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The tert-butoxyl radical, generated by the aqueous TiIII/
TBHP system, abstracts an H atom from alcoholic cosolvents
(EtOH, iPrOH), leading to α-hydroxyalkyl radicals that
reduce aromatic aldehydes to the corresponding 1,2-diols.
The reactivities observed are explained by resonance stabili-

Introduction

The reactivity of the tert-butoxyl radical as a prototypi-
cal model for reactive oxygen-centered radicals has moti-
vated numerous studies in organic, biological, and atmo-
spheric chemistry,[1] and a large number of absolute rate
constants for H atom abstraction reactions from a variety
of substrates (ethers,[2] alcohols,[3] amines,[1,4] and hydro-
carbons[1,5]) has been measured.[6]

We recently reported[7] that the tert-butoxyl radical, gen-
erated by aqueous TiIII one-electron reduction of tert-butyl-
hydroperoxide (TBHP), selectively abstracted an α-H atom
from ethers affording α-ether radicals, which underwent
chemoselective addition to an equilibrium mixture of an al-
dehyde and an amine leading to imine addition products in
good yields without byproducts derived from the aldehyde.

While further investigating these reactions, we unexpec-
tedly found that the TiIII/TBHP redox system, when used
in combination with an alcoholic cosolvent (EtOH, iPrOH),
brings about the hydrodimerization of aromatic aldehydes
in fair-to-high yields, depending on both the polar nature
and the position of the X-substituent in the aromatic ring
and the type of alcoholic cosolvent (Scheme 1, path a).

Earlier investigations by our laboratory showed that an
aqueous TiCl3 solution promoted pinacolization of aro-
matic aldehydes only in strong basic medium[8] (Scheme 1,
path b) but not under acidic conditions, according to the
fact that the reducing power of the aqueous TiIII ion
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zation of the α-hydroxybenzyl radicals formed in the elec-
tron-transfer (ET) process. Good Hammett-type correlations
are obtained.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Scheme 1. Effect of the reaction medium on the pinacolization of
aromatic aldehydes.

strongly increases with an increase in the pH of the solu-
tion.

We next[8e] found that by using a strictly anhydrous non-
coordinating solvent (CH2Cl2), high dl-stereoselective pina-
colization occurred (Scheme 1, path c) due to TiIII carbonyl
oxygen complexation, which lowers the reduction potential
of the aldehyde.

Thus, on the basis of the above experimental findings, it
seems a paradox that the addition of peroxide to an aque-
ous acidic TiIII alcoholic solution could promote the re-
ductive dimerization of aromatic aldehydes. Several EPR
and laser flash photolysis studies showed that α-hy-
droxyalkyl radicals, mainly generated by hydroxy radical H
atom abstraction from alcohols, bring about rapid one-elec-
tron reduction of substrates with high electron affinity
(such as nitro compounds,[9] heteroaromatic bases, and qui-
nones, etc.[10]). Then it should follow that, under our condi-
tions, the TiIII/TBHP system should initiate the generation
of α-hydroxyalkyl radicals which, in turn, behave as the ac-
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tual reductant of the aromatic aldehyde present, instead of
the TiIII ion.

The aim of the present report is to investigate the influ-
ence of the substituents at the aromatic ring in determining
the substrate reactivity towards reduction by the TiIII/
TBHP aqueous acidic system in different alcoholic cosol-
vents.

Results and Discussion

After a survey to optimize the reaction conditions we
found that upon dropwise addition of TBHP (5 mmol in
5 mL of EtOH or iPrOH) to a homogeneous solution of
4-CN-benzaldehyde (1a, 2 mmol) and TiCl3 (15% aqueous
acidic solution, 8 mmol) in either EtOH or iPrOH (10 mL),
an exothermic reaction took place, leading to dimers 2a
(meso/dl, 1:1) in almost quantitative isolated yields (95%,
Table 1) in ca. 5 min. Under the same experimental condi-
tions, but in the absence of TBHP, 1a was recovered un-
changed, as already pointed out in Scheme 1.

Table 1. Reductive coupling of para-substituted benzaldehydes[a] by
using an excess of TBHP.

X 1 Yields of 2a–f [%][b,c]

EtOH iPrOH

CN 1a 95 95
COCH3 1b 85 86
CO2CH3 1c 80 82
Br 1d 68 68
H 1e 35 58
CH3 1f 24 46

[a] Molar ratio 1:2.5 for 1/TBHP. [b] Isolated yields based on the
aldehyde. [c] Ratio meso/dl, 1:1, determined by 1H NMR spectro-
scopic analysis of the crude reaction mixture.

The reaction proceeds like a titration and can be visually
monitored because the end is clearly showed by the change
in color of the solution from blue to yellow, which occurs
by the time (5 min) TBHP is added. Pinacol coupling reac-
tions by using the above 2.5:1 over-stoichiometric amount
of TBHP/aldehyde in either EtOH or iPrOH cosolvents, are
summarized in Table 1.

Several comments are worth noting: (1) aromatic alde-
hydes bearing para electron-withdrawing substituents (1a–
d) afforded corresponding diols 2 in good isolated yields,
and similar results were obtained in both solvents, (2) with
the less activated benzaldehyde and p-tolualdehyde, the de-
sired diols were obtained in modest yields and the decrease
was more pronounced in EtOH than in iPrOH, (3) the re-
duction is highly chemoselective: many functional groups
(CN, CO2Me, Br) are compatible with the conditions used
and even p-acetylbenzaldehyde (1b) is selectively reduced at
the aldehyde functionality.
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The formation of dimers 2, as well as the reactivity ob-
served, can be explained by the reactions sequences re-
ported in Scheme 2, paths i–iv (R = R� = Me; R = H, R�
= Me).

Scheme 2. Mechanistic rationale.

The tert-butoxyl radical arising from TiIII one-electron
reduction of TBHP (path i) generates α-hydroxyalkyl radi-
cal A· by selective α-H atom abstraction from the solvent
alcohol (path ii) in a fast process (kH are 1.1�106 and
1.8�106 –1 s–1 for EtOH and iPrOH, respectively),[3a] due
to favorable enthalpy balance[11] and polar factors.[12]

As shown by their redox potentials,[13] α-hydroxyalkyl
radicals have a strong nucleophilic character which deter-
mines their fast oxidation; thus, the electron-transfer step
(path iii), leading to the oxidation product of the alcohol
and to the radical anion of the aromatic aldehyde, in pro-
tonated form B· because of the acidic medium, followed by
the coupling of B· itself is the more plausible pathway lead-
ing to dimers 2. The stereorandom formation of meso and
dl dimers suggests that B· is not coordinated to the metal
ion at the time of coupling.[8d]

As shown in Table 1, by working with an excess of
TBHP, the difference in reducing power of the ethyl alcohol
radical and of the isopropyl alcohol radical emerged only
with aldehydes deactivated towards reduction, whereas a
leveling effect was observed in the reduction of 1a–d. If the
ET mechanism outlined in Scheme 2 is operative, the frac-
tion of electron transfer (e.g. dimers yield) should depend
not only on the oxidizing power of the substrate, but also
on the reducing strength of the α-hydroxyalkyl radical in-
volved.[13]

To highlight the different reactivities of the two solvent
radicals towards the same aldehyde, they have to be gener-
ated in a concentration that is comparable with that of the
electron acceptor molecule. We reasoned that starting with
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a stoichiometric 1:1 amount of TBHP/aldehyde the amount
of A· would be equal to that of the tert-butoxyl radical not
involved in the β-scission and in the reduction step [paths
a and b of Scheme 2]. Then, the subsequent course of the
reaction will only depend on the fate of A· so produced,
which can either reduce the aldehyde (kET, path iii) or be
consumed in competitive reactions leading to molecular
products (kA).[14]

For the reaction of tert-butoxyl radical (from TiIII/TBHP
at pH = 2) in the presence of iPrOH, Gilbert reported a
value of 1:3.7�0.4 for the ratio kβ:kH.[15] Taking advantage
of this value, determined under experimental conditions
comparable to ours, we repeated the reduction of 4-CN-
benzaldehyde in iPrOH by using a strictly controlled 1:1
stoichiometric amount of TBHP/aldehyde. The yield of 2a,
determined by 1H NMR spectroscopy with an internal
standard, was found to be 86% with respect to either the
starting aldehyde or THBP.

According to Gilbert’s value, this result could be inter-
preted to mean that only 14% of the initial TBHP is con-
sumed in the competitive β-scission of the tert-butoxyl radi-
cal[16] (paths i and a), whereas the remaining 86% generates
ketyl radical A· from iPrOH, (paths i and ii), which then
quantitatively affords B· (path iii) by one-electron transfer
to 1a. Under these conditions, the lower reducing power of
the ethyl alcohol radical showed itself, affording 2a in 77%
yield.

Thus, to have a more detailed picture concerning the
structure–reactivity of both partners involved in these reac-
tions, we performed the reduction of the aldehydes reported
in Table 2 by using a 1:1 stoichiometric amount of TBHP/
aldehyde. In Table 2 the aldehydes are listed in order of
decreasing Hammett σ values of the substituents, and the
yields of dimers 2 obtained in EtOH and iPrOH are re-
ported in the fourth and fifth columns, respectively.

Table 2. Reductive coupling of para- and meta-substituted benzal-
dehydes by using a stoichiometric amount of TBHP/aldehyde.

X 1 σ[a] Yields of 2a–f [%][b,c]

EtOH iPrOH

p-CN 1a 0.70 77 86
m-CN 1am 0.62 28 56
p-COCH3 1b 0.47 60 75
p-CO2CH3 1c 0.44 55 73
m-COCH3 1bm 0.36 25 46
p-Br 1d 0.26 45 60
H 1e 0.00 25 43
p-CH3 1f –0.14 22 36
p-OCH3 1g –0.27 15 22

[a] Taken from ref.[17] [b] Yields, determined by 1H NMR spectro-
scopic analysis of the crude reaction mixture with an internal stan-
dard, are based on starting 1. [c] Ratio meso:dl, 1:1, by 1H NMR
spectroscopic analysis of the crude reaction mixture.
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Omitting the yields of dimers obtained in the reduction
of m-CN and m-COCH3 benzaldehydes (vide infra), very
good linear correlations are observed between Hammett σ
values of the substituents in the para position, and the
yields of corresponding dimers 2 obtained in the two sets
of reactions, as shown by the bold lines in Figures 1 (for
EtOH) and 2 (for iPrOH).

Figure 1. Plots of dimer yields vs. Hammett σ values of substituents
for para- (�) and meta- (�) substituted benzaldehydes in EtOH
cosolvent. The reported equation refers to the bold line.

Figure 2. Plots of dimer yields vs. Hammett σ values of substituents
for para- (�) and meta- (�) substituted benzaldehydes in iPrOH
cosolvent. The reported equation refers to the bold line.

Since the two lines have almost the same slope (63.8 and
65.5, respectively), the difference in the axis intercepts (ca.
13% of dimers) can be taken as the average of the different
reactivity of the two solvent radicals towards para-substi-
tuted benzaldehydes.

Unfortunately, the relative reactivities of substituted
benzaldehydes cannot be experimentally determined under
competitive conditions, since the formation of mixed diols
introduces a notable source of errors. However, the fact that
the two bold lines of Figures 1 and 2 are almost parallel
allows to assume that, for a given alcohol radical, only the
oxidizing power of the aldehyde determines kET (e.g. the
dimer yields).

On the grounds of this assumption, the relative rates of
the electron-transfer reactions to substituted benzaldehydes
versus benzaldehyde 1e, may be considered proportional to
the relative yields of dimers 2x/2e calculated from the data
of Table 2.

In Figures 3 and 4 (reactions in EtOH and iPrOH,
respectively), log(2x/2e) is plotted against Hammett’s σ val-
ues of the same substituents X and, excluding the values of
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meta-substituted- and of para-methoxybenzaldehyde, a very
good linear correlation is observed for both the two sets of
data.

Figure 3. Plots of log(2x/2e) vs. Hammett σ values of substituents
for para- (�) and meta- (�) substituted benzaldehydes in EtOH
cosolvent. The reported equation refers to the bold line.

Figure 4. Plots of log(2x/2e) vs. Hammett σ values of substituents
for para- (�) and meta- (�) substituted benzaldehydes in iPrOH
cosolvent. The reported equation refers to the bold line.

The susceptibility of the reaction to the substituents ef-
fect is greater for the less reducing and, thus, more selective
EtOH radical (ρ = 0.69) than for the iPrOH radical (ρ =
0.47). The decreasing reactivity of meta- with respect to
para-substituted benzaldehydes is particularly marked and
a separation into two lines may be envisaged: the one corre-
sponding to meta substituents (dashed lines in Figures 3
and 4, including benzaldehyde itself) lies appreciably below
to the one of para substituents.

Since the effect of substituents in the meta position are
usually used to assess inductive effects, it follows that the
increased reactivity of para- with respect to meta substitu-

Scheme 3. Transition state and resonance structures.

Eur. J. Org. Chem. 2007, 4050–4055 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 4053

tion is to be ascribed to the additional resonance stabiliza-
tion of developing α-hydroxybenzyl radicals B·.

Under the present acidic conditions (pH ≈ 1), the elec-
tron transfer step would take place, followed by or con-
certed with synergic proton transfer, leading to a very fast
reaction in which a large degree of radical character is built
up in a “late” transition state (Scheme 3). The greater the
increase in the radical character, the more resonance stabi-
lizing forms with the unpaired electron spread over the para
EWG (X = CN, CO2CH3, COCH3, Br) contribute to lower
the transition-state energy (Scheme 3, structure Ba� shown
for X = CN).

This would explain the increased reactivity of para- with
respect to meta-EWG-substituted benzaldehydes, for which
resonance stabilized forms of corresponding radical B can-
not be drawn.[18] The failure of p-OCH3 to correlate well
with the other para substituents, for example, the low reac-
tivity of para-methoxybenzaldehyde (Figures 3 and 4) is in
accord with the fact that delocalization of the odd electron
onto the oxygen atom results in Bg�, which is charge-sepa-
rated and, consequently, of higher energy than structure
Ba�.[19]

In addition, whereas Ba may be regarded as a captodative
(cd) radical,[20] which enjoys extra stabilization due the syn-
ergic effect of the donor (OH) and of the acceptor substitu-
ent (p-EWG), Bg is a didonor (dd) radical for which the
effect of the two substituents with like polarity (OH and p-
OCH3) is antagonistic, thus destabilizing the radical.[19]

Conclusions

The aqueous TiIII/TBHP system, used in combination
with an alcoholic solvent, represents a new, fast, mild, and
chemoselective method for promoting reductive pinacoli-
zation of aromatic aldehydes. The actual reducing agent is
not the metal ion, but rather the α-hydroxyalkyl radical.
The higher reactivities of para- with respect to meta-substi-
tuted benzaldehydes are interpreted as being due to the ef-
fect of resonance stabilization of the resulting captodative
para-substituted α-hydroxybenzyl radicals.
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Experimental Section
General: All materials were purchased from commercial suppliers.
Liquid benzaldehydes were distilled prior to use. All reactions were
performed at room temperature (20 °C) under an atmosphere of
nitrogen. NMR spectra were recorded at 500 or 400 MHz for 1H
and 125 or 100 MHz for 13C, measured in [D6]DMSO. Chemical
shifts (δ) were presented in ppm, using the DMSO peak (δ
=2.50 ppm for 1H and 39.43 ppm for 13C) as an internal standard.
The ratios of dimers were determined from the intensities of the
benzylic protons in the 1H NMR spectra in which the protons of
the dl isomer appeared at higher field relative to that of the meso
isomer. ESI-MS were performed with an Esquire 3000 plus ion-
trap mass spectrometer equipped with an ESI source. The following
aqueous solutions were used: a 15% acidic solution of TiCl3 and
an 80% solution of TBHP. Flash column chromatography was per-
formed by using 40–63 µm silica gel packing.

Representative Procedure for Pinacol Reaction with TiCl3/TBHP in
Aqueous Alcoholic Solution by Using an Excess of Peroxide: To a
well-stirred solution of 4-CN-benzaldehyde (1a, 262 mg, 2.0 mmol)
in EtOH (or iPrOH, 10 mL) and TiCl3 (15% aqueous acidic solu-
tion, 8.0 mmol, 8.0 mL), at room temp. and under an atmosphere
of N2 was added dropwise a solution of TBHP (80% solution,
5.0 mmol, 0.62 mL) in EtOH (or iPrOH, 5.0 mL) over ca. 5 min.
The blue color of the reaction mixture discharged and became yel-
low by the end of the TBHP addition. The alcoholic cosolvent was
partially removed in vacuo and the leftover solution was extracted
with EtOAc (3�50 mL). The organic phase was washed with brine,
dried (Na2SO4), and concentrated in vacuo. The crude reaction
mixture (265 mg) contained pinacols dl-2a and meso-2a in a 1:1
ratio according to 1H NMR spectroscopic analysis. Pure pinacols
(250 mg, 95%) were obtained by crystallization from EtOAc/hex-
ane (1:1). The same yield was obtained in both EtOH and iPrOH
cosolvents (Table 1).

Representative Procedure for Pinacol Reaction with TiCl3/TBHP in
Aqueous Alcoholic Solution by Using a 1:1 Stoichiometric Amount
of TBHP/aldehyde: To a well-stirred solution of 4-CN-benzalde-
hyde (1a, 262 mg, 2.0 mmol) in EtOH (or iPrOH, 10 mL) and TiCl3
(15% aqueous acidic solution, 3.0 mmol, 3.0 mL) at room tempera-
ture and under an atmosphere of N2 was added dropwise a solution
of TBHP (80% solution, 2.0 mmol, 0.25 mL) in EtOH (or iPrOH,
5.0 mL) over ca. 5 min. The reaction mixture changed its color
from blue to yellow. However, to ensure the complete decomposi-
tion of the peroxide, additional TiCl3 solution (ca. 0.8 mL,
0.8 mmol) was dropped into the reaction mixture in order to barely
maintain a pale blue color. Work up was as above. The crude reac-
tion residue, added of a weighed amount of a suitable internal stan-
dard (2-CH3-benzyl alcohol) and analyzed by 1H NMR spec-
troscopy, revealed 2a in 77% yield when the reaction was per-
formed in EtOH and 86% yield when iPrOH was used, as a 1:1
isomers mixture (Table 2).

Spectroscopic Data: Diols 2a, 2c, 2d, 2e, 2g, and 2f exhibit spectro-
scopic data consistent with those reported in the literature.[21]

1,2-Bis(3-cyanophenyl)-1,2-ethanediol (meso/dl) (2am): 1H NMR
(500 MHz, [D6]DMSO): δ = 4.66 (d, s after D2O exchange, dl, J =
4.2 Hz, 2 H, 2�CH), 4.81 (d, s after D2O exchange, meso, J =
4.2 Hz, 2 H, 2�CH), 5.61 (d, D2O exchangeable, dl, 2 H, 2�OH),
5.66 (d, D2O exchangeable, meso, 2 H, 2�OH), 7.42–7.70 (m, 8 H
meso + 8 H dl, ArH) ppm. 13C NMR (125 MHz, [D6]DMSO): δ =
75.3 (meso, 2�CHOH), 75.6 (dl, 2�CHOH), 110.1 (dl, 2�C-
CN), 110.3 (meso, 2�C-CN), 118.8 (meso, 2�CN), 118.9 (dl,
2�CN), 128.4, 128.5, 130.38, 130.4, 130.5, 130.8, 131.8, 132.1,
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(8�CH dl + 8�CH meso), 143.6 (meso, 2�C-CHOH), 144.3 (dl,
2�C-CHOH) ppm. MS (ESI): m/z (%) = 265 (100) [M + H]+.

1,2-Bis(4-acetylphenyl)-1,2-ethanediol (meso/dl) (2b): 1H NMR
(400 MHz, [D6]DMSO): δ = 2.52 (meso, 6 H, 2�CH3), 2.55 (dl, 6
H, 2�CH3), 3.0–3.5 (dl + meso, 4 H, 4�OH), 4.70 (s, dl, 2 H,
2�CH), 4.77 (s, meso, 2 H, 2�CH), 7.29 (d, meso, J = 8.4 Hz, 4
H, ArH), 7.38 (d, dl, J = 8.4 Hz, 4 H, ArH), 7.78 (d, meso, J =
8.4 Hz, 4 H, ArH), 7.85 (d, dl, J = 8.4 Hz, 4 H, ArH) ppm. 13C
NMR (100 MHz, [D6]DMSO): δ = 26.48 (meso, 2�CH3), 26.5 (dl,
2�CH3), 76.4 (dl, 2�CHOH), 76.5 (meso, 2�CHOH), 127.2 (dl
+ meso, 4�CH), 127.4 (dl + meso, 4�CH), 135.4 (meso, 2�C),
135.5 (dl, 2�C), 147.5 (meso, 2�C), 148.3 (dl, 2�C), 197.5 (meso,
2�CO), 194.6 (dl, 2�CO) ppm. MS (ESI): m/z (%) = 299 (100)
[M + H]+.

1,2-Bis(3-acetylphenyl)-1,2-ethanediol (meso/dl) (2bm): 1H NMR
(400 MHz, [D6]DMSO): δ = 2.46 (s, meso, 6 H, 2�CH3), 2.53 (s,
meso, 6 H, 2�CH3), 4.70 (d, s after D2O exchange, dl, J = 3.3 Hz,
2 H, 2�CH), 4.79 (d, s after D2O exchange, meso, J = 3.3 Hz, 2
H, 2�CH), 5.41 (d, D2O exchangeable, dl, 2 H, 2�OH), 5.52 (d,
D2O exchangeable, meso, 2 H, 2�OH), 7.32–7.83 (m, 8 H dl + 8
H meso, ArH) ppm. 13C NMR (100 MHz, [D6]DMSO): δ = 26.4
(meso, 2�CH3), 26.5 (dl, 2�CH3), 76.4 (dl, 2�CHOH), 76.5
(meso, 2�CHOH), 126.4, 126.6, 126.8, 127.4, 127.5, 131.8, 132.1
(8�CH meso + 8�CH dl), 135.8 (meso, 2�C), 136.0 (dl, 2�C),
142.6 (meso, 2�C), 143.5 (dl, 2�C), 197.7 (meso, 2�CO), 197.8
(dl, 2�CO) ppm. MS (ESI): m/z (%) = 299 (100) [M + H]+, 281
(50) [M – H2O + H]+.

Supporting Information (see footnote on the first page of this arti-
cle): Spectroscopic data for diols 2am, 2b, and 2bm.

Acknowledgments

Financial support from MURST (Cofin 2006) is gratefully ac-
knowledged.

[1] M. Finn, R. Friedline, N. K. Suleman, C. J. Whol, J. M. Tanko,
J. Am. Chem. Soc. 2004, 126, 7578–7584 and references cited
therein.

[2] V. Malatesta, J. C. Scaiano, J. Org. Chem. 1982, 47, 1455–1459.
[3] a) H. Paul, R. D. Small, J. C. Scaiano, J. Am. Chem. Soc. 1978,

100, 4520–4524; b) S. K. Wang, J. Am. Chem. Soc. 1979, 101,
1235–1239.

[4] D. Griller, J. A. Howard, P. R. Marriot, J. C. Scaiano, J. Am.
Chem. Soc. 1981, 103, 619–623.

[5] M. Weber, H. Fischer, J. Am. Chem. Soc. 1999, 121, 7381–7388
and references cited therein.

[6] For various H-abstraction absolute rate constants (kH),
see:J. C. Scaiano in Landolt-Börnstein: Numerical Data and
Functional Relationships in Science and Technology – New
Series: Vol. II/13d: Radical Reactions Rates in Liquid (Ed.: H.
Fischer), Springer, Berlin, Germany, 1984, pp. 12–26.

[7] A. Clerici, R. Cannella, N. Pastori, W. Panzeri, O. Porta, Tetra-
hedron 2006, 62, 5986–5994.

[8] a) For a recent review on pinacol coupling reaction, see: A.
Chatteerjee, N. N. Joshi, Tetrahedron 2006, 62, 12137–12158;
b) A. Clerici, N. Pastori, O. Porta, Eur. J. Org. Chem. 2002,
3326–3335; c) A. Clerici, O. Porta, J. Org. Chem. 1985, 50, 76–
81; d) A. Clerici, O. Porta, Tetrahedron Lett. 1982, 23, 3517–
3520; e) A. Clerici, L. Clerici, O. Porta, Tetrahedron Lett. 1996,
37, 3035–3038.

[9] a) V. Jagannadahn, S. Steenken, J. Am. Chem. Soc. 1988, 110,
2188–2192; b) V. Jagannadahn, S. Steenken, J. Am. Chem. Soc.
1984, 106, 6542–6551; c) M. Mc Millan, R. O. C. Norman, J.
Chem. Soc. B 1968, 590–597; d) W. E. Griffiths, G. F. Longer,



Reductive Coupling of Aromatic Aldehydes Promoted by TiCl3/tBuOOH FULL PAPER
J. Myatt, P. F. Todd, J. Chem. Soc. B 1966, 1130–1132; e) W. T.
Dixon, R. O. C. Norman, J. Chem. Soc. B 1963, 3119–3124.

[10] See ref.[6]: vol. II/13b, pp. 311–339.
[11] The strengths of the O–H bond in tBuOH, EtOH, and iPrOH

are 105, 94.8 and 91 kcalmol–1, respectively.
[12] For a review, see: B. R. Roberts, Chem. Soc. Rev. 1999, 28, 25–

25.
[13] The redox potentials of CH3CH(OH) and (CH3)2C(OH) radi-

cals are –0.94 and –1.06 V, respectively; a) J. Lilie, G. Beck, A.
Henglein, Ber. Bunsen-Ges. Phys. Chem. 1971, 75, 458; b) Z. B.
Alfassi (Ed.), General Aspects of the Chemistry of Radicals,
Wiley Interscience, 1999, p. 420.

[14] Termination of A· by self-coupling lies in the range of dif-
fusion-controlled radical reactions (kA–A �109 –1 s–1, see
ref.[3a]). However, oxidation of A· by peroxide may well be a
competitive reaction (see: E. S. Huyser, C. J. Bredeweg, J. Am.
Chem. Soc. 1964, 86, 2401–2405).

[15] B. G. Gilbert, P. D. R. Marshall, R. O. C. Norman, N. Pined,
P. S. Williams, J. Chem. Soc. Perkin Trans. 2 1981, 1392–1400.

[16] It is very unlikely that the methyl radical contributes to the
formation of A·. The absolute rate constant of H-atom abstrac-
tion by the methyl radical from alcohols is three orders of mag-
nitude lower than that of the tert-butoxyl radical (5.2�102 and
3.4�103 –1 s–1 for EtOH and iPrOH, respectively, see ref.[10],
pp 7–8).

[17] J. March, Advanced Organic Chemistry, 3rd ed., Wiley Intersci-
ence, 1985, p. 244.

Eur. J. Org. Chem. 2007, 4050–4055 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 4055

[18] ESR coupling constants show that para substitution stabilizes,
whereas meta substitution destabilizes benzyl radical. J. M.
Dust, D. R. Arnold, J. Am. Chem. Soc. 1983, 105, 1221–1227.

[19] The extended Hammett free-radical constant σ value for p-
OCH3 is negative, indicating that a methoxy group destabilizes
a benzyl radical. Delocalization of the odd electron on the oxy-
gen atom of the methoxyl is only possible by a charge separated
structure like Bg�. However, when the donor atom is not a first
row element, but a higher period element like Br, delocalization
of the odd electron becomes possible by expansion of the octet
due to low-lying d orbitals. T. H. Fisher, A. W. Meierhoefer, J.
Org. Chem. 1978, 43, 224–228 and references cited therein.

[20] a) H. G. Viehe, Z. Janousek, R. Mereny, L. Stella, Acc. Chem.
Res. 1985, 18, 148–154; b) I. MacInnes, J. C. Walton, J. Chem.
Soc. Perkin Trans. 2 1987, 1077–1082; c) F. M. Welle, H. D.
Beckhaus, C. Rüchardt, J. Org. Chem. 1997, 62, 552–558; d)
J. J. Brocks, H. D. Beckhaus, A. L. J. Beckwith, C. Rüchardt, J.
Org. Chem. 1998, 63, 1935–1943.

[21] The relevant references for known diols 2 are given in sequence:
a) 2a and 2g: A. Furstner, R. Csuk, C. Rohrer, H. Weidmann,
J. Chem. Soc. Perkin Trans. 1 1988, 1729–1734; b) 2e, 2f, and
2d: L. Wang, Y. Zhang, Tetrahedron 1988, 54, 11129–11140; c)
2c: K. Fukui, K. Senda, Y. Shigemitzu, Y. Odaira, J. Org.
Chem. 1972, 37, 3176–3181. See also ref.[8]

Received: March 21, 2007
Published Online: June 22, 2007


