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The deprotonation of nitromethane by (OH)H,O clusters has been studied. Ab initio quantum chemistry
calculations including electron correlation are used to determine the geometries, energetics, and natural bond
orbital electronic populations of reactants, transition states, and products for the casesOodndn = 2.

An analysis of the negative charge redistribution during the reactions is given. In particular, special attention
is devoted to the evolution of the negative charge on carbon, which has been implicated in the past in the
observed anomalous values of the Brgnsted parameter in the reaction of interest, the so-called “nitroalkane
anomaly”. Finally, the deprotonation of nitromethane by (Olk$) compared with the analogous reaction
involving acetonitrile; the results suggest that the high electron affinity of the gd@up is critical for the
existence of the nitroalkane anomaly.

1. Introduction and it has been related in various ways to the idea that, as the
reaction progresses, the negative charge accumulated on the
carbon atom bonded with nitrogen is larger in the transition
state than in the final products. A variety of explanations has
been proposed in relation to the physical cause of the “anomaly”
(for review, see Prod3, including the geometry relaxation as
the reaction evolves toward the produbisthe effects of
solvation on charge delocalizati8A?2® and the effects of
valence bond configuration mixing in the transition st&t€he
present study examines such features in terms of the results of
guantum chemical calculations for the paradigm reactions above
and aims to give some quantitative background for a more
complete physical picture of the nitroalkane deprotonation

Among proton-transfer reactions, which themselves are
among the most fundamental processes in chemistrgroton
transfer from nitroalkanes has attracted particular attention due
to its extraordinary kinetic properties, which have been explored
both experimentalf?~12 and theoretically:*12-23 The present
work presents ab initio quantum chemical calculations on one
of the simplest members of this reaction class ,NB; +
(OH)~+(H20)h — (NO,CHz)~ + (n+1)H,0O forn =0 andn =
2. Its goal is to provide microscopic insights on this reaction
and also to examine the influence of microsolvation.

An important reason for the wide interest in proton transfer
from nitroalkanes, alluded to above, is their behavior in the

context of the Brgnsted relation reaction.
The fact that the anomalous Brgnsted parameter values are
log k = a log K, + constant usually absent in proton transfers from other carbon acids

suggests that the “anomaly” may be directly related to the high
connecting the reaction rate constdntand the equilibrium electron affinity of the NQ@ radical and its influence on the
constant,, with the proportionality constart known as the intramolecular charge redistribution. This idea is tested in the
Bransted parameter. The Brgnsted parameter, which measurefinal part of this work, where nitromethane is replaced by
the relative effects of, e.g., a substitution on the reaction rate acetonitrile (CNCH), which itself has been widely studied, in
and equilibrium, is generally expected to lie in the range between particular in the context of deprotonations by anions, e.g., by
zero and one. In connection with the reaction energy préfile, F~305%or by hydrated (OH).52 Although we are unaware of
under strongly exothermic conditions such that a reaction experimental study of the Brgnsted parameter for these depro-
becomes diffusion-controlledy should approach zero, while  tonations, the CNCkicase is an interesting one for both contrast
in the opposite limit of strongly endothermic reactiomshould and theoretical prediction.
approach unity. At a deeper level of interpretation which  After the present work was completed, an ab initio study of
involves the Hammond postuldteonnecting the energy profile  the gas-phase nitromethane to nitromethide anion proton-transfer
to the transition state location, the Bransted parameter would identity reaction by Bernasconi and co-workéisas appeared,
also be a measure of the transition state location, being smallwhich has a focus (and reaction) different from the present
for reactant-like transition states and close to unity for the work’s attention to the microsolvation aspects of proton transfer
opposite case. These ideas have been the subject of muchrom nitromethane.
discussion and scrutiry?1+19.27,28

Nitroalkanes constitute an important exception to the afore- 5 \ethod of Calculation

mentioned model, as the Brgnsted parameter values outside of
the postulated [0,1] interval have been obsedA’@d. This Ab initio restricted Hartree Fock (RHFY? calculations have
phenomenon has become known as the “nitroalkane anomaly”,been carried out using the split-valence 6+&** basis se03!
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TABLE 1: Geometrical Parameters of NO,CHj3 (Distances in A, Angles in decd)

method 6-31G*//6-31G®  6-31+G**//6-31+G** ¢ MP2/6-31G*//MP2/6-31G* MP2/6-3H-G**/[MP2/6-31+G** ¢ exptkf
C—N distance 1.478,1.479 1.481,1.481 1.485, 1.486 1.489, 1.490 1.4855
N—O distance 1.192,1.191/1.193 1.193,1.192/1.193 1.240, 1.241/1.239 1.244,1.243/1.244 1.2270
O—N—-O angle 125.8,125.3 125.6, 125.6 125.7,125.8 1255,125.4 123.7
O—N-C angle 117.1,117.7/116.5 117.2,117.8/116.6 117.3, 118.0/116.6
H(b)—C—N angle 108.0, 108.4 107.9,108.1 107.8, 108.1 107.7,108.0
H(a-C—N angle 106.5, 107.0 106.4, 106.9 107.1,107.3 106.9, 107.2 106.4

2 The first number refers to the staggered conformation; the second number refers to the eclip8&dameef 36.¢ This work. ¢ From ref 37.
¢From X-ray diffraction experiment; ref 40.

119.81 (119.17)

1.2924 (12587 120.08 (120.41)

1.3485 (1.3082)

1.0750 (1.0668) 117.42 (117.80)

Figure 1. Nitromethane equilibrium geometry, staggered conformation.

which includes p and d polarization orbitals on the hydrogen H 125.16 (124.40)

and heavy atoms, respectively, and a diffuse sp shell on thefigure 2. (NO,CH,)~ anion MP2 optimized geometry, distances in
heavy atoms. Diffuse functiofsare needed for an appropriate  angstroms, angles in degrees; RHF results in parentheses.
representation of charge distributions in anionic species. Elec- of the protons “below” the nitro group plane (marked by (b) in
tron correlation energy has been included by means of second-Figure 1), keeping the rest of the geometry “frozen” with all
order Mdler—Plesset perturbation theory (MP2). At both the interatomic lengths and angles corresponding to the stag-
levels of calculation, natural bond orbital (NBO) electronic gered nitromethane. Single point calculations were performed
population analysis has been carried out with the correspondingfor both these cases. The resulting energies show which mode
electronic density, while full geometry optimization and direct of deprotonation is favorable (in this case removing the (a)
location of stationary points have been done with the Schlegel proton), while the NBO populations indicate the redistribution
gradient optimization algorithi#f. The characterization of both  of negative charge upon deprotonation. In a second step, the
kinds of stationary points, minima or transition states, has been anion geometry was allowed to relax. The optimization yielded
carried out by diagonalizing the corresponding Hessian matrixesthe energies of 11 and 27 kcal/mol below the “frozen” anion
and seeking zero or one negative eigenvalues, respectively. Theyeometries with the (a) proton and the (b) proton removed,
calculations have been performed with the GAUSSIAN 94 respectively, but still 367 kcal/mol above the neutral species at

software packag®. the MP2 level. The resulting anion geometry, which is

. ) . . essentially planar, is shown in Figure 2, while Table 2 contains

3. Structures of Nitromethane and Nitromethide Anion the relevant NBO populations. It is evident from all the results
The results obtained in this paper for BtH; and the that in the second relaxation step a double bond is being formed
(NO,CH,)~ anion can be compared with earlier theoreft# between carbon and nitrogen (a 10% decrease in internuclear

and experiment&4° work. Table 1 gives the results for distance atthe MP2 level), but it remains somewhat larger than

nitromethane, in both of its stable conformations, “staggered” the typical double €N bond length, while the N&group bond
and “eclipsed”. Good agreement is observed with earlier lengths are stretched out due to the loss of the doubt©N
theoretical valued*36:37 The staggered conformation turns out fesonant bond character.
to be the most stable and is shown by Figure 1; the eclipsed The Chal’ge distribution results in Table 2 indicate that the
conformation differs from it by the methyl group being rotated electronic charge redistribution accompanying the deprotonation
around the &N axis until one of its hydrogens falls into the has two different aspects: one is the accumulation of negative
nitro group plane. However, the energy difference between the charge on the carbon atom and the nitro group at the moment
two conformations is only about 0.03 kcal/mol at the MP2 level, the proton is removed and the other is a negative charge flow
so the two conformations are experimentally indistinguishable. toward the nitro group stimulated by the geometrical relaxation.
This essentially degenerate character demonstrates that the rolhis trend is evident both including and excluding the electron
of possible hyperconjugation between the orbitals of the methyl correlation, but it must be remarked that it dows imply any
group hydrogens and the nitro group oxygens is extremely ‘temporal” or “causal” behavior.
feeble. Finally, the double values cited in Table 1 for the@ .
distance and ¥he ON—C angle in the eclipsed conformation 4. NOCHs + (OH)— — (NOCH2)— + H.0 Reaction
stem from the fact that the two nitro group oxygens are not As noted in the Introduction, the proton transfer from
symmetric in this case. nitromethane to the hydroxide anion to produce the {8I)~

The nitromethide, or (N@CH,)~ anion, is considered next.  anion and a water molecule can be considered as the most basic
In principle, the anion can be obtained by removing one of the reaction for the “nitroalkane anomaly” studies. It involves the
protons from the neutral species. In this connection, a two- simplest of all nitroalkanes and has a marked exothermic
step “thought experiment” was performed. The first step character due to the presence of a base as strong as the (OH)
consisted of removing (a) the proton in the plane perpendicular anion. This has made it a subject of various studies, both
to the nitro group plane (marked by (a) in Figure 1) or (b) one experimentadf~13 and theoretical.?:15.19.22.23.28
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TABLE 2: Natural Orbital Populations of Nitromethane and Its Anion, in “Frozen” and Relaxed Geometries?

species NG@CHs (NOCHy)~ (a) frozen) (NGCHy)~ (b) (frozen) (NQCH,)~ (optimized)
charge on carbon —0.470,-0.511 —0.750,—0.683 —0.843,-0.819 —0.482,—0.489
charge on nitro group -0.292, -0.257 -0.574, -0.656 -0.478, -0.520 -0.895, -0.893
av charge on hydrogen 0.254, 0.256 0.162,0.170 0.161, 0.170 0.189, 0.191

@ Charges in atomic units. First values are the RHF results, while second ones are MP2 results.
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Figure 3. NO,CHs; + (OH)™ — (NO.CH,)~ + H,0 reaction valence
bond configuration$#4 for (a) reactant, (b) product, (b) and (c)
transition state (configuration mixture). 2.6395
Experiments in solution involving substitutions of the methyl
group hydrogerid have determined the Bragnsted parameter to
be approximately equal to 1.7 for the MCH; + (OH)~ —
(NO,CHy)~ + H20 reaction and to be-0.7 for the correspond-
ing inverse reaction, i.e., both values lying out of the expected
[0,1] range. Bordwell et al. have argued that this “anomalous”
behavior is due to the sensitivity of the reaction not only to the
position of the transition state but also to the considerable

structural reorganization, a hypothesis later supported in other
studies’ 2.1926 (2.0376)
As noted in the Introduction, many of the discussions of the . 0.9506 (0.9736)
nitroalkane anomaly invoke the importance of the presumed MDe | v & l H
larger negative charge on the methyl carbon in the transition ¥ 118.78 (119.57

. . 1.0686 (1.0746 )
state as compared to its value in the product. A more recent R0 ‘@%4 « 98.79 (96.06)

valence bond theory descript#ri*of the nitromethane reaction u({J ¢ O W
with a general base has focused on the electronic charge 120.61 (120.12)
reorganization along the reaction path, although somewhat 117.81 (117.27) 1266212980, 0oy
qualitatively and without an explicit account of the geometry ' '
changes or solvation. This description provides a framework )
for comprehending both the possible origin of the different Figure 4. NOCHs + (OH)” = (NO,CHy)” + H,0 RHF geometries:

. . " (a) reactant, (b) transition state, and (c) product (MP2 results in
methyl carbon negative charges in the transition state an_dparentheses); distances in angstroms, angles in degrees.
product and the resulting anomalous Brgnsted behavior. In this
model description, the reactant configuration, shown in Figure configuration in the transition state, but not in the products, is
3a, includes two electron bonding pairs<8 and an N-O the presumed cause of the anomalous Brgnsted behavior.
resonantr bond) on nitromethane and a separate one on the In the present study, ab initio quantum chemistry calculations
base. Two other configurations are included in the analysis: were done first on the RHF level, to determine the geometries,
one of them, the product configuration, contains an accumulation energetics, and NBO populations of the stationary points of the
of negative charge on the nitro group oxygens (Figure 3b), while reaction. The reactant was located starting by positioning the
on the other, intermediate, one the negative charge is concen-hydroxide anion close to the “(a)” hydrogen atom of staggered
trated on carbon (Figure 3c). The key feature of this analysis nitromethane; the resulting geometry is shown in Figure 4a. The
is that both of these configurations, especially the latter, make transition state and product structures are shown in parts b and
a contribution to the transition state. But as the reaction evolvesc of Figure 4, respectively. At this point it has to be remarked
toward the products, the former one becomes energetically morethat, throughout this work, the terms “reactant” and “product”
favorable, so in the product configuration the negative charge will be applied (unless stated otherwise) to structures in which
is accumulated on the nitro group oxygen atoms, rather thanthe two fragments are forming a complex in the cluster, instead
on the carbon atom: the participation of the intermediate of being separated at infinite distance.

C
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TABLE 3: Natural Orbital Population (in au) Data for the convenient one from the experimental point of view is that in
NO.CH3 + (OH)~ — (NO,CH>)~ + H,0 Reactior? which one would prepare a cluster consisting of the hydroxide
structure reactant transition state product anion coordinated with one or several water molecules, and then

charge on carbon-0.521,—0.562 —0.586,—0.611 —0.424,—0.435 react it at low energy (thermal or less) with pure nitromethane.
chargeonN@ —0.373,—0.334 —0.421,—0.400 —0.941,—0.910 The presence of water molecules bound via hydrogen bonds to

charge on (OH) —0.931,—0.905 —0.838,—0.794 the hydroxide ion is expected to significantly modify the energy
chargeonHto  0.390,0.360  0.427,0.378 profile of the proton-transfer reaction. For example, since there
transfer is a strong ior-dipole interaction between the hydroxide ion

aFirst values are the RHF results, while second ones are MP2 results.and the waters, the energy of the reactant should be lowered
and thus the contribution of the reactant to the reaction

The calculated transition state is, at least as far as geometryexothermicity should be reduced. In addition, the properties
is concerned, clearly reactant-like, confirming the earlier predic- of the transition state and finally the geometry and charge
tions12 A Hessian matrix analysis, performed on the RHF level, distribution of the final product will be altered.
shows that the reaction coordinate consists, at least close to the |t is knowrf243that up to three water molecules can form a
transition state, mainly of the transferring proton migration stable cluster (single solvation shell) around the hydroxide anion,
toward the hydroxide oxygen atom and the decrease in thedue to the fact that there are three pairs of electrons on its oxygen
H—O—H angle of the incipient water molecule product, with a atom disposed to participate in hydrogen bonds. Therefore, the
small contribution of the €N bond length reduction and other  (OH)~-2H,0 cluster is a natural choice for the present work:
degrees of freedom. The reactant-like character of the transitiontwo oxygen electron pairs are each coordinated with one water,
state directly implies that the reaction should be clearly and the remaining electron pair is left to accept the proton to
exothermié® and very fast in kinetic terms. Indeed, the be transferred from nitromethane.
exothermicity found here is approximately 30 kcal/mol. The  Ag in section 3, the calculations were performed first on the
energy barrier is, as expected, very low, less than 1 kcal/mol, RHF |evel and determined the geometry, energetics, and charge
which clearly indicates that the reaction must be fast, in accord gistribution of reactant, transition state, and product for the-NO
with experimental observatiorts. _ ~ CHs + (OH)™+2H;0 — (NO,CH,)~ + 3H,0 reaction. These

Next, with the above RHF optimized geometries as starting stryctures are shown by parts a (reactant), b (transition state),
points, the calculations were repeated for the same reaction,5ng ¢ (product) of Figure 5, with the relevant geometrical

but now including electron correlation via the MP2 algorithm. - harameters indicated in parentheses. The NBO population data
While the fully optimized product structure is quite similar to  are presented in Table 4.

that obtained on the RHF level (Figure 4c), no reactant well
could be detected on the MP2 level, and consequently no
transition state can be defined. This is actually not so surprising,
because the RHF energy barrier was already extremely low.
Nonetheless, we will refer below to this point as the transition
state, due to its identification at the RHF level.

The next important point to discuss is the variation along

. . . . f the r ion.
the reaction path of the NBO populations given in Table 3, aspﬁcts of the reactio . h h - d
indicating the electronic charge redistribution in the system. The reactant geometry (Figure 5a) shows that, as anticipated,

Since no reactant well was found on the MP2 level, the MP2 the (OH) -2H,0 cluster orients itself toward the nitromethane
o Molecule in such a way that one of the methyl group hydrogens

results for the reactant and the transition state are the NBO, ™ . ) ;
populations evaluated by using the MP2 densities, but with the 'S directed t.owar.d the.free elggtron pair of the hydroxide anion
oxygen; this orientation facilitates the proton transfer. In

RHF geometries. The overall exothermicity of the reaction is ! ith th . ith= 0. th ferri

well expected because its net result in electrostatic terms is aCoMParison with the reaction with= 0, the transferring proton
considerable negative charge delocalization from a relatively 'S Slightly less positive while the corresponding-& hydrogen
small hydroxide anion to a much larger (BCH,)~ anion. bond and C-H bond arenoreandlessstretched, respectively;

Examination of the Table 3 data shows that, while the transition 2/S0: theé &N bond is a bit more stretched. The reason for
state is formed, the electronic charge is transferred from the (N€Se features is that the hydroxide anion solvation by the two
hydroxide (and to a lesser extent from the transferring proton) waters is stronger than its attractlc_m to the proton ultimately to
to both the carbon atom and the nitro group. As the reaction be, traqsferred; Wh?n the solvent IS absent only one hydrogen
progresses toward the product, the incipient §88,)~ anion bridge is formed (V\_/lth the transferring pr_oton). Note that other
relaxes toward its planar form, forming a double-& bond complexes can exist as a result of the interaction between the
(evidenced by the bond length decrease, quantitatively similar (OH)_;]ZHZO_ cluster arr]'d ;hinltromethe}ne moleculef. Altr;]ough
to the isolated molecule case, discussed in section 3), and the?" exhaustive search o the potentlal energy suriace has not
formed water migrates to solvate the anion (cf. Figure 4c); P€en performed, it seems that the minimum energy structure
simultaneously, the negative charge is transferred toward theSNOWN in Figure 5a is a reasonable starting point for the
nitro group oxygen atoms, with the nitrogen atom basically intramolecular proton-transfer reaction studied in this work. In
acting as a spectator.

As a consequence, the carbon negativ@is sense, that structure has been considered to be the reactant
charge at the transition state-@.611 au) is greater than the

A comparison of these RHF results shows that this reaction
is in its general features similar to the corresponding reaction
with n = 0, studied in Section 4. In particular, it is still
exothermic and the transition state is still rather reactant-like.
However, a more precise analysis reveals several important
differences and permits a deeper insight into the microscopic

of the process.

one corresponding to the produet®.435 au), in accord with In the product (Figure 5c), all three water molecules have
the expectations discussed above. migrated to solvate the nitro group, although only two remain
in the first solvation shell (one of them being the water formed
S. NO_ZCHS + (OH)—-2H;0 — (NOCH7)— + 3H,0 by the proton transfer). The consequences for the geometry
Reaction are a very small increment in the-MD bond lengths with respect

Of the different possibilities for including several water to the product for the = O reaction, as well as a slight decrease
molecules in the nitromethandiydroxide system, the most in the C-N bond length. A principal difference with respect
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o) H TABLE 4: Natural Orbital Population (in au) Data for the
) NO,CHj + (OH)—+2H,0 — (NO,CH,)~ + 3H,0 Reactior?
H structure reactant transition state product

charge on carbon-0.492,—0.532 —0.633,—0.618 —0.377,—0.390
chargeon N@ —0.353,—0.335 —0.448,—0.482 —0.963,—0.905
4 charge on (OH) —0.874,—-0.784 —0.777,—0.673

\j/‘** 1.9323 (1.9816) chargeonHto  0.343,0.327  0.453, 0.402

H 7 7664 (81.81), 10900 (10882) transfer

102.98 (104.16) . 1.4820 (1.4810)
-

HYY
H 1.0195 (0.9797)
1.1024 (1.0926)

1.5987 (1.6904)

105.54 (98.78)

1.5833 (1.6889)

o aFirst values are the RHF results, while second ones are MP2
results.

Hammond postulate (the reaction exothermicity has decreased
and the energy barrier has increased), while the second one
indicates the heterolytic character of the-B bond breaking

(in which carbon becomes more negative and hydrogen more
positive due to solvation). Further, there has been significant
a motion of the solvation waters in reaching the transition state.
It is also worth noting that the negative charge on carbon already

1.8026 (1.8815) . . . . " ..
o} %H begins its migration toward the nitro group as the transition state

0.9634 (0.9425)

107.64 (107.37)

H 0 is formed (it increases in magnitude by 0.1 au), so the reaction
. 7730 (79811 cannot be properly considered as a two phase process (proton
L8763 (1.9019) ——-. H H transfer preceding the electronic charge redistribution); rather,
@H the two events proceed almost simultaneously.
L 22008 (2.5027) To conclude the analysis of the RHF results, one can examine
3 the energetics of the = 2 reaction in order to deduce, by
° @107_05(107‘74)\. comparison with itsn = 0 counterpart, the effects of the
additional water molecules. The energy barrier has clearly
increased, compared to the reaction in the absence of the solvent

115.70 (120.79)

1.2673 (1.2609)

1.3365 (1.3435)

n({(y Y 12623 (1.2096) waters: it is now equal to 7.53 kcal/mol. This is clearly
BN R a2y consistent with the above-mentioned shift in the transition state

1.0849 (1.0794) — o position (in accord with the Hammond postulate), evident by
n () inspection of the geometry optimization results. As for the

119.27 (119.11)

reaction thermodynamics, the reaction is still exothermic, but
the exothermicity is now only 14.47 kcal/mol, i.e., about half
1.4629 (1.4391) then = 0 value. This, too, is an expected result in view of the
b anticipated better solvation of the smaller reactant hydroxide
anion compared to the larger and more charge diffuse product
1.8580 (1.9300) 2.1622 (2.2636) (NO,CH_y)~ ion.
0.9807 (0.9567) ¢ Using the optimized RHF geometries as starting points, the
0.9707 (0.9430) reactant, transition state, and product of the ,NB; +
(OH)™*2H,O0 — (NO,CHy)~ + 3H;O reaction were next
relocated on the MP2 level. The respective geometrical
0 parameters are also indicated in Figure 5, while the NBO
populations are given in Table 4. These results are now
101.04 (10342~ discussed. A comparison of the geometrical and NBO popula-
119.25 (118.55) tion results from these MP2 level calculations with the RHF
results shows that the inclusion of electron correlation does not

108.81 (107.85)

117.10 (117.78)

4 AR alter significantly the reactant structure, although small variations
are noticeable. A small increase of the-B and the N-O
H 113335 (12903) 2.0541 (2.1507) bond distances takes place. The distances from the hydroxide
10743 (1.0684) 1.0053 (0.9672) H anion to the transferring proton and to the water hydrogens are
all reduced. The MP2 product structure is also qualitatively
1.6425 (1.7724) similar to its RHF counterpart. The trends in the observed
c variations are the same as in the reactant case: the intramo-
Figure 5. NO,CHs + (OH)~-2H,0 — (NO,CHy)~ + 3H,0 MP2 !ecular distance_s in the (NGH,)~ anion increase, while the
geometries: (a) reactant, (b) transition state, and (c) product; distancedntermolecular distances to the water molecules that solvate the
in angstroms, angles in degrees; RHF results in parentheses. nitro group decrease.

The most apparent difference between the RHF and MP2
to then = O reaction is noticeable in the transition state (Figure level results shows up in the transition state. Several aspects
5b). The presence of the two waters evidently shifts it away indicate that the MP2 transition state is further advanced toward
from the reactant structure: the distance between carbon andhe product: the N@group is more negative<0.482 au vs
the transferring proton increases by 0.25 A (as opposed to 0.11—0.448 au), the hydroxide is less negativé(673 au vs-0.777
A in the n = 0 reaction) and the negative charge on carbon is au) mostly at the expense of the transferring proton (0.402 au
approximately 0.05 au larger in magnitude than in the O vs 0.453 au), and the solvent waters are rotated in such a way
reaction. The first observation is clearly in accord with the that one of them approaches one of the ,Nffoup oxygens
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(2.22 A distance). However, the distances of the transferring u
proton with respect to carbon and OH oxygen are not signifi- 0.9682
cantly changed (less than 0.01 A change), which indicates that
the contribution of the solvent water movement to the reaction o}
coordinate is more significant when correlation is taken into
account. The carbon NBO population is newd.618 au, greater
than the one corresponding to the produe0(390 au). This
type of charge distribution behavior is the same as that already
found above for then = 0 reaction.
Finally, the energy results obtained from the MP2 level
calculations deserve attention. It was stated above that the MP2
transition state igarther awayfrom the reactants or at least
close to its RHF position if only the carbon-transferring proton
distance is considered. A simple deduction from the Hammond
postulate would then lead to the conclusion that the energy a
barrier should be greater or equal when correlation is included.
However, this is1otthe case, as the MP2 energy barrier amounts 0.9684
to 3.97 kcal/mol, compared to 7.53 kcal/mol from the RHF H
calculations. The overall exothermicity of the reaction is also
reduced by about a factor of 26.74 vs—14.47 kcal/mol). As o 110.55
a matter of fact, it is well-knowt¥=4° that the MP2 correlation g
correction to the energy generally reduces the proton-transfer
energy barriers, as is the case here.

6. CNCH3+ (OH)— — (CNCH3)— + H,0 Reaction

As noted in the Introduction, the CNGHmolecule can
provide an interesting comparison with respect to,88;. The
acetonitrile deprotonation by hydroxide has been a subject of
several experimental studies, especially measuring the reaction
rate®2-54 for which a theoretical prediction is also knowh.
Exothermic proton transfer has been propé%ed its mecha-
nism, with the exothermicity of about18 kcal/mol and with
essentially no temperature dependence of the rate, indicating a 0.9644
very low or zero energy barrier.

Our results show that the energy barrier is quite low (2.17

H
kcal/mol) on the RHF level and is again decreased (to 0.27 kcal/ © Lon16
mol) when the electron correlation is included. Qualitatively, )
this is very similar to the case of nitromethane, with a slightly - 10100

higher energy barrier and an important decrease in overall
exothermicity (10.04 kcal/mol on the RHF levet; 5.46 kcal/

mol on the MP2 level). These data refer to the energy difference
between the reactant and product cluster structures; if one
considers the separated fragments’ reactant and product struc-
tures, the exothermicity is-17.98 kcal/mol on the RHF level
and—9.88 kcal/mol on the MP2 level, qualitatively comparable

to the experimental reslif. Geometries of the reactant,
transition state, and product are shown in parts a, b, and c of 11889

Figure 6, respectively, while the relevant NBO populations are c

given in Table 5. It must be remarked that a secondary product,:igure 6. CNCH; + (OH)~ — (CNCHy)~ + H;0 MP2 geometries:
minimum exists, with the formed water molecule migrated over (ay reactant, (b) transition state, and (c) product; distances in angstroms
toward the nitrogen atom (analogous to the case of nitromethane)and angles in degrees.

and with the RHF energy 0.71 kcal/mol higher than the structure

of Figure 6c. TABLE 5. MP2 Natural Orbital Populations (in au) Data
For the sake of brevity, from now on in this reaction we will for the CNCH + (OH)~ — (CNCH_) —_F_HZO Reaction

only present the MP2 results. In the reactant, the oxygen atom  structure reactant fransition state product
forms a relatively strong hydrogen bond (1.63 A-8 bond C (CHg) —0.854 —0.905 —1.036
length) with one of the methyl group hydrogens, and as a CHsgroug 0.014 —0.433 —0.601
consequence the corresponding & bond is stretched out (1.15 S':‘ gtroupf X *8-%22 *%1369% 7063(5)84

H 0O transie . . .
vs 1.09 A for the other HC bonds). The electronic charge (OH)" anior? 0888 _0797 0597

transfer from (OH) to CNCH; is notable (0.112 au). In the
product structure, the resulting water molecule remains in the CH2 group in transition state and in product structtiféhese form
vicinity of the methyl group carbon atom, and it is strongly HzO in product structure.

polarized. This is evidenced by the difference in thekDbond The transition state geometry shows a clear similarity with
lengths (1.01 and 0.96 A), where the first value refers to the the reactant. The €C—N bond lengths remain virtually
hydrogen that is closer to the (CNGH anion. unchanged, while the HC bond length (of the transferring



Study of Nitromethane Deprotonation J. Phys. Chem. A, Vol. 102, No. 22, 1998983

H hydroxide anion and the hydroxide anion clustered with two
0.9622 water molecules. These calculations are of particular interest
in connection with the anomalous values of the Brgnsted
1.9138 parameter in the deprotonation of certain carbon acids. In
/ particular, they are of interest in the context of the so-called
Lis32 “nitroalkane anomaly*!12in which the Brgnsted parameter
connecting the activation and reaction free energy lies outside
of the expected range of zero unity; i.e., the effect of substituents
on the reaction rate is not found to be intermediate to their effect
on the equilibrium constant for the overall reaction. While we
have not studied the Brgnsted parameter itself, our studies give
some insight into the role of the character of the charge
redistribution often invokeld#4as an important ingredient for

1.4603

1.0880 the anomalous behavior.
Figure 7. MP2 geometry of the cluster CNGHOH)™-HO; distances A natural bond orbital electronic population analysis for both
in angstroms and angles in degrees. the NQ,CHz + (OH)~ — (NO,CH,)~ + H,O reaction and the

proton) is slightly increased from 1.15 to 1.25 A and the@ NO,CHz + (OH)™-2H0 — (NO,CHp)~ + 3HO reaction
2.77 A in the reactant structure to 2.65 A. The charge on the @ccompanies the nitromethane deprotonation: a considerable
hydroxide anion is-0.797 au (compared t60.888 au in the ~ Negative charge delocalization from a relatively small hydroxide
reactant) and it is transferred principally to the methyl group @nion to a much larger (NAQTH;)™ anion takes place. Up to
carbon (-0.905 au, compared t60.854 au in the reactants).  the transition state, the electronic charge is transferred from the
The evident reactant-like character of the transition state agreedlydroxide to both the carbon atom and the nitro group. Then,
with the reaction exothermicity, as predicted by the Hammond @s the reaction proceeds toward the product, the electronic
postulate. charge migrates essentially toward the nitro group. As a
A comparison of the acetonitrile and nitromethane deproto- consequence, the carbon negative charge at the transition state
nations by the (OH)nH,O clusters reveals at first sight an IS greater than the one corresponding to the product. The
important difference in the geometries of the product structures. Opposite behavior is found for the nitro group. Our results
In the case of nitromethane, far= 0 and 2, alln + 1 water ~ Support in a general way those previous wétkéthat stress
molecules in the product are situated around the; j@up, the importance of the differing negative charges on carbon in
solvating the two oxygen atoms. In the case of acetonitrile, the transition state and in the product. In particular, they are
for n= 0, there is a stable conformation with the water molecule consistent with the expectations from the valence bond theory
close to the nitrogen atom, but the energetically favorable description of the nitromethane deprotonation: two valence bond
arrangement is that in which the water molecule remains close configurations (the negative charge being concentrated on carbon
to the methyl group carbon and solvates its electron pair. It is atom in one of them but on the nitro group oxygen atoms in
interesting to note that if an additional water molecule is present, the other one) make a contribution to the transition state, whereas
i.e.,n = 1, the calculations indicate that there is a stable reactantonly one configuration (with the negative charge accumulated
structure (see Figure 7) but no product minimum in which the on the nitro group oxygen atoms) is important in the product.
two water molecules remain bonded with the (CNEHanion. Since the electronic description of the transition state (which
What is found instead is that the (CNg@H anion forms a cluster determines the reaction rate) is different from the one corre-
with the water molecule formed by the transferred proton and sponding to the product (which determines the thermodynamic
(OH)~, while the other water molecule drifts away from the properties), it is not surprising that the effect of substituents be
anion—water cluster. This is consistent with experimental qualitatively different at the transition state from the effect at
result§2 and it is due to the fact that the CN group can accept the product, so leading to anomalous values of the Brgnsted
substantially less negative charge than the,@®up, which parameter.
is evident from the inductive Hammett parameters for standard The comparative analysis of the CNgH- (OH)~ —
reactions that are 0.56 for CN and 0.65 for N©® (CNCH,)~ + H.,0 reaction strongly suggests that a critical factor
The final point of comparison is the negative charge on the for the nitroalkane anomaly is the strong electron affinity of
methyl group carbon atom in all of the stationary points. In the NG, group, which comes into play when the product anion
the case of nitromethane, the methyl C is more negative in theis microsolvated by the surrounding water molecules. As a
transition state than in the product (cf. sections 4 and 5), and consequence, the methyl group carbon atom remains less
the difference is increased for= 2, when the two additional  negative in the product than in the transition state, and the
water molecules solvate the (NCH;)~ anion; such behavior  anomalous Brgnsted behavior appears. On the contrary, the CN
can cause the anomalous Brgnsted parameter values. The trengroup cannot accept so much negative charge, so as the reaction
is the opposite in the case of acetonitrited.854 au to—0.905 progresses toward the product, it remains chiefly on the methyl
au to—1.036 au, from the reactant, to the transition state, and group carbon, a normal behavior of the Brgnsted parameter
to the product. Although the experiments on the CNCH peing expected for the CNGHleprotonation.
deprotonation by (OH)nH,0°2%?do not report the values of The initial study of microsolvation effects via the reaction
the Brgnsted parameter, our results suggest that no anomalou%volving (OH)"+(H,0), indicates that a first important effect
behavior would be found. of solvation is a reduction in the reaction exothermicity and
the generation of an energy barrier, related to the differing
solvation of the small hydroxide anion and the larger and more
In this work we have presented a quantum chemical study charge delocalized (N{€H,)~ anion. In addition, motion of
of the proton-transfer reaction from nitromethane to both the the solvating waters is required to reach the transition state,

7. Concluding Remarks
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