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Abstract—Electronically deactivated and/or sterically hindered substrates undergo the Newman–Kwart rearrangement (NKR) at around
300 �C, beyond the range of most convenient and safe, small-scale laboratory equipment. We report here the convenient conversions of several
difficult substrates using modern microwave technology, which has proven ideal for investigating this high temperature reaction in all but
the most refractory of cases. In addition, several previously reported difficult examples were re-investigated, and found not to require high
temperatures under these conditions, for various reasons which are elaborated upon.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

In our first report1 on the Newman–Kwart rearrangement
(NKR),2 we commented that most synthetically useful ex-
amples require temperatures in the range of 200–300 �C
since the NKR proceeds by an O- to S-aryl migration, which
has a high activation energy (Scheme 1). Many literature ex-
amples feature electron withdrawing group (EWG) substitu-
ents, which are known to aid this rearrangement. Typical
reaction temperatures for short reaction times are below
250 �C in these cases.3 Substrates bearing electron-donating
group (EDG) substituents on the other hand tend to require
temperatures approaching 300 �C.4 Furthermore, whilst
one ortho substituent can enhance the reaction rate, doubly
ortho and very sterically hindered substituents perturb the
reaction and also require typically high temperatures and/
or prolonged reaction times.5
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Having proven the utility of microwave technology for heat-
ing this high temperature rearrangement in the general case,1

we were interested to push the microwave capability above
the general limit of 250 �C using difficult NKR substrates.6

Since many phenols bearing useful substituents are avail-
able, it would broaden the scope and utility of the procedure
by taking advantage of these substitution patterns. These dif-
ficult NKR compounds are electronically deactivated sub-
strates bearing one or more MeO groups (2a–f); sterically
crowded substrates (2h–n); or substrates incorporating
both features (2f, h–j). We also decided to investigate the
largely unknown fluoro series (2o–s) more comprehensively,
which had previously proven to be sluggish at ‘moderate’
temperatures (i.e., around 250 �C).1 Finally, in addition to
examples 2d, h–k, we specifically re-investigated two com-
pounds in which the conversions were slow or the yields
were low for the O- to S-rearrangement, suggesting that
these might also be difficult substrates (2t–u).

All these substrates were expected to require temperatures at
the upper end of the 250–300 �C range, which one or two
modern scientific microwave instruments are capable of
achieving.7 Traditionally, many NKR reactions have been
performed as melts in oils baths, autoclaves,8 heating man-
tles,9 metal4c or salt baths,10 or under FVP conditions.11

FVP is too specialised for most organic chemists to use,12

and the other heating methods are also becoming less com-
mon due to their significant physical hazards. This is easily
avoided by the use of modern microwave instrumentation.13

Such microwaves effectively function as highly convenient,
small-scale autoclaves. Safety concerns are reduced to
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a minimum whilst accessing what are for the general organic
chemist, very high temperatures. Furthermore, the direct
heating capability of microwaves allows high temperatures
to be accessed rapidly, without the delay in heating a bath
or oven, or of conductive heating through a solid or molten
sample. Compressed air cooling at the end of the reaction
speeds up the cooling process. In addition, we were hopeful
that the rapid heating/rapid cooling capability provided by
microwave heating might also contribute to a cleaner reac-
tion profile. Finally, it is worth noting that near critical water
can be accessed in the 250–300 �C temperature range, which
is of recent interest due to its unique reaction properties.14

2. Results and discussion

The starting O-thiocarbamates 2 could be readily prepared
from available phenols in a single step, using our simplified
procedure in most cases (DABCO, DMTCC and NMP)
(Scheme 2).1 The sterically hindered compounds 2h–j could
not generally be prepared in good yield by this method, but
switching to the more forcing NaH/DMTCC conditions used
by other workers,2,4b,5 produced good yields for compounds
2h and i. By either method, direct aqueous drown-out of the
reaction mixtures gave high yields of highly crystalline com-
pounds in excellent purity in the majority of cases (Table 1).
Lower yields occurred only in the case of the low melting
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Scheme 2. (i) DMTCC (1.1 equiv), DABCO (1.3 equiv), NMP, 50 �C, then
water; (ii) NaH, DMTCC, NMP, rt, then water and (iii) solvent, MW.
solid 2g, where recovery was more difficult, and several of
the O-alkyl substituted compounds, where conversions
were lower although the products were highly crystalline.

The optimised conditions for conversion of each O- to S-
thiocarbamate were screened using microwave heating on
dilute samples, typically 0.4–1.2 M in NMP, and monitoring
by HPLC initially. Although NMP heats very efficiently in
the microwave field allowing high temperatures to be
achieved, the reaction solutions often became very dark,
which could complicate the workup; DMA was found to
be a better solvent in these cases. When NMP and DMA
both gave poorer impurity profiles, ortho-dichlorobenzene
(DCB) was found to be a suitable replacement capable of
reaching the high temperatures required (at high substrate
concentrations). Although we have reported that there is
a solvent dependency for this reaction,1 there is no practical
difference between NMP and DMA, and only a minor ad-
justment is required for the lower relative polarity of DCB.
There is also no practical difference on the rates of reaction
for the different concentrations used.

Once ideal conditions had been determined for >95% con-
version after a 15–20 min heating time, purified samples
were isolated on 200–500 mg scale from preparative proce-
dures. Yields were comparable or better to existing literature
data in all cases. Pressures at the high temperatures of
w300 �C were in the range 100–200 psi (7–14 bar) in most
cases, depending on the solvent and the actual temperature
required. This was well within the 300 psi (20 bar) operating
limit of the microwave. The results are collected in Table 1.
The unsubstituted compound 2g was included as a baseline
reference, showing >95% conversion at 290 �C after
20 min.
Table 1. Microwave conditions for conversion of 2 to 3

Substitution pattern (X¼) Yielda 2 (%) Yielda 3 (%) Microwave conditions for conversion of 2 to 3 Ref.

Tempb (�C) Time (min) Conv.c (%) Solvent Vold

a 2-MeO 75 80 300 20 99 NMP 10 2
b 3-MeO 68 86 295 20 98 NMP 10 4b
c 4-MeO 67 79 >300 40 99 NMP 10 2
d 3,5-DiMeO 66 86 295 20 99 NMP 4 19
e 3,4,5-TriMeO 81 64 300 15 100 NMP 4 23
f 2,6-DiMeO 77 78 300 20 100 DMA 4 24
g 4-H 56 82 290 20 97 NMP 10 5
h 2,6-DiMe 70 86 300 25 98 DMA 10 25
i 2,6-Di-i-Pr 64 91 >300 30 100 DMA 4 25
j 2,6-Di-t-Bu-4-Mee n/a n/a 335e 20e 13e Neate n/a 2,5
k 1-Naph 77 84 300 15 100 NMP 4 17
l 2-Naph 72 75 280 20 97 DMA 4 18
m 2-Ph 76 80 300 15 100 DMA 4 5
n 2,6-DiPh 88 75 300 25 96 DMA 4 5
o 2-F 87 75 290 20 96 DMA 4 —
p 3-F 93 92 280 20 100 NMP 4 —
q 4-F 80 72 >300 20 97 DMA 4 1
r 2,4-DiF 94 71 290 20 100 DCB 4 21
s 3,4-DiF 90 89 300 20 100 DCB 4 —
t 2-Br-5-MeO n/a 89 280 20 100 DCB 4 9
u 2,5-DiCl-4-I 93 85 230 20 97 DMA 4 22

n/a Not applicable.
a Isolated yields.
b For >300 �C, see text.
c Determined by LC at 254 nm.
d 10 vol¼1 g in 10 mL.
e Data from Ref. 2.
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The results for singly and multiply substituted O-alkyl
substituted compounds (2a–f) were as expected, being con-
verted to their respective S-thiocarbamates in good yields in
15–20 min atw300 �C. The conversion rates for the di- and
tri-substituted compounds 2d and e, and the doubly ortho
compound 2f, were equivalent to the mono-substituted 2a,
showing that meta-EWG substituents, and non-hindering or-
tho substituents do not make the reaction slower. However,
the para-methoxy substituted compound (2c) proved partic-
ularly refractory. Rather than lengthening the reaction time
significantly, however, 2c could be heated well above
300 �C to achieve full conversion in 30–40 min by the expe-
diency of not stirring the homogeneous reaction mixture.
This lack of stirring means that the bulk heat in the unstirred
liquid column is not adequately dissipated throughout the
tube. This results in the microwave’s IR pyrometer at the
base of the microwave tube reading an artificially reduced
temperature, which tricks the magnetron into supplying more
power to the sample to reach the nominal set point of 300 �C,
even though the bulk temperature above the pyrometer is
already >300 �C. A semi-quantitative assessment from
known reaction conversions at lower temperatures indicates
that temperatures of w30–40 K higher can typically be
achieved by this procedure.15

The mildly electron-donating compounds 2h–i needed
slightly more forcing conditions, presumably due to their in-
creased steric hindrance around the reacting centre. A slight
lengthening of the reaction time to 25 min for 2h (2,6-diMe)
was required, and much more so for 2i (2,6-di-i-Pr). Rather
than increasing the reaction time excessively, which often
leads to some degradation, the reaction temperature was
again increased to>300 �C, as described for 2c above. How-
ever, substrate 2j (2,6-di-t-Bu-4-Me) proved too bulky to be
synthesised in our hands, and it was not clear from the liter-
ature how this had been achieved in the past.2,5 Rundel
clearly had a similar problem with this and the simpler 2,6-
di-tert-butyl-substituted compound.16
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The aromatic substituents 2k–n also proved to be readily
converted to their S-thiocarbamates, despite their relatively
bulky substituents. The sterically crowded 2m (2-Ph) and
n (2,6-diPh) were converted on a similar time scale to 2h
(2,6-diMe). The 1-naphthyl compound (2k) also underwent
good conversion within the scope of the instrument, despite
the expected steric constraint from the peri-proton and
previously reported unsuccessful preparation by NKR.17

The sterically unencumbered 2-naphthyl compound (2k)
showed that these aromatic rings can function like EWG sub-
stituents when steric factors do not intervene, being rela-
tively faster than the unsubstituted reference compound 2g.18

The fluoro-substituted compounds (2o–s) proved to be more
difficult than reference substrate 2g whilst exhibiting the
expected trend for a mono-substituted series, i.e., 3-F>2-F>
4-F. Indeed, compound 2q (4-F) had to be heated unstirred
above 300 �C as for sterically hindered 2i to achieve
>95% conversion after 20 min. With additional fluorine,
the EWG effects appear to become dominant, and such ex-
treme temperatures, although high, are no longer quite
needed for compounds 2r and s. This trend appears to be
general, since the tetra fluoro-substituted bis-compound 2v
was reported to be converted at the relatively modest temper-
ature of 195 �C after 45 min.3d
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Several compounds were studied in more detail, for which,
in our experience, over-long reaction times and/or low con-
versions had been reported. For example, a recent re-synthe-
sis of 2d following Wolfers’ procedure19 required 6 h at
285 �C to give a modest yield of 47%.20 Wolfers obtained
72% after 90 min at 265 �C, which compares well with our
86% yield after 20 min at 295 �C. Compound 2r could
also be prepared in slightly improved yield and at faster con-
version in our hands than previously;21 and compound 2k
has already been discussed above.

Finally, we specifically investigated two additional com-
pounds for which long reaction times and/or low conversions
had been reported. Both were halogen-substituted com-
pounds, which should not have required particularly high
temperatures. The first was from our own laboratories,
whereby the 2-bromo-5-methoxy substrate (2t) had required
4 h at reflux in diethylaniline (bp 217 �C) to achieve full con-
version with an isolated yield on scale-up of 90%.9 This
could be fully converted after 20 min in DCB at 280 �C to
give an equivalent isolated yield. For an assumed first order
rearrangement,26 this increase in reaction rate at the higher
temperature is roughly what would have been predicted
from the Arrhenius equation. Comparison with the relevant
3-methoxy substituted analogue 2b shows that the weakly
EWG 2-bromo substituent does indeed facilitate this reac-
tion moderately.
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The alternative 2,5-dichloro-4-iodo substrate (2u) was more
puzzling, giving an apparent isolated yield after reaction at
220 �C for 2 h of only 33%.22 However, this yield was ob-
tained from the starting phenol 4, which required moderately
selective iodination to give 1u before formation of O-thiocar-
bamate 2u, and then rearrangement to the S-thioicarbamate
product 3u, without purification during the intermediate
steps (Scheme 3). The telescoped yield of 33% disguised
the apparently low quality of the iodination product 1u,
which was used crude to form 2u. We isolated and purified
iodophenol 1u in a modest 56% yield, from which the O-thio-
carbamate could then be prepared in an excellent 93% yield.
Conversion by NKR at the relatively modest temperature of
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Scheme 3. (i) I2, Ag2SO4, CH2Cl2; (ii) DMTCC, DABCO, NMP and (iii) DMA, 230 �C, MW.
230 �C for 20 min gave 97% conversion with an isolated
yield of 85%. As with the other examples discussed above,
including our own,9 apparently lower than expected yields
for the NKR step were all due to poor yields or selectivities
in earlier chemistry steps whilst the NKR itself proved to
be high yielding.

3. Conclusions

In summary, we have shown that electronically deactivated
and/or sterically hindered substrates, which undergo the
Newman–Kwart rearrangement (NKR) at w300 �C can be
safely and conveniently transformed in short reaction times
using modern microwave technology. Significantly, micro-
wave heating allowed access to temperatures substantially
above solvent boiling points whilst under pressures that
were comfortably within the operating limits of the micro-
wave instrument. Of the substrates which could be prepared,
none of the examples tested were beyond the scope of avail-
able instruments. In addition, we have re-investigated several
examples which apparently required high temperatures and
gave modest yields. In each case we found the NKR to be a re-
liable and high yielding reaction, often not requiring such
high temperatures. In every case, the previously reported
poor performance could be attributed to low conversions or
non-optimised isolations in earlier chemical steps unrelated
to the NKR.

4. Experimental

4.1. General

Reaction mixtures and products were analysed by reverse
phase HPLC on an Agilent 1100 series instrument as fol-
lows. Method A: column, Genesis C18 100 mm�3.0 mm
i.d.; eluent A, 95% purified water, 5% acetonitrile, 0.1% v/v
formic acid; eluent B, 95% acetonitrile, 5% purified water,
0.1% v/v formic acid; flow rate 0.75 mL/min; wavelength
254 nm; temperature 35 �C; injection volume 10 mL; at
t¼0 min, 40% eluent B; at t¼5 min, 70% eluent B; at
t¼7 min, 70% eluent B; 3 min post time. For the non-polar,
sterically hindered substrates (2/3h–j and n), a longer run-
ning method was required. Method B: as for Method A, ex-
cept at t¼0 min, 0% eluent B; at t¼13 min, 100% eluent B;
at t¼15 min, 100% eluent B; 5 min post time. Typical reten-
tion times (tR) are noted in each case. Melting points were
determined using a Griffin melting point apparatus (alumin-
ium heating block) and are uncorrected. 1H and 13C NMR
spectra were recorded on a Varian Inova 400 spectrometer
at 400 and 100.6 MHz, respectively, with chemical shifts
given in parts per million relative to TMS at d¼0. Electro-
spray (ES+) mass spectra were performed on Micromass
ZQ or Micromass Platform LC mass spectrometers.
Analytical TLC was carried out on commercially prepared
plates coated with 0.25 mm of self-indicating Merck Kiesel-
gel 60 F254 and visualised by UV light at 254 nm. Prepara-
tive scale silica gel flash chromatography was carried out
by standard procedures using Merck Kieselgel 60 (230–
400 mesh). Where not stated otherwise, assume standard
practices have been applied.

4.2. Typical microwave procedure

Microwave reactions were exclusively performed in 10-mL
sealed tubes in a regularly calibrated CEM Discover focused
300 W microwave reactor with IR temperature monitoring
and non-invasive pressure transducer. In a typical procedure,
200 or 500 mg of O-thiocarbamate (2) was dissolved in
NMP, DMA or DCB (2.0 mL) and heated to the required
temperature with stirring for a fixed time. The heating time
to reach the set temperature was typically 90–120 s, depend-
ing on the maximum wattage supplied (250–300 W) and the
temperature required (230–300 �C) (typically 300 W to heat
to 300 �C inw120 s). The heating time is not included in the
quoted hold time for any given procedure; control studies
show that the heating time is negligible for a 20 min reaction
time. For substrates requiring more than 300 �C (2c,i and q),
the same procedure was followed, except that the magnetic
stirring was switched off. Pressures at the high temperatures
ofw300 �C were in the range 100–200 psi (7–14 bar) when
using DMA or NMP, and 200–250 psi (14–17 bar) when
once using DCB at 300+ �C. This was well within the
300 psi (20 bar) operating limit of the microwave, and at
no time for any solvent/substrate/temperature combination
did the pressure exceed 250 psi (see also Ref. 15). The S-
thiocarbamate (3) products were isolated either by precipita-
tion by aqueous drown-out into water (for NMP and DMA
solutions) or by partition with water and extraction into
MTBE followed by flash silica gel chromatography. Yields
in Table 1 are of purified samples from preparative proce-
dures, typically performed on 200 or 500 mg of substrates
2 in 2.0 mL solvent.

4.3. Typical laboratory preparations

All compounds (2a–u and 3a–u) were fully characterised by
LC/TLC, 1H and 13C NMR spectroscopy, MS, and mp where
applicable. The data are not reproduced here since most
compounds are known in the literature (see Supplementary
data for full experimental conditions and characterisations
for previously unreported compounds). Typical preparations
are given below.

4.3.1. Preparation of an O-thiocarbamate (2,6-dimethoxy-
phenyl-O-thiocarbamate, 2f). 2,6-Dimethoxyphenol
(11.76 g, 75 mmol) and DABCO (11.30 g, 97.5 mmol,
1.3 equiv) were heated in NMP (60 mL) to 50 �C with me-
chanical stirring to give a dark brown solution. Dimethyl
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thiocarbamoyl chloride (10.75 g, 82.5 mmol, 1.1 equiv) was
dissolved in NMP (15 mL) and added dropwise to the previ-
ous solution over 18 min (N.B. A 3 K exotherm was typically
seen on this scale). Some fine precipitate formed in the dark
red solution during this addition. The reaction was monitored
by LC and was complete within 90 min at 50 �C. Water
(140 mL) was added over 15 min at 50 �C. The original solid
dissolved readily, but a yellow precipitate formed later in the
addition, which persisted to the end. The reaction mixture
was cooled smoothly to 20 �C and the precipitate isolated
by filtration. The product cake was slurry washed twice
with water (24 mL each) and dried in vacuo at 50 �C to yield
the title compound as a fine, off-white crystalline solid
(14.25 g, 77% yield). HPLC (method A, tR 2.53 min,
99.9%); mp 144–145.5 �C (lit.24 144–146 �C); 1H NMR
(400 MHz, CDCl3) d 7.16 (1H, t, J¼8.7 Hz), 6.63 (2H, d,
J¼9.0 Hz), 3.83 (6H, s), 3.46 (3H, s), 3.36 (3H, s); 13C
NMR (100 MHz, CDCl3) d 187.69, 152.69, 132.21, 126.28,
105.01, 56.29, 43.35, 38.67; MS (ES+) 242 (M+1, 100%).

4.3.2. Preparation of a sterically hindered O-thiocarba-
mate (2,6-dimethylphenyl-O-thiocarbamate, 2h). 2,6-Di-
methylphenol (1.22 g, 10.0 mmol) was dissolved in NMP
(18 mL) with mechanical stirring at 20 �C under N2 to give
a purple coloured solution over 30 min. Sodium hydride
(440 mg, 11.0 mmol) was added in several portions over
15 min, to give a dark brown solution. There was efferves-
cence on addition of each portion, and the temperature rose
to a maximum of 37 �C. The reaction mixture was stirred
for 30 min during which time it cooled back to 20 �C.
Dimethyl thiocarbamoyl chloride (1.66 g, 13.0 mmol) was
dissolved in NMP (6.0 mL) and added dropwise to the
sodium phenolate solution over 3 min. The reaction was
monitored by LC (method A) and judged complete after
60 min. Water (72 mL) was added over 15 min, which re-
sulted in some precipitation of a pale brown solid and an exo-
therm to 33 �C on this scale. The reaction mixture was cooled
to 20 �C and the precipitate isolated by filtration. The product
cake was slurry washed twice with water (24 mL each) and
dried in vacuo at 30 �C to yield the title compound as a light
brown solid (2.11 g, 70% yield). HPLC (method B, tR
10.34 min, 95%); mp 72–74 �C (lit.5 80–82 �C (ethanol));
1H NMR (400 MHz, CDCl3) d 7.07 (3H, s), 3.48 (3H, s),
3.38 (3H, s), 2.17 (6H, s); 13C NMR (100.6 MHz, CDCl3)
d 186.23, 151.16, 130.87, 128.46, 125.81, 43.28, 38.40,
16.52; MS (ES+) 210 (M+1, 100%).

4.3.3. Preparation of an S-thiocarbamate (2,6-dimethoxy-
phenyl-S-thiocarbamate, 3f). 2,6-Dimethoxyphenyl-O-thio-
carbamate (500 mg) was dissolved in DMA (2.0 mL) and
heated at 300 W in a microwave tube to 300 �C for 20 min.
After compressed air cooling to rt, the dark reaction
mixture was diluted with water (6 mL), from which a pre-
cipitate formed after about 5 min. The solid was isolated
by filtration, washed with water (2�6 mL, then 2�3 mL)
and dried in vacuo at 50 �C to give the title compound as
a white solid (390 mg, 78%). HPLC (method A, tR
1.94 min, 96.5%); mp 127–128 �C (lit.24 122–127 �C); 1H
NMR (400 MHz, CDCl3) d 7.36 (1H, t, J¼8.5 Hz), 6.62
(2H, d, J¼8.5 Hz), 3.86 (6H, s), 3.18 (3H, s), 3.00 (3H, s);
13C NMR (100.6 MHz, CDCl3) d 165.68, 161.38, 131.67,
104.85, 104.24, 56.35, 36.93; MS (ES+) 242 (M+1,
100%).
4.3.4. Preparation of an S-thiocarbamate (2,6-dimethyl-
phenyl-S-thiocarbamate, 3h). 2,6-Dimethylphenyl-O-thio-
carbamate (203 mg) was dissolved in DMA (2.0 mL) and
heated at 300 W in a microwave tube to 300 �C for 25 min
with stirring. After compressed air cooling to rt, the dark
reaction mixture was diluted with water (15 mL), and
extracted with MTBE (1�15 mL, then 2�10 mL). The
combined MTBE extracts were dried over MgSO4 and con-
centrated to dryness to give an orange oil (709 mg), which
was purified by flash silica gel chromatography eluting
with 4:1 iso-hexane/ethyl acetate (Rf 0.27) to give the title
compound as a light oil (174 mg, 86%). HPLC (method A,
tR 4.75 min, 99%); mp oil; (lit.5 35–37 �C (30–60 petrol
ether)); 1H NMR (400 MHz, CDCl3) d 7.18 (1H, m), 7.13
(2H, m), 3.16 (3H, br s), 3.02 (3H, br s), 2.42 (6H, s); 13C
NMR (100.6 MHz, CDCl3) d 165.95, 143.63, 129.48,
128.08, 118.85, 36.89, 22.01; MS (ES+) 210 (M+1, 100%).
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