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Abstract: The solid-liquid phase C-alkylation of active methylene containing compounds
with C=0 or P=0 functions under phase transfer catalysis or microwave conditions has been
summarized in this minireview. The mono- and dialkylation of the methylene containing
derivatives was investigated under microwave (MW) conditions. It was found that in many
cases, there was no need to use phase transfer catalyst under MW conditions. Moreover,
most of the reactions were carried out without any solvent. These results mean a serious
green chemical advantage.
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1. Introduction

Today, the use of the microwave (MW) technique is becoming more widespread in the
implementation of the various reactions [1-3]. The MW irradiation is considered a kind of molecular
heater, where the MWs are taken up directly by the reagents, and the beneficial effect is that reluctant
reactions may take place faster. The MW irradiation causes statistically occurring local overheating in
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the mixture, and as a consequence of this, the activation barrier may be overcome easier, and the reaction
rate increases, and the efficiency is improved [4,5]. There are already MW-assisted processes in the
R + D segment of the pharmaceutical industry, but the real challenge is the scale-up [6,7].

Phase transfer catalysis (PTC) is also an environmentally friendly tool. The typical phase transfer
catalysts are quaternary ammonium or phosphonium salts, as well as crown ethers, which are used in
heterogeneous reaction mixtures to facilitate the transfer of a reactant from one phase to another. There
are liquid-liquid (L-L) and solid-liquid (S-L) two-phase systems. As typical cases, substitutions,
alkylations, acylations, additions, eliminations, oxidations and reductions may be implemented under
PTC conditions. The reactions take place usually under mild conditions, and involve easy work-up
procedures. A number of phase transfer catalytic processes have spread in the industry, especially in the
pharmaceutical and plastics industries [8—11]. In these cases, the catalysts are usually bound to
solid supports.

The combination of PTC and MW techniques offers further advantages, such as additional increase
in the reaction rate and selectivity [2].

2. Alkylation of Active Methylene Containing Substrates under MW Conditions

Alkylation of the title compounds is a well-known and well-studied reaction. However, the use of the
MW technique is relatively new in this area. Only a few publications deal with the alkylation of active
methylene containing substrates, such as diethyl malonate, ethyl acetoacetate, ethyl
phenylsulfonylacetate, and ethyl phenylmercaptoacetate under MW conditions [12—15].

The solvent-free solid—liquid phase alkylation of diethyl malonate (1) was carried out in a domestic
MW oven by Wang et al. (Scheme 1) [10]. The alkylating agents were different alkyl halides, such as
normal and substituted benzyl chloride, allyl bromide and butyl bromide. K2CO3 (4 equiv.) was applied
as the base, and 10% of tetrabutylammonium bromide (TBAB) was used as the phase transfer catalyst.
Mono- and dialkylated malonic esters (2 and 3) were formed in the reaction.

COOEt S COOEt R COOEt
+RX = g n
COOEt K2COj3 (4 equiv.) COOEt COOEt
TBAB 10%
1 2 3
71%-86% 64%

R = PhCH, m-CH30PhCH, R = p-CIPhCH,
CHZZCHCHZ’ CH3(CH2)3

Scheme 1. Alkylation of diethyl malonate (1) under microwave (MW) conditions.

Deng and his research group have studied the solid-liquid phase alkylation of ethyl acetoacetate (4)
under MW conditions using a catalyst (Scheme 2) [13]. Their experiments were carried out in a domestic
MW oven. The 1:4 mixture of KOH and K2COs was used as in an excess, and the catalyst was
triethylbenzylammonium chloride (TEBAC) in a quantity of 10%. The alkylations were performed with
benzyl- and p-chlorobenzyl bromide, m-methoxybenzyl chloride, allyl bromide and butyl bromide at
60-80 °C for 3-4.5 min. The C-alkylated derivatives of acetoacetic ester (5) were obtained in a
59%—82% yield.
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o 9 60-80 g/lvg 4.5 mi 9
- , 0=4.0 Min
EtOJ\/U\ + RX > EtOJ\/U\
KOH:K,COj3 1:4 !
4 TEBAC 10% 5
R = PhCH,, m-CH3OPhCH,, 59%-82%
p-ClPhCHz, CH2=CHCH2Y
CH3(CHy)3

Scheme 2. Alkylation of ethyl acetoacetate (4) under MW conditions.

The alkylation of ethyl phenylsulfonylacetate (6) was investigated by Wang et al. with a series of

alkyl halides in a domestic MW oven, and the mono-alkylated products (7) were isolated in yields of
76%—-86% (Scheme 3) [14].

Q0% zg/l\r;\/in O\\S//o i
/S// + RX —F————— - W)J\
Ph \)J\OEt K,COs (4 equiv.) N OFt

TEBAC 20% R
6 7

76%-86%

R = PhCH,CI, p-CIPhCH,Br, "OctBr, "BuBr
Scheme 3. Alkylation of ethyl phenylsulfonylacetate (6) under MW conditions.

Chinese researchers carried out the reaction of ethyl phenylmercaptoacetate (8) with different alkyl
halides, such as benzyl- and m-methoxybenzyl chloride, as well as allyl-, butyl- and p-chlorobenzyl
bromide in a domestic MW oven in the presence of 2.6 equivalents of KOH-K2CO3; and 10% of
tetrabutylammonium chloride (TBAC). The yields of the alkylated products fell in the range of

58%—83% (Scheme 4) [15].

MW o

o)
3.5-4.5 min
Ph/s\)J\OEt + RX > Ph/Sj)kOEt

KOH-K,CO3 1:2

8 TBAC 10% R
9
R = PhCH,CI, CH,=CHCH,Br, "BuBr, 58%-83%

p-CIPhCH,Br, m-CH30PhCH,CI

Scheme 4. Alkylation ethyl phenylmercaptoacetate (8) under MW conditions.

Indian scientists synthesized disubstituted cyclopropane derivatives (10) from active methylene

containing compounds and 1,2-dibromoethane by a MW-assisted and phase transfer catalyzed
solvent-free approach (Scheme 5) [16].

Mw

: R _R?
RIR? 4 BroHCH,Br — M X
K,CO,4
R! = CO,Et, C(O)CHs3, PTC 10

CN, 4-MePhSO,
R?= CO,Et, C(O)CHj4

Scheme 5. MW-assisted solvent-free synthesis of cyclopropane derivatives (10).
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The alkylation of simple compounds with active methylene group was also studied by
Keglevich et al. under MW heating [17-19]. A MW-promoted, solvent-free method was developed for
the solid—liquid phase alkylation of diethyl malonate (1), ethyl acetoacetate (4) and ethyl cyanoacetate
(14) using different alkyl halides in the presence of K2CO3 or Cs2COs. There was no need to apply a
phase transfer catalyst (Scheme 6, Table 1).

MW

T, t
base (1 equiv.) COOR COOR
1 + RX — 2 + 3 + < +
COOEt COOR
(1.2-1.3 equiv.) 11 12

R = Et, "Pr, Pr, "Bu, Bn
Scheme 6. Alkylation of diethyl malonate (1) with MW promoted methods.

Table 1. Alkylation of diethyl malonate (1) under microwave (MW) and

solvent-free conditions.

Entry RX Base T(°C) ¢(min) Yield of 2 (%) By-products Ref.

1 Etl  K.,CO; 160 45 93 3% 3 (R = Et) 18
2 Etl  CsCO; 140 90 97 3% 3 (R =Et) 19
3 "PrBr  K,CO; 185 45 97 2%3(R="Pr) 18
0 _n
4  "PBr Cs,CO; 120 240 57 ?(3) ;0’ 3 gz _ "ig 19
5 PrBr  K,CO; 185 60 92 - 18
6  "BuBr K,CO; 185 45 88 5%3 (R="Bu) 18
7  BnBr K,CO; 180 45 68 1%3(R=Bn) 18

The alkylation of diethyl malonate (1) was examined in detail. The reaction with ethyl iodide at 160 °C
for 45 min in the presence of K2COs led to 93% yield of the monoalkylated product (2, R = Et) (Table 1,
entry 1). When Cs2CO3 was used at a lower temperature and for a longer reaction time, the result was
similar (Table 1, entry 2). In both cases, a few percent of the diethylated derivative (3, R = Et) was
also detected.

Using propyl bromide or butyl bromide in the presence of K2CO3 without phase transfer catalyst, a
higher temperature (185 °C) was necessary to obtain higher conversions (Table 1, entries 3 and 6). When
Cs2CO3 was applied as the base at 120 °C for 4 h, beside the propylated product (2, R = "Pr) other
transesterified derivatives were also formed (33% of 11, R ="Pr and 10% of 12, R ="Pr) (Table 1, entry
4). For the alkylation with isopropyl bromide, a longer reaction time was required due to the steric
hindrance (Table 1, entry 5).

The benzylation of diethyl malonate (1) with the more reactive benzyl bromide resulted in a yield of 68%
after a 45 min irradiation at 180 °C (Table 1, entry 6). The use of a phase transfer catalyst led to the formation
of by-products. The two by-products, BnCH2COzEt and (Bn)2CHCO:Et may have been formed by the
de-ethoxycarbonylation of diethyl benzylmalonate and diethyl dibenzylmalonate, respectively.

Ethyl acetoacetate (4) was more reactive in the alkylations (Scheme 7, Table 2) [18].
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MW
140 °C, t o o
K>CO3 (1 equiv.
. o 2Rl BN
(1.3 equiv.) R
- n I
R = Et, "Pr, 'Pr 13

Scheme 7. Alkylation of ethyl acetoacetate (4) under MW conditions.

Table 2. Alkylation of ethyl acetoacetate (4) under MW and solvent-free conditions

Entry RX t (min) Yield of 5 (%) By-products

1 EtI 30 85 5% 13 (R = Et)
2 "PrBr 30 87 2% 13 (R = "Pr)
3 ‘PrBr 45 83 -

In the alkylation with ethyl iodide and propyl bromide at 140 °C for 30 min, the mono-alkylated
products (5, R = Et, "Pr) were obtained in good yields, and only a few percent of the dialkylated
by-products (13, R = Et, "Pr) was formed (Table 2, entries 1 and 2). In the case of isopropyl bromide, a
longer reaction time was required to achieve an acceptable yield (Table 2, entry 3).

In the series of model compounds studied by a part of the authors of this article, ethyl cyanoacetate
(14) was the most reactive methylene containing substrate (Scheme 8, Table 3) [18].

MW
T, t
0 ’ . 0 o]
K>CO3 (1 equiv.) R
- CN
EtOJ\/CN *ORX > EtOJ\(CN * Eto)j\{/
14 (1.3 eqmv.? R R
R = Et, "Pr, Pr 15 16

Scheme 8. Alkylation of ethyl cyanoacetate (14) under MW conditions.

Table 3. Alkylation of ethyl cyanoacetate (14) under MW and solvent-free conditions.

Entry RX T(°C) ¢(min) Yield of 15 (%) By-products
1 Etl 100 60 78 12% 16 (R = Et)
2 Etl 120 45 76 23% 16 (R=EY)
; 10% 16 (R ="Pr)
3o kB R0 82 5% NCCH"PrCO,"Pr
<1% 16 (R ="Pr)
4 ‘PrBr 140 45 86 13% NCCH'PrCO,'Pr

1% NCC(iPr)2C02iPr

Applying ethyl iodide as the alkylating agent, the reaction was carried out in the presence of K2CO3
at 100 °C for 60 min, to afford 78% of the mono-alkylated product (15, R = Et) and 12% of dialkylated
species (16, R = Et). Unreacted 14 (10%) was also present in the reaction mixture (Table 3, entry 1). At
a higher temperature (120 °C), the alkylation was almost complete, however, the proportion of the
dialkylated by-product (16, R = Et) was doubled (Table 3, entry 2). In the alkylation with
n-propyl-bromide, 82% of the mono-alkylated product (15, R ="Pr) was obtained, and a new propylester
by-product appeared beside the dialkylated derivative (16, R = "Pr) (Table 3, entry 3). When



Catalysts 2015, 5 639

i-propyl-bromide was the alkyl halide, it was necessary to apply a higher temperature (140 °C). In this

case, two derivatives formed by transesterification (13% of NCCHPrCO2'Pr and 1% of NCC(‘Pr)2CO2Pr)
appeared beside the main product (15, R = Pr). Despite the steric hindrance, <1% of dialkylated

derivative (16, R = 'Pr) was formed due to the higher temperature (Table 3, entry 4). The results showed

that, in these reactions, the phase transfer catalyst can be omitted from the reaction mixture, and it is

enough to use the cheaper base (K2CO3).

3. Alkylation of Active Methylene Containing Compounds with P=O Function under
MW Conditions

The alkylation of the title compounds is much less studied according to literature data, and there are
only a few references on the MW-assisted reactions.

3.1. Alkylation of Diethyl Ethoxycarbonylmethylphosphonate under MW and Solvent-Free Conditions

There are a few examples in the literature on the alkylation of diethyl
ethoxycarbonylmethylphosphonate by conventional methods. However, the alkylation under discussion
was not studied under MW conditions.

The alkylation of diethyl ethoxycarbonylmethylphosphonate (17) was described using sodium
hydride in the glyme [20-24], DMF [25-27], diethyl ether [28], DMSO [29] or THF [30]. Others used
potassium tert-butylate [31-35] or potassium fert-butylate/sodium iodide [36] in DMSO. The use of
potassium carbonate/sodium iodide was also described [37]. Sodium in ethanol [38] or potassium in
xylene [39] were also applied in a part of the alkylations (Scheme 9). Most of the papers mentioned only
briefly about the alkylation as the products were only intermediates.

1.) NaH / ethers or DMF or DMSO

2.) RX
o o 1.) KOtBu / DMSO o 9
P\
EtO)K/F\,\OEt 2)RX EtO)K( gEotEt
17 OFt 1.) K,CO3, Nal, no solvent R
2.) RX 18

1.) NaOEt / EtOH or KOEt / xylene
2.) RX

Scheme 9. The alkylation of diethyl ethoxycarbonylmethylphosphonate (17) in the literature.

The MW-assisted variation of the alkylation under discussion was studied in detail by Keglevich and
Griin (Scheme 10, Table 4) [40].

MW
T, t
M,CO3 (1 equiv.
17 + RX 2CO;3 (1eq )= 18
. no solvent
(1.3 equiv.) M =K, Cs

RX = Etl, "PrBr, "BuBr, BnBr

Scheme 10. Alkylation of diethyl ethoxycarbonylmethylphosphonate (17) under MW conditions.
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Table 4. Alkylation of diethyl ethoxycarbonylmethylphosphonate (17) under

MW conditions.
Entry RX  M,CO; T(C) t(h) Composition (%)
17 18 Other
1 Etl K>COs 120 2 13 82 (R = Et) 5
2 Etl  CsCO; 120 2 5 86 (R=Et) 9
3 "PrBr K,CO; 130 2 28 57 (R ="Pr) 15
4 "PrBr  Cs,COs 120 2 10 79 (R ="Pr) 11
5 "BuBr Cs,CO; 120 2 7 83 (R="Bu) 10
6 BnBr K>COs 120 2 18 63 (R =Bn) 19%
7 BnBr  K,CO; 130 3 16 63 (R=Bn) 21°
8 BnBr Cs;COs 120 3 27 59 (R=Bn) 14°

2 Including 8% of the dibenzylated product; ® Including 6% of the dibenzylated product; ¢ Including 11% of the
dibenzylated product.

Using ethyl iodide and K2COs3 at 120 °C under MW and solvent-free conditions, the proportion of the
ethyl-substituted product (18, R = Et) was 82% after 2 h irradiation (Table 4, entry 1). The yield remained
unchanged by increasing both the temperature and reaction time. The use of Cs2COs3 instead of K2CO3
as the base led to similar results (Table 4, entry 2).

Applying propyl bromide, the use of Cs2COs was better than that of K2COs (Table 4,
entries 3 and 4).

In the alkylation with n-butyl bromide using Cs2CO3 at 120 °C, the yield of the product (18, R ="Bu)
was 83% (Table 4, entry 5).

The benzylation was also investigated in detail. The optimum conditions comprised 120 °C and 2 h
using K2CO3 (Table 4, entry 6). An increase of the temperature and reaction time did not improve the
yield (Table 4, entry 7). The conversion (73% vs. 82%) and the proportion of the by-product (14% vs.
19%) were lower (Table 4, entry 6 vs. Table 4, entry 8) applying Cs2CO3 instead of K2COs.

These reactions generated the mono-alkylated product in good yields without PTC under MW
conditions. In the presence of phase transfer catalyst, the conversion was decreased, and the rate of the
by-products was dramatically increased. The main by-products of the propylation reactions were the
propylated ethoxycarbonylmethylphosphonate with ethyl-n-propyl (19) and di-n-propyl ester (20)
functions. The main by-product of the benzylation was the dibenzylated diethyl
ethoxycarbonylmethylphosphonate (21) (Scheme 11).

o O o O O 0]
)J\('F! )J\('Fi e
\~OPr \~OPr \~OEt
EtO OEt EtO OPr EtO OEt
Pr Pr Bn

19 20 21

Scheme 11. By-products of the alkylation of ethoxycarbonylmethylphosphonate (17).

Comparative thermal experiments were also carried out in boiling acetonitrile for 24 h (Scheme 12,
Table 5).
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A, 24h
M,CO3 (1 equiv.)
17 + RX > 18
(1.3 equiv.) (TEBAC 10%)
acetonitrile
M=K, Cs

RX = Etl, "PrBr, "BuBr

Scheme 12. Alkylation of diethyl ethoxycarbonylmethylphosphonate (17).

Table 5. Alkylation of diethyl ethoxycarbonylmethylphosphonate (17) under conventional
heating in boiling acetonitrile for 24 h.

Composition (%)

Entry RX M>COs3 TEBAC (10%)
17 18 Other
1 Etl K>CO;s + 79 11 (R=Et) 10
2 "PrBr K,CO;s + 80 14 (R ="Pr) 6
3 "BuBr K>COs + 72 28 (R ="Bu) -
4 Etl Cs,CO;5 - 24 74 (R =Et) 22
5 "PrBr Cs2COs - 55 45 (R ="Pr) -b
6 "BuBr Cs2CO; - 31 69 (R ="Bu) -¢

¢ No change on prolonged heating.

The comparative experiments were carried out using K2COs in the presence of a catalyst and with
Cs2CO0s in the absence of a catalyst. When K2COs was used with TEBAC, the conversions remained low
with all three alkylating agents after a reflux of 24 h (Table 5, entries 1-3). The use of Cs2CO3 without
catalyst resulted in higher conversions (Table 5, entries 4-6).

The alkylations took place in a shorter reaction time and with better conversions under MW
conditions in the absence of a catalyst. The catalyst- and solvent-free MW-assisted method is much more
efficient than the conventional phase transfer catalyzed accomplishment (Table 5, entries 1-3).

3.2. Alkylation of Diethyl Cyanomethylphosphonate under MW and Solvent-Free Conditions

The alkylation methods for diethyl cyanomethylphosphonate (22) are similar to those described for
diethyl ethoxycarbonylmethylphosphonate in the previous chapter.

In most cases, NaH was used as the base in the glyme [41,42] or DMF [43,44]. Potassium was also
applied as the base in the alkylation of (22) using 1,4-dioxane and diethyl ether [45].

The liquid-liquid phase transfer catalytic methylation of model compound (22) was carried out using
aqueous NaOH and DCM in the presence of TBAB catalyst (Scheme 13) [46].

45°C,3h
o NaOH / H,0, TBAB a i
NEC\/F\’\OEt + Mel o » N=C R\OEt
OEt 2-12 OEt
22
23

50%

Scheme 13. Alkylation of diethyl cyanomethylphosphonate (22) wusing aqueous
NaOH solution.
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These reactions were also studied by Keglevich and co-workers under MW conditions (Scheme 14,
Table 6) [47]. The traditionally heated alkylations were performed in boiling acetonitrile for 24 h. The
MW-assisted reactions were complete after 1-2 h at 100—120 °C in the absence of any solvent.

MW or A
T, t
M,CO3 (1 equiv. I
22 + RBr 200s (Teauv) RP-OFEt
(1.2 equiv.)  (TEBAC 10%) T oEt
(acetonitrile) R

=N n -
R="Pr(a),"Bu(b) M=K, Cs 24

Scheme 14. The alkylation of diethyl cyanomethylphosphonate (22) under thermal and
MW conditions.

Table 6. The alkylation of diethyl cyanomethylphosphonate (22) under thermal and
MW conditions.

Composition (%)

Entry RX M Modeof heating T (°C) ¢(h) Solvent TEBAC (10%)

24 Other
1 "PrBr K A 82 24  MeCN - 53 45 (R="Pr) 2
2 "PrBr K A 82 24 MeCN + 26 37 (R="Pr) 37
3 "PrBr Cs A 82 24 MeCN - 7 84 (R="Pr) 9
4 "PrBr Cs A 82 24 MeCN + 2 67 (R="Pr) 31
5 "PrBr K MW 100 2 - - 13 70 (R ="Pr) 17
6 "PrBr K MW 120 1 - - 20 58 (R ="Pr) 22
7 "PrBr Cs MW 120 1 - - 4 33 (R="Pr) 63
8 "BuBr Cs A 82 24 MeCN - 3 90 (R ="Bu) 7
9 "BuBr K MW 120 2 - - 20 65 (R="Bu) 15

In the alkylation with propyl bromide under conventional heating, the use of Cs2CO3 was more
efficient than that of K2COs in the absence of phase transfer catalyst in acetonitrile (the proportion of
product 24a was 84% vs. 45%, respectively) (Table 6, entries 1 and 3). In the presence of TEBAC, the
amount of the expected product (24a) was decreased, while the relative proportion of the by-products
was increased (Table 6, entries 2 and 4). A rather good result was achieved under MW conditions using
K2COs at 100 °C for 2 h (70% of 24a was obtained) (Table 6, entry 5). Applying K2COs at 120 °C, the
conversion was 80% after 1 h (Table 6, entry 6). Replacing K2CO3 with Cs2CO3, the proportion of the
by-products was rather high (63%) (Table 6, entry 7). The best results are marked by entries 3 and 5
covering a thermal and MW experiments, respectively.

The alkylation of diethyl cyanomethylphosphonate (22) with butyl bromide led to similar results. An
almost complete conversion was achieved in boiling acetonitrile in the presence of Cs2COs3, without
TEBAC (Table 6, entry 8). Under MW conditions using K2COs at 120 °C for 2 h, the yield of the
compound (24b) was 65% (Table 6, entry 9).

Increasing the amount of the catalyst and the excess of butyl bromide, the conversion was complete,
but the proportion of by-products (25) and (26) was increased (Scheme 15, Table 7).
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MW 1] 1]
110 °C, 1h = - = -
22 + "B o 2ap + O @BU - NEONRoosu
KoCOs (1 equiv.) t u
N Bu Bu
TEBAC 10% 25 26

Scheme 15. The alkylation of diethyl cyanomethylphosphonate (22) with butyl bromide in
the presence of triethylbenzylammonium chloride (TEBAC).

Table 7. The alkylation of diethyl cyanomethylphosphonate (22) with butyl bromide under
solventless MW conditions in the presence of triethylbenzylammonium chloride (TEBAC).

Composition (%)
22 24b 25 26 Other
2.4 20 0 20 38 21 21
3.6 30 0 14 37 25 24

Entry  "BuBr (equiv.) TEBAC (%)

N =

3.3. Alkylation of Tetraethyl Methylenebisphosphonate and Bis(diphenylphosphinoyl)methane under
MW Conditions

A widely used method for the alkylation of tetracthyl methylenebisphosphonate (27) applies NaH as
the base in toluene [48—50]. In other methods, sodium in ether [51] or potassium in xylene [52] were
used. A liquid-liquid phase transfer catalytic ethylation was also described using aqueous KOH and
DCM [53].

Keglevich and co-workers studied the model reaction under discussion under MW conditions [19].

Performing the alkylation of tetraethyl methylenebisphosphonate (27) with ethyl iodide at 140 °C in
the presence of 1 equiv. of Cs2CO3, the conversion was complete and the main product was the C-ethyl
methylenebisphosphonate (28) (97%); the dialkylated by-product (29) was formed only in 3% proportion
(Scheme 16).

MW
O o 140 °C, 1.5 h‘ o o o o
1! 1! Cs,CO3 (1 equiv) I I 1 Etn
Eto/’P\/F\’\OEt + Bl ————————> Eo-P l:\’\OEt + Eto-P F{‘OEt
EtO OEt EtO OEt EtO OFEt
Et Et
2 28 29

Scheme 16. Alkylation of tetraethyl methylenebisphosphonate (27) with Etl.

In reaction with propyl-bromide using 1 equiv. of Cs2CO3 at 120 °C for 4 h, a mixture of products 30,
31 and 32 was formed. The proportion of the propylated product (30) was 57%, while the products
formed by transesterification (31 and 32) were present in 33% and 10% (Scheme 17).

Mw

Cs,CO0;3 (1 equiv.) EtO~ \~OEt EtO~ \~O"Pr EtO~ \~O"Pr
27+ "PrBr > B0 | Oet * EO I OBt * EtO | OPr
"Pr "pr "Pr

30 31 32

Scheme 17. Alkylation of tetraethyl methylenebisphosphonate (27) with PrBr.
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When tetraethyl methylenebisphosphonate (27) was reacted with benzyl bromide under conventional
heating (82 °C/40 h) in the presence of 1 equiv of K2CO3 and 25% of TEBAC, the isolated yield of
compound (33) was 83% and no by-product was formed. Under MW conditions at 120 °C for 1.5 h, the
derivative formed by transesterification (34), 35% was the main product, and only 5% of the expected
component (33) was obtained (Scheme 18).

A or MW 0 0 0
K,CO5 (1 equiv. 1! I 1! 1!
27 + Bngr 280 (1 eauiv) gto-P~_R~0Et + EtO-P~_R-0Bn
MeCN EtO | OEt EtO | OEt
Bn Bn
TEBAC 25%

33 34

Scheme 18. Alkylation of tetraethyl methylenebisphosphonate (27) with BnBr.

It can be concluded that the MW technique offers advantage in the alkylation of
methylenebisphosphonates only when the alkyl groups of the two reactants are identical. Other
advantages are that there is no need for any phase transfer catalyst, and the reaction time is much shorter.

The alkylation of bis(diphenylphosphinoyl)methane (35) was also investigated (Scheme 19) [47]. The
benzylation of 35 was investigated under thermal and MW conditions. In all cases, acetonitrile was used
as the solvent and 1 equiv. of Cs2COs3 as the base. Under conventional heating in the presence of 10% of
TEBAC, the conversion was 60% after 1 day (Table 8, entry 1). Under MW irradiation in the absence
of a phase transfer catalyst at 120 °C, after 1.5 h, the conversion was only 21% (Table 8, entry 2), while
using TEBAC, after a reaction time of 3 h, the conversion was 57% (Table 8, entry 3).

MW or A
T, t

Cs,CO3 (1 equiv.) o

(0]

? 9 TEBAC 10% noon
Ph—P~Reph + RX —————= pp=P\ Reph
Ph Ph acetonitrile Ph it Ph

35 RX = "PrBr, "BuBr, BnBr 36

Scheme 19. Alkylation of bis(diphenylphosphinoyl)methane (35).

Table 8. Benzylation of bis(diphenylphosphinoyl)methane (35) in the presence of Cs2CO3
and TEBAC in acetonitrile.

Mode of t TEBAC Conversion Yield of 36 R = Bn
Entry . T (°C)
heating (h) (10%) (%) (%)
A 82 24 + 60 44
2 MW 120 1.5 - 21 -
MW 120 3 + 57 45

The propylation and butylation were investigated under MW irradiation in acetonitrile using Cs2CO3
and TEBAC. At 180 °C after a reaction time of 4 h, the conversion was 64% (Table 9, entry 1). The
conversion of the butylation under similar conditions was 73% (Table 9, entry 2).

In the MW-assisted alkylation reactions of bis(diphenylphosphinoyl)methane (35), contrary to the
relations of the previously studied active methylene containing compounds with P=O function (17, 22,
27), it was necessary to apply both a solvent and a catalyst.
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Table 9. Propylation and butylation of bis(diphenylphosphinoyl)methane (35) in the
presence Cs2CO3 and TEBAC in acetonitrile under MW conditions.

Composition (%)

Entry RX  Modeof heating 7T (°C) t(h) TEBAC (10%)

36 Other
1 "PrBr MW 180 4 + 36 47 (R="Pr) 17
2 "BuBr MW 180 4 + 26 52(R="Bu) 22

3.4. Dialkylation of Active Methylene Containing Compounds with P=0-Function

The classical method for the dialkylation of simple active methylene containing compounds is
well-known [54,55]. This procedure applies sodium ethylate in ethanol to generate an anion which then
reacts with an alkyl halide, and this protocol is then repeated with the same or another alkyl halide.

In the case of the phase transfer catalyzed liquid—liquid two-phase alkylations, aqueous sodium
hydroxide was employed as the base and dichloromethane [56] or chloroform [57] as the solvent. In the
solid-liquid two-phase alkylations, K2COs was used in toluene [58], acetonitrile [59] or
dimethylformamide [60].

The dialkylation of the title compounds have been studied less thoroughly. The
ethoxycarbonylmethylphosphonate (17) was reacted in two steps, applying potassium in xylene [39] or
in benzene [61]. Using different alkyl halides, the yields were in the range of 54%—75%. Another method
applied sodium hydride in tetrahydrofuran [30,62] or in 1,2-dimethoxyethane [63]. In most cases,
mixtures of the mono- and dialkylated products were formed. In the literature, there is only one example
for phase transfer catalyzed dialkylation. In the reaction of ethyl cyanomethylphosphonate (22) with
methyl- ethyl- allyl- and benzyl halides in the presence of aqueous NaOH and TEBAC, the
dialkylphosphonate derivatives were obtained in yields of 46%—88% [64].

A multi-step method was developed for the dialkylation of diethyl ethoxycarbonylmethylphosphonate
(17) by Keglevich, Griin and, co-workers [65] (Scheme 20, Table 10). The diethylated, dipropylated,
and dibutylated compounds (37) (Table 10, entries 1, 2, and 3, respectively) were obtained in good yields
by the four-step solvent-free protocol under MW conditions. After each step, the crude reaction mixture
was taken up in ethylacetate, the mixture was filtered, the filtrate evaporated (and analyzed) and
reacted further.

Comparative thermal experiments using propyl iodide resulted in the formation of the dialkylated
compound (37, R ="Pr) in only 11%.

1) MW
120°C,2h

RX (1.2 equiv.) o o o o

Cs,CO3 (1 equiv.) I R
17 no solvent - EtO)H/F{\OEt + EtOJ\{/F\’\OEt
2-4) MW R OEt R OEt
120°C,2h
RX (2 equiv.)
Cs,CO3 (1.5 equiv.)
no solvent

RX = Etl, "Prl, "Bul

18 37

Scheme 20. Dialkylation of ethoxycarbonylmethylphosphonate (17).
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Table 10. MW-assisted dialkylation of ethoxycarbonylmethylphosphonate (17) by a

four-step alkylating protocol.

Composition (%)

Entry Step RX
17 18 37 Other
1 1. Etl 11 83 (R=Et) 6 (R=Et) -
2. Etl - 41 (R=Et) 59 (R=Et) -
3. Etl - 9 (R=Et) 91 (R=Et) -
4. Etl - 2 (R=Et) 98 (R =Et) -
2 1. "PrI 12 77 (R="Pr) 3 (R="Pr) 8
4. "Prl - 16 (R="Pr) 70 (R="Pr) 14
3 1. "Bul 14 77(R="Bu) 5 (R="Bu) 4
4. "Bul - 13 (R="Bu) 76 (R="Bu) 11

The role of the phase transfer catalyst was also investigated in this method. In the ethylation of the
substrate (17) applying K2COs3 or Cs2CO3 as the base, TEBAC or tetrabutylammonium bromide (TBAB)
were used as phase transfer catalysts (Scheme 21, Table 11). Using Cs2CO3 and 10% of TEBAC, the
proportion of the dialkylated product was much less after the second step than without phase transfer
catalyst (Table 11, entry 1 vs. Table 10, entry 1). When TBAB was the catalyst, the proportion was again
lower, but there was no by-product (Table 11, entry 2 vs. Table 10, entry 1). The formation of the
by-products suggested that TEBAC also took part in the reaction as an alkylating agent.

1) MW
120°C,2h
Etl (1.2 equiv.)
Cs,CO3 (1 equiv.)

catalyst (0.1 equiv) O

I
Eto)l\( OE

17 no solvent

2) MW
120°C,2h
Etl (2 equiv.)
Cs,CO3 (1.5 equiv.)
catalyst (0.1 equiv.)
no solvent

o}

P\‘otEt

Et

18 (R = Et)

o _O
Et II:I’
 eo” g

Et

37 (R = Et)

Scheme 21. Two-step ethylation of ethoxycarbonylmethylphosphonate (17) in the presence

of a phase transfer catalyst.

Table 11. Two-step ethylation of ethoxycarbonylmethylphosphonate (17) with ethyl iodide

under MW conditions

in the presence of a TEBAC or tetrabutylammonium

bromide (TBAB).
Composition (%)
Entry Step  Phase transfer catalyst M:COs
17 18(R=Et) 37(R=Et) By-products

1 1. TEBAC Cs2COs 8 75 7 10

2. TEBAC Cs,CO3 - 62 21 17
2 1 TBAB Cs2COs - 75 25 -

2 TBAB Cs,CO; - 57 43 -

The synthesis of disubstituted compounds with two different alkyl groups was also investigated
(Scheme 22, Table 12). The first step was the monoalkylation of the starting material with propyl iodide,
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butyl bromide or benzyl bromide (Table 12, entries 1, 2 and 3, respectively) in the presence of Cs2CO3

under solvent-free MW conditions. This was then followed by ethylation with EtI in two or three steps,

also in the presence of Cs2COs. The proportion of the by-products was significantly higher, as compared

to the cases when identical alkyl groups were introduced. (Table 10).

Scheme 22. Synthesis of ethoxycarbonylmethylphosphonates containing different alkyl

17

1) MW

120°C, 2 h
RX (1.2 equiv.)

Cs,CO3 (1 equiv.)

no solvent

2-4) MW

120°C,2h
Etl (2 equiv.)

Cs,CO; (1.5 equiv.)

no solvent

RX = "Prl, "Bul, BnBr

groups on the carbon atom (38).

Table 12. MW-assisted synthesis of ethoxycarbonylmethylphosphonates with different alkyl

groups (37).

o_20O

Etil:l,
> 18 + \OEt
EtoJ\Rk o

38

Composition (%)

Entry  Step RX
17 18 38 Other
1 1. Prl 12 77 (R ="Pr) - 11
2. Etl - 37(R="Pr) 43 (R="Pr) 20
3. Etl - 16 (R="Pr) 59 (R="Pr) 25
4. Etl - 1 (R="Pr) 74 (R ="Pr) 25
2 1. BuBr 14 79 (R ="Bu) - 7
2. Etl - 51 (R="Bu) 26 (R="Bu) 23
3. Etl - 25(R="Bu) 50 (R="Bu) 25
4. Etl - 6(R="Bu) 71 (R="Bu) 23
3 1. BnBr - 75 (R =Bn) - 25
2. Etl - 21 (R=Bn) 53 (R=Bn) 26
3. Etl - - 74 (R =Bn) 26

In summary, a multi-step MW-assisted catalyst- and solvent-free method was shown to be suitable

for the synthesis of dialkyl ethoxycarbonylmethylphosphonates.

4. Summary

In this overview, the phase transfer catalyzed methods for the mono-alkylation and dialkylation of

typical active methylene containing substrates including P=O-functionalized derivatives were

summarized beyond the classical methods. In a more environmentally-friendly approach, the phase

transfer catalyst may be substituted by MW irradiation. In such MW-assisted solid-liquid phase

C-alkylations, there was no need to use any catalyst. Moreover, in these cases, the use of an onium salt

led to side reactions. Repetition of the MW-promoted alkylations by newer portions of the reagents

resulted in dialkylation.
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