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Flow synthesis techniques have received a significant amount of attention due to their high productivity.
However, when reaction condition is heterogeneous, it is usually difficult to adapt it to flow synthesis.
Herein, by selecting appropriate reagents, the synthesis of phosphate esters, which is commonly hetero-
geneous, was made homogeneous, enabling synthesis in flow systems. In addition, reaction rate was
accelerated compared to the batch system. It was demonstrated that not only can the high productivity
of flow synthesis be achieved in flow, but also high productivity can be achieved by accelerating the reac-
tion. Finally, we demonstrated the synthesis of the Akiyama-Terada catalyst, a chiral organocatalysts, in a
short period.

� 2021 Published by Elsevier Ltd.
Introduction

Flow synthesis technology has attracted increasing attention in
recent years for the production of chemicals because it is highly
productive, safe, and reproducible [1–3]. In particular, the flow
can help achieve fast reactions that can be completed in a few sec-
onds or less [4,5], because flow microreactors realize highly effi-
cient heat removal compared to batch-type reactors with poor
heat transport efficiency. Therefore, productivity can be improved
by continuous production, rapid production can be expected by
high-rate reactions, and a significant improvement in the produc-
tion of chemicals can be expected.

Phosphate esters and phosphite esters are not only important
skeletons of biomolecules, but also one of the most important
industrial compounds that are applied as catalysts [6–9] and flame
retardants [10,11]. A general procedure for the synthesis of phos-
phoric acid triesters involves the reaction of phosphoryl chloride
with an alcohol [12]. Since hydrochloric acid is released in this
reaction, triethylamine is added to trap it, resulting in salt forma-
tion and precipitation [13–16]. Thus, this reaction condition is
heterogeneous and cannot be easily applied in a flow system.

In this paper, we report the synthesis of phosphate esters and
phosphite esters in a homogeneous system and the achievement
of their continuous production in flow. Particularly, the synthesis
of triaryl phosphite was demonstrated via continuous operation
and high productivity was achieved by using a high-rate reaction.
Additionally, the Akiyama�Terada catalyst [6,7], which is one of
the most important organic chiral catalysts, was synthesized in a
short period.

Results and discussions

First, phosphoryl chloride was added dropwise to an alcohol in
dichloromethane (DCM) in the presence of triethylamine (TEA) as a
base and 4-dimethylaminopyridine (DMAP) as a catalyst, similar to
the protocol widely used in batch reactors. Consequently, a consid-
erable amount of white solid was precipitated (Fig. 1a). In contrast,
no precipitation was observed when tributylamine (TBA) (having a
longer alkyl chain) was used as the base instead of TEA (Fig. 1b).
This may be because of the improved solubility of the TBA salt of
hydrochloric acid owing to its long alkyl chain. Therefore, the syn-
thesis of phosphate esters (usually heterogeneous systems in batch
reactions) can be achieved in a homogeneous system by changing
the amine.

For the synthesis of phosphate esters, we compared the batch
system with the flow system (Table 1). 2-Phenylethylalcohol, an
aliphatic alcohol bearing an aromatic group to facilitate detection
by UV–vis spectroscopy, was selected as the alcohol (Scheme 1).
As mentioned above, phosphoryl chloride was added dropwise to
the alcohol at 0 �C and stirred at room temperature in the batch
system. To confirm the progress of the reaction, HPLC yields were
determined immediately after the addition of phosphoryl chloride
and 1 h after the addition. When a catalytic amount of DMAP
(0.1 eq.) was added, as in the general conditions (entry 1), the yield
was 63% immediately after the addition of phosphoryl chloride,
and it decreased slightly as the reaction was carried out further
at room temperature. When 1 eq. of DMAP was used, the yield
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Fig. 1. The synthesis of phosphate triester in a flask. (a) When triethylamine was
used as a base, white solids were observed to precipitate. (b) When tributylamine
was used, no precipitation was observed.

Fig. 2. Schematic diagram of a flow microreactor system for phosphate ester.
Microtube precooling units: P1, P2, P3; micromixers: M1, M2; microtube reactors:
R1, R2.
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was ~50%. Although the reaction was accelerated by increasing the
amount of DMAP added, heat removal was insufficient in the batch
system, resulting in reduced yield.

The synthesis was investigated using a flow microreactor.
DMAP probably forms a 1:1 complex with phosphoryl chloride
and activates it. Therefore, in microflow synthesis, where high heat
transfer efficiency can be achieved, the use of an equivalent
amount of DMAP to that of phosphoryl chloride was expected to
activate it effectively and enhance the reaction rate. The procedure
Table 1
Comparison of macro batch and microflow systems.

DMAP Base

Entry eq.

1 batch reactor 0.1 TBA
2 1 TBA
3*2 TEA
4 Microreactor 1 TBA
5 0.5
6 1

*1 In a batch system, reaction mixture was collected and quenched immediately after an
time was 2.4 s.
*2 White solids were observed.
*3 Isolated yield.

Scheme 1. Synthesis of 2-p

2

for phosphate ester synthesis was as follows: a solution of phos-
phoryl chloride (0.2 M in DCM, flow rate: 4.0 mL min�1) and a solu-
tion of DMAP (0.2 M in DCM, flow rate: 4.0 mL min�1) were
introduced into M1 (T-shaped, u = 250 lm) and R1
(u = 1000 lm, L = 50 cm (tR1 = 2.9 s)) at T = 20 �C by using syringe
pumps to produce the activated species. A reaction with 2-
phenylethylalcohol (0.6 M in DCM, flow rate: 2.0 mL min�1) was
carried out in M2 (u = 250 lm) and R2 (u = 1000 lm, L = 50 cm
(tR2 = 2.4 s)) at the same temperature (Fig. 2). After steady state
was reached, the resulting solution was quenched with water or
collected in a dry flask. The collected solution was stirred at room
temperature for 1 h.

As shown in entry 4 of Table 1, in the flow system, phosphoric
acid triester was obtained in 81% yield within a few seconds (2.4 s).
The reaction proceeded quantitatively (HPLC yield of 104%) for 1 h
with additional stirring, and the isolated yield was found to be 88%.
In this way, a high-rate synthesis was achieved in the flow system
compared to that in the batch system, where the reaction time was
several hours. On the contrary, when DMAP (0.5 eq.) was used, the
yield decreased to 25%. This suggests that the use of a microreactor
enabled efficient activation of phosphoryl chloride and DMAP in a
ratio of 1:1 and enhanced the reaction rate. Furthermore, even
when acetone was used as the solvent, phosphate triester was
achieved in good yield, although the reaction was slower than
when dichloromethane was used. Acetone availability is valuable
for industrial production.

The synthesis of phosphates and phosphites was also studied
under the same conditions. When phosphoryl chloride was reacted
with phenol (an aromatic alcohol) in the flow, the reaction rate was
similar to that in the batch system. In contrast, the reaction pro-
ceeded quantitatively for 1 h after the flow synthesis (Table 2,
entries 1–2). When phosphorus trichloride was reacted with etha-
nol (an aliphatic alcohol), the reaction rates were same in both the
batch and flow systems, and excellent yields were achieved in a
short period (Table 2, entries 3–4). When phosphorus trichloride
reacted with phenol, the reaction rate in the flow system was
higher than that in the batch system, and triaryl phosphite was
achieved in excellent yields (Table 2, entries 5–6) within a few
seconds.

We focused on the fast synthesis of triaryl phosphite in the flow
system and phosphorus trichloride was reacted with other
Solvent HPLC yield (%)

0 min*1 60 min

DCM 63 57
DCM 53 55
DCM 35 44
DCM 81 104 (88)*3

DCM 25 –
acetone 46 75

addition of phosphoryl chloride. When microreactor was used, reaction (residence)

henylethyl phosphate.



Table 2
HPLC yields of a phosphate and phosphites using a batch reactor and a microreactor.

Entry Phosphorous source Alcohol HPLC yield (%)

0 min 60 min

1 POCl3 PhOH Batch reactor 66 63
2 Microreactor 52 98
3 PCl3 EtOH Batch reactor 85*1 90*1

4 Microreactor 85*1 71*1

5 PCl3 PhOH Batch reactor 67 85
6 Microreactor 92 90

*1 GC yield.

Table 3
HPLC yields of BINOL-derived phosphoric acid using a batch reactor and a
microreactor.

HPLC yield (%)

0 min 60 min

Batch reactor 35 26
Microreactor 78 (74)*2 –

*2 Isolated yield.

Fig. 3. Continuous production in flow using diaphragm pumps.

Fig. 4. Improving productivity by increasing flow rates. Plots indicate HPLC yield
and bars indicate productivity.
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aromatic alcohols, as summarized in Scheme 2. The reaction pro-
ceeded in excellent yields with phenols bearing methyl, methoxy,
or phenyl group. In addition, the dependence of the yield on resi-
dence time indicated that the reaction was very fast and was com-
pleted in at least 1.2 s for all substrates (Fig. S1).

Next, we focused on the productivity of P(OC6H4C6H5)3. Using a
diaphragm pump [17], P(OC6H4C6H5)3 was continuously produced
for 80 min, with an average yield of 84%, as shown in Fig. 3. The
flow rate and internal pressure were sufficiently stable during
80 min of continuous operation (Fig. S3), suggesting that a longer
operation was possible. To achieve even higher productivity, the
synthesis was carried out at 5 and 12.5 times the flow rate
(Fig. 4). A productivity of 713 g/h with 88% yield was demonstrated
when the synthesis was carried out at 12.5 times the flow rate
(F1 = F2 = 50 mL/min, F3 = 25 mL/min).

Phosphate ester derivatives bearing a BINOL skeleton (BNPs) are
known as Akiyama�Terada catalysts and act as chiral organocata-
lysts [6,7]. This BNP molecule is usually synthesized by dropping
phosphoryl chloride into a suspension of BINOL in pyridine [18].
Alternatively, it can be obtained via long-term reaction in dichlor-
omethane [19]. Under both conditions, the mixture is a heteroge-
neous system because of the poor solubility of BINOL.
Scheme 2. HPLC yields of triaryl pho

3

BINOL was dissolved in acetone to obtain a homogeneous mix-
ture under the conditions mentioned in entry 6 of Table 1. Thus, we
explored the synthesis of BNP using acetone as the solvent
(Scheme 3). In the batch system, the yield was 35% immediately
after the addition of phosphoryl chloride, and the yield decreased
with increasing reaction time. On the other hand, in the flow sys-
tem, BNP was synthesized in a high yield (78%) within 2.4 s; the
isolated yield was 74% (Table 3).
sphite using micro flow system.



Scheme 3. Synthesis of BINOL-derived phosphoric acid.
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Conclusions

The synthesis of phosphate esters was performed in a homoge-
neous manner using TBA as a base, enabling the synthesis in a flow
system. The same reaction conditions were applied to various
phosphates and phosphites. Furthermore, we succeeded in improv-
ing productivity in terms of long-term continuous production and
rapid reaction. Finally, BNP, a chiral organocatalyst, was obtained
in high yields in a short period.

We showed that a heterogeneous reaction in a batch system can
become homogeneous and adaptable to a flow system by selecting
appropriate reagents. We also demonstrated that it is possible to
increase productivity by increasing the reaction rate. With this
approach, the advantages of flow technology over the batch sys-
tems will become increasingly significant.
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