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ABSTRACT: Pyrimidine synthesis starting from acryloni-
trile has been known since the 1960s. The new Lewis acid-
catalyzed condensation reaction allows the synthesis of 4-
aminopyrimidines starting from the easily accessible
chemical acrylonitrile without the need for carcinogenic
chemicals and costly derivatization in up to 90% yield. The
method is versatile and applicable for industrial-scale
synthesis of biologically relevant substances such as
vitamin B1 and trimethoprim.

B INTRODUCTION

Aminopyrimidines are key intermediates for the synthesis of
biologically active substances such as v1tam1n B, (thiamin 1),'

its natural antagonist bacimethrin 2,> pesticides (amprohum
3),® and chemotherapeutic agents (trimethoprim 4).* Grewe
diamine $ is the key bulldlng block in all industrial syntheses of
vitamin B, (Figure 1).3 Although various synthetic protocols

NHz

NH
: @C|6
NI = 1\1|ka| HO | =N
)\N/ s OH N/)\OM
1 2
ci®
s )\/) " m

Figure 1. Examples of biologically active 4-aminopyrimidines.
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are available for the synthesis of 4-aminopyrimidines,” reports
on industrially applicable syntheses remain scarce.” Commonly,
major challenges in designing industrially attractive processes
for fine chemicals include the development of low-cost, atom-
efficient processes that are easﬂy scalable, nonhazardous, and at
the same time highly selective.’

From the known syntheses to 4-aminopyrimidines, the
industrially relevant syntheses use the sodium enolate 6 as a
common intermediate, which can be obtained from the bulk
chemical acrylonitrile (C;-synthon) in a two-step synthesis.”
The industrial access to 6 has been largely improved recently
(Scheme 1).

The acid-sensitive enolate 6 is transformed either to an enol
ether 7 with dimethylsulfate (Scheme 2, Route A)’ or to the
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Scheme 1. Preparation of sodium enolate 6 from
acrylonitrile
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Scheme 2. Industrially relevant syntheses of 4-
aminopyrimidines starting from sodium enolate 6
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enamine 8 with o-chloroaniline (Scheme 2, Route B).'° Major
drawbacks of these procedures are the use of carcinogenic
reagents (dimethylsulfate, o-chloroaniline) and the related
formation of sodium methylsulfate waste and loss of o-
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chloroaniline due to incomplete recycling. Moreover, additional
workup and purification procedures are necessary in order to
recycle the o-chloroaniline and minimize the contamination of
the final product.

Subsequent condensation of enol ether 7 or enamine 8 with
acetamidine 9a leads to the desired pyrimidine 10. Both
procedures (Routes A and B) use acetamidine 9a (free base).
In general, amidines are commercially available as hydro-
chloride salts due to the moderate stability of the free base.
Consequently, in the above syntheses the amidine hydro-
chloride needs to be neutralized with a strong base (e.g,
alkoxides) prior to the condensation. Disadvantages are salt
production, instability of free acetamidine, and the additional
cost of sodium methoxide.

A patent application by BASF, which has later been actively
withdrawn, describes the uncatalyzed reaction of 6 and
9a-HCL'' Yields of approximately $0% are claimed. A
catalyzed, high-yielding variant of a direct reaction of enolate
6 with amidine hydrochlorides to 4-aminopyrimidines, thus
circumventing both derivatization of 6 and neutralization of the
hydrochloride salt would greatly simplify the process and has
not been reported to date to the best of our knowledge.

Scheme 3. Synthesis of 4-aminopyrimidines from
cyanoenolates
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B RESULTS AND DISCUSSION

As a part of our efforts towards the design of greener and more
economic syntheses of vitamins and fine chemicals, we were
interested in the development of such a reaction. We report
here the first catalyzed, scalable access to 4-aminopyrimidines
via direct condensation of enolates of type 6 with amidinium
chlorides. The method is readily applicable for large-scale
industrial production of 4-aminopyrimidines.'”> Both starting
materials are easily soluble in methanol, ethanol, DMSO, DMF,
and NMP, but both also undergo rapid decomposition in these
solvents. In other solvents such as ethers, esters, and alcohols
with more than three carbons the solubility is very low. A
suspension of enolate 6 and 9a-HCl in either toluene, 3-
pentanone, or dioxane resulted in a greyish-brown suspension,
which stuck to the flask walls at elevated temperatures.” In spite
of the formation of the sticky mass, we were pleased to find that
the desired pyrimidine 10 formed after one hour at 100 °C
(detected by HPLC). Further screening of reaction conditions
allowed increasing the yield to 37% (Table 1, entry 1). We
found that the condensation reaction could be carried out in a
temperature range of 75—110 °C. DSC analysis showed that 6
starts to decompose at 115 °C.

In order to further optimize the reaction, several additives
were tested. H,SO, (20 mol %) gave 45% yield (Table 1, entry
2), but the benefit of this additive is rather limited compared to
the uncatalyzed experiment (entry 1). Brensted acid NH,Cl
had a negative influence on the yield (entry 3). Addition of
alanine, a bifunctional amino acid, resulted in 40% yield (entry
4). Strong Bronsted base NaOCHj did not lead to any product
formation (entry S), but triethylamine with a pK, >10 in

Table 1. Screening of various additives in the condensation
reaction of 6 and 9b (see Scheme 3)“

entry catalyst yield [%]°
1 - 37
2 H,S0, 45
3 NH,CI 13
4 alanine 40
S NaOMe 0
6 Et;N 2
7 AICl, 0
8 GaCl, 7
9 TiO, N
10 TiCl, 52
11 FeCl, 63
12 FeCl, 43
13 Ru(COD)CL,* 70
14 CoCl, 72
15 CuCl 87
16 CuSO,-S H,0 60
17 CuCl,2 H,0 63
18 ZnCl, 80
19 ZnBr, 74

“Reagents and conditions: Enolate 6 (57 mmol), 9a-HCl (66.9 mmol,
1.17 equiv), catalyst (10.8 mmol, 0.2 equiv), 3-pentanone (54 mL, 1
M), 85 °C, 16 h, full conversion of 6. "wt % HPLC. °COD = 1,5
cyclooctadiene.

toluene'® gave 42% yield (entry 6). The addition of oxophilic
Lewis acids'* chosen from the third main group (AICl; and
GaCl;) led to decomposition of the starting material (entries 7
and 8), whereas Lewis acids from the fourth transition group
(TiO, and TiCl,) resulted in a moderate increase of the yield to
55% and 52%, respectively (entries 9 and 10). The addition of
aminophilic Lewis acids'* was more successful. Iron chlorides
improved the yield to 63% and 43% (entries 11 and 12).
Surprisingly, FeCl,, which is considered a weak aminophilic
Lewis acid, gave better results than the strong aminophilic
FeCl;. We were happy to find that the addition to the reaction
mixture of salts of metals from the transition groups 8 and 9
(metal salts such as Ru(COD)Cl, and CoCl,) led to the
formation of pyrimidine 10 in 70% and 72% yield, respectively
(entries 13 and 14), while in the presence of CuCl the yield
increased to 87% (entry 15). With pentahydrate of CuSO, and
dihydrate of CuCl, respective yields of 60 and 63% were
achieved (entries 16 and 17). Zinc halides ZnCl, and ZnBr,
gave yields of 80 and 74% (entries 18 and 19). In conclusion,
copper(I) chloride was the most effective Lewis acid in this
reaction (87%, entry 15). During further investigations, we
chose to concentrate our attention on zinc chloride and
copper(I) chloride as the most suitable Lewis acids.

In this first screening of additives it was shown that the
condensation of enolate 6 with acetamidine hydrochloride,
9a-HCl, proceeded in yields >70% in the presence of
aminophilic Lewis acids. For a process with industrial
applicability, however, process research and reaction develop-
ment are not finished after optimization of reaction yields. The
next steps of our investigations concerned the downstream
processes such as separation of the product from the reaction
mixture, product purification, and adequate waste treatment."
In all of the above examples, the reaction mixture was a sticky
slurry, which might complicate the handling of the material,
especially if carried out at industrial scale. Therefore, various
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reaction solvents were tested, which on the one hand
circumvent a sticky reaction mixture and on the other hand
do not facilitate the decomposition of the reactants. Due to
economic reasons, we chose to concentrate only on the Zn-
catalyzed condensation. In solvents DMF, NMP or DMSO and
C,—C; alcohols where sticking did not occur, the starting
materials decomposed. After a detailed investigation of the
physicochemical properties of the solvent, an isopropanol/
toluene mixture was found to be a suitable solvent for the
process, limiting decomposition to a minimum. However, upon
variation of the ratios of reactants and catalyst an additional
problem was noticed. Not only the ratio of isopropanol and
toluene but also the stoichiometry of 9a-HCI as well as the
stoichiometry of ZnCl, had an influence on the stirrability. In
an isopropanol—toluene mixture (65:35 v/v) 0.95 equiv of
9a-HClI and 0.3 equiv of ZnCl, gave a nonstirrable mixture. The
same observation is valid for 1.4 equiv of 9a-HCl and 0.15 equiv
of ZnCl,. The mixture became stirrable in the same solvent
mixture when the amount of ZnCl, was higher than 0.2 equiv
and that of 9a-HCI was higher than 1.1 equiv. We carried out a
design of experiments (DoE, method of least-squares)16 with
variation of the parameters (a) percentage of isopropanol in
toluene (65—90 wt %), (b) equivalents of acetamidine
hydrochloride (0.95—1.40 equiv), and (c) equivalents of zinc
chloride (0.15—0.30 equiv) in order to determine the most
suitable stoichiometry of reactants and solvents. The result of
the experimental design is shown in Figure 2. The green dots
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Figure 2. Evaluation of optimal reaction parameters by DoE. The
numbers next to the dots indicate the isolated yield of pyrimidine 10
obtained experimentally using the corresponding ratio of reagents and
solvents.

indicate reaction mixtures that are stirrable, and the red dots
define mixtures that are not stirrable. The goodness of fit R* of
the model was 0.96. The yields predicted by the DoE under
optimal conditions corresponded well with the experimental
results (+1%). A suitable reaction mixture that did not stick to
the flask walls and provided optimal yields consisted of 1.4
equiv of acetamidine hydrochloride and 0.26 equiv of ZnCl, in
a mixture of 65 wt % isopropanol in toluene.” This mixture is
sufficiently polar to avoid sticking of the substrates, while side-
reactions are minimized. We were able to scale the process to
m>-scale including saponification of 10 to 5 leading to 75%
isolated yield of § starting from sodium enolate 6.

The new procedure can be used to prepare several types of
aminopyrimidines. Besides acetamidine hydrochloride
(9a-HCl), commercially available formamidine hydrochloride
(9b), guanidine hydrochloride (9¢c), and O-methylisourea

hydrochloride (9d) were successfully applied in the con-
densation reaction. Reaction of f-cyano enolate 6 (1.0 equiv)
with amidine hydrochlorides 9a—9d (1.0—1.4 equiv) in the
presence of ZnCl, (0.2—0.3 equiv) in isopropanol—toluene
furnished the corresponding aminopyrimidines in 37—83%
yield (Table 2).

Table 2. Synthesis of various pyrimidines using substituted
amidine hydrochlorides

_N cP® ZnCly NH,
o~ =~ NH> jPrOH/toluene 2~ XN
07N . [rontolene o
Ho HN" R i
ONa 2 16-72 h N RI
40-90°C
6 9a-9d 10-13
entry amidine R pyrimidine yield [%]*
1 9a-HCl CH, 10 83
2 9b-HCl H 11 52
3 9cHCl NH, 12 72
4 9d-HCl OMe 13 37

“Isolated yield.

We point out that this procedure also works especially well
for the synthesis of N-((2,4-diaminopyrimidin-S-yl)methyl)-
formamide (12) (entrg 3), a key building block in the synthesis
of trimethoprim (4)."

In addition, further extension of this methodology was
achieved by varying the nature of the sodium enolates. To this
end, f-cyano enolates 14a and 14b were conveniently prepared
similarly to enolate 6 via a-formylation of the corresponding
nitriles. Alternatively, enolates 14c—14e could be obtained by
ring-opening of the corresponding isoxazoles in the presence of
NaOCHj, and subsequent filtration of the precipitate (Figure

3).'®
N N
MeO/\( Eto/\(
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N N N
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Figure 3. Prepared cyanoenolates for condensation reactions to
pyrimidines.

Sodium enolates 14a—e reacted with various amidine
hydrochlorides in the presence of ZnCl, (Scheme 4). We
were pleased to note that keto enolate 14¢ gave the pyrimidine
derivative in 73% yield in the condensation with guanidine
hydrochloride (9c) and in 37% yield with acetamidine
hydrochloride (9a-HCI). However, the condensation of 14c
with 9d was not successful. We have found that the reaction
temperature is crucial for the conversion. Generally, no
conversion was observed below 75 °C. In the case of 14a
and 14b, decomposition occurred due to the limited stability of
these enolates under the reaction conditions. While they were
stable below 30 °C, only decomposition was observed above
this temperature under the reaction conditions used. We
observed that the condensation reaction of 14a and 9a-HCI
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Scheme 4. Synthesis of aminopyrimidines from cyano
enolates 14 and amidine hydrochlorides 9
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[alo.26 equiv of NEt; was used instead of ZnCl,.

took place in 49% yield at 80 °C, when triethylamine (1.0
equiv) was used as additive instead of a Lewis acid. Enolates
14d and 14e could not react with amidines. Decomposition of
the enolates occurred when the reactions were catalyzed either
with Lewis acids or Lewis bases.

Removal of the N-formyl protecting group of the
corresponding pyrimidines 10—13 was easily accomplished in
high yields following standard conditions (Scheme $)."

Scheme 5. Deprotection of pyrimidines 10—13
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Workup procedures, critical in industrial-scale processes,
were also studied in detail, allowing the facile separation of
Lewis acid and pyrimidine. Pyrimidines are known as suitable
ligands for various metal salts, including zinc*® and copper.”!
The biological activity of vitamin B, is related to complexation
with zinc,*” the activity of trimethoprim is enhanced by
complexation of copper.”® Therefore, we anticipated that an
efficient method is necessary to separate the pyrimidine—metal
complex in order to isolate product that complies to transition-
metal specifications (<100 ppm). We decided to take advantage
of the physicochemical behaviour of pyrimidines under basic
conditions. It was found that the separation of zinc(II) can be
achieved by precipitation of the corresponding hydroxide.
Amphoteric Zn(OH), exhibits low solubility in water at pH 9.**
Aqueous workup of the reaction mixture with pH adjusted to 9
with sodium hydroxide, followed by filtration of the
precipitated zinc hydroxide, furnished the crude N—formzl
Grewe diamine 10 with a zinc content below 100 ppm.*®
However, filtration at pH 9 led to partial hydrolysis of the
pyrimidine. In order to avoid the handling of a product mixture

containing formamide 10 and Grewe diamine S, the reaction
conditions were adjusted to allow a complete hydrolysis. The
hydrolysis was carried out at pH 11 followed by stirring of the
reaction mixture at 80 °C for 2 h. The resulting Grewe diamine
(5) was then separated from inorganic salts by countercurrent
extraction.'” In the case where CuCl was used as a Lewis acid
(Table 1, entry 16), the workup could not be performed in the
same way due to the formation of a colloidal precipitate of
copper hydroxide in alkaline solutions.”® Instead, copper was
converted to the stable, water-soluble tetraammine complex by
addition of ammonia. Subsequently, the pH was adjusted to pH
9, allowing the crystallization of pyrimidine 10, which was easily
isolated by filtration. The final product 10 contained less than
100 ppm of Cu (see Supporting Information).>®

B CONCLUSION

In summary we have succeeded in developing a novel
procedure for the synthesis of 4-aminopyrimidines, catalyzed
by Lewis acids. Thus Grewe diamine S, key building block in
the synthesis of vitamin B1, was successfully prepared in 60%
overall yield in four steps starting from acrylonitrile. Efficient
separation of the product from the catalyst was achieved,
allowing the process to be easily scaled to industrial volumes.

B EXPERIMENTAL SECTION

Procedure for the Cyclization Reaction of 6 with
9a:HCl to 10. Detailed example for the cyclization reaction of
6 and 9a-HCl in the presence of zinc chloride consists of the
following:

The reactor, which is equipped with a heating jacket, is
charged with 2.14 kg of toluene, and then 1.5 kg of 6 (89%,
9.055 mol) as well as 1.13 kg of 9a-HCI (11.95 mol, 1.32 equiv)
is slowly added, followed by isopropanol (3.96 kg) and ZnCl,
(0.323 kg, 2.37 mol, 0.26 equiv). The reactor is heated to an
inner temperature of 82 °C. When the reaction temperature of
82 °C is reached, the mixture is stirred for 16 h.

After 16 h, the jacket temperature is decreased to 65 °C. An
in-process control indicated a cyclization yield of 80% based on
6. Then 6 kg of water is added. The mixture is stirred until
complete dissolution of the solid material is observed. Stirring is
stopped, and the two liquid phases separate. The aqueous phase
is discharged. The toluene phase is washed twice at 60 °C with
1.5 kg water and is then discharged.

All water phases are combined and transferred into the
reactor. The pressure is lowered, and isopropanol is distilled off
until a content of <2% is reached. The reactor is heated to 75
°C inner temperature (83 °C jacket temperature), and 0.87 kg
of 28% aqueous NaOH solution (6.09 mol NaOH) is added,
leading to pH 9 at 75 °C. Upon precipitation of Zn(OH), the
reaction mixture is filtered over a 1 ym Pall filter. The reactor is
washed with water, and the aqueous phases are combined and
recharged into the reactor. Aqueous 42.8% NaOH solution (1.9
kg, 20.33 mol NaOH) is added, and the content is heated to 80
°C inner temperature. After one hour, the saponification of 10
to S is finished, and the reactor content is transferred to a
countercurrent extractor where § is extracted from the water
phase with 1-butanol at 60 °C inner temperature. After the
extraction, 1-butanol is evaporated under reduced pressure,
leading to 1.008 kg S (6.8 mol, 75% yield, 93% purity).
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B ADDITIONAL NOTES

“The conditions as disclosed in the BASF patent application
have also been tried, leading to 35% yield. Unfortunately, under
these conditions the reaction mixture also sticks to the flask
walls, and the final product mixture is not homogeneous. The
inhomogeneity of the crude product may be the reason why
yields of >50% are reported in the patent application but not
found in our study.

®One reviewer asked if 0.26 equiv of zinc- or copper salts is
acceptable in fine chemical synthesis. According to several
patents, the use of 20 mol % or more of zinc- or copper salts is
quite common in the production of fine chemicals. For
example, in vitamin E production, copper salts are used in 50
mol % or more in the oxidation of trimethylphenol to
trimethyquinone (see patents from various vitamin E
manufacturers such as BASF in EP 1132367, 0.75 equiv
CuCl, and in DE 4029198, from Mitsubishi Gas Chemical
Company in EP 127888, 1 mol equiv CuCl,; from Eisai in EP
294584, 0.5 equiv CuCl, High loadings of zinc salts are used in
the condensation of trimethylhydroquinone (see U.S. patent
6,020,505 from Eisai). Recycling and handling of the transition
metal waste is not the subject of the current manuscript, and
therefore this point is not explained in the text.
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