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There is much debate on the homolytic O–H bond dissociation

enthalpy (BDE) of pyrogallol. By means of a coupled-cluster

method with single and double excitations at the 6-31+G* le-

vel, four BDEs corresponding to the three hydroxyl groups of

pyrogallol were calculated, one of which supports the experi-

mental value determined by time-resolved photoacoustic calori-

metry. The other three are reported for the first time and are

of significance to provide deeper insight into the H-atom dona-

tion behavior of pyrogallol.

As a fundamental physico-chemical parameter, the homo-
lytic bond dissociation enthalpy (BDE) has been broadly used
in organic chemistry and medicinal chemistry.1 For instance,
the homolytic BDE has been successfully employed to char-
acterize the radical-scavenging activity of antioxidants and to
rationally design novel antioxidants.2 Hence, considerable
efforts, including experimental determinations3–5 and theore-
tical calculations,6 have been devoted to estimating homolytic
BDEs of various compounds. The two approaches give con-
sistent values in most cases, but there is some controversy over
the O–H BDEs of intramolecularly hydrogen-bonded poly-
phenols, such as catechol and pyrogallol.7–10 Although a
consensus on the O–H BDE of catechol has been reached by
combining an experimental determination,7 theoretical calcu-
lations8 and kinetic analysis,9 the debate over the O–H BDE of
pyrogallol remains open.

Using a hybrid density functional theory (DFT) method,
labelled as (RO)B3LYP/6-311+G(2d,2p)//AM1/AM1, Wright
et al. estimated the O–H BDE (BDE1, see Scheme 1) of
pyrogallol (1) to be 14.1 kcal mol�1 lower than that of
phenol.11 Based on an EPR radical equilibration technique,
Lucarini et al. determined the O–H BDEs of propyl gallate (2)
and octyl gallate (3, see Scheme 2) to be 81.2 kcal mol�1, from
which a much higher value of BDE1 (7.9 kcal mol�1 lower than
that of phenol) was derived through group-additivity analy-
sis.10 The important difference between the theoretical calcula-
tion and the experimental determination was compromised by
recent studies. Through DFT calculations using B3LYP/
6-31+G(,3pd) and CBS-4M methods, Bakalbassis et al.8a

and Correia et al.7 provided relative BDE1s of �11.29 and
�12.7 kcal mol�1, respectively (absolute value: 77.40 kcal

mol�1). In addition, by means of time-resolved photoacoustic
calorimetry, Correia et al.7 proposed a relative value of �10.5
kcal mol�1 (absolute value at 298 K : 78.6 kcal mol�1).
Therefore, one must concede that more efforts are required
to propose a consistent BDE1 of the O–H bond in pyrogallol.
Moreover, as illustrated in Scheme 1, there exist three other
O–H BDEs (BDE2, BDE3 and BDE4) for pyrogallol, for
which no information has been obtained.
In order to get some insights into BDE2–4 and to evaluate

the existing BDE1 of pyrogallol, we attempted to calculate the
four BDEs by a coupled-cluster method with single and double
excitations (CCSD), which has been successfully used to
calculate the O–H BDE of catechol, an intramolecular hydro-
gen-bonded phenol.8b

Although pyrogallol can exist in two conformations (Scheme
3), 1 is more stable than 4, because of the presence of double
intramolecular hydrogen bonds (IHBs). Hence, 1 was em-
ployed as the starting point to calculate the O–H BDEs.
As indicated in Scheme 1, the BDE1 of pyrogallol is calcu-

lated to be 77.12 kcal mol�1, 10.48 kcal mol�1 lower than that
of phenol, which is in excellent agreement with the experi-
mental value given by Correia et al. (�10.5 kcal mol�1).7,12

Since time-resolved photoacoustic calorimetry also reliably
gave the O–H BDE of catechol,7 it is reasonable to consider
that the (RO)B3LYP/6-311+G(2d,2p)//AM1/AM1 method
underestimated the BDE1, while the EPR radical equilibration
technique overestimated it by several kcal mol�1. Similarly, an
under- or overestimation by both methods of the O–H BDE of
catechol was indicated in previous studies.9 According to the
error analyses of both methods, the underestimation by the
DFT method of BDE1 is more likely to result from an over-
estimation of the IHB energy,8b while the overestimation by
the EPR technique of BDE1 partially arises from the invalidity
of group additivity.13

The group-additivity analysis is a convenient method to
estimate O–H BDEs of monophenols. But the group-additivity
analysis becomes complicated for intramolecularly hydrogen-
bonded polyphenols.13 According to its definition, the group-
additivity concept is valid for intramolecular hydrogen-bonded
polyphenols only if the substituent groups exhibit similar
effects on the IHB energies of polyphenols and the derived
radicals thereof,14 which means that the IHB in the parent
molecule preserves its conformation after H-atom abstrac-
tion.14 Although the COOR group displays similar effects on
the IHB1 and IHB10 energies, because of the identical orienta-
tion of both IHBs (Scheme 2), it exhibits distinct effects on the
IHB2 and IHB20 energies, due to their different directions
(Scheme 2). That is, the COOR group is meta to the OH in
position 1 and, thus, has little effect on the net charge of O1.
As a result, IHB2 is only slightly influenced by COOR. In

w Electronic supplementary information (ESI) available: optimized
structures, total energies and thermal corrections to enthalpy
for all calculated molecules. See http://www.rsc.org/suppdata/nj/b4/
b416841k/
z Abbreviations: BDE, bond dissociation enthalpy; DFT, density
functional theory; CCSD, coupled-cluster method with single and
double excitations; TCE, thermal correction to enthalpy; IHB, intra-
molecular hydrogen bond.
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contrast, in 2b and 3b, the COOR group is para to the radical
Od in position 2, which decreases the net charge on Od and, thus,
weakens IHB20. The distinct effects of COOR on IHB2 and
IHB20 invalidate the use of group additivity. As a consequence,
it is disputable to use the substituent effect of COOR (1.5 kcal
mol�1) to deduce the O–H BDE of pyrogallol from the BDE
between 2 and 2b, and between 3 and 3b.10 In addition, another
possible reason for the overestimation of BDE1 by the EPR
technique may reside in the uncertainty of the method, as the
O–H BDE of 3,5-di-tert-butylcatechol (79.4 kcal mol�1), also
determined in that study,10 has been since updated as being
equal to 78.2 kcal mol�1 by a recent investigation.8b

The CCSD calculations also give BDE2–4, which reflect the
reactivity of corresponding hydroxyls in the H-atom-abstrac-
tion reaction. It is interesting to note that BDE2 (82.23 kcal
mol�1) is slightly higher than the O–H BDE of catechol,
calculated by the same method (81.6 kcal mol�1),8b which
must result from the electron-withdrawing effect of O(3)H.15

The attenuated H-atom-donating ability of O(2)H and O(3)H
can be explained by the fact that the related H-atom-abstrac-
tion reactions have to overcome the IHB in parent pyrogallol.
Furthermore, a higher BDE4 compared to BDE3 can be
understood from the different behaviors of OH groups at meta
or ortho positions. That is, O(1)H and O(3)H are ortho to
O(2)H and, thus, have an electron-donating effect towards
O(2)H, while for O(3)H the electron-donating effect of O(2)H
is partially offset by the electron-withdrawing effect of O(1)H.
In addition, from the energy difference between 1b and 1c, one
can estimate the IHB energy for one hydroxyl group in 1b to be
6.36 kcal mol�1, which is 1.64 kcal mol�1 lower than that for
the catecholic radical8b and can be attributed to the fact that
O(2)d is also shared by O(3)H in 1b.

In conclusion, the CCSD-calculated BDE1 of pyrogallol
provides solid evidence to support the experimental value
determined by time-resolved photoacoustic calorimetry. In
addition, other BDEs besides BDE1 for pyrogallol are ob-

tained, which are of significance to obtain deeper insight into
the H-atom-donating behavior of pyrogallol.

Methodology

The molecular geometries were optimized firstly by the semi-
empirical quantum chemical method AM1,16 then by the DFT
method17 at the B3LYP/6-31+G* level and finally by the
CCSD/6-31+G* method.18 During the CCSD calculation,
the core electrons were held frozen in estimation of electron
correlation, since their inclusion would not be expected to
significantly influence the optimum geometries.8b Thus, the
molecular enthalpy consists of the CCSD/6-31+G* calculated
total energy and the B3LYP/6-31+G* derived thermal correc-
tion to enthalpy (TCE, scaled by a factor of 0.9804).19 The
BDEs of pyrogallol (ArOH) were calculated according to eqn.
(1), issued from an isodesmic approach:8b

BDE(ArOH) = BDEexp(PhOH) + [Hcalcd(ArOd)

� Hcalcd(ArOH)] � [Hcalcd(PhO
d) � Hcalcd(PhOH)] (1)

BDEexp(PhOH) is the experimentally determined O–H BDE of
phenol and equals 87.6 kcal mol�1,20 Hcalcd(ArOd) and Hcalcd

(PhOd) are calculated enthalpies for pyrogallolic radical and
phenolic radical, respectively, while Hcalcd(ArOH) and Hcalcd

(PhOH) are calculated enthalpies for parent pyrogallol and
phenol, respectively. The CCSD method and the isodesmic
approach have been justified by a recent calculation on the
O–H BDE of catechol.8b The CCSD/6-31G*, CCSD/6-31+G*
and CCSD/6-31++G** calculated O–H BDEs of catechol
were 80.6, 81.6 and 81.5 kcal mol�1, respectively,8b indicating
that the basis set dependence of the CCSD method is rather
weak, provided the diffuse function is included. Therefore,
CCSD/6-31+G* was employed in the present calculations.
All of the calculations were accomplished with the Gaussian 03
program21 on a SGI Origin 350 server with 8 CPUs.

Acknowledgements

This work was supported by the National Key Project for
Basic Research (2003CB114400) and the National Natural
Science Foundation of China (30100035).

References

1 (a) R. M. Borges dos Santos and J. A. Martinho Simoes, J. Phys.
Chem. Ref. Data, 1998, 27, 707–739; (b) E. T. Denisov and T. G.
Denisova, Handbook of Antioxidants, CRC Press, Boca Raton,
FL, 2nd edn., 2000; (c) Y. R. Luo, Handbook of Bond Dissociation
Energies in Organic Compounds, CRC Press, Boca Raton, FL,
2003.

2 (a) G. W. Burton and K. U. Ingold, Acc. Chem. Res., 1986, 19,
194–201; (b) K. Tanaka, S. Sakai, S. Tomiyama, T. Nishiyama
and F. Yamada, Bull. Chem. Soc. Jpn., 1991, 64, 2677–2680; (c) S.
Tomiyama, S. Sakai, T. Nishiyama and F. Yamada, Bull. Chem.
Soc. Jpn., 1993, 66, 299–304; (d) S. A. B. E. van Acker, L. M. H.
Koymans and A. Bast, Free Radical Biol. Med., 1993, 15, 311–328;
(e) E. Migliavacca, P. A. Carrupt and B. Testa, Helv. Chim. Acta,
1997, 80, 1613–1626; (f) H. Y. Zhang, J. Am. Oil Chem. Soc., 1998,
75, 1705–1709; (g) H. Y. Zhang, Y. M. Sun, G. Q. Zhang and

Scheme 1 CCSD/6-31+G* calculated O–H BDEs for pyrogallol.

Scheme 2 Structures of propyl gallate (2), octyl gallate (3) and their
derived radicals.

Scheme 3 The two conformations of pyrogallol.

536 N e w J . C h e m . , 2 0 0 5 , 2 9 , 5 3 5 – 5 3 7

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
L

os
 A

ng
el

es
 o

n 
01

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 2

1 
Fe

br
ua

ry
 2

00
5 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
41

68
41

K

View Article Online

http://dx.doi.org/10.1039/b416841k


D. Z. Chen, Quant. Struct.-Act. Relat., 2000, 19, 375–379; (h)
D. A. Pratt, G. A. DiLabio, G. Brigati, G. F. Pedulli and
L. Valgimigli, J. Am. Chem. Soc., 2001, 123, 4625–4626; (i)
E. G. Bakalbassis, A. Chatzopoulou, V. S. Melissas, M. Tsimidou,
M. Tsolaki and A. Vafiadis, Lipids, 2001, 36, 181–190.

3 (a) F. G. Bordwell and J. P. Cheng, J. Am. Chem. Soc., 1991, 113,
1736–1743; (b) F. G. Bordwell, X. M. Zhang, A. V. Satish and
J. P. Cheng, J. Am. Chem. Soc., 1994, 116, 6605–6610.

4 (a) M. Lucarini, G. F. Pedulli and M. Cipollone, J. Org. Chem.,
1994, 59, 5063–5070; (b) M. Lucarini, P. Pedrielli and G. F.
Pedulli, J. Org. Chem., 1996, 61, 9259–9263.

5 (a) L. J. J. Laarhoven, P. Mulder and D. D. M. Wayner, Acc.
Chem. Res., 1999, 32, 342–349; (b) M. I. de Heer, H. G. Korth and
P. Mulder, J. Org. Chem., 1999, 64, 6969–6975.

6 (a) Y. D. Wu and D. K. W. Lai, J. Org. Chem., 1996, 61, 7904–
7910; (b) J. S. Wright, D. J. Carpenter, D. J. McKay and K. U.
Ingold, J. Am. Chem. Soc., 1997, 119, 4245–4252; (c) G. A.
DiLabio, D. A. Pratt, A. D. LoFaro and J. S. Wright, J. Phys.
Chem. A, 1999, 103, 1653–1661; (d) T. Brinck, M. Haeberline and
M. Jonsson, J. Am. Chem. Soc., 1997, 119, 4239–4244; (e) T.
Brinck, H. N. Lee and M. Jonsson, J. Phys. Chem. A, 1999, 103,
7094–7104; (f) H. Y. Zhang and D. Z. Chen, Chin. J. Org. Chem.,
2001, 21, 66–70; (g) H. Y. Zhang, Y. M. Sun and D. Z. Chen,
Quant. Struct.-Act. Relat., 2001, 20, 148–152; (h) Y. M. Sun, H. Y.
Zhang and D. Z. Chen, Chin. J. Chem., 2001, 19, 657–661; (i) Y.
Fu, B. L. Lin, K. S. Song, L. Liu and Q. X. Guo, J. Chem. Soc.,
Perkin Trans. 2, 2002, 1223–1230.

7 C. F. Correia, R. C. Guedes, R. M. Borges dos Santos, B. J. C.
Cabral and J. A. Martinho Simoes, Phys. Chem. Chem. Phys.,
2004, 6, 2109–2118.

8 (a) E. G. Bakalbassis, A. T. Lithoxoidou and A. P. Vafiadis,
J. Phys. Chem. A, 2003, 107, 8594–8606; (b) M. Lucarini,
G. F. Pedulli and M. Guerra, Chem.-Eur. J., 2004, 10, 933–939.

9 H. Y. Zhang, New J. Chem., 2003, 27, 453–454.
10 M. Lucarini, V. Mugnaini and G. F. Pedulli, J. Org. Chem., 2002,

67, 928–931.
11 J. S. Wright, E. R. Johnson and G. A. DiLabio, J. Am. Chem.

Soc., 2001, 123, 1173–1183.
12 The BDEs determined by different methods should be compared

on a relative level, because there may exist a systematic error in
different methodologies. For instance, the O–H BDE for phenol

was estimated to be 87.6 (ref. 20) and 89.2 (ref. 7) kcal mol�1 by
the EPR radical equilibration technique and time-resolved photo-
acoustic calorimetry, respectively.

13 H. Y. Zhang, New J. Chem., 2004, 28, 1284–1285.
14 H. Y. Zhang, Y. M. Sun and X. L. Wang, Chem.-Eur. J., 2003, 9,

502–508.
15 It is well-known that OH is an electron-withdrawing group when

at the meta position, despite its strong electron-donating property
at the ortho or para positions. The Hammett parameters sm and
sp for OH are 0.12 and �0.37, respectively (from C. Hansch, A.
Leo and R. W. Taft, Chem. Rev., 1991, 91, 165–195).

16 M. J. S. Dewar, E. G. Zoebisch, E. F. Healy and J. J. P. Stewart,
J. Am. Chem. Soc., 1985, 107, 3902–3909.

17 (a) C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 1988, 37,
785–789; (b) A. D. Becke, J. Chem. Phys., 1993, 98, 1372–1377.

18 G. D. Purvis and R. J. Bartlett, J. Chem. Phys., 1982, 76,
1910–1918.

19 J. B. Foresman and A. Frisch, Exploring Chemistry with Electronic
StructureMethods, Gaussian, Inc., Pittsburgh, PA, 2nd edn., 1996,
p. 64.

20 G. Brigati, M. Lucarini, V. Mugnaini and G. F. Pedulli, J. Org.
Chem., 2002, 67, 4828–4832.

21 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery Jr, T. Vreven,
K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi,
V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega,
G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Strat-
mann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli,
J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth,
P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich,
A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz,
Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov,
G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayak-
kara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez and J. A. Pople, GAUSSIAN 03,
(Revision A.1), Gaussian, Inc., Pittsburgh, PA, 2003.

N e w J . C h e m . , 2 0 0 5 , 2 9 , 5 3 5 – 5 3 7 537

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
L

os
 A

ng
el

es
 o

n 
01

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 2

1 
Fe

br
ua

ry
 2

00
5 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
41

68
41

K

View Article Online

http://dx.doi.org/10.1039/b416841k

