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Solution

Eduard Westphal' and Josefredo R. Pliego, Jr#

Departamento de Qmica, Uniersidade Federal de Santa Catarina, 88040-900, Florjoles, SC, Brazil, and
Departamento de Qmica, Uniersidade Federal de Minas Gerais, 31270-901, Belo Horizonte, MG, Brazil

Receied: June 21, 2007; In Final Form: July 26, 2007

The reaction pathways for the interaction of the nitrite ion with ethyl chloride and ethyl bromide in DMSO
solution were investigated at ttad initio level of theory, and the solvent effect was included through the
polarizable continuum model. The performance of BLYP, GLYP, XLYP, OLYP, PBEO, B3PW91, B3LYP,
and X3LYP density functionals has been tested. For the ethyl bromide case, our best ab initio calculations at
the CCSD(T)/aug-cc-pVTZ level predicts product ratio of 73% and 27% for nitroethane and ethyl nitrite,
respectively, which can be compared with the experimental values of 67% and 33%. This translates to an
error in the relativeAG* of only 0.17 kcal mot®. No functional is accurate (deviation0.5 kcal mot™?) for
predicting relativeAG*. The hybrid X3LYP functional presents the best performance with deviation 0.82
kcal molL. The present problem should be included in the test set used for the evaluation of new functionals.

Introduction the nitro group to organic moleculésBesides the intrinsic
interest in nitro compounds, nitroalkanes have actiydrogen
adequate to generate carbanions, which are useful species for
carbon-carbon bond forming reactions. In recent years, ni-
troalkanes have been successfully used in organocatalysed

an important god? and high level ab initio calculations at reactions’l~64 A general approach for nitroalkane synthesis is
coupled-cluster (CCSD(T)) level with aug-cc-pVTZ quality basis carry out the reaction of the nitrite ion with an alkyl half§e,

\?v?'[th?r:elfcl; tﬁ\gﬁ‘;‘iﬁ, gz?'lmizt_apﬁgglee;rr;?ggzsvvgésgugreorwhich proceeds through a bimolecular nucleophilic substitution

parametrizatiott2 of the polarizable continuum modf4s reaction (§2). However, because the nitrite ion is an ambident
predicts a reliable solvent induced barrier in dipolar aprotic nucleophile, both the mtroalk_qne(—Fg\IOz) and the_alkyl nitrite
solventst-2 Nevertheless, our ability to predict correctly the .(R_ONO) are formed. In addition, bimolecular eI|n_1|nat|on (E2)
relative product ratio of & reactions involving ambident is a parallel pathway and may lead to reduced @ields. The

- - ._four possible reaction pathways are shown at Scheme 1. In the
nucleophiles has not been adequately explored. In this way, this S . :
. S case of elimination, either oxygen (path 3) or nitrogen (path 4)
work reports a theoretical prediction of the product outcome of could acts as a base
the Sy2 reaction of N@~ ion with alkyl halides in dimethyl )

sulfoxide (DMSO) solution, which produces nitroalkane and Until 1956, it was though that nitrite ion reacted with alkyl
alkyl nitrite. halides forming only alkyl nitrite. Kornblum and co-work&k§’

High level wave function based methods are able to provide were gble to show that althoggh much alkyl nitrite was fprmed,
molecular properties with chemical accurdéyut its applica- the _mtroalkgne_was the main product_ whe_n the reaction was
tion is limited to small systems. On the other hand, density carried out in dipolar aprotic s_olvents like dimethylformamide
functional theory can be applied for both medium and large (DMF)Ior DMr?kO No elalﬂrglzatlon pr.oduct.was (;epﬁrted.lMpre
systems. Thus, considering the interest of applying theoretical "€CeNtly. Tishkov et al” have reinvestigated the relative
methods for any size system, it is important to know the eactivity of the oxygen and nitrogen side of the nitrite ion and
performance of density functional theory for this kind of have concluded that they have similar reactivity. Despite the

problem. Test of current functionals for barrier height calculation MPortance of this system, no theoretical study of this reaction
has been report@F745:50 and a lot of papers has been published has been reported to date. Therefore, in this work we have

in past few years aimed at developing accurate functionals for repor;egl th_e first theoretical study oﬁ,sreac_t?ons invoIving
chemical problems, including thermochemical kinefftst59 the nitrite ion, as well as analyzed the ?b'“ty of the_o_retlcal
Therefore, this work also analyses the performance of some mej[hods to prgdlct apsolute and relat@" for competitive
widely available functionals for predicting relative barrier height '0M¢ reaction in solution.
investigated in this article.

The nitroalkanes are an important class of organic compounds I heoretical Calculations
and there is current interest in more efficient incorporation of

In the past 20 years, different aspects g2 $eactions both
in the gas phase and in solution have been theoretically
investigated:—38 Accurate computation of the energy barrier is

We have done four set of calculations. In the first set, full

« Corresponding author, E-mail: josef@netuno.qui.ufmg br. geometry optimization for each species (reactants, transition
T Universidade Federal de Santa Catarina. states and products) was done at the MP2 level using the
* Universidade Federal de Minas Gerais. 6-31+G(d) basis set for all atoms but bromide. In this case, we
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SCHEME 1 Liquid-phase optimization may have a minor effect on the
CHs—CH,—NO,  + X~ ionic Sy2 reactions on the primary substraté* The effect

should be even smaller for reactions in DMSO and involving

1 species with a high charge dispersion like the nitrite ion. A test

of the solvent effect on the geometry was done with the TS1

NO;  + 2 CH;—CH,—ONO  + X~ structure of the ethyl bromide reaction. Because Gamess does
/ not have PCM/MP2 optimizations, we have performed B3LYP/
CH—CH—X 3 6-31+G(d) and PCM/B3LYP/6-31G(d) optimizations to ana-
- T CH,=CH, + HONO + X~ lyze the change in the geometry.

In the third set of calculations, the effect of more extended
aug-cc-pVTZ basis sét> 117 implemented in the Gamess
program, as well as the core electrons excitation was analyzed.

4

CHz=CHz + HNO;  + X In addition, single point PCM/B3LYP/6-3#1G(2df,2p) calcu-
o lations were done to converge the solvent effect.
have use the Binning and Curfi8all electron doublé; valence In the last fourth set of calculations we have analyzed the

basis set augmented with sp diffuse (exporeit0376) andd  performance of density functional theory through single point
polanzatlor! (exponernt 0.389) functions. Th|§ basis set for energy calculations on the optimized MP2/6+33(d) geom-
all atoms will be referred as 6-315(d). The efficient quadratic  gyyjes. Many of the recently developed functionals are not

approximation method implemented in Gamess program was 4y ajjable yet, so we have tested some widely used functionals
used in the optimizations. Harmonic frequency calculations were |j o BLYP 118119831 YP 120 and B3PW9T2! the GLYP.19.122

also undertaken at MP2/6-31(d) level to determine the gas- functional, and some modern functionals like OL¥P1°
phase thermodynamic properties through statistical mechanicsy) yp 55119123 pggQ124 and X3LYP55119.123 |t should E)e
calculations’>72We have adopted the standard state of 1 mol emphé\sized that Boése etl& have found the Pople basis set
L~ for reporting both the gas-phase and solution-phase data.,gequate for density functional calculations. Thus, we have used
More reliable energies were obtained at MP4 level using the {4 6-311-G(2df,2p) basis set (6D and 10F) for our DFT

6-31+G(d) basis set. , _ computations. All of the DFT calculations were done with the
The solvent effect was included through the polarizable Ggmess and PC Gamess programs.

continuum model (PCM) of Tomasi and co-workgrg®.73.74
using the Pliego and Riveros parametriza"tid%~75~76developeq Results and Discussion
for the DMSO solvent. Although there are many theoretical
studies about the development of solvation model&;18 CH3CH.CI + NO3 . In the case of the reaction of the nitrite
dielectric continuum models remain as the most popular methodion with ethyl chloride, we have investigated all of the reaction
for including solvent effect. Recent theoretical stuéfé3have pathways presented at Scheme 1 and the full optimized transition
shown that an adequate parametrization of the polarizable state structures are shown at Figure 1. Structure TS1 corresponds
continuum model (PCM) for dimethyl sulfoxide (DMSO) to the transition state for nitroalkane formation whereas the
solution is able to predictiy, values of organic acids with an  reaction leading to the organic nitrite has two transition states,
average error of 2 I, units. In addition, the activation free ~ TS2aand TS2b. The gas-phas@* for these species, calculated
energy barriers can be predicted with an error around 2 kcal at the MP4/6-3%G(d)//MP2/6-3%-G(d) level, are close and
mol~1 in this solvent? In these initial calculations, our aim  around 12.5 kcal mot (Table 1). This result indicates a high
was to analyze the relative importance of thg2Sand E2 competition between the nitroalkane and the alkyl nitrite reaction
pathways. We have used the BEM routines including correction pathways. The solvent effect, obtained at PCM/HF/6-G1d)
for the escape charges for the PCM/HF computations and alllevel, is also similar and increases the barrier of TS1 by 14.2
of these calculations were done with the PC Gamess véf8ion kcal mol* In the case of TS2a and TS2b, the solvent effect is
of the Gamess United States Quantum Chemistry progtam. slightly greater, increasing the barrier by 15.9 and 15.1 kcal
In the second set of calculations, we have used the gas-phas&ol ™. The final AG* for these pathways are in the range 26.9
MP2/6-3H-G(d) optimized geometries for running higher level 28.8 kcal mot* and indicates that both the nitroalkane and the
single point calculations. However, in this case only the alkyl nitrite are formed in this reaction, the former being the
activation free energy barriers of theyS pathways were — Mmajor product.
investigated. Our aim was to make a reliable prediction of the  The usual competing pathway of3 reactions is the E2
nitroalkane and the organic nitrite species formed. Therefore, process. We have located two transition states related to E2
single point energy calculations were done at CCSD(T)%6G1 mechanism. Structure TS3 corresponds to the elimination
(d) level to obtain an effective CCSD(T)/6-3tG(2df,2p) level reaction where the oxygen acts as a base, and in TS4 the nitrogen
of theory using MP2/6-31G(2df,2p) (with 6d and 10f  of the nitrite ion induces the E2 reaction. The corresponding
Gaussian orbitals) energies and additivity approximation. Be- gas-phaséAG* are at least 10 kcal mol more positive than
cause there are not 6-311G basis set defined for the Br atom, itthe Si2 pathway. As observed in other systehi$35the solvent
was used the triplé-valence plus polarization (TZVPP) basis induced free energy barrier is higher for the E2 process than
set of Ahlrichs and co-workers for this atort. A set of sp for the S,2. As a final result, the\G* barrier for TS3 and TS4
diffuse functions was added to this basis set, and we haveare 41.5 and 45.4 kcal md| respectively, and the E2
considered this calculation by using the 6-313(2df,2p) quality mechanism will not take place at all. Indeed, Table 1 shows
basis set. The solvent effect was determined at the PCM/B3LYP/that the elimination reactions have positive reactd values
6-31+G(d) level using the IEF routinédd2113 Because the  in both the gas phase and DMSO solution. On the other hand,
B3LYP method produces a better charge distribution than the both the nitroalkane and the alkyl nitrite formation have negative
Hartree-Fock one, it should lead to improved relative solvation reaction free energies.
free energy. All of these new set of calculations were done with To make more reliable predictions on the competin@ S
the Gamess program. pathways, a higher level of theory was used. We have done
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Figure 1. Transition states for the NO -+ CHyCH.CI reaction optimized at the MP2/6-31(d) level of theory. Bond lenghts in A.

Westphal and Pliego

TABLE 2: Activation Properties for the NO ;= + CH3CH,X

+ CH3;CH,CI Reactior?
activation
TS1 TS2a TS2b TS3 TS4

HF/6-31+G(d) 8.15 6.15 7.13 25.53 33.56
MP2/6-3HG(d) 5.86 7.55 7.41 20.42 22.62
MP4/6 -3H-G(d) 4.11 451 4.55 20.21 23.83
AG b 12.65 12.85 12.28 23.66 27.76
AAGW 1421 1590 1506 17.80  17.65
AGSOI 26.86 28.75 27.34 41.46 45.41

reaction

1 2 3 4

HF/6-31+G(d) —-12.71 —15.06 6.14 17.84
MP2/6-31G(d) —10.76 —4.38 20.22 21.95
MP4/6-31+G(d) —7.90 —5.06 18.96 23.77
AGy —2.18 —1.26 10.96 17.96
AAGson —5.87 —2.79 —4.64 —7.68
AGgo —8.05 —4.04 6.32 10.29

a Geometry optimization and harmonic frequencies at the MP2/6-
31+G(d) level of theory. Standard state of 1 mol/L, 298.15 K. Solvation
free energy calculated at the PCM/HF/6+433&(d) level (DMSO
solvent). For TS2a, TS2b, and TS3, th&TIn(2) factor was included
in the activation free energy because there are two isomeric transition
states. Units of kcal mot.  Gas-phase activation free energgolvent
contribution to the actlvatlon free enerdySolution-phase activation
free energyAGSol AG + AAGSD,V
single point calculations at the CCSD(T)/6-31G(2df,2p)
(additivity approximation) level and included the solvent effect
through the PCM/B3LYP/6-3tG(d) method. The results are

in Table 2. There are not significant modifications A,

at the MP4/6-31G(d) level the TS2b structure is the most
stable transition state and it is below the TS1 by 0.37 kcai#ol

Reactior?
TS1 TS2a TS2b
NO,~ 4+ CH3CH.CI
MP2/6-31G(d) 5.87 7.55 7.41
CCSD(T)/6-3%G(d) 4.77 4.53 5.12
MP2/6-31H1G(2df,2p) 3.20 5.79 5.54
CCSD(T)/ 6-313-G(2df,2pp 211 2.77 3.25
AG;c 10.65 11.11 10.99
AAG:OIV 15.70 16.32 15.96
AG* e 26.35 27.43 26.95
% product (theoretical) 65 35
NO,~ + CHsCH.Br

MP2/6-31G(d) —1.05 0.76 0.80
CCSD(T)/6-3%-G(d) -1.77 —1.88 —1.03
MP2/6-31HG(2df,2p) —-0.84 1.50 1.51
CCSD(T)/ 6-11-G(2df,2py —1.56 —-1.15 -0.32
AG; c 7.63 7.36 7.61
AAGzolv 16.95 17.70 17.17
AG* e 24.58 25.06 24.77
% product (theoretical) 46 54
% product (experimental) 67 33

aGeometry optimization at the MP2/6-3G(d) level of theory.
Standard state of 1 mol/L, 298.15 K. Solvation free energy calculated
at the PCM/B3LYP/6-3+G(d) level (DMSO solvent). For TS2a and
TS2b, the—RTIn(2) factor was included in the activation free energy
barrier because there are two isomeric transition states. Units of kcal
mol~1. ® Obtained by additivity approximatioi.Gas-phase activation
free energy? Solvent contribution to the activation free energy.

e Solution-phase activation free energ&G

sol

= AG + AAGH

solv*

fReaction of nitrite ion with heptyl bromide in dlmetirylformamlde at

room temperature.

(AGZ). At the CCSD(T)/6-313G(2df,2p) level, this order

but the relative contribution of both the gas phase and the solventreverses and the TS1 structure becomes more stable than TS2b
for each pathway presents important differences. For example,by 0.34 kcal moll. The solvation contribution remains more
positive for both TS2a and TS2b, but the difference in relation
to TS1 decreases to 0.72 and 0.26 kcal ThaThe final AG*
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o TABLE 3: Activation Energy (Gas Phase) and Solvent
Effect for the NO,~ + CH3CH,Br Reaction Using Different

Levels of Theory?
2149 __2:191-@ AET
2.249 (2.471)

o s e TSI TS2a TS2b MUE
MP2/6-3H-G(d) —1.05 0.76 0.80 1.38
MP2/6-31HG(2df,2p) —0.84 1.50 1.51 2.70
MP2/aug-cc-pVTZ —1.48 1.02 0.96 1.97
- MP2(full)/aug-cc-pVTZ -212 106 084 1.73
b CCSD(T)/6-31-G(d) -177 -1.88 -1.03 0.47
CCSD(T)/6-31#G(2df2py  —1.56 —1.15 —0.32 0.80
CCSD(T)/aug-cc-pVTZ —-2.20 —-1.63 -0.88 0.27

CCSD(T)(full)/aug-cc-pvTZ¢ —2.84 —1.58 —1.00
GLYP/6-31H-G(2df,2p) -5.02 —247 -1.89 1.32
BLYP/6-311+G(2df,2p) —7.40 —-523 —4.48 3.90
XLYP/6-311+G(2df,2p) -7.61 —-561 —4.85 4.22
OLYP/6-311G(2df,2p) —1.18 2.19 222 288
PBEO0/6-311G(2df,2p) -4.76 —2.03 -1.48 0.95
B3PW91/6-311#G(2df,2p) —-392 —-114 -0.66 0.62
B3LYP/6-311G(2df,2p) -460 —-258 —2.03 1.26
X3LYP/6-311+G(2df,2p) —-5.03 —-3.10 -—2.52 1.74

AAG:olve
TS1 TS2a TS2b
PCM/HF/6-31G(d) 15.30 17.23 16.31
PCM/B3LYP/6-3HG(d) 16.95 17.70 17.17

PCM/B3LYP/6-31H%G(2df,2p) 16.90 17.59 17.14

aUnits of kcal mof . ® Classical activation barrier in relation to free
TS2b reactants® Mean unsigned error in relation to CCSD(T)(full)/aug-cc-
pVTZ calculation.? Obtained by additivity approximatiot.Solvent
effect on the activation free energy.

Figure 2. Transition states for the NO + CH;CH.Br reaction
optimized at the MP2/6-3&G(d) level of theory. Bond lenghts in A.
For the TS1 structure, geometric parameters obtained at B3LYP/6- . o .
31+G(d) (parentheses) and PCM/B3LYP/6-3%(d) (square brackets) ~ the most stable. However, this gas-phase reactivity order is
levels were also included. changed by the solvent effect, which is greater for the TS2a

structure, leading to the predicted reactivity TS1TS2b >

values are 26.4, 27.4, and 27.0 kcal mdor TS1, TS2a, and TS2a. The solution-phase free energy barrier becomes 24.6, 25.1,
TS2b, respectively. Therefore, the high competition between and 24.8 kcal mot! for TS1, TS2a, and TS2b, respectively.
the S2 pathways remains. These barriers were used to calculateAgain, a high competition between theyS pathways is
the product ratio through transition state theory in the separablepredicted and, as expected, the ethyl bromide is more reactive
equilibrium solvation approximatiol# On the basis of this  than the ethyl chloride. In fact, the free energy barriers drop by
analysis, we have predicted that the nitroethane will be formed ~2 kcal mol™. It is also worth noting that the solvent induced
in the proportion of 65% against 35% for the alkyl nitrite. There barrier is greater for the ethyl bromide case, meaning that in
are not experimental data available for alkyl chloride reactions less polar media, the ethyl bromide reactivity will become even
due to relatively slow reaction rates experimentally observed greater than the ethyl chloride.
at room temperature, which are consistent with the predicted To determine the product ratio, we can use transition state
barriers of 26 kcal mofl. These reactions are usually performed theory to calculate the rate constant. The results are in Table 2
with alkyl bromides and iodides and in these cases, the and indicate that the nitroethane is formed in a proportion of
nitroalkanes are formed in the proportion around 67% in dipolar 46%. There are no experimental data for this system, but there
aprotic solvent§5:67 are for the related 1-bromoheptane sysfénm this case, the

CH3CH,Br + NO,~. We have also investigated the ethyl proportion of nitroalkane is 67%, in good agreement with our
bromide plus nitrite ion reaction at this same high level of theoretical value. It should be remembered that the product ratio
theory. Because it was shown that the E2 process for the similaris very sensible to the relativ®G*, indicating the high quality
ethyl chloride system has a high free energy barrier, only the of our predictions. In addition, the calculations predict that more
Sn2 reactions were investigated. The optimized structures arepolar media favor more nitroalkane formation in the cost of
presented at Figure 2, and they are very similar to the ethyl decreased reactivity. Recently, Tishkov eté&tave studied the
chloride system. We have also tested the solvent effect on thereaction of the nitrite ion with MeOSM®e in different solvents
geometry for the TS1 structure, and the data in Figure 2 show and observed this effect. For example, in benzene, the nitroal-
that the effect is minor. The -€Br and C-N bond lengths kane product is formed in a ratio of 15% and this value rises to
change by only 0.017 and 0.023 A, respectively. The effect of 70% in ethanol.
MP2 optimizations in relation to B3LYP is more important, and It would also be interesting to do a comparison with the
as a consequence, it seems that gas-phase MP2 optimizationabsolute free energy barrier. Although these data are not
are more reliable for this system. available, we can consider the experimental conditions used to

Similarly to ethyl chloride, both the nitroalkane and the alkyl carry out the reactions and to make a rough estimate of the
nitrite formation have close gas-phase free energy barriers, AG*. Our estimated experimentalG* value is ~22.6 kcal
corresponding to 7.6, 7.4, and 7.6 kcal miofor TS1, TS2a, mol~! for the reaction of nitrite ion with 1-bromoheptane in
and TS2b, respectively. This is an important difference in DMF,%® very close to our theoretical value of 24.6 kcal miol
relation to the ethyl chloride system (Table 2), where TS1 is for the nitroethane formation. In addition, experimental studies
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TABLE 4: Activation Free Energy Barrier in DMSO absolute and relative free energy barrier, with an error within
Solution for the NO,~ + CH3;CH,Br Reaction Using 0.5 kcal mot™,
Different Levels of Theory?

Convergence of the Solvent Effectlonic Sy2 reactions in

£3 + + + * g . . .

AG; AGy, AGy, AG;— AG,® deviation the liquid phase are processes that present important free energy
CCSD(T)/6-31%G(2df,2p)  24.58 25.06 24.77 —0.09 -0.51 barriers induced by the solvent. Therefore, much effort has been
CCSD(T)/aug-cc-pVTZ 23.94 24.58 24.22 002 —0.40 devoted to the development of solvation models to model this
CCSD(T)(full)/aug-cc-pVTZ 23.31 24.63 24.10 0.59 0.17 . . o
GLYP/6-311G(2df,2p) 2113 23.73 2321 1.88 1.46 effect an.d b_elng able to qlo reliable p.redlctlons. Adquate
BLYP/6-311+G(2df,2p) 18.74 20.97 20.61 1.62 1.20 parametrization of the continuum solvation models is critical
XLYP/6-311+G(2df,2p) 18.53 20.60 20.25 1.46 102 {9 achieve this goal. The parametrization of the PCM model
OLYP/6-311G(2df,2p) 24.97 28.40 27.32 2.25 1.83 d.in thi K has b h 0 b liable t dict
PBEO0/6-313G(2df,2p) 21.38 24.18 2361 2.10 168  US€d In this work has been shown to be reliable o predic
B3PW91/6-314+G(2df2p)  22.22 25.07 24.44 2.06 1.64 absolute free energy barriers, and the present study points out
;B(gtzﬁjg-giﬁ%(é%fép)) 221115i3 2233513 225377 11~232 8-88;3 that it can also be useful to predict relati%&*. Because many

- 2P . . . . . . . . . .
experimental 042 chemical reac_tlons in organic chemlstry may hgve_parallel
pathways leading to different products, this ability is critical to

AG* (TS1+ TS2a+ TS2bj % nitroalkane use theoretical methods to estimate the product ratio in chemical
B3PW91/6-313G(2df,2p) 22.20 94 reactions of synthetic interest. To test the limit of the PCM
X3LYP/6-311+G(2df,2p) 21.04 80 model, we have performed more solvation calculations using
CCSD(T)(full)/aug-cc-pVTZ 23.12 73 L .
experimental (22.6) 67 more extended basis set, the 6-313(2df,2p), with the B3LYP

aUnits of kcal mof™. Solvent effect included at the PCM/B3LYP/ functional. Our aim is to compare the electronic density effect

6-31+G(d) level. Gas-phase geometry and harmonic frequencies " the solvation free energy. Table 3 present three levels of
obtained at the MP2/6-31G(d) level of theory?® Effective difierence ~ theory. It can be observed that the PCM/B3LYP/6+&(d)
of the activation free energy between path 2 and paffQbservable level is essentially converged when compared with the PCM/
total activation free energy barrier in DMSO solutidrObtained by B3LYP/6-31H-G(2df,2p) level. On the other hand, the PCM/
additivity approximation. HF/6-314+-G(d) level predicts close absolute barrier but over-
estimates the solvation of the TS1 structure, which would favor
this structure for 1.01 kcal mot in relation to TS2b, whereas
at PCM/B3LYP level, TS1 is more solvated by 0.22 kcal nol
Therefore, the PCM/HF calculations are not sufficiently accurate
More Extended Basis Set and the Core Electrons Cor-  of dging reliablg prediction; of relative barriers for this system.
relation Effect. In the previous sections, we have analyzed the Previous theoretical analysis of molecular electrostatic potentials

competition between the \& pathways. Our CCSD(T)/6- and dipole moments of neutra_l molecules _show a remarkable
311+G(2df,2p) level of theory provides a good estimation of IMProvement of these properties when going from Hariree
the product ratio, but it would be worth to perform more accurate Fock method to hydrid functional$®+2?
calculations to see the convergence of the results. Thus, we have Performance of Density Functional Theory.The growing
performed MP2 calculations with the extended aug-cc-pVTZ popularity of density functional theory and the possibility of
basis set in the frozen core approximation and also including its application to larger systems prompted us to investigate how
the core electrons in the excitation. These calculations were able are the current widely available functionals to predict the
combined with the CCSD(T)/6-31G(d) one through the  product ratio of the nitrite ion plus ethyl bromide reaction.
additivity approximation to obtain the effective CCSD(T)/aug- Although there are many recent studies on the performance of
cc-pVTZ level of theory. Table 3 presents the results. This more density functional theory for predicting absolute energy
extended basis set produces a small decrease in the barrier, biiarriers”40:49.5554,56.57the more difficult problem of calculating
the relative energies are hardly altered. However, when the coreaccurate relative activation barriers of competitive reactions have
electrons are included, the relative barriers have an importantnot received attention. In this work, a total of eight functionals
modification and the TS1 structure becomes even more stable.were tested and we have used the CCSD(T)(full)/aug-cc-pVTZ
Table 4 shows the finahG* for each transition state. To do a  energies as a benchmark. Table 3 shows the classical activation
better comparison of the relative barriers between path 1 andparriers calculated for each transition state using the different
path 2, we have defined the relative activation free energy, functionals, as well as the mean unsigned error (MUE). All the
through the relation: hybrid functionals perform well, with a MUE smaller than 2
kcal moll. On the other hand, only the GLYP generalized
gradient approximation functional presents a MUE less than 2
_AGRT @ kcal molt. BLYP, XLYP, and OLYP present a poor perfor-
€ mance. The best functional is B3PW91, with a MUE of only

The respective experimental value is 0.42 kcal Thand 0.62 keal mof™.

our best level of theory (CCSD(T)(full)/aug-cc-pVTZ) predicts A more challenging test of the functionals is to predict the
a value of 0.59 kcal motf, a deviation of only 0.17 kcal mot relative barriers and the corresponding product ratio. Table 4
from experimental data, predicting 73% of nitroalkane formation presents the performance of the functionals in comparison with
(experimental: 67%). Without the core electrons excitation, the experimental data. For this property, the deviation should be
deviation becomes-0.40 kcal mot. Considering the contribu- ~ smaller than 0.5 kcal mot. Otherwise, a large error in the
tion of the three transition states to the rate constants, theproduct ratio can result. Table 4 shows that neither functional
observed free energy barrier becomes 23.12 kcal-mekry is able to reach this level of accuracy. X3LYP and B3LYP
close to the experimental value of 22.6 kcal mo(Table 4). present the best performance, with a deviation of 0.82 and 0.88
Therefore, the present high level of theory combined with the kcal molt, whereas the OLYP functional is the worst, with a
continuum solvation model is able to predict accurately the deviation of 1.83 kcal moft. Even the B3PW91 functional, able

indicate the lower reactivity of the alkyl chlorides in relation
to bromides and iodides and our calculations have predicted
that the ethyl chloride is 20 times less reactive than the ethyl
bromide.

_AGo'/RT 4 _AGo'/RT
+ F_ €
AG, — AG= — RTIn




Reaction of N@~ with CH3;CH,CI| and CHCH.Br in DMSO

to predict an accurate effective free energy barrier, predicts an

unacceptable deviation of 1.64 kcal mblAmong the GGA

functionals, the XLYP present the best performance, with an

deviation of 1.02 kcal mot. Table 4 presents the overall barrier
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and the nitroalkane proportion predicted by the B3PW91 and 102 3023.

X3LYP functionals. Although the barrier calculated by the

(22) Yamataka, H.; Aida, MChem. Phys. Lettl998 289 105.
(23) Chung, D. S.; Kim, C. K.; Lee, B. S.; Lee,J. Phys. Chem. A

B3PW91 is accurate, it predicts a proportion of nitroalkane of 1997 101, 9097.

94%, a very high value in relation to experimental one of 67%.
For the X3LYP functional, the overall barrier deviates-b$.6

kcal moi%, and the proportion of the nitroalkane is predicted
to be 80%. Therefore, although the X3LYP functional is not

very accurate, it presents the best performance for describing

Sn2 reactions involving the nitrite ion and alkyl bromides. In
this point, it is interesting to notice that in recent repdéft¥,

Bickelhaupt and co-workers has found that the OLYP functional

is one of the best functionals for studyingy2S reactions.
Similarly, Baker and Puldy have concluded that the OLYP

functional is as good or even better than the popular B3LYP
functional. On the basis of our results, it seems that calculation

of reliable absolute barrier (error2 kcal mol?) may not be

enough for determining acceptable relative barriers between

competitive reactions (error0.5 kcal mof?). In this way, we

(24) Streitwieser, A.; Choy, G. S. C.; AbuHasanaynJFAm. Chem.
Soc.1997 119 5013.
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(28) Truong, T. N.; Stefanovich, E. \J. Phys. Chenil995 99, 14700.

(29) Hu, W. P.; Truhlar, D. GJ. Am. Chem. S0od.994 116, 7797.

(30) Evanseck, J. D.; Blake, J. F.; Jorgensen, WI.LAm. Chem. Soc.
1987 109, 2349.

(31) Chandrasekhar, J.; Smith, S. F.; Jorgensen, W. IAm. Chem.
Soc.1985 107, 154.

(32) Pliego, Jr., J. R.; Piveloso, D.J. Phys. Chem. B007, 111, 1752.

(33) Almerindo, G. I.; Pliego, J. R., J€hem. Phys. Let2006 423

(é4) Pliego, J. R., JiIOrg. Biomol. Chem2006 4, 1667.
(35) Pliego, J. R., JdJ. Mol. Catal. A2005 239, 228.
(36) Swart, M.; Sola, M.; Bickelhaupt, F. M. Comput. Chen007,

suggest that the present problem should be used as a test fo#8 1551.

the development of new functionals.

Conclusion
Ab initio calculations at the CCSD(T)/aug-cc-pVTZ level

(37) Bento, A. P.; Sola, M.; Bickelhaupt, F. M. Comput. Chen2005
26, 1497.

(38) Halls, M. D.; Raghavachari, KNano Lett.2005 5, 1861.

(39) Fernandez-Ramos, A.; Miller, J. A.; Klippenstein, S. J.; Truhlar,
D. G. Chem. Re. 2006 106, 4518.

(40) Zheng, J.; Zhao, Y.; Truhlar, D. @. Chem. Theory Compw®007,

combined with the polarizable continuum model predict accurate 3, 569.

AG* for the nitrite ion plus ethyl bromide reaction in the DMSO

solvent. In addition, the relative free energy barrier between

the alkyl nitrite and nitroalkane formation is also very accurately

predicted. The solvation free energies calculated at the PCM

B3LYP/6-31+G(d) and PCM/B3LYP/6-311G(2df,2p) levels
are very close. On the other hand, the PCM/HF/6-G1d) level
is not recommended for predicting relative solvation free

energies of competitive transition states. No density functional

is accurate (error<0.5 kcal mof?), and among them, the
X3LYP one is the most reliable.
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