UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Green, scalable and automated photochemistry in flow

Wen, Z.

Publication date
2022

Link to publication

Citation for published version (APA):
Wen, Z. (2022). Green, scalable and automated photochemistry in flow. [Thesis, fully internal,
Universiteit van Amsterdam)].

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
You will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:14 Sep 2026


https://handle.uba.uva.nl/personal/pure/en/publications/green-scalable-and-automated-photochemistry-in-flow(a61e1760-b02a-49f6-ae99-6214d6b79d2b).html

Chapter 5

Accelerated and Scalable C(sp?)-H Amination
via Decatungstate Photocatalysis Using a
Flow Photoreactor Equipped with High-
Intensity LEDs
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Abstract

Carbon-nitrogen bonds are ubiquitous in biologically active compounds,
prompting synthetic chemists to design various methodologies for their
preparation. Arguably, the ideal synthetic approach is to be able to
directly convert omnipresent C-H bonds in organic molecules, enabling
even late-stage functionalization of complex organic scaffolds. While this
approach has been thoroughly investigated for C(sp?)-H bonds, only few
examples have been reported for the direct amination of aliphatic C(sp3)-
H bonds. Herein, we report the use of a newly developed flow
photoreactor equipped with high intensity chip-on-board LED
technology (144 W optical power) to trigger the regioselective and
scalable C(sp3)-H amination via decatungstate photocatalysis. This high-
intensity reactor platform enables simultaneously fast results gathering
and scalability in a single device, thus bridging the gap between academic
discovery (mmol scale) and industrial production (> 2kg/day
productivity). The photocatalytic transformation is amenable to the
conversion of both activated and non-activated hydrocarbons, leading to
protected hydrazine products by reaction with azodicarboxylates. We
further validated the robustness of our manifold by designing telescoped
flow approaches for the synthesis of pyrazoles, phthalazinones and free

amines.
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Scale-up in Signify Eagle Photoreactor
5.1 Introduction

Carbon-nitrogen bonds are ubiquitous in natural products,
pharmaceuticals, agrochemicals and materials, stimulating the interest of
the synthetic community to develop new amination protocols.! Especially
C(sp?)-N bonds can be readily formed by stitching carbon electrophiles
(e.g., aryl halides) and various N-based nucleophiles together using
transition metal catalysts;2 one notable example being the Buchwald-

Hartwig amination.3

Nowadays, small molecules with increased sp3 hybridization are
required to reduce the attrition rate in drug discovery and to explore new
chemical space (so-called “escape-from-flatland strategy”).# C(sp3)-N
bonds can be easily forged by rudimentary nucleophilic substitution on
alkyl halides. However, the direct C(sp2)-H to C-N bond conversion has
attracted significant amounts of attention as it improves the atom
efficiency of the overall process.> While thermocatalytic approaches have
proved to be the method of choice for the functionalization of C(sp2)-H
bonds, photocatalysis has rapidly emerged as a powerful strategy for the
selective activation of C(sp3)-H bonds.6 Two seminal approaches to
establish these coveted C(sp3)-N bonds were independently reported by
Zuo7 and Kokotos.8 The methods exploited respectively a cerium salt? and
phenylglyoxylic acid!? as photocatalysts to generate H-atom abstractors.
These species are subsequently capable of homolytically cleaving C(sp3)-
H bonds and afford a carbon-cantered radical, which is finally trapped by

an azodicarboxylate to afford the targeted C(sp3)-N bond.

105




Chapter 5

A C(sp3)—H amination enables the conversion of hydrocarbon feedstocks

undirected

A C(sp®)-H amination NR,
N -
O decatungstate HAT photocatalysis L

inexpensive mild (room temperature, UV-A) valuable
hydrocarbon no directing groups alkyl amines
feedstocks fast and scalable

B From discovery to production: requires an increase in material amounts

Conventional scale up procedures

B extensive modelling of transport phenomena
B time-consuming reoptimization of reaction conditions
M change of reactor required

lab scale industrial scale

mg/h-g/h kg/day
B single design and modelling of reactor
B minimal reoptimization of reaction conditions
B one reactor accomodates lab and industrial scale

This work
high intensity light source + microreactor

Scheme 5.1. (A) Decatungstate HAT photocatalysis enables undirected C(sp3)-H
amination in both activated and non-activated hydrocarbons. (B) Challenges associated
with the scale up of photochemical transformations can be alleviated with suitable reactor
technology in combination with high intensity light sources.

Given the importance of this transformation and in line with our mission
to bridge the gap between academic discovery and industrial production
through technology,!! we decided to design a high-productivity platform
for photocatalytic C(sp3)-H amination. To this end, the intended
methodology should be i) robust and reproducible, ii) easily scalable and
iii) compatible with other chemistries to design telescoped approaches
to access various useful compounds. To realize a widely applicable
C(sp3)-H amination protocol, we selected direct hydrogen atom transfer
(d-HAT) as activation strategy and decatungstate as a suitable
photocatalyst (Scheme 5.1A).12 Decatungstate enables efficient d-HAT
under mild reaction conditions (i.e.,, room temperature and low-energy
UV-A light) in both activated and non-activated organic compounds.!3
Moreover, d-HAT typically requires no additives that might interfere with
the transformation.14 As for scalability and compatibility, we purposely

designed a flow photoreactor equipped with high intensity and dimmable
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Scale-up in Signify Eagle Photoreactor
chip-on-board (COB) LED technology (Figure 5.1). Since photochemical

reaction rates are strongly dependent on the local light intensity,15> we
surmised that the high intensity in combination with microscale flow
reactors should enable the high productivities (kg/day/unit) required for
scale-up in pharmaceutical settings (Scheme 5.1B). Hence, this potent
photochemical reactor enabled both fast results gathering and scalability
in a single device, thus bridging the gap between academic discovery and

industrial production (Scheme 5.1B).

5.2. Results and discussion

Aiming to develop a fast and scalable C(sp3)-H amination protocol, we
commenced with the development of new photochemical reactor which
provides large amounts of photonic flux (Signify Eagle Reactor). The
reactor consists of a translucent perfluoroalkoxy capillary microreactor
(PFA, 750 um ID, 5 mL volume), is cooled by a fan and irradiated with six
UV-A 365 nm COB protected by a quartz exit window, providing a
maximum of 144 W optical power (Figure 5.1) (see experimental
section). The light sources are attached to a heat dissipation element
containing cooling fins and a fan, to cool the COBs for an optimized

irradiation efficiency.

Figure 5.1. The Signify Eagle Reactor. (A) Reactor coil with cooling fan. (B) Entire reactor
assembly with 6 LED COB light source modules; each light module is individually
controllable and dimmable to 1%.
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Chapter 5

Using this powerful photochemical reactor, the C(sp3)-H amination of
cyclohexane (1a) with diisopropyl azodicarboxylate (2a) in the presence
of 2 mol% TBADT (TBADT: tetrabutylammonium decatungstate,
(BusN)4W10032) could be realized in only 5 min residence time in an
excellent GC yield of 85% (Table 5.1, Entry 1).122 Notably, lowering the
catalyst loading to 0.2 mol% resulted in a similar yield (Table 5.1, Entry
2), which is beneficial to minimize trace metal impurities and thus reduce
the overall cost of the process. Lowering the amount of H-donor (1a)
from 10 to 5 equivalents resulted in a reduction of the yield (Table 5.1,
Entry 3). The amination protocol works optimally in an CH3CN/0.1 M HCl
(7:1) solvent mixture (Table 5.1, Entry 2 vs Entries 5-6). Finally, control
experiments revealed that the C(sp3)-N bond formation is photocatalytic
in nature as no product was observed in the absence of either

photocatalyst or light (Table 5.1, Entries 7-8).

Table 5.1. Optimization of reaction conditions. 2

TBADT (0.2 mol%)

O - \ro\g,N:NfLoJ\

N_O
uspesmuny T
1a 2a V=5mL, t=5min 3
(10 equiv) oM Continuous-Flow
Entry Variation from conditions Yield (%)P
1 TBADT (2 mol%) 85
2 None 87 (73)
3 1a (5 equiv.) 72
4 Solvent: CH3CN 38
5 Solvent: CH3CN/H20 7:1 36
6 Solvent: CH3CN/1 M HCl 7:1 64
7 No TBADT 0
8 No light 0

a Reaction conditions (1 mmol scale): 2a (0.1 M), 1a (10 equiv.), TBADT (0.2 mol%) in
CH3CN/0.1 M HCl 7:1 (10 mL). Irradiation source: A = 365 nm (144 W), residence time: 5
min (see experimental section for additional details). b The yield was determined by GC-
FID using biphenyl as the internal standard. Isolated yield is reported in parenthesis.

With these optimized reaction conditions established, we sought to
evaluate the scope of the photocatalytic C(sp3)-H amination methodology

(Scheme 5.2). Thus, cyclic alkanes with ring sizes from 5 to 7 underwent
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the C-N bond-forming reaction promptly (3-5, 65-73%), transforming
unactivated alkyl substrates into synthetically valuable hydrazines. It is
worth noting that poly-functionalization of the hydrocarbon backbone
was never observed. Activated allylic positions were rapidly converted
into the corresponding C-N bond (6, 72%). Also, efficient a-to-O C-H
amination was observed for a variety of cyclic and non-cyclic ethers (7-
11, 46-91%) and an acetal moiety (12, 92%). Similarly, a-to-S and a-to-
N C-H bond functionalization was achieved (13-15, 70-77%), with
excellent selectivity over competitive activation at the a-to-O position
(14). Tertiary C(sp3)-H bonds were selectively activated over weak, yet
polarity-mismatched, a-cyano C(sp3)-H bonds (16, 66%).16 Notably,
aldehydes could be readily activated with decatungstate yielding the
corresponding hydrazides in good yields (17-19, 47-81%).17 A cyclic
ketone showed exclusive selectivity for functionalization of the -
position (20, 70%).1¢ Other dialkyl azodicarboxylates (2b and 2c¢) were
equally effective as acceptors in this C(sp3)-H amination protocol,
delivering the corresponding Boc (tert-butoxycarbonyl, 21-22, 68-83%)
or Cbz (ben-zyloxycarbonyl, 23-25, 69-96%) protected hydrazine

derivatives.

To demonstrate the utility of the developed methodology for the
synthesis of N-based heterocycles, we con-verted the obtained protected
hydrazines to pyrazoles via a telescoped Knorr pyrazole synthesis
(Scheme 5.3A).18 A diverse set of alkyl-bearing pyrazoles could be
obtained in good overall yields (26-33, 39-75%) simply by merging the
reaction stream exiting the photochemical reactor with a flow containing
different 1,3-dicarbonyl derivatives (A-C) in 4 M HCl in dioxane. It should
be further noted that this two-step flow protocol enables access to
pyrazoles bearing unactivated alkanes, which could not be prepared
using our direct decatungstate-mediated C(sp3)-H azolation.’®8 In

addition, by adding 2-formylbenzoic acid derivatives (D-E) instead, the
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corresponding phthalazinones (34-37, 55-69%) could be obtained by

means of this streamlined flow process (Scheme 5.3A). Finally, we also
demonstrated that the protected hydrazines can be readily converted to
the corresponding primary amines via hydrogenation (38, 87%)

(Scheme 5.3B).

Scheme 5.2. Substrate scope of the TBADT-photocatalytic C(sp3)-H amination in flow.
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- o CHZCN/0.1 M HCI (7:1), 1t i \o .I\o/d.. ' /
V=5mL, t=5min 0Ll -0l _~°
01M i i
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a Reaction conditions (2 mmol scale): 2a-c (0.1 M), 1 (5 equiv.), TBADT (0.2 mol%) in
CH3CN/0.1 M HCl 7:1 (20 mL). Irradiation source: A = 365 nm (144 W), residence time: 5
min (see experiment section for additional details). Isolated yields are given.? 10 equiv.
of H-donor. ¢ 1.4 equiv. of H-donor.

Scheme 5.3. Compatibility, productivity screening and scale-up of our platform.
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A Two-step flow protocol enables the conversion of into and
0.03 mL/min Signify Eagle Reactor
[ 365 nm LED v

oa O9 O8 Ooa

26, 66%" 27, 48%* 28, 60%*° 29,39%"
@ - 0.27 mL/min

Ph Ph Ph—({‘?,!‘/ ’(/—\g
O N?I <:> N)j\ Ph= N
R e N »
2b (0.1 M) @ - N ©:> /[\/\CN
TBADT (0.5 mol%) SE‘

CH3CN /0.1 M HCI 7:1 30, 58%° 31, 75%° 32, 60%°¢ 33, 42%°
4 M HCl in dioxane

A,B,C,DorE
3equiv, 03M

1

0.27 mL/min

H e 9e 90 %'
A B c D.E 34, 55% 35, 57% 36, 63%! 37, 69%
B Three-step C(sp®)-H amination / deprotection / hydrogenation to yield free amines
TBADT (0.2 mol%) H
3 Boc, N,
N""Boc 1. TFA+DCM (1:1, 4 mL) NH;CI
+ B ,N:N_Boc > *
oc UV LED (365 nm, 144 W) 2. Raney Ni, H, (1 atm) O
1a 2 CH4CN/0.1 M HCI (7:1) CH3OH (4 mL), 12h
(10 equiv.) 01M RT, t=5min 21, 68%° 38,87%
Batch
Continuous-Flow
C Impact of light intensity on the reaction yield D Scale up of the C(sp%)-H amination in flow
100
T S — Signify Eagle Reactor
— lo @ o 365 nm LED
20 / 144 W optical power
,"' Cyclohexane
o (neat)
£ / 6.8 mL/min
=
]
] o
H
40 i
’PrOJLN‘N‘n’o Pr
oo
o @ o
20 3
2369, 83%
2a(1.5M) 314 mmol/h (2.15 kg/d)
o TBADT (2 mol%)
20 a0 &0 0 100 120 140 160 CH3CN
4.2 mL/min

Optical Output (W)

Two-step flow synthesis of pyrazoles and phthalazinones. Reported yields are those over
the two steps. 2 Using 1,1,3,3-tetramethoxypropane (A, 3 equiv.).» Using acetylacetone (B,
3 equiv.). ¢ Using 1-phenylbutane-1,3-dione (C, 3 equiv.). 4 5 equiv. of H-donor; only one
feed was used for the photochemical reaction (flow rate: 0.3 mL/min). ¢ Using 2-
formylbenzoic acid (D, 3 equiv.). f Using 5-chloro-2-formylbenzoic acid (E, 3 equiv.). (B)
Access to free amines via a three-step protocol. Reported yields are for individual steps. &
Compound 21 was purified before further functionalization (see experimental section for
additional details). (C) Effect of the optical output on the reaction yield. Reaction
conditions: 2a (1.5 M), 1a (10 equiv.), TBADT (2 mol%) in CH3CN. Irradiation source: A =
365 nm with different optical output power, residence time: 1 min. See experimental
section for further information. (D) Sketch of the setup adopted for the scale-up. Reaction
conditions (100 mmol scale): 2a (1.5 M), 1a (10 equiv.), TBADT (2 mol%) in CH3CN (67
mL). Irradiation source: A = 365 nm (144 W), residence time: 1 min.

The scaling of photochemical transformations has long been perceived as
an insurmountable challenge, pre-venting such activation modes from

being routinely used in the preparation of complex molecules, such as
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pharmaceuticals and agrochemicals.’® Since the kinetics of
photochemical transformations are critically de-pendent on the amount
of photons, the choice of the light source is paramount to scale any
photon-dependent reaction.19¢20 Indeed, when varying the light intensity,
an initial linear increase of the yield was observed with increasing photon
flux (Scheme 5.3C). At high light intensities (>120 W optical power), the
photocatalytic C(sp3)-H amination reaction becomes ultimately
independent of the photon flux and thus the reaction mixture is
“saturated” with photons. However, the linear regime of the curve can be
extended either by increasing the catalyst loading or by increasing the
flow rate (and thus reducing the residence/reaction time, which allows
to boost the throughput in the flow reactor. Both aspects are crucial in
our scale-up strategy where we increased the catalyst loading to 2 mol%
and reduced the residence/reaction time to only 1 min (See experimental
section for more details). This enabled us to reach 314 mmol/h
productivity, amounting to a 2.15 kg/day in a single microreactor of only
11 mL volume (750 um ID) (Scheme 5.3D). It should be noted that these
are quantities that are sufficient to even meet the mate-rial demand

required for clinical trials.2!

5.3. Conclusion

In conclusion, we have developed a fast and scalable decatungstate-
catalyzed C(sp3)-H amination protocol, able to convert both activated and
non-activated hydrogen donors. The modularity of our protocol is
exemplified by the possibility to carry out telescoped processes for the
synthesis of (protected) hydrazines, pyrazoles, phthalazinones and
amines. Key in the successful scale up of the transformation is the
development of a new photochemical flow reactor with high intensity
LED light source modules. Our results show that essentially the same

reactor, requiring only a minimal re-optimization of the reaction
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conditions, is capable of providing the quantities needed on both
laboratory (i.e, ~2 mmol) and process scale (>2 kg/day). We are
optimistic that the results presented herein can inspire others to combine
simultaneously synthetic methodology development and chemical
engineering principles to rapidly transition from initial discoveries to

applications on a process scale.

5.4. Experimental section

5.4.1. Chart of Starting Materials

H-donors:

o o O 0 . v o

1a 1b 1§ 1g

Qo A B O O & A

1h 1i 1k 1 1m 1n

Ph(HZC)z)LH C7H15)LH Ph)LH Cf

10 1p 1q 1r 1s 1t

azadicarboxylates

YOTN:NJOLOJ\ >|/°\n/N°NJLoJ< tho\n,"L‘NJLO/\Ph
o o o

2a 2b 2c

Reagents for the synthesis of pyrazoles
o o
OMe OMe o o o o al
OH OH
oA AL AN
CHO CHO
B [ D E

5.4.2. Signify Eagle Reactor

The photochemical prototype reactor (Eagle) was designed and
produced by Signify (Figure S5.1A). The reactor consists of six LED light
source modules, containing a 365 nm UV-A chip-on-board (COB). Each of

these light source modules contain a fan and heat sink combination,
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which allows the LEDs to be operated efficiently at high power. The UV-

A LED-modules produce monochromatic light with peak wavelength of
371 nm (Figure S5.2), each having an optical power of 24 W if operated
at 2.0 A. At lower operating currents the peak wavelength shifts to
shorter wavelength (~367 nm), due to a lower operating temperature.
The six LED modules combined can be operated up to 2.0 A,
corresponding to 504 W electrical power or 144 W optical power (Figure
S5.3). The interior of the reactor chamber is cooled with blowers situated
on the top cover of the reactor (Figure S5.1B). The LED modules and
chamber cooling blowers are connected to a driver box, allowing to set
the current of each of the LED modules individually (Figure S5.4), as well
as the cooling blower speed of the reactor chamber. The driver box
consists of 6 individual Xitanium LED drivers, which work in Constant
Current mode, with a maximum current of 2.0 A. Analog dimming via 1-
10 V control allows for 1-100% dimming, so minimum current is 20 mA.
The individual LED modules can be controlled individually via turning
nobs, which set the control voltages of the 1-10 V current circuit. The
control voltages are shown in LED displays, in which the value 1.000
corresponds to 10 V. The reactor coil, wrapped around the central unit
(Figure S5.1B), is not provided with the reactor, but can be freely chosen
by the user. The central unit of the reactor contains a coil with a diameter
of 75 mm and a height of 80 mm. The reactor coil is made from PFA
capillary (1.59 mm outer diameter 750 um inner diameter) and wrapped

around the central unit (Figure S5.1B).
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Figure S5.1: Signify Eagle photochemical prototype reactor platform equipped with high
power UV-A COB modules. A: Reactor assembled with fan, heat sinks and LED modules. B:
reactor coiling.
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Figure S5.2. UVA spectrum of LED modules, operated at a maximum current of 2.0 A.
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Figure S5.4: Current of individual LED modules depending on the settings of the Driver
box.

5.4.3. General procedures

General procedure for continuous-flow C—H/C-N conversion

It has been observed that, when the H-donor is used in high
concentrations (>1 M), itis more convenient to adopt a 2-feeds setup (see
Figure S5.5), where one feed contains the neat H-donor and the other one
contains all the other reactants.

GP1: a volumetric 20 mL flask was charged with diisopropyl
azodicarboxylate (2a, 2.0 mmol). Next, CH3CN and a 0.1 M aqueous HCI
solution were added (ratio 7:1) to acquire a total volume of 20 mL. Then,
tetrabutylammonium decatungstate (TBADT, 0.2 mol%) was added and
the flask was swirled to achieve homogeneity. The liquid was taken up
with a syringe and mounted on a syringe pump. The neat H-donor was
taken up with a syringe and mounted on a different syringe pump. The
syringes were connected to a 5 mL Reactor (PFA tubing, 750 um 1.D.) via
a PEEK T-mixer (IDEX, P-714, 1 mm L.D.). Stock solution feed and H-donor
feed were pumped into the flow reactor (corresponding to 5 minutes

residence time and 10 equivalence of the H-donor). When the syringe was
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fully empty, again CH3CN was loaded into a syringe and injected to collect
all product at the end of the reactor in a flask. The reaction mixture was

concentrated in vacuo and purified by column chromatography.

Cooling fans Q {

Signify Eagle Reactor
365 nm LED
144 W optical power
I

ZaN

ace

¥
(@S] a]

2(0.1 M)
TBADT (0.2 mol%)
CH3CN /0.1 M HCI 7:1

-
DIAD solution

23! Syringe pump

Figure S5.5: (A) Set-up for continuous-flow C-H/C-N conversion using immiscible liquid
phases. (B) schematic representation of the flow setup for immiscible liquid phases.

When possible, namely when the H-donor was completely soluble in the

reaction crude, we adopted a one-feed setup (see Figure S5.6).

GP2: a volumetric 20 mL flask was charged with diisopropyl
azodicarboxylate (2a, 2.0 mmol) and the H-donor (20 mmol). Next,
CH3CN and 0.1 M aqueous HCI solution were added (ratio 7:1) to acquire
a total volume of 20 mL. Then, tetrabutylammonium decatungstate
(TBADT, 0.2 mol%) was added and the flask was swirled to achieve
homogeneity. The liquid was taken up with a syringe and mounted on a
syringe pump. The syringe was connected to a 5 mL Reactor (PFA
capillary tubing, 750 pm inner diameter). The liquid feed was pumped
into the flow reactor at 1.0 mL/min (corresponding to 5 minutes
residence time). When the syringe was fully empty, again CH3CN was
loaded into a syringe and injected to collect all product at the end of the
reactor in a flask. The reaction mixture was concentrated in vacuo and

purified by column chromatography.
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(B) Signify Eagle Reactor
365 nm LED
144 W optical power

e
1.0 mL/min @ i
_
(S]] ©=5min
2+donor (0.1 M)

- TBADT (0.2 mol%)
1 - CH3CN /0.1 M HCI 7:1

&7 |
\ e
Pawer supply )
I
\

Figure S5.6: (A) Set-up for continuous-flow C-H/C-N conversion using single
homogeneous liquid phase. (B) schematic representation of the flow setup with a single
homogeneous liquid phase.

General procedure for the telescoped synthesis of pyrazoles in flow

GP3:in case the H-Donor was not miscible with the reaction mixture, we

prepared three feeds:
1. Feed 1: neat H-donor;

2. Feed 2: to an oven-dried flask was added TBADT (0.5 mol%), di-
tert-butyl azodicarboxylate (2b, 1.0 mmol), CH3CN and a 0.1 M aqueous
HCI solution were added (ratio 7:1) to acquire a total volume of 10 mL.
The mixture was swirled until homogenous, taken up with a 10 mL

disposable syringe and mounted on a syringe pump.

3. Feed 3: A, B, C, D or E (3 mmol, 3 equiv, 0.3 M) dissolved in 4 M
HCI in dioxane and the flask was swirled to achieve homogeneity. The

mixture was taken up with a syringe and mounted on a syringe pump.

Feeds 1 and 2 were connected to the Reactor equipped with a 1.5 mL coil
(PFA capillary tubing, 750 pm inner diameter), feeds 1 and 2 were mixed
via a. Feeds 1 and 2 were pumped into the flow reactor (corresponding
to 5 minutes residence time and 10 equivalents of the H-donor). Feeding
was proceeded until 1.5 mL of stock solution was consumed, then feed 3
was pumped. The outflow of the reactor was mixed with feed 3 viaa PEEK
T-mixer (IDEX, P-714, inner diameter 1 mm). The mixture entered a 9.3

mL reactor (PFA capillary tubing, 750 um inner diameter) and eventually
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collected in a flask containing saturated NaHCO3 (pH was checked to be
basic by means of indicating paper) (see Scheme S5.1). When the syringes
were fully empty, they were replaced with syringes containing pure

CHsCN to collect all the crude.

Next, the reaction mixture was extracted with CH,Cl, dried with NazSO4,
and concentrated under vacuum. Finally, it was purified via column

chromatography on silica gel to provide the product.

Signify Eagle Reactor
365 nm LED
144 W optical power

V=15mL
T =5 min

e e ®on
ce®

0.27 mL/min

Lo

2b (0.1 M)
TBADT (0.5 mol%)
CH3CN /0.1 M HCI 7:1
4 M HCl in dioxane

A,B,C,D,E 3equiv, 0.3 M
Scheme S5.1 Schematic representation of the flow setup for immiscible H-donors.
GP4: in case the H-donor was miscible with the reaction mixture, we

prepared only two feeds:

1. Feed 1: To an oven-dried flask was added TBADT (0.5 mol%), di-
tert-butyl azodicarboxylate (2b, 1.0 mmol), H-donor (5 or 10 equiv),
CH3CN and a 0.1 M aqueous HCl solution were added (ratio 7:1) to acquire
a total volume of 10 mL. The mixture was swirled until homogenous,

taken with a 10 mL disposable syringe and mounted on a syringe pump.

2. Feed 2: C or D (3 mmol, 3 equiv, 0.3 M) dissolved in 4 M HCl in

dioxane and the flask was swirled to achieve homogeneity.
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Feed 1 was pumped through the Reactor (see paragraph above for
details). with a residence time of 5 min. Feeding was proceeded until 1.5
mL (which is the volume of the photoreactor) of stock solution was
consumed, then Feed 2 was pumped. The outflow of the reactor was
mixed with feed 2 via a PEEK T-mixer (see paragraph above for details).
The mixture entered a 9.3 mL reactor (see paragraph above for details)
and eventually collected in a flask containing sat'd NaHCO3z (pH was
checked to be basic by means of indicating paper) (see Scheme S5.2).
When the syringes were fully empty, they were replaced with syringes

containing pure CH3CN to collect all the crude.

Next, the reaction mixture was extracted with CHCl;, dried with Na;S0,,
and concentrated under vacuum. Finally, it was purified via column
chromatography on silica gel to provide the product.

Signify Eagle Reactor

365 nm LED
144 W optical power

V=15mL
T=5min
1+2b
TBADT (0.5 mol%)
CH3;CN /0.1 M HCI7:1 0.27 mL/min

4 M HCl in dioxane
C orD 3 equiv, 0.3 M

Scheme S5.2: Schematic representation of the flow setup for miscible H-Donors.
Procedure for the optimization of productivity.

GP5: a 10 mL volumetric flask was charged with diisopropyl
azodicarboxylate (2a, 5-15 mmol) and tetrabutylammonium

decatungstate (TBADT, 1-2 mol%). Next, CH3CN was added to acquire a
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total volume of 10 mL. The DIAD solution was taken up with a syringe
and loaded on a syringe pump. Neat cyclohexane was loaded on another
syringe pump. The liquid feeds were connected to Reactor (PFA capillary
tubing, 750 pm inner diameter: see Table S5.1 for details). The two feeds
were mixed via a PEEK T-mixer (IDEX, P-714, inner diameter 1 mm) right
before the reactor. 2a solution feed and 1a feed were pumped into the
flow reactor at the needed flow rates. When the syringes were fully
empty, they were replaced with syringes containing pure CH3CN to
collect all the crude. Solvent was removed under vacuum and 'H-NMR

yield was calculated (phenanthrene as external standard).

Table S5.1. Optimization of productivity of the Photochemical Reactor.

2a solution Res.

Entry 2a flow rate TBADT time Reactor Yield Productivity
0, 0/4)a
(M) (mL/min) (mol%) (min) type (%) (mmol/h)
1 0.5 3.32 1.0 1.0 92 94
2 0.5 6.65 1.0 0.5 79 160
5.12 mL,
3 1.0 2.46 1.5 1.0 0.75 mm 88 130
L.D.
4 1.0 4.92 1.5 0.5 60 175
5 1.5 1.95 2.0 1.0 89 156
6 1.0 5.29 2.0 1.0 88 244
11 mL,
7 1.5 4.20 2.0 1.0 0.75 89(83) 338(314)
mm LD.
8 1.5 4.20 1.5 1.0 80 313

a 1H-NMR yield is given (phenanthrene as external standard). Isolated yield in
parentheses.

The productivity of 3 was calculated as following:
Productivity = Qp4 X Cy, X Yield X 60 (mmol/h)
Productivity = Q4 X Cpq X Yield X 60 X 286.19 x 24 + 1000 (kg/day)

where Q2. is the flow rate of 2a solution, Cz, is the concentration of 2a.
With the optimized condition in hand (Entry 7 in Table S5.1), we did a
light intensity screening. As it can be seen in Figure S5.4, the light could

be tuned with different optical output powers. The results are shown in

Scheme 5.3C.
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5.4.4 Large-scale synthesis of compound 3.

A 100 mL volumetric flask was charged with diisopropyl
azodicarboxylate (2a, 150 mmol, 30.3 g) and tetrabutylammonium
decatungstate (TBADT, 2 mol%, 3 mmol). Next, CH;CN was added to
acquire a total volume of 100 mL. The DIAD solution was transferred to a
cylinder, which was connected to a peristaltic pump. Neat cyclohexane
was put in another cylinder and connected to a HPLC pump. The liquid
feeds were connected to the reactor equipped with a 11 mL two-layer coil
(PFA capillary tubing, 750 um inner diameter). The two feeds were mixed
via a PEEK T-mixer (IDEX, P-714, inner diameter 1 mm) right before the
reactor. 2a solution feed and 1a feed were pumped into the flow reactor
at 4.2 mL/min and 6.8 mL/min, respectively (corresponding to 1 minute
residence time overall) (see Scheme S5.3 and Figure S5.7). During the
reaction, the temperature of the reactor was also monitored (< 36 °C, see
Figure S5.8). Feeding was proceeded for 16 min, after which 67 mL 2a
solution had been consumed (corresponding to 100 mmol DIAD). The
reaction mixture was concentrated in vacuo and dissolved in 50 mL
CH2Clz. The organic layer was washed with 100 mL water and the
aqueous layer was extracted with CH2Cl; (4 x 50 mL). The combined
organic layers were washed with 100 mL brine. The organic layer was
dried over MgS04 and concentrated in vacuo. Recrystallization was
performed with hexane/ethyl acetate (8:2) to afford the product as a
white solid (23.6 g, 83 mmol, 83% yield, 96% purity by GC-MS).
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Signify Eagle Reactor

o @ o~ 365 nm LED
144 W optical power

Cyclohexane

(neat)

6.8 mL/min
- : )\ (0]
OJLN,N\n/O\l/
© © o+ H 0
3
2a (1.5 M) 23.6 g, 83%
TBADT (2 mol%) 314 mmol/h (2.15 kg/d)

CH;CN

4.2 mL/min

Scheme S5.3. Schematic representation of the setup for scale-up experiment in flow.

Power supply ~

Cyclohexane

Figure S5.7. Setup for large-scale synthesis of 3.
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Figure $5.8: Temperature of the Reactor during the experiment of large scale.
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5.4.5 Compound Characterization
\rOIrNNNJ'LOJ\

Diisopropyl 1-cyclohexylhydrazine-1,2-dicarboxylate
(3).11a Prepared according to GP1 on a 2 mmol scale. Feed 1: neat 1a (9.2 M, 0.10
mL/min, 10 equiv.); feed 2: 2a, TBADT in CH3CN/0.1 M HCI 7:1 (2a: 0.1 M, 0.9
mL/min). The crude mixture was purified through column chromatography
(SiOz: n-hexane/ethyl acetate/triethylamine 83:16:1) to afford 3 as a white solid
(417 mg, 73% yield). Mp. 107~109 °C (lit. 110~110.5 °C). TH NMR (400 MHz,
CDCl3) 6 6.12 (brs, 1H), 5.02 - 4.86 (m, 2H), 3.97 (brs, 1H), 1.92 - 1.54 (m, 4H),
1.43 - 1.00 (m, 18H). 13C NMR (100 MHz, CDCls) 6 156.7, 155.3, 69.9, 69.6, 56.9,
30.2,25.6, 25.5,22.2,22.1.

\r%r“wioj\

Diisopropyl 1-cyclopentylhydrazine-1,2-dicarboxylate
(4).11a Prepared according to GP1 on a 2 mmol scale. Feed 1: neat 1b (10.7 M,
0.09 mL/min, 10 equiv.); feed 2: 2a, TBADT in CH3CN/0.1 M HCI 7:1 (2a: 0.1 M,
0.9 mL/min). The crude mixture was purified through column chromatography
(SiO2: n-hexane/ethyl acetate/triethylamine 83.5:16:0.5) to afford 4 as a white
solid (353 mg, 65% yield). Mp. 62~63 °C (lit. 65~66 °C). TH NMR (400 MHz,
CDClI3) & 6.18 (brs, 1H), 5.02 - 4.87 (m, 2H), 4.50 (brs, 1H), 1.89 - 1.46 (m, 8H),
1.29 - 1.20 (m, 12H). 13C NMR (100 MHz, CDCls) § 156.7, 155.8, 70.0, 69.7, 59.1,
29.0,23.8,22.2,22.1.

\roanJ’LoJ\

Diisopropyl 1-cycloheptylhydrazine-1,2-dicarboxylate
(5).1!2 Prepared according to GP1 on a 2 mmol scale. Feed 1: neat 1¢ (8.3 M, 0.11
mL/min, 10 equiv.); feed 2: 2a, TBADT in CH3CN/0.1 M HCI 7:1 (2a: 0.1 M, 0.9
mL/min). The crude mixture was purified through column chromatography
(SiO2: n-hexane/ethyl acetate/triethylamine (83.5:16:0.5) to afford 5 as a white
solid (441 mg, 73% yield). Mp. 68~69 °C (lit. 70~71 °C). tH NMR (400 MHz,
CDClI3) 6 6.16 (brs, 1H), 4.99 - 4.80 (m, 2H), 4.12 (brs, 1H), 1.98 - 1.35 (m, 12H),
1.29 - 1.14 (m, 12H). 13C NMR (100 MHz, CDCl3) 8§ 156.7, 155.2, 69.8, 69.6, 59.0,
32.4,27.9,245,22.2,22.1.
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0
YOTH,NJ\OJ\
0

Diisopropyl 1-(cyclohex-2-en-1-yl)hydrazine-1,2-
dicarboxylate (6). Prepared according to GP1 on a 2 mmol scale. Feed 1: neat
1d (9.9 M, 0.09 mL/min, 10 equiv.); feed 2: 2a, TBADT in CH3CN/0.1 M HCIl 7:1
(2a: 0.1 M, 0.9 mL/min). The crude mixture was purified through column
chromatography (SiOz: n-hexane/ethyl acetate 5:1) to afford 6 as a white solid
(409 mg, 72% yield). Mp. 94~95 °C. tH NMR (400 MHz, CDClz) & 6.28 (brs, 1H),
5.92 - 5.73 (m, 1H), 5.73 - 5.28 (m, 1H), 5.09 - 4.51 (m, 3H), 2.20- 1.53 (m, 6H),
1.30-1.13 (m, 12H). 13CNMR (100 MHz, CDCl3) 156.7,155.5,132.3,131.3,127.1,
126.8, 70.0, 69.6, 54.2, 26.8, 24.5, 22.2, 22.0, 21.1. HRMS (ESI) m/z calcd. for
C14H24N204Na [M+Na]+ 307.1628, found: 307.1624.

[¢]
0“~JLJ\

o

\ro ]

Diisopropyl 1-(tetrahydrofuran-2-yl)hydrazine-1,2-
dicarboxylate (7).}'® Prepared according to GP2: 1e (5 equiv.), 2a (2 mmol),
TBADT in CHsCN/0.1 M HCl 7:1 (2a: 0.1 M, 1.0 mL/min). The crude mixture was
purified through column chromatography (SiO2: n-hexane/ethyl acetate 3:1) to
afford 7 as a colorless oil (472 mg, 86% yield). TH NMR (400 MHz, CDCl3) § 6.71
- 6.68 - 6.50 (m, 1H), 5.91 (brs, 1H), 4.95 - 4.78 (m, 2H), 3.90 (q, / = 7 Hz, 1H),
3.66 (q, ] = 7 Hz, 1H), 2.06 - 1.71 (m, 4H), 1.19 - 1.13(m, 12H). 13C NMR (100
MHz, CDCl3) § 156.4, 155.0, 87.2, 70.4, 69.6, 69.6, 68.5, 28.1, 25.2, 21.9, 21.9.

0
o HNJLJ\
s

Diisopropyl 1-(tetrahydro-2H-pyran-2-yl)hydrazine-1,2-
dicarboxylate (8).822 Prepared according to GP2: 1f (10 equiv.), 2a (2 mmol),
TBADT in CH3CN/0.1 M HCl 7:1 (2a: 0.1 M, 1.0 mL/min). The crude mixture was
purified through column chromatography (SiOz: n-hexane/ethyl acetate 3:1) to
afford 8 as a deliquescent white solid (382 mg, 66% yield). tTH NMR (400 MHz,
CDCI3) 6 6.51 (brs, 1H), 5.37 - 5.05 (m, 1H), 5.05 - 4.86 (m, 2H), 3.99 (d,J =11
Hz, 1H), 3.65 - 3.44 (m, 1H), 1.97 - 1.82 (m, 1H), 1.82 - 1.38 (m, 5H), 1.34 - 1.17
(m, 12H).13C NMR (100 MHz, CDCls) § 156.3, 155.0, 84.6, 70.6, 69.5, 68.2, 27.9,
25.1,23.0,22.1, 22.0.

o K. I L
\n’N O

o Diisopropyl 1-(1,4-dioxan-2-yl)hydrazine-1,2-
dicarboxylate (9).822 Prepared according to GP2: 1g (5 equiv.), 2a (2 mmol),
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TBADT in CHsCN/0.1 M HCl 7:1 (2a: 0.1 M, 1.0 mL/min). The crude mixture was
purified through column chromatography (SiO2: n-hexane/ethyl acetate
8:2>6:4) to afford 9 as a colorless oil (528 mg, 91% yield). tH NMR (400 MHz,
CDCI3) 6 6.95 - 6.73 (m, 1H), 5.45 (brs, 1H), 4.97 - 4.83 (m, 2H), 3.92 - 3.74 (m,
3H),3.65-3.40 (m, 3H),1.25-1.16 (m, 12H).13CNMR (100 MHz, CDCl3) § 156.3,
154.6,80.7,71.0, 69.9, 67.3, 66.7, 65.5, 22.0, 21.9.

0
o HJLJ\
\r\g’on o

\b Diisopropyl 1-(1,3-dihydroisobenzofuran-1-
yl)hydrazine-1,2-dicarboxylate (10). Prepared according to GP2: 1h (5
equiv.), 2a (2 mmol), TBADT in CH3CN/0.1 M HCI 7:1 (2a: 0.1 M, 1.0 mL/min).
The crude mixture was purified through column chromatography (SiO2: n-
hexane/ethyl acetate 6:1->5:1) to afford 10 as a colorless oil (573 mg, 89% yield).
1H NMR (300 MHz, CD2Cl2) 6 7.48 - 7.20 (m, 4H), 7.20 - 6.95 (m, 1H), 6.71 (s,
1H), 5.27 - 5.11 (m, 1H), 5.07 - 4.90 (m, 2H), 4.84 - 4.66 (m, 1H), 1.37 - 0.93 (m,
12H).13CNMR (75 MHz, CD2Cl2) § 156.3,155.8,155.5,140.6,135.2,129.3,127.6,
124.3,121.1,92.7,91.6,73.2,71.0, 69.9, 69.7, 22.1, 22.0, 21.9, 21.8. HRMS (ESI)
m/z calcd. for C16H22N2NaOs [M+Na]* 345.1421, found: 345.1424.

/i\ Diisopropyl 1-(tert-butoxymethyl)hydrazine-1,2-dicarboxylate
(11). Prepared according to GP2: 1i (5 equiv.), 2a (2 mmol), TBADT in CHsCN/0.1 M
HCl 7:1 (2a: 0.1 M, 1.0 mL/min). The crude mixture was purified through column
chromatography (SiO2: n-hexane/ethyl acetate 9:1->8:2) to afford 11 as a colorless
oil (267 mg, 46% yield). 'H NMR (400 MHz, CDCl3) 6 7.06 — 6.61 (m, 1H), 5.17 — 4.48
(m, 4H), 1.27 = 1.02 (m, 21H). 3C NMR (100 MHz, CDCls) 6 155.7, 155.3, 154.8, 73.9,
73.3, 70.6, 70.1, 69.5, 27.9, 21.9. HRMS (FI) m/z calcd. for Ci3H26N20s 290.1842,
found: 290.1844.

o
Yy
0" Yo

Diisopropyl 1-(benzo[d][1,3]dioxol-2-yl)hydrazine-1,2-
dicarboxylate (12).%'? Prepared according to GP2: 1j (5 equiv.), 2a (2 mmol), TBADT
in CH3CN/0.1 M HCI 7:1 (2a: 0.1 M, 1.0 mL/min). The crude mixture was purified
through column chromatography (SiO2: n-hexane/ethyl acetate 9:1->8:2) to afford
12 as a colorless oil (596 mg, 92% yield). *'H NMR (400 MHz, CDCls) § 7.62 (brs, 1H),
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6.80 — 6.50 (m, 5H), 5.00 — 4.90 (m, 1H), 4.89 — 4.75 (m, 1H), 1.24 — 0.99 (m, 12H).
13C NMR (100 MHz, CDCls) § 155.2, 152.9, 146.2, 121.4, 109.2, 107.7, 71.3, 69.7, 21.5,
21.5.

o
\ro\g’n“NJ\oJ\

; Diisopropyl 1-(tetrahydrothiophen-2-yl)hydrazine-1,2-
dicarboxylate (13).8%2 Prepared according to GP2: 1k (10 equiv.), 2a (2 mmol),
TBADT in CH3CN/0.1 M HCl 7:1 (2a: 0.1 M, 1.0 mL/min). The crude mixture was
purified through column chromatography (SiOz: n-hexane/ethyl acetate 3:1) to
afford 13 as a white solid (449 mg, 77% yield). Mp. 73~74 °C. tTHNMR (400 MHz,
CDCI3) 6 6.46 - 6.21 (m, 1H), 6.11 (brs, 1H), 5.03 - 4.84 (m, 2H), 3.06 - 2.94 (m,
1H), 2.76 (dt, J: = 10 Hz, J2 = 6 Hz, 1H), 2.20 - 2.01 (m, 3H), 2.01 -1.86 (m, 1H),
1.29 - 1.20 (m, 12H).13C NMR (100 MHz, CDCl3) 8§ 156.3, 155.0, 70.9, 69.9, 67.3,
34.5,33.3,30.2,22.1, 22.1.

o K. L
\n’N O
\ro*H\s

oS Diisopropyl 1-(1,4-oxathian-3-yl)hydrazine-1,2-
dicarboxylate (14) and diisopropyl 1-(1,4-oxathian-2-yl)hydrazine-1,2-
dicarboxylate (14’). Prepared according to GP2: 11 (5 equiv.), 2a (2 mmol),
TBADT in CHsCN/0.1 M HCl 7:1 (2a: 0.1 M, 1.0 mL/min). The crude mixture was
purified through column chromatography (SiO2: n-hexane/ethyl acetate 2:1) to
afford 14 (405 mg, 66%) as white solid (Mp. 132~134 °C) and 14’ (43 mg, 7%)
as a colorless oil. Ratio 14:14’ = 9:1.

Characterization of 14: 1H NMR (300 MHz, CDCI3) 6 6.88 - 6.62 (m, 1H), 5.31 -
5.03 (m, 1H), 5.02 - 4.76 (m, 2H), 4.22 - 3.60 (m, 4H), 2.93 - 2.63 (m, 2H), 1.33 -
1.13 (m, 12H). 13C NMR (75 MHz, CDCls) § 156.1, 154.4, 71.4, 70.9, 69.8, 69.8,
67.7,54.5,26.9,22.0,21.9,21.9. HRMS (FI) m/z calcd. for C12H22N20sS: 306.1249,
found: 306.1237.

Characterization of 14’: 1H NMR (300 MHz, CDCls) 6 6.65 - 6.32 (m, 1H), 5.52
(brs, 1H), 5.02 - 4.87 (m, 2H), 4.30 (dt, J: = 12 Hz, J2 = 3 Hz, 1H), 4.02 - 3.89 (m,
1H), 2.94 (dd, J: =13 Hz, J2 = 10 Hz, 1H), 2.87 - 2.72 (m, 1H), 2.59 - 2.40 (m, 1H),
2.23-2.10 (m, 1H), 1.28-1.21 (m, 12H). 13C NMR (75 MHz, CDCl3) § 156.3, 154.6,
84.0, 71.1, 70.6, 70.0, 27.9, 25.9, 22.1, 22.0. HRMS (ESI) m/z calcd. for
C12H22N20sS: 306.1249, found: 306.1236.

o
H
\ro\[rN \NJLOJ\
o q/
N
0 Diisopropyl 1-(1-methyl-5-oxopyrrolidin-2-
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yl)hydrazine-1,2-dicarboxylate (15).8 Prepared according to GP2: 1m (5
equiv.), 2a (2 mmol), TBADT in CH3CN/0.1 M HCI 7:1 (2a: 0.1 M, 1.0 mL/min).
The crude mixture was purified through column chromatography (SiO2: n-
hexane/ethyl acetate 1:3) to afford 15 as a colorless oil (420 mg, 70% yield). 1H
NMR (400 MHz, CDCI3) 6 7.14 - 6.72 (m, 1H), 5.95 - 5.55 (m, 1H), 5.08 - 4.81 (m,
2H), 2.99 - 2.65 (m, 3H), 2.54 - 1.88 (m, 4H), 1.32 - 1.14 (m, 12H). 13C NMR (100
MHz, CDCls) 6 175.3, 156.8, 156.4, 155.1, 154.8, 73.8, 72.7,71.3,70.8, 70.3, 70.1,
29.4,27.3,22.6,22.0,22.0.

o

*OTH‘NJLOJ\

° #\/\CN Diisopropyl 1-(4-cyano-2-methylbutan-2-yl)hydrazine-

propyl 1-(4-cy y yDhy

1,2-dicarboxylate (16).23 Prepared according to GP2: 1n (10 equiv.), 2a (2
mmol), TBADT in CHsCN/0.1 M HCl 7:1 (2a: 0.1 M, 1.0 mL/min). The crude
mixture was purified through column chromatography (SiO2: n-hexane/ethyl
acetate 2:1) to afford 16 as a white solid (397 mg, 66% yield). The product gives
two sets of NMR signals, as a mixture of conformers. Mp. 67~69 °C. TH-NMR (400
MHz, CDCl3) 8§ 6.53 - 6.32 (m, 1H), 5.01 - 4.79 (m, 2H), 2.58 - 2.12 (m, 4H), 1.38
(s, 3H), 1.33 - 1.13 (m, 15H).13C NMR (100 MHz, CDCI3) § 157.0, 156.7, 154.9,
154.8,120.4,120.1, 70.2, 69.9, 69.8, 61.2, 35.4, 26.6, 26.1, 22.1, 22.0, 21.9, 21.9,
12.5.

N

H o

Yo\n,mNJLo

° OJ\/\Ph Diisopropyl 1-(3-phenylpropanoyl)hydrazine-1,2-
dicarboxylate (17).112 Prepared according to GP2: 10 (5 equiv.), 2a (2 mmol),
TBADT in CH3CN/0.1 M HCl 7:1 (2a: 0.1 M, 1.0 mL/min). The crude mixture was
purified through column chromatography (SiOz: n-hexane/ethyl acetate 9:1->4:1)
to afford 17 as colorless oil (316 mg, 47% yield). 1H NMR (400 MHz, CDCI3) 6
7.25-7.07 (m, 5H), 6.61 - 6.42 (m, 1H), 5.02 - 4.83 (m, 2H), 3.24 - 3.04 (m, 2H),
291 (t,] = 8 Hz, 2H), 1.28 - 1.08 (m, 12H). 13C NMR (100 MHz, CDCl3) 6 173.1,
155.2,152.7,140.8, 128.6, 128.6, 126.3, 72.3, 70.5, 38.8, 30.7, 22.0, 21.8.

o

YOTHWJLOJ\

o°a\°7“15 Diisopropyl 1-octanoylhydrazine-1,2-dicarboxylate
(18).162 Prepared according to GP2: 1p (1.4 equiv.), 2a (2 mmol), TBADT in
CH3CN/0.1 M HCl 7:1 (2a: 0.1 M, 1.0 mL/min). The crude mixture was purified
through column chromatography (SiOz: n-hexane/ethyl acetate 5:1) to afford 18
as a colorless oil (390 mg, 59% yield). tH NMR (400 MHz, CDCl3) 6 7.04 - 6.82
(m, 1H), 5.05 - 4.84 (m, 2H), 3.00 - 2.66 (m, 2H), 1.67 - 1.53 (m, 2H), 1.29 - 1.15
(m, 20H), 0.85 - 0.79 (m, 3H). 13C NMR (100 MHz, CDCls) 6 174.0, 155.3, 152.7,
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72.0, 70.3, 37.0, 31.7, 29.1, 29.1, 24.7, 22.6, 21.9, 21.7, 14.1. HRMS (ESI) m/z
calcd. for C16H30N20sNa [M+Na]* 353.2047, found: 353.2044.

(o}
\ro\[ranLoJ\

0% en Diisopropyl 1-benzoylhydrazine-1,2-dicarboxylate (19).112
Prepared according to GP2: 1q (5 equiv.), 2a (2 mmol), TBADT in CH3CN/0.1 M
HCl7:1 (2a: 0.1 M, 1.0 mL/min). The crude mixture was purified through column
chromatography (SiOz: n-hexane/ethyl acetate 3:1) to afford 19 as a yellow solid
(499 mg, 81% yield). Mp. 116~118 °C (lit. 118 °C). 1H NMR (400 MHz, CDCls) &
7.79 - 7.58 (m, 2H), 7.55 - 7.46 (m, 1H), 7.45 - 7.37 (m, 2H), 7.03 - 6.68 (m, 1H),
5.00 (hept, J = 6 Hz, 1H), 4.88 (hept, ] = 6 Hz, 1H), 1.29 (d, ] = 6 Hz, 6H), 1.06 (d, ]
= 6.3 Hz, 6H). 13C NMR (100 MHz, CDCls) 6 171.3, 155.4, 153.0, 135.3, 132.0,
129.5,128.2,72.6,70.8,22.0, 21.4.

\r°wr“‘~ioj\

Y Diisopropyl 1-(3-oxocyclopentyl)hydrazine-1,2-
dicarboxylate (20). Prepared according to GP2: 1r (10 equiv.), 2a (2 mmol),
TBADT in CHsCN/0.1 M HCl 7:1 (2a: 0.1 M, 1.0 mL/min). The crude mixture was
purified through column chromatography (SiOz: n-hexane/ethyl acetate 2:1) to
afford 20 as a yellow solid (401 mg, 70% yield). Mp. 83~85 °C. tH-NMR (400
MHz, CDCl3) & 6.36 (brs, 1H), 4.69 - 5.07 (m, 3H), 2.30 - 2.54 (m, 3H), 1.97 - 2.29
(m, 3H), 1.19 - 1.29 (m, 12H). 13C NMR (100 MHz, CDCl3) § 216.1, 156.8, 155.3,
70.7, 70.4, 55.4, 41.9, 37.4, 27.1, 22.1, 22.0. HRMS (ESI) m/z calcd. for
C13H22N20sNa [M+Na]+ 309.1421, found: 309.1417.

>ro\n,N\Nj\0J<
o

Di-tert-butyl 1-cyclohexylhydrazine-1,2-dicarboxylate
(21).72 Prepared according to GP1 on a 2 mmol scale. Feed 1: neat 1a (9.2 M,
0.10 mL/min, 10 equiv.); feed 2: 2b, TBADT in CH3CN/0.1 M HCI 7:1 (2b: 0.1 M,
0.9 mL/min). The crude mixture was purified through column chromatography
(SiO2: n-hexane/ethyl acetate 9:1>8:2) to afford 21 as a white solid (427 mg, 68%
yield). Mp. 145~147 °C. 1H NMR (400 MHz, CDClI3) 6 6.14 - 5.72 (m, 1H), 3.96
(brs, 1H), 1.87 - 1.70 (m, 3H), 1.66 - 1.56 (m, 2H), 1.50 - 1.41 (m, 18H), 1.40 -
1.23 (m, 4H), 1.14 - 0.99 (m, 1H). 13C NMR (100 MHz, CDClI3) § 155.9, 154.9, 81.3,
80.9, 80.8, 56.0, 30.2, 28.4, 28.3, 25.7, 25.5. HRMS (FI) m/z calcd. for C16H30N204
314.2206, found: 314.2202.
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Di-tert-butyl 1-(benzo[d][1,3]dioxol-2-yl)hydrazine-1,2-

dicarboxylate (22). Prepared according to GP2: 1j (5 equiv.), 2b (2 mmol),

TBADT in CH3CN/0.1 M HC1 7:1 (2b: 0.1 M, 1.0 mL/min). The crude mixture was

purified through column chromatography (SiOz: n-hexane/ethyl acetate 9:1>8:2)
to afford 22 as a white solid (584 mg, 83% yield). Mp. 113~116 °C. 1H NMR (400

MHz, CDCl3) § 7.67 (brs, 1H), 6.74 (s, 4H), 6.47 - 6.21 (m, 1H), 1.44 - 1.38 (m,

18H).13C NMR (100 MHz, CDCl3) 6 154.7,154.4,152.2,146.4,121.4,110.0,107.8,
83.1, 81.3, 80.6, 80.5, 28.2, 28.1, 27.9. HRMS (FI) m/z calcd. for C17H24N20s

352.1634, found: 352.1622.

©\/°\[rn*~j\o
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© Dibenzyl 1-cyclohexylhydrazine-1,2-dicarboxylate
(23). Prepared according to GP1 on a 2 mmol scale. Feed 1: neat 1a (9.2 M, 0.10
mL/min, 10 equiv.); feed 2: 2¢, TBADT in CH3CN/0.1 M HCI 7:1 (2¢: 0.1 M, 0.9
mL/min). The crude mixture was purified through column chromatography
(SiOz: n-hexane/ethyl acetate 3:1) to afford 23 as a white solid (528 mg, 69%
yield). Mp. 122~123 °C. 1H NMR (400 MHz, CDCls) 6 7.32 (s, 10H), 6.71 - 6.33
(m, 1H), 5.15 (s, 4H), 4.04 (s, 1H), 2.06 - 1.54 (m, 5H), 1.47 - 1.22 (m, 4H), 1.07
(q,/=12 Hz, 1H). 13C NMR (100 MHz, CDCls) 6 157.1,156.8, 155.4, 136.1, 135.7,
128.4,128.3,128.2,128.0, 127.9, 127.6, 67.7, 67.4,57.2, 29.9, 25.3, 25.2. HRMS
(FI) m/z calcd. for C22H26N204 382.1893, found: 382.1902.

ngiudones
&

Dibenzyl 1-(benzo[d][1,3]dioxol-2-yl)hydrazine-
1,2-dicarboxylate (24). Prepared according to GP2: 1j (5 equiv.), 2¢ (2 mmol),
TBADT in CH3sCN/0.1 M HCI 7:1 (2¢: 0.1 M, 1.0 mL/min). The crude mixture was
purified through column chromatography (SiOz: n-hexane/ethyl acetate 4:1) to
afford 24 as a white solid (722 mg, 86% yield). Mp. 114~116 °C. *H NMR (300
MHz, CDCl3) § 7.76 (brs, 1H), 7.46 - 7.12 (m, 10H), 6.94 - 6.57 (m, 5H), 5.34 -
4.93 (m, 4H).13CNMR (75 MHz, CDCls) § 155.5,153.3, 146.1, 135.5,134.9, 128.6,
128.5,128.4,128.1,128.1,127.9,121.7, 108.5, 108.0, 68.8, 67.6. HRMS (FI) m/z
calcd. for C23H20N206 420.1321, found: 420.1303.
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Dibenzyl 1-(1,3-dihydroisobenzofuran-1-

yl)hydrazine-1,2-dicarboxylate (25). Prepared according to GP2: 1h (5
equiv.); 2c (2 mmol), TBADT in CH3sCN/0.1 M HCl 7:1 (2¢: 0.1 M, 1.0 mL/min).
The crude mixture was purified through column chromatography (SiO2z: n-
hexane/ethyl acetate 19:1) to afford 25 as a colorless oil (803 mg, 96% yield).
1H NMR (400 MHz, CD2Clz) 6§ 7.49 - 7.05 (m, 16H), 5.30 - 5.11 (m, 3H), 5.10 -
4.87 (m, 3H). 13C NMR (100 MHz, CD2Clz) 6 156.4, 156.0, 155.8, 140.5, 136.4,
136.2,134.7,134.5,129.4,128.9, 128.8, 128.6, 128.4, 128.3,127.9, 127.7, 124.0,
121.1, 92.7, 73.3, 68.7, 67.8, 67.4. HRMS (ESI) m/z calcd. for C24H2:N20sNa
[M+Na]* 441.1421, found: 441.1416.

@ 1-Cyclohexyl-1H-pyrazole (26).2* Prepared according to GP3 on a 1
mmol scale. Feed 1: neat 1a (9.2 M, 0.030 mL/min, 10 equiv.); feed 2: 2b (1
mmol), TBADT in CHsCN/0.1 M HC1 7:1 (2b: 0.1 M, 0.270 mL/min); feed 3: A (0.3
M in 4 N HC], 0.270 mL/min). The crude mixture was purified through column
chromatography (SiO2: n-hexane/ethyl acetate 19:1) to afford 26 as a light
yellow oil (99 mg, 66% yield). tTH NMR (400 MHz, CDCl3) 6 7.41 (d, ] = 2 Hz, 1H),
7.33(d,/=2Hz, 1H), 6.14 (t,/ = 2 Hz, 1H), 4.03 (tt, J: = 12 Hz, J = 4 Hz, 1H), 2.12
-2.02 (m, 2H), 1.86 - 1.75 (m, 2H), 1.68 - 1.61 (m, 2H), 1.34 (qt,J: = 13 Hz,J.=3
Hz, 2H), 1.24 - 1.11 (m, 2H). 13C NMR (100 MHz, CDCl3) 6 138.3, 126.2, 104.6,
60.9, 33.4, 25.8(2x). HRMS (ESI) m/z calcd. for CoH1sN2 [M+H]* 151.1230, found:
151.1233.

O 1-Cycloheptyl-1H-pyrazole (27). Prepared according to GP3 on a 1
mmol scale. Feed 1: neat 1c (8.3 M, 0.032 mL/min, 10 equiv.); feed 2: 2b (1
mmol), (0.5 mol%) TBADT in CH3CN/0.1 M HCl 7:1 (2b: 0.1 M, 0.268 mL/min);
feed 3: A (0.3 M in 4M HC], 0.270 mL/min). The crude mixture was purified
through column chromatography (SiO2: n-hexane/ethyl acetate 19:1) to afford
27 as a light yellow oil (79 mg, 48% yield). 1H NMR (300 MHz, CDCl3) § 7.47 -
7.40 (m, 1H), 7.35 (dd, J: = 2 Hz, J. = 1 Hz, 1H), 6.17 (t, ] = 2 Hz, 1H), 4.28 (tt, J1 =
10 Hz, J2 =4 Hz, 1H), 2.15 - 2.03 (m, 2H), 1.99 - 1.84 (m, 2H), 1.82 - 1.70 (m, 2H),
1.68 - 1.43 (m, 6H). 13C NMR (75 MHz, CDCls) 6 138.3, 126.4, 104.8, 63.5, 35.6,
27.8, 24.5. HRMS (ESI) m/z calcd. for CioH17N2 [M+H]* 165.1386, found:
165.1401.
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G 1-Cyclooctyl-1H-pyrazole (28). Prepared according to GP3 on a 1
mmol scale. Feed 1: neat 1s (7.4 M, 0.036 mL/min, 10 equiv.); feed 2: 2b (1
mmol), (0.5 mol%) TBADT in CH3CN/0.1 M HCI 7:1 (2b: 0.1 M, 0.264 mL/min);
feed 3: A (0.3 M in 4M HCI, 0.270 mL/min). The crude mixture was purified
through column chromatography (SiO2: n-hexane/ethyl acetate 9:1) to afford 28
as a light yellow oil (107 mg, 60% yield). tH NMR (400 MHz, CDCl3) 6 7.42 (d, ] =
2 Hz, 1H), 7.34 (d, ] = 2 Hz, 1H), 6.15 (t,] = 2 Hz, 1H), 4.40 - 4.31 (m, 1H), 2.08 -
1.91 (m, 4H), 1.81 - 1.67 (m, 2H), 1.67 - 1.47 (m, 8H). 13C NMR (100 MHz, CDCl3)
§ 138.3, 126.5, 104.7, 62.4, 33.2, 26.8, 25.7, 24.2. HRMS (ESI) m/z calcd. for
C11H19N2 [M+H]* 179.1543, found: 179.1549.

s
-

@ 1-Cyclohexyl-3,5-dimethyl-1H-pyrazole (29).25 Prepared according
to GP3 on a 1 mmol scale. Feed 1: neat 1a (9.2 M, 0.030 mL/min, 10 equiv.); feed
2: 2b (1 mmol), (0.5 mol%) TBADT in CH3CN/0.1 M HCI 7:1 (2b: 0.1 M, 0.270
mL/min); feed 3: B (0.3 M in 4M HC], 0.270 mL/min). The crude mixture was
purified through column chromatography (SiOz: n-hexane/ethyl acetate 19:1) to
afford 29 as a colorless oil (69 mg, 39% yield). tH NMR (400 MHz, CDCI3) 6§ 5.75
(s, 1H), 3.86 (tt,J: = 11 Hz, J2 = 4 Hz, 1H), 2.25 - 2.18 (m, 6H), 1.97 - 1.82 (m, 6H),
1.74 -1.65 (m, 1H), 1.44 - 1.25 (m, 3H). 13CNMR (100 MHz, CDCl3) 6 146.9,137.7,
104.6,57.3,33.0, 26.0, 25.4,13.8, 11.2.

@/(l_\g
N

é 1-Cyclopentyl-3-methyl-5-phenyl-1H-pyrazole (30). Prepared
according to GP3 on a 1 mmol scale. Feed 1: neat 1b (10.7 M, 0.026 mL/min, 10
equiv.); feed 2: 2b (1 mmol), (0.5 mol%) TBADT in CHsCN/0.1 M HC1 7:1 (2b: 0.1
M, 0.274 mL/min); feed 3: C (0.3 M in 4M HC], 0.270 mL/min). The crude mixture
was  purified through column chromatography (SiO2: n-hexane
/dichloromethane 6:1->2:1) to afford 30 as a yellow solid (131 mg, 58% yield).
Mp.87~91 °C.1HNMR (400 MHz, CD2Clz) § 7.52 - 7.35 (m, 5H), 6.04 (s, 1H), 4.62
(quintet, / = 8 Hz, 1H), 2.29 (s, 3H), 2.17 - 2.06 (m, 2H), 2.03 - 1.89 (m, 4H), 1.67
- 1.54 (m, 2H). 13C NMR (100 MHz, CD2Clz) & 147.6, 144.4, 132.1, 129.4, 129.0,
128.5, 105.6, 59.4, 33.6, 25.2, 13.9. HRMS (ESI) m/z calcd. for CisH19N2 [M+H]*
227.1543, found: 227.1537.
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© 1-Cyclohexyl-3-methyl-5-phenyl-1H-pyrazole(31).26.27 Prepared
according to GP3 on a 1 mmol scale. Feed 1: neat 1a (9.2 M, 0.03 mL/min, 10
equiv.); feed 2: 2b (1 mmol), (0.5 mol%) TBADT in CH3CN/0.1 M HC1 7:1 (2b: 0.1
M, 0.270 mL/min); feed 3: C (0.3 M in 4M HCI, 0.270 mL/min). The crude mixture
was purified through column chromatography (SiO2: n-hexane/ethyl acetate
19:1->9:1) to afford 31 as a colorless oil (180 mg, 75% yield). tH NMR (400 MHz,
CDCl3) § 7.47 - 7.36 (m, 3H), 7.36 - 7.32 (m, 2H), 6.01 (s, 1H), 4.02 (tt,J: = 12 Hz,
J2 =4 Hz, 1H), 2.32 (s, 3H), 2.11 - 1.98 (m, 2H), 1.94 - 1.79 (m, 4H), 1.69 - 1.60
(m, 1H), 1.35 - 1.16 (m, 3H). 13C NMR (100 MHz, CDCI3) & 147.4, 143.5, 131.6,
129.0,128.7,128.3,105.4,57.5, 33.4, 25.8, 25.2, 13.8.

0

1-(2,3-Dihydro-1H-inden-1-yl)-3-methyl-5-phenyl-1H-
pyrazole (32). Prepared according to GP4 on a 1 mmol scale. Feed 1: 1t (5
equiv.), 2b (1 mmol), TBADT (0.5 mol%) in CH3sCN/0.1 M HCI 7:1 (2Zb: 0.1 M,
0.300 mL/min); feed 2: C (0.3 M in 4M HC], 0.270 mL/min). The crude mixture
was purified through column chromatography (SiO2: n-hexane/ethyl acetate
10:1) to afford 32 as a colorless oil (164 mg, 60% yield). TH NMR (400 MHz,
CDCI3) 6 7.60 - 7.45 (m, 5H), 7.37 - 7.26 (m, 2H), 7.20 (td, J1 =7 Hz, J2 = 1 Hz, 1H),
6.97 (dd, J1 = 8 Hz, J2 =1 Hz, 1H), 6.20 (s, 1H), 5.91 (t, ] = 8 Hz, 1H), 3.24 (ddd, J1
=16 Hz, J2 = 9 Hz, J3 = 3 Hz, 1H), 3.00 - 2.90 (m, 1H), 2.78 - 2.67 (m, 1H), 2.63 -
2.53 (m, 1H), 2.31 (s, 3H). 3CNMR (100 MHz, CDCls) § 148.6, 145.6, 143.8,143.5,
131.8,129.5,129.1,128.8,128.3,126.9,125.3,124.2,105.9,63.3,33.4,30.9, 13.9.
HRMS (ESI) m/z calcd. for C19H19N2 [M+H]* 275.1543, found: 275.1541.

!\
N
#\/\CN 4-Methyl-4-(3-methyl-5-phenyl-1H-pyrazol-1-

yl)pentanenitrile (33). Prepared according to GP4 on a 1 mmol scale. Feed 1:
1n (10 equiv.), 2b (1 mmol), TBADT (0.5 mol%) in CH3CN/0.1 M HC1 7:1 (2b: 0.1
M, 0.300 mL/min); feed 2: C (0.3 M in 4M HCl, 0.270 mL/min). The crude mixture
was purified through column chromatography (SiO2: n-hexane/ethyl acetate 4:1)
to afford 33 as white solid (106 mg, 42% yield). Mp. 85~86 °C. tH NMR (400
MHz, CD2Cl2) § 7.42 - 7.36 (m, 3H), 7.34 - 7.28 (m, 2H), 5.94 (s, 1H), 2.22 (s, 3H),
2.19-2.12 (m,4H), 1.36 (s, 6H). 13CNMR (100 MHz, CD2Cl2) § 146.3,144.5,134.4,
130.6, 128.9, 128.3, 120.3, 109.7, 62.4, 39.3, 29.2, 13.6, 12.8. HRMS (ESI) m/z
calcd. for C16H20N3 [M+H]* 254.1652, found: 254.1660.
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N 2-Cyclohexylphthalazin-1(2H)-one (34). Prepared according
to GP3 on a 1 mmol scale. Feed 1: neat 1a (9.2 M, 0.030 mL/min, 10 equiv.); feed
2: 2b (1 mmol), (0.5 mol%) TBADT in CH3CN/0.1 M HCI 7:1 (2b: 0.1 M, 0.270
mL/min); feed 3: D (0.3 M in 4M HCI, 0.270 mL/min. The crude mixture was
purified through column chromatography (SiOz: n-hexane/ethyl acetate 4:1) to
afford 34 as a white solid (125 mg, 55% yield). Mp. 91~93 °C. tTH NMR (400 MHz,
CDCls) 6 8.36 (ddd, J: = 7 Hz, J2 = 2 Hz, Js = 1 Hz, 1H), 8.12 (s, 1H), 7.72 - 7.63 (m,
2H), 7.61 - 7.56 (m, 1H), 4.97 (tt, J: = 11 Hz, J2 = 4 Hz, 1H), 1.87 - 1.71 (m, 6H),
1.69 - 1.61 (m, 1H), 1.49 - 1.35 (m, 2H), 1.18 (qt, /1 = 13 Hz, J2 = 3 Hz, 1H). 13C
NMR (100 MHz, CDCI3) 6 158.9, 137.3, 132.8, 131.3, 129.2, 127.8, 126.8, 125.7,
56.0, 31.2, 25.7, 25.4. HRMS (ESI) m/z calcd. for C14H17N20 [M+H]* 229.1335,
found: 229.1336.

1O
qe
2N 2-Cyclooctylphthalazin-1(2H)-one  (35).  Prepared

according to GP3 on a 1 mmol scale. Feed 1: neat 1s (7.4 M, 0.036 mL/min, 10

equiv.); feed 2: 2b (1 mmol), (0.5 mol%) TBADT in CH3CN/0.1 M HC1 7:1 (2b: 0.1

M, 0.264 mL/min); feed 3: D (0.3 M in 4M HCI, 0.270 mL/min). The crude mixture

was purified through column chromatography (SiOz: n-hexane/ethyl acetate 6:1)
to afford 35 as a white solid (146 mg, 57% yield). Mp. 83~84 °C. tH NMR (400

MHz, CDCls) 6 8.43 - 8.39 (m, 1H), 8.17 (s, 1H), 7.73 (pd, J: = 7 Hz, J2 = 2 Hz, 2H),

7.66 - 7.62 (m, 1H), 5.29 (tt, J1 = 10 Hz, J2 = 3 Hz, 1H), 2.12 - 1.99 (m, 2H), 1.90 -

1.78 (m, 4H), 1.74 - 1.53 (m, 8H). 13C NMR (100 MHz, CDCls) & 158.6, 137.5,

132.9,131.4,129.3,128.0,127.0, 125.8, 57.0, 32.6, 26.8, 26.2, 25.0. HRMS (ESI)

m/z calcd. for C16H21N20 [M+H]* 257.1648, found: 257.1661.

2-(2,3-Dihydro-1H-inden-1-yl)phthalazin-1(2H)-one
(36). Prepared according to GP4 on a 1 mmol scale. Feed 1: 1t (5 equiv.), 2b (1
mmol), TBADT (0.5 mol%) in CH3CN/0.1 M HCl 7:1 (2b: 0.1 M, 0.300 mL/min);
feed 2: D (0.3 M in 4N HCl, 0.270 mL/min). The crude mixture was purified
through column chromatography (SiO2: n-hexane/ethyl acetate 3:1) to afford 36
as a white solid (165 mg, 63% yield). Mp. 127~131 °C. tH NMR (400 MHz, CD2(lz2)
8 8.52 - 8.45 (m, 1H), 8.15 (s, 1H), 7.84 - 7.77 (m, 2H), 7.72 - 7.66 (m, 1H), 7.37
-7.32 (m, 1H), 7.27 (td, J1 = 7 Hz, J2 = 2 Hz, 1H), 7.21 - 7.13 (m, 2H), 6.83 (dd, J:
=8Hz,J2=6 Hz, 1H), 3.29 (ddd, J: = 16 Hz, J2 = 9 Hz, J3 =5 Hz, 1H), 3.09 - 2.98 (mm,
1H), 2.71 - 2.60 (m, 1H), 2.52 - 2.42 (m, 1H). 13CNMR (100 MHz, CD2Clz) § 159.7,
144.8,143.1,138.4,133.4,131.9,129.8,128.2,128.1, 127.0, 126.8, 126.4, 125.1,
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124.8, 62.2, 31.5, 31.4. HRMS (ESI) m/z calcd. for C17H15N20 [M+H]* 263.1179,
found: 263.1180.

1,0
pee

N 7-Chloro-2-cyclohexylphthalazin-1(2H)-one (37). Prepared
according to GP3 on a 1 mmol scale. Feed 1: neat 1a (9.2 M, 0.030 mL/min, 10
equiv.); feed 2: 2b (1 mmol), (0.5 mol%) TBADT in CH3CN/0.1 M HC1 7:1 (2b: 0.1
M, 0.270 mL/min); feed 3: E (0.3 M in 4M HC], 0.270 mL/min. The crude mixture
was purified through column chromatography (SiOz: n-hexane/ethyl acetate 5:1)
to afford 37 as a light yellow solid (181 mg, 69% yield). Mp. 169~172 °C. 1H NMR
(400 MHz, CDCl3) 6 8.26 (d, J = 2 Hz, 1H), 8.07 (s, 1H), 7.60 (dd, J1 =8 Hz, J2 = 2
Hz, 1H), 7.53 (d, ] = 8 Hz, 1H), 4.90 (tt, J: = 11 Hz, J2 = 4 Hz, 1H), 1.82 - 1.60 (m,
6H), 1.46 - 1.31 (m, 2H), 1.15 (qt, J: = 13 Hz, J2 = 4 Hz, 2H). 13C NMR (100 MHz,
CDCl3) & 157.7, 137.6, 136.3, 133.3, 128.9, 127.4, 127.3, 126.4, 56.2, 31.1, 25.6,
25.3. HRMS (ESI) m/z calcd. for C14H16CIN20 [M+H]* 263.0946, found: 263.0959.

NH,CI

Compound 21 (126 mg, 0.4 mmol) was dissolved in CH2Clz (2.0 mL) and
trifluoroacetic acid (2.0 mL). The mixture was stirred for an hour at room
temperature and the solvent was removed in vacuo. The residue was dissolved
with CH3OH (4.0 mL), Raney Ni was added and the mixture was stirred for 12
hours under H: pressure (hydrogen balloon). The catalyst was filtered and the
resulting solution was basified with NaOH (aq.) and extracted with CH2Cl: (3x5
mL). The combined organic fractions were collected, dried over Na:S04, and
filtered. Then 1 mL of hydrogen chloride (2 mol/L in ethyl acetate) was added to
the mixture of products and solvent was removed in vacuo to afford 38 as a white
solid (47 mg, 87% yield).”

Cyclohexanamine hydrochloride (38).71H NMR (400 MHz, D20) & 3.20 - 3.09
(m, 1H), 2.02 - 1.91 (m, 2H), 1.84 - 1.73 (m, 2H), 1.67 - 1.58 (m, 1H), 1.40 - 1.27
(m, 4H), 1.23 - 1.09 (m, 1H). 13C NMR (100 MHz, D20) § 50.4, 30.3, 24.3, 23.8.

5.5 Associated content

Further experimental details are available as Supporting Information
published on the ACS Central Science website with DOI:
10.1021/acscentsci.1c01109.
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