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Scalable and Robust Synthesis of CpRu(MeCN)3PF6 via 
Continuous Flow Photochemistry
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The preparation of CpRu(MeCN)
3
PF

6
 using an easily assembled continuous flow reactor is described. This scalable, 

reproducible method provides the title compound in excellent yield and purity, and eliminates the need for any purifica-
tion steps. Under our optimized conditions, the residence time required for complete conversion was only 5 min at an 
initial substrate concentration of 0.06 M, as compared to a reaction time of 12–36 h for the batch process at 0.02 M. This 
threefold increase in concentration and significant decrease in reaction time increases the throughput and efficiency of 
the synthesis. Using the simple laboratory equipment described herein, ruthenium catalyst of >99% purity was produced 
with a throughput of 1.56 g/h (5 mL reactor), which is 10 times the highest reported throughput for the batch process.
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1. Introduction

Cationic cyclopentadienylruthenium (CpRu+) complexes 
are exceedingly versatile catalysts, owing to their exceptional 
p-acidity, their ability to maintain reversible redox cycles, 
and their capacity to support a range of oxidation states (from 
+1 to +8) and coordination geometries [1]. The lability of the 
acetonitrile ligands in CpRu(MeCN)

3
PF

6
 (1) make it a particu-

larly useful complex, valuable both as a precursor to other cyclo-
pentadienyl ruthenium half-sandwich complexes [2,3] and as a 
precatalyst to highly p-acidic, coordinatively unsaturated com-
plexes. The pronounced p-affinity and exceptional chemoselec-
tivity of complex 1 has led to the development of numerous 
synthetically useful reactions in which it functions as a catalyst, 
including isomerizations and hetero– and carbon–carbon bond-
forming transformations (Scheme 1) [4].

First synthesized by Gill and Mann in 1982 [2], complex 1 is 
prepared via photolysis of the benzene ring in sandwich com-
plex 2 (equation (1) ).

In turn, sandwich complex 2 is prepared using a procedure 
developed by Trost and Older (equation (2) ) [5]. Overall, this 
sequence affords 1 in two steps from ruthenium dimer 3. While 
the reported yield of the batch photochemical preparation of 1 is 
quite high (99%), the scale of this batch photochemical prepara-
tion is limited by reactor size and concentration. The volume of 
the immersion well determines the former, and quantum yield 
correlates inversely with the latter, such that increasing the con-
centration beyond a certain point decreases the conversion. As 
we anticipated requiring multi-gram quantities of the catalyst, 

we became interested in developing a scalable synthesis of 1. 
Examination of the literature revealed ever-mounting evidence 
for the improvement in scalability, yield, and reproducibility of 
photochemical reactions in flow [6–8]. These reports, as well as 
our own experiences [9,10], prompted us to examine the possi-
bility of preparing this catalyst using a continuous flow reactor 
(equation (3) ).

2. Results and Discussion

The photochemical reactor apparatus that we constructed for 
our studies is depicted in Figure 1.1 Standard perfluoro alkoxy 
alkane (PFA) tubing was wrapped around the quartz immersion 
well of a standard 450-W medium-pressure mercury lamp. In 
our initial studies, a reactor volume of 1000 mL (tubing dimen-
sions 1.59 mm o.d. × 0.762 mm i.d. × 219.3 cm) was employed. 
A 20-psi backpressure regulator was installed to prevent the sol-
vent from boiling at elevated temperatures. The UV output was 
safely housed within an aluminum-foil-lined reaction cabinet 
(see Experimental Section). The footprint of the entire setup is 
less than (1.0 × 0.3) m2, and it resides safely and conveniently 
inside a standard laboratory fume hood.

With this reactor, we evaluated a range of experimental con-
ditions. With residence time (t

R
) of 7 min, incomplete conver-

sion to catalyst 1 was observed (Table 1, entry 1). Extending the 
residence time to 12 min resulted in complete consumption of 
complex 2 (entry 2).

In both of the aforementioned experiments, 1H NMR spec-
troscopic analysis revealed that the photosylate contained 
significant amounts of plasticizer. Fortunately, plasticizer con-
tamination was avoided upon switching the tubing material 
from PFA to high-purity PFA (HPFA).2 With this simple modi-
fication, not only was complete conversion to the desired cata-
lyst (1) observed in 12 min, but also no plasticizer was observed 

1  This reactor was constructed according to a modified procedure described by 
Hook and coworkers [8].

2  Idex Health & Science Materials and Tools Page (Chemical Compatibility). 
http://www.idex-hs.com/materials/chemical_compatibility.aspx (accessed Mar 1, 
2011).* Author for correspondence: tfj@mit.edu
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in the product solution streams (entry 3). Even with a t
R
 of only 

3 min, complete conversion was obtained (entries 4 and 5). Only 
when the residence time was decreased to 1 min did the conver-
sion fall to 96% (entry 6). Notably, under these conditions cata-
lyst 1 is afforded in >99% purity and no additional filtration or 
recrystallization is required.

Interestingly, during the course of these studies, we found 
that thorough cleaning of the quartz immersion well with aqua 
regia significantly decreased the residence time necessary for 
complete conversion – by more than a factor of 3.

The greatly reduced reaction time led us to question whether 
the concentration limits reported for the stationary reaction 
(0.02 M) could also be improved in flow. Increasing the con-
centration from the reported 0.02 to 0.05 M had no effect on 
the conversion (100%, Table 2, entries 1 and 2). Complete con-
version (to the limits of detection by 1H NMR spectroscopy) to 
trisacetonitrile catalyst 1 was observed at 0.06 M; at this more 

dilute concentration, precipitation was not observed (entry 3). 
At concentrations of 0.10 and 0.08 M, the reaction reached 98% 
and 99% conversion, respectively (entries 4 and 5). Increasing 
the concentration 10-fold to 0.20 M decreased the amount of 
2 consumed to 91% (entry 6). While the reaction at 0.08 M 
was nearly complete, at these higher concentrations (>0.07 M) 
solubility was an issue, and solid precipitation caused sig-
nificant clogging. Ultimately, 0.06 M—representing a three-
fold increase in concentration—was selected as a compromise 
between throughput and handling.

Having identified conditions for the synthesis of complex 1 
in flow, we focused our attention on increasing the scale of 
the reaction. A larger reactor (5000 mL) was constructed from 
HPFA tubing (1.59 mm o.d. × 0.762 mm i.d.) by increas-
ing the length of the tubing (11.0 m). The flow rate was cor-
respondingly increased to maintain a residence time of 5 min 
(1 mL/min). On preparative scale (1.5 g) using this larger 
reactor, the desired trisacetonitrile complex (1) was obtained 
in excellent yield (99%), corresponding to a throughput of 
1.56 g/h, which is 10 times the highest reported throughput of 
the batch process (0.158 g/h).

3. Conclusion

A continuous flow method for the photochemical synthesis 
of CpRu(MeCN)

3
PF

6
 has been developed. This scalable, highly 

robust method provides the desired catalyst at a rate of 1.56 g/h 

Scheme 1. Demonstrated utility of 1

Figure 1. Experimental setup

Table 1. Reaction optimization

Table 2. Concentration studies
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and represents a significant improvement in throughput and 
efficiency of the existing batch method.

4. Experimental Section

4.1. Materials and Methods. All reactions were performed 
under argon atmosphere unless otherwise noted. Complex 
CpRu(C

6
H

6
)PF

6
 was prepared according to previously reported 

procedures [5]. Anhydrous acetonitrile was used as received. 
[(C

6
H

6
RuCl

2
]

2
 (3) was purchased from Strem Chemicals 

(Newburyport, MA). 1H NMR spectra were acquired on either 
a Varian Mercury 300 (at 300 MHz) or a Varian Inova 500 (at 
500 MHz) and chemical shifts are reported relative to the resid-
ual solvent peak.

The quartz immersion well, 450-W medium-pressure mer-
cury lamp, and the accompanying 450 W power supply used 
are manufactured by Ace Glass, Inc. (Vineland, NJ). The peri-
staltic pump used to deliver solvents and reactions to the flow 
reac tors was an Ismatec IPC ISM 930. The peristaltic pump 
was operated with Tygon® MHLL two-stopper tubing. PFA and 
HPFA tubing refer to perfluoro alkoxy alkane and high-purity 
perfluoro alkoxy alkane tubing, respectively. PFA, HPFA, and 
Tygon® MHLL tubing were purchased from IDEX Health & 
Science (Oak Harbor, WA).

4.2. Photoreactor. The 5000-mL reactor was constructed by 
tightly wrapping the HPFA tubing (1/16 in. × 0.03 in. × 431.5 in.) 
around the quartz immersion well of a medium-pressure 
mercury lamp. A peristaltic pump was connected to the reac-
tor inlet and a 20-psi backpressure regulator was connected to 
the outlet. To introduce and collect the reaction under an inert 
atmosphere, 20-gauge needles fit snuggly inside the HPFA 
tubing, which are convenient for connecting the reaction and 
receiving flasks to the HPFA tubing. At concentrations above 
0.05 M, clogging of the inlet needles can be problematic. At 
these higher concentrations, the HPFA tubing itself can be 
pushed through prepierced holes in the septa of the reaction and 
recovery flasks. To monitor the temperature inside of the photo 
box, a digital thermo meter with a flexible probe was affixed to 
the outside of the tubing coils (Figure 2).

4.3. Photoreactor Equilibration. Prior to starting each pho-
tochemical reaction, the lamp and cooling water were turned 
on for 15 min in order to reach its maximum operating output. 
During this time, pure deoxygenated acetonitrile was pumped 
through the reactor. The flow rate of the recirculating water 
was adjusted so that the temperature inside of the reaction cabi-
net, determined by affixing a probe to the outer tubing coils, 
remained constant (typically approaching a maximum tempera-
ture of 84 °C). After this equilibration period, the flow of the 
reaction solution was initiated.

4.4. Synthesis of CpRu(MeCN)3PF6 (1). A solution of CpRu
(C

6
H

6
)PF

6
 (1.50 g, 3.85 mmol) in acetonitrile (64.2 mL) was deox-

ygenated by bubbling argon gas through it for 20 min. The stirred 
solution (kept under constant argon pressure) was then connected 
to the peristaltic pump, and pumped from the flask (1 mL/min) 
through the reactor described above. After approximately 7 min, 
the photosylate started to take on a yellow hue, indicating that the 
reaction front had started to emerge from the reactor. Collection 
into a recovery flask began when the color of the photosylate 
deepened to a bright orange hue (ca. 3 min). After the last drops 
of solution were pumped form the reaction flask, an additional 
7.00 mL of pure deoxygenated acetonitrile was introduced, and 
collection continued until the colorless solvent started to emerge 
from the reactor. Removal of the solvent in vacuo afforded cata-
lyst 1 (1.65 g, 99% yield) as an orange powder, identical to the 
known CpRu(C

6
H

6
)PF

6
2 and pure by NMR spectroscopy to the 

limits of detection. 1H NMR (300 MHz, CD
3
CN) d 4.29 (s, 5 H), 

1.98 (s, 9H) (Figure 3).

Figure 2. Inside of reactor cabinet: tubing wound around immer-
sion well. Thermometer affixed to coils to read temperature at tubing 
surface

Figure 3. (A) Continuous-flow photoreactor during gram-scale preparation of catalyst 1 (unoptimized conditions). (B) Closeup of reaction flask and 
peristaltic pump (unoptimized conditions; pump set to 500 μL/min)
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