢ (8.66) (18.87%
S5in —-0.10 16.92 16.82 —11.94 5.45 2227
- - - (—12.03y (5.65f (22.47%
S5out 235 17.00 19.35 —14.56 2.83 22.18
- - - (—14.74y  (2.94f (22.29%
S6in 157 1641 17.98 —4.87 6.19 24.17
(2.18f (16.42) (18.60) - - (24.79)
- - — (—5.84¢ (5.45f (23.43%
S6out 2.33 16.26 1859 —5.52 5,54 24.13
(2.68f (16.26) (18.94f  — - (24.48)
- - - (—6.83¢ (4.46f (23.05%
Reaction Products (Figure 1)
P1 —24.51 9.28 —15.23 - - -
P2 —19.37 8.88 —10.49 - - -
P3 —23.91 8.94 —14.97 - - -
aWith respect to reactants, whose kinetic contributions (non-

potential-energy terms) to molar entropyog), enthalpy ¢H), and
Gibbs free energydG) are 13.44 (HO), 13.71 (NH), 14.66 (HS),
14.65 (HS, at B3LYP/6-313+G(d,p)S(2df)), 50.361); 15.73 (HO),
23.88(NH), 11.79 (HS), 11.78 (HS, at B3LYP/6-31+G(d,p)S(2df)),
72.662 (); 2.29 (HO), 10.17 (NH), —2.87 (HS), —2.87 (HS, at
B3LYP/6-311-G(d,p)S(2df)), 48.73 1), respectively (kcal mot).
Symmetry numbers used to calculate entropyare 1 for 1, 0 = 2
for H,O, H,S ando = 3 for NHz. A correction ofR In 2 to AS has

been added for the alkylation reactions, as the nucleophile attacks to

0-QM faces are not experimentally distinguishatfl&olvent effect on

intermediates and TSs by C-PCM single-point calculations on gas-phas

geometries B3LYP-C-PCM/6-3#iG(d,p)//B3LYP/6-31#+G(d,p). Sol-
vent effects on reactant8Ga) by C-PCM single-point calculations
on gas-phase geometries at6.70 (HO), —4.45 (NH;), —0.37 (H:S),
—3.99 (1). Solvent effects on optimized reactants in watéb{.) are
—6.77 (HO), —4.50 (NH), —0.38 (H:S), —4.14 (1). © Solvent effect
on reaction Gibbs free energy, calculatedddsG = 0G — 0Greas

4 Gibbs free energy in water solution calculatedAdBsoy = AGgas +
O0AG. ¢ Solvent effect on optimized stationary points in water calculated
at the B3LYP-C-PCM/6-311G(d,p) level.f Optimization and fre-
guency calculations for stationary points contagnénS atom performed
at the B3LYP/6-313G(d,p),S(2df) level.

at 6-311G(d,p) are very similar to those obtained with the
very good (but too time-consuming) AUG-cc-pVTZ ba#is.

Energies, as expected, are much more basis set depende
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Table 3. Charge (CHelpG) om-QM Oxygen Atom, Charge
Transfer ) from Nucleophile too-QM (in Electrons), Dipole
Moment , in Debye) in a Vacuum and in Water Solution for the
Alkylation Reactions at the B3LYP/6-3%#1G(d,p) Level

charge oro-QM

oxygen atom u u
structure (CHelpG) (CHelpG) (vacuum}  (waterpc
0-QM —0.56 - 3.60 5.11 (5.28)
Uncatalyzed Mechanism (Figure 1)
11 —0.59 0.00 2.48 3.54 (3.88)
12 —0.59 —0.04 3.73 4.91 (5.4%)
13 —0.59 0.00 4.83 6.11 (6.49)
S1 —0.65 —0.30 5.01 7.41 (7.5Y)
S2in —0.67 -0.17 3.46 4.95 (5.44)
S2out -0.71 —-0.18 3.32 4.84 (5.28)
S3in —0.63 —0.13 3.21 4.51 (4.68)
S3out —0.68 —0.13 3.32 4.84 (4.12)
Water-Catalyzed Mechanism (Figure 2)

14 —0.64 —0.04 2.38 3.41
15 —0.63 +0.05 3.44 4.46
16 —0.60 0.00 4.77 5.85
S4 —0.69 —0.28 4.37 6.62 (3.88)
S5in -0.77 —0.25 3.45 5.43 (5.28)
S5out —0.56 —0.25 5.09 7.48 (7.408)
S6in —0.79 —0.19 1.68 2.81(5.39)
S6out —0.81 —0.19 2.58 3.84 (6.67)

2 Nucleophile dipole moments (in debye) in the gas phase are as
follows: 2.16 (HO), 1.70 (NH), 1.35 (HS). " Nucleophile dipole
moments in water by single-point calculation are as follows: 2.49
(H20), 2.06 (NH), 1.61 (HS). Nucleophile dipole moments optimized
in water are as follows: 2.51 @@), 2.16 (NH), 1.61 (HS).
¢ Calculated by single-point method on gas-phase geometries at the
B3LYP-C-PCM/6-31%-G(d,p)// B3LYP/6-31%G(d,p) level.? Calcu-
lated by optimization of the stationary points in water at the B3LYP-
C-PCM/6-31H1-G(d,p) level.

energies of intermediates change considerably on passing from
6-31G(d) to 6-31+G(d,p) basis sets. However, a further
enlargement of the basis set, namely on passing from 6-G11
(d,p) to AUG-cc-pVTZ basis, is accompanied by a much smaller
variation in activation energies (less than 2.5 kcal ipland,
even more important, the difference between activation energies
of TSs (i.e.,.S1, S2, andS3in) does not change appreciably (see
Table 1). Moreover, it is remarkable that B3LYP/AUG-cc-
pVTZ//B3LYP/6-311H-G(d,p) single-point activation energies
for these TSs differ from fully optimized B3LYP/AUG-cc-pVTZ
activation energies by less than 0.03 kcal Mol

This observation suggests that refining energies by single-
point calculations with the AUG-cc-pVTZ basis set on 6-3G-
(d,p) optimized geometries is a reliable practice, and this method
was adopted by us for all stationary points reported in this paper.
In the discussion we will refer, unless otherwise stated, to
B3LYP/6-31H-G(d,p) optimized geometries and to single-point

epotential energies [B3LYP/AUG-cc-pVTZ//B3LYP/6-315-

(d,p)].

Reactivity in the Gas Phase. “Nucleophilic” vs “Electro-
philic” Addition to 0-QM. (a) Ammonia Alkylation. Let us
now summarize the results for the alkylation reaction of
ammonia byo-QM. The first stationary point located on the
potential energy surface is a minimum (more stable than
reactants by-3.5 kcal mof?) corresponding to complei
(Figure 1), where NHlis involved in weak H-bonding (hydrogen
bond length H- - -O of 2.17 A and NH- - -O angle 158) to
0-QM. But, such an intermediatél( is unstable 3.0 kcal

(35) AUG-cc-pVTZ basis sets have recently been suggested (in the
epoxidation of allylic alcohols by peroxy acids) to be proper for hydrogen-
bonding description (Adam, W.; Bach, R. D.; Dmitrenko, O.; Saha-Moller,

® R . Org. Chem.200Q 65, 6715). However, they are highly

than geometries. Thus, activation energies of TSs and formationtime-consuming in the optimization of stationary points.
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B3LYP/6-31G(d)
B3LYP/6-311+G(d,p)
B3LYP/6-311+G(d.p).S(2df)

B3LYP/AUG-cc-pVTZ
(B3LYP-C-PCM/6-311+G(d,p))

Figure 1. Optimized geometries of prereaction clusters (reactant-like compledesh3), TSs §1-S3), and productsR1-P3) of the NH;, H,O,
and HS addition too-QM without water catalysis. Bond lengths (in A) at the B3LYP/6-31G(d) (plain characters), B3LYP#B&tIp) (bold),
B3LYP/6-31H-G(d,p),S(2df) (plain underlined characters), B3LYP/AUG-cc-pVTZ (italic), and B3LYP-C-PCM/6-8X{l,p) (bold characters, in
parentheses) levels are reported.

mol~?, see Table 2) when Gibbs free energies are considered.calculations allowed us to identify several features of the

I1 evolves to the product [2-aminomethyl-phenBll), which ammonia alkylation TS by-QM. First, in S1 the reaction
is —28.8 kcal mot! more stable than reactants] through 8te coordinate vector is almost localized at the- €-Ns bond
TS with a 6.3 kcal moi! energy barrie#® formation and no proton (§)l transfer process, from the nitrogen

S1shows N—He- - -O; hydrogen-bonding with a # - -O; (Ns) to the oxygen atom (€), is involved. Second, IRC
distance of 2.02 A, a f-He- - -O;1 angle of 140.3 and the calculation [at the B3LYP/6-3tG(d,p) level, see Figure 3a]
forming G- - -Ns bond length of 2.03 A (see Figure 1 for confirms that the proton transfer from ammonia to the QM
numbering). Full characterization &f1 by frequency and IRC oxygen occurs much later than the-&Ns bond formation. In
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2.349 ¢ 1.3013“
(2.284); 1.334
(:'?s ._4 i’

B3LYP/6-31G(d)
B3LYP/6-311+G(d,p)
B3LYP/6-311+G(d.p).S(2df)

(B3LYP-C-PCM/6-311+G(d,p))

Figure 2. Optimized prereaction clusters (reactant-like complex&s)I6), and TSs $4—-S6) of the NH;, H,O, and HS addition too-QM,
including an explicit water molecule (water-assisted mechanism). Bond lengths (in A) at the B3LYP/6-31G(d) (plain characters), B3L-¥8/6-311
(d,p) (bold), B3LYP/6-31+G(d,p),S(2df) (plain underlined characters), and B3LYP-C-PCM/6+33(d,p) (bold characters, in parentheses) levels
are reported.

fact, at the last point of the IRC (see Figure 3a), the-Ns The absence of the “proton-relay componéfiiccounts for
bond is almost completely formed, while thg-H-O; bond is the zwitterionic character o081 In fact, there is a negative
still very long and the M—Hg is far from being broken. charge increase0.1 e) at the QM oxygen atom as a result of

The structure of TS1is consistent with the accepted “pure  NHs attack, which parallels the sizable electron transfer from
nucleophilic addition” to activated double bonds and is quite ammonia too-QM (—0.3 e, see Table 3).
similar to cyclic TSs identified by Weinstein in a similar study ~ The high value of theS1 dipole moment (5.01 D, in gas
on the 1,4-addition of ammonia on acrolein and acrylic acid phase) and the high negative charge on oxygen atednGi e)
(s-cisisomers), where the ammonia adds to ghearbon atom suggest that both polar and protic solvent effects should play a
without significant proton transfer to the carbonyl oxydgén. crucial role in the alkylation reaction of nitrogen nucleophiles
with 0-QM. Such a solvent effect should be taken into account
) The reactivity ofo'OM as electraphile s l@girg‘g;.;hcae”otgal\}l of  for a realistic depiction of the reaction mechanism, particularly
alkylation reactions benefits from aromatic ring for)r/nation. 1I'he analysis of 1N @ Solvent such as water, which has been used pure or as
the geometric change of the six-membered ring allows an evaluation of the cCosolvent (water/acetonitrile or water/DMF) in numerous ex-

aromaticity gajned at the TSs. The change'ofa ring bond length, for instance perimental investigations focused on QMs as alkylating
C,—Cs (see Figure 1 for numbering) passing frasQM (1.514 A) toS1 agentsis.17-19

TS (1.466 A) in comparison to the shortening of the same bond from the 9 . Ikvlati h | . h ial
reactant to the produd®1 (1.413 A) suggests that approximately 50% of (b) Water Alkylation. In the exploration of the potentia

the whole aromaticity has been gained by the reactant at the TSs. energy surface for the-QM hydration reaction, we located a
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Figure 3. Change of the forming C- - -nucleophile bond lengi,(
breaking nucleophile- - -H bond length), and forming G- - -H bond
length €) along the IRC path starting fromd [(a) alkylation of NH;
by 0-QM, S1], 12 [(b) hydration reaction 06-QM, S2in] and I3 [(c)
alkylation of H:S by 0-QM, S3in] to final productsP1, P2, andP3,

Valentin et al.

12 (with a hydrogen bond length of 1.87 A and a#@- - -H
angle of 164.1), which is more stable than free reactants by
—6.2 kcal mot! (Table 1). Inclusion of nonpotential energy
terms at 298.15 K allows a proper evaluation of the complex-
ation equilibrium, and it leads to a free energy for comgx
only 0.78 kcal mot?! higher [at BSLYP/6-313G(d,p)] than
that for free reactants (se&Ggas in Table 2). Thus, even
including an entropic contribution which destabilizes the
complex|2, calculations suggest that th2 concentration, in
the gas phase, should be significant.

Other prereaction clusters between reactive alkylating agents
and water (such d®) have recently been suggested on the basis
of calculations. In fact, in the hydration of formylketéffand
2,4-cyclohexadien-1-one-6-carborf{#, H-bonded complexes
have also been located at the MP2/6-31G(d) level, with a
potential energy of-5.9 and—6.8 kcal mot?, respectively,
lower than those of the free reactants (entropic terms have been
completely neglected in these energy gaps).

I2 evolves to the product [2-hydroxymethyl-phen&2(in
Figure 1), which is—23.6 kcal mot! more stable than reactants]
through a couple of transition stateS2in and S2out, with
activation barriers of 10.7 and 11.8 kcal mylrespectively.
These TSs differ from each other in the orientation of the water
H atom not involved in the H-bonding, which points toward
the aromatic ring (inside) i®2in and is directed away from it
(outside) inS2out (Figure 1).

Hydration TSs are tighter than the corresponding ammonia
alkylation TS. In factS2in and S2outpresent a forming bond
length of 1.93 A, slightly shorter than the corresponding one in
the alkylation of ammonia32), and a much strongersS-He- - -

01 hydrogen-bonding (see Figure 1 for numbering), as supported
by a Hs- - -O; distance of~1.46 A (vs 2.03 A) and a ©&-
Hg- - -O; angle of~160° (vs Ns—Hg- - -O1 140°).

Full characterization of the most stalfin by frequency
and IRC calculations allows us to define such an alkylation as
an example of “nucleophilic addition onmQM assisted by
H-bonding” on the basis of the following evidenc®2in has
only one negative eigenvalue, with the corresponding eigen-
vector involving formation of both the new,€0s and Q—

Hg bonds and breaking of thes©Hg bond. IRC calculation [at
B3LYP/6-31+G(d,p) level] shows that, in the-QM hydration
reaction, the proton transfer from the water molecule to the
0-QM oxygen atom occurs much earlier than in the alkylation
of NH3 (see IRC in Figure 3b), and it is almost simultaneous
with the formation of the new £-Os bond. At the TS,
lengthening of the ©@-Hg bond in the water molecule has
already started, and shortening of the ©-Hg forming bond
(involving the carbonyl oxygen o6-QM) is “faster” than in
the alkylation of ammonia, as clearly reflected in the much
steeper slope of the IRC curve (Figure 3b). As a result of the
fact that proton transfer takes place in concert wiih-Os bond
formation, there is a smaller charge transfer from water @M
than inS1(—0.17 vs—0.30 e), with both TS$2in and S2out
having a lower dipolar moment (3.46 and 3.32 D, respectively)
thanS1 Thus, apparently, the electrostatic effect of the solvent
should play a less important role in tleeQM hydration in

respectively. The IRC calculations have been performed at the B3LYP/ comparison to the alkylation reaction of nitrogen nucleophiles

6-31+G(d,p) (for N and O nucleophiles) and B3LYP/6-B&(d,p),S-
(3df) (for hydrogen sulfide) levels in the gas phase. The IRC length is
given bys (amu’? Bohr), wheres = 0 represents the transition structures

(S1, S2in, andS3in), s — o the products.

complex (2) betweeno-QM and water, where ¥ is more

by 0-QM.

(c) Hydrogen Sulfide Alkylation. The potential energy
surface describing the energetics of hydrogen sulfide alkylation
by 0-QM is qualitatively similar to that of the hydration reaction.

(37) (a) Birney, D. M.; Wagenseller, P. £.Am. Chem. S04994 116,

strongly bonded t@-QM than ammonia. Our results inthe gas 262, "(b) Liu, R., C.-Y.: Lusztyk, J.; McAllister, M. A.; Tidwell, T. T.;
phase suggest thetQM can give rise to a H-bonded complex Wagner, B. D.J. Am. Chem. Sod.998 120, 6247.



0-Quinone Methide as Alkylating Agent

However, important differences exist. We located a prereaction
complex (3) betweeno-QM and HS only —2.6 kcal mof?

J. Am. Chem. Soc., Vol. 123, No. 34, 3603

the H,S molecule to the-QM oxygen atom (@) in S3inoccurs
slightly earlier than in theo-QM hydration process, and it

more stable than the reactants, where hydrogen sulfide is weaklyappears to be earlier than the-S bond formation. Shortening

bonded to the carbonyl oxygen. Including non-potential-energy

of the forming Q- - -Hg bond begins much earlier along the

terms, such a complex becomes less stable than free reactanteeaction coordinate than in the hydration reaction, as shown by

by 2.8 kcal mot? (see Table 2)I3 evolves to the product
[2-mercaptomethylphenol P@) which lies —28.9 kcal mof?
below the reactants] through two TSS3jn and S3ouf) with
very similar activation energies (8.3 and 8.4 kcal npl
respectively). Among all of the TSs studied (i81-S3), S3in
and S3out show S$—Hs---0O; hydrogen-bonding with the
shortest K- - -O; distance {1.44 A, with a $—Hs- -O; angle
of 165°), and the longest forming £- -Ss bond 2.56 A (see
Figure 1 for numbering).

The most striking and interesting difference betw&&and
the TSs located for ammonia alkylatio81) and the hydration
reaction 82 is that, in both S3in and S3out the major
contribution to the reaction coordinate vector arises from the
Ss—He internal coordinate (with breaking of the-SHe bond
and formation of the new 3-Hg bond with the QM carbonyl
oxygen). There is a minor contribution from thg-€Ss internal
coordinate. IRC calculation [Figure 3c, with the B3LYP/6-
31+G(d,p),S(3df) method] confirms that the proton transfer from

(38) Arnaud, R.; Adamo, C.; Cossi, M.; Millet, A.; Valle Y.; Barone,
V. J. Am. Chem. SoQ00Q 122 324 and references therein.

(39) (&) Yamabe, S.; Ishikawa, T. Org. Chem.1997, 62, 7049. (b)
Yamabe, S.; Ishikawa, T. Org. Chem1999 64, 4519. (c) Okumoto, S.;
Fujita N.; Yamabe, SJ. Phys. Chem1998 102, 3991.

(40) Participation of more than one water molecule in the alkylation
reactions of ammonia and water has been suggested by a reviewer as

a wider “S-shaped” IRC curve (Figure 3c). Therefore, the above
evidence suggests that the alkylation of thiolBQM proceeds
through TSs in which the thiol hydrogen atom exhibits a strong
“electrophilic” interaction with the>-QM carbonyl oxygen. The
lowest nucleophilic character of thiol attack B3 TSs as
compared to those of ammonia and waterSh and S2 is
supported also by the smallest charge transfed.{3 e, see
Table 3) in the former with respect to the latter.

The Role of Solvation by a Protic Solvent: Reaction of
Water-Complexed 0-QM. It has recently been well docu-
mented, mainly by Barone et al., that contemporary continuum
models can adequately describe reactions in soldfidtever-
theless, such an approach would not properly describe the
solvent effect on the reactivity if one or more solvent molecules
are directly involved in the reaction mechanidhié3°

Thus, an appropriate depiction of QM reactivity in water
cannot neglect, in principle, both a specific and a bulk effect of

(S9 confirm that the proton-transfer process from the nucleophile to the
water molecule acting as proton donor does not involve the third water
molecule (D). Theo-QM + nH,O reactions constitute an example of a
Curtin—Hammet systerfi’ In fact, the complexationdecomplexation
betweenn-QM and water is reversible and much faster than the rate of the
hydration reaction. Therefore, a comparison between competitive reaction
pathways has to take into consideration relative Gibbs free energies
EéAG*Ts)‘” for the TSs involved in the water-assisted hydration processes

better prototype of the water-assisted mechanism. In such a supramoleculaf!-€:, S5out+ H;0O, S5in + H,0, S7, S8 S9, S10 etc.). In particular, our

model, the nucleophile (Ngor H,O, molecule A in TSS7) is connected

by a H-bonding network to the-QM oxygen atom, through two water
molecules. The first one (B) acts as a proton donor and the second one (C)
called assistant or “ancillary”, links the nucleophile proton to the other water
molecule (se€S7 TS below). This TS geometry should help the reactive
system to achieve a better linearity of the hydrogen-bonding network, and
therefore should add an additional stabilization. Due to the size and
conformational flexibility of such a supramolecular system, calculation at
the same level as performed on the prototype reaction model, which involves
only one added water molecule, is too time-consuming. Therefore, we
decided to investigate this mechanistic hypothesis at the B3LYP/6-31G(d)
level for the hydration reaction and for ammonia alkylation in the gas phase.
We were able to locate four TSST-S10 for the water-assisted hydration
reaction involving three water molecules.

A 1.470 )
S7 wsy <€é S8 1'835.?@) 1?{3}
- {1583
B

Q&@l 450

774 F )

S10 -

-,

S9 %%O

A.507

S8-S10TSs show geometric features that allows us to qualitatively describe
them asS5like TSs with an additional outer water molecule (BBis the
most stable TS, having the lowest electronic eneff)is less stable than
S8by only 0.56 kcal mott. S7TS lies 1.48 kcal molt aboveS8 andS10

is the least stable TS, being 3.1 kcal mohboveS8 Although S7 TS
displays a geometric array quite similar to that located by Yamabe for the
hydrolysis of maleic anhydrid®2a closer inspection reveals the absence
of the zwitterionic feature (with the assistant water molecule, C, having a
hydronium ion character), which is the peculiar aspect of Yamabe**TSs.
IRC calculations fromS8 (S9) and the reaction coordinate vector $8

attention has been focused on the competition between water dimer (through
S5TSs) and water trimer (through7 TS) models, to clarify which model
better describes the water-catalyzed process. Such a competition has been
‘evaluated by relative Gibbs free energy for ®&in + H,O system, with
respect t&67TS. Although at the B3LYP/6-31G(d) level of theory the water
trimer TS S7 is slightly favored over the water dimer TSbin (by 1.32

kcal mol1) in the gas phase, a proper evaluation of the hydrogen-bonding
interactions with the 6-3HtG(d,p) basis sets reverses such a stability order.
In fact, with the inclusion of diffuse and polarization functior&5in
becomes 1.28 kcal mol more stable thaB7in the gas phase. The inclusion

of solvent effects by the C-PCM model as a single-point calculation on the
gas-phase optimized geometries [at the B3LYP-C-PCM/6+&3(,p)//
B3LYP/6-311G(d,p) level] introduces a further and important stabilization

of S5inin comparison t&7, the former being 6.82 kcal mol more stable

than the latter in water. The above results suggest that the model used by
us, which features only one water molecule directly involved in the proton
transfer in a cyclic TS, is the simplest, but at the same time complete and
absolutely adequate in describing th@ M water-assisted alkylation process

in water. The evidence that the water dimer model is also competitive in
the gas phase is a remarkable observation. Therefore, even if formally the
water trimer (throughS7 TS) is fit for the present reaction, water dimer
(through S5 TS) seems to be a better reactant. A favoring factor of the
latter model could be, as suggeted by a reviewer, that “along the reaction
coordinateo-QM accumulates ther electronic density on the carbonyl
oxygen preferentially in the out-of-plane space and not in the in-plane
lone-pair”. Concerning the water-assisted ammonia alkylation involving two
additional water molecules, we failed in locating a TS I&e All the TS
models were transformed (during the optimization procedure)Sdtlike

TSs with an additional outer water molecule. Actually, we have been able
to locate several TSs; among the8i1is the most stable, and it is very

similar to SO TS.
1.995&?
S11 ' 41,807

P

#1689

2300

The reaction coordinate vector 81 1shows that the second water molecule
(D) does not take part in the proton shuttle process, and that the oxygen
atom of the water molecule acting as proton donor is out ofcH@M
plane.
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the polar protic solveniVe decided first to examine an explicit Thus, both geometric and spectroscopic computed properties
water molecule, to elucidate the water H-bonding effect on the of these stationary points demonstrate that H-bonding is stronger
reaction mechanism and on the readty of 0-QM as alkylating in TSs @) than in the corresponding prereaction clustéjs (
agent! and second to study the effect of thevsok bulk.We bringing additional stabilization to the former in comparison to
achieved the first goal by locating all the stationary points on the latter.

the potential energy surfaces governing the hydration reaction  Activation potential energies suggest tlzatvater molecule
(intermediatel5, TSs S5in and S5ouf) and the alkylation  (in the gas phase or in a medium with a low dielectric constant)

reactions of both ammonia (intermediaté, TS S4) and acts as a catalyst in the proton migration from the nucleophile
hydrogen sulfide (intermediaté, TSsS6in andS6ouj in the to the carbonyl oxygen of 0-QM and contributes to the lowering
presence of a specific water molecule complexed tootev of the actiation barrier of the alkylation reactionsThe water
oxygen atom by H-bonding (see Figure 2). Such a water activation is much more efficient for NHand HO reactions
molecule transfers a proton gHo theo-QM oxygen atom (@) than for the HS reaction. This gives rise, in the gas phase, to

and accepts another proton gjHrom the nucleophile in a 3 reversal in relative activation energies of the hydration as

cascade process (see Figure 2 for numbefihghus, the  compared to the case for hydrogen sulfide alkylation (see Table
proton-transfer process does not occur, as in the absence of),

water, directly from the nucleophile. The water molecule, in
the above “water-assisted” nucleophilic additions, acting as a b
proton shuttle, modifies the TS geometries, as one can see inone must keep in mind that a proper comparison between
Figure 2. The presence of a discrete water molecule allows thecomputational and experimental results or between competing
reactive system to reach a more_perpendlcular approach of thereaction mechanisms cannot neglect the entropic effects. The
nucleophiles to th@-QM exocyclic methylene group. At the inclusion of non-potential-energy terms allows a direct evalu-

Z%mz tlrlne, |t|redurc].eshthe out-o;‘-planei Q|stortlon of t|h16203r(]:4 ation, on the same foot, of the uncatalyzed and water-catalyzed
! f. ral angle, which passes froml4” in S1-531o less t an alkylation mechanisms, because the former is selectively and
~8"in 54-S6 The more faorat_)Ie geomet_ry of the nucleophﬂg strongly favored by entropic factors with respect to its assisted
attack (fro_m a stergoglectromc standp0|.nt) and th_e lessening counterpart. Activation Gibbs free energies@) [computed

of the torsional strain induced by water (in the cyclic TSs) are ;; yhq B3| YP/6-313G(d,p) level] are listed in Table 2, while
Important factors in lowering the action barrl_er of th? a comprehensive graphical representation of the energetics of
alkylation _processeSn fact, on the bas_ls of potential energies, both reaction mechanisms with ammonia, water, and hydrogen
water-assisted alkylation of ammonia, water, and hydrogen sulfide are reported in Figures 4, 5, and 6, respectively. It should

sulélcéeo(‘kl'Ssls4a?5 andStE_S) |s| favoretdh by at least 1t29 1't0h.5,t be emphasized, at this point, that such an approach is a novelty
and b.Ukcalmot, respectively, overthe same reaction without . ypq ¢y rrent literature; in fact, previous computational inves-

a water molgcule complexed QM _(TSSS]‘ S2 ands3.#? _ tigations on Michael additiod% 28 neglected the entropic
A comparison between geometric features of prereaction faciors.

complexes Id—16) and related TSsS4—S6) unravels other

interesting aspects of the water-assisted nucleophilic addition,

such as the systematic shortening of the -OHg bond length

between the water molecule and th@M oxygen atom passing

from the former [4 (1.82 A), 15 (1.82 A), andi6 (1.83 A)] to

the latter B4 (1.68 A), S5in (1.48 A), S5out (1.43 A), S6in

(1.44 A), and S6out (1.43 A)]. Such bond shortening is

We have discussed the alkylation reaction mechanism on the
asis of activation potential energies until now. Nevertheless,

On the basis oAG*, water-assisted alkylation of ammonia
and water in the gas phase remains favored by 5.6 and 4.0 kcal
mol~1, respectively, over the corresponding reaction without
explicit water molecule (see top half of Figures 4 and 5). In
contrast, AG* data of the hydrogen sulfide alkylation reaction
in the gas phase suggest that such a substrate shows a slight
. ; L preference for a direct alkylation without water assistance (see
geometrical evidence of stronger H-bonding in the TS4{ top half of Figure 6), even though the free energy difference

S@ than in the corresppndlng complexds {16). _Con3|stent . (AAG") between the two reaction mechanisms is very small
with such bond shortening, the unscaled stretching frequencies

. ) . ° (0.8 kcal mot™* at B3LYP/6-31#-G(d,p) and 1.0 kcal mol at
involving the H atom being transferred 84 (von = 3331 )
cm-1), S5in (von = 2592 cnY), S5out (vou = 2331 cnTl), the B3LYP/6-31%#G(d,p),S(2df) level of theory).

S6in (von = 2358 cntl), and S6out (vo = 2278 cnTl) are As mentioned_at the beginniqg of this sgction, the proton-
much lower than those of complexds(von = 3641 cntl), 14 transfer process in the water-assisted glkylanon mechanism does
(von = 3566 cnmd), I5 (voy = 3631 cntd), and 16 (vou = not occur dlrect_ly from the nucleophile to _thBQM oxygen
3606 cntl). atom but is “carried” by a water molecule which acts as a proton

donor/acceptor molecule. Thus, the question arises whether the
(41) We located another type of TSs which are involved in an alternative Nucleophilic vs electrophilic character of the attackot@M
water-catalyzed alkylation process. In these TSs, the water molecule thatchanges on passing from the unassisted process to the water-

acts as cafalyst is complexed fo #&@M oxygen atom, but it does not get  atayzed mechanism. The most significant contribution to the
involved in the proton-transfer process from the nucleophite @M. These )

TSs show geometries very similar to the uncatalyzed alkylation processesransition ei_genveCtor of tlﬁ4 Hessian matrix comes only fr_om
(S1-S3), but their potential activation energies are always significantly the C,—Ns internal coordinate (see Figure 2 for numbering).

eSO 1s el o e o i . = Neither N—H nor water G-—Ha strtchi s make any
(42) Calculated energy gaps between unassisted and Water_catawzecpontnbutlon. This finding is noteworthy because it contrasts with

mechanisms are slightly wider at the B3LYP/6-31G(d,p) level (14.4, the results obtained by Weinstein et al. regarding the water-
t1)3.8, an;{hStﬁ keal rl?otht?r NHs, tHzO,darédgli&gz J)e(slpggtivl%'yg anté i\ie7nk Iactivated alkylation of ammonia by acrolefhwhere deproto-
igger with the smallest basis set used, 6- .6,15.9, an 7 keal | s ; ; ;

m?)lg‘lfor NHs, H20, and BS, respectively). The above trend is expected, natlon of b(_)th ammonla_ and vya_ter dom'_nat_es the reaction
since it is well known that the use of small basis sets systematically coordinate eigenvector, with negligible contribution of theiC
overestimates the extent of H-bonding and stabilizes significantly those internal coordinate.The abee discrepancy prades clear
structures characterized by a more extensive H-bonding network. Thus, thiseuidence that 0-QM reactity cannot be inferred from theoreti-
trend in the activation energy, as a function of the basis set, is an indirect . .
evidence that also H-bonding plays a role among the electronic and steric €@l data on classical actated double bonds, and QMs should

effects mentioned above in lowering the activation barriers. be considered a class of alkylating agents on its own.
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Figure 4. Free energy profiles for ammonia alkylation reaction by B3LYP-C-PCM/6-311+G(d,p) optimized structures

0-QM in the gas phase (continuous line), water-catalyzed (top right) " i aqueous solution

and uncatalyzed (top left), and in aqueous solution by single-point Figyre 5. Free energy profiles fos-QM hydration reaction in the gas
calculation on the gas-phase geometries [B3LYP-C-PCM/6-&i(t,p)// phase (continuous line), water-catalyzed (top right) and uncatalyzed
B3LYP/6-311G(d,p)] (- - -), and optimizing both reagents and TSs (top [eft), and in aqueous solution by single-point calculation on the
in solvent [B3LYP-C-PCM/6-31+G(d,p)] (l1)- gas-phase geometries [B3LYP-C-PCM/6-3T3(d,p)//B3LYP/6-313 G-

(d,p)] (- - -) and optimizing both reagents and TSs in solvent [B3LYP-
opposite behavior was identified for t& reaction coordinate ~ C-PCM/6-311#-G(d,p)] (|])-

vector matrix, where bothsS-Hg and water @—Hg internal

coordinates are the major components, while the & internal bonding interaction of water on theQM reactivity. Neverthe-
coordinate makes no significant contribution. The hydration less, water is also a highly polar solvent; therefore, we cannot
reaction assisted by water shows intermediate features: all ofignore its bulk effects. We now examine the effect of the bulk

the three stretching modes,€0s, Os—Hs, and G- - -Hg in solvent reaction field on the energetics of both water-assisted
both S5in and S50ut make an important contribution to the and unassisted alkylation of ammonia, water, and hydrogen
reaction-coordinate vectors. sulfide, to obtain a fairly good and complete reproduction of

One may conclude that water catalysis does not affect the solvent effect on the activation Gibbs free energy of the
nucleophilic vs electrophilic behavior of the reactants in the alkylation reactions by-QM.
water-assisted alkylations, since similar trends were found for  (a) Bulk Effects on Unassisted MechanismBarone et al.
catalyzed and uncatalyzed alkylation reactions. Ammonia, water, showed that even important geometrical changes have little
and hydrogen sulfide attack the water-complexeQM (12) influence on the solvation energy in the addition reaction
through TSs in which they exhibit dominant nucleophilic, between hydrogen cyanide and methaninffhé/e confirmed
nucleophilic assisted by H-bonding, and electrophilic character, such a trend in our uncatalyzed reactive system, optimizing the
respectively. Generalizing, the enhancemernt-QfM reactivity structure ofl1—I3 intermediates an&1, S2in, andS3in TSs
as alkylating agent (in the gas phase) due to water catalysisin water. The most meaningful bond lengths of these stationary
parallels the nucleophilic character of the attacking reactant, points computed at the B3LYP-C-PCM/6-34®(d,p) level are

which increases in the serie®i< H,O < NHj3, as demon-  reported in Figure 1 in parentheses and bold characters. Some
strated by the TS characteristics commented on above. significant geometric differences between optimized structures
The relative reactivity of the three nucleophiles towasQM in solvent and in the gas phase are evident, such as the

in the gas phase (taking into consideration both water-catalyzedlengthening of the forming C- - -Nu bonds (i.e., by 0.34 A in
and uncatalyzed reaction mechanisms), on the basis of activatiorthe ammonia alkylation) with earlier TSs, and a more perpen-
Gibbs free energies (see upper parts of Figure§)4is as dicular trajectory (with respect to theQM methylene group)
follows: H,S < H,O < NHas. Surprisingly, hydrogen sulfide is  of the attacking nucleophiles. Nevertheless, the difference in
the least reactive, in striking contrast with the experimental energy between these fully optimized structures in solvent and
results'> which clearly suggest that-QM hydration is the single-point calculations on the optimized gas-phase structures
slowest reaction. Such a discrepancy suggests that a propenever exceeds 0.5 kcal mal(at least for TSs without water

computational analysis of solvent effects oi@QM reactivity, catalysis such aS1-S3 see Table 2).
including bulk effects, has to be carried out. The free energy of solvatiomG in Table 2) is important
The Role of the Electrostatic Effect of the Solvent Bulk. and stabilizes TSs less than reactants, with the exceptiSi. of

We have dealt so far with the effect of specific hydrogen- As a result, the bulk effect of the solvent (evaluated from
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AG 311+G(d,p) level of theory. Significant geometric differences
/kczhl mol-1 between optimized structures in solvent and in the gas phase

Stent g 0-QM + H3S S6in SSout are evident in Figure 2, such as the lengthening of the forming

C- - -Nu bond with earlier TSs for the alkylation of ammonia
17.2

and water. Such a bond lengthening is particularly large (0.74
A) in the water-catalyzed alkylation of ammonig4j, but it

S3out | §3in

——— 4

becomes smaller (0.13 A) in the hydration reacti&®)( The
effect of the solvent bulk is opposite on TS geometries involving
the water-assisted alkylation of hydrogen sulfi@&®)( where
3 the forming G- - -Ss bond, in bothS6in and S6out is slightly
3‘5 shortened in solution by 0.30.15 A. Despite these significative
S differences between TS geometries in the gas phase and in
165! solution, AGs,)y data (in Table 2) suggest that the majority of
& 241 solvent effect (similar to the case in the uncatalyzed reactions)
is fairly well reproduced by single-point calculations on gas-
phase optimized geometries [B3LYP-C-PCM/6-313(d,p)//
B3LYP/6-31H-G(d,p) level]. There is only one important
Fren Reactants exception: the ammonia alkylation reaction catalyzed by water
g sctants S A " in water (C-PCM) (S4. In fact, its activation free energy experiences a considerable
Uncatalyzed  in water (C-PCM) Water increase (by 3.7 kcal mot) on going from the value obtained
mechanism catalyzed mechanism by single-point calculation 084 TS in the gas phase [15.2 kcal
mol~, at the B3LYP-C-PCM/6-31LG(d,p)//B3LYP/6-31#G-
(d,p) level] to that obtained by full optimization &4 TS in
water [18.9 kcal mol?, at the BSLYP-C-PCM/6-31£G(d,p)
BSLYP-C-PCM/6-311+G(d,p)//BILYP/6-311+G(d.p) level].
single points on gas phase geometries in aqucous solution The Overall Solvent Effect on Alkylation Reaction Mech-
BLYP-C-PCM/6-311+G(d,p) optimized structures anisms.Comparison of _th_e activation Gibbs free energy data,
I ) aqueous solution obtained from water optimized TSs and reactantS4,, listed
Figure 6. Free energy profiles for hydrogen sulfide alkylation reaction in Table ,2 for. TSSSl—S,b)' for thg .alkylatlon of the. same
by 0-QM in the gas phase (continuous line), water-catalyzed (top right) nucleophile with and without addition of an _eXpI'C't water
and uncatalyzed (top left), and in aqueous solution by single-point Molecule §1vs S4 S2vs S5 andS3vs S6in Figures 4, 5,

calculation on the gas-phase geometries [B3LYP/6+33(d,p)/ and 6, respectively) reveals an interesting and different scenario

B3LYP-C-PCM/6-31%G(d,p)] (- - -) and optimizing both reagents and ~ with respect to that in the gas phase. In particular, for the

TSs in solvent [B3LYP-C-PCM/6-3HG(d,p)] (- - *). alkylation reaction of ammonia in the gas phase (see Figure 4),
o ) . _ it is quite evident that the most favorable mechanism of the

solvent-optlr_mzed TSs) increases the activation free energiesncleophilic addition of Nito 0-QM is a 1,4-addition assisted

of all “unassisted” alkylation reactions (by +1.9 kcal mor™), by a discrete water molecule, as demonstrated by the lower

with the exception of the ammonia alkylatioB1), which is

iy rylat energy ofS4than of S1(by 5.6 kcal mot?, top half of Figure
reduced by-3.9 kcal mol. This exception finds areasonable 4y However, in water solution, the unassisted reaction should

explanation in the zwitterionic nature &1, which is the

5% 67 %
24,

2\ 3

B3LYP/6-311+G(d,p) optimized structures in gas phase

o o _ : dominate its catalyzed counterpart, going thro8giTS, which
consequence of its pure nuclgophlllc reaction mechanlsm._ IN is 7.0 kcal mot? lower in energy thas4 (bottom half of Figure
fact, S1is the only stationary point, unassisted by water, showing 4).

a higher dipole moment (5.01 D in the gas phase; 7.41 D in . .
bulkg)] than tphe reactants;)-(((QM 3.60 D- Hzg > F1)6' NH, 1.70 In the case of the alkylation of 43 by 0-QM (Figure 6), the
D; H,S, 1.35 in the gas pha,se-:QM 5 10 ’D_' sz 5 ’49' D: effect of the water bulk shifts the reaction toward the uncata-

) 22 . NP , A lyzed mechanism33), which was already slightly favored in
NHs, 2.06 D; 1S, 1.'61 D in bulk) 52(3.46, 3.42 D fquZm the gas phase on the basis of activation Gibbs free energies (by
and S2out respectlvely) and3 (3.21, 3.32 D forS3in and 0.8 kcal mof?, top half of Figure 6). Such a mechanism
clecttostatic solvent stabiisation (see Table 3) for the former PECOMeS dominant in wate83TSs being more stable thas
TSs is lower than the latter one TSs by 4.0 kcal moi* (bottom half of Figure 6).

(b) Bulk Effects on Water-Assiéted MechanismThe water In contrast, activation induced by water complexation should
bulk has a more important effect on water-assisted alkylation Still Play an important role in the-QM hydration reaction even
reactions than on the unassisted mechanism. In fact, as estimatelft Water as solvent. Water-assisted hydratiss, (n Figure 5)
by single-point calculations on the gas-phase optimized geom- S cléarly favored over the uncatalyzed counterp&8 (n the
etries [at the B3LYP-C-PCM/6-3#1G(d,p)//B3LYP/6-314+-G-  9as phase by 4.0 kcal midl (top half of Figure 5). Such an
(d,p) level], S4, S5in, S5out S6in, and S6out TSs are less ~ €Nergy gapis S|gn|f|can_tly rt_aduc_:ed in solution, where the water-
stabilized than the corresponding free reactants by 5.0, 5.5, 2.8 c&talyzed mechanism is still slightly favored only by 0.5 kcal
6.2, and 5.5 kcal mol, respectively (see Table @AG column). mol™* (bottom half of Figure 6). However, the above energy
Such an effect has important consequences on the competitiorfliiférence between the two reaction mechanisms should be
between the assisted and unassisted mechanisms, particularlyightly enlarged by ghe presence of the high water concentration
for N-centered nucleophiles. This aspect will be discussed in N @ water solutiort? The importance of the water-catalyzed
more detail in the next paragraph. Thus, to produce more reliableM&chanism in the control af-QM reactivity could likely be
data concerning the water-catalyzed processes in water, we 23) Takina i deral — iut

further refined the solvent model for alkylation reaCtiOnS, 3) aking into consideration water concentration in a water solution

et i (55.5 M) should introduce a further stabilization (estimated in 2 kcaf ol
optimizing S4-S6 TSs in water at the B3LYP-C-PCM/6- in favor of the water-assisted mechanisms.
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generalized to other oxygen-centered nucleophiles. Note that Specific solvent effects, taken into account by explicit addition
our result makes an additional contribution to the debate on of a water molecule to prereaction clusters and TSs, suggest
the 0-QM hydration reaction, which still attracts considerable that water, in the gas phase, is directly involved in a proton-
attention?>2344suggesting that the hydration reactioroeQM transfer process which lowers significantly both the activation
likely involves two molecules of water. potential energies (by10—12 kcal mot?) and activation Gibbs
Summing up,the 0-QM alkylation of nitrogen and sulfur  free energies (by~4—5 kcal mol?) for the alkylation of
nucleophiles in water solution can be reasonably well described nitrogen and oxygen nucleophiles. That is, in the gas phase the
with a simple reaction mechanism where no water is directly “yater-catalyzed” processes should dominate their “uncatalyzed”
involved; thz_;lt is, neglecting the specific interaf:tion _(H-bonding) counterparts. Hydrogen sulfide alkylation in the gas phase does
of 0-QM with the salent. The 0-QM reactity with these 4t penefit such a water activation, since the uncatalyzed

nucleophiles in water solution should be well reproduced by achanism is slightly favored over the catalyzed one (by
gas-phase TSs and by considering only the water bulk effeCtrougth 1 keal motY).

i ingle-point calculati th -ph tries. .
USING single-point calcuiations on e gas-phase geometies Bulk solvent effects of water, described by the C-PCM model,

Hydration reaction requires a supramolecular reaction model, . =7 . s
with two water molecules, where both the specific and the bulk Significantly modify the relative importance of the uncatalyzed
and water-assisted alkylation mechanismsogdM in com-

effects of water h@e been taken into account. ) ¢ An:
Itis also noteworthy that the reactivity of ammonia is always Parison to the case in the gas phase. Surprisingly, the uncata-

higher than that of hydrogen sulfide and that the hydration of lyzed mechanism becomes highly favored over the catalyzed

0-QM is the slowest reaction in water. Such a computed On€ in the alkylation reaction of ammonia and hydrogen sulfide.

reactivity scale in water (NEHAG* = 11.9> H,S,AG* =19.1 This remarkable obseation should allow study of the alkylation

> H,0, AG* = 22.2 kcal mot?) well reproduces the experi- processes of more complex nitrogen and sulfur biological

mental data concerning alkylation of amines, thiols, and water nucleophiles (such as nucleobases, chain;Nigptides, or

in aqueous solutiok? glutathione-containing peptides) by o0-QMs, with a simple
Our results suggest a proper computational mode-QM reaction model which neglects the specific effects of water and

reactivity which clarifies the role of water catalysis in alkylation computes 0-QM reaetity in solution, taking into account only

and hydration reactions. Therefore, the present results shouldthe bulk effects of the saint. Work is still in progress in our

be of interest to those experimentalists dealing with QM as group in order to address the problem of QMs selectivity as

enzymes inhibitors and cross-linking agents. alkylating agents and to generalize the conclusion obtained with
) ammonia also to real biological N-centered nucleophiles (such
Conclusion as nucleobases).

In this paper we have reported a computational study on the However, the above reaction model, which neglects the
reactivity ofo-QM as alkylating agent of nitrogen, oxygen, and specific effect of the solvent, cannot be applied to th@M
sulfur nucleophiles, in the gas phase and in water, taking into hydration reaction and, likely, to the alkylation of less reactive
consideration (in two consecutive steps) both the specific and oxygen-centered nucleophiles in water. A proper computational
the bulk effects of such a solvent, which often has been usedmodel describing the QMs reactivity in such reactions requires

by the experimentalists. The results can be summarized asconpsideration of both specific and bulk solvent effects.
follows:

In the gas phase, the alkylation of MNHYy 0-QM is an
example of “pure nucleophilic addition” onto-QM with
development of a zwitterionic TS. The alkylation reaction
mechanism of water can be defined as “nucleophilic addition
assisted by H-bonding”, while in the alkylation of$ithis latter
exhibits a dominant electrophilic interaction withkQM at the
TS. Thus, along the series NHH,0, H,S there is a progressive
shift from a “nucleophilic” interaction to an “electrophilic” one
of the adding reactant witb-QM.
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