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Abstract—The formation of side products in the pinacol–pinacolone rearrangement was studied as a function of concentration
and strength of various aqueous acids using 1H NMR spectroscopy. In all cases, pinacolone was the principal product and in most
cases, its relative yield decreased with respect to 2,3-dimethyl-1,3-butadiene, when the acid concentration was lowered or the
corresponding conjugate base was added. © 2002 Elsevier Science Ltd. All rights reserved.

The acid catalyzed pinacol–pinacolone rearrangement
has been well studied for a long time1 and has served as
a standard topic in most undergraduate organic text-
books. With benzopinacol as the diol, tetra-
phenylethylene oxide was also produced2 in addition to
the expected benzopinacolone. Several non-dehydrative
pinacol rearrangements with various Lewis acids have
also been reported.3 More recently, similar rearrange-
ments were observed in the presence of aminium salts.4

A theoretical study of the mechanism that involves
both stepwise and concerted reaction paths has been
described by Nakamura and Osamura.5 Although, the
classical pinacol to pinacolone rearrangement is well
documented, we were intrigued by some reports1j that
under certain acidic conditions, 2,3-dimethyl-1,3-buta-
diene becomes the major product in the reaction. This
suggests a shift in the mechanistic pathway (Scheme 1)
leading to the preferred formation of 2. In order to
understand the competing reaction pathways, we evalu-
ated the effect of changing the concentration of various
acids as well as the effect of added conjugate base. Our
results indicate that although the 1,2-migration is the
preferred pathway, the alternative route also competes
leading to products 2 and 3 (Scheme 1). The change in
the ratio of rearrangement to elimination products
described in this work is in agreement with the results
obtained in the pinacol–pinacolone rearrangement of
2,3-di-(3-pyridyl)-2,3-butanediol in sulfuric acid and the
effect of added water.6

The classical rearrangement leading to 1 proceeds via
protonation of the hydroxyl group and subsequent loss
of water to afford the stable carbocation A, which
undergoes a 1,2-shift to form the more stable intermedi-
ate B (Scheme 1). Alternatively, A can lose a proton to
form 2,3-dimethyl-3-buten-2-ol (3). Protonation of the
hydroxyl group in 3 and loss of water leads to allylic
carbocation C that yields 2 as the main elimination
product. Addition products, 1-halo-2,3-dimethyl-2-
butene 4 and 3-halo-2,3-dimethyl-1-butene 5, were also
observed when a hydrogen halide (HX=HCl or HBr)
was used as the catalyst. By virtue of resonance struc-
ture C, reduction product 6 was also obtained when HI
served as the acid.

In this study, the reactions were carried out7 in the
presence of various inorganic acids (sulfuric, phospho-
ric, hydrochloric, hydrobromic, hydriodic) at different
concentrations (2 M, 4 M, 6 M), as well as the corre-
sponding conjugate bases (Na2SO4, K3PO4, NaCl,
NaBr and NaI). The identity and the relative ratio of
products 1–6 were determined by 1H NMR
spectroscopy.

The following conclusions may be drawn as a result of
treating pinacol with various acids at different concen-
trations and added conjugate base:

(a) The predominant formation of pinacolone 1 indi-
cates that 1,2-migration is the most favorable process
leading to the stable intermediate B.
(b) Generally, as the concentration of the acids
decreased, a decreasing trend in the formation of 1
and a steady increase of both 2 and 3 was observed.
This may be attributed to the involvement of the* Corresponding authors. E-mail: skarimi@qcc.cuny.edu
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Scheme 1.

increasingly larger quantity of water present, which
can act as a base to remove the adjacent protons
from both intermediates C and A to afford 2 and 3,
respectively.
(c) In most reactions, addition of the corresponding
conjugate base also increased the formation of 2 and
3. This may be interpreted by the fact that as the
ionic strength of the mixture increases, the anion
present can act as a base and favor elimination.
(d) With addition of hydrogen halides (chloride or
bromide), two addition products 4 and 5 were also
formed, with 4 being the predominant isomer (ther-
modynamic product). The quantities of 4 and 5 also

increased with increasing acid concentration (Tables
1 and 2).
(e) Phosphoric is the weakest of all acids used (Ka=
7.5×10−3). Although the relative trend of product
ratio compares well with all other cases, the overall
mass yield of products decreased with decreasing
concentration of the acid (Table 1). This suggests
that the hydronium ion concentration is not sufficient
to affect protonation and subsequent rearrangement.
Furthermore, addition of the conjugate base reduced
the mass yield of products even further, presumably
by reducing the effective concentration of the hydro-
nium ion (Table 2).

Table 1. Ratio of pinacolone to various alkenes in the absence of added conjugate base

Acid 4 M2 MMeasured quantity 6 M

HCl Product ratio 100:33:10:0:0:0 100:14:0:0:0:0 100:26:0:8:7:0
Product mass (g) 1.131.07 1.16
Distillation range (°C) 84–9484–94 84–94

100:16:2:2:0:0100:18:2:0:0:0100:25:7:0:0:0HBr Product ratio
Product mass (g) 1.090.90 1.00
Distillation range (°C) 80–85 80–85 80–85

100:0:0:0:0:10100:2:0:0:0:0100:16:5:0:0:0HI Product ratio
Product mass (g) 1.06 0.77 0.66
Distillation range (°C) 63–7284–93 74–88
Product ratio 100:18:4:0:0:0H2SO4 100:15:1:0:0:0 100:10:0:0:0:0
Product mass (g) 1.06 1.08 0.83
Distillation range (°C) 83–8583–8584–87

100:16:5:0:0:0100:31:10:0:0:0100:25:15:0:0:0H3PO4 Product ratio
Product mass (g) 0.05 0.41 1.08

80–9583–9785–87Distillation range (°C)
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Table 2. Ratio of pinacolone to various alkenes in the presence of added conjugate base

Measured QuantityAcid 2 M 4 M 6 M

100:42:10:11:0:0HCl 100:31:4:3:4:0Product ratio 100:22:0:13:10:0
Product mass (g) 1.01 0.75 1.12

84–94 84–94Distillation range (°C) 84–94
100:26:5:0:0:0 100:21:2:0:0:0HBr 100:22:4:3:0:0Product ratio
1.06 0.97Product mass (g) 0.95

Distillation range (°C) 80–85 80–85 80–85
100:19:5:0:0:0 100:2:0:0:0:0Product ratio 100:0:0:0:0:11HI
1.09 0.70 0.68Product mass (g)
80–93 81–87Distillation range (°C) 63–74
100:23:5:0:0:0 100:18:1:0:0:0H2SO4 100:11:0:0:0:0Product ratio
1.04 1.06Product mass (g) 1.05
77–92 83–85 83–85Distillation range (°C)
No reaction 100:25:20:0:0:0Product ratio 100:33:6:0:0:0H3PO4

0Product mass (g) 0.06 0.42
NA 83–97Distillation range (°C) 80–95

Product ratio represents the relative amounts of pinacolone (1), 2,3-dimethyl-1,3-butadiene (2), and 2,3-dimethyl-3-buten-2-ol (3), 1-halo-2,3-
dimethyl-2-butene (4), 3-halo-2,3-dimethyl-1-butene (5), 2,3-dimethyl-1-butene (6).
Tables 1 and 2 show the mass balance and distillation range for all the reactions. The data shown in Tables 1 and 2 is an average of two
independent experiments. The relative amounts of products were normalized with respect to pinacolone. The maximum concentration of HI was
only 5.6 M.

(f) Use of concentrated hydriodic acid (5.6 M) led to
a dark solution which was indicative of iodine forma-
tion (verified by oxidation of NaHSO3). The 1H NMR
spectrum of the distillate indicated the surprising
formation of 2,3-dimethyl-1-butene 6, and the com-
plete absence of 2 (Tables 1 and 2). Apparently the
allylic carbocation C underwent reduction to form
molecular iodine as a byproduct.

In conclusion, this study demonstrates that there exists
a competition between the favorable 1,2-migration and
the alternative reaction paths leading to products 2 and
3. With both increasing dilution of the acid as well as
added conjugate base, the mechanistic pathway is shifted
toward elimination. The observation of the two addition
products 4 and 5, especially with 6 M HCl, reflect the
relative stability of the resonance-stabilized intermediate
allylic cations C and D. The highest ratio of elimination
to rearrangement products observed with added NaCl
can be correlated with the strongly basic character of
chloride ion. In contrast, the much weaker nature of the
iodide ion did not lead to the formation of either 2 or
3; instead, reduction product 6 was obtained.
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