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Scalable flow synthesis of [6,6]-phenyl-Cgi-butyric acid methyl

ester (PCBM) using a flow photo-reactor with a Na |

Mitsuhiro Ueda,® Naoyuki Imai,”™ Shunsuke Yoshida,® Hiroshi Yasuda,*® Takahide

[a.c]

Ilhyong Ryu

Dedication ((optional))

Abstract: An efficient flow system was constructed for the synthesis
of PCBM, which involves flow [2+1] addition of Cg and the
subsequent flow photo isomerization of the resulting fulleroid to
PCBM by using a flow photo-reactor in combination with a Na lamp.
With the present flow system, the scalable synthesis of PCBM (0.79
9/3.3 h) was achieved by the continuous operation for 3.3 h.

Introduction

PCBM ([6,6]-phenyl-Cgs-butyric acid methyl ester) displays
outstanding performance as a material of n-type organic
semiconductor for organic photovoltaics (OPVs)."? This
necessitates the development of effective manufacturing
protocol available for the synthesis of a large quantity of PCBM.
A general synthetic method for PCBM is composed of two steps,
(i) [2+1] cycloaddition to prepare fullenoid 2 from Cgo and di
alkane 1 and (ii) its isomerization leading to PCBM 3 (Sche
B4 The second isomerization step has options of thermdl and
photo isomerization. If we assume the latter option on scgling-up

large surface volume would be necessary, yet the
Ceo in organic solvent is very poor®® (Scheme 1).
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Results 4nd Discussion

In the first investigation, we examined the flow synthesis of
jd 2 by the reaction of Cgo with diazo-alkane 1 (Scheme 2).
is reaction, we used a MiChS’s DH micromixer (channel
h = 60 um) as a micromixer and a residence time unit (i.d. =
mm, length = 2.46 m, inner volume: 2 mL). The flow reaction of
s0 With 1 at 25 °C with a residence time of 80 sec gave fulleroid
2 in 59% yield, in which the yield based on the consumed Cg
was 86%.'"7 A shorter residence time of 40 sec gave 2 in 52%

yield, in which the yield based on the consumed Cs was
83%.'3
OMe
Cego(15.0 mM) BPR
1.24TMB | \jichs DH o
Ph OMe
lenght = 246 cm \
N ° V=2mL lorord (2
N" 1 (12.0 mm) 25°C ulleroid (2)
1,2,4-TMB residence time (sec) HPLC yield (%)
80 59 (86)2
*1,2,4-TMB: 1,2,4-trimethylbenzene 40 52 (83)2

2 Values in parentheses were
based on consumed Cgg

Scheme 2. Flow synthesis of fulleroid (2) by the reaction of Cg and 1

Encouraged by these nice results for flow synthesis of fulleroid 2,
we then moved on the isomerization of 2 to PCBM 3 using a flow
photo-reactor (Scheme 3). A 1,2,4-trimethylbenzene solution of
fulleroid (2, 4.1 mM) was irradiated using a flow photo-reactor
(MiChS L-1; inner volume: 3 mL, width = 2 mm, length = 3 m,
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depth = 0.5 mm, quartz). After a survey of various light sources
(See the Supporting Information), we were delighted to find that
the use of a Na lamp (589 nm, 360 W) gave excellent results
(Scheme 3).*™ For example, the flow photo isomerization of 2
to 3 with a residence time of 5 min gave the desired
isomerization product 3 in 100% yield. Whereas a much shorter
residence time of 1 min gave 3 in poor yield, we found that even
with the short residence time of 45 sec, in the presence of Cg,
PCBM 3 was formed in excellent yield. We assume that Cgo
would behave as a photo-sensitizer in the present photo
isomerization reaction as well as the reported cases.!"”

Na lamp
Ph OMe (589 nm, 360 W)

4774
’—‘ BPR (20 psi)
1
MiChS L-1, 55°C
width = 2 mm, depth = 0.5 mm
length=3m, V=3mL

fulleroid (2: 4.1 mM)
1,2,4-TMB

[6,6]-PCBM (3)

residence time (min) vyield (%)

5 100
1 4
0.75 (45 sec) 1002
21n the presence of
1 equiv of Cgg

Scheme 3. Photo-isomerization of fulleroid (2) to PCBM (3).
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Scheme 4. Continuous one-flow syj
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Having promising results over two flow steps in hand, we then
embarked on a challenge to develop the continuous one-flow
two-step synthesis of PCBM 3 fro and diazo-alkane 1, for
which we used an automated flow system (MiChS X-
1)1"®! combined with the photo flow reac S L-1) and Na
lamp (for details, see Sl) (Scheme 4).
solution of Cg (0.96 mL
solution of 1 (0.96 mL/min)
25 °C, and the resultant i
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Conclusions

In summary, we ed one flow synthesis of PCBM 3
from Cgo and diazo-alkane 1, in which photo-isomerization of in
sjtu formed fujlgroid 2 to PCBM 3 was successfully carried out in

y short r';nce time by the irradiation of a Na lamp. The
ence of excess Cgo contributed to accelerate the photo-
rization presumably as a photo-sensitizer and the obtained
(0.79 ¢/3.3 h) is promising for scalable synthesis of

Na lamp
(589 nm, 360 W)

MiChS L-1
width =2 mm
depth = 0.5 mm
';‘S”gg =3m [6,6]-PCBM (3)
37% yield
0.79gin 3.3h
(240 mg/h)

CBM (3). Picture of the flow reactor system (MiChS® System XL-1)

conditions were sampled (1 mL) automatically in vials by a fraction
collector, and the yields of product 2 were determined by HPLC analysis.

Photo-isomerization of fulleroid (2) to PCBM (3): An 80 mL 1,2,4-
trimethylbenzene solution of fulleroid (2: 0.3 mmol, 0.3 g, 4.1 mM) was
prepared and placed in a glass-made bottle. The bottle was connected
by PTFE tube to the HPLC pumps of the automated microflow system,
MiChs® system X-1, equipped with a MiChS L-1 as a flow photo-reactor
(inner volume 3 mL, width 2 mm, length 3 m, depth 0.5 mm, quartz, 55
°C), which was irradiated with a Na lamp (589 nm, 360 W), a back-
pressure regulator (20 psi), and an automated fraction collector. The
reaction mixtures for each conditions were sampled (1 mL) automatically
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in vials by a fraction collector, and the yields of product 3 were
determined by HPLC analysis.

Continuous one-flow synthesis of PCBM (3): A 243 mL 1,2/4-
trimethylbenzene solution of Cgo (3.7 mmol, 2.6 g, 15.1 mM) and a 275

mL 1,2,4-trimethylbenzene solution of diazo-alkane 1 (12.2 mM, 0.8
equiv) were prepared and placed in bottles respectively. These two
bottles were connected by PTFE tube to the HPLC pumps of the
automated microflow system, MiChS® system X-1, equipped with a
MiChS DH as a micromixer, a residence time unit (Inner volume: 1.65 mL,

1 mm i.d., length: 210 cm, 25 °C), MiChS L-1 as a flow photo-reactor
(inner volume 3 mL, width 2 mm, length: 3 m, depth 0.5 mm, quartz, 55

°C), which was irradiated with Na lamp (589 nm, 360 W), a back-
pressure regulator (20 psi), and an automated fraction collector. A 1,2,4-
trimethylbenzene solution of Cg (0.96 mL/min) and a 1,2,4-
trimethylbenzene solution of 1 (0.96 mL/min) were mixed using MiChs  [7]
DH mixer at 25 °C, and the resultant mixture was guided to the residence

time unit (residence time, 52 sec). The reaction mixture was then passed  [8]
through the flow photo-reactor (MiChS L-1, 55 °C, residence time, 95

sec) under Na lamp irradiation (589 nm, 360 W) in the presence of [0
unconverted Cg. The reaction mixture was collected during 3.3 h and the
evaporation of the solvent gave a crude reaction mixture, which was
purified by column chromatography on SiO, to give PCBM (3: 0.79 g,

37% yield).
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