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Abstract
The synthesis of the drug alendronate from γ- aminobutyric acid and phosphorus 
trichloride/phosphorous acid as the P- reagents is revisited using methanesulfonic 
acid and sulfolane as solvents and ionic liquids (ILs) as additives according to a 
novel approach. Besides elaborating efficient synthetic methods with a record yield 
of up to 80%, the misleading literature data were also clarified. It is a novel trend to 
use ILs as only catalysts or additives and not as solvents.

1 |  INTRODUCTION

Alendronate is a prominent representative of hydroxy- 
methylenebisphosphonic acid derivatives (dronic derivatives) 
used in the treatment of bone diseases, such as osteoporosis, 
Paget disease and tumor- induced hypercalcemia, but direct 
antitumor and antiparasitic activity were also detected.[1-6] 
It is known that the two phosphonic groups are capable of 
forming complex with calcium ions. Depending on their side 
chain, the bisphosphonates may belong to three generations of 
dronic derivatives. The first generation of dronic derivatives 
does not bear a nitrogen atom in the C- substituent. The repre-
sentatives of the second and third generations have aminoal-
kyl or N- heterocyclic substituents, respectively. Alendronate 
belongs to the second generation of bisphosphonic deriva-
tives,[7,8] and is still an important drug. As the best yields 
described are rather moderate (55%- 67%), the synthesis of 
this valuable agent from γ- aminobutyric acid and P- reagents 
is still challenging.

2 |  RESULTS AND DISCUSSION
2.1 | A critical survey of the literature data: 
claims and facts
Many publications deal with the preparation of alen-
dronate.[9-29] We have also studied its synthesis starting from 
γ- aminobutyric acid (GABA) (1) in methanesulfonic acid 
(MSA) as the solvent (Table 1; Scheme 1). The best result, 
a yield of 67% (with 100% purity), was obtained when phos-
phorus trichloride used as the P- reagent was applied in quan-
tity of 3.2 equivalents at 75°C for 12 hour (Table 1, entry 6).

It was found that the addition of phosphorous acid to the 
reaction mixture was without any positive effect (Table 1, 
 entries 3- 5 and 6- 8).[9]

However, others found that when GABA (1),  phosphorus 
trichloride, and phosphorous acid were reacted in  ratios 
of 1:2.1:1 or 1:2.4:1.5 equivalents in MSA at 65°C for 
16- 20 hours, the yields were 89% and 90%, respectively, 
considering pure samples.[10,11] According to our careful 
 reproduction of these two preparations,[10,11] alendronate may 
be obtained in yields of only 35% and 43%, respectively, in 
purities of ca. 94% (see Supplementary Material). Hence, the 
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statement of Polish authors on the yields of ca. 90% seems 
to be excessive, that is probably due to the neglect of purity 
criterions. In another case, when phosphorus oxychloride and 
phosphorous acid were measured as the P- reagents in ratios 
of 2:3 or 3:3, alendronate was obtained in a yield of 60% (in 
a purity of 97%).[12]

Another preferred solvent may be chlorobenzene, in 
which the P- reagents (PCl3:H3PO3) were measured in ratios 
of 1.5:1.5, 2:3, or 1.5:1.5. The temperature was 100°C in each 
case, while the reaction time was 3 or 4 hour, and the yields 
were between 18% and 46%. No data were provided on the 
purities.[13-15] The synthesis of alendronate was described in 
a series of other solvents, eg, acetonitrile,[16] n- octane,[17,18] 
phenol and its derivatives,[19,20] anisole,[21] benzenesulfonic 
acid,[22] diphenyl ether,[23] etc. The yields were highly depen-
dent on these solvents, and in most cases, the purity of the 
product was not reported. Using the P- reactants (PCl3:H3PO3) 
in a ratio of 2:1.5 in the absence of solvent, the yield of alen-
dronate was reported as 59%, but no purity criterion was 
provided.[24]

Alendronate was also synthesized in sulfolane under 
thermal and microwave (MW)- assisted conditions at 
~65°C (Scheme 2).[25-27] The results were summarized in 
Table 2.

Using phosphorus trichloride and phosphorous acid in 
 ratios of 2.5:3.5 and 3.4:1.5, pure alendronate was claimed to 

have been prepared in yields of 55% and 69% from the ther-
mal reactions (Table 2, entries 1 and 2).[25,26] Regardless of 
the application of conventional or MW heating, at a 3:3 ratio 
of P- reagents, the yield of the dronate under discussion was 
around 40% (Table 2, entries 3 and 4).[27]

Reproduction of the experiments covered by 
 references[25,26] led to yields of 50% and 12%, respectively. It 
means that the 69%[26] was again excessive. Although at the 
molar ratio of 3.4 equivalents of phosphorus trichloride and 
1.5 equivalents of phosphorous acid in sulfolane, the yield 
should be higher (see next chapter), the low outcome may be 
the consequence of the lower reaction temperature of 65°C, 
and the too short reaction time of 3 h (see Supplementary 
Material).

The ILs are considered green solvents, because of their 
low vapor pressure, high thermal stability, and they can be 
recycled or reused. To date, just two patents have dealt with 

Entry

Reactants

Purity (%)a,b Yield of 2b Ref.PCl3 (equiv.) H3PO3 (equiv.)

1 0 2 – 0 [9]

2 1 2 40c 22c [9]

3 2 0 97 52 –

4 2 1 42c 43c [9]

5 2 2 98 38 [9]

6 3.2 0 100 67d –

7 3 1 97 61 –

8 3 2 98 63 –
aOn the basis of potentiometric titration.
bFrom at least three parallel experiments.
cFor the crude product.
dPreviously published yield: 57% (purity: 98%).[9]

T A B L E  1  Synthesis of monosodium 
alendronate trihydrate (2) from GABA (1) in 
MSA using phosphorus trichloride and 
phosphorous acid in different ratios

S C H E M E  1  Preparation of 
alendronate in MSA[9]

S C H E M E  2  Preparation of alendronate in sulfolane under 
thermal or MW conditions
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the synthesis of alendronic acid in ILs. De Ferra and co- 
workers employed Bu3N·HCl as the solvent, and 2 equiva-
lents of phosphorus trichloride together with 1 equivalent of 
phosphorous acid as P- reactants. The reaction was carried out 
at 60°C for 2 hour and the target dronate was obtained in a 
low yield (31%).[28]

In the other work described by Li and co- workers, GABA 
(1) was reacted with 2 equivalents of phosphorus trichlo-
ride and 1.5 equivalents of phosphorous acid in the presence 
of 0.5 equivalents of various ILs at 60°C for about 6 hour. 
The yield of pure alendronate was reported as 92%- 94% de-
pending on the ILs used that could be reused five times.[29] 
However, this outstanding result within the dronic acid/dro-
nate discipline could not be reproduced by us. Applying the 
same conditions (60°C/15 hour), and performing a similar 
work- up (hydrolysis with the same amount of water, reflux-
ing for 6 hour, adjusting the pH to 4.3, and recrystallization), 
we could prepare alendronate in a yield of 19% only. The 
purity was 95%. (The detailed procedure can be found in the 
Supplementary Material.)

According to our previous experiences and on the basis 
of recent publications, ILs may promote certain reactions 
if they are used in small quantities as catalysts, additives, 
or cosolvents, and not as a solvent.[30-35] More and more 
reactions, such as multicomponent condensations, addi-
tions, acylations, esterifications, alkylations, oxidations 
and halogenations have been described in the presence of 
10%- 30% of a suitable IL to achieve better conversions in 
shorter reaction times. We have studied the synthesis of 
pamidronic acid in sulfolane,[36] and in the presence of IL 
additives.[37] As we have reached remarkable results, we 
wished to investigate the preparation of alendronic acid in 
these solvents too.

2.2 | Preparation of alendronate using 
sulfolane (A), sulfolane and ionic liquid 
additive (B) or ionic liquid additive alone (C): 
new results
In the first series of experiments, we studied the reaction of 
GABA (1) and phosphorus trichloride/phosphorous acid in 

sulfolane at 75°C according to the analogous procedures de-
veloped by us.[36] After heating for 3 hour, the mixture was 
hydrolyzed at 105°C (for 3 hour), the pH was set to 4.3 by the 
addition of 50% sodium hydroxide solution, and the mixture 
was stirred at 25°C (for 12 hour). The precipitated monoso-
dium alendronate trihydrate (2) was removed by filtration. 
The final step comprised purification by recrystallization 
from hot water. The reaction was run with different ratios of 
the P- reagents (Table 3; Scheme 3). The use of phosphorous 
acid alone was inefficient (Table 3, entry 1). Using phospho-
rus trichloride and phosphorous acid in ratios of 1:1 and 1:2, 
the yield of dronate (2) was around 32% (Table 3, entries 2 
and 3). The 2:1 and 2:2 ratio of the P- reagents led to yields of 
37% and 46%, respectively (Table 3, entries 4 and 5). Three 
equivalents of phosphorus trichloride resulted in a yield of 
only 8% (Table 3, entry 6), but when 1 and 2 equivalents of 
phosphorous acid was used, the yield increased to 41% and 
52%, respectively (Table 3, entries 7 and 8). It can be seen 
that the best results were obtained using phosphorus trichlo-
ride and phosphorous acid in ratios of 2:2 and 3:2 (Table 3, 
entries 5 and 8).

As mentioned in subchapter 2.1, ILs as additives may 
promote organic chemical reactions.[30-35,37] In the first 
 approach, sulfolane was used as the solvent, but 0.3 equiva-
lents of [bmim][BF4] or [bmim][Cl] was used as an  additive 
(Scheme 4). Phosphorus trichloride and phosphorous acid 
were both applied in a molar quantity of 2 equivalents. 
Table 4 shows that the two experiments provided alendro-
nate (2) in yields of 72% and 48%, respectively, in a rather 
pure form (99/96%) (Table 4, entries 1 and 3). Applying 
 phosphorus trichloride and phosphorous acid in a molar ratio 
of 3:2, the yields were 80% and 58% for the cases  involving 
[bmim][BF4] or [bmim][Cl] as the additive, respectively 
(Table 4, entries 2 and 4). The yields of 72% and 80% may 
be regarded excellent, if they are compared with the realistic 
yields of 12%- 67% summarized in Table 5. Hence, the appli-
cation of [bmim][BF4] as an additive together with sulfolane 
as the solvent seems to be beneficial.

But what happens if IL additives are used without sulfo-
lane as the solvent? Three ILs were used in a molar equiva-
lent quantity of 0.1, 0.3, and 0.6 at a 3:2 or 2:2 molar ratio of 

T A B L E  2  Synthesis of alendronate in sulfolane under thermal and MW conditions

Entry
PCl3:H3PO3 
(equiv.:equiv.) Condition Temperature (°C) Time (h) Purity (%) Yield (%) Ref.

1 2.5:3.5 Thermal 60- 65 12 99.9 55/50a [25]

2 3.4:1.5 Thermal 63- 67 3 99 69/12a [26]

3 3:3 Thermal 65 3,5 – 38 [27]

4 3:3 MW 65 0,1 – 41 [27]

aAccording to our reproduction.
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the P- reagents. The experimental data are listed in Table 6. 
Starting with [bmim][BF4] as an additive, the following ten-
dencies can be seen:

• The IL additive has a significant effect on the yields, as 
compared with the blind probe experiment (Table 6,  entries 
1-6 vs entry 7). No alendronate was formed in the absence 
of any IL. This is a solvent-free accomplishment claimed 
to be successful according to a report.[24]

• The syntheses are more efficient at a 3:2 molar ratio of 
phosphorus trichloride and phosphorous acid, than at a 2:2 
ratio. However, the differences are not so great to justify 
the 3:2 molar ratio instead of 2:2.

• The optimum choice is to measure in 0.3 equivalents of 
[bmim][BF4] (Table 6, entries 3 and 4). The use of 0.6 or 
0.1 equivalents of the IL leads to somewhat lower yields 
(Table 6, entries 1, 5 and 2, 6).

The tendencies are similar for the instances involving 
[bmim][Cl] and [bmim][PF6] as additives (Table 6, entries 
8- 10 and 11- 13, respectively). It is noteworthy that the use of 
[bmim][PF6] leads to the target dronate (2) in lower purities. 
The PF6

− anion is probable not intact during the dronate for-
mation at 75°C.

Entry

Reactants

Purity (%)a,b Yield of 2bPCl3 (equiv.) H3PO3 (equiv.)

1 0 3 – 0

2 1 1 99 32

3 1 2 100 31

4 2 1 100 37

5 2 2 100 46

6 3 0 100 8

7 3 1 100 41

8 3 2 99 52
aOn the basis of potentiometric titration.
bFrom at least three parallel experiments.

T A B L E  3  Synthesis of monosodium 
alendronate trihydrate (2) from GABA (1) in 
sulfolane using phosphorus trichloride and 
phosphorous acid in different ratios

S C H E M E  3  Synthesis of monosodium alendronate trihydrate 
(2) from GABA (1) using phosphorus trichloride and/or phosphorous 
acid in sulfolane

S C H E M E  4  Synthesis of monosodium alendronate trihydrate 
(2) from GABA (1) using phosphorus trichloride and phosphorous acid 
in sulfolane with IL additive, or in IL

Entry Type of IL

Reactants

Purity (%)a,b Yield of 2bPCl3 (equiv.) H3PO3 (equiv.)

1 [bmim][BF4] 2 2 99 72

2 [bmim][BF4] 3 2 100 80

3 [bmim][Cl] 2 2 96 48

4 [bmim][Cl] 3 2 99 58
aOn the basis of potentiometric titration.
bFrom at least three parallel experiments.

T A B L E  4  Synthesis of monosodium 
alendronate trihydrate (2) from GABA (1) 
using phosphorus trichloride and 
phosphorous acid in sulfolane together 
with 0.3 equivalents of [bmim][BF4] or 
[bmim][Cl] Additive

T A B L E  5  Reliable Yields for Alendronate (2)

Yield (%) 67 35a 43a 60 50a 12a 19a

Reference [9] [10] [11] [12] [25] [26] [29]
aAfter our careful reproduction.



   | 5 of 8NAGY et Al.

In overall, the best results were obtained with [bmim]
[BF4] as the additive. Using 0.3 equivalents of this IL, de-
pending on the molar ratio of the P- reagents, alendronate (2) 
was obtained in yields of 60/66% (Table 6, entries 3 and 4).

Finally, [bmim][BF4] was used in a larger portion (1.1 
equivalents) to serve as a solvent. At a 3:2 molar ratio of phos-
phorus trichloride and phosphorous acid, alendronate (2) was 
formed only in ~5%. Hence, it is clear that the IL should not 
be used as a solvent, but only as an additive (Figure 1).

The ILs may further enhance the electrophilic character of 
carbonyl group as shown in Figure 2.

3 |  SUMMARY

In summary, a detailed study on the synthesis of alendronate 
from γ- aminobutyric acid and phosphorus trichloride/phos-
phorous acid revealed that the best option is to apply the 
P- reagents in ratios of 2:2 or 3:2 in sulfolane in the presence 

of 0.3 equivalents of [bmim][BF4] to give the target dronate 
in a yield of 72% and 80%, respectively. This is a new pro-
cedure, and the best ever published for alendronate. In the 
absence of sulfolane or IL, lower yields of 60/66% and 
46/52%, respectively, were attained. The outcome of the 
former variation applying the P- reagents as above in the 
presence of the IL is comparable with that of the case using 
only 3.2 equivalents of phosphorus trichloride in MSA as 
the solvent (yields of 60/66% vs 67%). The misleading data 
published without purity criterions were clarified by reliable 
experiments that are reproducible and supplied with purity 
data. Our experimental data justified the recent finding that 
suitable ILs may have a beneficial effect on syntheses as ad-
ditives or catalysts. Moreover, this also applies for organo-
phosphorus syntheses.

4 |  EXPERIMENTAL
4.1 | General
31P NMR spectra were obtained on a Bruker AV- 300 
 spectrometer at 121.50 MHz; chemical shifts are downfield 

T A B L E  6  Synthesis of monosodium alendronate trihydrate (2) from GABA (1) using phosphorus trichloride and phosphorous acid in 
different ratios without any solvent in the presence of [bmim][BF4], [bmim][Cl] and [bmim][PF6] as additives

Entry Type of IL
Amount of IL 
(equiv.)

Reactants

Purity (%)a,b Yield of 2bPCl3 (equiv.) H3PO3 (equiv.)

1 [bmim][BF4] 0.6 2 2 99 57

2 [bmim][BF4] 3 2 98 63

3 [bmim][BF4] 0.3 2 2 98 60

4 [bmim][BF4] 3 2 98 66

5 [bmim][BF4] 0.1 2 2 97 39

6 [bmim][BF4] 3 2 90 46

7 [bmim][BF4] 0 2 2 – 0

8 [bmim][Cl] 0.6 2 2 100 52

9 [bmim][Cl] 0.3 2 2 100 59

10 [bmim][Cl] 0.1 2 2 100 36

11 [bmim][PF6] 0.6 2 2 77 56

12 [bmim][PF6] 0.3 2 2 86 59

13 [bmim][BF4] 0.1 2 2 95 54
aOn the basis of potentiometric titration.
bFrom at least three parallel experiments.

F I G U R E  1  The effect of the amount of [bmim][BF4] on the yield
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F I G U R E  2  The possibly effect of the ILs
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relative to 85% H3PO4. The alendronate content of the  samples 
was determined by potentiometric acid- base  titrations on a 
Mettler DL77 potentiometric titrator.

The titration curve for the pure alendronic acid standard 
purchased from Tokyo Chemical Industry Co., Ltd. (TCI), 
and for the sample obtained from the reaction marked by 
Table 3, entry 8 are shown in Figures 3 and 4, respectively.

4.2 | Preparation of monosodium 
alendronate trihydrate (2) from GABA (1), 
phosphorus trichloride, and phosphorous acid 
in MSA (Table 1, entry 6)
A quantity of 2.6 g (0.025 mol) of GABA (1) was added into 
10.5 mL of MSA on stirring. Then, 7 mL (0.08 mol) of phos-
phorus trichloride was added dropwise in ca. 20 min to the 
solution. The contents of the flask were stirred at 75°C for 
12 hour. After cooling to 25°C, 12 mL (0.67 mol) of water 
was added, and the mixture was stirred further at 105°C for 
4 hour. On cooling, the pH was adjusted to 1.8 by adding 

~12 mL of 50% aqueous sodium hydroxide. Then, the con-
tents of the flask were stirred at 25°C for 12 hour. The pre-
cipitate was removed by filtration and dried to furnish 10.0 g 
(82%) of crude product (2) in a purity of 67%. The solid was 
taken up in sixfold amount (60 mL) of hot water, and the 
pH of the solution was adjusted to 4.5 by adding ~0.5 mL 
of 50% aqueous sodium hydroxide. Then, the contents of the 
flask were stirred at 25°C for 12 hour and finally at 0- 5°C for 
1 hour. The solid product was filtered off and dried to furnish 
5.5 g (67%) of monosodium alendronate trihydrate (2) in a 
purity of 100%.

4.3 | Preparation of monosodium 
alendronate trihydrate (2) from GABA (1), 
phosphorus trichloride, and phosphorous acid 
in sulfolane (Table 3, entry 8)
A quantity of 2.6 g (0.025 mol) of GABA (1) and 4.1 g 
(0.05 mol) of phosphorous acid was added into 8 mL of sul-
folane on stirring. Then, 6.6 mL (0.075 mol) of phosphorus 

F I G U R E  3  Titration curve for 
alendronic acid standard
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trichloride was added dropwise in ca. 30 min, and the contents 
of the flask were stirred at 75°C for 3 hour. After cooling the 
mixture to 25°C, 22 mL (1.2 mol) of water was added, and 
the mixture was stirred further at 105°C for 3 hour. Next, the 
mixture was cooled to 25°C, and the pH was adjusted to 4.3 
by adding ~4 mL of 50% aqueous sodium hydroxide. The stir-
ring was continued for 12 hour, the precipitate was removed 
by filtration, and dried to give 6.0 g of the crude product. The 
solid was taken up in fourfold amount (24 mL) of hot water, 
and the solution stirred at 25°C for 12 hour. Finally, the solid 
was filtered off, and dried to furnish 4.3 g (52%) of monoso-
dium alendronate trihydrate (2) in a purity of 99%. 31P NMR 
(D2O) δ: 17.9, δ[9]: 18.0, δ[12]: 18.6; 1H NMR (D2O) δ: 1.77- 
1.50 (m, 4H, NCH2CH2CH2), 2.42 (t, J=6.9, 2H, NCH2), 
δ[38]: 2.0- 1.96 (m, 4H), 3.06- 3.04 (t, 2H); 13C NMR (D2O) δ: 
22.3 (t, J=6.7, NCH2CH2), 30.7 (s, NCH2CH2CH2), 40.3 (t, 
J=4.4, NCH2), 73.6 (t, J=134.7, PCP), δ[12]: 22.8 (t, J=6.9), 
31.1 (s), 40.4 (s), 73.9 (t, J=127.6).

4.4 | Preparation of monosodium 
alendronate trihydrate (2) from GABA (1), 
phosphorus trichloride, and phosphorous 
acid in sulfolane with IL additive (A) or in the 
presence of IL (B) (Table 4, entry 2, Table 6, 
entry 4)
A quantity of 2.6 g (0.025 mol) of GABA (1) and 4.3 g 
(0.053 mol) of phosphorous acid was added into a mixture 
of 8 mL of sulfolane and 1.4 mL (0.008 mol) of [bmim][BF4] 
(A), or into 1.4 mL (0.008 mol) of [bmim][BF4] (B) on stir-
ring. Then, 7 mL (0.08 mol) of phosphorus trichloride was 
added dropwise in ca. 30 min, and the contents of the flask 
were stirred at 75°C for 3 hour. After cooling the mixture to 
25°C, 10 mL (0.5 mol) of water was added, and the mixture 
was stirred further at 105°C for 3 hour. Next, the mixture was 
cooled to 25°C, and the pH was adjusted to 4.6 by adding 
~4 mL of 50% aqueous sodium hydroxide. Then, the contents 
of the flask were stirred at the same temperature for 12 hour 
and finally at 0- 5°C for 2 hour. Further work- up including 
filtration of the crude product, and purification by recrys-
tallization from water was performed as described above to 
afford 6.5 g (80%, (A), Table 4, entry 2), 5.5 g (66%, (B), 
Table 6, entry 4) of monosodium alendronate trihydrate (2) 
in a purity of 100% and 98%, respectively. 31P NMR (D2O) 
δ: 17.9 for the product obtained from the experiment marked 
by Table 4, entry 2, δ[9]: 18.0, δ[12]: 18.6.
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