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Abstract: The thermal rearrangement
of 2-alkoxypyridine-1-oxides to 1-alk-
oxy-2-pyridones, which has been report-
ed to proceed by an intramolecular
[1s,4s] sigmatropic migration of the alkyl
group with retention of configuration
and first-order kinetics, has been reex-
amined. The intramolecular barriers
have been computed to be at least
20 kcal molÿ1 higher than the reported
experimental barriers. An alternative
bimolecular mechanism, discovered
computationally, has been confirmed
by a variety of experiments including

crossover studies, determination of sol-
vent effects and secondary H/D isotope
effects, and new kinetic and stereochem-
ical studies. In the new mechanism there
is an initial intermolecular transfer of
the alkyl group, with inversion of con-
figuration, to the N-oxide. Depending
on the nature of the alkyl group and the

solvent, this is followed by a second
transfer, also with inversion of config-
uration, of one of the alkyl groups of the
cationic intermediate to one of the oxy-
gens of the anionic intermediate. The
product is then formed either without
crossover, by a double inversion of one
alkyl group, or with crossover by two
single inversions of different alkyl
groups. The proposed intermediates of
this mechanism can be synthesized; they
react to form a 1-alkoxy-2-pyridone at
room temperature.

Keywords: ab initio calculations ´
configuration determination ´ cross-
over experiments ´ isotope effects ´
kinetics

Introduction

Background : Organic compounds do not undergo nucleo-
philic displacement reactions with retention of configuration.
Even under favorable circumstances, for example an intra-
molecular reaction, transfer of a methyl group, and angular
compression or pericyclic electronic stabilization of the
transition state, recent work suggests[1] that the retention
barrier is never less than 20 kcal molÿ1 higher than that of a
competing unconstrained intermolecular inversion process.

Every nucleophilic substitution reaction that proceeds with
retention of configuration at carbon[2] must, therefore, be
presumed to be the result of a multistep process that is more
complex, and more interesting,[3] than was previously sup-
posed.

The present work is concerned with a theoretical and
experimental reexamination of one of these reactions, the
thermal rearrangement of 2-alkoxypyridine-1-oxides (1) to 1-
alkoxy-2-pyridones (2) (Scheme 1). This reaction was first

Scheme 1. The thermal rearrangement of 2-alkoxypyridine-1-oxides (1) to
1-alkoxy-2-pyridones (2).

reported by Dinan and Tieckelmann in 1964.[4a] Heating 1
(R�methyl, ethyl, benzyl, allyl) neat at 100 ± 140 8C led to
complete rearrangement to 2 within 1.5 ± 3.5 h. The reactions
were not retarded by addition of the free radical scavenger p-
benzoquinone. In a second study, conducted in diglyme at 83 ±
84 8C,[4b] Litster and Tieckelmann found that substituted 2-
alkenyloxypyridine-1-oxides (1, R�CHR1CH�CHR2; see
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ref. [4b] for a definition of R1 and R2) rearranged to 2 (R�
CHR1CH�CHR2), that is, without a concomitant 1,3-allylic
double bond shift. Higher temperatures led to an ortho-
Claisen rearrangement, to give 3 (R�CHR2CH�CHR1) as
major products. The cyclopropylcarbinyloxy compound yield-
ed, in addition to 96 % of 1-cyclopropylcarbinyloxy-2-pyri-
done, about 4 % of the skeletally rearranged 1-cyclobutyloxy-
2-pyridone. Crossover products were seen in competition
experiments with substituted and unsubstituted alkenyloxy
compounds. In refluxing carbon tetrachloride, the optically
active N-oxide 4, [a]28

340 �35.08, rearranged to 5, [a]28
340 ÿ1698.

It was concluded that the reaction is not radical in nature,
and a mechanism involving inter- or intramolecular displace-
ment of R by the N-oxide was considered. Since an intra-
molecular nucleophilic displacement would require a ªrather
unlikelyº[4a] retention mechanism, intermolecular displace-
ment or internal return through an ion pair were thought to
be more probable.

Some of these results could not be confirmed. Schöllkopf
and Hoppe[5] found no skeletal isomerization in the rearrange-
ment of 1, R� cyclopropylcarbinyl, and the a-methallyl
compound (1, R�CHCH3-CH�CH2) gave only the Claisen
rearrangement product, with skeletal isomerization of the
alkenyl substituent, and not the reported 2, R�CHCH3-
CH�CH2. Ollis and co-workers[2, 6] have made similar obser-
vations concerning the competition between the O!O
(Tieckelmann) and O!C (Claisen) rearrangement pathways.
These workers also observed that heating the cis-cinnamyl
ether 6 for 60 h at 53 8C yielded the cis-cinnamyl ether
pyridone 7 exclusively.[6a]

The latter result is not compatible with a radical-pair or ion-
pair mechanism for this substrate. An ion-pair pathway had, in
any event, already been ruled out by Schöllkopf and Hoppe
for the rearrangement of substituted 2-benzyloxypyridine-1-
oxides[5] on the basis of a Hammett 1-value ofÿ0.26.[7] On the
other hand, the development of CIDNP signals during the
course of the reaction indicated that the 2-benzhydryloxy
compound rearranges by means of a radical mechanism.
Using about 0.5m solutions in CDCl3, Hoppe observed first-
order kinetics in the temperature range 130 ± 150 8C for R�
CH3, C2H5, i-C3H7, and CH2CH2OC2H5.[8] For R�C2H5 and i-
C3H7, 3-point Arrhenius plots yielded DH= � 11 ±
12 kcal molÿ1 and DS=�ÿ52 to ÿ56 cal molÿ1 degÿ1. The
reaction of 2-chloropyridine-1-oxide with a-deuteriobenzyl
alcohol, [a]25

546 ÿ0.5568, gave 1, R�CHDPh, [a]25
546 ÿ1.1338.

This rearranged to 2, [a]25
546 ÿ0.8998, which upon refluxing

with zinc and 30 % acetic acid yielded a-deuteriobenzyl
alcohol, [a]25

546 ÿ0.4238. In a control experiment, the optically
active alcohol underwent 18 % racemization when refluxed
with zinc and 30 % acetic acid.

The combination of first-order kinetics, a low enthalpy of
activation, a high negative entropy of activation, and, most
importantly, rearrangement of the benzyl substituent with
retention of configuration led Schöllkopf and Hoppe to the
conclusion[5, 8] ªsomit scheint für die 2-Alkoxypyridinoxide
ein (symmetrie-erlaubt[10]) sigmatroper Umlagerungsverlauf
als gesichertº (translation: herewith it would appear that for
the 2-alkoxypyridine a sigmatropic reaarangement mechanism
(symmetry allowed[10]) is certain ; Figure 1). A concerted
[1s,4s] sigmatropic rearrangement mechanism is also advo-
cated by Ollis and co-workers[2, 6] and is consistent with the
stereospecific rearrangement 6!7.

Although the evidence in support of the proposed [1s,4s]
sigmatropic rearrangement mechanism seems compelling, this
mechanism does not account for the results of Tieckelmann�s
crossover experiments. Crossover has also been observed by
Ballesteros et al.[11] Heating a mixture of 1 (R� benzyl) and 8
at 140 8C in the absence of solvent led to a mixture of 2 (R�
CH3), 2 (R� benzyl), 9, and 10. In [D7]dimethylformamide

(DMF) and [D6]dimethyl sulfoxide (DMSO), 0.15m solutions
of 1 (R�CH3) were reported to rearrange with first-order
kinetics, and the following activation parameters: DMF,
DH=� 24.0 kcal molÿ1, DS=�ÿ17.7 cal molÿ1 degÿ1; DMSO,
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DH=� 23.6 kcal molÿ1, DS=�ÿ17.4 cal molÿ1 degÿ1. The de-
tails of these kinetic studies were not provided by Ballesteros
et al,[11] but the data for the rearrangement of 8 in DMF at
110 8C show an ªinduction-periodº and an ªacceleration of
the reaction rateº as the concentration is increased from
0.128m to 0.453m. In refluxing [D8]toluene, neither 1 (R�
CH3) nor 8 underwent significant rearrangement during 20 h.
The Spanish workers concluded that the solvent effects and
the results of the crossover experiments were consistent with
an ionic mechanism and not a sigmatropic rearrangement.

The effect of pressure on the rearrangement of 1 (R�
benzyl, benzhydryl) in diglyme solution at 100 8C has been
investigated by le Noble and Daka.[12] The stepwise (radical)
rearrangement of the benzhydryl compound exhibits DV=�
�10� 2 cm3 molÿ1, and the rearrangement of the benzyl
compound has DV=�ÿ30� 5 cm3 molÿ1. These workers con-
cluded that the sign of DV= ªconfirm(s) that this activation
parameter provides a criterion for concertedness in sigma-
tropic shiftsº. (italics added). It should be noted, however, that
the removal of the italicized words will not change this
conclusion. The negative value of DV= demonstrates that the
system is more compact in the transition state than in the
reactant,[13] but this is not sufficient to distinguish between the
proposed sigmatropic rearrangement and a bimolecular
nucleophilic displacement mechanism. The latter reaction is
also known to exhibit a strongly negative DV=.[13]

Present work : Using ab initio molecular orbital theory, we
have studied the Tieckelmann rearrangements of 1 (R�
methyl, ethyl, and benzyl). We have also performed new
experiments suggested by the theoretical results. The princi-
pal findings are i) as is seen in all previous work,[1] the
calculated intramolecular (retention) barrier is at least
20 kcal molÿ1 higher than the experimental barrier; ii) a
bimolecular inversion mechanism, discovered computation-
ally, has a barrier in the range 20 ± 30 kcal molÿ1, as is observed
experimentally; iii) the intermediates suggested by these
computations can be synthesized; they react to form a 1-
alkoxy-2-pyridone at room temperature; iv) the kinetics are
rarely first-order and are concentration and solvent depend-
ent; v) there is extensive crossover; vi) the benzyl group
rearranges with predominant inversion of configuration; vii)
the stereochemistry of a rate-determining methyl-transfer
reaction can be determined from the magnitude of the
secondary CH3/CD3 isotope effect.

Results and Discussion

The [1s,4s] sigmatropic rearrangement mecha-
nism : Table 1 summarizes the results of 3-21G
calculations[14] on the intramolecular rear-
rangement of 1 for R�CH3, C2H5, and
CH2Ph. In the case of the parent compound,
R�CH3, structures were also optimized at 3-
21�G and MP2/6-31�G*. Although the 3-
21G basis set considerably overestimates the
energy difference between 1 and 2, this basis
set seems to be adequate for the calculation of

the barriers, which are at least 20 kcal molÿ1 higher than the
experimental barriers of refs. [8, 11] . It is noteworthy that the
trend in the retention barriers, methyl> ethyl> benzyl, is that
expected for an ion-pair mechanism, but as seen earlier this
mechanism is not operative in the Tieckelmann reaction. The
secondary CH3/CD3 kinetic isotope effect[15] in the rearrange-
ment of 1 (R�CH3) is 1.35. This is in the range calculated
previously for other intramolecular methyl transfer reactions
with retention of configuration[1] and is also in the range
encountered in solvolytic reactions that exhibit little or no
nucleophilic assistance.[16]

None of these findings supports the notion that the
Tieckelmann reaction is a [1s,4s] sigmatropic rearrangement,
and a closer examination of Figure 1 reveals that such a
process cannot occur by movement of the alkyl group in the
direction perpendicular to the plane of
the aromatic ring. The figure shows a
phase relationship at the termini of the
1,4-system that permits suprafacial
migration of a methyl group, but as
seen by the double-headed arrows, this
migration is inhibited by the out-of-
phase relationship of the migrating
group with the internal 2,3-orbitals.
The HOMO of 1 (R�CH3, Figure 2)
shows this effect clearly: a 1,4-migra-
tion of the methyl group would have to

Figure 1. Schematic representation of a [1s,4s] sigmatropic rearrangement of an alkyl group, as
proposed by Schöllkopf and Hoppe (double-headed arrows have been added).

Table 1. Intramolecular mechanism of the rearrangement of 1 to 2.[a]

R Species Energy [au] Relative energy
[kcal molÿ1]

CH3 reactant ÿ 432.93154 0.00
product ÿ 432.96018 ÿ 17.97

ÿ 9.64[b]

ÿ 8.38[c]

TS ÿ 432.85380 48.78
48.57[b]

46.50[c]

C2H5 reactant ÿ 471.75911 0.00
product ÿ 471.78510 ÿ 16.31
TS ÿ 471.68360 47.38

CH2Ph reactant ÿ 661.20206 0.00
product ÿ 661.22866 ÿ 16.69
TS ÿ 661.13363 42.94

[a] Data refer to structures optimized at 3-21G, except where stated.
[b] Structures optimized at 3-21�G. [c] Structures optimized at MP2/6-
31�G*.

Figure 2. Calculated
HOMO of 2-methoxy-
pyridine-1-oxide.
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overcome the repulsive wall at the 2,3-positions. This repul-
sion forces the methyl group towards the nodal plane of the p

system, with concomitant loss of pericyclic stabilization of the
transition state. This behavior has been discussed previously,[1]

and it can be seen in Figure 3, which shows side views of the

Figure 3. Side views of the 3-21G transition structures for intramolecular
rearrangement of 1 (R�methyl, ethyl and benzyl). The MP2/6-31�G*
transition structure for R�methyl is shown at the upper right.

three transition structures calculated in the present work. At
the 3-21G level the methyl, ethyl, and benzyl groups are not
perpendicular to the plane of the pyridine ring, as projected in
Figure 1, but are 188, 138, and 258, respectively, out of the
plane of this ring. Calculations at this level overestimate the
effect of the orbital interaction discussed above, since in the
higher level MP2/6-31�G* calculations the methyl group is
34.88 degrees out of the plane of the ring (558 away from the
perpendicular).

A bimolecular mechanism
A. Initial calculations : Ollis and co-workers[2a] have made the
interesting observation that 11 is transformed quantitatively
into 12 in the solid state over 13 months atÿ15 8C. The crystal
structure of 11 has not yet been reported, but there are
numerous examples, including determination of crystal struc-

tures, of intermolecular methyl transfer under topochemical
control in the solid state.[17] In each case the reaction occurs
exclusively, or is much faster in the solid state than in solution
or in the melt, and in each case the crystal structure exhibits
an intermolecular X ´´´ CH3 ´´´ Y angle close to linearity, and
an X ´´´ Y distance of 4 ± 5 �. There is no Tieckelmann
rearrangement of 1 (R�CH3) in the solid state. Although the
crystal structure of 1 (R�CH3), a portion of which is shown in
Figure 4,[18] exhibits an intermolecular O ´´´ O distance of

Figure 4. A portion of the crystal structure of 2-methoxypyridine-1-oxide
(water molecules deleted).[18]

4.45 � and an O ´´´ CH3 ´´´ O angle of 150.38, intermolecular
methyl transfer between two ether oxygens is unlikely to be
productive. The structure is not a minimum at the 3-21G level,
and attempts to optimize the dimer while maintaining the
methyl groups in the anti orientation did not yield a structure
with an improved potential for intermolecular methyl trans-
fer. However, when the methyl groups were allowed to rotate
from the anti orientations of the crystal structure, the dimeric
structure 13 (Figure 5), which has an intermolecular O ´´´ O
distance of 4.32 �, and an O ´´´ CH3 ´´´ O angle of 174.2 deg,
was discovered. Figure 5 also shows the calculated transition
structure for intermolecular methyl transfer in 13. The 3-21G
barrier is 23.6 kcal molÿ1, within
the range observed experimen-
tally for the Tieckelmann reac-
tion,[11] and the calculated sec-
ondary CH3/CD3 kinetic isotope
effect is 1.02. The product of the
methyl transfer is the complex
14�15ÿ.

B. Synthesis of 14� and 15ÿand their reaction to form 2 (R�
CH3): Reaction of 1 (R� CH3) with methyl triflate yielded
the crystalline triflate salt 14�OTfÿ. Compound 1 (R�CH3)
was refluxed with hydrochloric acid to give 1-hydroxy-2-
pyridone, which was converted with butyllithium to the
lithium salt Li�15ÿ. A solution of the two salts in DMF left
to stand overnight at room temperature afforded 2 (R�CH3)
quantitatively. In water, a solution of 14�OTfÿand Na�15ÿ

yielded a 55:45 mixture of 2 (R�CH3) and methanol,
together with unconverted 1-hydroxy-2-pyridone. In subse-
quent experiments, refluxing a solution of 1 (R�CH3) and
benzyl chloride in chloroform gave 2 (R� benzyl). Under the
same conditions, 1 (R�CD3) and CH3I gave 2 (R�CH3)
quantitatively. The results of these initial experiments are
compatible with the novel postulate that the thermal rear-
rangement of 1 to 2 proceeds by means of two consecutive
bimolecular nucleophilic displacement reactions.
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Figure 5. Calculated dimeric structure of 2-methoxypyridine-1-
oxide (13), and the transition structure for methyl transfer with
inversion of configuration to give 14�15ÿ.

C. Calculations of the initial alkyl transfer for
R� ethyl and R� benzyl : The dimeric structures,
analogous to 13 for R� ethyl and R� benzyl, led
to the transition structures for alkyl transfer
shown in Figure 6. For R� ethyl, the barrier is
26.08 kcal molÿ1. For R� benzyl, the barrier is
29.46 kcal molÿ1. The data of Figure 6 are summar-
ized in Table 2.

The trend in the barriers of the three bimolecular
initial steps is benzyl> ethyl>methyl. This is oppo-
site to the trend seen earlier for the intramolecular
reactions, as is expected for SN2 reactions with
inversion of configuration.

D. Which alkyl group is transferred in the second
step? Crossover and stereochemical consequences :
At the stage of 14�15ÿ, the reaction can continue
along four different channels, and only modest
librations of the two rings will position either methyl
group of 14� for transfer in a second inversion step
to either of the oxygens of 15ÿ. Figure 7 shows the
barriers and secondary kinetic CH3/CD3 isotope
effects calculated for the four reactions. The primary
data of this figure are collected in Table 3.

Figure 6. Calculated transition structures for ethyl transfer (left) and benzyl transfer (right)
within dimeric complexes.

Table 2. Energetics of intermolecular methyl transfer in complexes of type
13.[a]

R Dimer Transition
structure

Product

methyl ÿ 865.88132 ÿ 865.84369 ÿ 865.88299
ethyl ÿ 943.54161 ÿ 943.50005 ±
benzyl ÿ 1322.43631 ÿ 1322.38937 ±

[a] Energies are in au; 1 au� 627.5 kcal molÿ1.

Figure 7. Calculated transition structures, barriers, and isotope effects for methyl transfer
in 14�15ÿ through, in descending order, channels A, B, C, and D.
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Channel A is the reverse of the initial step; it returns the
methyl group to the oxygen atom from which it originated.
The barrier is 24.66 kcal molÿ1,
and the CH3/CD3 kinetic iso-
tope effect effect is 0.91. Chan-
nel B returns the methyl group
to the molecule from which it
originated, but to a dif-
ferent oxygen atom within this
molecule. The barrier is
19.73 kcal molÿ1, and the iso-
tope effect is 0.89. In channel
C, the methyl group attached
to O

0
B, which did not move in

the first step, is transferred to
OB, the site of the original
methyl group. The barrier is
18.48 kcal molÿ1, and the iso-
tope effect is 1.02. In channel
D, the methyl group attached
to O

0
B is transferred to OA,

the N-oxide. The barrier is
15.69 kcal molÿ1, and the iso-
tope effect is 0.87.

The consequences of reaction
through each of these channels
are summarized in Figure 8.
Since channel A leads only to
1 and channel D leads only to
the much more stable 2, it is not
surprising that the latter has a
significantly lower barrier.[19]

Channels B and C lead to a
1:1 mixture of 1 and 2, and the
barriers of these reaction chan-
nels are intermediate between
those of channels A and D.

The calculations predict that
D will be the principal channel
for the second methyl transfer,
so that 2 must form with inver-
sion of configuration and cross-
over of the methyl group. These
predictions can be tested exper-

imentally. The stereochemical course of methyl transfer can
be deduced from the results of competition experiments with
R�CH3 and R�CD3, if it is assumed that the rearrangement
is kinetically first-order and that the kinetic CH3/CD3 isotope
effects of retention (calculated 1.35) and inversion (calculated
1.02) methyl transfer mechanisms are not the same.[20] If there
is crossover, the mass spectrum of the product of the
rearrangement of a mixture of undeuterated (m/z : 125) and
tetradeuterated (m/z : 129) 2-methoxypyridine-1-oxides will
contain peaks at m/z : 126 and m/z : 128.

E. Crossover experiments with R�methyl and R� benzyl :
Scheme 2 summarizes the syntheses of the substrates required
for crossover and isotope effect experiments. Following
previous work,[2b, 4a, 5, 6, 8, 21] refluxing of 2-chloropyridine-1-
oxide for 1 h with sodium methoxide in methanol or in
[D4]methanol gave 1 (R�CH3), m/z : 125, or 1 (R�CD3),

Table 3. Energy barriers and isotope effects for different channels.

Species Energy Barrier CH3/CD3

[au] [kcal molÿ1] isotope effect

A reactant ÿ 865.88299 ± ±
ts ÿ 865.84369 24.66 0.91
product ÿ 865.88132 ± ±

B reactant ÿ 865.88299 ± ±
ts ÿ 865.85157 19.73 0.89
product ÿ 865.90802 ± ±

C reactant ÿ 865.88299 ± ±
ts ÿ 865.85354 18.48 1.02
product ÿ 865.90157 ± ±

D reactant ÿ 865.88299 ± ±
ts ÿ 865.85798 15.69 0.87
product ÿ 865.93708 ± ±

Figure 8. Stereochemical and crossover consequences of product formation by means of channels A, B, C, and D.
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m/z : 128, respectively. Extension of the refluxing period in
[D4]methanol to 12 h led to hydrogen exchange at C6 and
formation of 6-deuterio-1 (R�CD3), m/z : 129. As described
later, a mixture of the m/z : 125 and m/z : 128 isotopomers was
used to determine the secondary CH3/CD3 isotope effect. A

Figure 9. Crossover experiment for the rearrangement of 2-methoxypyr-
idine-1-oxide in DMF at 140 8C. The mass spectrum of the initial reactant is
shown at the top; the mass spectra of the recovered reactant are shown on
the left, and the mass spectra of the product are shown on the right.

mixture of the m/z : 125 and m/z : 129 isotopomers
was used in the crossover experiments.

For crossover experiments in the benzyl series, 2-
chloropyridine-1-oxide was treated with sodium
benzyloxide in tetrahydrofuran to give 1 (R�
CH2Ph), m/z : 201. The trideuterio compound 6-
deuterio-1 (R�CD2Ph), m/z : 204, was prepared
from 6-deuterio-1 (R�CD3) by reaction with sodium
benzyl-a,a-[D2]oxide in tetrahydrofuran. Figures 9
and 10 summarize the mass spectral data obtained
from crossover experiments performed in DMF at
140� 0.8 8C. In the methyl series (Figure 9), aliquots
of a 0.45m 1:1 mixture of the m/z : 125 and m/z : 129
isotopomers were heated in sealed degassed tubes for
the indicated times. The solvent was then removed
under reduced pressure and the mixtures of 1 and 2
were separated by preparative layer chromatogra-
phy. The figure shows the electron impact mass
spectra in the region of the molecular ion of the
initial mixture and of the recovered reactant and
product after 40 min and after 70 min. The mass
spectrum of the mixture of 1 and 2 was identical to
that calculated from the individual mass spectra. In
addition, control experiments established that the
composition and mass spectra of mixtures of iso-
topomers did not change during the isolation process.

The crossover study in the benzyl series (Figure 10) was
performed in the same way, except that the concentration of
the 1:1 mixture of the m/z : 201 and m/z : 204 isotopomers was
0.22m. The figure shows the mass spectrum calculated for the
1:1 mixture from the mass spectra of the individual iso-
topomers (vide infra) and the mass spectra of the product
isolated after 20 min and after 40 min.

Figure 10. Crossover experiment for the rearrangement of 2-benzyloxy-
pyridine-1-oxide in DMF at 140 8C. Upper: calculated mass spectrum of the
initial reactant (see text). Lower: mass spectra of the product isolated after
different times.

Scheme 2. Syntheses of substrates for isotope effect and crossover experiments.
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In the case of the methyl compound the recovered reactant
shows no evidence of crossover, but there is an increase in the
125/129 ratio. This indicates that the reaction has an inverse
CH3/CD3 kinetic isotope effect. The formation of crossover
products unambiguously establishes that the rearrangement
follows an intermolecular pathway, and the data of Table 4

show that the crossover is complete. This table gives the
experimental result of Figure 9, and also the mass spectrum
calculated from the mass spectra of the m/z : 125 and m/z : 129
isotopomers and the 125/129 mixture, assuming 100 percent
crossover in the product.[22] The results of the crossover
experiments imply that the rearrangement product is formed
exclusively through channel D (see Figure 8). Because of the
correlation between stereochemistry and crossover, it follows

that 2-methoxypyridine-1-ox-
ide rearranges, with inversion
of configuration of the methyl
group in accordance with
Scheme 3.

The benzyl compound exhibited different behavior, the
analysis of which was complicated by the finding that
rearrangement, with crossover, occurred in the mass spec-
trometer. In the initial experiments, the mass spectra were
recorded at 160 8C. Subsequent experiments revealed that the
mass spectra of 1 (R� benzyl) and 2 (R� benzyl) were
identical, and that simply heating the N-oxide for 1 min at
160 8C led to complete rearrangement to 2. Since extensive
crossover of the isotopic label of 1 was observed even when
the mass spectra were taken at 80 8C, the composition of the
initial 1:1 mixture of isotopomers was calculated from the
mass spectra of the individual compounds (Table 5). This is a

reasonable strategy in view of the crossover experiments with
1 (R�methyl), which does not rearrange in the mass
spectrometer, and for which the calculated and observed
mass spectra of the 1:1 mixture of isotopomers are the same.
As an additional check, the mass spectrum of a 1:1 mixture of
the isotopomers of 2 (R� benzyl) was examined; no crossover
was observed.

Table 5, which is analogous to Table 4, shows that there is
less than 100 percent crossover into the product. The result is
consistent with an intermolecular mechanism to which
channels B and D (Figure 8, benzyl in place of methyl)
contribute, with D predominating. The mechanism is sum-
marized in Scheme 4, with k2> k3.

Obviously neither Scheme 3 nor Scheme 4 is compatible
with the previously reported first-order kinetic behavior.[5, 8, 11]

Further, if stereochemistry
and crossover are correlated,
a contribution from channel
B requires that optically ac-
tive 1 (R�CHDPh) retain
its stereochemical integrity
as the reaction proceeds,
but the product 2 (R�
CHDPh) will be formed with
predominant inversion of
configuration. Since Hoppe reported retention of configura-
tion,[8] it became necessary at this stage to reexamine the
stereochemistry and the kinetics of the Tieckelmann reaction.

F. Kinetic studies : The primary kinetic results of Hoppe�s
study of the rearrangement of 1 (R�methyl) are available in
ref. [8]. Figure 11 shows first-order and second-order plots of
those data obtained by integration of the methyl peaks in the
NMR spectra of mixtures of 1 and 2. The experiment was
performed in sealed NMR tubes at 140� 0.2 8C with a 0.45m
deuteriochloroform solution of 1. The first-order plot is linear;
the second-order plot is not. Data for other concentrations of
1 (R�methyl) are not reported. There are no primary data
for the rearrangement of 1 (R� benzyl), but a 0.2m deuterio-
chloroform solution is reported to rearrange with a first-order
rate constant of 6.64� 10ÿ5 sÿ1 at 140 8C.

In the present work, experiments were performed on
degassed solutions at 140� 0.8 8C with several concentrations
of 1 (R�methyl) in sealed NMR tubes in deuteriochloroform
and also in sealed tubes in DMF. In the latter case, as
described earlier, the solvent was evaporated under reduced

Table 4. Relative intensities of the m/z 124 ± 129 peaks in the electron
impact mass spectrum of the product of the rearrangement of a mixture of
undeuterated and tetradeuterated 1 (R�Me).[a]

Relative intensity
Mass Initial Calculated for 100 % crossover Found[b]

124 0.08 0.04 0.00
125 0.33 0.24 0.22
126 0.04 0.17 0.17
127 0.07 0.04 0.04
128 0.09 0.27 0.29
129 0.32 0.21 0.27

[a] 0.45m in dimethylformamide at 140 8C. [b] The same result is obtained
after 40 min and after 70 min.

Scheme 3. Rearrangement of
2-methoxypyridine-1-oxide by
means of channel D.

Table 5. Calculated[a] relative intensities of the m/z 201 ± 205 peaks in the mass spectra of the reactant, calculated relative intensities of the product, assuming
100 %, 90%, 80% and 70% crossover,a and the relative intensities found in the product of the rearrangement of a mixture of undeuterated and
tetradeuterated 1 (R�benzyl).

Calculated for product assuming (%) crossover Found
Mass Calculated for reactant 100 % 90% 80% 70% 20 min 40 min

201 0.391 0.255 0.268 0.282 0.295 0.273 0.273
202 0.095 0.206 0.195 0.185 0.174 0.152 0.152
203 0.140 0.294 0.277 0.260 0.243 0.313 0.313
204 0.284 0.206 0.217 0.228 0.239 0.202 0.202
205 0.090 0.039 0.042 0.046 0.049 0.060 0.060

(0.0612) (0.0592) (0.0683) (0.0582)[b]

[a] See text and ref. [22] for details. [b] Numbers in parentheses are the rms deviations between calculated and experimental relative intensities.

Scheme 4. Schematic representa-
tion of the intermolecular mecha-
nism to which channels B and D
contribute (see Figure 8) with
k2>k3 .
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Figure 11. Kinetic data of Hoppe for the rearrangement of 2-methoxypyr-
idine-1-oxide (0.45m) in chloroform at 140 8C. Upper: first-order plot.
Lower: second-order plot.

pressure, and the composition of mixtures was determined by
NMR integration in deuteriochloroform. The previously
reported use of the methyl signals was not possible.[8, 11]

Although the chemical shifts of 1 and 2 differ by 0.02 ppm,
mixtures exhibited the same chemical shift. Integration was,
therefore, performed on the d� 8.28 peak of 1 and the d�
6.13 ppm peak of 2. The data are summarized in Tables 6 and
7. For kinetic studies with 1 (R� benzyl), most of the
experiments were performed in sealed tubes in DMF at
140� 0.8 8C. After evaporation of the solvent, integration of
deuteriochloroform solutions was performed with the meth-
ylene peaks of 1 and 2 at d� 5.44 and 5.29, respectively. The
results are summarized in Table 8.

Figures 12 ± 14 show first-order plots of the chloroform data
of Table 6, the DMF data of Table 7, and the data of Table 8,
respectively. Second-order plots of the same data can be
found as Figures 12 ± 14 in the Supporting Information. In
agreement with Hoppe,[8] the plot of Figure 12 for the
rearrangement of a 0.44m solution of 1 (R�methyl) in
chloroform appears to be linear. All of the other plots of
Figures 12 ± 14 are nonlinear.

Figures 15 and 16 are concentration ± time plots of the
kinetic data for the rearrangement of 1 (R�methyl) in
chloroform and in DMF, respectively. The theoretical curves
shown in these figures have been generated from Scheme 3,
with the following rate constants: in chloroform, k1� 3�
10ÿ5 mÿ1 sÿ1, k2� 4� 10ÿ5 sÿ1; in DMF, k1� 3� 10ÿ4 mÿ1 sÿ1,

Figure 12. Concentration dependence of the rearrangement of 2-methoxy-
pyridine-1-oxide in chloroform at 140 8C. The first-order plot is shown. A
second-order plot can be found, labelled Figure 12, in the Supporting
Information.

Table 6. Kinetic data for the rearrangement of 1 (R�methyl) at 140 8C in
CDCl3.

Time [h] Concentration of 1 [m]

0.0 0.441 0.213 0.107
1.0 0.430 ± ±
2.0 ± 0.209 ±
4.0 0.371 ± ±
5.0 ± ± 0.103
8.0 0.313 0.192 ±

16.0 0.199 ± ±
17.0 0.097 0.156 0.092
27.0 ± ± ±
32.8 ± 0.102 ±
36.0 ± ± 0.066
55.3 ± 0.040 ±
73.5 ± ± 0.026

117.0 ± ± 0.011

Table 7. Kinetic data for the rearrangement of 1 (R�methyl) at 140 8C in
DMF.

Time [h] Concentration of 1 [m]

0.00 0.432 0.163 0.082 0.041
0.25 ± 0.163 ± ±
0.50 0.390 0.159 0.082 ±
0.75 ± 0.155 ± ±
1.00 0.313 0.152 0.079 0.041
1.25 ± 0.149 ± ±
1.50 0.206 0.140 0.076 ±
2.00 0.079 0.122 0.072 0.039
2.50 ± ± 0.067 ±
3.00 0.015 ± 0.063 0.035
4.00 0.002 ± 0.043 0.034
5.00 ± ± ± 0.032
7.00 ± ± ± 0.023

Table 8. Kinetic data for the rearrangement of 1 (R�benzyl) at 140 8C in
DMF solvent.

Time [h] Concentration of 1 [m]

0.00 0.446 0.222
0.50 0.170 0.117
0.67 0.142 0.104
0.83 0.116 0.089
1.42 0.070 0.059
3.50 0.017 0.015
5.00 ± 0.006
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Figure 13. Concentration dependence of the rearrangement of 2-methoxy-
pyridine-1-oxide in DMF at 140 8C. The first-order plot is shown. A second-
order plot can be found, labelled Figure 13, in the Supporting Information.

Figure 14. Concentration dependence of the rearrangement of 2-benzyl-
oxypyridine-1-oxide in DMF at 140 8C. The first-order plot is shown. A
second-order plot can be found, labelled Figure 14, in the Supporting
Information.

Figure 15. Concentration-time plots of the rearrangement of 2-methoxy-
pyridine-1-oxide in chloroform at 140 8C. Theoretical curves are based on
Scheme 3, which assumes that channel D is the principal reaction path.

k2� 1.5� 10ÿ4 sÿ1. Figure 17 shows the concentration ± time
plots of the kinetic data for the rearrangement of 1 (R�
benzyl). The theoretical curves have been generated from
Scheme 4, with k1� 1.5� 10ÿ3 mÿ1 sÿ1 , k2� 2.5� 10ÿ3 sÿ1 , and
k3� 8� 10ÿ4 sÿ1.

Figure 16. Concentration-time plots of the rearrangement of 2-methoxy-
pyridine-1-oxide in DMF at 140 8C. The theoretical curves are based on
Scheme 3, which assumes that channel D is the principal reaction path.

Figure 17. Concentration-time plots of the rearrangement of 2-benzyloxy-
pyridine-1-oxide in DMF at 140 8C. The theoretical curves are based on
Scheme 4, which assumes competition between channels B and D.

The fit of Scheme 3 to the experimental data of Figures 15
and 16 is somewhat poorer at the highest concentrations and
the highest conversions. We found that the fit could be
improved by allowing k2 to decrease or by making Scheme 3
more complex. These variations are not shown here, as they
do not alter the central conclusion that the Tieckelmann
rearrangement is not a single-step first-order intramolecular
process. With these caveats, we conclude that the kinetic
results are consistent with the results of the crossover
experiments: in chloroform and in DMF, 2-methoxypyri-
dine-1-oxide rearranges by means of channel D, with a single
inversion of the alkyl group. Each of the two consecutive alkyl
transfers is faster in the more polar solvent. In DMF, 2-
benzyloxypyridine-1-oxide rearranges by means of both
channel B, which leads to a double inversion of the alkyl
group, and channel D, which leads to a single inversion of the
alkyl group. The single inversion pathway is preferred.

G. Stereochemical studies : The benzyl ester of the (S)-(ÿ)
enantiomer of Mosher�s acid (a-methoxy-a-(trifluorome-
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thyl)phenylacetic acid, MTPA,
16) was prepared by the meth-
od of Ward and Rhee.[25] In
[D]chloroform, the diastereo-

topic benzylic protons of 16 are
observed in the 1H NMR as an
AB quartet at d� 5.35 and 5.31
(Figure 18a). The deuterium-
decoupled 1H NMR spectrum
of the MTPA ester prepared
from racemic benzyl-a-[D]al-
cohol (Figure 18b) exhibits an
isotope shift of 0.02 ppm for
both hydrogens. These obser-
vations allowed NMR to be
used in place of polarimetry to
determine the stereochemical
course of the rearrangement of 1 (R�a-deuteriobenzyl).[26]

Following the procedure developed by Keck and co-work-
ers,[28] we prepared chiral benzyl-a-[D]alcohol by reduction of
benzaldehyde with tributyl tin deuteride in the presence of
(S)-binaphthol and titanium tetraisopropoxide. The deuteri-

um-decoupled spectrum of the benzylic region of the MTPA
ester of this alcohol is shown in Figure 18c. As summarized in
Scheme 5, the chiral alcohol was then converted to 1 (R�
CHDPh), the latter was heated in DMF at 140 8C until the
rearrangement was 67 percent complete (3 h), and the

Figure 18. Benzylic region in the 1H NMR
spectra of the Mosher esters of a) benzyl alcohol
(PhCH2OH); b) racemic benzyl-a-[D]alcohol
(PhCHDOH; contains some benzyl alcohol);
c) chiral PhCHDOH obtained from the reaction
of PhCHO with Bu3SnD and BINOL;
d) PhCHDOH obtained by conversion of the
alcohol from c) into chiral 1 (R�benzyl-a-[D]),
partial rearrangement into 2 (R� benzyl-a-
[D]), and treatment of the recovered 1 with
NaOMe; e) PhCHDOH obtained upon treat-
ment of 2 (R�benzyl-a-[D]) (from d) with Zn/
HOAc; f) PhCHDOH recovered from freshly
prepared 1 (R� benzyl-a-[D]) following treat-
ment with NaOMe; g) PhCHDOH obtained
upon treatment of the alcohol from c) with Zn/
HOAc. The spectra b) ± g) have been deuterium-
decoupled.

Scheme 5. Synthesis, incorporation and recovery of chiral benzyl-a-[D]alcohol. See Figure 18 for details of a ± g.
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unreacted 1 and the product 2 (R�CHDPh) were isolated.
Benzyl alcohol was recovered from the product by reduction
with zinc and acetic acid,[8] and from the reactant by treatment
with NaOMe/MeOH. Figures 18d and 18e are the benzylic
regions of the MTPA esters of the alcohol from 1 and the
alcohol from 2, respectively. Figures 18g and 18f refer to
control samples obtained after Zn/HOAc treatment of the
original sample of benzyl-a-[D]alcohol and after NaOMe/
MeOH treatment of the initial sample of 1, respectively. There
is no significant racemization during the recovery of benzyl-a-
[D]alcohol from the reactant or the product, and there is no
significant racemization of 1 during the course of the
rearrangement. Any racemization in the benzyl alcohol
recovered from the product must, therefore, have occurred
during the rearrangement.

The key results are those of Figures 18c and 18e, which
show that in DMF solvent the product forms with a 3:1 ratio
of inversion to retention. This is the result expected from the
crossover and kinetic experiments already described, but it
does not agree with the stereochemical observations of
Schöllkopf and Hoppe,[5, 8] who used polarimetry. The rear-
rangement of chiral 1 (R�CHDPh) was, therefore, also
examined under their experimental conditions (chloroform,
0.3m, 140 8C).

H. Kinetics and stereochemistry of the rearrangement of 1
(R� benzyl) in chloroform : Figure 19 shows the deuterium
decoupled benzylic protons in the 1H NMR spectra of the

Figure 19. Deuterium-decoupled 1H NMR spectra. Top: the Mosher ester
of the benzyl-a-[D]alcohol recovered from chiral 1 (R�benzyl-a-[D])
after 60% rearrangement of a 0.3m chloroform solution at 140 8C. Bottom:
the Mosher ester of the benzyl-a-[D]alcohol recovered from chiral 2 (R�
benzyl-a-[D]) after complete rearrangement of a 0.3m chloroform solution
of 1 at 140 8C.

MTPA esters of the benzyl alcohol recovered from 1 after 60
percent of reaction and, in a second experiment, the benzyl
alcohol recovered from 2 after rearrangement was complete.
There is no racemization of the reactant, but the product is
formed with apparent racemization. The usual interpretation
of racemization, that is, that an achiral intermediate must
have been produced, would be incorrect in this case. In fact,
two reactions have occurred. One, by means of channel B, has

given the product with net retention of configuration; the
other, through channel D, has afforded the product with net
inversion of configuration. Under the specific reaction con-
ditions employed (0.3m, chloroform), the two rate constants
are almost the same.

The results of a kinetic study, performed under the same
conditions, are consistent with this interpretation. Figure 20 is

Figure 20. First-order plot of the kinetic data for the rearrangement of a
0.3m chloroform solution of 2-benzyloxypyridine-1-oxide at 140 8C.

a first-order plot of the data of presented in Table 9. The plot
is curved; however, if the curvature is ignored, the apparent
first-order rate constant is 4.9� 10ÿ5 sÿ1, in reasonable agree-

ment with the first-order rate constant reported by Hoppe,[8]

6.64� 10ÿ5 sÿ1. Figure 21 is a concentration ± time plot of the
data in Table 9. The theoretical plot has been generated from
Scheme 4, with the following rate constants: k1� 1.5�
10ÿ4 mÿ1 sÿ1, k2� 8� 10ÿ4 sÿ1, and k3� 8� 10ÿ4 sÿ1.

I. Secondary kinetic isotope effect in the rearrangement of 1
(R�Me): The kinetic, stereochemical and crossover experi-
ments in the benzyl series all lead to the conclusion that the
rearrangement of 1 (R� benzyl) to 2 (R� benzyl) proceeds
through two channels, one of which involves a single inversion
of configuration and the other a double inversion. For R�
methyl, the kinetic and crossover experiments are consistent
with a single inversion process. We did not attempt to confirm
this point by stereochemical studies based on the use of a
chiral methyl group.[2a, 29] Instead, since the CH3/CD3 kinetic
isotope effects calculated for the retention and inversion
mechanisms are not the same (1.35 and 1.02, respectively),
and calculated secondary H/D isotope effects agree well with
experiment,[30] we attempted to determine this isotope effect.

Table 9. Rearrangement of 1 (R�benzyl) at 140 8C in deuteriochloro-
form.

Time [h] Concentration of 1 [m]

0.0 0.299
0.5 0.268
1.0 0.244
2.0 0.205
4.0 0.147
5.0 0.127



FULL PAPER S. Wolfe et al.

� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0405-0898 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 5898

Figure 21. Concentration-time plot of the data of Figure 20. The theoret-
ical curve has been calculated from Scheme 4, with channels B and D
contributing equally to the formation of the product.

In view of the complex kinetics already discussed, the direct
measurement of kH/kD was problematical, and an indirect
determination based on competition experiments was con-
sidered. For this approach to be readily applicable, the
reaction should exhibit a unit order (e.g., 1 or 2), and this
was the case only under the special conditions reported by
Hoppe[8] and confirmed in the present work: 0.45m in
chloroform solvent.

Therefore, an approximately 1:1 mixture of 1 (R�CH3)
and 1 (R�CD3) was prepared, recrystallized from ethyl
acetate, and the EI-MS was measured (a). Two determina-
tions were made. In one, a 0.45m solution of the mixture in
chloroform was heated for 8.0 h at 140 8C, at which time the
mole fraction of unconverted 1 (c), determined as already
described, was 0.768. In the second experiment, the 0.45m
solution was heated for 16.0 h, and the mole fraction of
unreacted 1 (c) was 0.508. The unreacted 1 from each of these
experiments was then recovered, recrystallized, and the EI-
MS was measured (b). The results are summarized in
Table 10, and the secondary isotope effects were calculated

by use of Equation (1), where a, b, and c are as defined above.
The average isotope effect is 0.99.

kH

kD

�
ln

b

a
� c�1 � a�
�1 � b�

ln
c�1 � a�
�1 � b�

(1)

This result is significantly lower than the value (1.35)
computed for the intramolecular (retention) mechanism. On

the other hand, the theoretical isotope effects are 1.02 and
0.87, respectively, for the first and second steps of the
intermolecular (inversion) mechanism of Scheme 3. These
values lead to a calculated pseudo-first-order isotope effect
for this mechanism of 0.95 ± 0.98, in much better agreement
with the experimental result. We suggest that the isotope
effect criterion employed here may be useful to distinguish
genuine retention from double inversion mechanisms in other
methyl transfer reactions that have been found to proceed
with retention of configuration.[2]

J. Solvent effects : The evidence presented so far has shown
that the rearrangements of 1 (R�methyl) and 1 (R� benzyl)
are two-step processes. In the case of the methyl compound,
channel D is the major contributor to the second step. In the
case of the benzyl compound, channels B and D contribute to
the second step. With both substrates a change in solvent,
from chloroform to DMF, leads to changes in the rate
constants of the individual steps, but does not alter the
mechanism.

Ballesteros et al[11] has reported that no rearrangement of
the methyl compound was observed after refluxing for 20 h in
toluene, and concluded that an ionic mechanism was inhibited
in the nonpolar solvent. The present work suggests an
alternative interpretation of this solvent effect, namely, that
dimeric complexes of type 13 are present only in low
concentrations in aromatic solvents because of preferential
complexation of a 2-alkoxypyridine-1-oxide with the solvent.

Accordingly, 1 (R�CH3) was heated at 140 8C in toluene,
anisole, and nitrobenzene. Although under these conditions
the rearrangement of 1 is 70 percent complete in 4 h in DMF,
there was no significant reaction after 24 h in toluene, or after
4 h in the polar aromatic solvents.

Conclusions

The central thesis of this work has been confirmed. Retention
of configuration in nucleophilic displacement at carbon
should be regarded as a priori evidence of a complex reaction
mechanism that includes an even number of inversion steps.
In the case of the Tieckelmann reaction, two inversions at the
same carbon center, leading to net retention of configuration,
compete kinetically with single inversions at two centers,
leading to net inversion of configuration.

All previous studies of this rearrangement are consistent
with this mechanism. These include the crossover studies of
Litster and Tieckelmann[4a] and of Ballesteros et al,[11] the
rearrangement of 6 to 7,[6] the p-substituent effect in the
rearrangement of 2-benzyloxypyridine-1-oxides,[7] the nega-
tive volume of activation,[12] and the disputed skeletal isomer-
ization in the rearrangement of the cyclopropylcarbinyl
substituent.[4a, 5]

Experimental Section

General : Solvents were dried by standard procedures and redistilled prior
to use. 1H NMR and 13C NMR were obtained on Bruker model SY-100 or

Table 10. Competition experiments to determine the secondary CH3/CD3

kinetic isotope effect in the rearrangement of 1 (R�methyl).[a]

Time [h] 125/128 Ratio Mole fraction of 1 kH/kD
[b]

0.0 1.206 1.000 ±
8.0 1.194 0.768 1.03

16.0 1.253 0.508 0.94

[a] 0.45m in chloroform. [b] Calculated from Equation (1), see text.
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AMX 400 spectrometers. Chemical shifts are recorded with reference to
tetramethylsilane. Infrared spectra were obtained on a Perkin ± Elmer
599B spectrophotometer (1% KBr pellet or 1% solution). Mass spectra
were obtained at Simon Fraser University by Mr. G. Owen on a Hewlett ±
Packard 5985 GC/MS system operating at 70 eV and at the University of
British Columbia by Dr. G. Eigendorf on a Kratos MS 50 system. Melting
points were determined on a Fisher ± Johns melting point apparatus and are
uncorrected. Microanalyses were carried out at Simon Fraser University by
M. K. Yang on a Carlos Erba model 1106 elemental analyzer. Analytical
thin-layer chromatography (tlc) was performed on precoated Merck silica
gel 60 F-24 plates with aluminum backing. Spots were observed under
ultraviolet light and were visualized with 1% ceric sulfate. Column
chromatography was carried out with 230 ± 400 mesh silica gel (Merck).
Kinetic studies were performed in a Fisher high temperature oil bath
(silicone oil) fitted with a Thermotronic Devices Model 51 proportional
temperature controller. The temperatures of kinetic experiments varied
between 139.2 and 140.8 8C, and are reported as 140� 0.8 8C. Details of the
kinetic experiments and the analytical procedures employed have been
given earlier.

2-Chloropyridine-1-oxide : Chloroform (70 mL) and m-chloroperbenzoic
acid (14.6 g, 85 mmol) were added to a 250 mL three-necked flask fitted
with magnetic stirrer, condenser, and dropping funnel. The mixture was
stirred for 1 min and a solution of 2-chloropyridine (6.7 mL, 8.0 g,
70.5 mmol) in chloroform (30 mL) was added dropwise over 20 min. When
the addition was complete, the mixture was warmed to 65 ± 70 8C, stirred for
24 h, and then cooled to room temperature and poured, whilst being
strirred, into ice-cold 3n sodium hydroxide (100 mL). This mixture was
stirred vigorously for 10 min and the layers were then separated. The
aqueous layer was extracted with chloroform (3� 150 mL), and the
combined organic extracts were dried and evaporated under reduced
pressure. The product was purified by chromatography on silica gel (ethyl
acetate) and crystallized from dichloromethane/ether/hexane (1:2:10) to
give 5.5 g (60 %) of 2-chloropyridine-1-oxide as white plates. M.p. 63 ± 65 8C
(lit. m.p. 67 ± 68.5 8C,[24] evacuated capillary); 1H NMR (CDCl3): d� 8.34 ±
8.36 (m, 1H, H6), 7.49 ± 7.51 (m, 1 H, H4), 7.18 ± 7.23 (m, 2 H, H3, H5); 13C
NMR (CDCl3): d� 140.8 (C2), 127.2 (C3, C5) 125.6 (C6), 123.9 (C4); MS
(EI): m/z : 131, 129 (ratio� 25:75); C5H4NOCl (129.546): calcd C 46.36, H
3.11, N 10.81; found C 46.45, H 3.14, N 10.74.

2-Methoxypyridine-1-oxide. Methanol (15 mL) and sodium metal (390 mg,
17.0 mg-atom) were added to a round-bottomed flask fitted with magnetic
stirrer and condenser. When the sodium had dissolved, a solution of 2-
chloropyridine-N-oxide (2.0 g, 15.4 mmol) in methanol (10 mL) was added
dropwise over 10 min. The solution was refluxed for 1 h (after the addition
was complete), cooled, and the solvent was removed under reduced
pressure. The product was dissolved in water (30 mL) and extracted with
chloroform (4� 100 mL). The combined organic extracts were dried and
evaporated to afford a light yellow solid, which was purified by
chromatography (methanol/ethyl acetate, 1:1). Crystallization from ethyl
acetate afforded white needles of 2-methoxypyridine-1-oxide, 0.97 g
(50 %). M.p. 73 ± 76 8C (lit. m.p. 78 ± 79 8C[21]); C6H7NO2 ´ 1.0H2O
(143.142): calcd C 50.35, H 6.33, N 9.79; found C 50.46, H 6.22, N 9.84.
Dissolution of a sample in boiling toluene, followed by slow crystallization
at room temperature gave a single large colorless tabular crystal, which was
submitted for x-ray crystallographic analysis.[18] 1H NMR (CDCl3): d�
8.27 ± 8.29 (m, 1H, H6), 7.28 ± 7.32 (m, 1H, H4), 6.89 ± 6.95 (m, 2H,
H3,H5), 4.08 (s, 3H, OCH3); 13C NMR (CDCl3): d� 158.87, 140.18, 127.72,
117.63, 108.34, 57.25; IR (KBr): nÄ � 1606, 1522, 1348 cmÿ1; MS (EI) m/z :
125.

2-[D3]Methoxypyridine-1-oxide : Repetition of the above reaction with
CD3OD (10 mL), sodium metal (177 mg, 7.7 mg-atom) and 2-chloropyr-
idine-N-oxide (1.0 g, 7.7 mmol) gave 0.42 g (43 %) of product. M.p. 73 ±
76 8C; 1H NMR (CDCl3): d� 8.27 ± 8.29 (m, 1 H), 7.28 ± 7.32 (m, 1H), 6.89 ±
6.95 (m, 2H); MS (EI): m/z : 128.

2-[D3]Methoxy-6-[D]pyridine-1-oxide : The above reaction was repeated
with CD3OD (10 mL), sodium metal (210 mg, 9.2 mg-atom) and 2-
chloropyridine-1-oxide (1.0 g, 7.7 mmol). When the addition was complete,
the reaction mixture was refluxed for 12 h. Isolation gave 0.36 g (36 %) of 2-
[D3]methoxy-6-[D]pyridine-1-oxide. M.p. 73 ± 76 8C; 1H NMR (CDCl3):
d� 8.25 ± 8.27 (m, 0.2 H, H6), 7.26 ± 7.30 (m, 1H, H4), 6.88 ± 6.93 (m, 2H);
MS (EI): m/z : 129, 128 (ratio, 4:1).

1-Methoxy-2-pyridone : Five equal portions of a solution of 1 (R�Me,
50.3 mg) in [D7]DMF (2.5 mL) were sealed in NMR tubes, and heated at
140 8C. The initial spectrum exhibited peaks at d� 8.24 ± 8.27 (d, 1H),
7.30 ± 7.35 (t, 1H), 7.23 (d, 1 H), 7.04 (t, 1H), 4.03 (s, 3 H). After 8.7 h, only
the spectrum of the product was evident, at d� 7.95 ± 7.97 (dd, 1 H), 7.40 ±
7.46 (dt, 1H), 6.51 ± 6.53 (dd, 1H), 6.21 ± 6.24 (m, 1H), 4.00 (s, 3 H). In a
second experiment, a solution of 1 (R�Me, 200 mg, 0.15 mmol), in DMF
(4 mL), was refluxed for 24 h. The solvent was removed under reduced
pressure and the residue was purified by column chromatography (ethyl
acetate/methanol, 1:1) to give a yellow oil, 144 mg (72 %). 1H NMR
(CDCl3): d� 7.50 ± 7.52 (dd, 1 H), 7.28 ± 7.32 (dt, 1H), 6.65 ± 6.67 (dd, 1H),
6.11 ± 6.15 (dt, 1H,), 4.06 (s, 3H,); 13C NMR (CDCl3): d� 158.1, 138.4,
135.1, 122.5, 105.0, 64.3; MS (EI): m/z : 125; C6H7NO2 ´ 0.75 H2O (134.134):
calcd C 52.00, H 6.14, N 10.11; found C 52.23, H 6.20, N 11.22.

2-Benzyloxypyridine-1-oxide : THF (10 mL), sodium metal (60.5 mg,
2.6 mg-atom), and benzyl alcohol (2.1 g, 19 mmol) were added to a
round-bottomed flask fitted with a magnetic stirrer and a condenser. The
mixture was stirred until all of the sodium had dissolved, and 2-
chloropyridine-1-oxide (308 mg, 2.4 mmol) was added in one portion.
The mixture was heated to reflux, stirred for 3 h, cooled to room
temperature, and treated with water (10 mL). Extraction with chloroform,
drying, and evaporation gave a white solid which was purified by column
chromatography (ethyl acetate, followed by methanol/ethyl acetate, 1:2).
Crystallization from ethyl acetate/hexane gave 0.34 g (73 %) of 2-benzy-
loxypyridine-1-oxide. M.p. 108 ± 109 8C (lit. m.p. 107 8C[8]); 1H NMR
(CDCl3): d� 8.26 ± 8.28 (m, 1H, H6), 7.43 ± 7.46 (m, 2H, PhH), 7.33 ± 7.40
(m, 3 H, PhH), 7.13 ± 7.17 (m, 1H, H4), 6.88 ± 6.92 (m, 1H, H5), 6.83 ± 6.85
(m, 1 H, H3), 5.44 (s, 2H, benzyl CH2); 13C NMR (CDCl3): d� 157.95,
140.45, 135.03, 128.78, 128.65, 127.72, 126.98, 118.48, 112.58, 72.51; MS (EI):
m/z : 201; C12H11NO2 (201.224): calcd C 71.63, H 5.51, N 6.96; found C 71.73,
H 5.64, N 6.79.

2-Benzyl-a,a-[D2]oxy-6-[D]pyridine-1-oxide : THF (10 mL) and lithium
aluminum deuteride (0.8 g, 19 mmol) were added to a round-bottomed
flask fitted with a magnetic stirrer and a dropping funnel. A solution of
freshly recrystallized benzoic acid (3 g, 24.6 mmol) in THF (15 mL) was
added dropwise over 5 min. Stirring was continued for 1 h, and saturated
sodium sulfate (10 mL) was then added dropwise, followed by solid
anhydrous sodium sulfate. The supernatant was decanted and concentrated
under reduced pressure. The residue was dissolved in water (20 mL) and
extracted with chloroform (3� 100 mL). The organic extract was dried and
evaporated, and the product was purified by column chromatography
(hexane/ethyl acetate, 5:1) to give 1.7 g (62 %) of benzyl ± a,a-[D2]alcohol.
1H NMR (CDCl3): d� 7.32 ± 7.39 (m, 5H, PhH), 2.57 (s, 1H, OH); MS (EI):
m/z : 110. In the next step, THF (15 mL), sodium metal (37.6 mg, 1.6 mg-
atom), and benzyl-a,a-[D2]alcohol (1.05 g, 9.5 mmol) were stirred until the
sodium had dissolved, and 2-[D3]methoxy-6-[D]pyridine-1-oxide (135 mg,
1.0 mmol) was added in one portion. The mixture was refluxed for 4.5 h,
cooled, and treated with water (20 mL). The product was isolated by
chromatography, as described above, to give 0.139 g (65 %) of the product.
M.p. 108 ± 109 8C; 1H NMR (CDCl3): d� 8.26 ± 8.28 (m, 0.3H, H6), 7.44 ±
7.46 (m, 2 H, PhH), 7.32 ± 7.39 (m, 3 H, PhH), 7.13 ± 7.17 (m, 1H, H4), 6.88 ±
6.89 (m, 1 H, H5), 6.82 ± 6.85 (m, 1H, H3); MS (EI): m/z : 204, 203 (ratio,
4.5:1).

1-Benzyloxy-2-pyridone : A solution of 2-benzyloxypyridine-1-oxide
(100 mg, 0.5 mmol) in DMF (2 mL) was refluxed for 12 h. The solvent
was removed under reduced pressure, and the residue was purified by
column chromatography (ethyl acetate/hexane, 1:1). The product was
crystallized from hexane to give 87 mg (87 %) of a white solid. M.p. 82 ±
84 8C (lit. m.p. 77 8C[8]); 1H NMR (CDCl3): d� 7.36 ± 7.40 (m, 5 H, Ar),
7.24 ± 7.28 (dt, 1 H), 7.09 ± 7.11 (ddd, 1 H), 6.68 ± 6.70 (ddd, 1 H), 5.90 ± 5.94
(dt, 1H), 5.29 (s, 2H); 13C NMR (CDCl3): d� 158.9, 138.5, 136.7, 133.9,
130.0, 129.3, 128.7, 122.9, 104.3, 78.4; MS (EI): m/z : 201; C12H11NO2

(201.224): calcd C 71.63, H 5.51, N 6.96; found C 71.48, H 5.35, N 7.03.

2-Hydroxypyridine-1-oxide : A solution of 2-methoxypyridine-1-oxide
(0.1 g, 0.8 mmol) in concentrated hydrochloric acid (2 mL) was warmed
to 90 ± 100 8C, stirred for 16 h, and then cooled and evaporated under
reduced pressure. Crystallization from chloroform/hexane (1:5) gave 48 mg
(54 %) of an off-white product. M.p. 148 ± 149 8C (lit. m.p. 148 ± 149 8C[21]);
1H NMR (D2O): d� 7.81 ± 7.73 (m, 1H), 7.46 ± 7.50 (m, 1 H), 6.62 ± 6.65 (m,
1H), 6.45 ± 6.48 (m, 1 H,); MS (EI): m/z : 111.
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Lithium salt of 2-hydroxypyridine-1-oxide : n-Butyllithium (72 mL, 2.5m in
hexane, 0.18 mmol) was injected into an ice-cold suspension of 2-
hydroxypyridine-1-oxide (20.3 mg, 0.18 mmol) in THF (10 mL). The
mixture was stirred for 1 h, and the product was separated by centrifuga-
tion, washed with hexane, and dried to give 18.2 mg (85 %) of an off-white
solid. 1H NMR ([D7]DMF): d� 7.93 ± 7.94 (br d, 1H), 7.29 ± 7.33 (br t, 1H),
6.45 ± 6.48 (br d, 1H), 6.21 ± 6.24 (br d, 1H).

1,2-Dimethoxypyridinium trifluoromethanesulfonate : Methyl triflate
(0.4 mL, 3.5 mmol) was injected into a solution of 2-methoxypyridine-1-
oxide (146.8 mg, 1.2 mmol) in THF (15 mL) and chloroform (2.0 mL). The
reaction mixture was stirred for 1.5 h, and the solvent was then removed
under reduced pressure. Crystallization from dichloromethane/ether (1:5)
gave 201 mg (56 %) of product. M.p. 126 ± 127 8C; 1H NMR (CDCl3): d�
8.55 (dd, 1H, H6), 8.42 (dt, 1 H), 7.75 (dd, 1H, H3), 7.54 (dt, 1H), 4.36 (s,
3H, OCH3), 4.30 (s, 3H, OCH3); C8H10NO5SF3 (289.231): calcd C 33.22, H
3.48, N 4.84; found C 33.19, H 3.37, N 4.75.

Reaction of the lithium salt with the triflate salt.
A) In [D7]DMF : 1,2-Dimethoxypyridinium trifluoromethanesulfonate
(5.1 mg, 0.018 mmol) was added to a solution of the lithium salt (2.2 mg,
0.018 mmol) in [D7]DMF (0.5 mL). The 1H NMR spectrum, taken
immediately after the addition, showed the peaks of the two reactants at
d� 9.20 (d), 6.63 (t), 8.06 (d), 7.75 (t), 7.31 (br), 6.47 (d), 4.48 (s), and 4.40
(s), and approximately 50 % conversion to 1-methoxy-2-pyridone, with
peaks at d� 7.96 ± 7.98, 7.42 ± 7.46, 6.51 ± 6.54, 6.22 ± 6.25, and 4.00. After
22 h, the conversion to 2 was greater than 95 %.
B) In D2O : NaOD-D2O (0.11 mL, 1.43n solution, 0.16 mmol) was added to
a solution of 1-hydroxy-2-pyridone (20.2 mg, 0.18 mmol) in D2O (0.5 mL).
The resulting solution, designated solution A, exhibited NMR peaks at d�
7.75 ± 7.77 (1H), 7.26 ± 7.30 (1H), 6.53 ± 6.56 (1H), and 6.40 ± 6.43 (1H). A
second solution, designated solution B, was prepared by dissolution of 1,2-
dimethoxypyridinium trifluoromethanesulfonate (12.7 mg, 0.044 mmol) in
D2O (0.5 mL). This solution exhibited peaks at d� 8.66 ± 8.68 (d, 1H),
8.35 ± 8.40 (t, 1H), 7.65 ± 7.67 (d, 1H), 7.46 ± 7.50 (t, 1 H), 4.32 (s, 3H) and
4.24 (s, 3H). To begin the reaction solution A (0.16 mL, 0.044 mmol) was
injected into solution B. After 20 h at room temperature, the solution
showed approximately 50 percent conversion to a 45:55 mixture of
methanol (d� 3.27) and 1-methoxy-2-pyridone. 1H NMR: d� 7.83 ± 7.85
(d, 1H), 7.51 ± 7.55 (t, 1 H), 6.61 ± 6.65 (d, 1 H), 6.44 ± 6.48 (t, 1H), 3.95 (3H).

Reaction of 1 (R�CD3) with methyl iodide : Methyl iodide (75 mL,
171.0 mg, 1.2 mmol) was added to a solution of 1 (R�CD3, 50.8 mg,
0.4 mmol), in chloroform (3 mL). The solution was refluxed for 27 h, and
the solvent was removed. The 1H NMR spectrum of the product (CDCl3)
was identical to that of 2 (R�CH3).

Reaction of 1 (R�CH3) with benzyl chloride : A solution of benzyl
chloride (50 mL, 60 mg, 0.4 mmol) and 2-methoxypyridine-1-oxide
(50.2 mg, 0.4 mmol) in [D]chloroform (2 mL) was heated to reflux. After
20 h, the 1H NMR spectrum showed conversion to a 4:1 mixture of 2 (R�
benzyl) and 2 (R�methyl).

Chiral benzyl-a-[D]alcohol :[28] A suspension of (S)-(ÿ)-1,1'-bi-2-naphthol
(0.70 g, 2.4 mmol), titanium(iv) isopropoxide (1.23 mL of 1m in dichloro-
methane, 1.2 mmol), trifluoroacetic acid (0.5m in methylene chloride,
70 mL), and 4 � molecular sieves (5 g, heated at 110 8C and then powdered)
in ether (50 mL) was refluxed for 1 h, cooled to room temperature, and
benzaldehyde (1.25 mL, 1.30 g, 12.3 mmol) was added dropwise while the
solution was stirred. The reaction mixture was cooled to ÿ78 8C, and a
solution of tributyltin deuteride (3.6 mL, 13.5 mmol) in ether (15 mL) was
added dropwise. Stirring was continued for 10 min at ÿ78 8C after the
addition was complete, and the reaction mixture was then stored for 20 h at
ÿ20 8C. The stirred reaction was quenched by addition of saturated sodium
bicarbonate solution (20 mL). Stirring was continued for 1 h and the
mixture was then filtered through a pad of Celite. The filtrate was extracted
with ethyl acetate (3� 100 mL), the organic layer was dried and evapo-
rated, and the residue was purified by column chromatography (ethyl
acetate/hexane 1:9 followed by ethyl acetate/hexane, 2:9) to give 1.12 g
(84 %) of the product.

MTPA ester of benzyl alcohol.[25] Oxalyl chloride (5 mL, 7.27 mg,
0.057 mmol) was added to a solution of (S)-(ÿ)-methoxytrifluoromethyl-
phenylacetic acid (2.8 mg, 0.012 mmol) and DMF (1.0 mL, 0.94 mg,
0.012 mmol) in hexane (0.5 mL). A white precipitate formed immediately.
The mixture was filtered after 1 h and the filtrate was concentrated under

reduced pressure. The residue was treated with a solution of benzyl alcohol
(1.1 mL, 1.15 mg, 0.01 mmol), triethylamine (4.0 mL, 2.9 mg, 0.03 mmol),
and 4-(N,N-dimethylamino)pyridine (one crystal) in [D]chloroform
(0.5 mL). The resulting solution was transferred to a NMR tube, shaken
vigorously, and the 1H NMR spectrum was recorded (see Figure 18).

Chiral 2-benzyl-a-[D]oxypyridine-1-oxide : THF (20 mL), sodium hydride
(0.44 g of a 60% dispersion in mineral oil, 11.0 mmol), and chiral benzyl-a-
[D]alcohol (1.02 g, 9.2 mmol) were stirred together for 10 min. Then 2-
chloropyridine-1-oxide (1.21 g, 9.2 mmol) was added in one portion. The
mixture was warmed to 55 ± 65 8C, stirred for 4.5 h, cooled, and water
(20 mL) was added. Extraction with chloroform (4� 70 mL) followed by
drying and evaporation gave a white solid, which was purified by
chromatography (ethyl acetate, then methanol/ethyl acetate 1:2). Crystal-
lization from ethyl acetate-hexane gave 1.06 g (57 %), m.p. 108 ± 109 8C.

Recovery of benzyl alcohol from chiral 2-benzyl-a-[D]oxypyridine-1-
oxide : The N-oxide (0.1 g, 0.5 mmol) was added to a solution prepared
from sodium hydride (48 mg of 60% dispersion in mineral oil, 1.2 mmol)
and methanol (10 mL). The resulting solution was refluxed, whilst stirred,
for 7 h and the solvent was then removed under reduced pressure. The
residue was treated with water (5 mL) and extracted with ethyl acetate
(3� 50 mL). The organic extract was dried, concentrated, and the residue
was purified by preparative layer chromatography (ethyl acetate:hexane,
1:3) to give 35 mg (65 %) of benzyl-a-[D]alcohol.

Rearrangement of chiral 2-benzyl-a-[D]oxypyridine-1-oxide: A solution of
the N-oxide (0.8 g, 4.0 mmol) in DMF (9.0 mL) was heated at 140 ± 150 8C
for 3 h. The solvent was removed under reduced pressure and the residue
was subjected to column chromatography (ethyl acetate, followed by ethyl
acetate/methanol 1:1) to give recovered 2-benzyl-a-[D]oxypyridine-1-
oxide (0.18 g) and the product 1-benzyl-a-[D]oxy-2-pyridone (0.43 g).

Recovery of benzyl alcohol from chiral 1-benzyl-a-[D]oxy-2-pyridone :[8]

The pyridone (0.3 g, 1.5 mmol) was added to a suspension of zinc dust
(freshly activated with 1n HCl, 0.22 g, 3.3 mg-atoms) in 30 % acetic acid
(10 mL). The reaction mixture was refluxed, with stirring, for 5.5 h, cooled
to room temperature, and saturated sodium bicarbonate (30 mL) was
added cautiously. Extraction with ethyl acetate (3� 100 mL), followed by
drying and evaporation of the extract and chromatography (ethyl acetate/
hexane, 1:3) afforded benzyl-a-[D]alcohol (122 mg, 75 %).

Solvent effect studies : A solution of 2-methoxypyridine-1-oxide (2.5 mg,
0.02 mmol) in toluene (0.2 mL) was sealed in a glass tube under nitrogen
and heated at 140 8C for 24 h. The solvent was then removed, and the 1H
NMR spectrum recorded in deuteriochloroform. The spectrum was
identical with that of the starting material. In a second experiment, a
solution of 2-methoxypyridine-1-oxide (20.5 mg, 0.16 mmol) in anisole
(0.5 mL) was heated at 140 8C for 4 h. The solvent was then removed and
the 1H NMR spectrum was recorded. The spectrum was again identical
with that of the starting material. In a third experiment, a solution of 2-
methoxypyridine-1-oxide (20.0 mg, 0.16 mmol) in nitrobenzene (0.5 mL)
was heated at 140 8C for 4 h, cooled, and the infrared spectrum was
recorded. This showed strong peaks at 1522 and 1348 cmÿ1 and very weak
absorption at 1666 and 1499 cmÿ1. The infrared spectrum of 2-methoxy-
pyridine-1-oxide in nitrobenzene shows strong peaks at 1522 and
1348 cmÿ1; the infrared spectrum of 1-methoxy-2-pyridone has strong
peaks at 1666 and 1499 cmÿ1. The spectrum of a 95:5 mixture of 1 and 2 was
the same as that of the rearrangement product.

Theoretical procedures : Transition structures were located by the reaction
coordinate method. The C ´´´ O bonds of the entering and leaving groups
were fixed at several values near 1.9 �, all other geometrical parameters
were optimized, and the magnitudes and signs of the gradients of the two
reaction coordinates were used to improve the trial values. When a
structure close to the saddle point was reached, a final refinement was
usually achieved with the OPT�CALCALL option of Gaussian 92 or
Gaussian 94,[14] in which force constants are calculated in every iteration.
All calculations of intermolecular alkyl transfer (alkyl�Me, Et, PhCH2), of
intramolecular alkyl transfer (alkyl�Me, Et, PhCH2), and of CH3/CD3

isotope effects were performed at the 3-21G level, and all of the stationary
structures computed at this level were characterized by vibrational analysis.
These data, and details of all structures, are available as Supporting
Information. The Supporting Information also includes the vibrational
analysis of intramolecular methyl transfer at the 3-21�G level. Vibrational
analysis was not performed on the MP2/6-31�G* calculations of intra-
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molecular methyl transfer. For calculations of CH3/CD3 isotope effects, the
frequencies employed as input to the Bigeleisen equation[15] were obtained
by scaling of the computed values by 0.9.
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