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Quantum chemistry calculations have been used to study the uncatalyzed transfer hydrogenation between a
range of hydrogen donors and acceptors, in the gas phase and in solution. Our study shows in the first place
that in order to obtain reliable condensed-phase transition structures, it is necessary to perform geometry
optimization in the presence of a continuum. In addition, the use of a free energy of solvation obtained with
the UB3-LYP/6-31-G(d,p)/IEF-PCM/UAO combination, in conjunction with UMPWB1K/6-3&G(3df,-
2p)//IB3-LYP/6-31+G(d,p) gas-phase energies, gives the best agreement with experimental barriers. In
condensed phases, the geometries and energies of the transition structures are found to relate to one another
in a manner consistent with the Hammond postulate. There is also a correlation between the barriers and the
energies of the radical intermediates in accord with the-Bellans-Polanyi principle. We find that in the

gas phase, all the transfer-hydrogenation reactions examined proceed via a radical pathway. In condensed
phases, some of the reactions follow a radical mechanism regardless of the $tbvemier, for some reactions

there is a change from a radical mechanism to an ionic mechanism as #ensblecomes more pola@ur
calculations indicate that the detection of radical adducts by EPR does not necessarily indicate a predominant
radical mechanism, because of the possibility of a concurrent ionic reaction. We also find that the transition
structures for these reactions do not necessarily have a strong resemblance to the intermediates, and therefore
one should be cautious in utilizing the influence of polar effects on the rate of reaction as a means of determining

the mechanism.

1. Introduction H

" .

Transfer hydrogenations are reactions that involve a net path A . 5

transfer of two hydrogen atoms from a donor molecule to an HH 7 N .

acceptor containing unsaturated bonds (e.gsCCC=0, or CG= . H or | \ .
N).! These reactions play a vital role in coal liquefaction, : H N

aromatization reactions with nitroarenes or quinones, and P}B H v
possibly biochemical dehydrogenatichis: contrast to conven- O * O N
tional transition-metal-catalyzed hydrogenation reactidnans- N (1)

fer hydrogenations may be carried out in the absence of metals N

by employing high temperatures. Such conditions are naturally of acridan with a-methylstyrene proceeds via the biradical
attractive, as they offer an environmentally benign alternative pathway (pathway A).

to present industrial methods of hydrogenation. A large variety  Likewise, based on observed pressure effects and density
of compounds with weakly bound hydrogen atoms can be functional theory (DFT) calculations, the transfer-hydrogenation
employed as H-donors, in conjunction with a broad range of reactions of hydroaromatic compounds with benzoquinones, e.g.,
H-acceptors such as alkenes, ketones, polycyanoalkenes, quincthe transfer hydrogenation between 1,4-cyclohexadiene (CHD)
nes, and molecules containing nitro or nitroso groups, making and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), are also
transfer hydrogenation a versatile reaction. Indeed, this type of believed to proceed via a biradical mechanism (reactich 2).
reaction has been recently identified as a potential prototype

for the process of coherently controlled racemic purificafion. H H 0 OH
: L : NC cl NC Cl
A typical example of transfer hydrogenation is provided by . © . ?2)
the condensed-phase reaction between acridan (ACD) and NC cl NG al
H H o OH

ao-methylstyrene (AMS), which gives acridine and isopropyl-

benzené.Two of the more probable mechanisms are hydrogen

atom transfer (pathway A) and hydride transfer (pathway B),  On the other hand, there have been numerous reports dealing

as shown in reaction 1. Based on the minimal polar substituentwith the same type of reaction (i.e., hydroaromatic compounds

effects observed, it was proposed that the transfer hydrogenatiorwith benzoquinones) in which an ionic mechanism has been
proposed, whereby the mechanism involves a transfer of

* Address correspondence tothis author. E-mail: chan_b@chem.usyd.edu.aunydride (rather than a hydrogen atom) to the guinone oxygen,
radom@chem.usyd.edu.au. followed by a proton transfer (i.e., pathway B). As part of a
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Figure 1. Acronyms for hydrogen donors and hydrogen acceptors.

continuing investigatio,we have been interested in pursuing single-point energy calculations were carried out with both
the fundamentals of transition-metal-free hydrogenation. In the restricted (R) and unrestricted (U) methods. We find that
present paper, we address the question of when does a transfetd MPWB1K single-point energies are always significantly lower
hydrogenation reaction proceed via a radical pathway and whenthan the corresponding RMPWB1K values. This is consistent
does it proceed via an ionic pathway, using density functional with our previous finding that in the transfer hydrogenation
theory (DFT) calculations. The reactions shown as 1 and 2 petween ethane and etheél§eRDFT procedures lead to sub-
above, as well as the additional reactions63 are examined  stantially higher barriers when compared with high-level ab
as representative examples of transfer-hydrogenation reactionsinitio values, while the UDFT barriers are comparable to the
high-level ab initio barriers. Consequently, unless otherwise

Y NC i cl NC T cl noted, barriers reported in the text are those corresponding to
+ ]i;: — + ]@[ ®) UMPWBI1K single-point energies for the transition structures.
H H Ne o “ NG OH “ In wave function-based methods such as Hartfeeck, an
unrestricted solution of the wave function contains contributions

HH NG it o NG oH o from higher spin states, predominantly the state of next highest
. ﬁ . R ]@: 4) multiplicity, e.g., for a singlet, the unrestricted wave function
N NC cl N? NC cl normally shows some triplet character. The degree of spin
H 0 OH contamination for a ground-state singlet can serve as a qualita-
H H o OH tive indication of the extent of biradical character, because it
largely reflects the contribution from the biradical triplet state.
Q * ¢ - © * © ©) A measure of the degree of spin contamination is in turn given
H H o OH by the deviation in the expectation value of the spin-squared
operator[®[] from the value for a pure spin staf€The value
HH 2 oH of [$Owould be 0 for a pure singlet and 2 for a pure triplet.
m . @ ., @ . © ) For UDFT methods, it has been argued ti&tlin the Kohn-
N N7 Sham wave function is not well definééi However, efforts to
H o OH calculatel®(for UDFT based on methods such as thevidin
. ) ) .__formulal® and the spin magnetization densfthave yielded
R‘?""C"OT‘S L 2’.5’ and.6 |nvaV|ng systems of modgrate SIZ€ results consistent with thE2values obtained from the KS
are investigated in detail, while reactions 3 and 4 involving

larger systems are studied less fully. The hydrogen donors andorbnals. It has thus been concluded that, whilvalues

acceptors examined, together with their acronyms, are displayeacalcmated fr.om the KS orbitals may not be forma!ly correct,
in Figure 1. they are still reasonably meaningful and contain relevant

information. Therefore, K§%[values are used in the present
2 Theoretical Procedures study as a means of indicating the extent of biradical character
in the transition structures. A strictly ionic TS would have an
[FOvalue of zero, while a TS with biradical character would
have a nonzera$L]

Standard density functional theory calculatibnere carried
out with the GAUSSIAN 03 progranf. Geometries were
optimized at the B3-LYP/6-3tG(d,p) level of theory. The . . N . .
intrinsic reaction coordinate (IRC) method was employed to In addmon_to the major c_ontrlbut_lo_n from relative energies
confirm that each transition structure is linked to the appropriate at 0 K, relatlve free energies at finite temperatures mqlude
adjacent minima. Improved relative energies were obtained with tNeérmal corrections to enthalpieimg and absolute entropies
MPWBLK with the 6-311G(3df,2p) basis set. It has been (5, which we have obtained from B3-LYP/6-35G(d,p)
found that, for prototypical transfer-hydrogenation reactions, frequencies (298 Kand 1 M, unless otherwise noted). Literature
geometries and energies obtained at these levels yield relativeScale factors’ were used in the evaluation of the zero-point

energies that are comparable to those obtained from high-leve|ViPrational energies (ZPVE), enthalpies, and entropies from the
single- and multireference ab initio methdds. B3-LYP/6-31+G(d,p) harmonic vibrational frequencies. Unless

Because the transition structures potentially involve biradicals, Otherwise noted, the values of 0.9806, 0.9989, and 1.0015 were
this leads to a multireference problem whose solution requires €mployed in calculating ZPVEHem, andSvalues, respectively
a satisfactory account of nondynamical correlation. It has been (corresponding to 298 K in the last two cases). Geometrical
shown that unrestricted broken-symmetry (UBS, denoted U parameters in the text refer to B3-LYP/6-8G(d,p) values.
hereafter for simplicity) DFT procedures perform surprisingly Relative energies\E) correspond to MPWB1K/6-31G(3df,-
well in such situationd? This has been attributed to the implicit  2p) values at 0 K, incorporating zero-point vibrational energies
and explicit inclusion of nondynamical correlation effects in (ZPVES) derived from scaled B3-LYP/6-3G(d,p) frequencies.
UDFT via the form of the exchange-correlation functional. In  Unless otherwise noted, relative enthalpi&sif, entropies AS),
the present study, geometry optimizations, frequencies, andand free energiesAG) correspond to 298 K values. Mulliken
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TABLE 1: Gas-Phase Energy (kJ mof?), Enthalpy (kJ
mol~1), Entropy (J mol~1 K1), and Free-Energy (kJ moi?)
Profiles for the Transfer Hydrogenation between Acridan
(ACD) and a-Methylstyrene (AMS)

intermediates
TS1(R) TS1 (U) radical ionic TS2 (R) TS2 (U) products

AE* 1452 1317 95.6 576.6 168.5 137.2—33.7
AHP 1527 1403 103.2 582.7 177.3 145.8-31.3
A® -110.2 -98.1 525 321 —99.7 -—96.3 16.2
AG’ 2159 196.6 73.1 564.4 2345 200.9-40.5

a0 K values.” 573 K, which was the temperature employed in the
experimental studiesScale factors of 0.9806 (ZPVE), 0.9816H:emy),
and 0.9910 9 (corresponding to 573 K) were usé&d.

charges and spin densitiésvere obtained at the UB3-LYP/6-
31+G(d,p) level.

Free energies of solvatiol\Gs.) Were evaluated by using
two polarizable continuum models (PCMs) of solvation, specif-
ically the integral-equation-formalism PCM model (IEF-PGM)
and the conductor-like PCM model (C-PCR)The choice of
cavity used in such approaches can lead to vastly different free
energies of solvation. We evaluated three different sets of
cavities in the present study, namely, UAO, UAHF, and UAKS.
The UAO cavities are derived by using the united atom
topological model (UATMY! using atomic radii from the
universal force field (UFF§2 The UAHF and UAKS cavities
are obtained with UATM and radii optimized for free energies
of solvation (in water) for a test set of molecules at the HF/6-
31G(d) and PBE0/6-31G(d) levels. We find that the combination
of B3-LYP/6-31+G(d,p), the IEF-PCM solvation model, and
UAO cavities gives free-energy barriers that are in best agree-
ment with experiment (see below). Therefore, unless otherwise
noted, free energies of solvation were obtained by using this
combination of computational method, continuum model, and
atomic radii.

Preliminary calculations indicate that optimizations incorpo-

Chan and Radom

TABLE 2: Selected Interatomic Distances (A) for the
Transition Structures for Transfer Hydrogenation between
Acridan and o-Methylstyrene, Optimized at the UB3-LYP/
6-31+G(d,p) Level in Various Solvents

H

H .7
T
N
H

----=>C3_
TS1 TS2

solvent Cl1-*H H---C2 CZL--C2 N-*H H-:C3 N---C3
gasphase 1.600 1.234 2833 1153 1.637 2.766
heptane 1598 1.234 2.831 1.151 1643 2.769
ether 1.596 1.234 2.830 1.148 1.650 2.774
acetone 1595 1.234 2.829 1.147 1653 2.776
CHsCN 1.595 1.234 2.829 1.146 1.654 2.777

2The solvents are listed in ascending order of their dielectric constant
(e). Thee values for vacuum, heptane, ether, acetone, and acetonitrile
(CHsCN) are 1.0, 1.9, 4.3, 20.7, and 36.6, respectively.

intermediates. This, together with the biradical character of the
transition structures, suggests that a radical mechanism is
preferred over an ionic one, consistent with the conclusion
reached previously on the basis of experimental observations.
The calculated transition structures resemble the geometries
for the intermediates more than those for the reactants, as
indicated by the substantially shorter lengths fer-B2 (TS1)
and N++H (TS2) (~1.2 A) compared with those for GtH
and H--C3 (~1.6 A), respectively (Table 2). For this reaction,
the optimized transition structures are relatively insensitive to
the solvent (variations0.01 A). Nonetheless, there is a slight
trend for both transition structures to become earlier (shorter
C1---H for TS1 and longer H-C3 for TS2) as the solvent
becomes more polar. While these effects are very small, we
point them out here because similar but more significant trends
are observed for other reactions investigated (to be discussed

rating continuum solvation yield geometries for equilibrium below)

structures similar to those obtained in the gas phase. As a result,

there are only small differences in the MPWB1K/6-31G3-
(3df,2p) barriers €2 kJ molt) compared with those obtained

with condensed-phase geometries. However, the geometries o

The condensed-phase free-energy profile calculated at the
UMPWB1K/6-31H-G(3df,2p) level (Table 3) is generally
elatively insensitive to the methodology employed for the
alculation of the free energy of solvation. For example, B3-

some of the transition structures obtained in the presence of & yvp ang HFE give rise to relative energies that are generally

continuum deviate significantly from the gas-phase structures,
and this leads to larger differences in the high-level single-point
barriers (10 kJ mot?). In light of these findings, solvent effects
for equilibrium structures have been evaluated with single-point-
energy calculations on the gas-phase geometries, wherea
solvent effects for transition structures, unless otherwise noted
have been obtained by using geometries optimized in the
presence of a continuum.

3. Results and Discussion

3.1. Acridan (ACD)/a-Methylstyrene (AMS). The reaction
between acridan and-methylstyrene (eq 1) is mildly exother-
mic, with a free energy of reaction 6f40.5 kJ mot? in the
gas phase (Table 1). Optimization with UB3-LYP gives transi-
tion structures that are similar to those obtained with RB3-LYP.
The UMPWBI1K single-point calculations, however, lead to
significantly lower relative energies (by up to 34 kJ midlthan
RMPWBI1K.

The transition structures have considerable biradical character
as indicated by thE®[values of 0.18 and 0.41, for the transition

within 5 kJ mol! of one another. One exception is TS2, for
which the relative energies with RB3-LYP solvation are
substantially higher than the corresponding RHF values (Table
S4 of the Supporting Information). In addition, the C-PCM
$nodel leads to relative energies that are very simitat &J

'mol~1) to the corresponding IEF-PCM values. On the other

hand, while UAKS and UAHF cavities give very similat-8

kJ mol) relative energies, the use of UAO atomic radii leads
to significantly lower barriers and to lower relative energies for
the ionic intermediates. The barriers obtained with UAO cavities
are in fact in better agreement with experiment (overestimated
by up to 10 kJ mot?), than those employing UAKS and UAHF
atomic radii (overestimated by up to 35 kJ mYl It has been
previously demonstrated that, while the C-PCM/UAKS meth-
odology gives good agreement with experimemtés,, and

pKa for molecules at their equilibrium geometry, it overestimates
barriers by up to 40 kJ mol2® Our observations for the
C-PCM/UAKS model are consistent with these previous find-
ings23 As a result of these comparisons, we have chosen the
B3-LYP/6-31+G(d,p)/IEF-PCM/UAO combination to obtain the

structures for the first (TS1) and second (TS2) steps, respec-condensed-phase free-energy profiles for the remaining reactions
tively. The energy, enthalpy, and free energy of the radical in this paper. For the ACD/AMS reaction, the use of gas-phase
intermediates are substantially lower than those of the ionic geometries for the transition structures leads to relative energies



Study of Uncatalyzed Transfer Hydrogenation J. Phys. Chem. A, Vol. 111, No. 28, 2006459

TABLE 3: Condensed-Phase UMPWB1K/6-313G(3df,2p) Free-Energy Profiles (kJ mol~1) for the Transfer-Hydrogenation
Reaction between Acridan anda-Methylstyrene, with Free Energies of Solvation Obtained with Various Methodologies

intermediates

solvent method continuum cavity T4 radical ionic TS? products

acetone (20.7) UB3-LYP IEF-PCM UAKS 214.1 70.3 247.9 2202 —40.5
UB3-LYP IEF-PCM UAKS 210.1 70.3 247.9 221.7 —40.5
UB3-LYP IEF-PCM UAHF 210.3 70.5 249.3 219.8 —40.3
UB3-LYP IEF-PCM UAO 187.9 72.3 214.7 2104 —33.1
UB3-LYP IEF-PCM UAO 188.4 72.3 214.7 212.2 —-33.1
UHF IEF-PCM UAKS 213.8 74.3 246.0 222.5 —40.9
UHF C—PCM UAKS 214.1 74.4 245.2 222.9 —40.7

CH3CN (36.6) UB3-LYP IEF-PCM UAKS 210 70.4 240.3 2168 —40.3
UB3-LYP IEF-PCM UAKS 206.0 70.4 240.3 217.9 —40.3
UB3-LYP IEF-PCM UAHF 206.2 70.6 241.8 215.7 —40.2
UB3-LYP IEF-PCM UAO 179.% 72.4 206.5 2028 —-32.3
UB3-LYP IEF-PCM UAO 180.2 72.4 206.5 204.4 —-32.3
UHF IEF-PCM UAKS 209.9 74.6 238.3 218.7 —40.7
UHF C—PCM UAKS 210.0 74.7 237.8 218.9 —40.6

triglyme (7.2) Expt 177.8

pyridine (13.3) Expt 178.2

NMA' (179.0) Expt 177.0

a573 K values® Dielectric constantse] of the solvents are shown in parenthesékhe 6-3HG(d,p) basis set was used in the calculation of
AGson. 4 Condensed-phase geometries were used unless noted othéi@@sephase geometriéd\-Methylacetamide.

TABLE 4: Free-Energy Profiles (kJ mol~1) for the densities for thgg-hydrogenatedr-methylstyrene fragments of
Transfer-Hydrogenation Reaction between Acridan and these structures along the reaction coordinate are shown in
a-Methylstyrene in Various Solvents Figure 2. Both spin and charge densities can be seen to be rather
intermediates insensitive to the solvent along the entire reaction coordinate
solvent TSt  radical ionic  TS2  products examined. This is in accord with the previous observations that
gas phase 196.6 731 5644 2009 —405 the geometries (Table 2) and relative energies (Table 4) a_llfso
heptane 190.1 73.6 393.1 202.7 —-36.8 have little dependence on the solvent. While the charge densities
ether 185.3 73.1 285.7 204.0 —34.8 remain close to zero along the reaction coordinate in all solvents
acetone 188.4 72.3 2147 2122 -331 examined, the spin densities increase gradually as the structures
CHLCN 180.2 72.4 2065 2044 -32.3 approach those of the intermediates. This further strengthens
aGeometries of the condensed-phase transition structures werethe proposition of a radical mechanism.
optimized in the presence of their respective solvent continuum. 3.2. 1,4-Cyclohexadiene (CHD)/2,3-Dichloro-5,6-dicyano-

. . . 1,4-benzoquinone (DDQ).For the reaction between 1,4-
similar to those obtained with condensed-phase geomeities ( cyclohexadiene (CHD) and 2,3-dichloro-5,6-dicyano-1,4-ben-

kJ mol1). This is consistent with the similarity in the gas-phase zoquinone (DDQ) (eq 2), we were unable to locate a transition

and condensed-phase transition structures (Table 2) bu'g th'sstructure for the second step involving hydrogen atom/proton
observation does not hold for some of the other reactions

. transfer between the intermediates to form the final products
examined.

. . . i.e., analogous to TS2 in the ACD/AMS reactions) despite
The free-energy profile for the reaction between acridan and (i gou ! lons) b

thylst is relatively i itive 1o th vent. with th numerous attempts. Preliminary rigid scans (Figure 3) indicate
a-methylstyrene IS relatively Insensitive 1o the solvent, With the-y - yhyjg process is likely to be barrier-free at the B3-LYP,
exception of the relative energies for the ionic intermediates, MPWB1K, HF, and MP2 levels of theory with the 6-3G-

which decrease dramatically as the polarity of the solvent «d ; o )
. . . ,p) basis set. Similarly, for the CHD/PBQ (section 3.4) and
increases (Table 4). Among the four solvents studied, the bamerSDHP/PBQ (section 3.5) reactions, we have not been able to

for b.Oth steps lie within a range of 10 l.(‘] mal This is locate a transition structure for the reaction between the
consistent with the experimental observation that the rate of intermediates to form the product. Presumably this is associated
reaction is rather independent of the solvkrthe barrier for P ) y

the first step generally decreases with increasing polarity of the with the high exothermicity of this step in the CHD/DDQ (Table
Pg o : . ng potanty otthe oy * ~1ip/bDQ (Table 9) and DHP/PBQ (Table 11) reactions.
solvent. This is consistent with an earlier transition structure in

a more polar solvent, as discussed above (Table 2) and in accor or the ga_s-phase reaction _between_ 1,4-cyclohe_xaq!ene and
with the Hammond postulafé.On the other hand, there is no .DQ’ we flngl that the ionic !nter_medlates_ have_ S|gn|f|_cantly
obvious trend in the barrier for the second step. While the hlgher energies than the radical intermediates, indicative of a
relative energy of the ionic intermediates decreases considerabl)f adical pathvyay. o ]
as the solvent becomes more polar, it remains substantially Selected interatomic distances for TS1 in the transfer
higher (by more than 130 kJ md) than that of the radical ~ hydrogenation between 1,4-cyclohexadiene (CHD) and DDQ,
intermediates, even in the most polar solvent examined. Thus,0Ptimized at the UB3-LYP/6-3tG(d,p) level in various
the radical pathway appears to be favored in all solvents Solvents, are displayed in Table 6. We can see that, as the
examined. This is supported by th&Ovalues of 0.18, 0.17, polarity of the solvent increases, the transition structure for the
0.17, and 0.17 for TS1 in heptane, ether, acetone, aryC8H transfer-hydrogenation reaction between 1,4-cyclohexadiene and
respectively, and the respecti@U0values for TS2 of 0.39, DDQ becomes earlier, i.e., more reactant-like (shorterHC
0.38, 0.39, and 0.34. and longer H--O).

To further elucidate the nature of the reaction in various  Results for the condensed-phase (heptane and ether) free-
solvents, structures that lead from TS1 to the intermediates wereenergy profile of transfer hydrogenation between 1,4-cyclo-
obtained from IRC calculations. The Mulliken spin and charge hexadiene with DDQ (Table 7) show that the use of UAKS
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Figure 2. UB3-LYP/6-31+G(d,p) spin (S) and charge (C) densities for flrydrogenatedt-methylstyrene moiety in TS11) and subsequent
structures 2—10) along the IRC in the direction of the intermediates, for the reaction between acridaxrrmethylstyrene in various solvents.
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Figure 3. Gas-phase rigid scans(CsHs—H)) for hydrogen transfer between the intermediategi¢Cand DDQH) in the transfer-hydrogenation
reaction of 1,4-cyclohexadiene with DDQ. The 643&(d,p) basis set was employed throughout.

TABLE 5: Free-Energy Profiles (kJ mol~1) for the
Transfer-Hydrogenation Reaction between
1,4-Cyclohexadiene (CHD) and DDQ in Various Solvents

intermediates

solvent TS1 radical ionic products
gas phase 92.2 16.3 321.1 —2476
heptane 94.8 8.8 133.3 —255.1
ether 90.1 3.0 204 —259.4
acetone 91.2 -1.7 —49.9 —262.5
CHsCN 85.8 2.7 —58.2 —263.7

TABLE 6: Selected Interatomic Distances (A) for TS1 in the
Transfer Hydrogenation between 1,4-Cyclohexadiene and
DDQ, Optimized at the UB3-LYP/6-31+G(d,p) Level in
Various Solvents

H o Heeeeees 0

c NCc._A__cCl

|

H H 0

Ce+H H---O C:--0

gas phase 1.377 1.207 2.567
heptane 1.352 1.232 2.566
ether 1.319 1.272 2.570
acetone 1.308 1.288 2.573
CHsCN 1.305 1.291 2.574

TABLE 7: Condensed-Phase Free-Energy Profiles (kJ
mol~1) for the Transfer-Hydrogenation Reaction between
1,4-Cyclohexadiene and DDQ, with Free Energies of
Solvation Obtained with Various Methodologie$

intermediates
solvent cavity TSE radical ionic  products

heptane (1.9) UAKS 10399 126 146.6 —247.8
UAKS 107.4 12.6 146.6 —247.8

UAO 91.2 8.8 133.3 —255.1

UAO 94.8 8.8 133.3 —255.1
ether (4.3) UAKS 958 9.1 26.5 —242.9

UAKS  103.0 9.1 265 —2429

UAO 82.9 3.0 204 —259.4

UAO 90.1 3.0 204 —259.4
dioxane (2.2)  Expt 84.1

aThe B3-LYP/6-3%-G(d,p) method and the IEF-PCM continuum
model were employed.Dielectric constantse] of the solvents are
shown in parenthese$Condensed-phase geometries were used unless
noted otherwise? Gas-phase geometries.

obtained from condensed-phase geometries (up to 8 kdmol
This is consistent with the fact that the condensed-phase
optimized geometries differ significantly from the gas-phase
geometries for this reaction (variations of up t0.1 A,
Table 6).

For the transfer-hydrogenation reaction between 1,4-cyclo-
hexadiene and DDQ in various solvents (Table 5), the barrier
varies within a narrow range of 10 kJ mé] with a slight trend

cavities leads to higher relative energies than with UAO atomic of decreasing barrier with increasing solvent polarity. This
radii. The differences between the UAKS and UAO values are suggests that there is a relatively small extent of charge
more noticeable for the ionic intermediates and the transition separation at this stage of the reaction. The overall reaction

structure (up to 13 kJ mol). For the CHD/DDQ reaction (Table

becomes more exothermic as the polarity of the solvent

7), the UAO cavities give barriers that are more consistent with increases. We observe similar effects of solvent on the overall
the experimental values, as also observed above for the ACD/exothermicity for the CHD/PBQ (Table 9) and DHP/PBQ (Table
AMS reaction. These results further reinforce our choice of the 11) reactions. This is presumably due to the presence of the

B3-LYP/6-31+G(d,p)/IEF-PCM/UAO model for the calculation

more polar OH moiety in the hydroquinone products in these

of free energies of solvation. The use of gas-phase geometriegeactions, as opposed to the less pokaGCgroup in the quinone
leads to substantial differences in barriers compared with thosereactants.
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Figure 4. UB3-LYP/6-31+G(d,p) spin (S) and charge (C) densities for the O-hydrogenated-DDQ moiety in1j &hd subsequent structures
(2—10) along the IRC in the direction of the intermediates, for the reaction between 1,4-cyclohexadiene and DDQ in various solvents.

There is little variation with solvent in the relative energies

for the radical intermediates but a large variation for the ionic H CI)N;Ph H ?N_ph
intermediates (Table 5). Intriguingly, for the CHD/DDQ reaction

the radical intermediates are substantially lower in energy (by O‘O O O
more than 120 kJ mot) only in the gas phase and in heptane. N

For the reaction in ether, the radical and ionic intermediates a HH b H

have similar energies (within 20 kJ m@}, while in acetone  Figure 5. Radical adductd) identified in the reaction between 9,10-
and CHCN the ionic intermediates are markedly lower in dihydroanthracene and DDQ in the presence of nitrosobenzene, and a
energy (by more than 40 kJ md). These results indicate that ~ possible adductt) in the reaction between acridan and DDQ in the
for the CHD/DDQ reaction in heptane, a radical mechanism is Presence of nitrosobenzene.

favored. This is consistent with the radical mechanism proposed TS- (28)

on the basis of experimental observations, as the dielectric
constant of heptane (1.9) is close to that (2.2) of the dioxane pu, + a

solvent used experimentally. However, in more polar solvents, + PhNO EDEthNO]

namely, acetone and GEN, the ionic mechanism is more likely —_——— (-40) E\)Hz 2383
to be the dominant pathway, while in ether both pathways may \_ [DH-PhNOJ-

be operative. Thus, a change in the mechanism with the solvent Z'_;\g')'

appears likely for this reaction. This proposition is supported

by the [$’[lvalues for the transition structure for the reactions, —

which decrease dramatically as the solvent becomes more polar. DH* + AH™ D + AH,

Thus, the[F0values for TS1 optimized in the gas phase, +PhNO (-143) + PhNO (-143)

heptane, ether, acetone, and{Cil are 0.11, 0.06, 0.00, 0.00, Figure 6. Free-energy profile (energies in kJ mblshown in

and 0.00, respectively. In the last three cases, numerous attemptgarentheses) for the transfer-hydrogenation reaction between the donor
at optimizing unrestricted transition structures led to restricted acridan (denoted Djj and the acceptor DDQ (denoted A) in aceto-
solutions with zerd®values. nitrile, in the presence of nitrosobenzene (PhNO).

To further elucidate the potential of a change in mechanism The corresponding charge density becomes more negative,
with respect to the solvent, various structures starting from TS1 moving from —0.4 to —0.6 as the reaction progresses. An
and moving in the direction of the intermediates were obtained intriguing feature of the CHD/DDQ reaction is that with the
from IRC calculations. The total spin and charge densities of most polar solvents, namely, acetone ancCN, there is zero
the O-hydrogenated-DDQ fragment (DDQH) of these structures spin density along the entire reaction coordinate. Numerous
are plotted against the reaction coordinate in Figure 4. The attempts at locating unrestricted solutions for these structures
DDQH moiety in the reaction profile has significant negative in acetone or CECN all led to restricted solutions. The
charge along the reaction coordinate in all solvents. This corresponding charge density becomes more negative, changing
indicates the ionic nature of the CHD/DDQ reaction, and is from —0.4 in the transition structure t60.8. These observations
presumably due to the ability of the electron-withdrawing chloro suggest an ionic rather than a radical mechanism, which is
and cyano groups on DDQ to stabilize the DDQldn. consistent with the lower energy of the ionic intermediates

Both the spin and charge densities along the reaction relative to the radical intermediates (Table 5). Thus, the
coordinate are substantially influenced by the solvent. For the variations in the spin- and charge-density profiles in various
reactions in the two least polar media, namely, the gas phasesolvents point toward a change in reaction mechanism with
and heptane, the spin densities increase steadily from about 0.Zolvent polarity, in a similar manner to that suggested by the
to a plateau of approximately 0.6 and 0.4 respectively for the variation in relative energies between the radical and ionic
gas-phase reaction and the reaction in heptane. On the otheitermediates.
hand, the charge densities both in the gas phase and in heptane 3.3. 9,10-Dihydroanthracene (DHA)/DDQ and Acridan
become more negative at a slower pace compared with the(ACD)/DDQ. 9,10-Dihydroanthracene (DHA) has been ob-
corresponding changes in spin densities, and remain in aserved to react with DDQ in dioxane (= 2.2) to give
narrower range of 0.1. These variations in the spin and chargeanthracene quantitativefy.A spin-trapping experiment with
densities are more consistent with a mechanism that involvesnitrosobenzene yielded the EPR spectrum of the radical-adduct
intermediate radicals than ions, and are in accord with the a shown in Figure 5. Similarly, in the reaction between acridan
relative energies of the radical and ionic intermediates (Table 5). and DDQ in acetonitrile, with nitrosobenzene as the spin-trap,

For the reaction in ether, the spin density increases initially a well-resolved EPR spectrum was obtaid@ePwhich is likely
from zero to a maximum of about 0.2 before steadily declining. to be associated with a similar radical adduct (ad@uotFigure
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HNPh HNPh

+ DDQH"

Figure 7. A possible pathway for the formation of the radical adduct between monohydroacridine and nitrosobenzene from the initially formed ion
pair in the reaction between acridan and DDQ in acetonitrile.
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Figure 8. UB3-LYP/6-31+G(d,p) spin (S) and charge (C) densities for the O-hydrogenated-quinone moiety il)T&81d (subsequent structures
(2—10) along the IRC in the direction of the intermediates, for the reaction between 1,4-cyclohexadigmbemmbquinone in various solvents.

5). These results indicate the presence of radicals under theTgaléiFH)'/:éffgeEr?aetﬁg% Eg’;ié%%ékgemé 62 ft%rfgfs

conditions employed in these two reactions, and thus argue ing 10-pihydroanthracene (DHA) and Acridan (ACD) with the
favor of radical over ionic mechanisms. Acceptor DDQ in Various Solvents

The overall reaction of 9,10-dihydroanthracene with DDQ
(eq 3, Table 8) is highly exothermic. In addition, the relative
energies for the radical and ionic intermediates suggest a change b
in mechanism from radical to ionic as the solvent becomes more solvent radical ionic products radical ionic  products

9,10-dihydroanthracene acridan

intermediates intermediates

polar. Our finding that, in a relatively nonpolar solvent such as gas phase 18.0 278.4-159.3 1.9 196.4 —138.1
heptane { = 1.9), the radical mechanism is likely to be the heptane 10.8 1148 -166.2 —6.1 29.2 —141.7
dominant pathway is consistent with the experimental observa- eth?f 50-47 4%162-34 —gg-g —gg —1%3 —iig-;
acetone . —44. - . —1/. - . - .
tion of radicals in spin-trapping experiments in dioxaae< CH.CN 07 —520 —1740 —185 —1432 —1431

2.2)25 However, we predict that this is less likely to be the
case in more polar solvents. PhNQO} + AH*). Presumably, the lower energy of the radical-
For the reaction of acridan with DDQ (eq 4, Table 8), the adduct pair leads to its eventual formation, and hence this may
radical intermediates are again lower in energy than the ionic account for the signals detected in EPR experiments.
intermediates in the gas phase and in heptane. On the other hand, A possible pathway from the initially formed ion pair is
for the reactions in ether, acetone, and :CN, the ionic illustrated in Figure 7. In this pathway, the monohydroacridine
intermediates are substantially lower in energy than the radical cation is first trapped by nitrosobenzene, following which
intermediates. This is in apparent contradiction to experiment, electron transfer from the DDQHanion to the cationic adduct
in which spin-trapping with nitrosobenzene indicates the pres- gives the final radical pair. The first step is an endothermic
ence of radicals in the reaction of acridan with DDQ in process, with a barrier of 105 kJ mél(Figure 6), while the
acetonitrile’®25 To explore for possible reasons behind the electron-transfer step is exothermic by 30 kJ MhoTherefore,
apparent discrepancy between our calculated results and therapping of the cationic intermediate by nitrosobenzene is likely
experimental observations, we investigated the reactions betweerto be the rate-limiting step in the generation of the radical adduct.
the 9-monohydroacridine intermediates, both radical and cat- Presumably, the highly exothermic hydride-transfer reaction
ionic, with the spin-trapping agent nitrosobenzene. The relative from acridan to DDQ that precedes the trapping reaction (Figure
free energies for the species involved in the transfer-hydrogena-6) partially supplies the energy required to overcome the barrier.
tion reaction in the presence of PhNO in acetonitrile are shown Alternatively, a small amount of the radical pair could be
in Figure 6, in which the donor acridan is denoted Dihile produced from the reactants, and the subsequent trapping of
the acceptor DDQ is denoted A. monohydroacridine radical by nitrosobenzene may also con-
There is a modest barrier (47 kJ m¥lto the formation of tribute to the formation of the radical adduct.
the adduct between monohydroacridine radical and nitrosoben- 3.4. 1,4-Cyclohexadiene (CHDp-Benzoquinone (PBQ).
zene [DH-PhNO] On the other hand, due to less favorable For the transfer-hydrogenation reaction between 1,4-cyclohexa-
thermodynamics AG = +103 kJ mot?), the barrier for the diene (CHD) ang-benzoquinone (PBQ) (eq 5), the barriers in
combination of monohydroacridine cation with nitrosobenzene various solvents span a narrow range of 13 kJthalith a
to give the ionic adduct [DH-PhNO]is considerably higher =~ more polar solvent giving a lower barrier than a less polar
(105 kJ mot?). A striking feature of the free-energy profile is  solvent. The energy of the radical intermediates also decreases
that, although the initial ion pair (DH+ AH™) has a lower from 36.3 kJ mot? to 16.1 kJ mot! as the polarity of the
energy than the radical pair (DH AH*), the ion pair involving solvent increases. There is a more dramatic decrease in the
the adduct with nitrosobenzene ([DH-PhNO} AH™) lies energies of the ionic intermediates as the solvent becomes more
higher in energy than the corresponding radical pair ([DH- polar, with the energy dropping by 237 kJ mblDespite the
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Figure 9. UB3-LYP/6-31+G(d,p) spin (S) and charge (C) densities for the O-hydrogenated-quinone moiety il)T81d (subsequent structures
(2—10) along the IRC in the direction of the intermediates, for the reaction between 1,4-dihydropyridipebandoquinone in various solvents.
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80 - - 600 TABLE 10: Selected Interatomic Distances (A) for TS1 in
70 4 - ' the Transfer Hydrogenation between 1,4-Cyclohexadiene and
8 [ 500 p-Benzoquinone, Optimized at the UB3-LYP/6-31+G(d,p)
% 601 Level in Various Solvents
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= el H _H---ee--
S 30 * 200 P
S ,
G 20 -
T k100 HH
0 0 C-++H H:--O C-0
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Barrier gas phase 1.438 1.155 2.580
Figure 10. Gas-phase free-energy barriers for the initial hydrogen gfhpé?ne 11::537 fll%)’ 2255775’
transfer (0 K, kJ mol') versus free energies of the intermediates (0 K, acetone 1 406 1 180 2 567
kJ mof) for reactions 1, 2, 5, and 6. CH:CN 1.403 1.i82 2.567
1.65 4 . . . .
160 ] . distance in the monohydroquinone moiety becomes longer. For
1'55_ ' this reaction, the magnitude of the variation in bond distances
” 1'50_ . is ~0.03-0.04 A. The[Fvalues for the transition structure
- _ﬁg:gngse optimized in heptane, ether, acetone, andCKare 0.15, 0.05,
5 - a Ether 0.00, and 0.00, respectively. The trend in thEgvalues points
2 1.40 . < Acetone i ; ; i iani
s e toward a possible change in mechanism from radical to ionic
m 1.35 4 "] « Acetonitrile ...
as the solvent becomes more polar. This is in contrast to what
1.30 1 x XX . . .
125 | would be expected from the relative energies of the radical and
1'20 ionic intermediates, which suggest a radical pathway for the
g 70 120 170 reaction in all solvents (_examlned. o _
Barrier To clarify the mechanism of the reaction in various solvents,
Figure 11. The breaking %---H distances (&) in the transition th? spin anq charge den.smes of the O-hydrogenptbdnzo-
structures for the hydrogen transfepXH + Ya — Xp* + H—Y 4" in qguinone moiety (PBQH) in the structures along the IRC were

reactions 1, 2, 5, and 6 plotted against the reaction barrier (kJ)mol  analyzed (Figure 8). The spin and charge densities of the PBQH
TABLE 9: Free-Energy Profiles (kJ mol-Y) for the fragment show a significant ;er_lsitivity to solvent. With amore
Transfer-i—lydrogenation Reaction between polar _solvent, the spin density is lower and t_he char_ge_ is more
1,4-Cyclohexadiene ang-Benzoquinone in Various Solvents negative. As the reaction progresses, the spin density increases
rapidly in all solvents, and the charge on the PBQH moiety
becomes more negative. The change in the charge density on

intermediates

solvent TS1 radical ionic products the PBQH fragment is relatively independent of the solvent,
gas phase 125.6 46.1 523.8 —195.9 with the PBQH moiety in the final IRC structure beinrgd.1
hehptane 124.6 36.3 308.4  —206.8 more negative than that in the TS.

ether 1185 26.8 1725 -2167 When the trends in the spin density are compared with th
acetone 117.3 17.6 82.2 —226.8 € € trends € spin density are compared ose

in the charge density, it is evident that as the reaction progresses,
the PBQH moiety develops more radical character than ionic
substantial lowering of the energy of the ionic intermediates character, regardless of the solvent. This is suggestive of a
with polar solvents such as acetone ands;CN, their energy radical mechanism for the transfer-hydrogenation reaction in
remains higher than that for the radical intermediates by more all solvents investigated, and is consistent with the lower
than 50 kJ mol™. Thus, the relative energies of the radical and energies for the radical intermediates compared with those for
ionic intermediates seem to indicate a predominantly radical the ionic intermediates (Table 9). The zero or very IEkC
mechanism in all solvents investigated. values for the TS in the more polar solvents appear to indicate
For the CHD/PBQ reaction, the transition structure becomes a relatively small extent of development of radical character in
more reactant-like as the polarity of the solvent increases (Tablethe GH7* and PBQH fragments at this stage of the reaction.
10). Thus, the &-H bond of cyclohexadiene that is involved 3.5. 1,4-Dihydropyridine (DHP)/p-Benzoquinone (PBQ).
in the transfer hydrogenation becomes shorter, while theH For the reaction between 1,4-dihydropyridine (DHP) and

CH:CN 111.7 16.1 71.2 —228.6
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TABLE 11: Free-Energy Profiles (kJ mol™?) for the TABLE 13: Free-Energy Profiles (kJ mol~?) for Gas-Phase
Transfer-Hydrogenation Reaction between Transfer-Hydrogenation Reactions 1 (ACD/AMS), 2 (CHD/
1,4-Dihydropyridine and p-Benzoquinone in Various DDQ), 5 (CHD/PBQ), and 6 (DHP/PBQ)
Solvents - -
_ : intermediates
w reaction TS1 radical ionic products E, — Er
solvent TS1 radical ionic products 1 196.6 731 5644 —4105 14913
gas phase 96.3 25.7 365.0 —175.4 20 92.2 16.3 321.1 —2476 +304.8
heptane 93.2 15.0 145.4 —182.5 50 125.6 46.1 523.8 —195.9 +477.7
ether 90.8 4.8 6.7 —189.9 6° 96.3 25.7 365.0 —1754 +339.3
acetone 77.5 —52 —85.4 —197.8
CHsCN 71.6 -6.8 —96.6 —199.1 a573 K valuesP 298 K values.

TABLE 14: Free-Energy Barriers (kJ mol~1) and
Donor—Hydrogen Distances (%---H, A) in TS1 for
Reactions 1, 2, 5, and 6 in Various Solvents

TABLE 12: Selected Interatomic Distances (A) for TS1 for
the Transfer Hydrogenation between 1,4-Dihydropyridine
and p-Benzoquinone, Optimized at the UB3-LYP/

6-31+G(d,p) Level in Various Solvents barrier Xor++H (TS1)
Ho o Heees P v @ 6 & @O @ 66 (6
c gas phase 196.6 92.2 1256 96.3 1.600 1.377 1.438 1.372
[ ] heptane 190.1 94.8 124.6 93.2 1.598 1.352 1.427 1.347
N ether 185.3 90.1 1185 90.8 1.596 1.319 1.413 1.310
H (0] acetone 188.4 91.2 1173 77.5 1595 1.308 1.406 1.293
CH3CN 180.2 85.8 111.7 71.6 1.595 1.305 1.403 1.289
Ce+H H---O C--0 ) _ _
a Reaction 1= ACD/AMS, reaction 2= CHD/DDQ, reaction 5=
gas phase 1372 1.203 2.558 CHD/PBQ, and reaction & DHP/PBQ." Xp*+-H = C1-+-H in Table
heptane 1.347 1.224 2.554 2 for reaction 1, while %---H = C---H in Table 6 for reaction 2, in
ether 1.310 1.266 2.554 Table 10 for reaction 5, and in Table 11 for reaction 6.
acetone 1.293 1.289 2.559
CH3CN 1.289 1.295 2.560

comparable, and it is therefore not clear from these trends
p-benzoquinone (PBQ) (eq 6), the barriers for the initial whether a radical or an ionic pathway is favored. This is in
hydrogen transfer to form the intermediates decrease as thecontrast to the relative energies for the radical and ionic
solvent becomes more polar. The range in the barrier25 intermediates (Table 11), which clearly favor a radical mech-
kJ mol L. The energies of the intermediates also decrease asanism.
the polarity of the solvent increases. For the radical intermedi-  The trends for the reaction in ether represent a particularly
ates, the energy spans a range of 33 kJ fakhile for the interesting case. The spin density increases initially but subse-
ionic intermediates there is a much wider range of 241 kJfnol  quently decreases to zero, while the charge gradually becomes
In the gas phase, the energy of the ionic intermediates is muchmore negative in a monotonic manner. Thus, in ether it is likely
higher than that for the radical intermediates, and this is that an ionic pathway is the more prominent mechanism
indicative of a radical mechanism. In condensed phases, thecompared with a radical pathway. With acetone angdCNlas
energies of the ionic intermediates remain higher than thosethe solvent, the spin density remains zero over the entire reaction
for the radical intermediates only in heptane, while for ether coordinate examined, while the charge becomes more negative,
the energies of the two types of intermediates are comparable,from —0.40 at the transition structure t€0.80 at the last point
and in acetone and GBN the energies for the ionic intermedi-  of the IRC. This supports an ionic mechanism in these polar
ates are substantially lower. This suggests a change in mechsolvents, and is consistent with the energies for the ionic
anism from radical to ionic as the polarity of the solvent intermediates being much lower than those for the radical
increases[®values for the transition structures in the gas intermediates in these solvents (Table 11). Although the
phase, heptane, ether, acetone, ang@Hare 0.19, 0.13,0.05,  observed trends in spin and charge densities do not lead to a
0.00, and 0.00, respectively. This also supports a change inconsistent conclusion about the mechanism for the reaction in
mechanism as the solvent becomes more polar. In the transitionsome solvents, a comparison of these trends for a variety of
structures for the DHP/PBQ reaction, the-€l distance solvents points toward a change in mechanism with solvent
decreases and the-+O distance increases as the polarity of polarity. This is in accord with the trends in the relative energies
the solvent increases (Table 12), i.e., the transition structurefor the two types of intermediates (Table 11).
becomes earlier as the solvent becomes more polar. For this 3.6. Comparison of Reactions 1, 2, 5, and @he gas-phase
reaction, the &-H and H--O distances span wide ranges of free-energy profiles for reactions 1 (ACD/AMS), 2 (CHD/DDQ),
nearly 0.1 A. 5 (CHD/PBQ), and 6 (DHP/PBQ) are shown in Table 13, while
The Mulliken spin and charge densities for the monohydro- Figure 10 shows a plot of the barrier (at TS1) versus the energies
quinone moiety in the structures along the IRC (from TS1 of the intermediates, both radical and ionic, for these four
toward the intermediates) were examined in order to further reactions. The correlation between the barrier and the energies
elucidate the nature of the reaction in various solvents. Figure of the radical intermediates (via which all four reactions are
9 shows that in the gas phase, the spin density of the indicated to proceed in the gas phase) haRaralue of 0.958
monohydroquinone fragment increases steadily along the reac-Thus, it seems that, for the initial hydrogen atom-transfer step
tion coordinate, while the charge becomes more negative.for these transfer-hydrogenation reactions, the -Bellans-
However, the change in spin density is more prominent than Polanyi principl@” holds reasonably well.
the change in charge density, which supports a radical over an Table 14 shows the barriers for the four reactions in various
ionic mechanism. Similar trends in spin and charge densities solvents, together with the distance between the donor atom
are observed for the reaction in heptane. However, in this case(Xp) and the hydrogen being transferred in TS1 for each
the magnitudes of the changes for the two quantities are reaction. For all four reactions, the barrier decreases and the
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TABLE 15: [®’(Values and the Relative Energies of the
Radical and lonic Intermediates Er — E;, kJ mol~1) for
Reactions 1, 2, 5, and 6 in Various Solvents

0 E — Er
1 @ 6 6 @ (2) (5) (6)
gas phase 0.18 0.11 0.20 0.19491.3 +304.8 +477.7 +339.3

heptane 0.18 0.06 0.15 0.13319.5 +124.5 +272.1 +130.4
ether 0.17 0.00 0.05 0.05212.6 +17.4 +145.7 +1.9
acetone 0.17 0.00 0.00 0.08142.4 —48.2 +64.6 —80.2
CH:CN 0.17 0.00 0.00 0.00+134.1 —55.5 +55.1 —89.8

aReaction 1= ACD/AMS, reaction 2= CHD/DDQ, reaction 5=
CHD/PBQ, and reaction 6 DHP/PBQ.

TABLE 16: Free-Energy Barriers (kJ mol ~1) and Proposed
Mechanismg for Reactions 1, 2, 5, and 6 in Various
Solvent®

barrier mechanisfm

(1) (2 (5) ® @O @ ©6) ©)
gasphase 196.6 922 1256 96.3 R R R R
heptane 190.1 948 1246 932 R R R RI
ether 185.3 90.1 1185 908 R R/ R RI
acetone 188.4 912 1173 775 R I R |
CHiCN 180.2 85.8 111.7 716 R I R |
rangé 16.4 9.0 13.9 247

@ Based on the relative energies of the radical and ionic intermediate

(Tables 4, 5, 8, and 9) and the spin and charge densities (Figures 2, 4,

8, and 9).° Reaction 1= ACD/AMS, reaction 2= CHD/DDQ, reaction
5= CHD/PBQ, and reaction & DHP/PBQ.¢ R = radical, = ionic.
4 Range= maximum barrier— minimum barrier.

Xp+++H distance becomes shorter as the polarity of the solvent

J. Phys. Chem. A, Vol. 111, No. 28, 2005465

four reactions, the largest solvent effect occurs for reaction 6.
This is consistent with the mechanism of reaction 6 being ionic
or partly ionic for all condensed-phase reactions. Surprisingly,
the smallest solvent effect occurs for reaction 2, in which an
ionic mechanism is also likely to be the major pathway in the
more polar solvents. The relatively modest change in reaction
barrier as a function of the solvent polarity for reaction 2,
compared with reactions 1 and 5 that are purely radical, is
presumably due to insufficient development of charge separation
in the transition structure.

3.7. Practical Implications. There are a number of experi-
mental techniques that are used to distinguish a radical mech-
anism from an ionic mechanism for a reaction or a series of
similar reactions. For instance, EPR spectroscopy is widely used
for the detection of radicals in a reaction mixture. Likewise,
the presence of strong polar effects (as reflected in the effect
of substituent or solvent) on reaction rate is commonly used to
support an ionic mechanism. The results of the present study
suggest that caution should be exercised in reaching such
conclusions.

Detection of radicals by EPR would normally be taken to
indicate a radical mechanism. However, it cannot rule out a
concurrent ionic mechanism. The use of a radical trap introduces
another layer of complexity. For example, we have found that
in the reaction of acridan with DDQ in the presence of
nitrosobenzene, an ionic mechanism seems to be favored over
a radical mechanism for the initial hydrogen transfer, despite
the detection of radicals by EPR. The apparent contradiction
between theory and experiment can be accounted for by
proposing that the cationic intermediate is trapped by ni-

increases. Thus, the transition structure becomes earlier as th@rosobenzene, and that there is subsequent electron transfer to
barrier decreases. This is consistent with the Hammond postu-gjye the radical pair.

late. The correlation between the barrier and the X distance
holds remarkably well for a variety of reactions in a variety of
solvents, as indicated in Figure 11 with a plot of thg-XH

Detection of a large solvent effect would normally suggest
an ionic mechanism while a small solvent effect might suggest
a non-ionic mechanism. However, as illustrated with the CHD/

distances in TS1 versus the reaction barriers. A separgte X DDQ and DHP/PBQ reactions above, the mechanism of a
*H/barrier correlation is observed for the gas-phase reactions. eaction can change with the solvent. A large solvent effect does
The [¥[values for TS1 of reactions 1, 2, 5, and 6 in various ot necessarily indicate an ionic mechanism for all solvents but
solvents, and the respective energy differences between thejoes suggest an ionic mechanism for the more polar solvents.
radical and ionic intermediate&(— Eg), are shown in Table  gqually, a small solvent effect may reflect a radical mechanism,
15. A positiveE, — Er indicates that the radical intermediates g jt may reflect an ionic mechanism in which the major part

lie lower in energy, and vise versa. ThEDvalues for TS1  f the charge separation occurs after the transition structure, as
suggest a radical mechanism for all solvents for reaction 1, andjj|strated by the CHD/DDQ reaction.

a change of mechanism from radical to ionic for reactions 2, 5,
and 6. For reactions 1, 2, and 6, the— Rg values in the various
solvents are consistent with the correspondi&glivalues, but
this is not the case for reaction 5. Based on the trends in charge A number of important points emerge from the present study.
and spin densities along the reaction coordinate (Figure 8), we (1) In the gas phase, all the transfer-hydrogenation reactions
proposed earlier that radical character might be developed at aexamined are predicted to proceed via a radical pathway. The
stage of the reaction later than the transition structure. energies of the ion pairs are much higher than those of the

Reaction 5 (CHD/PBQ) is related both to reaction 2 (CHD/ radical pairs, and the spin density on the monohydrogenated
DDQ) (same hydrogen atom donor) and reaction 6 (DHP/PBQ) acceptor increases substantially as the reaction progresses.
(same hydrogen atom acceptor). The results in Table 15 show (2) The transition structures optimized in the presence of a
that the ionic intermediates are favored relative to the radical solvent are found in some cases to differ substantially from the
intermediates for the CHD/DDQ and DHP/PBQ reactions to a gas-phase geometries. Hence, it is recommended that for
greater extent than for the CHD/PBQ reaction by more than theoretical studies of the condensed-phase chemistry, transition
100 kJ mot?. For the CHD/DDQ reaction, this can be attributed ~structures should be optimized with a solvent.
to the presence of electron-withdrawing CN and Cl groups on  (3) For the evaluation of solvent effects, we find that the
DDQ that leads to stabilization of the DDQHntermediate. barriers are relatively insensitive to the type of computational
For the DHP/PBQ reaction, this is presumably due to the method (HF or B3-LYP) and the type of continuum model (IEF-
participation of the nitrogen lone pairs of DHP, which stabilizes PCM or C-PCM) employed. However, we find that the use of
the hydropyridinium cation intermediate. UAO cavities, in conjunction with UMPWB1K/6-3HG(3df,-

The barriers and the proposed mechanisms of reactions 1, 22p)//B3-LYP/6-31-G(d,p) gas-phase energies, gives better
5, and 6 in various solvents are summarized in Table 16. While agreement with experimental barriers than those obtained with
the barrier decreases as the solvent becomes more polar for alUAKS cavities.

4. Concluding Remarks
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