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Rapid Microwave-Assisted Henry Reaction in Solvent-Free Processes
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Abstract: The solvent-free Henry reactions of nitromethane with a
series of carbonyl compounds were studied under microwave irra-
diation. By using different bases and Lewis acids, the solvent-free
nitroaldol reaction of aldehydes were realized under microwave
condition, affording the corresponding adducts with high yields.
Particularly, aliphatic ketones, which were hardly carried out this
reaction, could be the reaction substrates in the nitroaldol reactions
by employment of 1,4-diazabicyclo[2.2.2]octane (DABCO) under a
similar conditions, giving the corresponding adducts with moderate
to good yields.
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Henry reaction (or nitroaldol reaction) is one of the funda-
mental synthetic tools for the construction of carbon—car-
bon bonds in organic chemistry.! The importance of the
Henry reaction istypically further transformationsinvolv-
ing the newly formed B-nitroalkanol functionality such as
reduction to amines,? the Nef reaction to carbonyl com-
pounds,® or dehydration to nitroalkenes.* In order to im-
prove this reaction and extend the scope of the reaction
substrates, many chemists are focusing in the investiga-
tion of the reaction conditions and the catalyst alteration.
Henry reactions of aldehydes were studied in the presence
of phase-transfer catalysts in agueous media,® or solvent-
free conditions.® Recently different reaction media, ionic
liquid” and heterogeneous solid-phase catalysts? were
employed in this reaction to take advantage of easy
product isolation and catalyst recycling. Several novel
catalysts, such as proazaphosphatranes,® 1,1,3,3-tetra-
methylguanidine (TMG) and its cyclic analogues,'® were
utilized as effective catalysts for Henry reaction. How-
ever, to the best of our knowledge, ketones are not often
used in the Henry reaction. Recently, we employed differ-
ent organic bases and Lewis acids as the catalysts under
microwave (MW) irradiation, promoting both the yields
and the rates of Henry reactions greatly. Aliphatic ke-
tones, especialy, which are difficult substrates for the
Henry reaction under traditional conditions, can be good
reaction substrates under these new conditions, affording
the corresponding products with moderate to good yields.

In apreliminary experiment, the Henry reaction of benz-
aldehyde and nitromethane was explored to determine the
optimal conditions (Scheme 1). It was found that the
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Scheme 1

amount of the triethylamine and the irradiation time had a
great influence on the reaction yield (entries 14,
Table 1). Prolonging the reaction time led to a reduction
of product yield without significant improvement on the
conversion efficiency, affording alarge amount of the de-
hydration product. After careful examinations, the use of
one equivaent of Et;N under MW irradiation for 4 min-
utes at 80 °C were found to be the optimal condition for
the nitroaldol addition (entry 4, Table 1). Subsequently,
the scope of the reaction substrate was extended. Both
aromatic and aliphatic aldehydes performed this Henry
reaction rapidly and smoothly to give the desired B-ni-
troalkanolswith good to excellent yields. It wasfound that
electron-withdrawing substituted aromatic adehydes fa-
vored this reaction, resulting in almost quantitative con-
versions (entries 5 and 6, Table 1), while the aromatic
aldehydes bearing electron-rich group on the aromatic
ring gave the corresponding products with lower yields
and longer reaction time (entries 7 and 8, Table 1). Onthe
other hand, the Henry reactions were not carried out under
this condition when ketones were the reaction substrates
(entries 11 and 12, Table 1). It was noted that the para-
substitution of methoxy group in aromatic aldehydes dis-
favored the Henry reaction in comparison with the ortho-
substitution (entries 7 and 8, Table 1) in spite of the steric
hindrance of ortho-substitution. This implied that the
electronic effect had an influence on this Henry reaction.
Therefore the employment of a proper Lewis acid might
be able to improve the reaction further.%2

As aresult, the influence of Lewis acids was scrutinized
for different aldehydes. Initial experimental results con-
firmed that these L ewis acids could improve this reaction.
For example, both the product yield and the rate of there-
action between benzaldehyde and nitromethane were im-
proved in the presence of MgSO, (89%, 4 min) or LiBr
(91%, 1.5 min; entry 1, Table 2). In particular, 50% mol
of LiBr wasthe best catalyst among all Lewisacidstested.
For 2- or 4-methoxy substituted benzaldehyde, the reac-
tion yield was enhanced to 82% or 94%, respectively, in
the presence of LiBr (entries 2 and 3, Table 2). As for 1-
naphthylaldehyde, the reaction yield was enhanced from
85% to 97% while the reaction time was reduced from 4
minutes to 1 minute under the same condition (entry 4,
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Tablel Microwave-Assisted Henry Reaction of Carbonyl Com-
pounds?

Entry R!? R? Amount of Et;N Time Yield
(equiv) (min) (%)

1 CeHs H 0 6 0

2 CeHs H 0.2 6 62

3 CeHs H 0.5 5 78

4 CeHs H 1 4 83

5 p-CICeH, H 1 1 99

6 p-(NO)CeH, H 1 1 99

7 0-(MeO)CH, H 1 6 85

8 p-(MeO)C,H, H 1 7 68

9 1-Naphthy! H 1 4 85
10 CeHys H 1 5 89
11 CeHs CH, 1 10 0
12 (CH,)s 1 10 Trace

a Reactions were performed in a sealed tube with 1 equiv of aldehyde
and 2.5 equiv nitromethane in the presence of Et;N. The reaction pro-
cedure was described in ref. 1

Table2). The yields for aliphatic aldehydes were in-
creased likewise (entry 5, Table2). However, neither
MgSO, nor LiBr activated ketones to carry out the corre-
sponding reactions under the conditions, even when the
reaction time was prologed to 10 minutes (entries 6 and 7,
Table 2). Further experimentsindicated that triethylamine
hardly catalyzed the nitroaldol reaction for ketones either.
In order to activate the ketonesin this Henry reaction, we
had to search for anew base to replacetriethylamine. First
of al, cyclohexanone was used as a model compound to
detect the optimal conditions in the absence of Lewis
acids (entries 1-5, Table 3). Inorganic bases, due to their
strong basicity and insolubility in organic solvents, were
hardly employed in thisreaction. Intrigued by the effect of
quaternary ammonium salts to this reaction,*® basic
phase-transfer catalysts, such as tetra-n-butyl ammonium
hydroxide (TBAH) and methenamine, were first em-
ployed in this reaction. Methenamine could catalyze the
nitroaldol reaction of ketones, but gave the corresponding
product with alow yield (entry 2, Table 3). The employ-
ment of TBAH (40% aqueous solution) on the other hand
produced many by-products (entry 3, Table 3). The use of
ethylenediamine gave rise to the corresponding addition
product in amoderateyield (entry 4, Table 3). After many
trials, DABCO was proved to be the most efficient cata-
lyst among the bases tested (entries 5, Table 3). Theinflu-
ence of Lewis acid on this reaction was then investigated.
It was found that addition of Lewis acids could improve
the yields of Henry reactions of ketones further in the
presence of DABCO (entries 6-8, Table3). Of these,
lithium bromide was the most effective Lewis acid, and
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prompted this nitroaldol reaction of aliphatic ketone,
affording the corresponding product with a high yield of
91% for the reaction between cyclohexanone and nitro-
methane (entry 7, Table 3). Subsequently, a variety of
ketones was employed to extend the scope of the reaction
substrates (entries 9-20, Table 3). Among these different
ketones, aliphatic ketones were activated to carry out this
nitroaldol reaction smoothly, affording the corresponding
adducts with good to moderate yields. For instance, cyclo-
pentanone reacted with nitromethane in the presence of
LiBr, giving the corresponding product with a yield of
90% (entry 10, Table 3). Steric hindrance also had an
influence on the reactions. For example, the reaction of
acetone afforded the adducts with a yield of 77% (entry
12, Table 3) while the reaction of 2-butanone afforded
only 69% (entry 14, Table 3). However, 3-hydroxybu-
tanone, with high steric hindrance, gave the correspond-
ing adduct with ahigher yield of 85% (entry 18, Table 3),
which perhaps was attributed to the effect of the hydroxyl
group. The neighboring hydroxyl group possibly im-
proved the formation of the reaction transition state.
Unfortunately, phenylacetone did not work for this nitro-
aldol reaction under the same conditions (entries 19 and
20).%2

In conclusion, we devel oped asolvent-free Henry reaction
under MW irradiation by using different organic base and
Lewis acid. Both the reaction yield and the rate were en-
hanced largely. In particular, a variety of aiphatic ke-
tones, which usually did not work in nitroaldol reactions,
could be good substrates for thisHenry reaction under this
condition. Further extensions of the reaction substrates
and the investigation of the reaction mechanism are in
progress in our laboratory.

Table2 LewisAcid Promoted Henry Reaction of Nitromethane
with Carbonyl Compounds?

Entry R? R?  Lewisacid Time(min) Yield (%)
1 CeHs H  MgsSo, 4 89
MgSO,° 4 88
LiBr 15 91
LiclO, 15 9
2 0-(MeO)CH, H  MgSo, 5 91
LiBr 1 94
3 p-(MeO)CH, H  Mgso, 6 77
LiBr 2 82
4 1-Naphthy! H  MgSo, 4 90
LiBr 1 97
5 CeHis H  MgsSo, 5 93
LiBr 3 96
6 CeHs CH; LiBr 10 0
7 (CHYs LiBr 10 Trace

aReaction was conducted in a sealed tube with 1 equiv of aldehyde,
2.5 equiv of nitromethane and 1 equiv Et;N in the presence of 50
mol% of the Lewis acid. The reaction procedure was listed in ref. 1
b 100 mol% of Lewis acid were used.
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Table3 Microwave-Assisted Henry Reaction of Ketones?

Entry R! R? Base Lewis acid Reaction time (min)Yield (%)
1 (CH,)s Et;N - 10 Trace
2 (CHy)s Methenamine - 10 23
3 (CH,)s TBAH - 2 36
4 (CHy)s (CH,NH,), - 10 52
5 (CH,)s DABCO - 10 80
6 (CH,)s DABCO MgSO, 8 87
7 (CHy)s DABCO LiBr 3 91
8 (CH,)s DABCO Liclo, 3 90
9 (CH,), DABCO MgSO, 8 88

10 (CH,), DABCO LiBr 3 90

11 CH, CH, DABCO MgSO, 5 68

12 CH, CH, DABCO LiBr 3 77

13 CH, C,Hs DABCO MgSO, 9 65

14 CH, C,H; DABCO LiBr 5 69

15 CH,4 (CH2),CHCH, DABCO MgSO, 9 58

16 CH, (CH5),CHCH, DABCO LiBr 5 63

17 CH, CHa(OH)CH DABCO MgSO, 10 71

18 CH, CH,(OH)CH DABCO LiBr 4 85

19 CeHs CH, DABCO MgSo, 10 b

20 CeHs CH, DABCO LiBr 10 b

aReaction was carried out in a sealed tube with 1 equiv of the ketone, 2.5 equiv of nitromethane and 1 equiv of base in the presence of 50 mol%

of the Lewis acid. The reaction procedure was listed in ref. 1

5 No product found.
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The Henry reactions were carried out in Emrys Creator
microwave reactor from Personal Chemistry, Sweden. The
mixture after reaction was cooled down with compressed air
produced by SPB-3 Automatic Air Source fromthe Analytic
Technique Ingtitute of Agilent in Beijing.

Typical Experimental Procedure for the Microwave-
Assisted Henry Reaction of Benaldehydes with
Nitromethane.

Toal0mL glasstube was added amixture of benzaldehyde
(0.212 g, 2 mmoal), nitromethane (0.305 g, 5 mmol), Et;N
(0.202 g, 2 mmal), MgS0O, (0.120 g, 1 mmol), and magnetic
stir bar. The vessel was sealed with a pressure lock and
placed into the cavity of microwave reactor. The reaction
mixture was pre-stirred for 30 s. Aninitial microwave
irradiation of 250 W was used, the temperature being
ramped fromr.t. to 80 °C. This step took about 50-60 s. At
80 °C the vessel was then held for agiven time, asshownin
Table 2. After cooling the reaction mixture to r.t. with
compressed air, which took about 5 min, the vessel was
opened and 5 mL of Et,0 was added to the mixture. Then it
was filtered through a silicagel plug. Thefiltrate was
washed with H,O, and dried over anhyd MgSO,. After the
removal of solvent, the crude product was purified by short
column chromatography with PE-EtOAc (5:1, v/v) asthe
eluent. For those substrates listed in entries5 and 6 in
Table 1 and entries4 and 5 in Table 2, evaporation of Et,O
gave the pure products.

Spectral Data of Nitroalcohol Compounds.
1-Phenyl-2-nitr oethanol: IR (film): 3429, 1553 cm™. H
NMR (CDCl5): é = 3.24 (br, 1 H), 4.50 (m, 1 H), 4.59 (m, 1
H), 5.43(dd, J = 3.2, 9.5 Hz, 1 H), 7.38-7.42 (m, 5 H) ppm.
BC NMR: 70.7, 80.9, 125.9, 128.6, 128.7, 138.2 ppm.
HRMS: m/z calcd: 167.0582 [M]*; found: 167.0579.
1-(4-Chlor ophenyl)-2-nitr oethanol: IR (film): 3431, 1597,
1556 cmrt. *H NMR (CDCl,): & = 3.19 (br, 1 H), 4.48 (dd,
J=34,13.4Hz,1H),4.57 (dd, J=9.2,13.4 Hz, 1 H), 5.44
(dd,J=3.4,9.2Hz,1H),7.34(d,J=8.6 Hz, 2H), 7.38 (d,
J=8.6 Hz, 2 H) ppm. °C NMR: 70.3, 81.0, 127.4, 129.2,
134.8, 136.6 ppm. HRM S; vz calcd: 201.0193 [M]*; found:
201.0191.

1-(4-Nitr ophenyl)-2-nitroethanol: IR (film): 3529, 1556,
1519 cmr™. *H NMR (CDCly): § = 3.20 (br, 1 H), 4.55-4.66
(m, 2 H),5.62 (m, 1H), 7.64 (d, J=8.6 Hz, 2 H), 8.27 (d,
J=8.6 Hz, 2H) ppm. °C NMR: 70.0, 80.7, 124.2, 127.0,
145.1, 148.1 ppm. HRMS: nVz calcd 212.0433 [M]*; found:
212.0441.

1-(2-M ethoxyphenyl)-2-nitroethanol: IR (film): 3537,
2922, 1552, 1493, 1378 cmrt. 1H NMR (CDCl,): § =3.13(d,
J=5.7Hz, 1H), 3.89 (s, 3H), 458 (dd, J=89, 13.0Hz, 1
H), 4.66 (dd, J = 3.3, 13.0 Hz, 1 H), 5.65 (m, 1 H), 6.92 (m,
1H),7.03(m, 1 H), 7.34 (m, 1 H), 7.45 (m, 1 H) ppm. *3C
NMR: 55.6, 67.9, 80.0, 111.5, 121.3, 122.2, 126.1, 129.9,
157.2 ppm. HRMS: m/z calcd: 197.0688 [M]*; found:
197.0693.
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1-(4-Methoxyphenyl)-2-nitroethanol: IR (film): 3441,
1553 cmt. *H NMR (CDCl,): § = 2.93 (br, 1 H), 3.80 (s, 3
H), 4.46 (dd, J=3.2,13.1 Hz, 1 H), 459 (dd, J= 9.5, 13.1
Hz, 1H),5.38(dd, J=3.2,9.5Hz,1H),6.91(d,J = 8.6 Hz,
2H),7.31(d, J=8.6 Hz, 2 H) ppm. *C NMR: 56.1, 73.1,
84.9, 114.4, 129.3, 135.2, 158.1 ppm. HRMS: vz calcd
197.0688 [M]*; found: 197.0694.
1-(1-Naphthyl)-2-nitroethanol: IR (film): 3448, 1553,
1378 cm™. *H NMR (CDCly): 6 = 2.92 (br, 1 H), 4.61-4.71
(m, 2 H), 6.26 (m, 1 H), 7.51-7.60 (m, 3 H), 7.75-7.77 (m,
1H), 7.84-7.90 (m, 2 H), 8.02 (m, 1 H) ppm. *C NMR:
68.2, 80.8, 121.9, 123.8, 125.5, 126.0, 127.0, 129.2, 129.2,
129.6, 133.7, 133.8 ppm. HRMS: m/zcalcd: 217.0739 [M]*;
found: 217.0735.

1-Nitrooctan-2-ol: IR (film): 3410, 1555 cm™. *H NMR
(CDCl,): 6 =0.84 (t, J=6.8 Hz, 3H), 1.18-1.39 (m, 6 H),
1.40-1.54 (m, 4H), 3.14 (br, 1 H), 4.22-4.30 (m, 1 H), 4.32—
4.40 (m, 2 H) ppm. °C NMR: 14.0, 22.5, 25.0, 29.0, 31.6,
33.8, 68.8, 80.8 ppm. HRMS: m/z calcd 175.1208 [M]*;
found: 175.1215.

1-(Nitromethyl)cyclohexanal: IR (film): 3530, 3431, 2937,
2862, 1548,1382cm ™. 1H NMR (CDCl,): § = 1.34 (m, 1 H),
1.48-1.59 (m, 4 H), 1.62-1.72 (m, 5 H), 2.32 (br, 1 H), 4.44
(s, 2 H) ppm. 3C NMR: 21.5, 25.2, 34.9, 70.8, 84.8 ppm.
HRMS: m/z calcd: 159.0895 [M]*; found: 159.0889.
1-(Nitromethyl)cyclopentanal: IR (film): 3423, 2925,
1549, 1383 cmrL. *H NMR (CDCly): § =1.68-1.73 (m, 4 H),
1.81-1.91 (m, 4 H), 2.83 (br, 1 H), 4.54 (s, 2 H) ppm. $3C
NMR: 23.8, 38.2, 80.2, 83.7 ppm. HRMS: m/z calcd:
145.0739 [M]*; found: 145.0745.
2-Methyl-1-nitropropan-2-ol: IR (film): 3385, 2924, 1548,
1461, 1260 cnmrt. *H NMR (CDCl,): § = 1.26 (s, 6 H), 2.55
(br, 1H), 4.33 (s, 2H) ppm. ®*CNMR: 27.0, 69.8, 85.3 ppm.
HRMS: m/z calcd 119.0582 [M]*; found: 119.0587.
1-Nitro-2-methylbutan-2-ol: IR (film): 3441, 2924, 1553,
1381 cmt. *H NMR (CDCl,): § =0.99 (t, J= 7.5 Hz, 3 H),
1.30(s,3H), 1.62 (g9, J=7.5Hz, 2H), 2.75 (br, 1 H), 4.44
(d, J=11.8 Hz, 2 H) ppm. °C NMR: 8.0, 24.1, 32.7, 72.0,
84.1 ppm. HRMS: m/z caled 133.0739 [M]*; found:
133.0732.

2,4-Dimethyl-1-nitropentan-2-ol: IR (film): 3454, 2924,
1552, 1380 cmr ™. *H NMR (CDCly): § = 0.97-1.01 (m, 6 H),
1.33(s, 3H), 1.46-1.54 (m, 2 H), 1.76-1.91 (m, 1 H), 2.82
(br, 1H), 4.42 (d, J = 11.8 Hz, 2 H) ppm. ®C NMR: 22.5,
24.2,29.9,48.1,72.3,85.1 ppm. HRMS: nvz calcd 161.1052
[M]*; found: 161.1058.

2-Methyl-1-nitrobutane-2,3-diol (mixture of the two
diastereoisomers): IR (film): 3401, 2986, 1551, 1382 cm.
IH NMR (CDCl): § = 1.20-1.30 (m, 6 H), 2.88 (br, 2 H),
3.72-3.84 (m, 1 H), 4.43-4.71 (m, 2 H) ppm. *C NMR:
17.0, 20.3, 21.0, 70.9, 72.8, 74.2, 74.4, 80.9, 82.4 ppm.
HRMS: m/z calcd: 149.0688 [M]*; found: 149.0685.
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