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ABSTRACT: Ab initio and density functional calculations predict that intramolecular homolytic
substitution reactions of oxyacyl radicals at the selenium atom in !-alkylseleno-substituted
radicals proceed via mechanisms that do not involve hypervalent intermediates. When the
leaving radical is tert-butyl, energy barriers ("G‡) for these reactions range from 27.1 (G3(MP2)-
RAD) kJ mol!1 for the formation of the five-membered cyclic selenocarbonate (6) to 41.5
kJ mol!1 for the six-membered selenocarbonate (8). G3(MP2)-RAD calculations predict rate
coefficients in the order of 105–108 s!1 and 102–105 s!1 for the formation of 6 and 8, respectively,
at 298.15 K in the gas phase. C" 2011 Wiley Periodicals, Inc. Int J Chem Kinet 44: 51–58, 2012

INTRODUCTION

Homolytic addition and substitution reactions play
central roles in organic chemistry and are now con-
sidered effective methods for the formation of carbon–
carbon and carbon–heteroatom bonds [1,2]. Homolytic
substitution chemistry is particularly effective for the
preparation of chalcogen-containing rings and has been
used for the preparation of a number of biologically im-
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portant molecules [3–5]. For example, the antihyper-
tensive drug candidate selenomilfasartan was prepared
through a strategy that employed the use of intramolec-
ular attack of a vinyl radical at selenium in the key
synthetic step (Scheme 1) [6].

As part of an on-going research program, we have
been interested in the application of acyl and oxya-
cyl radicals in synthesis [7]. While acyl radicals have
been extensively used in homolytic addition chemistry
[7,8], there are many fewer examples of their use in
substitution chemistry [1,9] and even fewer examples
exist for oxyacyl radicals; we showed that radical 1 cy-
clized efficiently to afford the cyclic selenocarbonate
(2), a previously unknown functional group (Scheme 2)
[10].
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Scheme 1

Scheme 2

Work in our laboratories has been directed toward
the understanding and utilization of free-radical ho-
molytic substitution chemistry [2], and as such we have
published several ab initio and DFT studies with the
aim of increasing our understanding of the factors that
affect and control the mechanism of radical reactions
involving main-group heteroatoms [2,11,12].

As part of this program of work, we have used com-
putational chemistry to predict first-principle rate coef-
ficients for alkyl and acyl radical cyclization reactions,
showing that the calculated data matched well with
those obtained experimentally [13,14]. For example,
gas-phase G3(MP2)-RAD calculations predicted that
the sec-butylselenobutyl radical (3) ring-closes with a
rate constant of 2.6 # 105 s!1 at 21$C, in excellent
agreement with the experimentally determined value
of 2.7 # 105 s!1 [13], whereas ONIOM-G3(MP2)-CC
with COSMO-RS calculations provided a rate constant
of 6.8 # 106 s!1 for the cyclization of the 6-aza-7-
ethyl-5-hexenoyl radical (4) at 90$, again in excellent
agreement with the experimentally determined value
of (4.8 ± 2.4) # 106 s!1 (Scheme 2) [14].

Unlike intramolecular addition chemistry that
abounds with useful rate data for the synthetic practi-
tioner to consider when designing the optimum condi-
tions for their reactions of interest, many fewer rate data
exist for ring-closure reactions at higher heteroatoms

[1], and none for reactions involving oxyacyl radicals.
Because radical reactions are usually under kinetic con-
trol, the availability of rate data for key (model) reac-
tions is crucial to their success in the laboratory [15].

To address this imbalance, our present computa-
tional study is aimed at determining rate data for
oxyacyl radical cyclizations. We now report that
!-alkylseleno-substituted oxyacyl radicals are pre-
dicted to cyclize without the involvement of hyperva-
lent intermediates and with rate coefficients of 102–108

s!1 that are dependent on ring size and leaving radical.

THEORETICAL PROCEDURES

Our methodology is based on computational proce-
dures that have been successful in reproducing exper-
iment in previous studies of radical cyclization kinet-
ics [13,14], as well as a broad range of other radi-
cal processes [16]. Standard ab initio molecular or-
bital theory calculations were performed in Gaussian
09 [17] and Molpro 2009.1 [18]. Geometries of all
species were optimized at the UB3-LYP/6-31G(d) level
of theory, and frequency calculations were also per-
formed at this level and scaled by their appropriate
scale factors [19]. Where relevant, systematic confor-
mational searching at a resolution of 120$ was car-
ried out to provide confidence that conformations used
were global rather than merely local minimum energy
structures. Improved energies were then obtained us-
ing G3(MP2)-RAD, a high-level composite method
that approximates (U)RCCSD(T) calculations with a
large triple zeta basis set via additivity corrections at
the R(O)MP2 level of theory [20]. It has been shown to
reproduce a large test set of the gas-phase experimen-
tal data to within chemical accuracy [20] and has also
been successful in modeling the kinetics and thermody-
namics of other radical reactions including cyclizations
[13,14,16].

Having obtained the geometries, frequencies, and
total electronic energies of each reactant, product and
transition structure, and gas-phase rate coefficients (k)
were calculated via the standard transition state theory
equation (1), whereas the corresponding equilibrium
constants (K) were calculated via Eq. (2) [21].

k (T ) = " (T )
kBT

h
(c$)1!m e(!#G‡/RT ) (1)

K (T ) = (c$)#n e(!#G/RT ) (2)

In this equation, "(T ) is the tunneling correction factor,
T is the absolute temperature, R is the universal gas
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constant (8.314 J mol!1 K!1), kB is the Boltzmann
constant (1.380658 # 10!23 J molecule!1 K!1), h

is the Planck’s constant (6.6260755 # 10!34 J s), c$

( = P/RT) is the standard unit of concentration (mol
L!1), and m is the molecularity of the reaction, #G‡

is the Gibb’s free energy of activation and #G is the
Gibb’s free energy of reaction. The tunneling coeffi-
cient "(T ) corrects for quantum effects in motion along
the reaction path and can be assumed to be unity in the
cyclization reactions studied, due to the large masses
of the reacting groups.

Enthalpies (H ), entropies (S), and Gibb’s free ener-
gies (G) were initially calculated using the optimized
geometries and frequencies in conjunction with the
standard textbook formulae, based on the statistical
thermodynamics of an ideal gas under the harmonic
oscillator and rigid-rotor approximation [22].1 Calcu-
lations of partition functions were carried out using our
in-house program T-Chem [24].2 To test the accuracy
of these results, for a subset of the reactions, we also
calculated improved values in which all low-frequency
torsional modes were treated as hindered internal ro-
tations using the standard one-dimensional torsional
eigenvalue summation (TES) method, applied at a 60$

resolution. A full description of this method is pro-
vided in our previous papers [13,25]. Corresponding
harmonic oscillator and hindered rotor rate coefficients
are compared in Table S4 of the Supporting Informa-
tion, where it is seen that the harmonic oscillator ap-
proximation slightly overestimates the rate coefficients
(by a factor of 2–6 for the studied reactions). However,
as this error is relatively small and systematic, it is not
likely to influence the main conclusions of our study
and we have opted to use the more economical har-
monic oscillator approximation for the remainder of
this work.

RESULTS AND DISCUSSION

Rate (k, s!1) and equilibrium (K , mol L!1) constants
and associated thermodynamic parameters were cal-
culated for the intramolecular homolytic substitution
reactions of the !-alkylseleno-substituted oxyacyl rad-
icals (5, 7: R = Me, Et, i-Pr, t-Bu, Bn, Ac, Bz) to
give the cyclic selenocarbonates (6, 8) as depicted
in Scheme 3. Kinetic and thermodynamic parameters
at 298.15 K are provided in Table I, Arrenhius plots
for each set of reactions are provided in Fig. 1, and

1These formulae are outlined in full in the Supporting Informa-
tion of an earlier publication [23].

2This program is freely available from http://rsc.anu.edu.au/
%mcoote/index.html.

Scheme 3

complete results at other temperatures are provided in
the Supporting Information. The optimized transition
structures (9, 10) for each cyclization reaction are pro-
vided in Figs. 2 and 3, along with the Mulliken charges
on the leaving group and selenium atom; complete ge-
ometries for all species are provided in the Supporting
Information.

Consistent with our previous studies of other ring
closures at Se [2,13], the reactions are concerted and
proceed via transition states with nearly collinear ge-
ometries, having angles between attacking and leav-
ing radicals ranging from approximately 160$–170$

(Figs. 2 and 3). All transition states are “late” and have
suffered significant elongation of the selenium-leaving
group bond when compared with the corresponding
starting radical. For example, when R = Me, the tran-
sition state separation of 2.33 Å is to be compared
with 1.98 Å for the analogous distance in the starting
material and this represents an 18% bond elongation.
Similar elongations of 13% (Et), 10% (i-Pr), and 9%
(t-Bu) are also observed, with the observed trend as
expected; the reactions with lower barriers tend to be
slightly “earlier” in accordance with the Hammond
postulate.

From Table I, it is seen that cyclization rate coeffi-
cients for formation of the five-membered selenocar-
bonate (6) vary according to the leaving group and
cover a range of 105–108 s!1 at 298.15 K. The cor-
responding rate coefficients for the formation of the
analogous six-membered selenocarbonate (8) are ap-
proximately three orders of magnitude slower, cov-
ering a range of 102–105 s!1 under the same condi-
tions. This difference arises primarily in the activation
energy and is mirrored by a similar difference in the
equilibrium constants between corresponding five- and
six-membered cyclizations. The enhanced kinetic and
thermodynamic favorability of the five-membered cy-
clization is expected and is presumably due to reduced

International Journal of Chemical Kinetics DOI 10.1002/kin
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Table I Enthalpies (H , kJ mol!1), Entropies (S, J mol!1 K!1), and Free Energies (G , kJ mol!1) of Activation and
Reaction and Corresponding Rate (k, s!1), Arrhenius Frequency Factors (A, s!1), Activation Energies (Ea , kJ mol!1),
and Equilibrium Constants (K , mol L!1) for the Cyclizations of Radicals 5 and 7 to Give Selenocarbonates 6 and 8 at
298.15 Ka

#S298 log #S
‡
298

#H298 (J mol!1 #G298 (K298/ #H
‡
298 (J mol!1 #G

‡
298 log log Ea

R (kJ mol!1) K!1) (kJ mol!1) (mol L!1)) (kJ mol!1) K!1) (kJ mol!1) (k298/s!1) (A/s!1) (kJ mol!1)

Selenocarbonate 6
Me 3.6 122.0 !32.8 4.4 36.3 !24.2 43.5 5.2 12.0 39.0
Et 4.0 149.3 !40.5 5.7 32.2 !9.0 34.9 6.7 12.8 34.9
i-Pr 3.7 158.7 !43.6 6.3 26.6 !8.4 29.1 7.7 12.8 29.1
t-Bu 3.1 170.0 !47.6 7.0 25.8 !4.2 27.1 8.0 13.0 28.4
Ac 9.1 153.8 !36.7 5.0 27.6 2.2 27.0 8.1 13.4 30.6
Bn !32.7 132.4 !72.1 11.2 26.5 !8.0 28.9 7.7 12.8 29.1
Bz 11.9 135.7 !28.6 3.6 27.6 !19.9 33.6 6.9 12.2 30.2

Selenocarbonate 8
Me 18.2 117.0 !16.7 1.5 51.5 !29.6 60.3 2.2 11.7 54.2
Et 17.9 132.0 !21.5 2.4 46.4 !26.5 54.3 3.3 11.9 49.0
i-Pr 16.6 140.8 !25.4 3.1 41.8 !28.4 50.3 4.0 11.8 44.4
t-Bu 13.7 154.9 !32.4 4.3 35.8 !19.2 41.5 5.5 12.7 38.4
Ac 16.1 149.2 !28.4 3.6 37.5 0.6 37.3 6.3 13.3 40.0
Bn !20.6 127.2 !58.6 8.9 33.6 !19.5 39.4 5.9 12.2 36.3
Bz 19.5 125.7 !18.0 1.8 37.4 !22.3 44.0 5.1 12.1 39.9

aCalculated at the G3(MP2)-RAD//B3-LYP/6-31G(d) level of theory using the standard formulae for the statistical thermodynamics of an ideal
gas under the harmonic oscillator and rigid rotor approximation. Arrhenius parameters are based on an Arrhenius fit to the calculated data over
the temperature range 298.15–398.15 K
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Figure 1 Arrhenius plots for the cyclization of oxyacyl radicals (5, 7) to form (a) five-membered (6) and (b) six-membered
(8) selenocarbonates over the temperature range 298.15–398.15 K. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

steric strain [26] and mirrors observations made for
alkyl radical cyclization reactions at selenium [1,2,13].

Within a series, the trends in the equilibrium con-
stants are governed by the strengths of the breaking
Se–R bonds. Indeed, for each series of reactions there
is a reasonable correlation between the reaction en-
thalpies and the corresponding CH3Se–R bond dis-
sociation energies (R2 = 0.88 and 0.95 for 6 and 8,
respectively). These CH3Se–R BDEs are provided in
Table S4 of the Supporting Information and depend in
turn on the stability of the leaving radical R•, as mea-

sured by its radical stabilization energy (RSE), and as
well the ability of R to stabilize the breaking Se–R
bond itself. Thus, the BDEs and cyclization reactions
with the resonance-stabilized benzyl-leaving radical
are approximately 30–40 kJ mol!1 more exoergic than
those for the less stabilized alkyl radicals (R = Me,
Et, i-Pr, t-Bu), consistent with the large difference in
their RSEs [16a]. At the same time, the reactions with
the leaving acyl radicals (R = Ac and Bz) are the least
thermodynamically favorable because the carbonyl sta-
bilizes the Se–R bond by resonance. It is worth noting

International Journal of Chemical Kinetics DOI 10.1002/kin
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Figure 2 UB3-LYP/6-31G(d) optimized transition structures (9) for the formation of the five-membered cyclic selenocarbon-
ates (6) showing the key geometric features and the total charge on the leaving group (QR) and Se. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3 UB3-LYP/6-31G(d) optimized transition structures (10) for the formation of the six-membered cyclic selenocarbon-
ates (8) showing the key geometric features and the total charge on the leaving group (QR) and Se. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

International Journal of Chemical Kinetics DOI 10.1002/kin
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that, with the exception of the benzyl-leaving group,
none of the reactions are exothermic, though all are
strongly exoergic over the studied temperature range
(298.15–398.15 K) due to the increase in translational
and external rotational entropy of the reaction.

The effect of R on the kinetics of the reactions is
considerably smaller than its effect on the equilibrium
constant, spanning just three orders of magnitude as the
leaving group is varied instead of nearly eight, as in the
corresponding equilibrium constants. The trends with
respect to the leaving group are very similar in both se-
ries, though as noted above, the rate coefficients for the
five-membered cyclizations are systematically slower.
Within a series, the differences in rate coefficients arise
primarily in the reaction barriers; the frequency factors
for all studied reactions falling into the small range of
1012–1013 s!1.

For the simple alkyl radical series, R = Me, Et,
i-Pr, t-Bu, the rate constants largely follow the ther-
modynamics, with the least favorable leaving group
R = Me having the slowest rate coefficient and the
most favorable leaving group R = t-Bu having the
fastest. However, this trend breaks down when one
compares these rates to those for the other leaving
radicals. In particular, when compared with the sim-
ple alkyl radicals, R = Bn is considerably slower than
would be expected on the basis of its reaction enthalpy.
We speculate that the aromatic ring of the benzyl group
is less able to stabilize the developing benzyl radical
in the transition states (9, 10: R = Bn) for cyclization
when compared with the hyperconjugation afforded by
the methyl groups in the developing tert-butyl radical
(R = t-Bu).

Inspection of Figs. 2 and 3 reveals that there is
considerable distortion in the transition states at the
leaving carbon in both of these cases. For example, for
9 (R = Bn) the average deviation from planarity at the
developing singly occupied molecular orbital (SOMO)
in the leaving group is 15.5$, whereas the similar angle
in 9 (R = t-Bu) is 16.0$. It is well established that these
angles in the free benzyl and tert-butyl radicals are 0$

and 10$, respectively [27], it is not surprising therefore
that the transition states containing the benzyl radical
as a leaving group are more poorly stabilized than one
might expect on the basis of the RSE of the free radical.

To further explore the origins of this phenomenon,
we conducted natural bond orbital [28] (NBO) calcu-
lations on transition states 9 (R = Bn, t-Bu) using the
UB3-LYP/6-31G(d) wavefunction; the interactions of
interest should appear in the $-spin set. In support of
our hypothesis, these calculations suggest that the over-
lap between the developing SOMO and the aromatic
ring in 9 (R = Bn) is worth 21.6 kJ mol!1, whereas
the corresponding hyperconjugative overlap between

Figure 4 UB3-LYP/6-31G(d)-generated orbital depicting
resonance stabilization in transition state 9 (R = Ac). [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

the C–H % -bonds and the developing SOMO in
9 (R = t-Bu) is worth 42.7 kJ mol!1. These num-
bers are to be compared with the corresponding stabi-
lization contributions in the free radicals themselves,
which are calculated to be 151.7 and 73.6 kJ mol!1

for benzyl and tert-butyl, respectively. Clearly, the sta-
bilizing contribution from the aromatic ring is much
more pronounced in the product radical than in the
transition state and accounts for the observed “mis-
match” between exothermicity and activation energy
in these cases.

In contrast, the acyl-type leaving groups R = Ac,
Bz are faster than would be expected on the basis of
reaction enthalpy, and this is consistent with the res-
onance stabilization afforded by the acyl group in the
transition states for cyclization that is not available
to the other transition states and is also not reflected
in the product radical. This interaction is illustrated
in Fig. 4, which shows the extensive overlap of a se-
lenium lone-pair across both carbonyls in transition
state 9 (UB3-LYP/6-31G(d)-generated (Kohn-Sham)
orbital 47). Indeed, recent calculations reveal that ho-
molytic substitutions by acetyl radicals at the selenium
atom in dialkylselenides are assisted by SOMO–LPSe

interations that effectively lower the energy barriers
for substitution [12]. It comes as no surprise, there-
fore, that the reverse reaction (loss of acyl radical) is
not as exothermic as expected on the basis of RSE data
alone.

It is interesting to compare the rate data calculated
from this work with those of other radical cyclization
reactions at selenium. For example, the Arrhenius data
in Table I predict that 5 (R = i-Pr) ring closes with a
rate constant of 3.1 # 108 s!1 at 80$, about two orders
of magnitude faster than 3 (1.1 # 106 s!1 at 80$) [1]
suggesting that the oxyacyl radical is more reactive
in the homolytic substitution process when compared
with the analogous primary alkyl radical. In the benzyl-
and benzoyl-substituted systems 5 (R = Bn, Bz), rate
constants of 3.1 # 108 and 5.3 # 107 s!1 are predicted
at 80$ and are about one order of magnitude faster than
the corresponding alkyl systems 12 (Scheme 4) [1].

International Journal of Chemical Kinetics DOI 10.1002/kin
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Scheme 4

It is also instructive to make comparisons with other
relevant reactions of related radicals. While no ex-
perimentally derived rate data exist for oxyacyl rad-
ical cyclization reactions at higher heteroatoms, rate
data for the 4-(tert-butylthio)butanoyl radical (13) have
been determined; 13 ring closes with a rate constant
of 6.7 # 104 s!1 (80$) [9] about an order of mag-
nitude faster than the analogous alkyl radical (14)
[29]. In addition, the butenoyl radical (15) ring closes
through intramolecular addition about an order or mag-
nitude faster than the (classical) 5-hexenyl radical (16)
(Scheme 4) [30,31]. These comparisons with the avail-
able experimental data provide confidence in the com-
putational results presented in this paper. In addition,
the calculated rate data for oxyacyl radical cycliza-
tions at variously substituted selenium are useful for fu-
ture synthetic chemistry based homolytic substitution
reactions.

CONCLUSION

We have used G3(MP2)-RAD calculations to explore
the potential energy surfaces for a number of in-
tramolecular homolytic substitution reactions of oxya-
cyl radicals at selenium to form five- and six-membered
selenocarbonates. These reactions are predicted to pro-
ceed via “smooth” transitions states and without the
involvement of hypervalent intermediates; these tran-

sition states are stabilized in different ways by hyper-
conjugation or resonance, and this difference can result
in energy barriers that do not conform with the Evans–
Polanyi rule.

Comparisons between calculated rate coefficients
and available experimental data for related systems
provide confidence that the calculated values of k are
reliable. In the absence of any experimentally deter-
mined rate data for oxyacyl radical cyclizations at high
heteroatoms, this work provides, for the first time, rate
coefficients and Arrhenius data useful for the synthetic
practitioner.

SUPPORTING INFORMATION

Kinetic and thermodynamic parameters at all studied
temperatures, a comparison of rate coefficients calcu-
lated using the harmonic oscillator approximation and
hindered rotor model, and complete optimized geome-
tries and corresponding total energies are available in
the online issue at www.wileyonlinelibrary.com.
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Fellowship.

BIBLIOGRAPHY

1. Chatgilialoglu, C.; Studer, A., Eds. Handbook of Radi-
cal Chemistry and Biology; Wiley: Chichester, UK; in
press.

2. Schiesser, C. H. Chem Commun 2006, 4055–4065.
3. Aumann, K. M.; Scammells, P. J.; White, J. M.;

Schiesser, C. H. Org Biomol Chem 2007, 5, 1276–1281.
4. Grange, R. L.; Ziogas, J., Angus, J. A.; Schiesser, C. H.

Tetrahedron Lett 2007, 48, 6301–6303.
5. Staples, M. K.; Grange, R. L.; Angus, J. A.; Ziogas, J.;

Tan, N. P. H.; Taylor, M. K.; Schiesser, C. H. Org Biomol
Chem 2011, 9, 473–479.

6. Grange, R. L.; Ziogas, J., North, A. J.; Angus, J. A.;
Schiesser, C. H. Bioorg Med Chem Lett 2008, 18, 1241–
1244.

7. Schiesser, C. H.; Wille, U.; Matsubara, H.; Ryu, I. Acc
Chem Res 2007, 40, 303–313.

8. Chatgilialoglu, C.; Crich, D.; Komatsu, M.; Ryu, I.
Chem Rev 1999, 99, 1991–2070.

9. Ryu, I.; Okuda, T.; Nagahara, K.; Kambe, N.; Komatsi,
M., Sonoda, N. J Org Chem 1997, 62, 7550–7551.

International Journal of Chemical Kinetics DOI 10.1002/kin



58 AITKEN ET AL

10. Lucas, M. A.; Schiesser, C. H. J Org Chem 1998, 63,
3032–3036.

11. Horvat, S. M.; Schiesser, C. H. Organometallics 2009,
28, 3311–3318.

12. Horvat, S. M.; Schiesser, C. H. New J Chem 2010, 34,
1692–1699.

13. Lobachevsky, S.; Schiesser, C. H.; Lin, C.; Coote, M. J
Phys Chem A 2008, 112, 13622–13627.

14. Kyne, S. H.; Lin, C. Y.; Ryu, I.; Coote, M. L.; Schiesser,
C. H. Chem Commun 2010, 46, 6521–6523.

15. Giese, B. Radicals in Organic Synthesis: Formation
of Carbon–Carbon Bonds; Pergamon: Oxford, UK,
1986.

16. For recent examples, see (a) Coote, M. L.; Lin, C.Y.;
Beckwith, A.L.J.; Zavitsas, A.A. Phys Chem Chem Phys
2010, 12, 9597–9610; (b) Hodgson, J. L.; Roskop, L. B.;
Gordon, M. S.; Lin, C. Y.; Coote, M. L. J Phys Chem
A 2010, 114, 10458–10466; (c) Lin, C. Y.; Izgorod-
ina, E. I.; Coote, M. L. Macromolecules 2010, 43, 553–
560.

17. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria,
G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.;
Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji,
H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov,
A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada,
M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Vreven, T.; Montgomery, J. A., Jr.; Peralta, J. E.;
Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.;
Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Nor-
mand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.;
Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Mil-
lam, N. J.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken,
V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann,
R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli,
C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Za-
krzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg,
J. J.; Dapprich, S.; Daniels, A. D.; Farkas, Ö.; Foresman,
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