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The hydride affinities of 80 various- ando-quinones in DMSO solution were predicted by using B3LYP/
6-311++G (2df,p)//B3LYP/6-31+G* and MP2/6-31%+G**//B3LYP/6-31+G* methods, combined with

the PCM cluster continuum model for the first time. The results show that the hydride affinity scale of
the 80 quinones in DMSO ranges from7.4 kcal/mol for 9,10-anthraquinone t6124.5 kcal/mol for
3,4,5,6-tetracyano-1,2-quinone. Such a long scale of the hydride affinit#s.4 to—124.5 kcal/mol)
indicates that the 80 quinones can form a large and useful library of organic oxidants, which can provide
various organic hydride acceptors that the hydride affinities are known for chemists to choose in organic
syntheses. By examining the effect of substituent on the hydride affinities of quinones, it is found that
the hydride affinities of quinones in DMSO are linearly dependent on the sum of the Hammett substituent
parametersr: AGL(Q) ~ —16.0Zg — 70.5 (kcal/mol) forp-quinones and\Gy~(Q) ~ —16.2%g —

81.5 (kcal/mol) foro-quinones only if the substituents have no large electrostatic inductive effect and
large ortho-effect. Study of the effect of the aromatic properties of quinone on the hydride affinities
showed that the larger the aromatic system of quinone is, the smaller the hydride affinity of the quinone
is, and the decrease of the hydride affinities is linearly to take place with the increase of the number of
benzene rings in the molecule of quinones, from which the hydride affinities of aromatic quinones with
multiple benzene rings can be predicted. By comparing the hydride affinitigsqofinones and the
corresponding-quinones, it is found that the hydride affinities@fjuinones are generally larger than
those of the correspondimgquinones by ca. 11 kcal/mol. Analyzing the effect of solvent on the hydride
affinities of quinones showed that the effects of solvent (DMSO) on the hydride affinities of quinones
are mainly dependent on the electrostatic interaction of the charged hydroquinone anionsaf@H
solvent (DMSO). All the information disclosed in this work should provide some valuable clues to chemists
to choose suitable quinones or hydroquinones as efficient hydride acceptors or donors in organic syntheses
and to predict the thermodynamics of hydride exchange between quinones and hydroquinones in DMSO
solution.

Introduction anion, and the hydroquinone can return to quinone by releasing
a hydride (eq 1), it is evident that quinones can serve as hydride

' acceptors. In fact, many well-known quinones, suchpas

chloranil, 2,3-dichloro-5,6-dicyanp-benzoquinone (DDQ), and

Quinones and their corresponding hydride reduced forms
hydroquinones, are two types of very important organic
compounds, the chemistry of which occupies an important place
inthe fields of chemistry, biological chemistry, andtechnocheristry.
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tetracyano-p-benzoquinone all have strong power of oxidation, affinities of quinones or the hydricity of hydroquinones espe-
which have been extensively used as oxidants in organic cially in solution, the main reason is that the reactions of
synthese8 At the same time, it is also evident that hydroquino- quinones with hydride are quite complex, which could result
nes serving as hydride donors may be used as reducing agentm large uncertainties of the experimental observatién&in

and many important hydroquinones, such as dihydroquinone,fact, no hydride affinities of quinones and no hydricities of
coenzyme Q9 catechol® hydronaphthoquinon®, as hydride hydroquinones in solution were reported so far except for five
or electron donors play very vital roles in cellular respiraién,  hydride affinities of quinones in DMSO, which were estimated
blood coagulatiod? and plant and bacterial photosynthéis. by Parker and co-workers using thermodynamic cycle method
Since the family of quinones and the family of hydroguinones in 19932° It is clear that the terrible lack of knowledge about
are very large, and the abilities of quinones to obtain a hydride the hydride affinities of quinones and the hydricities of
and of hydroquinones to release a hydride are generally quitehydroquinones in solution has seriously restricted the develop-
different from each other, respectively, which indicates that it ment of the chemistry of quinones and hydroquinones.

is necessary to develop the hydride affinity scale of various

Zhu et al.

quinones and the hydricity scale of various hydroquinones in o hydride affinity of quinore o
gas phase, especially in solution to quantitatively predict the J
oxidation potential order of quinones and the reduction potential o AGHQ)
order of hydroquinones. Examination of the past publications + H
on this subject shows that although much attention has been AGhe(QH) (1)
paid to the chemistry of quinones and hydroquindie®, rather 3 h) _
scant attention has been paid to the determination of the hydride © hydricity of hydroguinone  OH
Quinone Hydroquinone
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tational chemistry has achieved great progress. Some important
thermodynamic parameters of organic small molecules in gas
phase, such as bond dissociation energy (BDE), can be
calculated with the accuracy equivalent or better than that
obtained from experiments, when the extended basis sets are
used and the electron correlation effects are recovered through
post-Hartree-Fock or density functional approach®s?in fact,

at present, the hydride affinities of some organic small molecules
like the BDE in the gas phase also can be accurately estimated
by theoretical method®35 At the same time, the theoretical
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estimations of solvation effect on the thermodynamic parameters1) in dimethyl sulfoxide (DMSO) solution were examined in
also have achieved great progress. Several efficient approachesrder to develop the hydride affinity scale of various quinones

to estimate solvation energy including molecular simulati®ns,
Langevin dipole model%] integral equation techniqué%and
dielectric continuum metho@shave been developed. Among

and the hydricity scale of various hydroquinones in DMSO
solution. Since the hydricity of hydroquinone is just equal to
the hydride affinity of the corresponding quinone by switching

these well-known methods, the dielectric continuum method the sign (eq 2), only the hydride affinity scale of the various

becomes more and more poputdOne of the best representa-
tives of this method is the polarized continuum model (PCM),
which was developed by Tomasi and co-workers in 198y

using the PCM method, the mean error of the estimated absolute

solvation energies in water can reach as small as about 0.5
2.2 K, units for some neutral molecules and ions, respectitfely.

quinones in DMSO was developed in this paper.

Computational Methods

All the calculations were conducted using Gaussian 98 pro-
grams?® The geometry of each species was optimized using the
B3LYP/6-31+G* method. Each optimized structure was checked

Recently, Guo and co-workers used the PCM method to y frequency calculations to be a real minimum without any

successfully predict the pis of 105 organic acids in DMSO;
the precision is within 1.71.8 K, units#3 More recently, Guo

imaginary frequency at the same level of theory used in the
geometry optimization. Single-point electronic energies were

and co-workers have developed a generally applicable protocolderived at the B3LYP/6-31+G (2df,p) and MP2/6-31-++G**
that could well predict the standard redox potentials of 270 levels (they are denoted as B3LYP and MP2 in the following
structurally unrelated organic molecules in acetonitrile, and the discussion, respectively). The free energy change was corrected

results all are very well in agreement with the experimental
observationd? All these great achievements of computational

chemistry encourage us to examine the hydride affinity scale

of various quinones and the hydricity scale of various hydro-
quinones in solution by using theoretical method. In this work,
the hydride affinities of 80 importam ando-quinones (Scheme
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with ZPE, thermal corrections {298 K), and the entropy term
obtained at the B3LYP/6-32G* level. The calculations of gas-
phase free energies use a reference state of 1 atm and 298 K.
Solvation energies were estimated with the most recent PCM
version called integral equation formalism (IEFPC¥1This model
has been shown to have a significantly extended range of applica-
tions with dramatically improved accuracy. The solvation effects
were calculated at the level of HF/6-8G** (o = 1.35, radii =
bondi)#7 It is worth noting that in this work the geometries of the
molecules in gas phase were used in DMSO solution for energy
calculations according to the following two reasons: (i) the effect
of solvent DMSO on the molecular geometry is usually not
significant?® (ii) the energy of molecular geometry change from
one phase to another phase can be ignored in an isodesmic
reaction??

Definition and Results

Hydride affinity of quinone in solution is defined in this work
as the free energy change in the reaction of quinone with free
hydride ion to form the corresponding hydroquinone anion at
25 °C in solution (eqs 3 and 4¥.

oe OH
R R (3)
or
OH 0o

(QH,)s

R ©  AGHQ)
+ H —»
(Q)s

AGH(Q)s, = G(QH)s — [G(Q)s + G(H)] 4

In the eqs 3 and 4, the subscripts a symbol of solution
phase. Since asymmetrically substituted quinones, suzh &5

(QHy)s

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

(46) (a) Cossi, M.; Scalmani, G.; Rega, N.; BaroneJVYChem. Phys.
2002,117, 43. (b) Mennucci, B.; Tomasi, J. Chem. Phys1997, 106,
5151.
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SCHEME 1. Chemical Structures of 80 Examined Quinones
o}
R
o}
R = N(CHs). 2 CH3 7 CHO 12
NH; 3 SiH3 8 COOCH3 13
OCH; 4 F 9 CF3 14
OH 5 Cl 10 CN 15
SH 6 Br 11
Q ) o 0 o o
R R R R R R R
R R R R R R
© 0 o) o 0
1 R =0OCH;3 16 20 24 28 32
CHs 17 21 25 29 33
Cl 18 22 26 30 34
CN 19 23 27 31 35
OH O o] [e] o] (o] (o]
) PO
| (0 QU
Cl CN
OH © o o o [¢] o
36 37 38 39 40
[0}
o 0
R o}
R R R
R
R =0OCH; 42 46 50 54 58
CHjs 43 47 51 55 59
Cl 44 48 52 56 60
CN 45 49 53 57 61
o o o o
e o R o R o)
o) R (o]
Y R r O XL
R R
41 ) )
R =0OCHa 62 66 70 74
CHs 63 67 71 75
Cl 64 68 72 76
CN 65 69 73 77
0
o o o] (o]
o & &
78 79 80

24—-31,42—-57,66—73, andr8 can yield two different hydro-
quinone anions Qi and QH,~ in the reductions, the asym-
metrically substituted quinones should have two different
hydride affinities AGy~(QHs )s and AGH~(QHp™)s for the
formation of QH;~ with more substituents close to the negatively
charged oxygen and for the formation of @Hwith less

(eq 5), since the accurate hydride affinitymBQ in DMSO is
available (—70.0 kcal/moB®

In eq 5,AGsof* is the Gibbs energy change of the isodesmic
reaction in DMSO, which is equal to the difference of hydride
affinities between Q and the refereno8Q in DMSO (eq 6).

substituents close to the negatively charged oxygen, respecdt is clear that the hydride affinity of Q in DMSQNG ™ (Q)4

tively.
In order to safely estimate the hydride affinities of quinones
in DMSO [AGy™(Q)d], p-BQ was chosen as a reference to

should be equal to the summation of the Gibbs energy change
of the isodesmic reaction in DMSQ\Gso*) and the hydride
affinity of the referencep-BQ in DMSO [AGH(p-BQ)] (eq

construct an isodesmic reaction, i.e., hydride interchange reaction7). Since the hydride affinity gb-BQ in DMSO is well-known,
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0 OH 0 0© OH
R AG*so) R R
+ —_— + or
(5)
o] 0o ¢} OH 0©
(Q)s (p-BQH)s (p-BQ)s (QHg)s (QHy)s
AGswr* = AGH(Q)s - AGH (p-BQ)s (6)
AGH(Q)s = AGH (p-BQ)s + AGs* (7)

the hydride affinities of the specimen quinones in DMSO can
be easily obtained from the eq 7 onlyAiG* is available.

In order to calculate thAGs,*, a thermodynamic cycle was
constructed as shown in Scheme 2, from whidBs,* can be
expressed witlAGy* and AGs, (eq 8)

AGg, " = AGy* + AG (8)

where AGg* is the standard Gibbs energy change of the
isodesmic reaction in gas phase ak@s is solvation energy
of the isodesmic reaction in DMSO, which can further be
expressed with eqs 9 and 10, respectively:

AGy* = Gy(QH") + Gy(p-BQ) ~ Gy(Q) — Gy(p-BQH)
©)

'sol

AG AG,,(QH) + AG,(p-BQ) — AG,,(Q) —

AG,(p-BQH) (10)
Therefore, considering eqs 8—10, eq 7 becomes eq 11:

AG, (Q) =AG, (p-BQ)+ AG,* = AG, (p-BQ)+
AGy* + AGyy= AG, (p-BQ) +{[Gy(QH ) +
AG4,(QH )] — [G(Q) + AG4,(Q)]} + {[Gy(p-BQ) +
AG,(p-BQ)] — [Gy(p-BQH ) + AG,,(p-BQH )1} (11)
Ineq 11,AG4 (p-BQ) is the hydride affinity of the reference
p-BQ in DMSO available from literature~(70.0 kcal/moly°

Gy(Q), Gg(QH), Gy(p-BQ), andGyg(p-BQH") are the standard
state Gibbs free energies of the species Q,”QptBQ, and
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SCHEME 2. Thermodynamic Cycle Proposed To Convert
Standard Gibbs Energy of the Isodesmic Reaction in the Gas
Phase to the Standard Gibbs Free Energy of the Reaction in
the Solution Phase

*

AG,
Q + pBQH, —=2 = QH, + pBQ,

l AGs(Q) l AGgq(p-BQH) lAGsoI(QH_) l AG,((p-BQ)

Qs +

pBQH, —  » QH, +
AGsoI*

p-BQ;

BQ), andAGs,(p-BQH") are the solvation energies of species
Q, QH, p-BQ, andp-BQH in DMSO. Since the solution
solvent interactions consist of an electrostatic interaction, a
cavity interaction, a dispersion interaction, and a repulsion
interaction, all four contributions were considered in the
estimation of solvation energies according to IEFPCM motlels.
The detailed results are listed in Table S2 (Supporting Informa-
tion). According to the results in Tables S1 and S2, the hydride
affinities of the 80 examined quinones in DMSO can be obtained
from eq 11; the detailed results are summarized in Table 1.

Discussion

Reliability of the Calculated Values. Since this is the first
estimation of the hydride affinities of quinones in DMSO by
using theoretical methods, the reliability of the estimated results
need to be examined.

At first, the examination was carried out in the estimations
of gas-phase values. As is well-known, considerable evidence
has shown that the geometry optimization of molecular structure
is reliable by using the B3LYP methddAlthough the methods
of B3LYP and MP2 could usually underestimate the absolute
bond energies of molecules, the calculated results about the
absolute bond energies of molecules are very reliable if suitable
isodesmic reactions are us&d? In the present studyp-BQ
was chosen as a reference to construct isodesmic reactions, and
the state free energies of the relative species in gas phase were
calculated at B3LYP/6-3Ht+G (2df,p)//B3LYP/6-3%+G* and
MP2/6-311++G**//B3LYP/6-31+G* level of theories. The
relative hydride affinities of quinones in gas phas&g*) are

p-BQH™ in the gas phase, which can be estimated by using ymmarized in Table S1 (Supporting Information). Since the

B3LYP and MP2 methods; the detailed results are listed in Table

S1 (Supporting Information)AGso(Q), AGso(QH™), AGsol(p-
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TABLE 1. Theoretical Hydride Affinities of the 80 Quinones
Shown in Scheme 1 in DMSO (kcal/mol) = 20+
[=]
—AGy(p-quinone) —AGy(0-quinone) E ol
B3LYP MP2 B3LYP MP2 §
Q QHi QHy QH: QHy Q QH QHy QHa QHy N -20
1 70 70 41 828 82.3 = 40
2 609 580 655 60842 957 972 97.1 982 £
3 600 588 637 61843 793 786 79.6 785 o slope = 0.92
4 636 604 654 60744 867 860 855 856 = 60+ .
5 683 632 702 64345 955 919 931 904 g r=0.9970
6 703 679 714 69346 732 745 729 753 = 804
7 643 667 653 67247 768 751 765 750 9
8 708 711 714 71348 869 852 857 837 2 100
9 746 725 746 71949 938 975 91.8 938 2 YT
10 734 704 728 69250 768 73.7 803 767 5
1 757 709 752 70151 749 765 753 769 & 120 . —— .
12 836 764 806 75552 905 886 889 869 -120 100 -80 60 40 -20 0O 20
13 762 797 729 78853 109.7 107.8 106.2 103.6 ]
14 803 816 796 81854 678 635 704 644 Relative AG,-(Q) from B3LYP (kcal/mol)
15 858 785 836 77555 748 727 756 729
16 67.0 712 56 %04 892 885 876 FIGURE 1. Relationship between the two results from MP2 and
17 635 64.7 57 109.9 1039 105.0 101.1 ) : o ) .
18 777 76.2 58 740 76.1 B3LYP about the relative hydride affinities of the quinones in gas phase.
19 963 93.3 59 755 76.0 ) ] ]
20 595 63.3 60 91.8 90.2 TABLE 2. Comparison between the Theoretical and Experimental
21 632 64.7 61 104.0 100.9 Hydride Affinities of Quinones in DMSO (kcal/mol)
22 782 76.6 62 63.0 65.9 -
23 936 91.3 63 737 74.0 theoretical
24 565 524 598 54064 90.4 88.6 : : Bal VD MPo
25 626 629 644 64065 1090 105.2 quinone no. experimental B3LYP MP2
26 767 740 757 72666 733 723 77.0 763 p-BQ 1 -70 -70 -70
27 982 892 943 87567 750 714 758 724 tetramethyl-p-BQ 33 _58 _55 —57
28 583 579 638 63168 928 935 90.8 913 . _ _ _
29 594 588 617 61169 117.7 1193 1135 113.8 tsgaQChloro P-BQ gg —1?)? —1?)? _gg
30 828 803 812 78870 606 579 647 613 hi B 26 o1 o6 o4
31 107.4 1033 103.8 100271 726 723 729 724 tetrachloro-0-BQ
gg gié ;"7"2 ;g 1?32 1?%11 181195 181723; a2 From the literature: Cheng, J.-P.; Handoo, K. L.; Xue, J.; Parker, V.
: ) . . . . b
34 834 818 74 698 745 D. J. Org. Chem1993,58, 5050.° From Table 1.
35 1159 112.7 75 731 73.9
3 595 63.1 76 96.2 93.9 . . . . . e
37 100.8 94.8 77 129.8 124.5 provide various organic oxidants that the hydride affinities are
38 101.0 98.2 78 725 705 713 694 known for chemists to choose in organic syntheses. Evidently,
39 616 61.1 79 975 99.6 . . . . ;
20 496 474 80 643 623 in the library, quinone77 is the strongest hydride acceptor

[AGH (7T7)pmso = —124.5 kcal/mol], the ability o¥ 7 to accept
hydride is not only far larger than that of the well-known strong
hydride acceptor, triphenylcarbenium, in DMS@QGy~ =
—96.5 kcal/mol}3* but also larger than that of 9-methyl-10-
nitroanthracene carbeniumyGy- = —120 kcal/mol) by 4.5 kcal/
mol %5 the latter has the largest hydride affinity known so far.
This result indicates that quinor’& can capture hydride from

relative hydride affinities derived from MP2 are very close to
the results derived from B3LYP, and the linear relationship of
the two results is quite good (see Figure 1, the line slope is
0.92 and ther value of the line is 0.997), the constructed
isodesmic reactions should be very suitable, which indicates

thhat thehestilr(;]z;ted r_(telati\ll_e kr:lydride ‘Zf_f inittie?hof qtuitnonest in %as all of the known organic hydride donors so far. But as to quinone
phase should be quite reliable according to the statements aboveyq e hydride affinity is—47.4 kcal/mol, quite smaller than

For the hydride affinities of quinones in DMSO, the reliability NAD* coenzyme model BNA [AGH ™ (BNA)omso = —59.0

of the estimation can be supported by the four available kcal/mol] 26 which indicates that quinor#0 cannot be reduced

eerr|me13_nt£a)ll vglu_rtes_ oflqumt(:]netzstrlln I]?MS:]) ((js%e Te;fk_)le_t_Z). ¢ by NADH and its models in DMSO under general experimental
rom 1able 2, it1s clear that the four hydride ammniies ot ., yitions; in fact, this suggestion is also in line with experi-

quinones33, 34,38, and76in DMSO obtained in this work all 0o regyits Sincp-BQ (1) is a well-known weak organic
are very close to the corresponding previously reported experi- hydride acceptorGy~ = —70.0 kcal/mol in DMSO), chloranil

mental observations, respectively, which indicates that the (34) is a well-known middle-strong organic hydride acceptor

calculated_results in th_is work should be reliable. Since the (AGw~ = —82 kcallmol in DMSO), tetracyanp-benzoguinone
results estimated by using MP2 method are much closer to the(35) and DDQ 88) are well-known strong organic hydride

experimental determinations than the results estimated by usingacceptors (AG- = —112.7 kcal/mol for35 and 98.2 kcal/mol

B3LYP method, the results from MP2 were chosen in the for 38in DMSO), the hydride affinity scale of the 80 quinones

fo':_?;\gEgedffﬁl;ﬁi'ggg;f;ﬂ\ée;éeggﬁones in DMSO.From can be grouped into three categories. The first category is that

o < > : the hydride affinities are less negative thaid0 kcal/mol, in

Table 1, it is clear that the hydride affinity scale of the 80 y 9

quinones in DMS(_) ranges from47.4 kcal/mol for_qumone (54) Cheng, J.-P.: Handoo, K. L. Parker, V..DAm. Chem. So4993

40 (9,10-anthraquinone) te-124.5 kcal/mol for quinon&7 115, 2655.

(3,4,5,6-tetracyano-1,2-quinone). Such a long scale of the (55) Unless specified, the magnitude of the hydride affinity in this paper

hydride affinities of the quinones-@47.4 to—124.5 kcal/mol) indicates the absolute value rather than the pure mathematical values
. . ’ ) (negative values) for the sake of convention.

evidently shows that the 80 quinones could construct a large (56) Cheng, J.-P.; Lu, Y.; Zhu, X.-Q.; Mu, L1. Org. Chem1998,63,

and useful library of organic hydride acceptors, which can 6108.
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this category, the quinones are due to the weak organic hydrideparametersog are shown in Figures SiS3, respectively
acceptors. The second category is that the hydride affinities are(Supporting Information). From Figures S$3, it is found that
within —70 to —90 kcal/mol, in the second category, the the linear dependences of hydride affinities on the Hammett
guinones are due to the middle-strong organic hydride acceptorssubstituent parameteps(r = 0.914) and omg (r = 0.891) are
The third category is that the hydride affinities are more negative much better than on¢ (r = 0.452), and the slope of the plot
than —90 kcal/mol; in this category, the quinones are due to line of hydride affinities against Hammett substituent parameters
the strong organic hydride acceptors. According to this simple o (13.5) in Figure S1 is close to that of the plot line of hydride
classification, quinone$9, 23, 27, 31, 35, 36, 38, 42, 45, 49, affinities against Hammett substituent resonance paramsers
53,57,60,61, 65, 68,69, 73,76, 77, and79 all are due to the (15.7) in Figure S2. These results indicate that the hydride
strong organic hydride acceptors; generally, these quinones cargffinities of quinones could have a linear relationship with the
be chosen as good organic oxidants in organic syntheses. By‘resonance factor” rather than “inductive factor” of the sub-
contrast, quinone2—4, 7, 17, 20, 21, 24, 25, 28, 29, 33, 36, stituents; i.e., the linear free energy relationship should hold in
39, 40, 62, 70, and80 all are due to weak organic hydride this system except for the subtituents with large inductive effect
acceptors; generally, these quinones cannot be chosen agsuch as, OCkl CRy). Since the line slope in the plot of hydride
efficient organic oxidants in organic syntheses. But, according affinities against Hammett substituent parametés positive

to the well-known relationship that if quinone (Q) is a weak (+13.5), i.e., electron-withdrawing groups (EWG) make the
hydride acceptor, the corresponding hydroquinone aniorrQH  hydride affinities increase, electron-donating groups (EDG)
should be a strong hydride donor, it is certain that the make the hydride affinities decrease, and the hydride affinities
corresponding hydroquinone anions (Q+bf 2—4, 7, 17, 20, of quinones in DMSO should be mainly controlled by the
21, 24, 25, 28, 29, 33, 37, 39, 40, 62, 70, and80 should be  stabilities of the formed hydroquinone anions (QHeq 5).
strong hydride donors, which can be used as good organic In order to examine the concerted effects of multiple
reducing agents in organic syntheses. In fact, many importantsubstituents attached to the quinone ring on the hydride affinities,
dihydroquinones (Qb), such as 1,4-dihydroquinone, 1,4- methoxy-substituted quinones (46, 28, and32), methyl-
dihydroxynaphthalene, 1,2-dihydroxynaphthalene, 1,4-dihydroxy- substituted quinones7( 17, 29, and33), chloro-substituted
2-naphthoic acid phenyl ester, and 5,8-dihydroxy-1,4-naphtho- quinones (1018, 30, and34), and cyano-substituted quinones
quinone, have been extensively used as good organic hydride(15, 19, 31, and35) were examined. Figures S&7 (Supporting
donors in basic solution in organic syntheses. As to the quinonesinformation) gave Hammett-type plots of hydride affinities
5,6,8—16,18, 22,26, 30, 32, 34,41, 43, 44, 46—48,50, 51, against the sum of the Hammett substituent parametess

52, 54—5658,59, 63,64,66,67,71,72, 74,75, and78, they cyano, chloro, methyl, and methoxy, respectively. From Figures
are all due to the middle-strong organic hydride acceptors. SomeS4—S7, itis interesting to find that when the substituent is CN,
of them can be easily reduced by well-known organic hydride Cl, and CH, the linear correlation is very good ¢ 0.997,
donors, such as NADH models: BNAH, Hantzsch 1,4-dihy- 0.982, and 0.915 for cyano, chloro, and methyl, respectively),
dropyridine, and 9,10-dihydroacridine to form the corresponding Put when the substituent is OGHwhich has large inductive
reduced forms. But the reduced forms of the quinones also caneffect, a saw-shaped curve was found (Figure S7); these results
be used as an organic hydride donor to reduce the Strongerindicate that _the concgrted effe_cts of multiple substituents except
hydride acceptors, such as DDQ. Quinone 5,8-dihydroxy-1,4- for t_h_e_substltuents w_|th Iarg_e_mductwe _effect hav_e good linear
naphthoguinone (36) has an interesting structure, one side is@dditivity on the hydride affinities of quinones. Figures 2 and
p-benzenquinone, which can accept a hydride, but the other side3 9ive the plot lines of hydride affinities versus the sum of the
is dihydro-p-benzenquinone, which can provide a hydride, so, Hammett substltue_-nt parametecs for various substltuted_
36is a zwitter-redox. Sincd6 can form intramolecular hydrogen ~ P-guinones and-quinones in Scheme 1 except for the substit-
bond to make the molecule more stable, the ability of the Uents with large inductive effect (OGHCFs, NHs, NMe, and
molecule to accept a hydride or to donate a hydride should be OH). From Figure 2, it is clear that a good linear correlation in
smaller than that of the frgebenzenguinone to accept a hydride  the plot was observed ¢ 0.981), which means that the hydride
and that of the free dihydrp-benzoguinone to donate a hydride.  affinities of mono- or multi-substitutep-quinones can be safely

. . . estimated from the plot line or its extension according to the
In order to make the systematical comparison and convenient . .
application of organic hydride acceptors for organic syntheses sum of Hammett substituent parametersrom the line slope
the available hydride affinities of hydride acceptors in DMSO  (-0-0) and line intercept (70.5), a general formula of the plot

. : . : . . line can be easily written (eq 12) to estimate the hydride
from literature and this work are listed together in Table 3, listing _¢. . . . ; L
the order of hydride affinities from small to large. From Table affinities of various substituteprquinones. Similarly, eq 13 can

L . . . also be obtained to estimate the hydride affinities of various
3, it is clear that if you choose an organic hydride donor to y

reduce quinonal0 (no. 19 in Table 3), the weakest hydride substitutedo-quinones only if the substituents have no strong

. . electrostatic inductive effect.
acceptor among the 80 quinones in Scheme 1, only the stronger

hydride donors, such as the reduced forms of ned.8lin Table

3, can be chosen to efficiently redué@ under general thermal AG,; (p-Q)~ —16.0Zq — 70.5 (kcal/mol)  (12)
reaction conditions. B
Effect of Substituent on the Hydride Affinities. From Table AGy (0-Q)~ —16.2%q — 81.5 (kcal/mol)  (13)

1, it is clear that the hydride affinities of quinones are strongly

dependent on the nature of the substituent. In order to elucidate Relative Stability of Monohydroquinone Anions QH,;~ and
the reason that the substituents affect the hydride affinities, threeQH,~ and Relative Acidity of the Corresponding Two
plots of the hydride affinities of quinonds-15[AGH (QHa )] Different OH Groups in the Dihydroquinones. From eq 5, it
against Hammett substituent parametgrslammett substituent  is clear that asymmetrically substituted quinones, such-ds$,
resonance parametepg and Hammett substituent inductive 24—31,42—57,66—73, and78 can yield two different mono-

J. Org. ChemVol. 72, No. 3, 2007 951



JOC Article Zhu et al.
TABLE 3. Comparison of Available Hydride Affinities of Some Organic Compounds in DMSO (kcal/mol)
no. hydride acceptors —AGH~ no. hydride acceptors —AGH~
1 9-c-C4HgN-fluorene-9-carbon radical 31 92 2,6-dichloro-p-quinone (26) 75.7
2 9-C(Me)(CH,)3sC(Me)xN-9-carbon fluorene radical 325 93 3,4,6-trimethyl-o-quinone (&7) 75.8
3 9-mesityl-fluorene-9-carbon radiéal 335 94 3,6-dimethyl-o-quinone (39) 76.0
4 9-Ph-fluorene-9-carbon radiéal 34 95 (4-MeNCgH,)3C catior? 76
5 9-(i-PrpN-fluorene-9-carbon radical 35 96 4-nitro-GH4CPh radicaf 76
6 9-NMe,-fluorene-9-carbon radical 35 97 3,4-dimethoxy-o-quinone (%8) 76.1
7 9-C(Me)(H)(CH)sC(Me)(H)N-fluorene-9-carbon radical 35.5 98 2,3-dichloro-p-quinone (18) 76.2
8 9-¢c-CsH1oN-fluorene-9-carbon radical 36 99 4-methyl-o-quinone (47) 76.5
9 9-PhCH(Me)N-fluorene 9-carbon radital 375 100 AcrHf 76.5
10 2-NMe-fluorene-9-carbon radical 38 101 cis-p-nitro-gH4CH=NO radicaf 76.6
11 fluorene-9-carbon radical 40 102 2,5-dichloro-p-quinone (22) 76.6
12 9-MeOCO-fluorene-9-carbon radital 40.5 103 3,5-dimethyl-o-quinone (%1) 76.9
13 3-trifluoro-CRCgH4CPh radicaf 43 104 (4-nitro-GH.)sCH radicat 77
14 9-EtO-fluorene-9-carbon radiéal 43 105 3,4,6-trimethoxy-o-quinone (66) 77.0
15 4-PhGH4CPh radicaf 44 106 10-nitro-9-methyl-An 9-carbon radital 78.5
16 4-PhSG@H,CPh radicaf 46 107 2-COOMe-p-quinone (13) 78.8
17 9-(p-OCH-CgH4NH)arylcluoreniminé 46.8 108 3-methyl-o-quinone (43) 79.6
18 9-EtS-fluorene-9-carbon radiéal 47 109 m-nitro-GsH4O radicaf 80.2
19 anthraquinone (40) 47.4 110 3,4-dimethoxy-o-quinone (80) 80.3
20 9-CH.CN-anthracene radical 49 111 2-CHO-p-quinone (12) 80.6
21 9-(GH4NH)arylcluoreniminé 49.1 112 2,3,6-trichloro-p-quinone (30) 81.2
22 9-(p-Cl-GHsNH)arylcluoreniminé 50.3 113 3,5-dinitro-gHsCOO radical 81.3
23 carbazole-nitrogen radiéal 52 114 2,3,5,6-tetrachloro-p-quinone (34) 81.8
24 p-cyano-GH4NH radicaf 53.5 115 2-trifluoromethyl-p-quinone (14) 81.8
25 4-PhSQCH,CPh radicalt 54 116 p-nitro-CsH4O radicaf 81.8
26 9-MeOCHAnN radicé& 54.5 117 4-nitro-@H4CH; radicak 82
27 9,10-dimethyl-An-9-carbon radiéal 55 118 o-quinone (419 82.3
28 9-methyl-An-9-carbon radical 55.5 119 cycloheptatriene catfon 83
29 1,3H-dibenzo[a,i]carbazole-nitrogen radical 55.5 120 2,4-dinitro-gH3NH radicaft 83.2
30 2-cyanofluorene-9-carbon radital 56 121 2-cyano-p-quinone (15) 83.6
31 10-methoxy-9-methyl-An-9-carbon radital 56 122 p-nitro-GsH4NPh radicat 85
32 iminostilbene-nitrogen radical 57 123 3-chloro-o-quinone (4%) 85.5
33 tetramethyl-p-quinone (33) 57.3 124 4-chloro-o-quinone (48) 85.7
34 10-phenyl-9-methyl-An-9-carbon radital 58 125 3,4,5-trichloro-o-quinone (72) 87.9
35 m-cyano-GHsNH radicaf 58 126 p-nitro-GsH4NH radicaf 88
36 2-PhS@-fluorene-9-carbon radical 58 127 9-NMe-fluorene-9-carbon catién 88
37 9-cyano-CHAnN radical 58 128 3,5-dichloro-o-quinone (56) 88.5
38 BNA* 59.0 129 4,5-dichloro-o-quinone (64) 88.6
39 2,6-dimethoxy-p-quinone (2%4) 59.8 130 3,4-dichloro-o-quinone (32) 88.9
40 9-PhOCHAnN-9-carbon radicél 60 131 9-phenylxanthene-9-carbon cation 89
41 10-chloro-9-methyl-An-9-carbon radiéal 60 132 9-methoxy-fluorene-9-carbon cation 89
42 4-PhCOGH4CPh radicaf 60 133 9-phenylxanthylium idn 89.3
43 2,3-dihydro-1,4-nathphoquinone (39) 61.1 134 9-phenylthioxanthene-9-carbon cétion 90
44 2,3,6-trimethyl-p-quinone (29) 61.7 135 1,2,3-triphenylcyclopropene cafion 90
45 9-PhCOCHAN radical 62 136 3,6-dichloro-o-quinone (60) 90.2
46 phenanthrene-9,10-dione (80) 62.3 137 xanthyliurn 90.3
47 10-PhS-9-MeAn-9-carbon radiéal 62.5 138 9-methyl-10-methoxyanthracene cétion 91
48 9-PhS@-fluorene-9-carbon radicl 63 139 2,5-dicyano-p-quinone (23) 91.3
49 9-PhSMeAn-9-carbon radiéal 63 140 3,4,6-trichloro-o-quinone (68) 91.3
50 5,8-dihydroxy-1,4-naphthoquinone (86) 63.1 141 2,4-dinitronaphthol radiéal 92.8
51 2,5-dimethoxy-p-quinone (20) 63.3 142 3-cyano-o-quinone (45) 93.1
52 2-NH-p-quinone (3) 63.7 143 2,3-dicyano-p-quinone (29) 93.3
53 2,3,6-trimethoxy-p-quinone (28) 63.8 144 4-cyano-o-quinone (49) 93.8
54 3,6-dibromocarbazole-nitrogen radical 64 145 3,4,5,6-tretrachloro-o-quinone (76) 93.9
55 2,6-dimethyl-p-quinone (25) 64.4 146 2,6-dicyano-p-quinone (27) 94.3
56 10-PhCO-9-MeAn-9-carbon radiéal 64.5 147 o-nitro-p-chloro-GHsNH; radicaf 94.5
57 2,4,6-trichloro-GH,NH radicaf 64.5 148 naphthalene-1,2,5,8-tetraone {37) 94.8
58 3,4,5-trimethoxy-o-quinone (70) 64.7 149 9,10-dimethylanthracene radical afion 95
59 2,3-dimethyl-p-quinone (17) 64.7 150 4-phenyl-gH4CPh catior? 96
60 2,5-dimethyl-p-quinone (241) 64.7 151 triphenylmethane (TPM) catfon 96
61 2-methoxy-p-quinone (&) 65.4 152 trityl iord 96.5
62 2-NMe-p-quinone (2 65.5 153 9-PhS-fluorene-9-carbon radical 97
63 4,5-dimethoxy-o-quinone (62) 65.9 154 9-phenyl-fluorene-9-carbon radfcal 97
64 10-cyano-9-methyl-An 9-carbon radital 66.5 155 (4-chloro-gH4)sC catior? 98
65 2-methyl-p-quinone (7) 67.2 156 9-methylanthracene cation 98
66 2,7-dinitro-fluorene-9-carbon radiéal 67.8 157 p-chloro-2,6-dinitro-GH,O radicaf 98.2
67 p-quinone (19 70 158 3-methoxy-o-quinone (42) 98.2
68 9-PhSQCH,AnN radicaf 70 159 2,3-dichloro-5,6-dicyano-p-quinone (38) 98.2
69 9-methyl-10-nitromethlanthracene radscal 70 160 naphthalene-2,3-dione (79) 99.6
70 2-HO-p-quinone (%) 70.2 161 3,4-dicyano-o-quinone (81) 100.9
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TABLE 3. Continued

no. hydride acceptors —AGH~ no. hydride acceptors —AGH~
71 3,5-dimethoxy-o-quinone (5%) 70.4 162 9-CHOMe-anthracene-9-carbon catfon 102
72 10-CHO—9-MeAn—9-carbon radiéal 70.5 163 9-(3-chloro-gH,)-fluorene catioh 102
73 2,3-dimethoxy-p-quinone (16) 71.2 164 protonatep-benzoquinorie 102.9
74 1,2-naphtho-quinone (78) 71.3 165 p-nitro-CsH4COO radical 103.2
75 2-HS-p-quinone (6) 71.4 166 2,3,6-tricyanp-quinone (319 103.8
76 2-SiH-p-quinone (8) 71.4 167 PBCH catior? 105
77 p-nitro—2,6-(t-Bu)CgH3O radicaf 71.8 168 9-methyl-10-chloroanthracene cation 105
78 p-nitro-CsH4S radicat 72.7 169 3,5-dicyano-quinone (57 105.0
79 2-chloro-p-quinone (10) 72.8 170 4,5-dicyano-quinone (65) 105.2
80 3,4,5-trimethyl-o-quinone (71) 72.9 171 3,4-dicyane-quinone (53) 106.2
81 9-nitro-CHAnN radical 73 172 Otert-butylfluorene-9-carbon catién 108
82 3,4,5,6-tetramethyl-o-quinone (75) 73.9 173 9-CHSPh-anthracene-9-carbon cafion 109
83 2,3,5,6-tetramethoxy-p-quinone (32) 73.9 174 fluorene 9-carbon catioh 109
84 4,5-dimethyl-o-quinone (6'3) 74.0 175 9-CHOPhanthracenen catidn 111
85 3,4,5,6-tetramethoxy-o-quinone (74) 74.5 176 2,3,5,6-tetracyarmguinone (35) 112.7
86 trans-m-nitro-gH4sCH=NO radical 74.6 177 3,4,6-tricyano-quinone (69) 113.8
87 cis-m-nitro-GH4CH=NO radica 74.6 178 9-C@Me-fluorene-9-carbon catién 114
88 2-fluoro-p-quinone (9) 74.6 179 3,4,5-tricyano-quinone (73) 1145
89 2-bromo-p-quinone (14) 75.2 180 9-methyl-10-nitro-anthracene-9-carbon cétion 120
90 4-methoxy-o-quinone (48) 75.3 181 3,4,5,6-tetracyarmeuinone (77 124.5
91 3,4-dimethyl-o-quinone (55) 75.6

aZhang, X. M.; Bordwell, F. GJ. Am. Chem. S0d.994,116, 904.P This work, calculated by MP2 method. It is worth pointing out herein that when the
quinone is an asymmetrically substituted quinone such-ak5,24—31,42—57,66—73, and78, the larger hydride affinity (more negative) was chosen.
¢Handoo, K. L.; Cheng, J. P.; Parker, V. D.Am. Chem. S0d.993,115, 50679 Zhao, Y.; Bordwell F. GJ. Org. Chem1996,61, 6623.¢ Cheng, J.P.;
Handoo, K. L.; Parker, V. DJ. Am. Chem. S0d.993,115, 2655fCheng, J.-P.; Lu, Y.; Zhu, X.-Q.; Mu, L1. Org. Chem1998,63, 6108.
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FIGURE 2. Plot of —AGy™(QH") against the sum of Hammett  FGURE 3. Relationship between theoretical negative hydride affinities
substituent parameter. of o-quinones and sum of Hammett substituent parametdexcept

the OCH group).
hydroquinone anions QH and QH,” in the reductions, the _ _ _ _
asymmetrically substituted quinones have two hydride affinities groups in the dihydroquinones (@Hcan be estimated from
AGH (QHa:") and AGy(QHy ). By examining Table 1, it is  the difference of the two different hydndg affinitieadss,~(QHa )
found thatAG~(QHa") are generally larger thahGr~(QHy "), and A_GH—(QHb—). Table 4 gavg the dlffere_nce of state free
which means that QH with the substituents closer to the €nergies between QHand QH™ and the difference of i,
negatively charged oxygen should have larger thermodynamic _between the two dlff_eren_t OH groups in t_he dlhydro_qumones
stability than the corresponding @H which could mainly resutt " PMSO solution. It is evident that according to the difference
from the ortho-static and steric effect of the substituents. But if

of pK, the relative acidities of the two OH groups in the
the AGy—(QHy-) andAGw—(QHy-) in Table 1 were examined asymmetrically substituted dihydroquinones can be efficiently
in detail, it is found that when the substituents have no strong

estimated and differentiated. By examining Table 4, it is found
. ’ ) B g that for the asymmetrically substituted dihydroquinones, the
inductive effect or large ortho-steric effechG™(QHa") is acidity of the OH group nearer to the substituents is generally
generally close tAGy~(QHy ™). However, in the other cases,  |arger than that of the one far from the substituents. The main
the differences between them all are remarkable. Since thereason could be that the ortho-steric and/or ortho-electrostatic
differences betweeAGH™(QHa") andAG (QHy ") are directly  effects of the substituents prefer the nearer OH group to the
dependent on the relative stabilities of the two corresponding other one to release a proton. Taking 2-(dimethylamino)-

hydroquinone anions QH and QH,~, it is conceivable that  dihydroquinone (the neutral reduced form of quin@es an
the relative acidities of the corresponding two different OH example, the pKof OH group at thel-position is smaller than
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TABLE 4. Difference of the State Free Energy between Qi and o]

QHp~ and the Difference of K, between the Two Different OH e}

Groups in Dihydroquinone in DMSO Solution o] 5.5kcal/mol__.-* |
~AGy(MP2) ~AGy(MP2) @ —_

quinone QH~ QH,~ AG?® ApKP quinone QH- QHy,~ AG2 ApKP

2 655 608 47-35 44 855 856 —0.1 —0.0
3 63.7 618 19-14 45 931 904 27 20
4 654 607 4.7-3.4 46 72.8 753 —25 —1.8 AGY = -70kcalimol AGY = -82.8kcalimol
5 702 643 58-43 47 765 750 15 1.1
6 71.4 693 21-16 48 857 837 19 1.4
7
8
9

653 672 -19 14 49 91.8 938 —2.0 —1.4 OH

714 713 01-01 50 80.3 767 36 26 Y

746 719 27-20 51 753 769 -16 -12 o=H
10 72.8 692 36-27 52 889 867 20 19 s y °o
11 752 701 51-38 53 1062 1036 26 19 0 -7.3kcal/mol "-a T @
12 80.6 755 51-3.8 54 70.4 644 6.0 4.4
13 729 788 -59 43 55 756 729 27 20
14 796 818 —22 17 56 885 876 09 07 FIGURE 4. Difference of hydride affinities betweemquinone and
15 836 775 6.1-45 57 1050 101.1 39 29 o-quinone calculated by the MP2 method.
24 59.8 540 58-43 66 770 763 06 05
25 64.4 640 04-03 67 75.8 724 34 25 SCHEME 3

26 75.7 726 3.1-23 68 90.8 91.3 -0.5 —0.4
27 943 875 6.8-50 69 1135 113.8 -0.3 —0.3
28 63.8 63.1 09-06 70 64.7 613 34 25
29 61.7 611 0.6 -05 71 729 724 06 04
30 812 788 24-18 72 879 873 06 04
31 103.8 100.2 3.6—2.6 73 1145 1129 16 1.2
42 97.1 982 -11 08 78 713 694 19 14
43 796 785 11-08

2AG = AGH (QHa") — AGH™(QHy™). P ApKa = pKa(QHz — QHa™ +
H*) — pK«(QH2 — QHy~ + HY), AG = 1.36pK.

that of OH group at the 4-position by 3.4%Kpunit, which

means that acidity of the OH at 1-position is much larger than it is easy to find that the hydride affinities @fquinones are

that of the OH at 4-position. In fact, it still is very difficult to  larger than those of the correspondjmguinones by about 11.0

safely distinguish the relative acidities between the two OH kcal/mol.

groups in such asymmetrically substituted dihydroquinones only  Effect of Aromatic Properties of Quinone on the Hydride

using the conventional experimental methods so far. Affinity. By examining the hydride affinities of quinones with
Comparison of Hydride Affinities between p-Quinones aromatic structurepfquinonesl, 39,40 ando-quinonestl, 78,

and o-Quinones. Similar to p-quinones,0-quinones are also  80) in Table 1, it is found that the hydride affinities of the

one class of very important quinones and have many importantp-quinones decreased in the orderlof—70 kcal/mol)> 39

roles in chemistry and biology. Sinaequinone is an isomer  (—61 kcal/mol)> 40 (—40.0 kcal/mol):® the hydride affinities

of the corresponding-quinone due to the different position of  of the o-quinones decreased in the order4df (—82.3 kcal/

the two C=0 groups, the difference of oxidizability between mol) > 78 (—71.3 kcal/mol)> 80 (—62.3 kcal/mol), which

the two types of quinones has been an interesting question forindicates that the larger the aromatic system of the quinone is,

a long time. Examiningp-BQ (41) andp-BQ (1), it is found the smaller the hydride affinity of the quinones is. The main

that the hydride affinity o1 (—82.3 kcal/mol) is larger than  factor causing this could be that the quinone with larger aromatic

that of 1 (—70.0 kcal/mol) by 12.3 kcal/méFf, which means system could have larger stability in thermodynamics, which

thato-BQ is a stronger hydride acceptor thauBQ. The main makes the quinone more difficult to capture a hydride anion.

reason could be that the state free energies-BfQ andp-BQ When the hydride affinities of-quinones (1,39, 40) and

as well as monohydro-o-quinone anion (0-BQHnd mono- o-quinones 41, 78, 80) were plotted against the number of
hydro-p-quinone aniorptBQH") could be different from each  benzene rings of the quinones, respectively, it was unexpectedly
other, respectively. By comparing the state free energiesBf) found that the hydride affinities gi-quinones an@-quinones
andp-BQ, it is found that the state free energyoeBQ is higher have good linear relationships to decrease with the increase of

than that ofp-BQ by 5.5 kcal/mol, which indicates thatBQ the number of benzene rings in the quinones (Figure 5).
has larger chemical potential to capture a hydride anion than According to this relationship, the hydride affinities of aromatic
p-BQ, the reason could be that mBQ a large electronic  quinones containing three or more benzene rings can be
repulsion effect occurs between the two oxygen atoms, however,predicted. But, it is worth noting herein that although quinone
in p-BQ, no such electronic repulsion effect exists between the 79 is an isomer o0f/8 and the molecular structure @b is also

two oxygen atoms. In addition, by examining the state free similar to that of78, the hydride affinity of79 (—99.6 kcal/
energy of the reduced form of quinones (BQHit is clear that mol) is much larger than that of the corresponding isoit&r
the state free energy ofBQH" is lower than that op-BQH"~ (=71.3 kcal/mol), even more, much larger than that of quinone
by 7.3 kcal/mol (see Figure 4), which means tbaBQH"™ is 41 (—82.3 kcal/mol). The main reason is that the attached
much more difficult to release hydride thprBQH™, the reason benzene ring in quinon@9 is not due to aromatic system.

is thato-BQH™ can form intramolecular hydrogen bond, but Effect of Solvent (DMSO) on the Hydride Affinity. As is
p-BQH™ cannot (Scheme 3). Evidently, combination of the two well-known, unlike the hydride affinities of quinones in gas
factors mentioned above makes the hydride affinityoeBQ phase, the hydride affinities of quinones in solution is not only
quite larger than that gf-BQ. In general, from eqs 12 and 13 dependent on the structure of quinones, but also dependent on
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slope = -10.0, intercept = 82.0, r = 0.998
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FIGURE 5. Relationship of hydride affinities of aromatic quinones
in DMSO with the number of benzene rings in the aromatic quinones.
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FIGURE 6. Dependence of the relative hydride affinities of the various
substitutedy- ando-quinones in DMSO on the corresponding hydride
affinities in gas phase.

the nature of solvent. In order to quantitatively estimate the
relative contribution of the solvation effect to the hydride
affinities of quinones in DMSO, the plot of the relative hydride
affinities of quinones in gas phasA®g*) against the relative
hydride affinities of quinones in DMSOAGs,*) were made
(Figure 6). From Figure 6, a good linear plot betwe®Gy*

and AGso* was observed and a formula linkingGg* and
AGso* can be formed (eq 14). From the slope of the plot line

JOC Article

three different types, the formation of cavity in the continuum
medium, dispersion of solute in solvent, and repulsion between
solute and solvent, the solvation energy of quinones in DMSO
is made up of four types of interaction energies: electrostatic
energies, the energy of cavity formation in the continuum
medium, dispersion energy, and repulsion enérgijhe data

of the four interaction energies of quinones (Q) and their
corresponding monohyhroquinone anion (Qkh DMSO are
summarized in Table S2, respectively (Supporting Information).

By examining the electrostatic and nonelectrostatic interaction
energies of Q and QHin Table S2, it is found that the
electrostatic energies and dispersion energies all are negative,
but the cavity energies and repulsion energies all are positive,
which indicates that the electrostatic interaction between solutes
(Q, QH") and solvent (DMSO) and the dispersion of the solutes
in the solvent all are exothermic processes, but the cavity
formation and the repulsion between solute (Q, Qtnd
solvent (DMSO) all are endothermic processes. Since the
nonelectrostatic energies of Qtare very close to the corre-
sponding nonelectrostatic energies of Q and the dependences
of the nonelectrostatic energies (cavity energies, dispersion
energies, and repulsion energies of Q and §xdl are not strong
on the hydride affinities of quinones in gas phase (see Figure
S8, Supporting Information), the effects of nonelectrostatic
interactions between solute (Q, QHand solvent (DMSO) on
the hydride affinities of quinones in DMSO may be ignored.
The effect of solvent (DMSO) on the hydride affinities of
qguinones are mainly dependent on the electrostatic interaction
between solute (Q and Qi and solvent (DMSO). According
to the calculated results in Table S2 that the electrostatic
interaction energies of QHwith solvent (from—41.78 kcal/
mol for 73b to —62.83 kcal/mol for3b) is much larger than
those of the corresponding Q with solvent4.38 kcal/mol for
33to —14.96 kcal/mol for61) and the observation in Figure 6
that the line slope for the electrostatic interaction energies of
QH~ with solvent 0.17) is much larger than that for the
electrostatic interaction energies of Q with solvent (059),
is believable that the effect of solvent on the hydride affinities
of quinones in DMSO mainly come from the electrostatic
interaction of charged solutes (Qtnd H") with DMSO. Since
the electrostatic interaction of solutes and solvent is directly
dependent on the polarities of solutes (&hd QH") and solvent
(DMSO) and the polarity of H is much larger than that of
QH, it is reasonable to predict that the hydride affinities of
quinones in aqueous solutioa# 78.4)5° which has received
more attention from biochemists, should be smaller than that
of the corresponding quinones in DMS©= 46.7)%° In fact,

(0.74) and eq 14, it is clear that 26% of the gas-phase hydridethis prediction can be supported by the hydride affinities of

affinities are offset by the solvation in the liquid-phase hydride
addition process.
AG, " = 0.74AG* + 5.5 (14)

In order to elucidate the efficient nature of DMSO in the

NAD™ or its model (BNA")® in the solvents with different
polarity: —53.6 kcal/mdt! for NAD " in H,O (e = 78.4),—59.0

(57) Namazian, M.; Norouzi, P.; Ranjbar, RHEOCHEM?2003, 625,
235.
(58) The magnitude of the line slopes in this paper indicates the absolute

solvation effect, various interactions between solute and solventvalue rather than the pure mathematical values (negative values) for the

were examined. According to the calculation model of solvation
used in this work, we know that the solvation energies of
quinones in DMSO are not only formed from electrostatic

sake of convention.

(59) Isaacs, N. Fhysical Organic ChemistryJohn Wiley & Sons: New
York, 1987; p 180, Table 5.4.

(60) Although NAD' is quite different from BNA in the molecular

interaction between solute and solvent (electrostatic interaction structure, the reaction center structures of NAGhd BNA" are the same,

energy), but also from nonelectrostatic interactions between
solute and solvent (nonelectrostatic interaction energy). Since

the hydride affinities of NAD and BNA" should be close to each other in
the same solvent according to the definition of hydride affinity.
(61) Zhu, X.-Q.; Yang, Y.; Zhang, M.; Cheng, J.-R.Am. Chem. Soc.

nonelectrostatic interactions between solute and solvent have2003,125, 15298.
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kcal/moP® for BNA™ in DMSO (e = 46.7p° and —64.1 kcal/
mol62 for BNA™ in acetonitrile (e= 27.5)5°

Conclusions

In this work, the hydride affinities of 80 various derivatives
of p- ando-quinones in DMSO solvent were estimated by using
B3LYP/6-311+G (2df,p)//B3LYP/6-3#-G* and MP2/6-
311++4+G**//B3LYP/6-31+G* methods, combined with the
PCM cluster continuum solvation model. After analyses on the
hydride affinity scale of the quinones in DMSO and the detailed
examination of the effects of substituent, aromatic property of
quinone ring and solvent on the hydride affinities of the
quinones, the following conclusions can be made: (i) The
hydride affinity scale of the 80 quinones in DMSO is quite large
(from —47.4 kcal/mol for 9,10-anthraquinone t6124.5 kcal/
mol for 3,4,5,6-tetracyano-1,2-quinone), which indicates that
the 80 quinones can form a useful library of organic oxidants
to provide various organic hydride acceptors for chemists to
choose. (ii) The hydride affinity ob-quinone in DMSO is
generally larger than that of the correspondmguinone by
11 kcal/mol in DMSO, which means that the oxidizability of

o-quinones should be much larger than that of the corresponding Supporting Information Available:

p-quinones. (iii) The effects of substituents on the hydride
affinities of quinones have good additive properties; the total
effect of the various substituents on the hydride affinities is equal
to the addition of the effect of individual substituent on the

hydride affinities, when the substituents have no large electro-

static inductive force and no large steric hindrance. This finding

Zhu et al.

aromatic system of quinone is, the smaller the hydride affinity
of quinone is, and the decrease of the hydride affinities is linearly
to take place with the increase of the number of benzene rings
in the molecule of quinones, from which the hydride affinity
of aromatic quinones with multiple benzene rings can be
predicted. (v) The effects of solvent (DMSO) on the hydride
affinities of quinones are mainly dependent on the electrostatic
interaction of the charged monohydroquinone anion (Rvth
solvent (DMSO). It is evident that these important and hard-
to-get hydride affinities of quinones in solution and the
conclusions on the effects of substitute, structure of quinone,
and solvent on the hydride affinities of quinones could provide
very important clues to use quinones as oxidant and use
dihydroquinone as reductant as well as predict the thermody-
namics of hydride exchange between quinone and hydroquinone.
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The relative hydride
affinities of the 80 quinones in the gas phase, the detailed solvation
energies of quinones and hydroquinone anions in DMSO, the
relationships of quinonek-15with Hammett substituent parameter

(o, or, andog), the relationships oAG, (QH, ™) with the sum of
Hammett parameter of substituents (CN, Cl, Cfland CHO),
dependencies of electrostatic energies, cavity energies, dispersion

suggests that the hydride affinities of any substituted quinones €nergies and repulsion energies of quinones and hydroguinone

can all be directly estimated from the Hammett substituent
parametero. (iv) As to aromatic quinones, the larger the

(62) Zhu, X.-Q.; Li, H.-R.; Li, Q.; Ai, T.; Lu, J.-Y.; Yang, Y.; Cheng,
J.-P.Chem. Eur. J2003,4, 871—880.
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anions on the hydride affinities of quinones in gas phased*)

(Part 1), as well as the Cartesian coordinates of molecules discussed
in the test (Part 2). This material is available free of charge via the
Internet at http://pubs.acs.org.

JO0621928





