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Exploration of flow reaction conditions using machine-learning for 
enantioselective organocatalyzed Rauhut-Currier and [3+2] 
annulation sequence
Masaru Kondoa, H.D.P. Wathsalaa, Makoto Sakoa, Yutaro Hanatania, Kazunori Ishikawab, Satoshi 
Harab, Takayuki Takaaib, Takashi Washio*b,c, Shinobu Takizawa*a,c, Hiroaki Sasai*a 

A highly atom-economical enantioselective organocatalyzed 
Rauhut-Currier and [3+2] annulation sequence has been 
established by using flow system. The suitable flow conditions were 
explored through reaction screening of multiple parameters using 
machine learning. Eventually, functionalized chiral spirooxindole 
analogues were obtained in high yield with good ee as a single 
diastereomer within one minute.

In the field of organic chemistry, the optimization of conditions is a 
crucial and unavoidable process in the development of a synthetic 
reaction in both academic and industrial research. The conventional 
procedure is to vary the reaction parameters individually while 
keeping the others constant (Fig. 1a). Therefore, an efficient and 
rapid reaction screening strategy is of significant interest to the 
scientific community. Machine-Learning (ML) is a robust and reliable 
tool that can be used to achieve efficient optimization.1 Over the past 
decade, ML has been applied to various chemical fields such as drug 
discovery,2 synthesis planning,3 and material and catalyst design.4 
More recently, outstanding results with automated5 and 
computational optimization procedures6 have been reported. In 
theoretical and physical chemistry, Gaussian process regression 
(GPR),7 which is a kernel-based statistical learning algorithm, has 
been increasingly applied to predict a variety of chemical properties 
as a black-box estimator under a given up to date dataset. Since it is 
difficult for chemists to understand the unclear tendency and 
correlation of each parameter of a novel reaction and its outcome 
without performing a thorough reaction optimization, GPR could be 
helpful in estimating the optimal conditions from experimental 
results by using a kernel-based method and conducting the minimum 
number of reactions for multi-parameter screening (e.g. flow 
reaction and electrolysis). (Fig. 1b).
Spirooxindole motifs are found in numerous natural products and 
biologically active molecules such as horsfiline, gelsemine, and 
marcfortine B.8 To date, spirooxindole derivatives have attracted 
much attention in the area of antiviral drug discovery and 
development, owing to the high number of positive hits achieved by 
this scaffold.8d-f Although significant progress has been made in the 
asymmetric synthesis of diverse spirooxindoles, facile synthetic

Fig. 1 Exploration of suitable reaction conditions through minimum 
experimental data with machine learning.

strategies capable of constructing multiple chiral centers are still in 
high demand.8a-c,9 As part of our exploration of enantioselective 
domino processes with a single operation,10 we were interested in 
developing the organocatalyzed Rauhut-Currier (RC) and [3+2] 
annulation sequence11 of dienone 1 with allenoate 2 to access the 
highly functionalized chiral spirooxindole analogue 4, bearing three 
contiguous chiral centers. The domino reaction of 1a and 2a as 
prototypical substrates in the presence of chiral organocatalyst 5 (20 
mol %) was initially attempted in a batch process (Table 1). Among 
the organocatalysts examined, (S)-valine-derived catalyst 5a bearing 
diphenylphosphine and benzoyl units promoted the desired domino 
reaction to afford spiro heterocycle 4a with high regio- and 
stereoselectivity, albeit in 42% yield. In 2017, we and Huang 
independently reported highly active organocatalyst for the 
enantioselective intramolecular RC reaction of 1,10c,11d however, 
neither amine catalyst 5e nor Huang Cat. for the RC showed 
attractive outcomes on our desired domino reaction. Many 
unidentified products were also formed due to side reactions of 
dienone 1a with the highly reactive intermediary RC product 3a,10c 
and allenoate 2a in the presence of catalysts 5. In terms of 
enantioselectivity, the use of catalyst 5a in toluene gave 4a in 92% 
ee as a single diastereomer, but no significant improvement in the 
chemical yield of 4a was accomplished in the batch system (see 
Supplementary Table S1, S2).
When we considered the reaction processes, we found that a micro-
mixing flow system12 offered a means of improving the chemical 
yield of product 4a by suppressing undesired side reactions. Under 
rapid mixing with a micro mixer: Comet X-0113 at dilute 
concentration of a mixture of substrates 1a and 2a, and catalyst 5a 
(0.01 M for 1a in toluene), the intramolecular RC reaction initially 
proceeded to afford 
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Table 1.  Catalyst screening in batch system

the highly reactive dienone RC product 3a, followed by 
intermolecular [3+2] annulation, leading to 4a in 49% NMR yield 
(Table 2, entry 1).14 This improved outcome prompted us to optimize 
reaction conditions in the flow system. Moreover, GPR on GPy, which 
is a programming library for Gaussian processes regression,15 
constructs a regression model by using a limited number of observed 
data through ML, and searches a subsequent appropriate parameter 
value by using the model as a surrogate model of the flow reaction 
conditions. To achieve the ML estimation of the suitable flow 
reaction conditions, the temperature (60–100 °C) and flow rate (1.0–
3.0 mL/min) were first screened using GPy while maintaining the 
quantity of 2a at 2.0 equiv. to minimize the cost of chemicals  (entries 
1–5) (see Supplementary Table S3 and Fig. S3)16 with referencing the 
batch optimization outcomes. Standardization was performed to 
compensate for the large difference in scale between temperature 
and flow rate. Evaluation of the observed results using GPR 
illustrated the estimated yield from screening results of flow rate and 
temperature as shown in Fig. 2A (intense yellow: higher yield; intense 
black: lower yield).
This outcome encouraged us to focus on the yellow area in Fig. 2A 
predicting the optimal conditions. The confidence bounds (light blue 
area) in Fig. 2B and 2C indicated the flow rate and temperature that 
should be used to conduct the next experiments. The optimal flow 
rate and temperature were estimated to be 1.7 mL/min and 77 °C 
from the expected maximum value of the upper confidence bounds
in Fig. 2B and 2C (red line). Secondly, the yield through screening of 
temperature (60–100 °C) and quantity of 2a (1.0–4.0 equiv.) was 
estimated from Table 2 (entries 6–10) using a fixed flow rate of 1.7 
mL/min as shown in Fig. 2D, Fig. 2E, and 2F (see Supplementary Table 
S4 and Fig. S4) show the next evaluations of temperature and the 
amount of 2a obtained from the yellow ring in Fig. 2D. On the basis 
of Fig. 2E and 2F, the ML predicted reaction conditions were 2.0 
equiv. of 2a with a reaction temperature below 90 °C. Our ML-
assisted exploring methodology of reaction conditions could narrow 
down multi-parameters more efficiently in comparison of the 
conventional trial and error screening. Considering all the results 
estimated by GPR and the experimental data in batch system, we 
decided the suitable flow reaction conditions as 2.0 equiv. of 2a and 
a flow rate of 1.7 mL/min at 80 °C. In fact, when we applied the 
reaction conditions to a practical reaction, 4a was isolated in 76% 
yield and 94% ee (Table 2, entry 11).17

Having the estimated optimal conditions, we investigated the 
substrate scope of the domino reaction (Scheme 1). Compounds 1b 
(R1 = Et) and 1c (R1 = iPr) with aliphatic substituents afforded products 

Table 2. Exploration of suitable reaction conditionsa

O

Me N
O

1a 2a (X equiv.)

4a
89-94% eeb

(S)-5a (20 mol%) O

NMe
O

Ts

Ts

+ •

CO2Et

H CO2Etmicro mixer

toluene (0.01 M), Temp.

full conversion

PPh2

NHBz

toluene

toluene Flow rate
φ = 1 mm
l = 1 m

Entry
Flow rate 
(mL/min)

Temp. (°C)
2a 

(equiv.)
NMR yieldc 

(%)

1 1.0 90 2.0 49

2 1.5 80 2.0 72

3 2.0 70 2.0 58

4 2.5 60 2.0 55

5 3.0 100 2.0 43

6 1.7 80 1.0 45

7 1.7 100 1.5 51

8 1.7 90 2.0 58

9 1.7 70 3.0 50

10 1.7 60 4.0 48

11d 1.7 80 2.0 78 (76)e

aReaction conditions: 1a (0.03 mmol), 2a and catalyst (S)-5a (20 mol%), in 
degassed dry toluene (3 mL), micro mixer: Comet X-01, stainless-steel tube 
(internal diameter: 1.0 mm, length: 1.0 m) bEnantiomeric excess was 
determined by HPLC analysis (Daicel Chiralpak ID). c1,3,5-
Trimethoxybenzene was used as an internal standard. d4a was obtained in 
94% ee.  eIsolated yield.

TsN
O
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Me toluene (0.1 M), 0.5 h, r.t.
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(2 equiv.) 4a

chiral organocatalyst 5 (20 mol %)
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NHBzPh2P NHBzPh2P NHAcPh2P NHTfPh2P
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42% yield
86% ee

5b
34% yield
82% ee

5c
trace

5d
32% yield
48% ee

5e
0%a

5f
0%a

Reaction conditions: 1a (0.03 mmol), 2a (0.06 mmol), and catalyst (S)-5 (20 mol%), in dry
toluene. Yields were estimated by 1H NMR using 1,3,5-trimethoxybenzene as an internal
standard. Ees were determined by HPLC analysis (Daicel Chiralpak ID). [a] RC product 3a
was only observed.

Huang Cat.
31% yield
64% ee

Ph2P
O

HO

HN

  

  

 

Fig. 2 Gaussian process regression with GPy. (A) Estimated yield from 
Table 2 (entries 1–5); (B) Predicted yield for flow rates in the yellow ring 
in Fig. 2A; (C) Predicted yield for temperatures in the yellow ring in Fig. 
2A; (D) Estimated yield from Table 2 (entries 6–10); (E) Predicted yield for 
equivalents of 2a in the yellow ring in Fig. 2D; (F) Predicted yield for 
temperatures in the yellow ring in Fig. 2D.

(A) (D)

(B) (E)

(C) (F)
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Scheme 1. Scope of RC and [3+2] annulation sequence.

Yields are those of isolated 4. The ee value of 4 was determined by HPLC 
analysis (Daicel Chiralpak ID for 4b-4e, 4g, 4h, 4k and 4p; Daicel Chiralpak IC 
for 4f, 4i, 4j, 4n, 4r and 4s; Daicel Chiralpak IB for 4m and 4q; and Daicel 
Chiralpak IE for 4l and 4o). Reaction conditions: 1 (0.03 mmol), 2 (2.0 equiv.), 
and catalyst (S)-5a (20 mol%) in degassed dry toluene (3 mL), micro mixer: 
Comet X-01, stainless-steel tube: internal diameter: 1.0 mm; length: 1.0 m, 
flow rate: 1.7 mL/min, residence time: 26 s, at 80 °C. a1.5 equiv. of 2a. 
bResidence time: 21 s (flow rate: 2.1 mL/min).

4b (68% yield, 92% ee) and 4c (92% yield, 96% ee). Similarly, starting 
material 1d bearing a vinyl group provided the corresponding 
spirocyclic compound 4d in 61% yield and 91% ee. Dienones 1e–l 
bearing an electron-donating or electron-withdrawing substituent 
on the aryl group reacted with allenoate 2a to give the corresponding 
products 4e–l (54–85% yield, 87–98% ee). Additionally, the acrylic 
amide containing a methanesulfonyl group as the R2 group (1m) 
yielded spiro heterocycle 4m with moderate success (59% yield, 88% 
ee). The reaction of dienone 1a with benzyl allenoate 2b could be 
achieved to give product 4n in 64% yield and 94% ee. The reaction of 
1o (R1 = ethynyl, R2 = tosyl) and 1p (R1 = methyl, R2 = 4-
methoxyphenyl sulfonyl) with 2a (1.5 equiv.) provided desired 

products 4o (45% yield, 92% ee) and 4p (54% yield, 92% ee). The 
chiral spirocycles 4q and 4r were obtained within 21 s residence time 
in 89% yield and 88% ee, and 76% yield and 86% ee, respectively 
(flow rate: 1.5 mL/min). Similarly, dienone 1e and benzyl allenoate 
2b were also converted into the corresponding product 4s in 73% 
yield and 90% ee under the same conditions as for 4q and 4r. The 
absolute configuration of chiral spiro compound 4e with catalyst (S)-
5a was determined to be S,R,R by single X-ray crystallographic 
analysis (see Supplementary Fig. S6).
A plausible reaction mechanism for this sequential reaction is shown 
in Fig. 3. Under the dilute concentration of substrates, initially, the 
intramolecular RC reaction proceeds as: The addition of catalyst 5a 
to the acrylamide terminal on 1a generates Intermediate A (Int. A). 
The chiral enolate in Int. A. subsequently reacts with one of the 
olefins on the dienone unit to generate Int. B. Then, deprotonation 
of α-proton of the carbonyl group in Int. B affords Int. C (3a) bearing 
a highly reactive exo-olefin, which is subsequently trapped with 
allenoate 2a via [3+2] annulation. In the intermolecular [3+2] 
annulation supported by the micro-mixing flow system, allenoate 2a 
reacts with regenerated organocatalyst 5a to afford Int. D, resulting 
in Michael reaction of the exo-olefin in Int. C, despite the dilute 
concentration of the reactants (significantly important, to suppress 
side reactions in the presence of many highly reactive species as 
shown in Fig. 3). Next, the electron deficient phosphonium cation in 
Int. E prompts the conjugate addition of enolate to give Int. F. Finally, 
the desired product 4a is formed through proton-transfer and 
elimination of catalyst from Int. F.

Fig. 3 Proposed reaction mechanism.

We demonstrated the highly atom-economical chemo-, regio-, 
enantio-, and diastereoselective domino reaction initiated by RC and 
[3+2] annulation sequence using an organocatalyst in a flow system. 
GPR was successfully applied to multi-parameter reaction screening. 
The present domino reaction provided chiral spiro heterocycles with 
three contiguous chiral centers in excellent results within one minute 
under the optimal conditions. This helpful exploration methodology 
of suitable reaction conditions will be applicable to other time-
consuming reaction optimizations. Further practical applications of 
GPR for other reaction optimization as well as the use of an 
immobilized catalyst are also under way in our laboratory.
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A highly atom-economical enantioselective Rauhut-Currier and [3+2] annulation has been 

established by flow system and machine-learning-assisted exploration of suitable conditions. 
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