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Introduction

Heterogeneous catalysts have great advantages over homogeneous catalysts due to their reusability, easy
separation from products and reducing wastes significantly. Especially, continuous-flow reactions using
heterogeneous catalysts can provide efficient synthetic methods of organic compounds in terms of environmental
compatibility, efficiency and safety. Nitrogen-doped carbon (NDC) is attractive support for metal nanoparticles or
single-atom catalysts to stabilize metal species by strong metal-nitrogen interactions.['! Our laboratory has recently
developed nitrogen-doped carbon incarcerated metal nanoparticle catalysts (NCI-M) prepared from poly(4-
vinylpyridine) through a polymer-incarceration method, in which metal nanoparticles are encapsulated and
stabilized by NDC layers.!?! Although NCI-M catalysts have enabled several organic transformations, development

of more general and challenging organic reactions using NCI-M is desired.

Development of nitrogen-doped carbon incarcerated rhodium nanoparticle catalysts for
asymmetric insertion reactions
I have developed NCI-Rh catalyst for asymmetric insertion of a-diazoesters into N—H bonds in the presence of

chiral phosphoric acids in my master course studies. With the optimized catalytic system in hand, substrate

generality ~was  investigated.
Various chiral o-amino acid R1J]\COOR2 ﬁﬁ%ﬁ of;‘;”"“" L
derivatives were synthesized in + %}m ‘-‘»\...o;_n\f;,w, R1J\COOR2

. . . . R3—NH,
high yields with high Batch: 13 examples up to 96% yield, 92.5:7.5 er

long lifetime (>90 h, Total TON = 530)

enantioselectivities, and NCI-Rh

could be reused in seven runs Scheme 1. NCI-Rh catalyzed asymmetric insertion reactions



without Rh leaching under batch reactions. The corresponding continuous-flow reactions using a column packed
with NCI-Rh were also successfully demonstrated. The desired products were obtained efticiently over 90 h through
the reactivation of NCI-Rh (Scheme 1). The chiral phosphoric acid was recovered by trapping with a basic resin.
Furthermore, it was found that the reaction proceeded in a heterogeneous manner. These results exhibited robustness
of NDC supported catalysts to inhibit metal leaching even after the carbenoid formation in the presence of chiral

activators.

Development of nitrogen-doped carbon incarcerated zinc nanoparticle catalysts for
electrochemical allylations of carbonyl compounds

Organometallic reagents hold a special place in organic synthesis because they have widespread synthetic
applications based on carbon-carbon bond formation. Conventionally, stoichiometric amounts of metal reagents are
required in such transformations and large amounts of metallic wastes are generated, which hindered applications
to continuous-flow systems. Therefore, catalytic carbon-carbon bond forming reactions without metallic wastes are
required significantly. I envisioned an electrochemical approach in which metal catalysts on cathode are involved
in reactions with organometallic reagents and metal(0) species can be electro-reductively regenerated (Scheme 2).

Inspired by the robustness of NCI-M catalysts, I

reasoned that they would be suitable materials for
electrodes that could be used without causing metal
leaching. NDC materials have been employed as
electrodes extensively in the field of

electrochemistry. However, their applications to

electrochemical organic transformation, especially
C—C bond-formation reactions remain Challenging. :fehc(::'gilfémical approach with heterogeneous catalyst electrode
Allylation reactions using organometallics have been developed extensively and zinc has been demonstrated to be
a particularly good reagent to mediate Barbier-type reaction. Recently, electrochemical allylation of carbonyls in
water using a zinc electrode has been developed with a catalytic amount of zinc consumed from the electrode.”!
Nevertheless, a large amount (ca. 25 mol%) of zinc still leached out and an excess amount of zinc was used in terms
of a substrate amount. Moreover, the system required a divided cell and substrate scope was limited.

First, I prepared NCI-Zn from a 5:1 (w/w) ratio of poly(4-vinylpyridine) and conductive carbon black XC-72,
that have a relatively high density. Treatment of NCI-Zn with hydrochloric acid to remove aggregated zinc species

afforded NCI-Zn/HCI. After NCI-Zn/HCI was

n 1) Zn(OAc),-2H,0 NaBH,
. . . -72 in EtOH EtOAc
mixed with a Nafion™ solution at 0 °C under | A 2) XC (in EtOH)
. . N/ rt, 1h rt,2 h then filt.
sonication for 1 h and was put on a carbon cloth,
(in EtOH) _
the composite was dried at 50 °C for 1 h (Scheme pyrazine pyrolysis 6MHClag. _ \ NCl-znHCl
. EtOAc, 1t,3h  800°C,2h i, 3h
3). The carbon cloth was fixed on a graphite under Ar
electrode with carbon tape and used as an Nafion (5 wt%)
1 de. Wh | kinds of NCI-Z NNCI-Z/HCI alcohol solution carbon cloth N-NCI-Zn/HClI
rode. n ral kin -Zn wer -NCI-Zn
electrode en severa so were EtORIH,0 (111) 50°C.1h electode

evaluated for electrochemical allylation of 0°C, sonicator, 1 h

benzaldehyde, additional nitrogen dopants were Scheme 3. Preparation of N-NCI-Zn/HCI and it's electrode



found to have positive effects on suppression

+ _
(6]
of zinc leaching with keeping high activit
s ping e Y R1JJ\R2 Ptﬁf N-NCI-Zn/HCI R2 OH
N-NCI-Zn/HCl1 Schi 3). Th
( ) (Scheme 3. The T - ﬁ NN

R3

optimized reaction system efficiently

produced a range of homoallylic alcohols in 25 examples
: : . . . O 7Zn  N-NCI-Zn/HCI up to 98% yield
high yields with <10 mol% zinc leaching 4-10 mol% Zn leaching

(Scheme 4). NDC-stabilized zinc Scheme 4. NCI-Zn catalyzed electrochemical allylation of carbonyls
nanoparticle species showed advantages in terms of scope of heteroaromatic substrates compared with bulk zinc
electrodes and enabled the reactions in an undivided cell. Hot filtration tests indicated that the reaction was mediated
by zinc species on the surface of the cathode. On the other hand, the amount of leached zinc was still not ignorable
and turnover number (TON) was limited (nearly 1). They were problematic for applications to continuous-flow

systems.

Conclusion

In my doctoral course studies, I have developed NDC supported metal nanoparticles and single-atom catalysts
toward efficient and clean organic transformations. In the asymmetric insertion reactions, NDC worked as a solid
ligand to support the metals and realize the asymmetric reaction catalyzed by metal nanoparticles. Furthermore,
NDC supported single-atom zinc catalyst was successfully employed in electrochemical allylation reactions and
enabled catalytic C—C bond forming reaction with minimum amount of metallic waste. This work highlights the

potential of NDC supported heterogeneous metal catalysts toward fine chemical synthesis.
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Chapter 1: General Introduction

The environment is the foundation of our daily lives and realizing a sustainable society
is the greatest concern all over the world. Japan aims to cut greenhouse gases to zero by
2050 and realize a carbon-neutral society. Under this circumstance, the focus on green
chemistry is one of the important missions of scientists. In order to create a sustainable
society, from the view-point of synthetic organic chemistry, we should design organic
reactions that do not produce much waste and use clean energy.

Catalysts are indispensable in modern organic chemistry including industrial processes.
In chemical reactions, catalysts can promote a reaction by lowering the activation energy
of the transition state without changing themselves before and after the reaction. Today,
around 90% of all modern processes in the chemical industry uses catalysts that can
control the rate of a given reaction.!!! Despite significant efforts toward sustainable
chemistry in the past century, the development of novel catalyst systems remains
important not only for limited applications such as energy-related catalysis and bulk
chemistry, but also for a wide range of applications in fine chemical synthesis.

Catalysts are generally classified into two major categories: homogeneous catalysts
and heterogeneous catalysts (Scheme 1). Homogeneous catalysts completely dissolve in
a reaction mixture and exist in the same phase as the reactants. In contrast, heterogeneous
catalysts exist in a different phase from reactants. The major advantage of homogeneous
catalysis is high activity and selectivity. Furthermore, the catalysts can be easily modified
to achieve the desired molecular properties by tuning electronic and steric states of metals
with ligands. Therefore, metal catalysts for organic synthesis have been long-established
in homogeneous manners. However, when metals are used as homogeneous catalysts,
these catalysts should be eliminated from products due to their toxicity, especially for
medicines that are sent in human bodies. Usually, scavengers are used to remove these
metal catalysts from products, which makes the reuse of the catalysts practically
impossible. In terms of reusability and easy separation from products, heterogeneous
catalysts have great advantages over homogeneous catalysts and are more suitable for
large-scale synthesis of fine chemicals such as pharmaceuticals.

Homoageneous catalyst Heterogeneous catalyst

</ easy separation from products
 reusability

+ applicablity to flow system

% relatively low activity and selectivity

% few examples for challenging reactions

< high activity and selectivity
wide variety

¥ contamination of products

-} 8 difficulty of recovery and reuse |

Scheme 1. Homogeneous catalysts and heterogeneous catalysts



Another major advantage of heterogeneous catalysts is their applicability to
continuous-flow systems. Chemical reactions are carried out mainly by either batch
methods or flow methods (Scheme 2).1? In the batch methods, reactions are performed
by adding all reactants, solvents, and so on to reactors such as flasks, and after the reaction
is completed, a post-treatment such as purification should be carried out to obtain the
desired product. On the other hand, in the flow methods utilizing heterogeneous catalysts,
a raw material is continuously passed through the containers filled with heterogeneous
catalysts, and the target products can be continuously obtained. It is used for large-scale
reactions of gaseous molecules, such as the synthesis of ammonia by the Harbor-Bosch
process. At present, the batch method is the mainstream in the synthesis of organic
compounds including fine chemicals such as chiral molecules, presumably because the
development of heterogeneous catalysts is challenging and limiting for sophisticated
reactions. However, the flow methods utilizing heterogeneous catalysts have great
advantages in terms of environmental compatibility, efficiency, and safety, and are
expected to be applied to the synthesis of fine chemicals. In 2015, our laboratory achieved
flow fine synthesis of Rolipram by connecting four columns packed with different
heterogeneous catalysts (Scheme 3).1*! However, such applications for drug synthesis are
very limited; in particular, heterogeneous catalysts with high activity and
enantioselectivity and long lifetime for asymmetric reactions are very few at present.

batch method

A + B + catalyst product + catalyst

flow method heterogeneous
catalyst

: \J AN

Scheme 2. Batch methods vs flow methods
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Scheme 3. Synthesis of Rolipram in flow systems

Although inert inorganic materials such as Al,O3 and SiO» are ubiquitous supports for
heterogenous catalysts,'*! carbon-based supports have wide applications due to their
attractive characteristics such as high electrical conductivity and micropore structure.!
In addition, a slight modification of the carbon surface can effectively change the
properties of the designed catalyst systems. In this context, heteroatom doping of carbon
matrix enables tuning of the reactivity of the active metal sites,'®! and nitrogen-doped
carbon, especially, has been intensively studied as an attractive material. Indeed, nitrogen-
doped carbon or nitrogen-doped carbon-supported metal species are known to be good
electrocatalysts in the field of electrochemistry.”!

Despite the extensive investigations in electrocatalysts, the applications of nitrogen-
doped carbon-supported heterogeneous catalysts to organic reactions are still less
explored.!” A representative example is nitrogen-doped carbon-supported cobalt
nanoparticle catalysts, which are successfully utilized for several organic transformations,
such as oxidative esterification,!!!"'*! oxidation of hydrocarbons,!!>!%) and hydrogenation
reactions!!’??l (Scheme 4). However, the examples are mostly restricted to redox
reactions, and applications to general organic reactions such as bond-forming reactions
are desirable.



Oxidative esterification

Co on N-doped carbon O
- AR

R'CH,OH + R2?OH
O, R" SO

R' = aryl, heteroaryl or alkyl; R? = alkyl

Hydrogenation

Ho

Scheme 4. Examples of organic reactions using nitrogen-doped carbon supported cobalt

catalysts

In recent years, our laboratory developed nitrogen-doped carbon incarcerated metal
nanoparticle catalysts (NCI-M) based on a polymer-incarceration strategy (Scheme 5).[*]
The process included nanoparticle formation by reduction of metal salts in the presence
of poly(4-vinylpyridine) as a nitrogen source and microencapsulation of nanoparticles by
polymer before pyrolysis, expecting stabilization of metal nanoparticles through multiple
interactions with nitrogen-doped carbon layers. Using these catalysts, a variety of organic
reactions have been achieved. NCI-Co catalyzed esterification®®! and oxygenation**!
were developed (Scheme 6). NCI catalysts were also applicable for several C—C bond
forming reactions such as Friedel-Crafts reactions catalyzed by TfOH-treated NCI
catalysts (NCI-Ti-TfOH) (Scheme 7)!%>2¢! and olefination catalyzed by NCI-Co.”
Remarkably, several reactions were not catalyzed by the corresponding dopant-free
carbon-supported catalysts. Furthermore, NCI-M exhibited robustness for suppression of
leaching of metal species.
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The figure was quoted from ref.23.

Scheme 5. Concept of nitrogen-doped carbon incarcerated metal nanoparticle catalysts
(NCI-M)

NCI-Co (1 mol%)

2
R . NaBH, (2.0 eq.) . R? OH 5 17 examples
R1J\/R O,, THF R1></R up to 96% yield

Co on carbon black (1 mol%) OH
NaBH4 (2.0 eq.)
Ph" X - Ph)\
Oy, THF
3%

Scheme 6. Oxygenation of styrenes catalyzed by NCI-Co

O O NCI-Ti- 9 1
R1© . i CI-Ti-TfOH (2mol%) R R?
R2 (@) MeN02

R2
@)

6 examples
up to 96% yield

OMe O O  Tion carbon black (2 mol%)
+ >
)J\O)K MeNO,

Scheme 7. Friedel-Crafts acylation catalyzed by NCI-Ti-TfOH

OMe

2%

While NCI-M showed unique catalytic activity in these organic transformations, I
believed that there was still room for the development of more challenging organic
reactions using nitrogen-doped carbon-supported heterogeneous catalysts. In this thesis,
I have developed nitrogen-doped carbon-supported heterogeneous catalysts especially for
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asymmetric reactions and electrochemical reactions.



Chapter 2: Development of Nitrogen-Doped Carbon
Incarcerated Rhodium Nanoparticle Catalysts for Asymmetric
Insertion Reactions

2-1. Introduction

The efficient construction of chiral molecules is one of the most important targets in
organic synthesis. In the synthesis of fine chemicals such as pharmaceuticals and
agrochemicals, asymmetric reactions to introduce chirality are often regarded as key steps.
Nowadays, such asymmetric reactions rely exclusively on homogeneous chiral catalysts,
and the development of heterogeneous chiral catalysts lags far behind that of
homogeneous ones.?%%"]

Immobilization of chiral ligands on solid supports is one of the most common methods
to prepare heterogeneous chiral metal complexes (Scheme 8).2%3!! This method can be
applied to various types of ligands, but additional synthetic steps are necessary to
functionalize the ligands, and the lifetime of the catalyst depends on the lifetime of the
metal complexes.

J many choices of ligands
QL + MX, % complicated preparation
& short life time

Scheme 8. Immobilized chiral ligand with metal salt

In contrast, heterogeneous metal nanoparticle catalysts have gained attention because
of their unique activity and robustness.*>*3! Metal nanoparticles can be easily
immobilized and stabilized on solid supports, and such catalysts are usually used for bulk
chemical synthesis because they are easy to prepare and have high physical stability
considering that they form at very high temperatures. Based on these properties,
heterogeneous chiral metal nanoparticle catalysts are expected to realize robust chiral
catalyst systems with long lifetimes. In fact, metal nanoparticles with chiral ligands can
be applied to asymmetric catalysis;**3% however, there are still very limited examples of
achieving high enantioselectivity for a wide variety of substrates (Scheme 9).27#) One
of the major difficulties of metal nanoparticles for asymmetric reactions is the reduced
flexibility in tuning the electronic properties of active metal species and the suppression
of metal leaching. Although several ligands enable the modification of the reactivity of

46499 the available ligands are limited because strong interactions

44,50,51
g.[ b > ]

metal nanoparticles,’
between metals and ligands often cause metal leachin



+ Easy preparation
+ L +/ Robustness
. ¥ Limited examples (choice of ligands)
metal nanoparticle chiral ligand % No siginificant activation from support
on innert support

(carbon black, SiO,, Al,Og, etc.)

Scheme 9. Immobilized metal nanoparticle with chiral ligand

In order to overcome these issues, I thought that nitrogen-doped carbon would be
suitable as a support because interactions from nitrogen-doped carbon were expected to
both activate and stabilize metal nanoparticles.['”! Especially in our laboratory’s previous
work, nitrogen-doped carbon incarcerated metal nanoparticle catalysts (NCI-M) activated
metal species efficiently and suppressed metal leaching.>** Inspired by these findings,
I envisioned that NCI-M could be employed with an appropriate chiral source to realize
asymmetric reactions (Scheme 10). To the best of my knowledge, there is no example of
asymmetric catalysis using heteroatom-doped carbon supported catalysts. Additionally,
cooperative catalytic systems with metal nanoparticles and chiral sources would be
beneficial, since rate acceleration by chiral co-catalysts can avoid undesirable racemic
pathways. However, such catalytic systems were also poorly studied.*®!

+ L*  Acceleration by dopant
' Long life time
chiral ligand W Easy preparation
' No leaching

metal nanoparticle
on N-doped carbon

Scheme 10. Cooperative catalytic system with activated metal nanoparticle

a-Amino acids are essential building blocks of peptides, proteins, and many other

bioactive compounds, and the development of efficient and enantioselective synthetic

methods has been a long-standing goal of synthetic chemistry (Scheme 11).0523]



NHAc

0]
ooy T

Me O OH HOOC |
COOH

N-AcDMPTT isodomoic acid G

Calpain inhibitor

Scheme 11. Selected bioactive compounds containing chiral a-amino acids derived

structures

Among the synthetic methods of a-amino acids, asymmetric insertions of carbene
derived from diazoesters into N—H bonds is one of the most attractive methods to
construct carbon-nitrogen bonds containing chirality.5*>°! It has long been challenging to
obtain high enantioselectivity for these reactions until several catalytic systems using
copper with chiral ligands were developed (Scheme 12).%38 Although progress on
copper-catalyzed asymmetric N—H insertions has been substantial, they had limitations.
For instance, high catalyst loading (more than 5 mol%) was required for satisfactory
yields and enantioselectivities.

CuCl (5 mol%)
(SaS,S)-L 1 (6 mol%) 5
N, NaBARF (6 mol%) R
111\ +  R3NH, . HN 16 examples

2 DCM, 25 °C i< up to 96% yield
COOR COOR? up to 98% ee

(S.S,S)-L 1

10



CuBr (7 mol%)
(-)-L 2 (8 mol%)

N, AgSbFg (6 mol%) HN-BO° 10 examples
o+ BocNH; DCE - : up to 89% yield
Ar COO'Bu ’ Ar/\COOtBu up to 95% ee
TN/ \Fe
=N N=D
Fe
%@X L2
CuCl (10 mol%) \
N + RONH (Ra,S) L 3 (10 mol%) HN/R 19 examples
R1JJ\COOR2 2 4A MS, DCM, 0 °C J{ up to 99% yield

R “COOR? yp to 98% ee

N
. =0
O H
H
OH
OH (R,S)L3
LIk
N
=0

Scheme 12. Copper catalyzed asymmetric carbene insertions into N—H bonds

Because the activity of dirhodium(II) catalysts was usually superior to that of copper
catalysts in non-enantioselective N—H insertion reactions, the possibility of dirhodium
catalysts achieving highly enantioselective N—H insertion reactions gained attention
(Scheme 13). In 2010, Miyairi’s group reported that dithodium(II) carboxylates and
cinchona alkaloids cooperatively catalyze the asymmetric N—H insertion reactions of a-

diazo-a-arylacetates with anilines.[*"]

11



R3
N, HN”

W A

R'" “COOR? R'" “COOR?
dirhodium chiral
N, cat. organocat.
R3
© H.® H
Rhal L,Rh \Ncﬁ N~R3
I'§ R:NH, —| "4 2 Nz 1
R"\ ~"COOR? R' “COOR? R'©>COOR?
Rh,Ly4

Scheme 13. An ideal mechanism of asymmetric N-H insertion catalyzed cooperative

catalytic systems

As remarkable advances in this field, Zhou’s group has developed several highly
enantioselective N—H insertion reactions by the cooperative catalytic systems of
dirhodium complexes and chiral Brensted acids, especially chiral phosphoric acids
(Scheme 14).10-621 In these catalytic systems, chiral phosphoric acids catalyzed the final
proton transfer step to realize high enantioselectivities.

BocNH, [Rh(TPA)2]; (1 mol%) _Boc (Cbz)
)NJ\Z + or ? SPA 1 (1 mol%) 'ﬁ\l\ 13 examples
A COOR! CHCl3, 25 °C, 1 min 1 upto 97% yield
r CbzNH, 3 Ar COOR up o 95% ee
R = 2-naphtyl

12



Boc

0,
& + BocNH, ( ) S 19 examples
RS COOBn CHCl;, 80 °C, 20 min  R® COOBN  up to 99% vyield
R1 R! up to 98% ee

R = 2,4,6-(M9)3CGH2

SPA 2

Scheme 14. The asymmetric cooperative catalytic systems of dirhodium complexes and

chiral phosphoric acids

One of the advantages of the asymmetric insertions of carbenoids into N—H bonds is
that only nitrogen gas is generated as a byproduct, and the reaction seems to be suitable
for continuous-flow systems. However, effective heterogeneous catalyst systems have not
been reported.

From these backgrounds, based on the cooperative systems with Rh catalysts and chiral
phosphoric acids, I began the development of nitrogen-doped carbon supported Rh
nanoparticle catalysts for the asymmetric insertions of diazoesters into N—H bonds toward
the efficient and continuous synthesis of chiral a-amino acids.
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2-2. Synthetic utilities and applications to continuous-flow systems

In my master course studies, I have developed nitrogen-doped carbon incarcerated Rh
nanoparticle catalysts (NCI-Rh) for asymmetric insertion of a-diazoesters into N—H
bonds in the presence of chiral phosphoric acids (CPA) (Scheme 15). NCI-Rh was
prepared from a 5:1 (w/w) ratio of poly(4-vinylpyridine) (PVP) and ketjen black (CB). In
the presence of PVP and CB, Rh nanoparticles were formed by the reduction of Rh salt.
A poor solvent was then added to form polymer encapsulated nanoparticles as precipitates,
which were further pyrolyzed to afford NCI-Rh.

I examined several kinds of heterogeneous Rh nanoparticle catalysts for the model
reaction of methyl phenyldiazoacetate (1a) with p-anisidine (2a) using 3,3’-bis(2,4,6-
triisopropylphenyl)-1,1’-binaphthyl-2,2’-diylhydrogenphosphates (TRIP) as CPA (Table
1). NCI-Rh gave the desired product 3a quantitatively with low enantioselectivity (entry
1), although other Rh nanoparticle catalysts supported on polystyrene-copolymer/carbon
black (P1/CB-Rh)*4 or polysilane/alumina (PSi/Al.0s-Rh)® gave almost no desired
product 3a (entries 2,3). Commercially available Rh/C did not work well (entry 4), and
CB-Rh prepared without PVP in the same method as NCI-Rh gave almost no product
(entry 5). These results indicate that nitrogen dopants play an important role in catalytic
activity. Finally, 1 found that spirobiindane diol (SPINOL)-derived CPA (SCPA)
improved enantioselectivity to 83% ee (entry 6). This result was comparable to that using
a homogeneous Rh catalyst (entry 7).

RhCl5+3H,0 NaBH,4 ,
(0.056 mmol) (0.28 mmol) ketjen black (CB)  EtOAc
(in 2 mL EtOH) (in 2 mL EtOH) (133 mg) (100 mL)
n rt, 1 h
A B\
- =
N
PVP
_ (667 mg) wash
(in 8 mL EtOH) filtration pyrolysis (EtOH, H,0, acetone) NCLRh
wash (H,0, acetone) 800 °C dry in vacuo
dry in vacuo 2 h, under Ar Rh: 0.072 mmol/g

Scheme 15. Preparation of NCI-Rh

14



Table 1. Screening of Rh catalysts and chiral phosphoric acid catalysts

H-N Rh cat. (1 mol%) _PMP
N2 2 CPA (1 mol%) HN
Ko -
Ph COOMe OM DCM, 45 °C, 16 h

e Ph COOMe
1a, 0.3 mmol 23, 1.0 eq. 3a
entry Rh cat. CPA | yield (%)® | ee (%)°
1 NCI-Rh TRIP | quant. (95) 17
2 PI/CB-Rh | TRIP 3 -
3 | PSi/ALLO3-Rh | TRIP 1 -
4 Rh/C (Wako) | TRIP N.R. -
5 CB-Rh TRIP 3 -
6 NCI-Rh SCPA | 93(91) 83
7 [Rh(OAc):]2 | SCPA 95 84

a: Determined by "H NMR analysis; isolated yield given in parentheses.,
b: Determined by HPLC analysis.

Pl PSi
(Polymer-incarcerated)

Ar?
LI, .

O "oH
LI

Ar

TRIP SCPA
Ar? = 2,4,6-(Pr)3CgH,

With the optimized catalyst system in hand, I examined the substrate scope (Scheme
16). A wide variety of protected amines, p-anisidine, o-anisidine, BocNH>, FmocNH>,
and CbzNH,, afforded the corresponding protected products 3a-3e smoothly. Diazo
compounds with ethyl or isopropyl ester gave a little lower yield and enantioselectivity
than methyl ester (3f, 3g).

15



N, NCI-Rh (1 mol%) _R?

SCPA (1 mol%) HN
)J\ + Rz'NHz >
1 °
Ph”” “COOR DCM, 45 °C, 16 h )\COOR3
1,1.0 eq. 2,10eq. 3
2 _PMP
an-R HN
COOMe COOR3
3a (R3 = PMP): 91% yield 83% ee 3f (R? = Et): 87% yield
3b (R® = OMP): 88% yield 80% ee ~ 80%ee
3¢ (R® = Boc): 91% yield 82% ee 3g (R* ='Pr): 80% yield
3d (R® = Fmoc): 96% yield 83% ee 77% ee

3e (R3 = Cbz): 94% yield 82% ee
Scheme 16. Substrate scope (1)

I then explored other diazo compounds bearing a substituent on the aryl ring (Scheme
17). Irrespective of electrocnic effects or positions of substitutions, the reaction proceeded
smoothly to afford desired products 3h-31 in high yields with high enantioselectivities. 2-
Naphthyl-substituted diazoester also worked well in this system (3m).

N HON NCI-Rh (1 mol%) _PMP
ﬂi . SCPA (1mol%) _ HN
R3 COOMe OMe DCM, 45 oC, 16 h R3J\COOMe
1,1.0 eq. 2a, 1.0 eq. 3
_PMP
HN
/@J\COOMe /©/'\COOMe COOMe
cl
94% vyield 94% vyield 3i 91% yield
N 80% ee b 80% ee ) 84% ee
@)\CQOMG @)\COOMe “/'\CoOMe
87% yield 31 89% yield 81% yield
85% ee 85% ee 83% ee

Scheme 17. Substrate scope (2)
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The recovery and reuse of NCI-Rh were investigated (Table 2). After the reaction, NCI-
Rh was collected and washed by centrifugation, dried in vacuo, and used for the next trial.
NCI-Rh was successfully reused seven times without Ilosing activity and
enantioselectivity. After deactivation in the eighth run, I attempted to reactivate the
recovered NCI-Rh by heating. Unfortunately, heating at 200 °C or 800 °C did not
reactivate the recovered NCI-Rh. This suggested that the decrease in catalytic activity
was not due to the attachment of organic compounds. Furthermore, since Rh loading did
not change after eight reuses, deactivation due to the leaching of Rh was also unlikely.

Table 2. Recovery and reuse of NCI-Rh

\ HN NCI-Rh (1 mol%) _PMP
2 SCPA (1 mol%) HN
Ph)J\COOM ’ ° /'\
e OMe DCM, 45 C, 16 h Ph COOMe
1a, 0.3 mmol 2a, 1.0 eq. 3a
centrifugation
reaction (DCM,acetone)  dry in vacuo next
solution . ©run
run | yield® (%) | ee® (%) | Rh loading (mmol/g)
1 92 83 0.072
2 94 82
3 90 83
4 90 82
5 93 82
6 89 81
7 91 82
8 49 81 0.074

a: Isolated yield., b: Determined by HPLC analysis.

run | yield® (%) | ee® (%) comment
9 32 81 heated at 200 °C under Ar after 8" run
10 41 79 heated at 800 °C under Ar after 9™ run

a: Isolated yield., b: Determined by HPLC analysis.

The PMP group of chiral product 3a was successfully deprotected without losing the
chiral information by oxidation with cerium ammonium nitrate (CAN) (Scheme 18). The
ee of chiral free amine 4a was enhanced to 91% by crystallization with EtOH after the
formation of hydrogen chloride salts.
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_PMP
HN CAN (2.0 eq.) NH,

Ph)\COOMe CH3CN/H,0,0°C, 2 h Ph)\COOMe

3a, 83% ee 4a, 82% yield
1M HCI recrystallization
91% ee
EtOAc, rt, 3 h EtOH

Scheme 18. Deprotection of PMP group and enhancement of the ee

NCI-Rh was applied to the continuous-flow system (Table 3). Based on the results of
the batch reactions, an initial study of the continous-flow reactio was carried out under
the condition that the reaction proceeded smoothly when the turnover frequency (TOF)
was 6-7 h'l. Specifically, 0.1 M of the reaction solution was flowed through a column
packed with 930 mg of NCI-Rh (Rh: 0.067 mmol) at a flow rate of about 0.1 ml/min. The
reaction system was stable for 2 hours and the desired product 3a was obained in about
60% yield continuously for 20 hours. As for enantioselectivity, almost the same ee as the
batch reaction was obtained. The calculated TOF was 4.5~4.8 h'l.

Table 3. Preliminary trial for continuous-flow system

NCI-Rh
(930 mg, Rh: 0.067 mmol)
cotton

N NH
)Ji . /©/ 2 hn-PMP
Ph” ~COOMe B
1a (1.0 equiv) MeO . Ph” “COOMe
2a (1.0 equiv) $10x50 mm 3
SCPA (1 mol%) 0.1 M, DCM, 45 °C a
up flow
time (min) | flow rate (ml/min) | yield (%)* | ee (%)° | TOF (h™)
73-129 0.09 21 82 1.6
129-330 0.08 59 82 4.7
330-446 0.08 58 82 4.5
446-577 0.08 55 82 4.5
577-1372 0.08 64 82 4.8

a: Isolated yield., b: Determined by HPLC analysis.

Based on the TOF obtained above, the reaction conditions under the continous-flow
system were modified (Scheme 19). The length of a column for NCI-Rh was changed to
10 cm, and the amount of NCI was increased to 1500 mg (Rh: 0.108 mmol). Additionally,
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a column packed with basic resin for recovery of SCPA was connected. The product 3a
was obtained in high yields with high enantioselectivity from 4 h after starting the system,

which could work for over 65 h without siginificant loss of catalytic activity. The turnover
number (TON) was 366, and the highest TOF was 5.7 h™!.

®10x100 mm
0.1 M, DCM, 45 A°C t—=
0.10-0.11 ml/min

®10x50 mm

AMBERLITE
NCI-Rh (2.0 g)

(1.50 g, Rh: 0.108 mmol)

cotton
> 3a
1a (1.0 eq.)
+ 2a(1.0eq.) —@7
+ SCPA (1 mol%)
100
80
70
60
50
40
30
20
10
0
0 10 20 30 40 50 60 70 80
time (h)
—&— yield (%) ee (%)

Scheme 19. Continuous-flow system

I then attempted to reactivate NCI-Rh used in the above flow reaction by heating. When
the recovered NCI-Rh was treated at 800 °C for 2 h under Ar, the reactivity was restored.
This was probably because some attached molecules causing the deactivation of NCI-Rh
were removed by heating. A second run of the continuous flow system was performed
using the reactivated NCI-Rh (Scheme 20). The system gave products in high yields with
high enantioselectivity over 25 h. The TON was 164, and the highest TOF was 6.0 h™..
Through two trials of the flow system, a total TON of 530 was achieved, and 15.3 g of
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product was produced. These results exhibited the efficiency of the continuous flow
system and the robustness of the metal nanoparticle catalyst.

recovered wash (acetone) reactivated
NCI-Rh 800 °C dry in vacuo NCI-Rh
2 h, under Ar Rh: 0.074 mmol/g

reactivated NCI-Rh
(1380 mg, Rh: 0.102 mmol)
cotton

N2 NH, _PMP
P " HN
Ph” “COOMe oo /©/
12 (1.0 equiv) 2a (1.0 equiv) $10x100 mm Ph™ COOMe
SCPA (1 mol%) 0.1 M, DCM, 45 °C 3a
up flow
100
90 —
80
70
60
50
40
30
20
10
0
0 5 10 15 20 25 30 35
time (h)
—eo— yield (%) ee (%)

Scheme 20. Continuous-flow system using reactivated NCI-Rh

The recovery and reuse of chiral phosphoric acid SCPA trapped by basic resins in
continuous-flow reactions were investigated (Table 4). The recovered basic resin was
treated with hydrogen chloride and the aqueous phase was extracted with toluene to
recover SCPA 1. When the recovered SCPA 1 was used for the batch reaction, ee was
lower than that using the fresh SCPA (entry 1). Therefore, SCPA 1 was purified by column
chromatography and used again for the batch reaction to obtain the original high activity
and enantioselectivity (entry 2).
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Table 4. Recovery and reuse of SCPA

recovered  HClag.(1M)  concentration column
Amberlite rt, THF, 1 h of toluene phase  chromatography
SCPA 1 48% recovery

> SCPA 2

\ H,N NCI-Rh (1 mol%) _PMP
2 SCPA (1 mol%) HN
M + B8
Ph” “COOMe OMe DCM, 45 °C, 16 h P > COOMe

1a, 0.3 mmol 2a,1.0 eq. 3a

entry | SCPA | yield (%)® | ee (%)°
1 SCPA 1 89 70
2 SCPA 2 91 82

a: Isolated yield., b: Determined by HPLC analysis.
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2-3. Characterizations of catalysts and mechanistic studies

To get insight into the effect of nitrogen dopants, I conducted several analyses of NCI-
Rh and CB-Rh. Scanning transmission electron microscopy (STEM) analysis and energy
dispersive X-ray spectroscopy (EDS) mapping showed that nitrogen dopants contributed
to the high dispersion of Rh nanoparticles on nitrogen-doped carbon (Figure 1). The
average size of the particles on NCI-Rh was determined to be 3.0 = 0.7 nm. On the other
hand, it was difficult to determine the average particle size on CB-Rh because of
aggregation.

RMO0558 [ STEM BF )

C K250 nm
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Figure 1. STEM analysis and EDS mapping of NCI-Rh and CB-Rh

‘ C 05 pm

I then performed X-ray photoelectron spectroscopy (XPS) analysis of NCI-Rh and CB-
Rh (Figure 2). The binding energy of Rh 3ps» of NCI-Rh became higher than CB-Rh.
The binding energy of N 1s of NCI-Rh revealed the presence of both pyrrolic and
pyridinic nitrogen, the latter being the dominant species. Since both nitrogen species were
suggested to act as an electron acceptor,[®+%®! these results indicate that electron transfer
from Rh to nitrogen dopants took place, and that electron-deficient Rh species could
easily form metal carbenoid intermediates by facilitating the attack of diazo compounds.

4| NCI-Rh Rh 3p3/2 BE (eV) CB.Rh Rh 3p3/2 BE (eV)
3 496.9eV 2 496.1eV
2 / h 1 / \
P ; W \o
1 S \ . v N\
0 : - g . ~ 0 Fuim i P .
502 500 498 496 494 492 502 500 498 496 494 492
NCI-Rh N 15 BE (V)

Pyrrolic N

—

T T T T T T T
404 402 400 398 396 394 392
N 1s BE &V)

Figure 2. XPS analysis of NCI-Rh and CB-Rh
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To get insight into the active species, hot filtration tests were conducted (Table 5). The
result showed that no further reaction occurred in the filtrate obtained from the middle of
the reaction, which means leached Rh species did not catalyze the reaction even if trace
amounts of Rh were leached out.

Table 5. Hot filtration tests
N2

PN

Ph COOMe .
1a, 0;3 mmol '\ls%g/ih((11 r;no?%) hot FF;PMP
HN DCM, 45 °C, T h filtration 45°C,16-Th  pp” “COOMe
\©\0Me 3a
2a, 1.0 eq.
entry | T (h) | yield?® (ee)® (%) at T h | yield® (ee)® (%) at 16 h
1* 16 - 91 (83)
2 3 42 (82) 40 (82)
3 6 68 (83) 70 (83)

*: No hot filtration. a: Determined by "H NMR analysis. b: Determined by HPLC analysis.

Stoichiometric reactions were performed under flow conditions to confirm whether the
reaction proceeded on the heterogeneous phase (Scheme 21). A solution of diazo substrate
1a was first flowed into a column packed with NCI-Rh. After washing thoroughly with
DCM, a solution of amine substrate 2a and SCPA was flowed. The desired product was
obtained in 28% yield with respect to the amount of Rh. On the other hand, in the case of
packing nitrogen-doped carbon instead of NCI-Rh, no absorption of 1a in the column was
observed in the same study. The results indicated that the Rh of NCI-Rh played an
important role in keeping 1a in the column while nitrogen-doped carbon did not.
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NCI-Rh
(1500 mg, Rh: 0.111 mmol)

cotton

_PMP
L
. Ph COOMe
0.10 mL/min 210x100 mm up flow
45 °C 3a 28% (to Rh)
1) DCM (20 mL)
2)1a (3.3 mL, 0.1 M DCM solution)
3) DCM (40 mL)
4)2a (1.2 mL, 0.1 M DCM solution) and SCPA (1 mol%)
5) DCM (20 mL)
Nitrogen-doped carbon
(1500 mgq)
cotton
1a
0.10 mL/min quant.
@10x100 mm up flow
45 °C

1) DCM (20 mL)
2)1a (3.3 mL, 0.1 M DCM solution)
3) DCM (40 mL)

Scheme 21. Stoichiometric reactions under flow conditions

Infrared absorption spectrometry (IR) and solid-state NMR measurements were
performed on NCI-Rh treated with 1a to directly observe the reaction intermediates.
However, no clear peaks were obtained probably because the amount of intermediate was
small or the intermediate was unstable in the air.

Finally, STEM analysis and EDS mapping of NCI-Rh treated with 2-(4-bromophenyl)-
2-diazoacetate was conducted to detect the position of the substrate on NCI-Rh (Figure
3). The results showed that Rh and Br appeared to be mainly located in the same place.
Based on the above mechanistic studies, I guess that the reaction proceeded via the
formation of Rh carbenoid in the solid state.
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0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 g.00 Q.00 10.00
Ll

0.00 1.00 200 .00 4.00 500 a.00 7.0 2.00 Q.00 10.00
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Figure 3. STEM analysis and EDS mapping of NCI-Rh treated with methyl 2-(4-

bromophenyl)-2-diazoacetate
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In this chapter, I have developed nitrogen-doped carbon incarcerated rhodium
nanoparticle catalysts (NCI-Rh) for the asymmetric insertion of carbenoids derived from
diazoesters into amines. By employing SPINOL-derived chiral phosphoric acids as
cocatalysts, various types of a-amino acid derivatives were synthesized in high yields
with high enantioselectivities. In this catalyst system, nitrogen-dopants played a crucial
role in both activity and enantioselectivity. Furthermore, NCI-Rh was applied
successfully to a flow system. Several control studies and analyses suggested the
formation of intermediates derived from diazo compounds on the surface of NCI-Rh. This
work has not only established an efficient synthetic system, but also opened the door to
asymmetric reactions catalyzed by metal nanoparticles.
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Chapter 3: Development of Nitrogen-Doped Carbon
Incarcerated Zinc Nanoparticle Catalysts for Electrochemical
Allylations of Carbonyl Compounds

3-1. Introduction

Organometallic reagents hold a special place in organic synthesis because they have
widespread synthetic applications based on carbon—carbon bond formation.[*”) The most
popular reaction is the Grignard reaction, which is the addition reaction of an
organomagnesium halide (Grignard reagent) to a carbonyl compound to afford a tertiary
or secondary alcohol (Scheme 22).

R-X + Mg —> R-Mg-X

X: halogen

Scheme 22. Grignard reaction

Organometallic reagents are not only utilized for addition reactions to various
electrophiles but also applied to cross-coupling reactions such as Kumada-Tamao-Corriu
reaction®! or Negishi reaction (Scheme 23).°91 However, stoichiometric amounts of
metal reagents are usually required in such transformations, which can result in the
generation of large amounts of metallic waste.

[Ni] or [Pd] (cat.)

RIX + R2.Zn.X ligand (cat.) R1-R2

Scheme 23. Negishi cross coupling reaction

In another aspect, because organometallic reagents are highly reactive and unstable in
air and water, special care is required in large-scale synthesis. To address this problem,
approaches to continuously produce organometallic reagents under flow conditions have
been reported (Scheme 24).17°731 The process involves flowing aryl or alkyl halides into
a column packed with activated metals to generate organometallic reagents in situ for
subsequent reactions. However, this method consumes a stoichiometric amount of metal
and still generates a large amount of waste, and the amounts of organometallic reagents
accessible are finite. Therefore, catalytic carbon—carbon bond forming reactions that
proceed without the generation of metallic waste are in high demand.
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Heterogeneous
Zn Pd cat.

R-Aryl

18 examples
93% yield

Aryl-X
Scheme 24. Continuous-flow generation of organozinc reagents
I envisioned an electrochemical approach in which metal catalysts on the cathode form
organometallic reagents and the subsequent electroreduction after the reaction regenerate
metal(0) on the cathode (Scheme 25). Electrochemistry has recently gained much
attention as a versatile strategy for achieving challenging transformations at the forefront

of synthetic organic chemistry.’® Electrochemical reactions realize the powerful and
clean redox process, in which electrons work as redox reagents without chemical oxidants

0
n
)
N

Scheme 25. Electrochemical approach with heterogeneous catalyst electrode

or reductants.

Allylation of carbonyl compounds is an efficient C—C bond-forming reaction and an
essential synthetic transformation because homoallylic alcohols are ubiquitous building
blocks for materials and bioactive compounds.””#" Allylation reactions using
organometallics have been developed extensively!®!#2] and zinc has been demonstrated to
be a particularly good reagent to mediate the Barbier-type reaction (Scheme 26). However,
such systems generally consume stoichiometric amounts of metals.
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o [M]
+ R~ X 1 + MX
R

[M]: Zn, Sn, In...

Scheme 26. Barbier-type allylation reactions

In 2009, electrochemical allylation of aldehydes in aqueous ammonia was reported by
Huang’s group (Scheme 27).[8%) This reaction was mediated by zinc generated from zinc
electrodes and achieved in an undivided cell. However, a stoichiometric amount of zinc
were leached out from the electrodes to the solution.

Zn(-) OH
Q 2 Zn(+)
I+ RAX >~ R x * - len]
R TH 4.5 M NH3 aq., rt R (stoichimetric amounts)
15 mA, 2h

0.1M 2.0eq. 13 examples

up to 94% vyield

Scheme 27. Electrochemical allylation of aldehydes using zinc electrodes

In 2010, Huang’s group achieved electrochemical allylation of carbonyl compounds in
aqueous media using zinc cathode with a catalytic amount of zinc consumption (Scheme
28).341 Nevertheless, a large amount of zinc still leached out, and zinc was used
excessively. Moreover, the system required a divided cell, and the substrate scope was

limited.

il

R "R?
Zn(-) OH

0.1 M Pt(+)

+ RH\(\ + [Zn]

catholyte: 0.1 M NH4Cl aq./THF (1/1) RZR (~25 mol%)
R~ X anolyte: 0.275 M LiCIO, aq. i3 |
examples

2.0 eq. t, 30 mA, 3.5h up to 98% yield

Scheme 28. Electrochemical allylation of carbonyls catalyzed by zinc

A conceivable main challenge in the development of catalyst electrodes for
electrochemical C—C bond-forming reaction is to suppress metal leaching. To overcome
this issue, I reasoned that nitrogen-doped carbon-supported metal species would be
suitable materials for the electrodes inspired by the robustness of NCI catalysts (Scheme
25).851 Metal leaching was not observed not only in the presence of radicals in NCI-Co
catalyzed oxygenation of styrenes,** but also in the presence of chiral catalysts in NCI-
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Rh catalyzed asymmetric insertion reactions (Chapter 2). Nitrogen-doped carbon-
supported metal-based electrodes have been extensively studied to catalyze hydrogen
evolution or oxygen reduction in the field of electrochemistry.”%¢%”] However,
electrochemical organic transformations, especially carbon—carbon forming-reactions,
catalyzed by nitrogen-doped carbon-supported metal catalysts remain undeveloped.®®!

Based on these backgrounds, I attempted to develop efficient electrochemical allylation
reactions of carbonyl compounds using nitrogen-doped carbon-supported zinc catalyst
electrodes to achieve C—C bond forming-reactions without metallic wastes.
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3-2. Optimizations and characterizations of catalysts

NCI-Zn was prepared based on the preparation of NCI-Rh (Scheme 29). A zinc salt
was treated with NaBHj in the presence of a 1:1 (w/w) ratio of PVP and ketjen black (CB).
A poor solvent was added to the mixture to generate polymer-encapsulated zinc species.
The precipitation was pyrolyzed at 400 °C or 800 °C to afford NCI-Zn. To prepare the
electrode, NCI-Zn was mixed with a Nafion solution at 0 °C under sonication for 1 h, and
the composite was pasted on a carbon cloth. After dried at 50 °C for 1 h, The carbon cloth
was fixed to a graphite electrode with carbon tape and used as an electrode (Scheme 30).

Zn(OAC)2-2H20 NaBH4
(0.32 mmol) ketjen black (1.6 mmol) EtOAC
(in 2 mL EtOH) (200 mg) (in 2 mL EtOH) (50 mL)
n l l i, 1h t, 2 h
| _ _
N wash
(200 mg) filtration pyrolysis EtOH, H,0, acetone c
(in 4 mL EtOH) N - NCI-Zn
wash (H,O, acetone) T°C dry in vacuo @800 0.954 mmol/g
dry in vacuo 2 h, under Ar @400 0.879 mmol/g
Scheme 29. Preparation of NCI-Zn
Nafion (5 wt%)
alcohol solution carbon cloth
2
NCI-Zn (0.25 mL) _ (3.0 cm?) ~ NCI-Zn
(100 mg) EtOH/H20 (1/1) (015 mL) 50 oC, 1h electrode

0 °C, sonicator, 1 h

Scheme 30. Preparation of NCI-Zn electrode

The activity of the prepared NCI-Zn electrodes was evaluated in electrochemical
allylation of benzaldehydes 5a with allyl bromide 6a using a Pt anode in an undivided
cell (Table 6). The reaction conditions were based on the previous report.®*! When a
graphite cathode was used, the desired homoallylic alcohol 7a was not detected (entry 1).
On the other hand, NCI-Zn cathode gave a small amount of 7a, and it was found that
pyrolysis at 800 °C was more effective to suppress zinc leaching than pyrolysis at 400 °C
(entries 2,3). Although the yield was very low and the turnover number (TON) was less
than 2 (entry 2), catalytic amounts of zinc mediated the reaction considering that the
maximum amounts of zinc on the NCI-Zn cathode was 0.095 mmol, which was promising
to realize my strategy.
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Table 6. Evaluation of NCI-Zn electrode

o cathode (-) OH
Pt (+)
+ \/\
ph)J\H Br 4.5 M NH; aq. ph)\/\
5a, 2.0 mmol 6a,2.0 eq. t, 6 h, 15 mA 7a
(0.1 M)

entry cathode Zn on cathode (mmol) | yield (%)? | Zn leaching (mol%)°

1 graphite - N.D. -

2 | NCI-Zn@800 0.095 9 1.7

3 | NCI-Zn@400 0.088 5 24

I thought that the low yield was attributed to small loading of zinc on the electrode. To
increase the loading of zinc, the effects of the ratio of PVP and ketjen black were
examined (Table 7). Treatment with HCl was also investigated to remove largely
aggregated zinc species that might cause the leaching of zinc. As expected, a larger
amount of PVP lead to a higher loading of zinc, which gave a higher yield in the model
reaction (entries 1,3,5). Furthermore, HCI treatment was found to be efficient to suppress

a: Isolated yield. b: Determined by ICP analysis. Based on the amount of 5a.

the leaching of zinc (entries 2,4,6).
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Table 7. Effects of the ratio of PVP and ketjen black

Zn(OAC)2'2H20

(M mmol) ketjen black NaBH,4 EtOAC
(in 2 mL EtOH) (Y mg) (in 2 mL EtOH) (50 mL)
n l l ft, 1 h l t, 2 h l
® . -,
) iltrati lysis EtOH I-\|N%Shacetone
(in 40:1?20'_') wash f(l::rjgf);]\cetone) pyfgz(;:C d‘ry i2n \;acuo NCkZn(PVE-CE)
dry in vacuo 2 h, under Ar
NCI-Zn X (mg) | Y (mg) | Zn loading (mmol/g)*
NCI-Zn(1-1) 200 200 0.954
NCI-Zn(1-1)/HC1 | 200 200 0.799
NCI-Zn(3-1) 300 100 2.66
NCI-Zn(3-1)/HC1 | 300 100 1.93
NCI-Zn(5-1) 667 133 3.61
NCI-Zn(5-1)/HC1 | 667 133 2.99
a: Determined by ICP analysis.
o cat;:)df (-) OH
ph)J\H "N 45M er)g, aq. Ph)\/\
5a, 2.0 mmol 6a, 2.0 eq. € h, 15 mA 7a
(0.1 M)
entry cathode Zn on cathode (mmol) | yield (%)?® | Zn leaching (mol%)®
1 NCI-Zn(1-1) 0.095 9 1.7
2 NCI-Zn(1-1)/HCI 0.080 6 0.8
3 NCI-Zn(3-1) 0.266 16 3.5
4 NCI-Zn(3-1)/HCI 0.193 11 1.9
5 NCI-Zn(5-1) 0.361 19 53
6 NCI-Zn(5-1)/HCI 0.299 16 2.2

a: Isolated yield. b: Determined by ICP analysis. Based on the amount of 5a.
Optimizations of reaction conditions were conducted to improve the yield (Table 8). A

lower concentration of 5a and a longer reaction time increased the yield to 27% (entries
2,3). On the other hand, higher current or high temperature did not improve the yield,
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because of the formation of side products in a messy crude mixture (entries 4,5). The
lower concentration of the aqueous ammonia solution decreased the leaching of zinc
although the yield was kept (entry 6).

Table 8. Optimizations of reaction conditions

NCI-Zn(5-1)/HCI (-)
(Zn: 0.299 mmol) OH

0 Pt (+)
+ \/\ >
N Br  4.5M NH; aq. ph)\/\

H

Ph

5a, 2.0 mmol 62, 2.0 eq. t, 6 h, 15 mA 7a
(0.1 M)
entry derivation yield (%) | Zn leaching (mol%)®

1 - 16 2.2
2 0.05M 21 34
3 0.05M, 12h 27 6.5
4 0.05M, 30 mA 10 3.5
5 0.05M, 60 C 24 5.8
6 | 0.05M, 1.5 M NHs aq. 20 2.0

a: Isolated yield. b: Determined by ICP analysis. Based on the amount of 5a.

I envisioned that a large amount of catalysts could be fixed on an electrode by using
XC-72, which has a higher density than ketjen black, as carbon black. Four types of NCI-
Zn were prepared from PVP and XC-72 with different ratios and with or without an acid
treatment (Table 9). The electrodes could be prepared using 200 mg of NCI-Zn, twice as
much as before, and the model reaction was performed using each NCI-Zn cathode. The
catalyst, which was prepared from a 5:1 (w/w) ratio of PVP and XC-72, and treated with
HCI, showed the best performance (entry 5, 35% yield, 4.1 mol% Zn leaching).
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Table 9. Examination of XC-72 as carbon black

Zn(OAc), 2H,0 XC-72 NaBH, EtOAc
(in EtOH) (Y mg) (in EtOH) (50 mL)
n l l rt, 1 h i, 2 h
| _ _
N wash
(X mg) filtration pyrolysis EtOH, H,O, acetone NCI-Zn(PVP-CB)
(in EtOH) wash (H,O, acetone) 800 °C dry in vacuo
dry in vacuo 2 h, under Ar
__6MHCIaq. | \cizn(pvP-CBYHCI
rt, 3 h
Nafion (5 wt%)
alcohol solution carbon cloth
2
NCI-Zn (0.5 mL) (3.0 cm?) NCI-Zn
EtOH/H,0 (1/1) (0.3 mL) 50°C,1h electrode
(200 mg) 0 °C, sonicator, 1 h
NCI-Zn (-)
O Pt (+) OH
+ \/\
ph)J\H Br 4.5 M NH; aq. ph)\/\
5a, 1.0 mmol 6a, 2.0 eq. t, 6 h, 15 mA 7a
(0.05 M)
entry NCI-Zn Zn loading (mmol/g) | yield (%)® | Zn leaching (mol%)°
1 NCI-Zn(5-1)/HCI* 3.01 20 2.0
2 NCI-Zn(1-1) 0.874 15 2.3
3 NCI-Zn(1-1)/HC1 0.805 15 1.8
4 NCI-Zn(5-1) 3.39 40 8.0
5 NCI-Zn(5-1)/HC1 2.90 35 4.1

a: Isolated yield. b: Determined by ICP analysis. Based on the amount of 5a.
*: Ketjen black was used as CB.

The electrolyte solution was optimized using the best catalyst were performed (Table
10). Initially, among electrolytes, a 0.3 M LiClO4 aqueous solution gave the desired
product 7a with a less amount of zinc leaching (entry 4). Additionally, the use of THF as
a cosolvent was found to be effective for improving the yield because it enhanced the
solubility of the substrates (entry 6). The use of a buffer solution had almost no positive
effects, which indicated that the formation of acid did not affect the reaction (entries
12,13). Finally, when the reaction was carried out in a 0.5 mmol scale for a longer reaction
time (15 h) using the same cathode as before, in which the amount of zinc relative to the
substrate Sa was increased, 7a was obtained in 77% yield with 7.2 mol% zinc leaching
(entries 14,15).
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Table 10. Optimizations of the solvent system

NCI-Zn(5-1)/HCI (-)
(Zn: 0.580 mmol)

o) OH
iy T e N
5a, 1.0 mmol 6a, 2.0 eq. t, 6 h, 15 mA 7a
(0.05 M)
entry solv. yield (%) | Zn leaching (mol%)°
1 1.5 M NH3 aq. 35 4.1
2 0.1 M H2SOg4 aq. 49 19.3
3 0.1 M LiClO4 aq. 30 2.4
4 0.3 M LiClOy4 aq. 41 2.8
5 1.0 M LiClOy aq. 39 3.6
6 0.3 M LiClO4 aq./THF (1:1) 49 3.0
7 0.3 M LiClO4 aq./DMF (1:1) 32 33
8 0.3 M LiClO4 aq./CH3CN (1:1) 25 2.7
9 0.3 M EtuNI aq./THF (1:1) 36 2.7
10 0.3 M "BusNBF4 aq./THF (1:1) 32 1.6
11 0.3 M "BusNPFs aq./THF (1:1) 29 1.5
12 | 1 M ammonium buffer (pH 8.0)/THF (1:1) 29 4.1
13 | 1 M phosphate buffer (pH 5.9)/THF (1:1) 54 4.4
14¢ 0.3 M LiClO4 aq./THF (1:1) 55 5.0
15¢4 0.3 M LiClOs4 aq./THF (1:1) 77 7.2

a: Isolated yield. b: Determined by ICP analysis. Based on the amount of 5a. ¢: 0.5 mmol (0.05 M)
scale. d: 15 h.

I then examined the effects of dopants added for NCI-Zn preparation to suppress zinc
leaching (Table 11). A precursor for additional dopants (triphenylphosphine, phenyl
sulfide, and phenanthroline) was incorporated before pyrolysis. Regardless of the kind of
additives, almost the same loading of zinc was observed before acid treatment (entries
1,3,5). In addition, the loading of zinc after the acid treatment was also similar (entries
2,4,6). The loading of phosphorus in P-NCI-Zn was determined to be 0.84 mmol/g by ICP
analysis (entry 1), which did not change after the acid treatment (entry 2).
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Table 11. Preparation of NCI-Zn using source of additional dopants

Zn(OAc),-2H,0

(3.2 mmol) XC-72 NaBH, EtOAC
(in EtOH) (133 mg) (in EtOH) (50 mL)
n rt, 1h rt,2h
X N N filtration
| — -/ -/ wash (H,0, acetone)
N dry in vacuo
(667 mg)
(in EtOH)
additive (3.2 mmol) . wash
EtOAc, rt, 3 h pyrolysis  EtOH, H,O, acetone X-NCIZn
then 800 °C dry in vacuo
evaporation 2 h, under Ar
6 M HCI Table 9 X-NCI-Zn
< —an X-NCI-Zn/HCI> = ectode
entry additive cat. loading (mmol/g)?

1 PPh;3 P-NCI-Zn Zn: 3.20, P: 0.84

2 P-NCI-Zn/HCI | Zn: 2.88, P:0.80

3 SPhy S-NCI-Zn Zn: 3.33

4 S-NCI-Zn/HCI Zn: 3.03

5 | phenanthroline N-NCI-Zn Zn: 3.19

6 N-NCI-Zn/HCI Zn: 2.97

a: Determined by ICP analysis.

NCI-Zn with additional dopants (X-NCI-Zn) was evaluated in the electrochemical
allylation reaction (Table 12). Additional nitrogen dopants had positive effects on the
suppression of zinc leaching (entries 6,7), while phosphorus and sulfur dopants decrease
the reactivity (entries 2-5). This result indicated that additional nitrogen dopants enhanced

interactions between zinc and nitrogen-doped carbon supports.
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Table 12. Effects of additional dopants

o) “ °""t2t° ?f) ©) OH
ph)J\H " er 0.3 M LiCIO, aq./THF (1/1) ] Ph)\/\

5a, 0.5 mmol 6a,2.0 eq. i, 6 h, 15 mA 7a

(0.05 M)
entry cathode Zn on cathode (mmol) | yield (%)? | Zn leaching (mol%)°

1 NCI-Zn(5-1)/HCI 0.580 55 5.0
2 P-NCI-Zn 0.640 39 39
3 P-NCI-Zn/HCI 0.576 29 2.9
4 S-NCI-Zn 0.666 29 1.5
5 S-NCI-Zn/HC1 0.606 21 0.6
6 N-NCI-Zn 0.638 49 4.4
7 N-NCI-Zn/HCI 0.594 47 2.4

a: Isolated yield. b: Determined by ICP analysis. Based on the amount of Sa.

The effects of additional nitrogen dopants in N-NCI-Zn were focused. The timing of
the addition of phenanthroline and its equivalent to zinc were investigated (Table 13). The
addition of phenanthroline during the formation of zinc nanoparticles was not effective
(entries 4,5), and the addition to polymer-encapsulated zinc species before pyrolysis was
found to be the best procedure (entries 2,3). In addition, 3 eq. of phenanthroline to zinc
increased the catalytic activity (entry 3, N-NCI-Zn/HCI1 A2).

42



Table 13. Detail examination of N-NCI-Zn
Zn(OAc),-2H,0

(3.2 mmol) XC-72 1 NaBH, EtOAc
(in EtOH) (133 mg) | phenanthroline (in EtOH) (50 mL)
n l l l i, 1h l rt, 2 h
X A\ N .
| = =
N
(667 mg)
(in EtOH) 2
phenanthroline wash
filtration EtOAc, rt, 3 h pyrolysis EtOH, H,0, acetone N-NCL-Zn
wash (H,0, acetone) then 800 °C dry in vacuo
dry in vacuo evapoation 2 h, under Ar
6 M HCI Table 9 N-NCI-Zn/HCI
T’ N-NCI-Zn/HCI electrode
entry | timing of addition | eq. of phenanthroline (to Zn) catalyst
1 - - NCI-Zn(5-1)/HCl
2 2 1 N-NCI-Zn/HCI A1
3 2 3 N-NCI-Zn/HCI1 A2
4 1 1 N-NCI-Zn/HCI1 A3
5 1 3 N-NCI-Zn/HCI1 A4
NCI-Zn (-)
0] OH
X, oS e
Ph H 0.3 M LiCIO,4 aq./THF (1/1) Ph X
5a, 0.5 mmol 6a, 2.0 eq. t, 15 h, 15 mA 7a
(0.05 M)
entry cathode Zn on cathode (mmol) | yield (%)* | Zn leaching (mol%)®
1 | NCI-Zn(5-1yHCI 0.580 77 7.2
2 | N-NCI-Zn/HCIl A1 0.594 68 54
3 N-NCI-Zn/HCl1 A2 0.572 80 6.6
4 | N-NCI-Zn/HCl1 A3 0.560 72 5.0
5 N-NCI-Zn/HCI A4 0.548 66 53

a: Isolated yield. b: Determined by ICP analysis. Based on the amount of Sa.

In parallel, I conducted the optimizations of reaction conditions with NCI-Zn(5-1)/HCI
(Table 14). The prolonged reaction time improved the yield (entry 2), while higher current
gave a lower yield (entry 3). The smaller reaction scale, in which the amount of zinc
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relative to the substrate Sa was increased, was most efficient to obtain a high yield, and

the reaction in 0.3 mmol scale gave 7a in 84% yield with 8.5 mol% zinc leaching (entries

4,5).

Table 14. Optimizations of reaction conditions

NCI-Zn(5-1)/HCI (-)
(Zn: 0.580 mmol)

)O]\ + \/\Br Pt (+) )Oi/\

Ph” “H 0.3 M LiCIO, aq./THF (1/1)  Ph X
5a, 0.5 mmol 63, 2.0eq. t, 15 h, 15 mA 7a

(0.05 M)
entry derivation yield (%)* | Zn leaching (mol%)®

1 - 77 7.2

2 24 h 80 7.2

3 30 mA 71 7.8

4 0.3 mmol scale 85 8.5

5 0.3 mmol scale, 24 h 84 9.2

a: Isolated yield. b: Determined by ICP analysis. Based on the amount of 5a.

Finally, I checked the effects of the source of additional nitrogen dopants (Table 15).

After examination of phenanthroline, bipyridine, or pyrazine, it was found that pyrazine
was the best additional dopant, with the resulting catalyst (N-NCI-Zn/HCl C1) giving
excellent yield with 7.3 mol% zinc leaching (entry 5). I determined that this N-NCI-
Zn/HCI C1 was the optimal catalyst, which was used for further investigations.
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Table 15. Effects of nitrogen sources

Zn(OAc), 2H,0

(3.2 mmol) XC-72 NaBH,4 EtOAc
(in EtOH) (133 mg) (in EtOH) (50 mL)
n rt, 1 h rt,2 h
X N 0 filtration
| Pz ~/ ~/ wash (H,0, acetone)
N dry in vacuo
(667 mg)
(in EtOH)
addtive wash
EtOAc, rt, 3 h pyrolysis EtOH, H,0, acetone
: N-NCI-Zn
then 800 °C dry in vacuo
evapoation 2 h, under Ar
6 M HCI Table 9 _ N-NCI-Zn/HCI
3h N-NCI-Zn/HCl cloctrode
entry additive eq. of additive (to Zn) catalyst
1 - - NCI-Zn(5-1)/HCI
2 | phenanthroline 3 N-NCI-Zn/HCl1 A2
3 | phenanthroline 10 N-NCI-Zn/HCl AS
4 bipyridine N-NCI-Zn/HCI B
5 pyrazine 3 N-NCI-Zn/HCI C1
6 pyrazine 10 N-NCI-Zn/HCI C2
N-NCI-Zn/HClI (-)
o) OH
X, > el U
Ph” “H 0.3 M LiCIO4 aq./THF (1/1)  Ph A
5a, 0.3 mmol 6a, 2.0 eq. i, 15 h, 15 mA 7a
(0.03 M)
entry cathode Zn on cathode (mmol) | yield (%) | Zn leaching (mol%)®
1 NCI-Zn(5-1)/HCI 0.580 85 8.5
2 | N-NCI-Zn/HCI A2 0.572 89 8.3
3 | N-NCI-Zn/HCI A5 0.576 84 8.4
4 N-NCI-Zn/HCI B 0.552 80 7.0
5 | N-NCI-Zn/HCI C1 0.526 92 7.3
6 | N-NCI-Zn/HCI C2 0.516 87 7.0

a: Isolated yield. b: Determined by ICP analysis. Based on the amount of 5a.

STEM analysis and EDS mapping of N-NCI-Zn C1 were performed before and after
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treatment with HCI (Figure 4). The results suggested that acid washing removed the large,
aggregated zinc species and that N-NCI-Zn/HCI C1 had uniform distribution of zinc on
the surface of the nitrogen-doped carbon support.

N-NCI-Zn C1

C K C————250 nm

c————250 nm

N-NCI-Zn/HC1 C1

50 nm CK 250 nm N K

Figure 4. STEM analysis and EDS mapping
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Three kinds of zinc catalysts, NCI-Zn(5-1), NCI-Zn(5-1)/HCI, and N-NCI-Zn/HCI C1,
were characterized by XPS analysis (Figure 5). The spectra of Zn 2p3/» revealed that both
treatment with HCI and the addition of pyrazine contributed to lower binding energy of
zinc, which means the higher ratio of Zn(0) species.

Binding energy of Zn (2p;;)

NCI-Zn(5-1) (w/o pyrazine, before HCI wash) NCI-Zn(5-1)/HCI (w/o pyrazine)

1022.6

N-NCI-Zn/HC1 (w/ pyrazine)

. 1021.7
M

Figure 5. XPS analysis
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3-3. Synthetic utilities and mechanistic studies

With the optimized reaction system in hand, I investigated the substrate scope for the
electrochemical allylation of aldehydes (Scheme 31). Regardless of the electronic
properties and positions of the substituents, the desired allyl alcohols 7a-e, 7g, 7h, and
7j-1 were obtained from a series of aromatic aldehydes in high yields with less than 10
mol% Zn leaching. 4-Hydroxybenzaldehyde gave a complex crude reaction mixture in
which the desired product 7f was not detected. Almost no reaction occurred with 4-
nitrobenzaldehyde (7i), probably because of the low solubility of this substrate. Reactions
with aliphatic aldehydes and a,f-unsaturated aldehydes also gave the desired products
7m-q in moderate to high yields with less than 10 mol% Zn leaching. A variety of
heteroaromatic aldehydes, which were not investigated extensively in previous reports,
were tolerated under the conditions. Pyridine, thiophene, furan, and quinoline derivatives
were smoothly converted to the desired allyl alcohols 7r-v, although only indole-3-
carboxaldehyde did not give the desired product (7w). y-substituted products 7x and 7y
could be obtained in excellent yields with regioselectivities by replacing allyl bromide
with crotyl bromide or cinnamyl bromide. Furthermore, both aromatic and aliphatic
ketones were applicable to give the corresponding allyl alcohols 7z, 7aa, and 7ab in high
yields.
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N-NCI-Zn/HCI C1 (-)
(Zn: 0.526 mmol)

0 R o (o) R\ OH
)J\ + Rlv/\ Br . R N
R™ R 0.3 M LiCIO, aq. / THF (1:1)

5 0.3 mmol 620 eq. rt, 15 h, 15 mA R"
(0.03 M) 7 yield (%)
H 0,
OH Zn leaching (mol%)
X
R1
7a (R' = H): 92%, 7.3 mol% 7f (R' = 4-OH): N.D.
7b (R" = 4-Cl): 82%, 7.3 mol% 7g (R' = 3-OMe): 93%, 7.7 mol%
7¢ (R' = 3,4-Cl): 75%, 6.7 mol%  7h (R" = 2-CF3): 90%, 7.0 mol%
7d (R" = 4-Me): 95%, 6.7 mol%  7i (R' = 4-NO,): trace
7e (R' = 4-OMe): 97%, 7.0 mol% 7j (R = 4-Ph): 88%, 5.0 mol%

OH OH
“M PN PN

7k: 98%, 10.0 mol% 71: 91%, 8.3 mol% 7m: 84%, 7.7 mol% n: 67%, 4.0 mol%
OH OH OH oH
X
_N
70: 75%, 6.3 mol% 7p: 88%, 7.0 mol% 79: 81%, 7.3 mol% 7r: 70%, 7.3 mol%

OH OH OH OH
_— NS
N 0 s N

7s: 75%, 8.3 mol%  7t: 92%, 8.7 mol% Tu: 72%, 8.3 mol% 7v: 90%, 9.7 mol%

o o op

7x: 95%, 9.7 mol%
7y: 90%, 8.3 mol%
7W:N.D. (syn:anti = 58:42) (syn:anti = 17:83)

OH HO /' weo
N \©\>£H/\
N

7z: 89%, 6.3 mol% 7aa: 73%, 5.7 mol% Tab: 70%, 4.0 mol%

Scheme 31. Substrate scope

49



Recovery and reuse of N-NCI-Zn/HCI C1 electrode were examined (Table 16). When
the recovered electrode was washed with THF and water respectively in this order, the
catalysts were physically removed from the cathode during the 3rd run of the reaction. In
addition, drying of the recovered electrode after washing was not good. Therefore, the
recovered electrode, which was washed with a mixture of water and THF after the
reaction, was used in the next run without drying. The catalyst electrode maintained high
activity until the 3rd run. Considering that the maximum amount of zinc on the cathode
was about 0.5 mmol, N-NCI-Zn/HCI] C1 mediated the reaction in a catalytic way and the
total TON through the reuse experiments was 1.6.

Table 16. Recovery and reuse experiments

N-NCI-Zn/HCI C1 (-)
(Zn: 0.526 mmol)

D s~ Pt(+) .
ph)J\H Br 0.3 M LiCIO, aq/THF (1/1) Ph)\/\
5a, 0.3 mmol 6a, 2.0 eq. rt, 15 h, 15 mA 7a
(0.03 M)
Recovery method run | yield (%)? | Zn leaching (mol%)°
1 91 7.3
Washed with THF—H,O | 2 92 8.3
then not dry 3 49 33
Washed with THF—H>0 | 1 90 7.3
thendry at50°Cfor1h | 2 57 4.7
1 91 7.3
Washed with THF/H,O | 2 91 7.3
then not dry 3 84 7.7
4 41 2.7

a: Isolated yield. b: Determined by ICP analysis. Based on the amount of 5a.

The reactions using Zn cathode were also carried out for comparisons (Scheme 32).
Substrates (Sa, Sv, Sab) gave lower yields and higher zinc leaching compared than in the
reaction using N-NCI-Zn/HCI C1 as a cathode. These results indicate that N-NCI-Zn/HC1
C1 exhibits unique activities thar differ from those of bulk zinc electrodes.
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Zn (-)

9 Pt (+) R\ OH

A e - M

R® R 0.3 MLIiCIO4 aq./ THF (1:1) R A
5 0.3 mmol 6a2.0eq. rt, 15 h, 15 mA

(0.03 M) 7 yield (%)
Zn leaching (mol%)

OH OH
MeO
h _ h \©\><Oi\
~ X
N

7a 49%, 31.0 mol% 7v 24%, 12.7 mol% 7ab 52%, 26.7 mol%
N-NCI-Zn/HCI C1: 92%, 7.3 mol% 90%, 9.7 mol% 70%, 4.0 mol%

Scheme 32. Comparison with bulk Zn electrode

To get more insight, I conducted several control experiments (Table 17). In the
reactions using graphite or carbon cloth on graphite, no desired products were detected
(entries 2, 3). The cathode containing no nitrogen-dopants gave a low yield (entry 4),
which suggested that nitrogen dopants had a crucial role in catalytic activities. I also
confirmed that nitrogen-doped carbon itself did not catalyze the reaction (entry 5). When
the catalyst was fixed on the cathode with a larger amount of Nafion™ than the optimal
conditions, the yield decreased probably because a large amount of Nafion™ blocks
active sites physically (entry 6). Finally, the reaction hardly proceeded without any
current applied (entry 7), which implied that electricity contributed to the turnover of N-
NCI-Zn/HCI C1.
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Table 17. Control experiments

0 “ Catgf ?f) ) OH
ph)J\H - 0.3 M LiCIO, aq./THF (1/1) ] Ph)\/\
5a, 0.3 mmol 6a, 2.0 eq. rt, 15 h, 15 mA 7a
(0.03 M)
entry cathode yield (%) | Zn leaching (mol%)®
1 | N-NCI-Zn/HCI1 C1 92 7.3
2 graphite N.D. -
3 | Ccloth on graphite N.D. -
4 CB-Zn/HCI® 24 3.7
5 NDC¢ N.D. -
6° | N-NCI-Zn/HCI C1 56 4.7
7" | N-NCI-Zn/HCI C1 7 1.0

a: Isolated yield. b: Determined by ICP analysis. Based on the amount of 5a. c: Prepared without PVP.
d: prepared without zinc. e: the catalyst was fixed on the electrode using 20 wt % Nafion solution

instead of 5 wt % Nafion solution. f: Without electricity.

I then conducted hot filtration tests to confirm whether the leached species could
catalyze the reaction (Table 18). After the reaction was performed for several hours using
N-NCI-Zn/HCI C1 cathode, the cathode was changed to a graphite electrode. No further
reaction took place after replacing the cathode during the reaction. Based on these results,
zinc species leached out in the solution were not active species.

Table 18. Hot filtration tests
N-NCI-Zn/HCI C1 (-)

0 Pt (+)
)]\ + \/\Br
Ph” H 0.3 M LiCIO,4 aq. / THF (1:1)
5203 mmol 6a 2.0 eq. rt,th, 15 mA
(0.03 M) graphite (-)
Pt (+) OH

0.3 M LiClO, aq. / THF (1:1) ph)\/\

rt, 15-t h, 15 mA

7Ta
entry | t(h) | yield (%)* at Th | yield (%)*at 15h
1° | 15 - 92
2 3 41 40
3 6 67 70

a: Isolated yield. b: Replacement of the cathode was not conducted.
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Cyclic voltammetry (CV) experiments were performed to monitor the progress of the
reaction (Figure 6). When N-NCI-Zn/HCI C1 cathode was used, CV curves showed
reductive peaks of Zn(II) at 5 min or 3 h after the reaction starts, and no such peaks were
observed at 15 h. These peaks did not appear when graphite was used as a cathode. This

indicated that Zn(II) species were reduced to Zn(0) on the cathode until the reaction was
complete.

N-NCI-Zn/HCI C1 (-)

f X e > Iy
o BT 0.3 M LiCIO, aq /THF (1/1) oSN
5a, 0.3 mmol 6a, 2.0 eq. " 15h, 15 mA 7a
(0.03 M)
S min 3k

]
=]
=
=

]

current (mA)
current (mA) 1

(mV vs Ag/AgCl) (mV vs Ag/AgCl)

15h

5 min (graphite (-

-2000 2000

current (mA)
current (mA)

(mV vs Ag/AgCl) (mV vs Ag/AgCl)

Figure 6. Cyclic voltammetry experiments

Finally, I attempted to apply this system to asymmetric reactions with chiral ligands
(Table 19). When chiral diamine ligand L1, Bolm’s ligand L2, and (1R,2S5)-(-)-2-amino-
1,2-diphenylethanol L3 were utilized, in all cases, no enantioselectivities were observed
although the allylation reaction proceeded (entries 1-3). Furthermore, no
enantioselectivity was obtained by changing the reaction conditions, such as the
electrolyte, the amounts of chiral ligands, and the ratio of solvents (entries 4-9). I thought
that it was difficult that chiral ligands coordinate to zinc in the reaction system because
the oxidative addition to allyl bromide was fast enough.
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Table 19. Examination of asymmetric reaction using chiral ligands

Ph

)

PN

5a, 0.3 mmol

H

(0.03 M)

’ __
Ph._N._Ph 7 N W Ph.___NH,
) NN XL
Ph” ‘N~ “Ph 'é Ph”” “OH

H OH HO
L1 L2 L3

+ \/\Br

N-NCI-Zn/HCI €1 (-)

Pt (+)

chiral ligand (10 mol%)
6a, 2.0 eq. 0-3 M electrolyte aq./THF (1/1)

rt, 15 h, 15 mA

OH
Ph)\/\

7a

entry | L | electrolyte | yield (%)? | ee (%)° | Zn leaching (mol%)°
1 L1 | LiClO4 82 0 7.4
2 L2 | LiClO4 56 0 5.0
3 L3 | LiClO4 85 0 8.1
4 L1 | TBAPFs 49 0 2.5
5 L3 | TBAPFs 44 0 3.1
69 | L1| LiClO4 77 0 7.7
79 | L3| LiClO4 72 0 7.2
g84¢ | L1| LiClO4 62 0 5.8
9%¢ | L3 | LiClO4 60 0 5.4

a: Isolated yield. b: Determined by HPLC analysis. c: Determined by ICP analysis. Based on the

amount of Sa. d: Chiral ligand (100 mol%) was used. e: 0.3 M LiClO4 aq./THF = 1/9.

I tried to modify N-NCI-Zn/HCI C1 with chiral ligands in advance of the
electrochemical reaction (Table 20). Unfortunately, N-NCI-Zn/HCI C1 treated with L1
or L3 did not give any enantioselectivities (entries 1,2). Even when a stoichiometric
amount of L1 or L3 was added in the electrochemical reaction, no enantioselectivities
were observed (entries 3,4). Based on these results, it was likely that the desired chiral

complexes could not be formed during the reaction.
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Table 20. Examination of chiral ligand modified catalysts
L1 orL3 (1.5 eq. to Zn)

N-NCI-Zn/HCI C1 > N-NCI-Zn/HCI C1-L1(L3)
EtOAc, rt, 3 h
cathode (-)
A N
Ph)J\H B 0.3 M LiCIO, aq./THF (1/1) Ph)\/\
5a,0.3 mmol 6a,2.0eq. r, 15h, 15 mA 7a
(0.03 M)

entry cathode yield (%)? | ee (%)° | Zn leaching (mol%)°
1 N-NCI-Zn/HC1 C1-L1 87 0 7.0
2 N-NCI-Zn/HCI C1-L3 71 0 5.7
3¢ | N-NCI-Zn/HC1 C1-L1 75 0 6.8
4° | N-NCI-Zn/HCI C1-L3 64 0 5.8

a: Isolated yield. b: Determined by HPLC analysis. c: Determined by ICP analysis. Based
on the amount of Sa. d: L1 (100 mol%) was added. e: L3 (100 mol%) was added.

In this chapter, I have developed an electrochemical system using nitrogen-doped
carbon incarcerated zinc nanoparticle catalysts (N-NCI-Zn/HCI C1) for the allylation of
carbonyls. This reaction system efficiently produced a range of homoallylic alcohols with
low levels of zinc consumption. It was found that additional nitrogen dopants contributed
to the suppression of zinc leaching. Hot filtration tests indicated that the reaction was
mediated by zinc species on the surface of the cathode.
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Chapter 5
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Chapter 6: Conclusion

Heterogeneous catalysts have great advantages over homogeneous catalysts due to
their reusability, easy separation from products and reducing wastes significantly.
Especially, continuous-flow reactions using heterogeneous catalysts can provide efficient
synthetic methods of organic compounds with environmental compatibility, efficiency
and safety.

Nitrogen-doped carbon (NDC) is an attractive support to stabilize metal nanoparticles
or single-atoms by strong metal-nitrogen interactions. Despite the extensive
investigations in electrocatalysts, the applications of nitrogen-doped carbon-supported
heterogeneous catalysts to organic reactions are still less explored. Our laboratory has
recently developed nitrogen-doped carbon incarcerated metal nanoparticle catalysts
(NCI-M) prepared from poly(4-vinylpyridine) through a polymer-incarceration method,
in which metal nanoparticles are encapsulated and stabilized by NDC layers. Although
NCI-M catalysts have enabled several organic transformations, the development of more
challenging organic reactions such as enantioselective reactions and C—C bond-forming
reactions using nitrogen-doped carbon-supported heterogeneous catalysts are desired.

In Chapter 2, I developed nitrogen-doped carbon incarcerated rhodium nanoparticle
catalyst (NCI-Rh) for the asymmetric insertion of carbenoids derived from diazoesters
into amines (Scheme 33). By employing SPINOL-derived chiral phosphoric acid as
cocatalysts, various types of a-amino acid derivatives were synthesized in high yields
with high enantioselectivities (Scheme 34). In this catalyst system, nitrogen dopants
played a crucial role in both activity and enantioselectivity. Furthermore, NCI-Rh was
applied successfully to continuous-flow synthesis. Several control studies and analyses
suggested the formation of intermediates derived from diazo compounds on the surface
of NCI-Rh. This work presents a novel example of asymmetric reactions catalyzed by
metal nanoparticles.

RhC|3'3H20 NaBH4 .
(0.056 mmol)  (0.28 mmol) ketjen black (CB)  EtOAc
(in 2 mL EtOH) (in 2 mL EtOH) (133 mg) (100 mL)
n rt, 1 h
X ~
» =
N
PVP
_ (667 mg) wash
(in 8 mL EtOH) filtration pyrolysis (EtOH, H,0, acetone) NCLRN
wash (H,0, acetone) 800 °C dry in vacuo
dry in vacuo 2 h, under Ar Rh: 0.072 mmol/g

Scheme 33. Preparation of NCI-Rh
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Scheme 34. NCI-Rh catalyzed asymmetric insertions of carbenoids into amines

Organometallic reagents hold a special place in organic synthesis because they have
widespread synthetic applications based on carbon-carbon bond formation.
Conventionally, stoichiometric amounts of organometallic reagents are required in such
transformations and large amounts of metallic wastes are generated, which hindered
applications to continuous-flow synthesis. To develop the catalytic carbon-carbon bond-
forming reactions without metallic waste, I envisioned an electrochemical approach in
which catalytic amounts of metals supported on the nitrogen-doped carbon-based cathode
form organometallic reagents and the subsequent electroreduction after the reaction
regenerates metal(0) on the cathode (Scheme 35).

f—)
B
@,

Scheme 35. Electrochemical approach with heterogeneous catalyst electrode

In Chapter 3, I developed an electrochemical system using nitrogen-doped carbon-
incarcerated zinc nanoparticles (N-NCI-Zn/HCI1 C1) as a cathode for the allylation of
carbonyls (Scheme 36). This reaction system efficiently produced a range of homoallylic
alcohols with low levels of zinc consumption (Scheme 37). It was found that additional
nitrogen dopants contributed to the suppression of zinc leaching. Hot filtration tests
indicated that the reaction was mediated by zinc species on the surface of the cathode.
Considering these phenomena and the good performance of the system with
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heteroaromatic substrates, nitrogen-doped carbon-stabilized zinc nanoparticle species
showed unique activities that differ from those of bulk zinc electrodes.

n 1) Zn(OAc),-2H,0 NaBH,4
X 2) XC-72 (in EtOH) EtOAc
| N/ rt, 1h rt, 2 h then filt.
(in EtOH)
i rolysis | aq.
pyrazine pyroly 6MHClag. N-NCI-Zn/HCl €1
EtOAc, rt, 3 h 800 °C, 2h rt, 3h
under Ar Zn: 2.63 mmol/g
Nafion (5 wt%)
N-NCI-Zn/HCI C1 alcohol solution carbon cloth N-NCI-Zn/HCI C1
(200 mg)

EtOH/H,0 (1/1) 50 °C, 1 h electode
0 °C, sonicator, 1 h

Scheme 36. Preparation of N-NCI-Zn/HCI C1 and its electrode

RZ f N-NCI-Zn/HCI C1 Rzﬁ;\

== ,
R\/\/Br %& ' R
% .% 25 examples
©Zn N-NCI-Zn/HCI C1 up to 98% yield

4-10 mol% Zn leaching

Scheme 37. Electrochemical allylation of carbonyl compounds using N-NCI-Zn/HCl C1
cathode

Through my doctoral course studies, I have demonstrated the applicability of nitrogen-
doped carbon-supported heterogenous catalysts toward challenging organic
transformations. The asymmetric insertion reaction catalyzed by NCI-Rh is the first
example of asymmetric reactions using nitrogen-doped carbon supported heterogeneous
catalysts, and N-NCI-Zn/HCIl and Zn-N-C/HCI electrodes catalyzed electrochemical
allylation reactions have opened the door to a novel strategy for catalytic carbon—carbon
bond-forming reactions without metallic waste. This work certainly has broadened the
world of nitrogen-doped carbon-supported heterogeneous catalysts and will trigger their
further application to fine chemical synthesis. I believe that the achievement of
electrochemical organic transformations using heterogenous catalysts as electrodes opens
a new possibility for heterogenous catalysis and continuous-flow reactions.
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Chapter 7: Experimental section

General information

+ JEOL INM-ECX600, ECA500 or ECZ500 spectrometers were used for NMR
measurement. Chloroform (8 = 7.24) was used as an internal standard for "H NMR and
CDCl; (8 = 77.0) for '*C NMR. Structures of known compounds were confirmed by
comparison with data shown in literature.

* FTIR analysis was conducted with a Shimadzu IRSpirit-T.

* Preparative thin-layer chromatography was carried out using Wakogel B-5F.

* ICP analysis was performed on Shimadu ICPS-7510 equipment. The sample was
prepared by heating with THERMO BLOCK ND-MI11.

+ HPLC analysis was performed on Shimadu LC-20AB, SPD-20A, and DGU-20A3.

* Daicel Chiralpak column were used for HPLC analysis.

* The absolute configuration of reported compounds was determined by comparison to
literature and that of other products was assumed by analogy.

* DART mass spectra were recorded on JEOL JMS-T100TD mass spectrometer.

* STEM/EDS images were obtained using a JEOL JEM-2100F instrument operated at
200 kV. All STEM specimens were prepared by placing a drop of the solution on
carbon-coated copper grids and allowed to dry in air (without staining).

*+ XPS analysis was performed on JPS-9010MC with a Mg Ka X-ray source and the C
Is line at 284.2 eV was used as reference to correct the binding energy.

* Pyrolysis was conducted with an ARF-40K ceramic tube furnace and the temperature
was controlled with a YKC-11 instrument.

* Cyclic voltammetry experiments were conducted with ElectraSyn 2.0 from IKA with
Ag/AgCl as a reference electrode.

* Nitrogen absorption/desorption isotherm was recorded on a BELSORP-mini Microtrac
Bell.

* XRD analysis was performed on MiniFlex 600 from Rigaku.

* RhCI3°3H>0 was purchased from Wako Pure Chemical Company.

* 4-Vinylpyridine (stabilized with HQ) was purchased from Tokyo Chemical Industry
Co., Ltd. And was treated through alumina, activated before use.

* NaBH4 was purchased from Wako Pure Chemical Company and recrystallized from
diglyme by heating according to the literature and store in a glove box.

* Ketjen black EC300J was purchased from Lion Corporation.

+ Zn(OAc)222H>0 was purchased from Wako Pure Chemical Company.

» Nafion™ perfluorinated resin solution (5 wt.%) in mixture of lower aliphatic alcohols
and water (contains 45% water) was purchased from Sigma-Aldrich Co. LLC and used
without further purification.
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+ Zn(NO3)*6H>0 was purchased from Sigma-Aldrich Co. LLC and used without further
purification.

* 2-Methylimidazole was purchased from Sigma-Aldrich Co. LLC and used without
further purification.

* Benzylamine was purchased from Tokyo Chemical Industry Co., Ltd. and used without
further purification.

* NiCl,*6H>O was purchased from Wako Pure Chemical Company.

+ Ag(OAc) was purchased from Wako Pure Chemical Company.

* Deionized water from a MILLIPORE MilliQ machine (Gradient A 10) was used as
solvent without further treatment.

* Methanol was distilled over Mg and dried over MS3A.

* Ethanol was distilled over Na and dried over MS3A.

* Other solvents were purchased in dried grade from Wako Pure Chemical Company and
used without further purification.

- Asymmetric N-H insertion reactions were conducted with Carousel™,

- Diazoesters 1 were prepared by following the literature.[!*]

» BocNHz and FmocNH: were prepared by following the literature!'*%!'4!l and other
amines for asymmetric N-H insertion reactions were purchased from Tokyo Chemical
Industry Co., Ltd and used without further purification.

- TRIP and SCPA were prepared by following the literature.[14>144]

* For asymmetric N-H insertion reactions under flow system,

Pump : Minato Concept, Inc. MCRP204

Column : 10® x 10 cm from Tokyo Rikakikai Co. Ltd.

Aluminium heating block and its controller: Custom-made by Tokyo Rika Kikai Co.
Ltd (EYELA)

* Electrochemical allylation reactions at 1 mmol scale were conducted in a 50 mL-three-
necked flask with power supply (AD-8724D from P4LT18-0.1 from Matsusada
Precision).

* Electrochemical allylation reactions at less than 0.5 mmol scale were conducted with
ElectraSyn 2.0 from IKA.

* Pt and graphite electrode were purchased from IKA.

* Carbon cloth (EC-CC1-060T) was purchased from TOYO Corporation.

+ Carbon Double-Sided Tape was purchased from NISSHIN EM Co., Ltd.

* Allyl bromide 6a was purchased from Sigma-Aldrich Co. LLC and used without further
purification.

+ Carbonyl compounds 5 for electrochemical allylation reactions were purchased from
Tokyo Chemical Industry Co., Ltd and used without further purification.

* Electrolytes were purchased from Tokyo Chemical Industry Co., Ltd and used without

further purification.
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Development of Nitrogen-Doped Carbon Incarcerated Rhodium
Nanoparticle Catalysts for Asymmetric Insertion Reactions

Preparation of poly(4-vinylpyridine)**!

To a solution of 4-vinylpyridine (83.9 g, 0.80 mol) in chloroform (150 mL), V-70 (2.41
g, 7.8 mmol) was added at room temperature, and the mixture was stirred until fully
dissolved. The solution was degassed with sonication under Ar atmosphere and stirred for
48 h at room temperature. The mixture was added slowly to ethyl acetate/diethyl ether (1
L, 1/4) to generate precipitation, and the suspension was decanted. The precipitation was
washed with diethyl ether (200 mL) three times. The polymer was dried in vacuo after
grinding to afford poly(4-vinylpyridine) (72.3 g, 86.2% yield).

Preparation of NCI-Rh

To a stirring solution of poly(4-vinylpyridine) (667 mg) in ethanol (8 mL), a solution
of RhCl3°3H20 (14.7 mg, 0.056 mmol) in ethanol (2 mL) was added dropwise at room
temperature under air. To this solution, NaBH4 (10.6 mg, 0.28 mmol) in ethanol (2 mL)
was added dropwise, and the mixture was stirred for 1 h at room temperature under air.
To this mixture was added ketjen black (133 mg), followed by addition of ethyl acetate
(100 mL) at room temperature dropwise, and stirred for 30 min. The catalyst was filtered
and the collected catalysts was stirred in water (50 mL) for 10 min at room temperature.
The catalyst was filtered, and the collected catalyst was stirred in acetone (50 mL) for 10
min at room temperature, followed by filtration and drying in vacuo. The catalyst was
pyrolyzed at 800 °C for 2 h under Ar atmosphere. After cooling to room temperature, the
catalyst was washed in ethanol (50 mL) with stirring. The catalyst was filtered, washed
with ethanol, water and acetone, and dried in vacuo to afford NCI-Rh (601.3 mg). NCI-
Rh (~10 mg) was heated in sulfuric acid (1.0 mL) at 200 °C, and some drops of nitric acid
was added. After evaporating all nitric acid, the mixture was cooled to room temperature
and diluted to 50 mL aqueous solution. The loading of Rh was determined to be 0.072
mmol/g by ICP analysis.

General procedure for asymmetric N-H insertion reactions

To a suspension of amine 2 (0.3 mmol), NCI-Rh (Rh: 1 mol%) and SCPA (1 mol%) in
DCM (2.0 mL), a solution of diazoester 1 (0.3 mmol) in DCM (1.0 mL) was added at
room temperature. The mixture was stirred for 16 h at 45 °C and filtered after cooling to
room temperature. The filtrate was concentrated and the residue was purified by
preparative thin-layer chromatography to afford 3. The enantiomeric excess of 3 was
determined by HPLC analysis.

Recovery and reuse of NCI-Rh

After the reaction, the resulting suspension was transferred to centrifugation tube. By
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centrifugation (3500 rpm, 10 min), NCI-Rh was washed with DCM three times. The
residue was used in the next run directly without drying completely. Almost no change in
the Rh loading of the recovered catalyst after eight runs was confirmed by ICP analysis
(before use: 0.072 mmol/g, after 8 run: 0.074 mmol/g).

Flow system and reactivation of NCI-Rh

A column (©10x100 mm) was packed with NCI-Rh (1.50 g) and cotton was put at each
end. A DCM solution of methyl phenyldiazoacetate 1a (0.05 M), p-anisidine 2a (0.05 M)
and SCPA (1 mol%) was flowed into the column, which was heated at 45 °C, using
peristaltic pump at a rate of 0.10-0.11 mL/min without pre-wetting the catalyst. The
column was set vertically and the flow reactions were performed with upward flow. One
fraction was collected for several hours or overnight, and the solvent was evaporated. The
residue was purified by preparative thin-layer chromatography and the ee was determined
by HPLC analysis.

NCI-Rh recovered after the above flow reaction was treated at 800 °C for 2 h under Ar.
Using the reactivated NCI-Rh (1.38 g), the second run of flow reaction was performed.
One fraction was collected for several hours or overnight, and the solvent was evaporated.
The residue was purified by preparative thin-layer chromatography and the ee was
determined by HPLC analysis.

Recovery of SCPA under flow system

Under the flow system, the column (®10x50 mm) packed with a basic resin
(AMBERLITE IRA900) was connected after the column packed with NCI-Rh. After the
first run, DCM (100 mL) was flowed to wash the inside of columns. The basic resin which
was taken out from the column was stirred in toluene (30 mL) in the presence of 1 M HC1
aqueous solution (30 mL) at ambient temperature for 1 h. The resin was removed by
filtration and the aqueous phase was extracted with toluene twice. The combined organic
extracts were dried over sodium sulfate and concentrated. The residue was purified by
column chromatography to afford pure SCPA (48% recovery) The recovered SCPA was
successfully reused for the asymmetric insertion reaction to afford 3a (91% yield, 82%
ee).

Deprotection of PMP group of 3a and enhancement of the ee!'*‘!

To a solution of 3a (542.5 mg, 2.0 mmol) in MeCN (15 mL), a H>O (4.5 mL) solution
of cerium ammonium nitrate (CAN, 2.19 g, 4.0 mmol) was added at 0 °C. After stirring
at 0 °C for 2 h, the resulting solution was treated with 2 M HCI to pH = 1. The aqueous
phase was washed with ethyl acetate and brought to basic by NaHCO3 aqueous solution.
The resulting suspension was extracted with DCM. The combined organic extracts were
dried over Na>SO4 and concentrated to afford free amine product 4a (271.3 mg, 82%
yield). 4a was treated with HCI to form HCI salts and recrystallized from EtOH. The ee
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was determined by HPLC analysis after derivatization with AcxO in DCM.

Hot filtration test

To a suspension of amine 2a (0.3 mmol), NCI-Rh (Rh: 1 mol%) and SCPA (1 mol%)
in DCM (2.0 mL), a solution of diazoester 1a (0.3 mmol) in DCM (1.0 mL) was added at
room temperature. After stirring at 45 °C for 3 h or 6 h, NCI-Rh was removed by filtration
with keeping temperature, then filtrate was further stirred at 45 °C for 13 h or 10 h,
respectively. At each point, yield was determined by 'H NMR analysis, and ee was
determined by HPLC analysis.

Stoichiometric reactions under flow conditions

NCI-Rh
(1500 mg, Rh: 0.111 mmol)

cotton

>

0.10 mL/min

Z10x100 mm

f
45 °C up Tlow

A column (©10x100 mm) was packed with NCI-Rh (1.50 g) and cotton was put at each
end. After flowing 20 mL of DCM, a DCM solution of methyl phenyldiazoacetate 1a
(0.33 mmol, 0.1 M)) was flowed into the column, which was heated at 45 °C, using
peristaltic pump at a rate of 0.10 mL/min. After washing by flowing 40 mL of DCM, a
DCM solution of p-anisidine 2a (0.12mmol, 0.1 M) and SCPA (1 mol%) was flowed
followed by flowing additional 20 mL of DCM. Final 25 mL resulting solution was
concentrated and purified by preparative thin-layer chromatography to afford 3a and the
ee was determined by HPLC analysis (28% yield to Rh, 83% ee).

Nitrogen doped carbon
(1500 mg)

>

0.10 mL/min
@10x100 mm

45 °C up flow

A column (©10x100 mm) was packed with nitrogen-doped carbon (1.50 g) and cotton
was put at each end. After flowing 20 mL of DCM, a DCM solution of methyl
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phenyldiazoacetate 1a (0.33 mmol, 0.1 M)) was flowed into the column, which was
heated at 45 °C, using peristaltic pump at a rate of 0.10 mL/min. The resulting solution
after flowing additional 20 mL of DCM was concentrated to afford 1a (57.9 mg, 0.33
mmol). The fact that 1a was fully recovered indicated no adsorption and reaction of 1a

occurred on the nitrogen-doped carbon.

Characterization date of products
(4-Methoxyphenylamino)phenylacetic acid methyl ester (3a)!!4¢]
OMe Yellow liquid. '"H NMR (CDCls, 500 MHz) & = 3.69 (s, 3H),
/©/ 3.70 (s, 3H), 4.65 (br, 1H), 5.00 (s, 1H), 6.50-6.53 (m, 2H), 6.70-
HN 6.71 (m, 2H), 7.28-7.30 (m, 1H), 7.32-7.35 (m, 2H), 7.46-7.50
COOMe (m, 2H) ppm. *C NMR (CDCl;3, 125 MHz) § = 52.7, 55.7, 61.7,
114.7, 114.8, 127.2, 128.2, 128.8, 137.8, 140.2, 152.5, 172.5
ppm. HPLC (OJ-H, eluate: hexane / i-PrOH =7/ 3, detector: 254
nm, flow rate: 1.0 mL / min), (R) t; = 8.3 min, (S) t2 = 11.3 min. [0]*p = -82.4 (¢ = 1.09,
CHCI5).

(2-Methoxyphenylamino)phenylacetic acid methyl ester (3b)
MeO Yellow liquid. 'TH NMR (CDCls, 600 MHz) § = 3.72 (s, 3H), 3.87
@ (s, 3H), 5.07 (s, 1H), 5.46 (br, 1H), 6.33-6.34 (m, 1H), 6.64-6.67 (m,
HN 1H), 6.70-6.76 (m, 1H), 6.77-6.78 (m, 1H),7.28-7.30 (m, 1H), 7.33-
7.35 (m, 2H), 7.49 (d, 2H, J = 3.8 Hz) ppm. 1*C NMR (CDCls, 150
MHz) 6 = 52.7, 55.4, 60.7, 109.5, 110.6, 117.4, 121.0, 127.2, 128.2,
128.8, 135.9, 137.7, 147.0, 172.3 ppm. HPLC (OJ-H, eluate: hexane
/ i-PrOH = 7 / 1, detector: 254 nm, flow rate: 0.8 mL / min), (R) t; = 36.3 min, (S) t2 =
40.8 min. IR (neat) 3417, 1739, 1514, 1266, 1171, 1037, 820, 637 cm™. HRMS (DART)
calculated for C16H1sNO3s* [M+H*] 272.12867, found 272.12822. [0]*°p = -88.5 (¢ = 1.22,
CHCls).

COOMe

Methyl 2-(tert-butoxycarbonylamino)-2-phenylacetate (3¢)!'*"!
o transparent liquid. "H NMR (CDCls, 500 MHz) § = 1.41 (s, 9H),
P'Y )< 3.70 (s, 3H), 5.31 (s, 1H), 5.52 (br, 1H), 7.31-7.34 (m, 5H) ppm. 1*C
© NMR (CDCls, 125 MHz) 6 = 28.3, 52.7, 57.6, 80.2, 127.1, 128.4,
COOMe  128.9, 136.9, 154.8, 171.6 ppm. HPLC (OD-H, eluate: hexane / i-
PrOH =9 / 1, detector: 254 nm, flow rate: 0.5 mL / min), () t; =
19.3 min, (R) t2 =21.2 min.

HN

Methyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-phenylacetate (3d)!'*®l
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transparent liquid. "H NMR (CDCls, 600 MHz) § =3.71 (s,

o O 3H), 3.72 (d, 2H, J = 3.4 Hz), 3.99 (t, 1H, J= 6.9 Hz), 5.28

HNJ\O . (s, 1H), 7.28-7.38 (m, 4H), 7.45-7.51 (m, 5H), 7.66 (d, 2H, J

COOMe O = 4.5 Hz), 7.84 (d, 2H, J = 4.6 Hz) ppm. '*C NMR (CDClI;,

150 MHz) 6 = 41.1, 46.8, 49.3, 52.0, 120.0, 124.9, 127.0,

127.1, 128.0, 128.5, 129.2, 133.9, 141.1, 143.3, 144.0, 172.0

ppm. HPLC (OJ-H, eluate: hexane / i-PrOH = 8 / 2, detector: 254 nm, flow rate: 1.0 mL
/ min), (R) t1 = 14.4 min, (S) t2 = 20.9 min.

Methyl 2-(((benzyloxy)carbonyl)amino)-2-phenylacetate (3¢)!'*’]
0 transparent liquid. 'H NMR (CDCls, 600 MHz) § =3.70 (s,
3H), 5.05-5.12 (m, 2H), 5.37 (s, 1H), 5.84 (br, 1H), 7.31-7.35

HN O/\© (m, 10H) ppm. '3C NMR (CDCls, 150 MHz) § = 52.8, 57.9,
COOMe 67.1, 127.1, 128.1, 128.2, 128.5, 128.6, 128.9, 136.1, 136.5,

155.3, 171.3 ppm. HPLC (OJ-H, eluate: hexane / i-PrOH =9/
1, detector: 254 nm, flow rate: 1.0 mL/ min), (R) t; = 17.9 min,
(S) t2 =20.6 min.

(4-Methoxyphenylamino)phenylacetic acid ethyl ester (3f)!146]
OoMe  Yellow liquid. "H NMR (CDCls, 500 MHz) 6 = 1.19 (t, 3H, J
/©/ =7.1 Hz), 3.69 (s, 3H), 4.08-4.24 (m, 2H), 4.99 (s, 1H), 6.53 (d,
HN 2H, J = 4.3 Hz), 6.70 (d, 2H, J = 4.3 Hz), 7.27-7.29 (m, 1H),
Ej/k COOEt 7.32-7.35 (m. 2H), 7.46-7.48 (m, 2H) ppm. '*C NMR (CDCl;,
125 MHz) 8 = 14.1, 55.7, 61.7, 61.7, 114.8, 127.2, 128.2, 128.8,

137.8, 140.1, 152.5, 168.6, 172.1 ppm. HPLC (OJ-H, eluate: hexane / i-PrOH = 8§ / 2,
detector: 254 nm, flow rate: 1.0 mL / min), (R) t; = 12.4 min, (S) t2 = 17.4 min.

(4-Methoxyphenylamino)phenylacetic acid isopropyl ester (3g)!'*l

OMe Yellow liquid. "H NMR (CDCls, 600 MHz) & = 1.05 (d, 3H, J
/©/ =3.1Hz), 1.23 (d, 3H, J=3.1 Hz), 3.69 (s, 3H), 4.97 (s, 1H),
HN 4.98-5.01 (m, 1H), 6.69-6.70 (m, 4H), 7.27-7.32 (m, 3H), 7.44-
cooPr 7.45 (m, 2H) ppm. *C NMR (CDCl3, 150 MHz) § = 21.7, 21.7,
41.7,55.7,68.1,114.8, 116.4, 126.9, 128.5, 129.1, 134.3, 139.7,
152.8, 171.1 ppm. HPLC (OJ-H, eluate: hexane / i-PrOH =8/ 2,

detector: 254 nm, flow rate: 1.0 mL / min), (R) t; = 10.4 min, (S) t> = 12.2 min.

Methyl 2-((4-methoxyphenyl)amino)-2-(p-tolyl)acetate (3h)!!4!
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3.69 (s, 3H), 3.70 (s, 3H), 4.62 (br, 1H), 4.97 (s, 1H), 6.51 (d,
2H, J=4.4 Hz), 6.70 (d, 2H, J= 4.5 Hz), 7.14 (d, 2H, J= 4.1
COOMe Hz), 7.35 (d, 2H, J = 4.1 Hz) ppm. '*C NMR (CDCls, 150
MHz) § =21.1, 52.7, 55.7, 61.3, 114.7, 114.8, 127.1, 129.5,
134.7, 138.0, 140.2, 152.4, 172.7 ppm. HPLC (OJ-H, eluate:

hexane / i-PrOH =9 / 1, detector: 254 nm, flow rate: 1.0 mL / min), (R) t; = 15.6 min, (S)
to =21.9 min.

: OMe Yellow liquid. "H NMR (CDCl3, 600 MHz) § = 2.32 (s, 3H),
HN

Methyl 2-(4-methoxyphenyl)-2-((4-methoxyphenyl)amino)acetate (3i)!'*°!
OoMe  Yellow liquid. '"H NMR (CDCls, 600 MHz) & = 3.69(s,
/©/ 3H), 3.70 (s, 3H), 3.77 (s, 3H), 4.65 (br, 1H), 4.95 (s, 1H),
HN 6.51 (d, 2H, J= 4.5 Hz), 6.70 (d, 2H, J = 4.5 Hz), 6.86 (d,
/@/kcoo,\,,e 2H, J=4.4 Hz), 7.37 (d, 2H, J = 4.5 Hz) ppm. °C NMR
(CDCls, 150 MHz) 8 = 52.6, 55.2,55.7,61.0, 114.2, 114.7,
MeO 114.8, 128.4, 129.7, 140.2, 152.5, 159.5, 172.8 ppm.

HPLC (OJ-H, eluate: hexane / i-PrOH =9/ 1, detector: 254 nm, flow rate: 1.0 mL / min),
(R) t1 = 12.5 min, (S) t2 = 17.4 min.

Methyl 2-(4-chlorophenyl)-2-((4-methoxyphenyl)amino)acetate (3j)!'*°!

OMe Yellow liquid. '"H NMR (CDCls, 600 MHz) § = 3.68 (s,
/©/ 3H), 3.71 (s, 3H), 4.68 (br, 1H), 4.96 (s, 1H), 6.47-6.49 (m,
HN 2H), 6.69-6.71 (m, 2H), 7.30 (d, 2H, J = 4.1 Hz), 7.41 (d,
/@J\COOMe 2H, J=4.1 Hz) ppm. 3*C NMR (CDCls, 150 MHz) § = 52.9,
55.7, 61.0, 114.8, 114.9, 128.6, 129.0, 134.1, 136.4, 139.8,
¢l 152.6, 172.0 ppm. HPLC (AS-H, eluate: hexane / i-PrOH =

7/ 3, detector: 254 nm, flow rate: 0.8 mL / min), (S) t; = 8.5 min, (R) t; = 10.4 min.

Methyl 2-((4-methoxyphenyl)amino)-2-(o-tolyl)acetate (3k)
OMe Transparent liquid. '"H NMR (CDCls, 600 MHz) § = 2.51 (s,
/©/ 3H), 3.69 (s, 3H), 3.70 (s, 3H), 4.52 (br, 1H), 5.21 (s, 1H), 6.50
HN (d, 2H,J=4.5Hz), 6.71 (d, 2H, J=4.5 Hz), 7.15-7.20 (m, 3H),
COOMe 7.36-7.37 (m, 1H) ppm. '*C NMR (CDCl3, 150 MHz) § = 19.5,
52.6,55.7,58.3, 114.6, 114.9, 126.4, 126.6, 128.1, 130.9, 136.0,
136.6, 140.5, 152.5, 173.0 ppm. HPLC (OJ-H, eluate: hexane /
i-PrOH = 8 / 2, detector: 254 nm, flow rate: 1.0 mL / min), (R) t; = 16.6 min, (S) t2 = 22.6
min. IR (neat) 3417, 1737, 1514, 1240, 1211, 1037, 903, 723, 648 cm™. HRMS (DART)
calculated for C17H20NOs* [M+H*] 286.14432, found 286.14361. [a]*p = +79.7 (¢ = 0.95,

CHCly).
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Methyl 2-(2-methoxyphenyl)-2-((4-methoxyphenyl)amino)acetate (31)!'4°]
OMe Transparent liquid. "H NMR (CDCls, 600 MHz) & = 3.68 (s,
/©/ 3H), 3.69 (s, 3H), 3.89 (s, 3H), 4.52 (br, 1H), 5.43 (s, 1H), 6.59
SO HN (d, 2H, J=4.5Hz), 6.71 (d, 2H, J=4.5 Hz), 6.90-6.93 (m, 2H),
@J\COOMe 7.24-7.27 (m, 1H), 7.32-7.33 (m, 1H) ppm. '*C NMR (CDCl;,
150 MHz) 6 = 52.5, 55.6, 55.8, 55.8, 111.1, 114.7, 115.0, 121.0,
126.5, 128.1, 129.4, 140.6, 152.5 157.1, 173.0 ppm. HPLC (OJ-
H, eluate: hexane / i-PrOH = 8 / 2, detector: 254 nm, flow rate: 0.5 mL / min), (R) t1 =

25.2 min, (S) t2 = 35.6 min.

Methyl 2-((4-methoxyphenyl)amino)-2-(napthalen-2-yl)acetate (3m)!'*‘l
OMe Yellow liquid. "H NMR (CDCls, 600 MHz) & = 3.67 (s,
/©/ 3H), 3.71 (s, 3H), 5.16 (s, 1H), 6.56 (d, 2H, J = 4.1 Hz),
HN 6.69 (d, 2H, J = 4.4 Hz), 7.46-7.47 (m, 2H), 7.58-7.59 (m,
COOMe 1H) 7.80-7.83 (m, 3H), 7.94 (s, 1H) ppm. '*C NMR (CDCl3,
150 MHz) 6 = 52.8, 55.7, 61.8, 114.8, 114.8, 124.9, 126.2,
126.2, 126.5, 127.7, 128.0, 128.7, 133.2, 133.3, 135.3,

140.1, 152.5, 172.5 ppm. HPLC (AS-H, eluate: hexane / i-PrOH =9/ 1, detector: 254 nm,
flow rate: 1.0 mL / min), (S) t1 = 26.8 min, (R) t> = 28.8 min.
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Development of Nitrogen-Doped Carbon __Incarcerated Zinc
Nanoparticle Catalysts for Electrochemical Allylation of Carbonyl
Compounds

Preparation of poly(4-vinylpyridine)*’!

To a solution of 4-vinylpyridine (83.9 g, 0.80 mol) in chloroform (150 mL), V-70 (2.41
g, 7.8 mmol) was added at room temperature, and the mixture was stirred until fully
dissolved. The solution was degassed with sonication under Ar atmosphere and stirred for
48 h at room temperature. The mixture was added slowly to ethyl acetate/diethyl ether (1
L, 1/4) to generate precipitation, and the suspension was decanted. The precipitation was
washed with diethyl ether (200 mL) three times. The polymer was dried in vacuo after
grinding to afford poly(4-vinylpyridine) (72.3 g, 86.2% yield).

Representative procedure for preparation of NCI-Zn/HCI (NCI-Zn(5-1)/HCI)

To a stirring solution of poly(4-vinylpyridine) (667 mg) in ethanol (4 mL), a solution
of Zn(OAc)222H20 (700 mg, 3.2 mmol) in ethanol (12 mL) was added dropwise at room
temperature under air. XC-72 (133 mg) was added to this solution, and the mixture was
stirred for 1 h at room temperature. To this suspension was added a solution of NaBH4
(600 mg, 16 mmol) in ethanol (6 mL), and the mixture was continued to stir for 2 h at
room temperature. Ethyl acetate (100 mL) was added dropwise at room temperature, and
stirred for 30 min. The catalyst was filtered and the collected catalyst was stirred in water
(50 mL) for 10 min at room temperature. The catalyst was filtered, and the collected
catalyst was stirred in acetone (50 mL) for 10 min at room temperature, followed by
filtration and drying in vacuo. The catalyst was pyrolyzed at 800 °C for 2 h under Ar
atmosphere. After cooling to room temperature, the catalyst was washed in ethanol (50
mL) with stirring. The catalyst was filtered, washed with ethanol, water and acetone, and
dried in vacuo to afford NCI-Zn(5-1) (625 mg). NCI-Zn(5-1) (600 mg) was stirred in 6
M hydrochloric acid aqueous solution (30 mL) for 3 h at room temperature, and the
filtered catalyst was washed with plenty amount of water and acetone to afford NCI-Zn(5-
1)/HCI. NCI-Zn(5-1)/HCI (~5 mg) was heated in sulfuric acid (1.0 mL) at 200 °C, and
some drops of nitric acid was added. After evaporating all nitric acid, the mixture was
cooled to room temperature and diluted to 50 mL aqueous solution. The loading of Zn
was determined to be 2.99 mmol/g by ICP analysis.

Representative procedure for preparation of X-NCI-Zn/HCl (N-NCI-Zn/HCI C1)
To a stirring solution of poly(4-vinylpyridine) (1.50 g) in ethanol (9 mL), a solution of
Zn(OAc)2+2H20 (1.58 g, 7.2 mmol) in ethanol (25 mL) was added dropwise at room
temperature under air. XC-72 (300 mg) was added to this solution, and the mixture was
stirred for 1 h at room temperature. To this suspension was added a solution of NaBH4
(1.36 g, 36 mmol) in ethanol (10 mL), and the mixture was continued to stir for 2 h at
room temperature. Ethyl acetate (200 mL) was added dropwise at room temperature, and
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stirred for 30 min. The solid was filtered and stirred in water (50 mL) for 10 min at room
temperature. After filtration, the collected solid was stirred in acetone (50 mL) for 10 min
at room temperature. The filtered and dried solid was stirred in ethyl acetate (50 mL) in
the presence of pyrazine (1.73 g, 21.6 mmol) for 3 h at room temperature, followed by
evaporation and drying in vacuo. The catalyst was pyrolyzed at 800 °C for 2 h under Ar
atmosphere. After cooling to room temperature, the catalyst was washed in ethanol (50
mL) with stirring. The catalyst was filtered, washed with ethanol, water and acetone, and
dried in vacuo to afford N-NCI-Zn C1 (1.28 g).

N-NCI-Zn C1 (1.2 g) was stirred in 6 M hydrochloric acid aqueous solution (60 mL)
for 3 h at room temperature, and the filtered catalyst was washed with plenty amount of
water and acetone to afford N-NCI-Zn/HC1 C1. N-NCI-Zn/HCI C1 (~5 mg) was heated
in sulfuric acid (1.0 mL) at 200 °C, and some drops of nitric acid was added. After
evaporating all nitric acid, the mixture was cooled to room temperature and diluted to 50
mL aqueous solution. The loading of Zn was determined to be 2.63 mmol/g by ICP
analysis.

Preparation of CB-Zn/HCIl (without poly-4-vinylpyridine)

To a stirring solution of XC-72 (800 mg) in ethanol (4 mL), a solution of
Zn(OAc)2*2H>0 (700 mg, 3.2 mmol) in ethanol (12 mL) was added dropwise at room
temperature under air, and the mixture was stirred for 1 h at room temperature. To this
suspension was added a solution of NaBH4 (600 mg, 16 mmol) in ethanol (6 mL), and the
mixture was continued to stir for 2 h at room temperature. Ethyl acetate (100 mL) was
added dropwise at room temperature, and stirred for 30 min. The catalyst was filtered and
the collected catalyst was stirred in water (50 mL) for 10 min at room temperature. The
catalyst was filtered, and the collected catalyst was stirred in acetone (50 mL) for 10 min
at room temperature, followed by filtration and drying in vacuo. The catalyst was
pyrolyzed at 800 °C for 2 h under Ar atmosphere. After cooling to room temperature, the
catalyst was washed in ethanol (50 mL) with stirring. The catalyst was filtered, washed
with ethanol, water and acetone, and dried in vacuo to afford CB-Zn (660 mg). CB-Zn
(600 mg) was stirred in 6 M hydrochloric acid aqueous solution (30 mL) for 3 h at room
temperature, and the filtered catalyst was washed with plenty amount of water and
acetone to afford CB-Zn/HCIl. CB-Zn/HCI (~5 mg) was heated in sulfuric acid (1.0 mL)
at 200 °C, and some drops of nitric acid was added. After evaporating all nitric acid, the
mixture was cooled to room temperature and diluted to 50 mL aqueous solution. The
loading of Zn was determined to be 2.40 mmol/g by ICP analysis.

Preparation of nitrogen-doped carbon (NDC)

To a solution of poly(4-vinylpyridine) (5.0 g) in ethanol (100 mL), XC-72 (5.0 g) was
added. After stirring for 1 h at room temperature, ethyl acetate (800 mL) was added
dropwise and the collected solids by filtration were washed with ethyl acetate and acetone.
After drying in vacuo, a part of solids (2.2 g) were pyrolyzed at 800 °C for 2 h under Ar
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atmosphere. After cooling to room temperature, the solids were washed in ethanol with
stirring. The solids were filtered, washed with ethanol, water and acetone, and dried in
vacuo to afford nitrogen-doped carbon (NDC) (1.5 g).

Representative procedure for preparation of N-NCI-Zn/HCI C1 electrode

The mixture of N-NCI-Zn/HCI C1 (200 mg) and Nafion™ resin (5 wt%) solution (0.5
mL) in water/ethanol (1/1, 0.3 mL) was sonicated at 0 °C for 1 h. The resulting mixture
was pasted on carbon cloth (12 x 25 mm) which was dried at 50 °C in an oven for 1 h.
The carbon cloth was fixed on a graphite plate (9 x 52 mm) with carbon tape to prepare
N-NCI-Zn/HCI C1 electrode.

General procedure for electrochemical allylation of carbonyls using N-NCI-Zn/HC1
C1 cathode

To 0.3 M LiClO4 aqueous solution (5 mL) and THF (5 mL) in a reaction vial,
benzaldehyde 5a (31.8 mg, 0.3 mmol) and allyl bromide 6a (72.6 mg, 0.6 mmol) were
added. The cap with Pt anode (9 x 52 mm) and N-NCI-Zn/HCI C1 cathode (9 x 52 mm)
was attached, and the reaction solution was stirred and electrolyzed at a constant current
(15 mA) for 15 h at room temperature under air. After the electrolysis, ethyl acetate (10
mL) was added to the resulting solution, and the organic layer was separated. After
washing aqueous layer with ethyl acetate twice, the combined organic extracts were
concentrated. The residue was purified by preparative thin-layer chromatography to
afford desired alcohol 7a in 92% yield. Zn leaching was determined by ICP analysis of
aqueous phases after extraction.

Hot filtration tests

The reactions were performed in the same way as the above procedure. After 3 h or 6
h, the cap was replaced with one with Pt anode and graphite cathode, and the stirring at
constant current (15 mA) was continued for 12 h or 9 h, respectively. After the electrolysis,
ethyl acetate (10 mL) was added to the resulting solution, and the organic layer was
separated. After washing aqueous layer with ethyl acetate twice, the combined organic
extracts were concentrated. The residue was purified by preparative thin-layer
chromatography. Zn leaching was determined by ICP analysis of aqueous phases after
extraction.

Recovery and reuse of N-NCI-Zn/HCI C1 cathode

The reactions were performed in the same way as the above procedure. After the
reaction, N-NCI-Zn/HCI C1 cathode was removed from the cap and washed with 30 mL
of HO/THF (1/1). The recovered N-NCI-Zn/HCl C1 cathode was attached the cap
without complete drying, and the next run of the reaction was performed.

General procedure for electrochemical allylation of benzaldehyde Sa with chiral
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ligands using N-NCI-Zn/HCI C1 cathode

To 0.3 M LiClO4 aqueous solution (5 mL) and THF (5 mL) in a reaction vial,
benzaldehyde 5a (31.8 mg, 0.3 mmol), allyl bromide 6a (72.6 mg, 0.6 mmol), and chiral
ligand L1 (11.8 mg, 0.03 mmol) were added. The cap with Pt anode (9 x 52 mm) and N-
NCI-Zn/HCI C1 cathode (9 x 52 mm) was attached, and the reaction solution was stirred
and electrolyzed at a constant current (15 mA) for 15 h at room temperature under air.
After the electrolysis, ethyl acetate (10 mL) was added to the resulting solution, and the
organic layer was separated. After washing aqueous layer with ethyl acetate twice, the
combined organic extracts were concentrated. The residue was purified by preparative
thin-layer chromatography to afford desired alcohol 7a in 82% yield. The enantiomeric
excess of 7a was determined by HPLC analysis (OD-H, eluate: hexane / i-PrOH =49/ 1,
detector: 254 nm, flow rate: 1.0 mL / min, (R) t; = 16.4 min, (S) t2 = 19.7 min.). Zn
leaching was determined by ICP analysis of aqueous phases after extraction.

Preparation of chiral ligand modified N-NCI-Zn/HCI1 C1 (N-NCI-Zn/HCI1 C1-L)

To a suspension of N-NCI-Zn/HCI C1 (500 mg, Zn: 1.32 mmol) in ethyl acetate (10
mL), a solution of L1 or L3 (2.0 mmol) in ethyl acetate (10 mL) was added dropwise.
After stirring for 3 h at room temperature, the solids were collected by filtration and
washed with ethyl acetate. The collected catalyst was dried in vacuo to afford N-NCI-
Zn/HCI C1-L.

Characterization date of products
1-phenylbut-3-en-1-ol (7a)*4l
OH Transparent liquid. "H NMR (CDCls, 600 MHz) § = 1.79 (br, 1H),
2.46-2.54 (m, 2H), 4.73 (dd, 1H,J=17.6,4.8 Hz), 5.12-5.17 (m, 2H),
N 576-5.82 (m, 1H), 7.25-7.28 (m, 1H), 7.32-7.34 (m, 4H) ppm. 13C
NMR (CDCls, 150 MHz) 6 =43.8, 73.3, 118.4, 125.8, 127.5, 128 4,
134.4, 143.8 ppm.

1-(4-chlorophenyl)but-3-en-1-ol (7b)!34
OH Transparent liquid. '"H NMR (CDCls, 600 MHz) 6 =2.01 (br,
1H), 2.41-2.50 (m, 2H), 4.71 (dd, 1H, J = 8.3, 4.9 Hz), 5.13-
5.16 (m, 2H), 5.73-5.80 (m, 1H), 7.27-7.31 (m, 4H) ppm. "*C
Cl NMR (CDCls, 150 MHz) 6 = 43.8, 72.5, 118.9, 127.2, 128.5,
133.1, 133.9, 142.2 ppm.

1-(3,4-dichlorophenyl)but-3-en-1-ol (7¢c)!'*!
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Transparent liquid. '"H NMR (CDCls, 600 MHz) & = 2.05 (br,

OH
cl o [H): 239244 (m, 1H), 2.47-2.52 (m, 1H), 4.69 (dd, 1H, J =
7.6, 2.0 Hz), 5.14-5.18 (m, 2H), 5.72-5.79 (m, 1H), 7.16-7.18
cl (m, 1H), 7.40 (d, 1H, J= 8.2 Hz), 7.45 (d, 1H, J = 2.0 Hz) ppm.

3C NMR (CDCls, 150 MHz) & = 43.8, 71.9, 119.4, 125.2, 127.9, 130.3, 131.3, 132.5,
133.5, 144.0 ppm.

1-(p-tolyl)but-3-en-1-0l (7d)!'>"
Transparent liquid. 'H NMR (CDCls, 600 MHz) & = 1.92 (br,

OH
1H), 2.33 (s, 3H), 2.45-2.53 (m, 2H), 4.69 (dd, 1H, J=17.6, 5.5
N Hz), 5.11-5.16 (m, 2H), 5.76-5.83 (m, 1H), 7.14 (d, 2H, J = 8.3
Hz), 7.23 (d, 2H, J = 8.2 Hz) ppm. '3C NMR (CDCls, 150 MHz)

o =21.1,43.7, 73.2, 118.2, 125.7, 129.0, 134.6, 137.2, 140.9
ppm.

1-(4-methoxyphenyl)but-3-en-1-ol (7¢)!**
Transparent liquid. "H NMR (CDCls, 600 MHz) § = 1.92

OH
N (br, 1H), 2.47-2.50 (m, 2H), 3.79 (s, 3H), 4.68 (dd, 1H, J =
6.8, 6.2 Hz), 5.10-5.15 (m, 2H), 5.75-5.82 (m, 1H), 6.87 (d,
MeO 2H, J = 8.9 Hz), 7.27 (d, 2H, J = 8.9 Hz) ppm. *C NMR

(CDCls, 150 MHz) 6 =43.7,55.2,72.9, 113.8, 118.2, 127.0, 134.6, 136.0, 159.0 ppm.

1-(3-methoxyphenyl)but-3-en-1-ol (7g)!'>!]
Transparent liquid. '"H NMR (CDCls, 600 MHz) & = 1.98

OH
MeO . (br: 1H), 2.44-2.54 (i, 2H), 3.80 (s, 3H), 4.71 (dd, 1H, J =
7.6, 4.8 Hz), 5.12-5.17 (m, 2H), 5.76-5.83 (m, 1H), 6.79-
6.81 (m, 1H), 6.91-6.92 (m, 2H), 7.23-7.26 (m, 1H) ppm.

BCNMR (CDCls, 150 MHz) 6 =43.8,55.2,73.2,111.3,113.0, 118.1, 118.4, 129.4, 134.4,
145.6, 159.7 ppm.

1-(2-(trifluoromethyl)phenyl)but-3-en-1-ol (7h)!!?!
CF; OH Transparent liquid. "H NMR (CDCls, 600 MHz) 8 =2.11 (br, 1H),

N 2.35-2.40 (m, 1H), 2.51-2.53 (m, 1H), 5.13-5.20 (m, 3H), 5.84-5.91
(m, 1H), 7.35-7.37 (m, 1H), 7.56-7.61 (m, 2H), 7.78 (d, 1H, J= 7.6
Hz) ppm. '*C NMR (CDCls, 150 MHz) & = 43.9, 68.6, 118.4, 124.3

(q,J=273.8 Hz), 125.3 (q,J=6.0 Hz), 126.7 (q, /= 30.2 Hz), 127.4, 127.5, 132.1, 134.3,
143.0 ppm.
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1-([1,1’-biphenyl]-4-yl)but-3-en-1-ol (7j)!'*"!

OH Transparent liquid. '"H NMR (CDCls, 600 MHz) & = 2.03
(br, 1H), 2.50-2.59 (m, 2H), 4.78 (dd, 1H, J = 8.3, 4.9 Hz),
5.15-5.20 (m, 2H), 5.80-5.87 (m, 1H), 7.32-7.34 (m, 1H),
Ph 7.41-7.43 (m, 4H), 7.56-7.58 (m, 4H) ppm. *C NMR (CDCls,
150 MHz) 6 = 43.8, 73.0, 118.5, 126.2, 127.0, 127.1, 127.2, 128.7, 134.4, 140.4, 140.8,
142.9 ppm.

t

1-(naphthalen-2-yl)but-3-en-1-ol (7k)!'>*!
OH Transparent liquid. '"H NMR (CDCls, 600 MHz) & = 2.54-
N 2.64 (m, 2H), 4.90 (dd, 1H, J = 7.6, 4.8 Hz), 5.13-5.19 (m,
O 2H), 5.79-5.86 (m, 1H), 7.45-7.48 (m, 3H), 7.80-7.83 (m, 4H)
ppm. C NMR (CDCls, 150 MHz) & = 43.7, 73.4, 118.5,
124.0, 124.5, 125.8, 126.1, 127.6, 127.9, 128.2, 132.9, 133.2, 134.3, 141.2 ppm.

1-(naphthalen-1-yl)but-3-en-1-ol (71)!!>*]

OH Transparent liquid. '"H NMR (CDCls, 600 MHz) & = 2.13 (br,
1H), 2.57-2.62 (m, 1H), 2.74-2.78 (m, 1H), 4.53 (dd, 1H, J=8.9,
4.1 Hz), 5.17-5.23 (m, 2H), 5.89-5.96 (m, 1H), 7.46-7.53 (m,
3H), 7.66 (d, 1H, J = 6.9 Hz), 7.77 (d, 1H, J = 8.3 Hz), 7.87 (d,
IH, J = 8.3 Hz), 8.07 (d, 1H, J = 8.3 Hz) ppm. 13C NMR (CDCls, 150 MHz) & = 42.9,
70.0, 118.4, 122.8, 123.0, 125.4, 125.5, 126.0, 128.0, 128.9, 130.2, 133.8, 134.8, 139.4

X

1-phenylhex-5-en-3-ol (7m)34l
OH Transparent liquid. '"H NMR (CDCls, 500 MHz) § = 1.73
(br, 1H), 1.76-1.81 (m, 2H), 2.17-2.22 (m, 1H), 2.30- 2.34 (m,
1H), 2.66-2.72 (m, 1H), 2.78-2.84 (m, 1H), 3.66-3.69 (m, 1H),
5.13-5.16 (m, 2H), 5.78-5.85 (m, 1H), 7.17-7.22 (m, 3H),
7.27-7.30 (m, 2H) ppm. *C NMR (CDCls, 150 MHz) & =
32.0,38.4,42.0,69.9, 118.2, 125.8, 128.3, 128.4, 134.6, 142.0 ppm.

(E)-1-phenylhexa-1,5-dien-3-ol (7n)%*

Transparent liquid. '"H NMR (CDCls, 500 MHz) § = 1.74
(br, 1H), 2.35-2.46 (m, 2H), 4.35 (dd, 1H, J = 12.0, 8.6 Hz),
5.14-5.20 (m, 2H), 5.80-5.89 (m, 1H), 6.23 (dd, 1H, J=16.0,
6.9 Hz), 6.60 (d, 1H, J=16.1 Hz), 7.21-7.23 (m, 1H), 7.28-

5
.
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7.31 (m, 2H), 7.36-7.37(m, 2H) ppm. 13C NMR (CDCL, 150 MHz) § = 42.0, 71.7, 118.5,
126.4, 127.6, 128.5, 130.3, 131.5, 134.0, 136.6 ppm.

(E)-2-methyl-1-phenylhexa-1,5-dien-3-ol (70)!!>4
OH Transparent liquid. '"H NMR (CDCls, 600 MHz) & = 1.75
(br, 1H), 1.87 (d, 3H, J= 1.3 Hz), 2.35-2.47 (m, 2H), 4.21 (dd,
1H, J = 6.2, 2.8 Hz), 5.12-5.19 (m, 2H), 5.79-5.86 (m, 1H),
6.52 (s, 1H), 7.19-7.21 (m, 1H), 7.26 (d, 2H, J= 7.6 Hz), 7.30-
7.33 (m, 2H) ppm. *C NMR (CDCls, 150 MHz) & = 13.7,
40.1, 76.5, 118.1, 125.7, 126.4, 128.1, 129.0, 134.5, 137.5, 139.5 ppm.

(E)-7-methylocta-1,5-dien-4-o0l (7p)
OH Transparent liquid. 'H NMR (CDCls, 500 MHz) & = 0.96 (d,
Y\)\/\ 3H, J = 1.8 Hz), 0.97 (d, 3H, J = 1.7 Hz), 1.76 (br, 1H), 2.22-
2.32 (m, 3H), 4.08-4.11 (m, 1H), 5.08-5.12 (m, 2H), 5.38-5.43
(m, 1H), 5.60-5.65 (m, 1H), 5.74-5.82 (m, 1H) ppm. 3C NMR
(CDCls, 125 MHz) & = 22.2, 22.3, 30.6, 42.1, 71.9, 118.0, 129.0, 134.4, 139.2 ppm. IR

(neat) 3345, 2960, 2870, 1642, 1464, 1027, 971, 913, 636 cm™. HRMS (DART)
calculated for CoH170" [M+H™] 141.12794, found 141.12805.

dec-1-en-4-ol (7q)"3%
OH Transparent liquid. 'H NMR (CDCls, 500 MHz) & =
X 086 (t, 3H, J=6.9 Hz), 1.24-1.31 (m, 8H), 1.42-1.45 (m,
2H), 1.55 (br, 1H), 2.09-2.15 (m, 1H), 2.26-2.31 (m, 1H),
3.60-3.65 (m, 1H), 5.10-5.13 (m, 2H), 5.77-5.85 (m, 1H) ppm. 3C NMR (CDCls, 125
MHz) ¢ = 14.0, 22.6, 25.6, 29.3, 31.8, 36.8, 41.9, 70.7, 118.0, 134.9 ppm.

1-(pyridine-2-yl)but-3-en-1-ol (7r)’**
OH Transparent liquid. '"H NMR (CDCls, 600 MHz) & =2.47-2.52 (m,
1H), 2.62-2.66 (m, 1H), 4.85 (dd, 1H, J = 7.6, 4.8 Hz), 5.08-5.12
(m, 2H), 5.79-5.86 (m, 1H), 7.23-7.25 (m, 1H), 7.32 (d, 1H, J=7.6
~N Hz), 7.71-7.74 (m, 1H), 8.56 (d, 1H, J = 4.8 Hz) ppm. *C NMR
(CDCl3, 150 MHz) 6 =42.8,72.1, 118.1, 120.6, 122.4, 134.0, 136.8,

X

148.2, 161.3 ppm.

1-(pyridin-3-yl)but-3-en-1-ol (7s)!!>’!
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Transparent liquid. 'H NMR (CDCls;, 600 MHz) § = 1.64 (br,
1H), 2.43-2.56 (m, 2H), 4.80 (dd, 1H, J = 8.2, 4.8 Hz), 5.14-5.18
(m, 2H), 5.74-5.81 (m, 1H), 7.37 (dd, 1H, J = 7.6, 4.8 Hz), 7.82 (d,
1H, J = 8.2 Hz), 8.58 (d, 1H, J = 4.8 Hz), 8.64 (s, 1H) ppm. 13C
NMR (CDCls, 150 MHz) 6 =43.2, 70.2, 119.5, 125.3, 132.8, 138.2, 142.0, 146.4, 147.3
ppm.

A/
g
Y,

1-(furan-2-yl)but-3-en-1-ol (7t)*4l
OH Pale yellow liquid. "H NMR (CDCls, 600 MHz) & = 2.16 (br, 1H),
2.56-2.64 (m, 2H), 4.72 (t, 1H, J= 6.5 Hz), 5.11-5.17 (m, 2H), 5.75-
o "N 581 (m, 1H), 6.23 (d, 1H, J = 3.5 Hz), 6.30-6.31 (m, 1H), 7.35 (d,
1H, J = 2.0 Hz) ppm. 3C NMR (CDCls, 150 MHz) § = 40.0, 66.9,
106.0, 110.1, 118.5, 133.7, 141.9, 156.0 ppm.

Z
@)

1-(thiophen-2-yl)but-3-en-1-o0l (7u)!!>!

OH Transparent liquid. "H NMR (CDCls, 500 MHz) 6 =2.12 (d, 1H,
J=4.0 Hz), 2.59-2.63 (m, 2H), 4.99 (t, 1H, J = 8.0 Hz), 5.14-5.20
(m, 2H), 5.78-5.86 (m, 1H), 6.94-6.97 (m, 2H), 7.23 (d, 1H, J=1.2
Hz) ppm. >*C NMR (CDCls, 125 MHz) § =43.8, 69.3, 118.8, 123.7,

124.5, 126.6, 133.8, 147.8 ppm.

=
w

1-(quinolin-6-yl)but-3-en-1-ol (7v)!!¢
OH Orange liquid. "H NMR (CDCl3, 500 MHz) § = 2.48-2.54
(m, 1H), 2.57-2.62 (m, 1H), 4.91 (dd, 1H, J = 8.0, 4.6 Hz),
5.14-5.18 (m, 2H), 5.75-5.83 (m, 1H), 7.45 (dd, 1H, J = 8.0,
N 4.6 Hz), 7.67 (dd, 1H, J = 8.6, 1.7 Hz), 7.82 (s, 1H), 8.22-
8.23 (m, 2H), 9.05 (br, 1H) ppm. *C NMR (CDCls, 125
MHz) § =43.5,72.5,118.3,121.2, 124.4,127.8, 128.2, 128.7, 133.9, 137.9, 143.2, 146.1,
150.2 ppm.

= X

NS

2-methyl-1-phenylbut-3-en-1-ol (7x)!34

Transparent liquid. '"H NMR (CDCls, 500 MHz) (syn isomer) &
=0.99 (d, 3H, J= 7.5 Hz), 1.90 (br, 1H), 2.55-2.59 (m, 1H), 4.61
(d, 1H, J = 2.9 Hz), 5.02-5.06 (m, 2H), 5.71-5.83 (m, 1H), 7.25-
7.34 (m, 5SH) ppm. (anti isomer) 6 = 0.86 (d, 3H, J= 6.9 Hz), 2.11
(br, 1 H), 2.45-2.49 (m, 1H), 4.35 (d, 1H, J = 8.0 Hz), 5.16-5.21 (m, 2H), 5.71-5.83 (m,
1H), 7.25-7.34 (m, 5H) ppm. *C NMR (CDCls, 125 MHz) (syn isomer) & = 14.0, 46.3,

g
/§
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77.2, 115.5, 126.5, 127.3, 128.1, 140.3, 142.4 ppm. (anti isomer) 6 = 16.5, 44.6, 77.9,
116.9, 126.8, 127.7, 128.2, 140.6, 142.5 ppm.

1,2-diphenylbut-3-en-1-ol (7y)!'>"]

OH Transparent liquid. "H NMR (CDCls, 600 MHz) (anti isomer) &
=2.27(d, 1H,J=2.0 Hz), 3.53 (t, 1H, J= 8.3 Hz), 4.83 (d, IH, J
= 2.0 Hz), 5.20-5.26 (m, 2H), 6.21-6.27 (m, 1H), 7.04 (d, 2H, J =
7.6 Hz), 7.12-7.20 (m, 8H) ppm. (syn isomer) 6 = 1.90 (d, 1H, J=
3.4 Hz), 3.62 (t, 1H, J= 8.3 Hz), 4.84-4.90 (m, 2H), 4.97 (d, 1H, J
= 10.3 Hz), 5.85-5.91 (m, 1H), 7.26-7.35 (m, 10H) *C NMR
(CDCls, 125 MHz) (anti isomer) 6 = 59.1, 77.2, 118.3, 126.5, 126.6, 127.4, 127.9, 128.3,
128.7, 137.8, 140.6, 141.8 ppm. (syn isomer) 6 = 58.4, 77.5, 117.2, 127.0, 127.0, 127.3,
127.7, 128.1, 128.6, 137.6, 140.2, 141.8 ppm.

o

2-phenylpent-4-en-2-ol (7z)1*

OH Transparent liquid. "TH NMR (CDCls, 600 MHz) § = 1.53 (s, 3H),
2.01 (s, 1H),2.49 (dd, 1H, J=13.7, 8.2 Hz), 2.67 (dd, 1H, J=13.7,
6.9 Hz), 5.09-5.14 (m, 2H), 5.57-5.64 (m, 1H), 7.21-7.24 (m, 1H),
7.31-7.34 (m, 2H), 7.42 (d, 2H, J = 7.6 Hz) ppm. '3*C NMR (CDCls,
150 MHz) 6 = 29.9, 48.4, 73.6, 119.4, 124.7, 126.6, 128.1, 133.6, 147.6 ppm.

+

1-allyl-2,3-dihydro-1H-inden-1-o0l (7aa)!'*®l

Transparent liquid. '"H NMR (CDCls, 600 MHz) § = 1.94 (br, 1H),
2.05-2.09 (m, 1H), 2.30-2.34 (m, 1H), 2.50 (dd, 1H, J = 13.7, 6.8
Hz), 2.62 (dd, 1H, J = 13.7, 7.6 Hz), 2.78-2.83 (m, 1H), 2.96-3.01
(m, 1H), 5.13-5.18 (m, 2H), 5.81-5.88 (m, 1H), 7.22-7.23 (m, 3H),
7.31-7.32 (m, 1H) ppm. *C NMR (CDCls, 150 MHz) § = 29.4, 39.6, 44.9, 82.7, 118.8,
122.8, 124.9, 126.6, 128.2, 133.7, 143.0, 147.0 ppm.

|
é\

1-(4-methoxyphenyl)-2-methylpent-4-en-2-ol (7ab)!'>’]

MeO Transparent liquid. '"H NMR (CDCls, 500 MHz) & =

1.12 (s, 3H), 2.21 (d, 1H, J= 3.4 Hz), 2.22 (d, 1H, J =
X 3.4 Hz), 2.65-2.73 (m, 2H), 3.78 (s, 3H), 5.09-5.16 (m,

2H), 5.86-5.95 (m, 1H), 6.83 (d, 2H, J = 8.6 Hz), 7.12 (d, 2H, .J = 8.6 Hz) ppm. '*C NMR

(CDCls, 125 MHz) 6 = 26.5, 46.1, 46.9, 55.2, 72.1, 113.6, 118.6, 129.4, 131.5, 134.1,

158.3 ppm.

OH

:
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