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ABSTRACT: An automated microflow measurement system for the kinetic study of racemization of dynamic chiral molecules 
was developed. This system facilitated the analysis of fast race-
mization within several seconds at elevated temperatures owing 
to its rapid heating ability, high performance for controlling 
short residence times, and ease of connection to HPLC systems 
for direct measurement of the enantiomeric purity. A more pre-
cise analysis was realized by combination of microflow and com-
mon batch measurements over a broad range of temperatures.  
 

 

INTRODUCTION 

Studies on the structure and synthesis of chiral molecules 
have been one of the most fundamental research areas in 
organic chemistry.1 The main subject in this field is chiral 
molecules having asymmetric carbons, which are ubiqui-
tous in nature. Chiral molecules having central chirality are 
stereochemically static, i.e., their enantiomers are not mu-
tually convertible without bond dissociation and recombi-
nation.  

 

Figure 1. Classification of chiral molecules and outline of this 
work. 

On the other hand, it is well known that other types of chiral 
molecules are capable of interconverting their enantiomers 
upon rotation of the  bonds without bond dissociation and 
recombination. These are classified as dynamic chiral mol-
ecules (DYCMs), which are represented by planar and axial 
chiral molecules, as shown in Figure 1.2-5 The stereochemi-
cal stability of DYCMs highly depends on the presence/ab-
sence, position and difference of substituents, as well as the 
type and number of constituent elements of the molecular 
skeleton. To elucidate the stereochemical behavior of 
DYCMs, we have developed a novel automated microflow 
measurement system that enabled rapid and easy measure-
ments of time-dependent changes in the optical activity of 
DYCMs by connecting a microvessel to an HPLC system. In 
this system, a microvessel was used to achieve precise con-
trol of time and temperature for the racemization of DYCMs, 
not for the operation of reactions like as microflow reac-
tors.6 Herein, we describe the advantages and detailed fea-
tures of this microflow measurement system for the study 
on the chemistry of DYCMs. 

The analysis of the stereochemical stability of DYCMs is a 
fundamental and important issue, which is quantified by the 
activation parameters of racemization (activation Gibbs en-
ergy: Grac‡, activation enthalpy: Hrac‡, and activation en-
tropy: Srac‡) obtained by the Eyring plots of several kinetic 
constant values of racemization (krac) at different tempera-
tures. To determine the parameters, observation methods 



 

for time/temperature dependent changes of the enantio-
meric distribution in a racemization process have been well 
performed by using dynamic NMR spectroscopy and dy-
namic HPLC.7 More immediate method for monitoring of the 
racemization of isolable enantiomers of DYCMs is the meas-
urement of enantiomeric excess values of samples in a batch 
vessel using an HPLC with chiral stationary phase (chiral 
HPLC)8 while maintaining a constant temperature in sev-
eral times at different temperatures, which is laborious. The 
appropriate range of half-lives of optical activity (optt1/2 = ln 
2·krac–1) for batch measurement is a few tens of minutes (e.g., 
30 min [5.0 × 10–1 h]) to several weeks (e.g., 4 weeks [6.7 × 
102 h]) for a precise and practical measurement, as repre-
sented by the blue-colored cells in Figure 2a.9 Another limi-
tation of this method is that the measured temperatures 
should be below the boiling points of the used solvents to 
avoid changes in the concentration and temperature upon 
evaporation of the solvent. Low-temperature measure-
ments (e.g., below 0 °C) are also inappropriate as they are 
easily affected by the racemization caused by the elevated 
temperature during the injection operations for the chiral 
HPLC analysis at ambient temperature. Therefore, the tem-
perature range of the batch measurement is insufficient to 
obtain precise activation parameters from the Eyring plot.10 
In particular, evaluation of Srac‡ is not accurate  in a short 
temperature range, which is provided by extrapolated value 
of ln (krac/T) at virtual 1/T = 0 from the obtained line by the 
Eyring plots (Figure 2b). To solve this fundamental problem, 
we designed an automated measurement method using a 
microflow system. The appropriate optt1/2 value of the 
DYCMs for the microflow system ranged from a few seconds 
(e.g., 5 s [1.4 × 10–3 h]) to a few minutes (e.g., 5 min [8.3 × 
10–2 h]), as indicated by the red-colored cells in Figure 2a. 
The measurements could be performed at temperatures 
higher than the boiling point of the solvents at ambient 
pressure using a back pressure valve (BPV). Moreover, the 
microflow measurement system has advantages such as 
short measurement times and possibility of full automation 
by computer control. 

 

Figure 2. a) Appropriate range of batch measurement and 
microflow measurement. b) An example of Eyring plot 
(same as Figure 10) with indications of ranges of the meas-
urement methods. 

Furthermore, the combination of the microflow measure-
ment system with the common batch measurement enabled 

the acquisition of highly accurate Eyring plot over a broad 
range of measurement temperatures (blue- and red-colored 
cells in Figure 2a). In this study, we analyzed the stereo-
chemical behavior of nitrogen containing orthocyclophene 
1 11 and 2,6-disubstituted N-arylamide 2 12 using the novel 
microflow measurement system combined with batch 
measurements (Figure 3). 

 

Figure 3. Structure of orthocyclophene 1 and N-arylamide 2. 

RESULTS AND DISCUSSION 

We assembled a 20 L stainless steel (SS) sample loop (in-
ternal diameter: 170 m) as the microvessel, and an oil bath 
was used as the heating media (Figure 4). The heating time 
of the sample in the microvessel was identical to the resi-
dence time of the fluid at a controlled temperature, which 
was regulated by changing the flow rate and bath tempera-
ture. The outlet of the microvessel was connected to a shell-
in-tube-type heat exchanger (HE, internal diameter of the 
inner tube: 100 m) for securing an efficient cooling of the 
sample to prevent decrease of enantiomeric purity. The end 
of the HE was connected to an automatic injector with a 5 
L SS sample loop and a BPV at 6.9 bar. An SS syringe and 
syringe pump were used for precise sample feeding under 
high pressure conditions. The flow rate, temperature of the 
oil bath, and sample injection were automatically controlled 
using a bespoke software,13 which performed a stepwise op-
eration based on predefined measurement conditions in an 
input spreadsheet file. The feeding time for each condition 
was set to be five times longer than the residence time in the 
microvessel to obtain a steady state of the flow system.  

 

Figure 4. a) Outline of the microflow measurement system. b) 
Photograph of the microflow measurement system. 
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The sample in the loop of the automatic injector was in-
jected into the HPLC system, and the sample feeding was 
stopped during temperature control for the next measure-
ment according to the input file. The HPLC system was 
equipped with a common photodiode array (PDA) detector 
and a circular dichroism (CD) detector that is useful for the 
detection of chiral molecules. 

At the outset, we performed a kinetic study on the race-
mization of orthocyclophene 1, which was previously de-
signed as a new class of planar chiral heterocycles and uti-
lized as a chiral building block for nitrogen-containing chi-
ral molecules.11a The stereochemical stability of 1 strongly 
depended on the presence/absence, position and difference 
of substituents at the E-alkene moiety. In the previous work, 
we synthesized 1a (R1 = H, R2 = H, X = Ts in Figure 3) and 
measured its racemization rate in hexane by batch meas-
urement at 40, 50, and 60 °C, providing optt1/2 values 6.9, 1.9 
h, and 33 min, respectively (Figure 5 and Figure 6c, entries 
1-3).11a The Eyring plot provided activation parameters of 
Hrac‡ = 25.5 kcal·mol–1 and Srac‡ = 5.46 × 10–1 cal·mol–1·K–

1; thus, the Grac‡ at 25 °C was 25.3 kcal·mol–1.11a 

 

Figure 5. Structure and stereochemical behavior of orthocyclo-
phene 1a. 

Herein, we performed a kinetic study of 1a in hexane with 
a microflow system at 60, 90, 100, 110, and 120 °C. The res-
idence times of the microflow system were corrected using 
the coefficient of thermal expansion of hexane,14 which 
shortened the residence times in the heated microvessel. 
For an example, overlapping chiral HPLC chromatogram of 
1a at 120 °C with a CD detector is shown in Figure 6a.15 The 
plot of ln(ee/ee0), where ee is the observed enantiomeric ex-
cess value and ee0 is its initial value, against time exhibited 
a straight line at all temperatures (Figure 6b). The kinetic 
constants for the decrease in enantiomeric excess k' (= 
2krac) were obtained from the slopes of the straight lines. 
The optt1/2 values at 90, 100, 110, and 120 °C were 42.6, 16.3, 
7.39, and 3.10 s, respectively, with a minimal standard er-
rors (SE) below ±2.1% (Figure 6c, entries 5-8). The optt1/2 
values changed by 8,000 times upon a temperature differ-
ence of 80 °C, as they were 6.9 h and 3.1 s at 40 and 120 °C, 
respectively. In contrast, the optt1/2 value at 60 °C was 16.4 
min with a large SE (±6.5%) (Figure 6c, entry 4), which was 
approximately half of the previously reported value pro-
vided by a batch measurement (Figure 6c, entry 3). In this 
regard, we will discuss in detail later. 

 

Figure 6. Kinetic analysis of the racemization of 1a; a) Overlap-
ping chiral HPLC chromatogram of 1a provided by a microflow 
measurement at 120 °C with a CD detector [IG (4.6   25 cm), 
n-hexane/i-PrOH = 30:70, flow rate = 1.0 mL/min,  = 254 nm, 
25 °C] . b) Plot for the first-order kinetics in second by using the 
microflow measurement. c) Provided kinetic constants and 
optt1/2 depending on the temperature. 

 

The Eyring plot for the racemization of 1a were obtained 
from the reported data at 40, 50, and 60 °C (Figure 6c, en-
tries 1-3) as well as 90, 100, 110, and 120 °C (Figure 6c, en-
tries 5-8), which were determined by using the batch meas-
urement and automated flow system, respectively (Figure 
7). The Eyring plot displayed a straight line (R2 = 0.9985) 
and activation parameters of Hrac‡ = 27.3 kcal·mol–1 and 
Srac‡ = 6.38 cal·mol–1·K–1;14 thus Grac‡ at 25 °C is 25.4 
kcal·mol–1.16 The Hrac‡ and Srac‡ values differed from the 
previously reported ones obtained from the batch measure-
ment using three data points within an unreliable short 
range of temperatures. The combination of the microflow 
and batch measurements showed that the racemization of 
1a was enthalpy dominant with a small positive activation 
entropy. 
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Figure 7. Eyring plots for the racemization of 1a with kinetic 
constants in the range from 40 to 120 °C (R2 = 0.9985). 

Above mentioned large SE of microflow measurement at 
60 °C (Figure 6c, entry 4) and the difference from the optt1/2 
values of batch measurement at that temperature may be 
caused by following reasons for errors on the microflow 
measurement. 1) When a long measurement time is re-
quired, the flow rate becomes too small causing back mixing 
by molecular diffusion results in an inaccurate residence 
time. 2) Substantial background racemization might pro-
ceed during the long operation time. 3) Shortening of meas-
urement time to avoid the long operation time cause large 
SE values owing to the small change of enantiomeric purity 
as shown low slope line at 60 °C in Figure 6b. Therefore, ap-
propriate optt1/2 value as shown in red-colored cells in Figure 
2a is important to apply the microflow measurement. 

Next, we performed a kinetic study on the racemization 
of 2,6-disubstituted N-arylamide 2,12 which possessed a 
substantial rotational barrier depending on the steric hin-
drance of the substituents Y, Z, R3, and R4 in Figure 3 which 
caused the axial chirality at the CAr–N bond. It was found 
that 2a (Y = OBn, Z = OH, R3 = Bn, R4 = CH=CHPh)17 exhibits 
axial chirality and detectable racemization at 40 °C within a 
few hours after the separation of the enantiomers using a 
chiral HPLC (Fig. 8). 

 

Figure 8. Structure and stereochemical behavior of N-aryla-
mide 2a. 

Based on this observation, we performed a kinetic analy-
sis of the racemization of 2a in ethanol (Figure 9) by the au-
tomated microflow system at 70, 80, 90, 100, and 110 °C 
(Figure9a, 9b, and 9c, entries 4-8) with correction of the 
thermal expansion of ethanol,18 along with batch measure-
ment at 30, 40, and 50 °C (Figure 9a, and 9c, entries 1-3).15 
The optt1/2 values also differed by 8,000 times upon a tem-
perature difference of 80 °C, as they were found to be 8.92 
h and 4.02 s at 30 and 110 °C, respectively (Figure 9c). 

 

Figure 9. Kinetic analysis of the racemization of 2a; a) Plot of 
the first-order kinetics in hour. b) Plot of the first-order kinet-
ics in second. c) Provided kinetic constants and optt1/2 depend-
ing on the temperature. 

The combination of microflow and batch measurements 
provided the activation parameters (Hrac‡ = 25.7 kcal·mol–

1, Srac‡ = 3.44 cal·mol–1·K–1) 19 by Eyring plot (Figure 10) 
with a corresponding Grac‡ at 25 °C of 24.7 kcal·mol–1, 
which showed that the racemization of 2a is also enthalpy 
dominant with a small positive activation entropy. 

 

Figure 10. Eyring plot for the racemization of 2a with kinetic 
constants in the range from 30 to 110 °C (R2 = 0.9990). 

CONCLUSIONS 

In summary, we developed an automated microflow 
measurement system for the kinetic study of the racemiza-
tion of DYCMs. This method facilitated the performance of 
quick and efficient kinetic studies at the second time scale 



 

with high precision. The combination of the presented mi-
croflow system and common batch measurement resulted 
in a more reliable analysis of the Eyring plot over a broad 
range of temperatures. This new analytical approach to 
evaluate the stereochemical behavior of DYCMs allows to 
accelerate the understanding and application of DYCMs. 
Further improvement and validation of the microflow 
measurement system by application to a variety of DYCMs 
are in progress. 

EXPERIMENTAL SECTION 

General Methods. All reactions were carried out in heat-gun-
dried glassware under an argon atmosphere unless otherwise 
noted. Dry THF was purchased from Kanto Chemical Co., Inc. and 
used without further purification. 1H NMR, 13C NMR spectra were 
recorded on a Varian Mercury (1H: 300 MHz, 13C: 75 MHz) at ambi-
ent temperature using CDCl3 as solvents. Chemical shifts () in ppm 
were referenced to the residual protonated solvent peak or deuter-
ated solvent peak as an internal standard: CHCl3 for 1H NMR ( 
7.26) and CDCl3 for 13C NMR ( 77.1). The peak multiplicities were 
given as followed: s, singlet; d, doublet; q, quartet; quin, quintet; m, 
multiplet; br, broad. Infrared spectra were recorded on a Fourier 
transfer infrared spectrophotometer (Perkin Elmer SpectrumOne) 
as neat liquid on NaCl plates or as crystals by use of a diffuse reflec-
tor. High performance liquid chromatography (HPLC) were per-
formed on a JASCO CD-2095 and MD-2018 detectors equipped 
with a JASCO PU-2089 using Daicel CHIRALPAK IG column (0.46 
cm × 25 cm), and semi-preparative CHIRALPAK IG column (2.0 cm 
× 25 cm). Analytical thin-layer chromatography (TLC) was carried 
out on silica gel 60 F254 (Merck 5715) plates and developed plates 
were visualized by UV (254 nm) and by heating on a hot plate after 
staining with a 4% solution of phosphomolybdic acid in ethanol or 
a 2.5% solution of p-anisaldehyde in ethanol. Column chromatog-
raphy was performed using Fuji Silysia silica-gel FL100D (neutral). 
HRMS analyses were recorded on a JEOL JMS-700 at the Analytical 
Center in IMCE, Kyushu University. Unless otherwise noted, all re-
agents were purchased and used without further purification. 
Compound 1a was synthesized according to our previous report.10a 
Compound 2a was synthesized by original procedure from com-
mercially available 2-nitroresorcinol as follows. The synthetic 
scheme for 2a is shown in the Supporting Information.   

3-((tert-butyldimethylsilyl)oxy)-2-nitrophenol (3). To a so-
lution of 2-nitroresorcinol (1.00 g, 6.45 mmol) and imidazole (439 
mg, 6.45 mmol) in THF (30 mL) was added TBSCl (972 mg, 6.45 
mmol) at 0 °C. After stirred at ambient temperature for 2 h, the col-
orless suspended mixture was filtered through a pad of Celite using 
Et2O. The filtrate was concentrated under reduced pressure and 
the residue was purified by silica gel chromatography (n-hex-
ane/AcOEt = 95:5) to afford 1.21 g (70%) of 3 as a yellow oil. 1H 
NMR (300 MHz, CDCl3):  10.2–8.72 (br, 1H), 7.29 (dd, J = 8.5, 8.5 
Hz, 1H), 6.68 (dd, J = 8.5, 1.5 Hz, 1H), 6.45 (dd, J = 8.5, 1.5 Hz, 1H), 
1.01 (s, 9H), 0.26 (s, 6H). 13C{1H} NMR (75 MHz, CDCl3):  155.3, 
151.9, 135.3, 129.6, 112.5, 111.0, 25.8, 18.4, –4.3. IR (neat, cm–1): 
3429, 2933, 1588, 1539, 1364, 1220, 1122, 837, 786, 671. HRMS 
(FAB/double-focusing, matrix: 3-nitrobenzyl alcohol, positive) 
m/z: [M+H]+ calcd for C12H20NO4Si 270.1162; found 270.1161. 

tert-butyl(3-(methoxymethoxy)-2-nitrophenoxy)dimethylsilane 

(4). To a solution of 3 (1.21 g, 4.49 mmol) and Hünig base (1.86 mL, 
10.8 mmol) in CH2Cl2 (20 mL) was added MOMCl (406 L, 5.39 
mmol) at 0 °C. After stirred at that temperature for 30 min, the re-
action was quenched with H2O and extracted with CH2Cl2. The com-
bined organic phase was washed with brine, dried over Na2SO4, fil-
tered and the filtrate was concentrated under reduced pressure. 
The residue was purified by silica gel chromatography (n-hex-
ane/AcOEt = 95:5) to afford 1.07 g (76%) of 4 as a colorless oil. 1H 
NMR (300 MHz, CDCl3):  7.20 (dd, J = 8.7, 8.1 Hz, 1H), 6.82 (d, J = 
8.1 Hz, 1H), 6.57 (d, J = 8.7 Hz, 1H), 5.20 (s, 2H), 3.47 (s, 3H), 0.95 

(s, 9H), 0.24 (s, 6H). 13C{1H} NMR (75 MHz, CDCl3):  149.5, 148.1, 
135.9, 130.6, 113.1, 108.0, 94.9, 56.5, 25.4, 18.1, –4.5. IR (neat cm–

1): 2933, 1586, 1538, 1375, 1257, 1100, 1061, 833, 787, 672. HRMS 
(FAB/double-focusing, matrix: 3-nitrobenzyl alcohol, positive) 
m/z: [M+H]+ calcd for C14H24NO5Si 314.1424; found 314.1424. 

N-(2-((tert-butyldimethylsilyl)oxy)-6-(methoxymeth-
oxy)phenyl)cinnamamide (5). To a solution of 4 (1.02 g, 3.25 
mmol) in MeOH (20 mL) was added 10% palladium on active char-
coal (100 mg, 0.0941 mmol) at ambient temperature. The mixture 
was stirred for 24 h under ambient pressure of hydrogen at that 
temperature. The mixture was filtered through a pad of Celite using 
AcOEt, and the filtrate was concentrated under reduced. To a solu-
tion of the thus obtained crude product in THF (10 mL) was added 
pyridine (525 L, 6.50 mmol) and cinnamoyl chloride (650 mg, 
3.90 mmol) at 0 °C. After stirred at ambient temperature for 7 h, 
the reaction was quenched with sat. aq. NH4Cl and extracted with 
CH2Cl2. The combined organic phase was washed with brine, dried 
over Na2SO4, filtered and the filtrate was concentrated under re-
duced pressure. The residue was purified by silica gel chromatog-
raphy (n-hexane/AcOEt = 80:20) to afford 1.08 g (80% in 2 steps) 
of 5 as colorless crystals. 1H NMR (300 MHz, CDCl3):  7.72 (d, J = 
15.6 Hz, 1H), 7.54–7.41 (br, 2H), 7.41–7.28 (m, 3H), 7.10 (dd, J = 
8.2, 8.2 Hz, 1H), 6.83 (dd, J = 8.2, 1.2 Hz, 1H), 6.71–6.48 (br, 1H), 
6.61 (dd, J = 8.2, 1.2 Hz, 1H), 5.16 (s, 2H), 3.43 (s, 3H), 0.96 (s, 9H), 
0.19 (s, 6H). 13C{1H} NMR (75 MHz, CDCl3):  164.2, 153.8, 151.8, 
141.7, 135.0, 129.6, 128.8, 127.9, 127.5, 120.6, 118.4, 113.4, 108.5, 
95.1, 56.2, 25.6, 18.1, –4.37. IR (reflection, cm–1): 3234, 2929, 1662, 
1468, 1347, 1253, 1155, 1053, 835, 783, 713. HRMS (EI/double-
focusing, positive) m/z: [M]+ calcd for C23H31NO4Si 413.2022; 
found 413.2021. Mp: 123.0-124.5 °C. 

N-(2-hydroxy-6-(methoxymethoxy)phenyl)cinnamamide 
(6). To a solution of 5 (931 mg, 2.25 mmol) in THF (5 mL) was 
added TBAF (ca. 1 M in THF, 2.25 mL, ca. 2.25 mmol) at ambient 
temperature. After stirred at that temperature for 30 min, the mix-
ture was concentrated under reduced pressure. The residue was 
purified by silica gel chromatography (n-hexane/AcOEt = 10:90) to 
afford 656 mg (98%) of 6 as pale yellow crystals. 1H NMR (300 MHz, 
CDCl3):  10.4–10.1 (br, 1H), 8.26–8.10 (br, 1H), 7.78 (d, J = 15.2 Hz, 
1H), 7.57–7.52 (m, 2H), 7.42–7.39 (m, 2H), 7.04 (dd, J = 8.2, 8.2 Hz, 
1H), 6.74 (dd, J = 8.7, 1.2 Hz, 1H), 6.72 (dd, J = 8.1, 1.2 Hz, 1H), 6.68 
(d, J = 15.2 Hz, 1H), 5.25 (s, 2H), 3.51 (s, 3H). 13C{1H} NMR (75 MHz, 
CDCl3):  165.4, 150.0, 148.8, 144.2, 134.2, 130.5, 129.0, 128.2, 
126.9, 118.9, 116.3, 113.9, 105.6, 95.6, 56.6. IR (reflection, cm–1): 
3304, 1480, 999, 861, 767. HRMS (EI/double-focusing, positive) 
m/z: [M]+ calcd for C17H17NO4 299.1158; found 299.1158. Mp: 
118.5-119.0 °C. 

N-benzyl-N-(2-(benzyloxy)-6-(methoxymethoxy)phe-
nyl)cinnamamide (7). To a solution of 6 (299 mg, 1.00 mmol) in 
THF (2 mL) was added NaH (63% in mineral oil, 152 mg, 4.00 
mmol) and BnBr (356 L, 3.00 mmol) at 0 °C. After stirred at 60 °C 
for 12 h, the reaction was quenched with sat. aq. NH4Cl and ex-
tracted with AcOEt. The combined organic phase was washed with 
brine, dried over Na2SO4, filtered and the filtrate was concentrated 
under reduced pressure. The residue was purified by silica gel 
chromatography (n-hexane /AcOEt = 85:15) to afford 450 mg 
(94%) of 7 as pale yellow oil. 1H NMR (300 MHz, CDCl3):  7.74 (d, 
J = 15.2 Hz, 1H), 7.31–7.11 (m, 15H), 6.76 (dd, J = 8.4, 1.2 Hz, 1H), 
6.60 (dd, J = 9.0, 1.2 Hz, 1H), 6.36 (d, J = 15.8 Hz, 1H), 5.04 (d, J = 
14.1 Hz, 1H), 4.97 (d, J = 12.3 Hz, 1H), 4.91 (d, J = 6.9 Hz, 1H), 4.90 
(d, J = 14.1 Hz, 1H), 4.89 (d, J = 12.3 Hz, 1H), 4.85 (d, J = 6.9 Hz, 1H), 
3.24 (s, 3H). 13C{1H} NMR (75 MHz, CDCl3):  167.0, 155.6, 154.8, 
141.8, 137.7, 136.6, 135.5, 129.6, 129.4, 129.3, 128.7, 128.5, 127.8, 
127.8, 127.7, 127.0, 126.8, 119.7, 119.0, 107.6, 106.5, 94.5, 70.2, 
56.1, 51.0. IR (neat, cm–1): 3029, 1655, 1618, 1474, 1387, 1255, 
1155, 1064, 923, 783, 763. HRMS (EI/double-focusing, positive) 
m/z: [M]+ calcd for C31H29NO4 479.2097; found 479.2097. 

N-benzyl-N-(2-(benzyloxy)-6-hydroxyphenyl)cinnama-
mide (2a). To a solution of 7 (445 mg, 0.928 mmol) in MeOH (10 
mL) was added conc. HCl (35-37%, 3 mL) at ambient temperature. 



 

After stirred at that temperature for 15 h, the mixture was concen-
trated under reduced pressure and azeotrope with CH3CN to afford 
381 mg (94%) of 2a as colorless crystals. The analytical data of 2a 
were collected after purification by silica gel chromatography (n-
hexane /AcOEt = 85:15). 1H NMR (300 MHz, CDCl3):  7.75 (d, J = 
15.8 Hz, 1H), 7.29–7.10 (m, 16H), 6.67 (dd, J = 8.2, 8.2 Hz, 1H), 6.37 
(d, J = 6.5 Hz, 1H), 6.34 (d, J = 15.8 Hz, 1H), 5.04 (d, J = 13.9 Hz, 1H), 
4.93 (d, J = 13.9 Hz, 1H), 4.80 (d, J = 12.3 Hz, 1H), 4.71 (d, J = 12.3 
Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3):  168.5, 155.5, 154.1, 143.1, 
137.3, 136.6, 135.0, 129.9, 129.6, 129.6, 128.6, 128.5, 128.3, 127.9, 
127.7, 127.6, 126.6, 118.4, 117.1, 109.7, 104.2, 69.9, 51.4. IR (re-
flection, cm–1): 3078, 1645, 1093, 1018, 977, 906, 860. HRMS 
(EI/double-focusing, positive) m/z: [M]+ calcd for C29H25NO3 
435.1834; found 435.1834. Mp: 164.6-165.2 °C. Analytical HPLC 
[IG (4.6   25 cm), n-hexane/i-PrOH = 50:50, flow rate = 1.0 
mL/min,  = 254 nm, 25 °C]: t1 = 5.5 min, t2 = 8.5 min. Semi-prepar-
ative HPLC [IG (20   25 cm), n-hexane/EtOH = 60:40, flow rate = 
8.0 mL/min,  = 254 nm, 25 °C]: t1 = 12.6 min, t2 = 17.6 min. 

Detail of  microflow measurement system. A SS syringe (8 mL 
volume, Harvard Apparatus) was used with a syringe pump (Pump 
Elite 11, Harvard Apparatus) for accurate liquid handling. USB-B 
cable was used for controlling the syringe pump from a bespoke 
software. PFA tube (2.18 mm i.d. 1/8 o.d., Nippon Pillar Packing) 
was used for the shell of the heat exchanger. 1/8” SS tees 
(Swagelok) were used with rubber septa for making the shell-in-
tube structure. An automatic 6-port valve (VA-11-65-G, GL Sci-
ences) was equipped with a BPV (100 psi, IDEX Health & Sciences). 
A jam jar filled with silicone oil was used as a miniature oil bath. A 
tape heater with 100 W capacity was used for heating the minia-
ture oil bath from outside. A magnetic stirrer was used for keeping 
the bath temperature uniform. TC-01 thermometer (National In-
struments) with a J-type thermocouple was used for temperature 
measurement. A switching module made of photo MOS relays 
(AQZ207, Panasonic) and a USB I/O device (USB-6001, National In-
struments) controlled the valve rotation and heater power. A built-
in PID algorithm in the bespoke software controlled the power of a 
tape heater based on the temperature input. A stable bath temper-
ature with a maximum error of ±0.1 °C can be achieved with the 
help of the PID algorithm. 
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