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General Introduction

Silicon is a group 14 element exhibiting tetravalency, which is similar to carbon. Silicon
is able to construct a stable sp* orbital hybridized with two 3s and two3p orbitals. The
structures of most organosilicon compounds are tetrahedral because of the hybridization.
However, chemical property of an organosilicon compound is different from the
corresponding organic analog with carbon chain. The length of Si—C bond is typically 1.84

A, which is a little longer than C—C single bond (1.54 A). Silicon atom is relatively positive

than carbon center from the viewpoint of Pauling’s electronegativity. In addition, Si atom
shows strong interaction with several hetero atoms such as oxygen, nitrogen and fluorine,
rather than carbon.

Organosilicon compounds are generally low toxic, air and moisture stable reagents and
part of them are commercially available. Their usage has received extensive interests in
various research areas, such as pharmaceuticals, agrochemicals, and functionalized material
for decades.! In synthetic organic chemistry, the extraordinal controllable reactivity and
availability is remarkable feature of organosilicon reagent. They have been employed for
several organic transformations such as oxidation, amination, halogenation and cross-
coupling reaction.?

The study of organosilicon chemistry as Lewis acid species originally started from 1970s.
To date, silyl Lewis acids (SLAs) occupies the major research area in the Lewis acid-
catalyzed transformations. SLAs have shown some advantages for their use in synthetic

organic chemistry. For example, they are compatible with wide varieties of reactive and well-
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used C-nucleophiles, such as silyl enol ether, allyl organometallic reactants, and cuprates.
SLAs do not form their aggregation easily, unlikely to many organometallic compounds.
29Si center is NMR active. These features efficiently help to analyze the reaction mechanism
of the catalytic reactions. In addition, the preparation methods of organosilicon compounds
have been well-studied, and thus the researchers can easily design with appropriate steric

volume and electronic properties by themselves.

1. Lewis Acidity of Silicon Center

Most of the organosilicon compounds easily form the hyper-coordinated (penta and hexa
coordinated) species with a strong Lewis base. This means, the organosilicon potentially
plays as a Lewis acid. The acidity and catalytic performance of tetracoordinate organosilicon
Lewis acids (RsSiX) is largely depending on the counter anion (X group) and the R group.
The influence of the counter anion is more pronounced. Graddon and Rana reported a method
to estimate Lewis acidity of silyl acetates (RnSi(OAC)s-n) by measuring the coordination with
amines.? They revealed that the silicon compound bound with the more acetate groups formed
the thermodynamically more stable amine adduct. In general, the Lewis acidic property of
neutral alkyl- and alkoxysilanes is too weak to activate the organic reagents as catalysts.
However, when one of the four substituents on silicon is changed to a soft Lewis base, such
as triflate (TfO") or iodide (") ion, they become strong Lewis acids bearing one coordination
site.® The Si NMR measurement can estimate how strongly electronegative groups effecting
on Lewis acidity of the silicon center (Table 1). The signal of TMSNTf2 (1) is observed at
55.9 ppm, which is in downer field than those of TMSN(SO2F). (2: 44.9 ppm), TMSOTT (3:
43.5 ppm) and TMSCI (4: 31.1 ppm).*® When triethylsilyl cation is coupled with almost non-

coordinating [B(CsFs)4]™ as the counter anion (5), the signal is found at 81.8 ppm.* When



these organosilicon compounds are employed as catalysts for the Diels—Alder reaction
between 1,3-cyclohexadiene and methyl acrylate, the obvious differences are found (Scheme
1). TMSOTT (10 mol%) is not able to promote the reaction at all at 0 °C. In contrast, TMSNTf>
(10 mol%) gave the product in 92% yield with a 49:1 endo/exo selectivity through the one-
hour reaction.*® [EtsSi(toluene)][B(CsFs)4] is the more highly efficient catalyst affording the

Diels—Alder adduct in 97% yield with 1 mol% catalyst loading.®

Table 1. 2°Si Chemical shifts (in ppm) of TMS-X compounds

TMSNTf, TMSN(SO,F),  TMSOTf TMSCI : [Et;Si(toluene)][B(CeFs5)al
1 2 3 4 5
55.9 44.9 43.5 31.1

81.8

Scheme 1. Organosilicon Lewis acid-catalyzed Diels—Alder reactions for estimating the

catalytic activities

(@]
N TMSOTf (10 mol%) /7
ﬁ OMe 0°C, 1h
COzMe
No Reaction
(0]
TMSNTf, (10 mol%)
+
ﬁ OMe 0°C,1h
COzMe
92% (endo:exo = 49:1)
0 [Et3Si(tO|Uene)]B(CsF5)4
.\ (1 mol%) ./
| OMe 0°C,1h
CO,Me
97%



2. Formation of Silyl Lewis Acids and Their Synthetic Use

The family of RsSiOTf is originally regarded as a silylation reagent.® Noyori and
coworkers reported the pioneering study for catalytic utility of TMSOTT, which is one of the
most typical SLAs now. The O-tritylation of trimethylsilyl ether was promoted by 1 mol% of
TMSOTT, and then wide varieties of transformations were demonstrated including ring-
opening of epoxides, formation of acetals and thioacetals, cyanosilylation of ketones, and
Mukaiyama aldol reaction (Scheme 2).”® To date, TMSOTf is commercially available

reagent, and is often applied to the numerous transformations.

Scheme 2. Selected example of TMSOTf-catalyzed transformations

0 0
.+ TmsOMe TMSOTI (1 mol%) by, c(oMe),
Ph Me -78°C,3h
94%
0,
PhOTMS + Ph,COTMs — MSOTF(Imol%) o nepp,
14 °C, 18 h
98%
0 EtS SEt
TMSOTF (1 mol%)
+  EtSTMS >
_78°C, 10 h
84%
Q NC OTMS
. TMSCN TMSOTF (1 mol%)
~78°C, 2h
90%



The Lewis acidity of organosilicon compounds are strongly depending on their counter
anions. For achieving more reactive species than TMSOTT, exchange of the counter anion by
less basic one is potent strategy for designing the catalytic species. Davis and coworkers
reported the TMS[B(OTf)4] generated in situ from TMSOTf and B(OTf)s.° The species
effectively catalyzed Hosomi—Sakurai allylation (Scheme 3): The reaction between allyl
trimethylsilane and benzaldehyde afforded the allylated product in 61% yield in the presence
of TMSOTf (20 mol%). On the other hands, 1 mol% of TMS[B(OTf)4] was enough to

complete the same reaction within 5 min resulting in 80% yield of the product.

Scheme 3. Counter anion’s effect on Hosomi-Sakurai Allylation

O TMSOTf (20 mol%) OH
L A TMS -
Ph H CH,Cly, rt, 21 h Ph AN
61%
O TMS[B(OTf)4] (1 mol%) OH
Ph H CHzclz, rt, 5 min Ph AN
80%

The procedures for exchanging the counter anion of SLAs are shown as follows. The
typical tetrahedral SLAS possessing a less-coordinative counter anion, such as R3SiOTf and
RsSiNTf», are formed through the protonation of the silyl chloride or allyl silanes with the
corresponding Bransted acid (Scheme 4A).%° In the same manner, silyl Lewis acid possessing
chiral counter anions for enantioselective transformations is also prepared (Scheme 5).!
These SLAs are extremely hydrophilic, and thus on-demand preparation is necessary for

avoiding deactivation. In some cases, the anion exchange reaction of silyl chloride (R3SiCl)



with the help of a silver salt, AgX, is efficient for obtaining the R3SiX compound, along with

the formation of chemically stable AgCl.1>14

Scheme 4. Typical procedures for formation of neutral SLAs by protonation (A) and anion
exchange (B)

A) Neutral SLAs' formation by protonation

R3SiCl )
or + H-X T R3SIX
SR /\/ or
3 ~CH3CHCH,

B) Neutral SLAs' formation by anion exchange

ReSICl + AgX ————>  RgSiX
3! ? ~AgCl 3

Scheme 5. Enantioselective transformation catalyzed by a chiral SLA in situ generated

+ Si R2
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SLAs with non-coordinative counter anion serves like silylium ion (R3Si™). These cationic
SLAs have recently been focused because of their extremely high reactivity. The typical
method for preparation of these species is hydride abstraction from the trialkylsilanes, R3SiH
(Scheme 6). This strategy is performed with the help of the trityl salt (PhsC*X") through
Bartlett-Condon-Schneider reaction.’® The initial attempt for formation of silylium
(silicenium) species was demonstrated by Corey in 1975.1® A blue-green colored solution was
obtained through the reaction with trialkylsilane and trityl perchlorate (Ph3CCIlQOs), but the
detection of the silylium species was not achieved. Kira, Sakurai research group and Lambert
research group independently revealed that the less-coordinative tetraarylborate was an
effective anion for the stabilization of silylium compound.”*® The former employed
tetrakis[3,5-bis(trifluoromethyl)phenylborate, and the other used
tetrakis(pentafluorophenyl)borate, respectively (Scheme 6A, 6B). Another effective counter

anion is “weakly-coordinating anion,” WCA; [HCB11H11]~ or [HCB11Cl11]~ (Scheme 6C).*

Scheme 6. Selected examples of successfully synthesized cationic SLAS by trityl cation

A)  [PhsC][B(3,5-{CF3},CeH3)s] + R3SiH [R3SI][B(3,5-{CF3}2,CeH3)a]l + PhsCH
B) [Ph3CI[B(CsF5)4] + R3SiH [R3Si][B(CgF5)4l + Ph3CH
C) [Ph3C][HCB11 C11] + R3S|H [R3S|][HCB11 C11] + Ph3CH

Similar to traditional SLAs, these silylium cations can be used successfully in Mukaiyama
aldol reactions and Diels—Alder reactions (Scheme 7).2° The high reactivity of these SLAs
causes notable decrease of the catalyst loading. The obvious breakthrough with the cationic
SLAs was their utility as catalysts for C—F bond functionalization. C—F linkage is one of the

most chemically stable covalent bonds and is hard to cleave in organic transformations. Since



the Si atom has strong affinity to fluoride, silylium species can affect for the cleavage of C—
F bond. Mller and coworkers demonstrated hydrogenative C—F cleavage of alkyl fluoride
with specially designed disilyl compound (Scheme 8A).212 The largest TON of catalysis is 45
in this case. Ozerov and co-workers showed more effective catalytic system with
[R3Si][WCA] system; in this case, alkyl fluoride can be transformed into the corresponding
alkanes with low catalyst loading under mild conditions (Scheme 8B).2'® The TON reaches
up to 2,700. Another demonstration was carried out by Siegel and coworkers. Intramolecular
Friedel-Crafts-type reaction affording fused-aromatic ring from ortho-arylated fluoroarene
substrate (Scheme 8C).22 Triisopropylsilylium carborane, (iPrsSi)[CB11HsCls] catalyzed the
defluorination, and neighboring aromatic substructure played as nucleophile to form C-C
bond. The addition of Me>Si(Mes)2 is important for the reaction. The proton released from
the intermediate react with the additive Me,Si(Mes). affording the [Me2Si(Mes)]" species,

and that worked as next silylium cation.

Scheme 7. Selected example of cationic SLASs catalyzed reactions

(0] OSiMe; [Et3Si(toluene)][B(CgF5)4] (1 mol%) OH O
A) + -
Ph)J\H %Ph -78°C, 1h Ph)\)J\Ph
96%
l [Et5Si(toluene)][B(CgFs)] (1 mol%) I)\
B) +
CO,Me 25°C, 13 h CO,Me
91%
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Scheme 8. Selected examples of silyl cation catalyzed C—F bond functionalization

[Ph3C][B(CgF5)4] (10 mol%)

®
EtSiH _H__ —|
M M
disilyl (specified) €,Si SiMe,

A) CqoH2¢F CqoH22
toluene, rt, 1 h OO

[Ph3C][CHB11H11] (01 mol%)
‘) (\AC% Et,SiH (\/\
Br neat, 24 h
73%

[Ph3C][CB44HgClg] (10 mol%)
O iPrSiH O
°) F Me,Si(Mes), ‘
PhCI, 110 °C, 8 h

3. Silyl Cyanometallates as the New Class of Silyl Lewis Acid

Recently, Ohkuma, Yurino, and co-workers proposed a new hypothesis for in situ
formation of SLA catalysts in the specific transformations (Scheme 9).% The reaction
between trimethylsilyl cyanide (TMSCN) and Pd(OAc). resulted in the formation of
Pd(CN)2. When the excess amount of TMSCN exists in the reaction mixture, the silyl
cyanometallate complex, (TMS)[Pd(CN)s] is formed in equilibrium. The complex can be
regarded as a silylium cation with a counter anion [Pd(CN)s]". The most part of the mixture
is Pd(CN)2, which is extremely chemically stable species. The population of (TMS)[Pd(CN)3]
is significantly low, but it obviously shows Lewis acidic property. A similar tendency is also
observed when Ag.0 is used instead of Pd(OAc)., affording (TMS)[Ag(CN)2]. They

successfully employed this method for the catalytic nucleophilic isocyanation affording
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allylic and benzylic isonitriles.?® The silyl group of cyanometallate complex effectively
activates allylic and benzylic phosphates, and the counter anion, [Pd(CN)s]~ or [Ag(CN)2]
react as an N-nucleophile. In both cases, the C-terminus of the cyanide is no longer reactive

because of the strong coordination onto the transition metal center (Scheme 10).

Scheme 9. Isocyanation from allylic and benzylic phosphates catalyzed by silyl

cyanometallates

A) Isocyanation from allylic phosphates catalyzed by silyl cyanopalladate

Pd(OAc), (2 mol%)

X TMSCN (2 equiv)
(j/\AOF’(O)(OEt)2 N-Ne
toluene, 80 °C

82%

B) Isocyanation from benzylic phosphates catalysed by silyl cyanoargentate

Ag,0 (2 mol%Ag)

TMSCN (2 equiv
1,4-dioxane, 100 °C

84%
Scheme 10. General strategy for formation of silyl cyanometallates
TMSCN TMSCN (excess)
MX » Pd(CN), — (TMS)[Pd(CN);]

The author investigated the applicability of the silyl cyanometallate complexes for other
transformations other than nucleophilic isocyanation. The author successfully developed the

following three new catalytic reactions; (i) intermolecular Friedel-Crafts-type allylation of
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phenols and anisoles, (ii) intramolecular Friedel-Crafts-type benzylation affording 3-
aryloxindole derivatives, and (iii) oxidative cyanomethylation of secondary arylamines.
Chapter 1 describes the intermolecular Friedel-Crafts-type substitution of allylic
phosphates and phenol derivatives catalyzed by in situ generated trimethylsilyl
cyanometallate (Scheme 11).2* This work provides highly regioselective synthesis of para-
allylated phenol and anisole derivatives. The selection of the transition metal species is the
key of the reaction; the Pd complex is effective for the transformation of phenol, in contrast,

the Ag complex is suitable for the anisoles.

Scheme 11. Intermolecular Friedel—Crafts-type substitution of allylic phosphates and

phenol derivatives

Ag or Pd cat.

X TMSCN OR1

X=OP(O)(OEt),

up to 98% yield
short time
21 examples

Chapter 2 describes the first catalytic example of intramolecular Friedel-Crafts-type
substitution of amido phosphates affording the corresponding oxindoles (Scheme 12).2° In
this case, in situ generated silyl cyanopalladate is the only suitable catalyst. Not only 5-

membered, but also 6-membered rings could be constructed through this methodology.
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Scheme 12. Intramolecular Friedel-Crafts-type substitution of amido phosphates

X R Pd cat N
,{, TMSCN 0]
@ ) @

X=0P(O)(OEt), up to 98% yield
short time
18 examples

Chapter 3 describes the first example of oxidative cyanomethylation catalyzed by in situ
generated silyl cyanoargentate (Scheme 13). The addition of benzotrifluoride (CF3zCeHs)

drastically improves the catalytic performance and a-amino nitriles are obtained in high yield.

Scheme 13. Oxidative cyanomethylation mediated by benzotrifluoride

Ag cat
TMSCN
PhCF4 F|>h
PhNHMe ——
N._CN

up to 97% yield Me”
short time
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Chapter 1.
In Situ Generated Silyl Cyanometallate Friedel—

Crafts-type Allylation of Phenol Derivatives

Abstract

The first Friedel-Crafts-type allylation of phenol derivatives and allylic phosphates has
been accomplished catalyzed by silyl cyanometallates to afford the C-allylated product in a
highly regioselective manner. In situ formed ate complexes from AgTFA/trimethylsilyl
cyanide (TMSCN) and Pd(OAc)2/TMSCN combined systems are proposed to be the active
catalytic species. The reaction requires appropriate ion pairs for Lewis acidity. The para-
allylated anisole and phenol derivatives are selectively obtained. The para-substituted ones
are converted to the ortho-allylated products. Substitution of an aromatic ring on the allylic

phosphate is essential for the reaction.
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1.1 Introduction

It is well known that C-terminus of cyanide strongly interacts with several transition metal
species affording the stable metal cyanide salts. Some studies have been reported that the
cyanometallate complexes are also obtained in the presence of excess amount of cyanide
sources.>? Currently, our group successfully examined nucleophilic isocyanation of allylic
and benzylic phosphates catalyzed by in situ formed silyl cyanopalladate in the presence of
stoichiometric amount of trimethylsilyl cyanide (TMSCN) as cyanide source with catalytic
amount of Pd(OAc).. Mechanistic experiments revealed that cyanopalladates, TMS[Pd(CN)s]
and/or (TMS)2[Pd(CN)4], acted as catalytic species (Scheme 1A, 1B).2

The ate complexes behave as Lewis acid to activate the phosphate and the C-blocked
cyanide, such as [Pd(CN)s]~, [Pd(CN)4]2", MesSiCN, function as N-nucleophiles. The allylic
phosphates were activated by controlling the Lewis acidity of the reversibly generated catalyst
system. The Lewis acidity of active catalytic species in the isocyanation of allylic phosphates
found that stronger than that of TMSCN, but weaker than that of TMSOTf? Our group
predicted that in the presence of more reactive nucleophile the cyanometallate could be
worked with other nucleophiles (Scheme 1C). Based on this hypothesis, the author focused
on the Friedel-Crafts-type substitution allylation using phenol and its derivatives.* C-
cinnamyl phenol derivatives are generally known for their photochemical properties and have
extraordinary bioactivities. For instance, obtusastyrene and obtustyrene, which have been
isolated form Dalbergia retusa, show antimicrobial properties (Figure 1).>¢ An effective
method is needed for highly selective formation of these compounds in the field of synthetic

organic chemistry and biochemistry.
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Scheme 1. Catalytic allylic substitution using in situ-generated silyl cyanopalladate

complexes derived from Pd(OAC), and TMSCN

A) In situ generation of silyl cyanopalladate complex

: TMSCN (excess)
Pd(OAc), —MSCNReaUN) oy Ny, ~—————==" TMS[PA(CN)s] or (TMS),[Pd(CN)4]
-2 TMSOAc
B) Pd-catalyzed allylic isocyanaton
Pd(OAc)cat | (yc),pdeN: | (TMS)
PPN TMSCN } . S~
R OP(O)(OEt), ————> i — RTX-"CN
XN _P~ — 2
Ph" 0 QR —_TMSOP(O)(OEt),
C) Pd-catalyzed alylic substittion with the formation of silyl cyanopalladate
Pd(OAc), cat -
\ = -
R/\/\OP(O)(OEt)Z > \> (Fa o T R/\/\Nu
N P~ —hbN, —
Ph” 07 N OF —TMSOP(O)(OEY),

C-cinnamy| phenol derivatives are generally known for their photochemical properties and
have extraordinary bioactivities. For instance, obtusastyrene and obtustyrene, which have
been isolated form Dalbergia retusa, show antimicrobial properties (Figure 1).58 An effective
method is needed for highly selective formation of these compounds in the field of synthetic

organic chemistry and biochemistry.

Figure 1. Examples of phytochemical C-cinnamyl phenols

AN
Ul P O
OoH MeO OH MeO o MeO

OH OH

obtusastyrene obtustyrene mucrostyrene violastyrene
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Pd-catalyzed allylic arylation with proper allylic reagents and aryl boronic acids or
boronates is one of the powerful strategies for formation of obtusastyrene derivatives.’
However, this method has some drawbacks. For example, the corresponding hydroxy- or
alkoxy-substituted aryl boronic species is needed to be pre-prepared for high regioselectivity
(Scheme 2). The protocol usually requires inert atmosphere for effective results, because most

of the catalytically active Pd(0) species are air sensitive.

Scheme 2. Selected example for Pd-catalyzed allylic arylation

Pd cat. (5 mol%)

(e 0L e
o H,0, 80 °C oH

The second potential powerful strategy for synthesizing C-cinnamyl phenol derivatives is
Friedel-Crafts-type allylation with use of electron-rich aromatic rings of phenolic
nucleophiles as simple and air-tolerant method. Both Lewis and Brgnsted acids have been
widely used as catalysts for activation of the cinnamy! electrophiles.®® However, controlling
the regioselectivity through nucleophilic substitution with phenol derivatives remain as the
most important drawback of this method due to ortho-para orientation of targeted products

(Scheme 3).

Scheme 3. Selected example of Friedel-Crafts-type allylation

S S
Fe(ll)-TPP (2 mol%) Ph Ph
PhN""0H + @L ( L))CE 8(O°C : /\/\©\ /\/\/©
OMe ’ OMe MeO

72% yield 19% yield
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Herein, the author reported the first example of silyl cyanometallates formed from Pd(l1l)
and Ag(l) salts with stoichiometric amount of TMSCN catalyzed Friedel—Crafts-type
allylation of phenol derivatives. The C-cinnamyl phenol derivatives were obtained with high

regioselectivity.'?

1.2 Results and Discussion

The author selected the cinnamyl phosphate 1a with phenol 2a and anisole 2b for screening
of optimization (Table 1).12 The allylation of 2a was completed in the presence of Pd(OAC):
(2 mol%) and TMSCN (2 equiv) in CH3CN at 60 °C within 24 h to afford para-cinnamyl
phenol in 72% vyield (entry 1). The Tsuji—Trust-type Pd-catalyzed allylations of phenol
product, O-allylated product that is cinnamyl phenyl ether, is not observed.® Both Pd(OAC):
and TMSCN were necessary for formation of desired para-product 3a, suggesting that in situ
formed TMS[Pd(CN)z] and/or (TMS)2[Pd(CN)s] is the catalytic species for this
transformation (entries 2 and 3). The combination of AgTFA with TMSCN was more
effective for formation of 3a, however a mixture of para- and ortho-allylated products was
obtained with this catalytic system (entry 4). Formation of targeted compound was not
observed in the absence of TMSCN, proposing that the Ag ate complex TMS[Ag(CN).] acted
as the catalytic active species (entry 5).11 The combination of AQTFA and TMSCN was
appropriate for formation of para-allylated product 3b within 7 h quantitatively (entry 6) that
showed this combination is more suitable for anisole derivatives as nucleophile. When
Pd(OAC). was used instead of AgTFA, the ortho-substituted product was formed with the
para-product with slower rate compared to the reaction of 2a (entry 7 vs 6). These results

showed that the cyanometallate counterpart in the catalytic species clearly affected both the
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efficiency and regioselectivity. It is noteworthy that some existing silyl Lewis acids did not
work for allylation. No product obtained with TMSOAC as a silyl Lewis acid catalyst (entry
8). The allylated product was obtained only in 8% with formation of side product cinnamyl
chloride in 2% vyield catalyzed by TMSCI instead of the silyl cyanometallare. TMSOTT, a
stronger Lewis acid, supported the reaction to give the para-product in 75% yield with ortho-
isomer in 5% yield. However, electrophile was partially decomposed. When the reaction was
carried out at 60 °C, it completed within 5 h (entry 11). However, the catalytic amount
decreasing into 1 mol%, the yield of the product was obviously dropped down (entry 12). A
catalytic amount of trifluoroacetic acid (1 mol%) without TMSCN did not promote the

reaction at all (entry 13).
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Table 1. Screening of catalysts and conditions for Friedel-Crafts-type allylation *®

catalyst (x mol%)

. AN ™
Ph/\/\OP O)NOEt TMSCN (y equiv) Ph . Ph
(O)(OED), + CH4CN, 30 °C, time
OR Ehd ’ OR RO

1a 2a: R=H para-3 ortho-3
2b: R=Me
Entry Nucleophile  Catalyst y equiv Time (h) para-3 (%)  ortho-3 (%)
(x mol%)
1 2a Pd(OAc),(2) 2 24 72 (72) trace
2 2a no 2 24 0 0
3 2a Pd(OAc),(2) 0 24 0 0
4 2a AgTFA (2) 2 24 74 19
5 2a AgTFA (2) 0 24 0 0
6 2b AgTFA (2) 2 7 >99 (98) 0
7 2b Pd(OAc), 2 24 69 4
8 2b TMSOAc(2) O 24 0 0
9 2b TMSCI (2) 0 24 8 0
10 2b TMSOTf (2) 0 24 75 5
11° 2b AgTFA (2) 2 5 >99 0
12¢ 2b AgTFA (1) 2 5 28 0
13 2b TFA (1) 0 24 0 0

2 1H NMR yield of the product are shown. The isolated yield is given in parenthesis. ® The
product assignments are as follows: para-3a, 4-cinnamyl phenol; ortho-3b, 2-cinnamyl

anisole. ¢ The reaction was carried out at 60 °C.

With the optimized reaction conditions in hand, the author then investigated the scope of
the Friedel-Crafts-type allylation of phenol derivatives (Scheme 4).!2 The optimized
conditions successfully applied to electron-rich anisole derivatives for formation of para-
allylated products 3c-3k in high yield. The para-methyl-substitution (2c) accelerated the
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reaction rate and electron withdrawing group substituted starting compound (2d) slowed the
reaction even providing a high yield in long time. These results suggested that the reaction is
affected by substitutents on the cinnamyl phenyl ring. The reaction mechanism is likely to
Sn1-type substitituon. 2-Naphthyl group was also suitably employed under the optimized
conditions for formation of the corresponding allylation product 3e in 94% yield within 4h.
The allylated products 3f and 3j were formed in short time, and that suggested the electron-
rich aromatic nucleophiles reacted with cinnamyl phosphates rapidly. The undesired
diallylation compounds formed with the reaction of 1,2,3- and 1,3,5-trimethoxybenzenes as
well as the less hindered 1,3-benzodioxole afforded the monoallylated products, 3g, 3h and
3i, in 85%, 88% and 75% vyield with 12%, 4% and 18% yield, respectively. The desired
compound 4-cinnamyl product 3k obtained in 94% yield from 2-bromoanisole with slower
rate. The reaction with the electron deficient nucleophiles; t-butylbenzene, chlorobenzene, or
phenylacetate; did not afford the corresponding allylated products. These results supported
that the poor reactivity of the electron deficient nucleophiles is the significant limitation of

this method.
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Scheme 4. Allylation using anisole derivatives as with the AgTFA/TMSCN combined

catalyst?

AgTFA (2 mol%)

op(oxoa)2 . H TMSCN (2 equiv)
OorR  CHsCN, 60 °C, time OR

3c: 89% (5 h) 3d: 92% ( 24 h) 3e: 94% (4 h)
S OMe OMe
O O N OMe N
worFowe (T (T
OMe MeO OMe
3f: 91% (2 h) 3g: 85% (2 h)P 3h: 88% (2 h)°
@) OMe OMe
3i: 75% (3 h)? 3j: 98% (4 h) 3k:96% (24 h)

2 Isolated yield, is given. ® The diallylated product was formed in 12% yield. ¢ The diallylated

product was formed in 4% yield. @ The diallylated product was formed in 18% yield.

Some para-substituted phenols and anisoles reacted with the allylic phosphates catalyzed
by the AQTFA/TMSCN and Pd(OACc)2/TMSCN systems to afford sterically hindered ortho-
substituted products in high yield (Scheme 5).12 The allylation was carried out in CHsNO> as
the suitable solvent in these cases. The substituents on the cinnamyl phosphates had similar
effects of the mono substituted nucleophiles (4a—4c). The reaction rate of 4-bromocinnamyl
phosphate was slower than the reactions of unsubstituted and 4-methylcinnamyl electrophiles.
The influence of the substituents at the para-positions of the anisole nucleophiles on the
reactivity was more obvious than that of the ortho-substituents (4d—4f). The reaction of 1,4-

dimethoxybenzene formed a mixture of 2-mono- and 2,5-disubstituted products in a 1.8:1



ration with optimized conditions because of its high reactivity. The allylation of 3d were
carried out under milder conditions as with AgTFA (1 mol%), TMSCN (2 equiv) in CH3:CN
at 30 °C to afford corresponding allylated compound 4d 93% vyield that the yield of it
increased. On the other hand, the product 4e formed in only 2% yield from the reaction of 4-
bromoanisole. No product formation was observed under the optimized conditions. para-
Cresol and 4-tert-butylphenol were found to be suitable substrates for the Friedel-Crafts-type
allylation. With 1 mol% Pd(OAc). as catalyst were converted into the ortho-cinnamyl

product, 4d and 4h, in high yield.
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Scheme 5. Allylation using para-substituted anisole and phenol derivatives as nucleophiles

with the AGTFA/TMSCN or Pd(OAc)2/TMSCN combined catalyst?

o OR'
R2 AgTFA (1 mol%) o
@ x OP(O)(OEY), TMSCN (2 equiv) @ @
or!  CHsNO, 60 °C, time
R2
OMe OMe OMe
T T T
Me Br
Me Me Me
4a: 95% (5 h) 4b: 96% (5 h) 4c: 92% vyield (24 h)
OMe OMe OMe
U OO0 UOC
OMe Br CO,Me
4d: 93% (24 h) 4e: 2% (24 h)° 4f: 0% (24 h)
OH OH
¢ e
Me tBU
49: 96% (5 h)>d 4h: 82% (24 h)>d

3 |solated yield is given. ® CH3CN was used instead of CHsNO,. The reaction was carried out

at 30 °C. ¢ *H NMR yield. ¢ Pd(OAC)2 (1 mol%) was used instead of AgTFA as a catalyst.

Diallylated products were obtained with 2 equiv. of cinnamyl phosphate suggested that
the electron-rich nucleophiles were appropriate substrates for this reaction (Scheme 6).1? 2,5-
diallylated product 5a formed from the reaction with 1,4-dimethoxybenzene in 90% vyield as
a sole product without formation of the 2,3-disubstituted product. The diallylation on 1,3-
benzodioxole took place at the 4,5-carbons (5b). m-Dimethoxybenzene was converted to the

2,4-diallylated product (5c). In this case, branch-type monoallylation product, 2,4-dimethoxy-
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2-1(1-phenyallyl)-benzene formed in 6% vyield as the only case to give the branch-type

compound in >2% yield as a byproduct, although the reason was not clear.

Scheme 6. Diallylation on the electron-rich aromatics with the AgTFA/TMSCN combined

catalyst
AgTFA (1 mol%) Ph
TMSCN (2 equiv) J—
Ph" -"0op(0)(OEY), * -
OR! CH;CN, 60 °C, 24 h )
OR’
.5 equiv xx% (isolated yield
© ) % ( )
OMe
Me OMe
T SO IPS SN
x_-Ph Ph _~ o Ph_~ X Ph
OMe
5b:93% 5c: 80%"°

5a: 90%

2 Isolated yield is given. ® 2,4-Dimethoxy-2-(1-phenylallyl)benzene was included as a side

product (6% *H NMR vyield). ¢ Nucleophile was used as 0.25 equiv.

Reactivity of the Friedel-Crafts-type allylation was significantly dependent on the
electronic properties of substrates (Scheme 7).2No product formation was observed from the
reaction of an aliphatic allylic phosphate anisole under the optimal conditions using the
AQTFA/TMSCN system (Scheme 7A). The simple allyl phosphate was inactive to give the
allylated product (Scheme 7B). The perfect chemoselectivity was observed with the
competitive reaction using 1:1 mixture of cinnamyl and allyl phosphates for affording the
para-cinnamyl compound 3b in quantitative yield (Scheme 7C). The allylic phosphates
activated by TMS[AQ(CN)2] generated in the combination of AgTFA/TMSCN system as

Lewis acid in CH3CN.
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As shown in Tablel, entry 1, the para-selective allylic substitution of phenol was catalyzed

by the Pd(OAC)2/TMSCN system. A separate experiment using isolated TMSOPh as the

nucleophile under the regular conditions afforded the para-cinnamyl phenol 3a exclusively

in 75% vyield after desilylation (Scheme 5D). This observation suggested that the highly

chemo-regioselective allylation of phenol occurred on the TMSOPh formed in situ.

Scheme 7. Chemical

(X=OP(O)(OEY),).2

B) \/\x +
PR Ny
C) +
\/\x

D) P Ny

X=0OP(O)(OEt),

properties observed in

AgTFA (1 mol%)
TMSCN (2 equiv)

CH4CN, 60 °C, 24 h

AgTFA (1 mol%)
TMSCN (2 equiv)

CH4CN, 60 °C, 24 h

AgTFA (1 mol%)
TMSCN (2 equiv)

CH4CN, 60 °C, 24 h

Pd(OAc), (2 mol%)
TMSCN (2 equiv)

CH3CN, 30 °C, 24 h
then, work up with
NaHCOj agq.

the Friedel-Crafts-type allylation

No Reaction

No Reaction

_ Ph

OMe
para-3b: >99% yield

Ph/\/\@\
OH

para-3a: 75% yield

4Two equivalents of the aromatic nucleophiles to the allylic phosphates were used.

A plausible reaction mechanism is described in Scheme 8. The stable cyanide salt , AQCN,

formed from AgTFA and TMSCN. In the presence of excess amounts of TMSCN, reversible

silyl cyanoargentate complex (TMS[AQ(CN).]) is generated. The ate complex activated the

allylic phosphate as a silyl Lewis-acid. The reversibility of the ion pair could be controlled
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the Lewis acidity for this transformation. Anisole, an electron-rich aromatic compound, has
stronger nucleophilicity than [Ag(CN)]-, and the substitution at the para-position proceeds to
give the ion-pairing intermediate along with the release of a silyl phosphate,
TMSOP(O)(OEt)2. The regioselectivity could be determined by the stability of the ionic
intermediate. Volatile HCN is removed from the intermediate to generate the target allylation
product and AgCN and followed with generation of TMS[Ag(CN)2] and/or TMS[Pd(CN)3]
from TMSCN reacted again with the resulting AgCN. In the same manner, the plausible
mechanism could be proposed for the combination of Pd(OACc)2/TMSCN with formation of
TMS[Pd(CN)3] and/or (TMS). [Pd(CN)4] as possible catalytic active species.® In this, case
TMSOPh formed in situ acts as a regioselective nucleophile.

Scheme 8. A plausible reaction mechanism of the AQTFA/TMSCN-catalyzed Friedel-Craft-

type allylation

Ph "> 0P(0)(OEt),
(Me3Si)[Ag(CN), \<
Me3S|CN/
/ .-(Me3Si)[Ag(CN),]
. I
AgTFa  —MeSICN _oon Ph /\/\OP\ OEt
— (Me3Si)TFA OEt

HCN B ]
[Ag(CN);1© @
Ph W\Q Ph /\/Q OMe
H ®
OMe

OMe (Me3Si)OP(O)(OEt),
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1.3 Conclusion

In conclusion, the author successfully developed an efficient method for regioselective
Friedel-Crafts-type allylation of phenol derivatives with cinnamyl phosphates catalyzed by
combination of Pd(OAc)2/TMSCN and AgTFA/TMSCN. The in situ formed silyl
cyanometallate complexes were envisioned as active catalytic species. The silyl moiety of the
ate complexes works as an suitable Lewis acids that activates cinnamyl phosphates to afford
C-allylated products. Regioselectivity of substitution is affected by counterpart of the
cyanometallate as well as Lewis acidity of catalyst system. The chemoselectivity of the allylic

phosphates is a significant character of the catalytic system.
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1.4 Experimental Section

General Information: *H NMR spectra were measured on a JEOL JNM-ECX400P (400
Mhz) spectrometer and JNM-ECS400 (400 MHz) spectrometer. Data were reported as
follows: chemical shifts in ppm from tetramethysilane or the residual solvent as an internal
standard, integration multiplicity (s = singlet, d = doublet, t = triplet, dd = double-doublet, td
= triple-doublet, g = quartet, m = multiplet, br = broad, and app = apparent), coupling
constants (Hz), and assignment. 3C NMR were measured on a JEOL JNM-ECX400P (100
MHZz) spectrometer will complete proton decoupling. Chemical shifts were reported in ppm,
from the residual solvent as an internal standard. Infrared (IR) spectra were recorded on a
JASCO FT/IR-4100 and FT/IT-4600. Gel permeation chromatography (GPC) was performed
using an LC-918 recycling preparative HPLC system equipped with JAIGEL-1H and -2H
columns in series (Japan Analytical Industry Co., Ltd.). Mass spectrometry was carried out at
the Instrumental Analysis Division, Global Facility Center, Creative Research Institution,
Hokkaido University. The products were purified by preparative thin layer (PTLC) using
Wakogel® B-5F (FUJIFILM Wako Pure Chemical Co.). Trimethylsilyl cyanide (TMSCN)
was purchased from Kanto Chemical Co. Inc. and was used after distillation. Dehydrated
acetonitrile was purchased from Kanto Chemical Co. Inc. and was used as received.
Nitromethane was purchased from Kanto Chemical Co. Inc. and was used after distillation.
Palladium diacetate (Pd(OAc).) was purchased from Sigma-Aldrich Co. LLC., and was used
as received. Silver trifluoroacetate (AgTFA) was purchased from Kanto Chemical Co. Inc.

and was used as received.
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Preparation of Allylic Phosphates

The substrates affording 1a!®, 1c, 1d'® and 1e'* were prepared through the reported
procedure. A round bottomed flask was charged with allylic alcohol (1.0 equiv) and CH2Cl>
to prepare the solution (0.1 M). EtsN (1.50 equiv) and N,N-dimethyl-4-aminopyridine
(DMAP; 25 mol%) were then added to the solution. The mixture was cooled to 0 °C and

diethyl chlorophosphate (1.50 equiv) was added dropwise.

DMAP (25 mol%)
EtsN (1.5 equiv)

/©/\AOH CIOP(O)(OEt), (1.5 equiv) WOP(O)(OEUZ
R CH2C|2, O°Ctort R

A round bottomed flask was charged with allylic alcohol (1.0 equiv) and CH2Cl to prepare
the solution (0.1 M). EtsN (1.50 equiv) and N,N-dimethyl-4-aminopyridine (DMAP; 25
mol%) were then added to the solution. The mixture was cooled to 0 °C and diethyl
chlorophosphate (1.50 equiv) was added dropwise. The reaction mixture allowed warm up to
room temperature and stirred until the reaction was judged complete by TLC analysis. The
reaction was quenched by the addition of saturated NaHCO3 aq. The layers were separated,
and the aqueous layer was extracted with CH2Cl 3 times. The combined organic layers were
washed with water, then brine, and dried over Na.SO4. After Na,SO4 was filtered off, the
collected filtrate was concentrated in vacuo. The crude residue was purified by silica-gel
column chromatography. The isolated allylic phosphates were repurified by Kugelrohr

distillation.
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AQTFA- and Pd(OAc).-Catalyzed Friedel-Crafts-type Allylic Substitution of Phenol

Derivatives
General Procedure for ortho or meta substituted phenol derivatives
Pd(OAc), (1 mol%)

H . X
©/\/\OP(O)(OE02 . \©\ TMSCN (2 equiv)
o CHiCN.60°C, 24n oH

2 equiv

Caution: Trimethylsilyl cyanide (TMSCN) must be used in a well-ventilated hood fue t1 its

high toxicity.

The typical procedure for Pd(OAc).-catalyzed allylic substitution is described as follows.

To a solution of (E)-cinnamyldiethylphosphate (136 mg, 0.50 mmol) in CH3CN (2.5 mL)
was added Pd(OAC)2 (1.1 mg, 0.050 mmol). The resulting mixture was stirred for 15 min at
30 °C, followed by the addition of phenol (95 mg, 1.01 mmol) and TMSCN (100 mg, 1.00
mmol). The reaction mixture was then continuously stirred at 30 °C for 24 h. Completion of
the reaction was judged by TLC (AcOEt: hexane = 1:4). A saturated NaHCOs3 aq was added
to quench the reaction, and the aqueous layer was extracted by CH.Cl, (10 mL x 3). The
collected organic layer was washed with brine and dried over Na;SO4. After Na?SO4 was
filtered off, the resulting mixture was concentrated in vacuo. The yield of the product was
calculated from *H NMR spectra of the crude 4- cinnamyl phenol with pyrazine as an internal
standard (72% yield). The product was isolated by PTLC (AcOEt:hexane = 1:4), as a pale-

yellow oil (76 mg, 0.36 mmol, 72% vyield).
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4-Cinnamylphenol (Obtusastyrene) (3a)

Was obtained as pale-yellow solid (72%).
OH

Spectra data are in accordance with the literature.'®

IH NMR (400 MHz, CDCls): § 7.37 (app. . d, J = 8.4 Hz, 2H, Ar-H), 7.32-7.28 (m, 2H, Ar—
H), 7.21 (app. t, J = 6.8 Hz, 1H, Ar—H), 7.12 (d, J = 7.6 Hz, 2H, Ar—H), 6.45 (d, J = 16.0 Hz,
1H, PhCH=CH), 6.34 (dt, J = 15.6, 6.8 Hz, 1 H, PhCH=CH), 4.68 (s, 1H, OH), 3.49 (d, J =
6.8 Hz, 2H, CH=CHCH>) ppm; 3C NMR (100 MHz, CDCls): 5 153.8, 137.4, 132.3, 130.7,

129.8, 129.6, 128.5, 127.1, 126.1, 115.2, 38.4 ppm.

AgTFA-catalyzed Friedel-Crafts-type allylic substitution of anisole is described as a

typical procedure.

AgTFA (2 mol%)

OP(O)(OEt)2 . H TMSCN (2 equiv)
or  CHiCN,60°C, time oR

Method A: To a solution of (E)-cinnamyldiethylphosphate (138 mg, 0.51 mmol) in CHsCN
(2.5 mL) was added AgTFA (1.2 mg, 0.050 mmol). The resulting mixture was stirred for 15
min at 60 °C, followed by the addition of anisole (112 mg, 1.03 mmol) and TMSCN (109 mg,
1.10 mmol). The reaction mixture was then continuously stirred at 60 °C for 5 h. Completion
of the reaction was judged by TLC (AcOEt:hexane = 1:4). A saturated NaHCO3 aq. was added
to quench the reaction, and the aqueous layer was extracted by AcOEt (10 mL x 3). The

collected organic layer was washed with brine and dried over Na;SOa.. After Na,SO4 was
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filtered off, the resulting mixture was concentrated in vacuo. The yield of the product was
calculated from *H NMR spectra of the crude 1-cinnamyl-4-methoxybenzene with pyrazine
as an internal standard (99% yield). The product was isolated by PTLC (AcOEt:hexane =

1:50), as a yellow oil (113 mg, 0.50 mmol, 99% vyield).

Method B: To a solution of (E)-cinnamyldiethylphosphate (137 mg, 0.51 mmol) in CH3NO-
(2.5 mL) was added AgTFA (1.1 mg, 0.050 mmol). The resulting mixture was stirred for 15
min at 60 °C, followed by the addition of anisole (112 mg, 1.03 mmol) and TMSCN (101 mg,
1.02 mmol). The reaction mixture was then continuously stirred at 60 °C for 5 h. Completion
of the reaction was judged by TLC (AcOEt:hexane = 1:4). A saturated NaHCO3 aq. was added
to quench the reaction, and the aqueous layer was extracted by AcOEt (10 mL x 3). The
collected organic layer was washed with brine and dried over Na SOa. After Na;SO4 was
filtered off, the resulting mixture was concentrated in vacuo. The yield of the product was
calculated from *H NMR spectra of the crude 1-cinnamyl-4-methoxybenzene with pyrazine
as an internal standard (99% yield). The product was isolated by PTLC (AcOEt:hexane =

1:50), as a yellow oil (112 mg, 0.50 mmol, 98% yield). 1-Cinnamyl-4-methoxybenzene (3b)

Was obtained as colorless oil (99%).
OMe

Spectra data are in accordance with the literature.®

IH NMR (400 MHz, CDCls): 6 7.36 (app. d, J = 7.6 Hz, 2H, Ar—H), 7.29 (app. t, J = 8.0 Hz,
2H, Ar-H), 7.22-7.15 (m, 1H, Ar-H), 7.16 (app. d, J = 8.8 Hz, 2H, Ar—H), 6.86 (app. d, J =
8.8 Hz, 2H, Ar-H), 6.44 (d, J = 16.4 Hz, 1H, PhCH=CH), 6.36 (dt, J=16.0, 6.8 Hz, 1H,

PhCH=CH), 3.80 (s, 3H, OCHs), 3.50 50 (d, J = 6.8 Hz, 2H, CH=CHCH>) ppm; *C NMR
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(100 MHz, CDCls): 6 157.9, 137.2, 132.1, 130.7, 129.7, 129.6, 128.5, 127.0, 126.1, 113.9,

55.3, 38.4 ppm.

(E)-1-Methoxy-4-(3-(p-tolyl)allyl)benzene (3c)

Was isolated as yellow oil, following the method A for 5 h.
Me OMe

Spetra data are in accordance with the literature.’

IH NMR (400 MHz, CDCls): § 7.25 (app. d, J = 8.4 Hz, 2H, Ar—H), 7.16 (app. d, J= 8.8 Hz,
2H, Ar-H), 7.10 (d, J = 7.6 Hz, 2H, Ar-H), 6.86 (app. d, J= 8.4 Hz, 2H, Ar-H), 6.41 (d, J =
16.0 Hz, 1H, ArCH=CH), 6.30 (dt, J = 16.0, 6.8 Hz, 1H, ArCH=CH), 3.80 (s, 3H, OCH3),
3.48 (d, J = 6.8 Hz, 2H, CH=CHCHy), 2.33 (s, 3H, ArCHs) ppm; 3C NMR (100 MHz,
CDCly): 6 158.0, 136.8, 134.7, 132.3, 130.6, 129.6, 129.2, 128.6, 126.0, 113.8, 55.3, 38.4,

21.1 ppm.

(E)-1-Bromo-4-(3-4(4-methoxyphenyl)prop-1-en-1-yl)benzene (3d)

Was isolated as yellow oil (92%), followed the method B
Br OMe

for 24 h.
Spectra data are in accordance with the literature. '
IH NMR (400 MHz, CDCl3): & 7.41 (app. d, J = 8.4 Hz, 2H, Ar—H), 7.21 (app. d, J = 8.8
Hz, 2H, Ar-H), 7.15 (app. d, J = 8.4 Hz, 2H, Ar-H), 6.86 (app. d, J = 8.4 Hz, 2H, Ar-H),
6.36-6.32 (M, 2H, ArCH=CH and ArCH=CH), 3.80 (s, 3H, OCHz), 3.48 (d, J = 5.2 Hz, 2H,

CH=CHCHy) ppm; **C NMR (100 MHz, CDCls): § 158.1, 136.4, 131.8, 131.5, 130.6, 129.6,
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129.5, 127.6, 120.7, 113.9, 55.3, 38.4 ppm. (E)-2-(3-(4-Methoxyphenyl) prop-1-en-1yl)

naphthalene (3e)

Was isolated as white solid (94%), followed the method A
OMe for 4 h.

IH NMR (400 MHz, CDCls): § 7.79-7.75 (m, 3H, Ar-H), 7.70 (br s, 1H, Ar-H), 7.59 (dd,
J=8.4,1.5Hz,1H, Ar—H), 6.88 (d, J = 8.8 Hz, 2H, Ar-H), 6.59 (d, J = 15.6 Hz, ArCH=CH),
6.49 (dt, J = 15.6, 7.2 Hz, 1H, ArCH=CH), 3.81 (s, 3H, OCHs3), 3.55 (d, J = 6.8 Hz, 2H,
CH=CHCH?>) ppm; 3C NMR (100 MHz, CDCls): § 158.0, 134.9, 133.6, 132.7, 132.1, 130.8,
130.2, 129.6, 128.0, 127.8, 127.6, 126.1, 125.7, 125.5, 123.5, 113.9, 55.3, 38.6 ppm ; IR
(neat): 2957, 1740, 1506, 1362, 1249, 1034, 961, 823, 736 cm™*; HRMS (EI): m/z calcd for

C20H180: 274.1358 [M]* ; found: 274.1356.

1-Cinnamyl-2,4-dimethoxynenzene (3f)

Was isolated by PTLC (AcOEt:hexane = 1:50) and then
MeO

OMe (AcOEt:hexane = 1:15) as colorless oil (91%), followed the
method A for 2 h.
Spectra data is in accordance with the literature.®
IH NMR (400 MHz, CDCls): & 7.36 (app. d, J = 7.2 Hz, 2H, Ar-H), 7.29 (t, J = 8.0 Hz, 2H,
Ar-H), 7.19 (app. t, J = 7.2 Hz, 1H, Ar-H), 7.10 (d, J = 8.0 Hz, 2H, Ar-H), 6.49-6.44 (m,
2H, Ar-H and PhCH=CH), 6.41-6.37 (m, 2H, Ar-H and PhACH=CH), 3.84 (s, 3H, OCH),
3.81 (s, 3H, OCH3), 3.48 (d, J = 5.6 Hz, 2H, CH=CHCH>) ppm; 3C NMR (100 MHz,
CDCls): 6 159.4, 158.1, 137.8, 130.3, 130.0, 129.3, 128.4, 126.8, 126.0, 121.0, 103.9, 98.5,

55.4 (two peaks overlapped), 32.7 ppm. 1-Cinnamyl-2,3,4-trimethoxybenzene (39)
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OMe Was isolated as yellow oil (85%), followed the method A

AN OMe

O O for 2 h.
OMe

Spectra data are in accordance with the literature. °
IH NMR (400 MHz, CDCl3): & 7.35 (app. d, J = 6.8 Hz, 2H, Ar—H), 7.28 (app. t, J = 6.8 Hz,
2H, Ar-H), 7.18 (app. t, J = 7.2 Hz, 1H, Ar-H) 6.89 (d, J= 8.8 Hz, 2H, Ar-H), 6.63 (d, J =
8.4 Hz, 1H, Ar-H), 6.42 (d, J = 16.0 Hz, 1H, PhCH=CH), 6.34 (dt, J = 15.6, 6.4 Hz, 1H,
PhCH=CH), 3.89 (s, 6H, OCHs), 3.85 (s, 3H, OCHs), 3.49 (d, J = 6.4 Hz, 2H, CH=CHCHb),
ppm; 23C NMR (100 MHz, CDCl3): & 152.2, 151.8, 142.3, 137.6, 130.6, 129.4, 128.4, 126.9,

126.1, 126.0, 124.0, 107.2, 61.0, 60.8, 56.0, 33.0 ppm.
2-Cinnamyl-1,3,5-trimethoxybenzene (3h)

OMe Was isolated by PTLC (Et2O:toluene = 1:40) as colorless
XN
O O oil, followed the method A for 2 h.
MeO OMe

Spectra data are in accordance with the literature.®
'H NMR (400 MHz, CDCls): § 7.31 (d, J=8.4 Hz, 2H, Ar-H), 7.24 (app. t, J = 8.0 Hz, 2H,
Ar-H), 7.14 (app. t, J = 8.0 Hz, 1H, Ar-H), 6.37-6.23 (m, 2H, PhCH=CH), 6.16 (s, 2H, Ar—
H), 3.81 (s, 9H, OCHa), 3.47 (d, J = 4.4 Hz, 2H, CH=CHCHy>), ppm; *C NMR (100 MHz,

CDClz): 6 159.5,158.8, 138.1, 129.4, 129.1, 128.3, 126.5, 126.0, 108.8, 90.6, 55.8, 55.3, 26.1

ppm.
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5-Cinnamylbenzo[d][1,3]dioxole (3i)

o> Was isolated by PTLC (Et2O:toluene = 1:20) as colorless oil,

O followed the method A for 2 h.
Spectra data are in accordance with the literature.?°
IH NMR (400 MHz, CDCls): § 7.37 (app. d, J = 8.0 Hz, 2H, Ar—H), 7.31 (t, J = 7.6 Hz, 2H,
Ar-H), 7.22 (t, J = 7.2 Hz, 1H, Ar—H), 6.78-6.69 (m, 3H, Ar-H), 6.45 (d, J = 16.0 Hz, 1H,
PhCH=CH), 6.31 (dt, J = 15.6, 6.8 Hz, 1H, PhCH=CH), 5.94 (s, 2H, OCH:0), 3.47 (d, J =
6.8 Hz, 2H, CH=CHCH>), ppm; 3C NMR (100 MHz, CDCls): 5 147.6, 145.9, 137.4, 133.9,

130.9, 129.3, 128.5, 127.1, 126.1, 121.4, 109.1, 108.2, 100.8, 39.0 ppm.

4-Cinnamyl-1methoxy-2-methylbenzene (3j)

Me Was isolated colorless oil, followed the method A for 4 h.
OMe

IH NMR (400 MHz, CDCls): § 7.37 (d, J = 7.6 Hz, 2H, Ar—H), 7.29 (t, J = 7.6 Hz, 2H, Ar—
H), 7.20 (t, J = 7.2 Hz, 1H, Ar-H), 7.03 (app. d, J = 8.0 Hz, 1H, Ar-H), 7.02 (s, 1H, Ar—H),
6.77 (d, J = 8.0 Hz, 2H, Ar—H), 6.44 (d, J = 15.6 Hz, 1H, PhCH=CH), 6.32 (dt, J = 16.0, 6.8
Hz, 1 H, PhCH=CH), 3.82 (s, 3H, OCHs3), 3.47 (d, J = 6.4 Hz, 2H, CH=CHCHy), 2.21 (s, 3H,
ArCHs) ppm; *C NMR (100 MHz, CDCl3): & 156.2, 137.8, 131.7, 131.0, 130.5, 129.8,
128.5, 127.0, 126.6, 126.1, 109.9, 55.4, 38.5, 16.2 ppm; IR (neat): 2917, 1606, 1496, 1254,
1131, 1029, 970, 808, 747, 693 cm™ : HRMS (EI): m/z calcd for C17H150: 238.1358 [M]* ;

found: 238.1351.
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2-Bromo-4-cinnamyl-1-methoxybenzene (3k)

Br Was isolated as yellow oil (96%), followed the method B for 24
OMe h.

'H NMR (400 MHz, CDCl3): & 7.43 (d, J= 1.6 Hz, 1H, Ar-H), 7.37 (app. d, J = 6.8 Hz, 2H,
Ar-H), 7.31 (app. t, J = 7.6 Hz, 2H, Ar-H), 7.22 (app. t, J = 7.2 Hz, 1H, Ar-H), 7.14 (dd, J
= 8.4, 2.0 Hz, 1H, Ar-H), 6.85 (d, J = 8.4 Hz, 1H, Ar-H), 6.44 (d, J = 16.0 Hz, 1H,
PhCH=CH), 6.30 (dt, J = 16.0, 6.8 Hz, 1H, PhCH=CH), 3.88 (s, 3H, OCH?3), 3.47 (d, J = 6.8
Hz, 2H, CH=CHCHy>), 2.21 (s, 3H, CHs) ppm; 3C NMR (100 MHz, CDCls): & 154.3, 137.2,
133.7, 133.4, 131.3, 128.7, 128.5 (two peaks overlapped), 127.2, 126.1, 111.9, 111.5, 56.3,
38.0 ppm; IR (neat): 2894, 1598, 1490, 1436, 1280, 1251, 1051, 965, 803, 728, 690 cm™;

HRMS (EI): m/z calcd for C16H15BrO: 302.0306 [M]*; found: 302.0292.
General Procedure for para-Substituted Phenol Derivatives

AgTFA-catalyzed Friedel-Crafts-type allylic substitution of p-methyl anisole is described as

a typical procedure.

. . OR!'
R2 Me3SiCN (2 equiv) o
@ " 0P(0)(0Et), . AgTFA (1 mol%) @ @
or!  CH3NO, 60 °C, time
R2

To a a solution of (E)-cinnamyldiethylphosphate (135 mg, 0.50 mmol) in CH3NO- (2.5
mL) was added AgTFA (1.1 mg, 0.050 mmol). The resulting mixture was stirred for 15 min
at 60°C, followed by the addition of p-methyl anisole (122 mg, 1.0 mmol) and TMSCN (99

mg, 1.0 mmol). The reaction mixture was then continuously stirred at 60 °C for 5 h.
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Completion of the reaction was judged by TLC (AcOEt:hexane = 1:4). A saturated NaHCO3
aq was added to quench the reaction, and the aqueous layer was extracted by CH2Cl> (10 mL
x 3). The collected organic layer was washed with brine and dried over Na>SOa4. After Na2SO4
was filtered off, the resulting mixture was concentrated in vacuo. The yield of the product
was calculated from *H NMR spectra of the 2-cinnamyl-1-methoxy-4-methylbenzene with
pyrazine as an internal standard (99% vyield). The product was isolated by PTLC

(AcOEt:hexane = 1:50), as colorless oil (113 mg, 0.5 mmol, 95% vyield).
2-Cinnamyl-1-methoxy-4-methylbenzene (4a)

OMe Was isolated as colorless oil (95%), followed the general procedure
AN

O O for 5 h.

Me
Spectra data are in accordance with the literature.?
IH NMR (400 MHz, CDCl3): & 7.38 (app. d, J = 7.2 Hz, 2H, Ar—H), 7,30 (t, J = 7.2 Hz, 2H,
Ar-H), 7.20 (app. t, J = 7.2 Hz, 1H, Ar-H), 7.02-7.01 (m, 2H, Ar—H), 6.79 (app. d, J = 9.2
Hz, 1H, Ar-H), 6.46 (d, J = 16.0 Hz, 1H, PhCH=CH), 6.39 (dt, J = 16.0, 6.0 Hz, 1H,
PhCH=CH), 3.84 (s, 3H, OCH?3), 3.53 (d, J = 5.6 Hz, 2H, CH=CHCHy), 2.29 (s, 3H, ArCHs)
ppm; 3C NMR (100 MHz, CDCls): § 155.2, 137.7, 130.6, 130.5, 129.7, 129.0, 128.4, 128.3,

127.6, 126.8, 126.1, 110.3, 55.5, 33.4, 20.5 ppm.
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(E)-1-Methoxy-4-methyl-2-(3-(p-tolyl)allyl)benzene (4b)

OMe Wias isolated as colorless oil (96%), followed the general

™
O O method for 5 h.
Me

Me

'H NMR (400 MHz, CDCls): § 7.26 (app. d, J = 8.4 Hz, 2H, Ar—H), 7.09 (d, J = 7.6 Hz, 2H,
Ar-H), 6.99 (app. d, J = 5.2 Hz, 2H, Ar—H), 6.77 (d, J = 8.8 Hz, 1H, Ar—H), 6.40 (d, J = 15.6
Hz, 1H, PhCH=CH), 6.31 (dt, J = 15.6, 6.4 Hz, 1H, PACH=CH), 3.82 (s, 3H, OCH3), 3.49 (d,
J =6.4Hz, 2H, CH=CHCH?), 2.32 (s, 3H, CH3), 2.26 (s, 3H, Me) ppm; *C NMR (100 MHz,
CDCly): 6 155.1, 136.6, 135.0, 130.5, 130.4, 129.7, 129.1, 128.5, 127.9, 127.5, 125.9, 110.3,
55.6, 33.3, 21.1, 20.5 ppm; IR (neat): 2930, 1599, 1490, 1461, 1416, 1274, 1092, 1011, 963,
791, 726, 690 cmt; HRMS (EI): m/z calcd for C1gH200: 252.1514 [M]*; found: 252.1514.

(E)-2-(3-(4-Bromophenyl)allyl)-1methoxy-4-methylbenzene (4c)

OMe Was isolated as pale-yellow solid (92%), followed the general
O S O method for 24 h.

Br

Me
IH NMR (400 MHz, CDCls):  7.40 (app. d, J = 8.4 Hz, 2H, Ar—H), 7.22 (app. d, J = 8.0
Hz, 2H, Ar-H), 7.03-6.98 (m, 2H, Ar-H), 6.79 (d, J = 8.0 Hz, 1H, Ar-H), 6.39-6.37 (m, 2H,
ArCH=CH), 3.83 (s, 3H, OCH3), 3.50 (d, J = 5.2 Hz, 2H, CH=CHCHy), 2.28 (s, 3H, CHz)
ppm; 3C NMR (100 MHz, CDCls): § 155.1, 136.7, 131.4, 130.6, 130.0, 129.7, 129.3, 128.0,
127.7, 127.6, 120.4, 110.4, 55.5, 33.5, 20.5 ppm; IR (KBr): 2928, 1499, 1485, 1248, 1107,

1031, 819, cm™* ; HRMS (EI): m/z calcd for C17H17BrO: 316.0463 [M]*; found: 316.0457.
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2-Cinnamyl-1,4-dimethoxybenzene (4d)

OMe Was isolated by PTLC (AcOEt/hexane = 1/7) as yellow oil (93%),

X
O O followed the general method for 24 h.

OMe
Spectra data are in accordance with the literature.??
IH NMR (400 MHz, CDCl3): & 7.35 (app. d, J = 6.8 Hz, 2H, Ar-H), 7.28 (app. t, J = 7.6 Hz,
2H, Ar-H), 7.18 (app. t, J = 7.2 Hz, 1H, Ar-H), 6.82-6.71 (m, 3H, Ar—H), 6.44 (d, J = 16.0
Hz, 1H, PhACH=CH), 6.36 (dt, J = 15.6, 6.4 Hz, 1H, PhCH=CH), 3.81 (s, 3H, OCHs), 3.76 (s,
3H, OCHs), 3.51 (d, J = 6.0 Hz, 2H, CH=CHCH,) ppm; *C NMR (100 MHz, CDCls): &
153.6, 151.6, 137.7, 130.8, 129.9, 128.6, 128.4, 126.9, 126.1, 116.3, 111.4, 111.3, 56.0, 55.6,

33.5 ppm.
2-Cinnamyl-4-methylphenol (49)

OH Was isolated as colorless oil (96%), followed the general procedure
O N O with Pd(OAC)2 (1 mol%) as a catalyst for 24 h.

Me
Spectra data are in accordance with the literature.??
IH NMR (400 MHz, CDCls): & 7.36 (app. d, J = 7.2 Hz, 2H, Ar—H), 7.30 (app. t, J = 7.2 Hz,
2H, Ar-H), 7.21 (m, J = 7.6 Hz, 1H, Ar-H), 6.97-6.93 (m, 2H, Ar-H), 6.72 (d, J = 8.4 Hz,
1H, Ar—H), 6.50 (d, J = 15.6 Hz, 1H, PhCH=CH), 6.38 (dt, J = 16.0, 6.4 Hz, 1H, PhCH=CH),
4.73 (s, 1H, OH), 3.53 (d, J = 6.4 Hz, 2H, CH=CHCHy), 2.27 (s, 3H, CHz) ppm; *C NMR
(100 MHz, CDCls): & 151.7,137.1, 131.3, 131.0, 130.2, 128.5, 128.2, 128.0, 127.3, 126.2,

125.4, 115.6, 34.1, 20.5 ppm.
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4-(tert-Butyl)-2-cinnamylphenol (4h)

OH Was isolated as white solid (82%), followed the general method with
O N O Pd(OAC)2 (1 mol%) as a catalyst for 24 h.

Bu
'H NMR (400 MHz, CDCla): & 7.36 (d, J = 7.6 Hz, 2H, Ar-H), 7.29 (app. t, J = 7.6 Hz, 2H,
Ar-H), 7.21 (app. t, J = 7.6 Hz, 1H, Ar-H), 7.17-7.15 (m, 3H, Ar-H), 6.76 (d, J = 8.8 Hz,
1H, Ar-H), 6.53 (d, J=16.0 Hz, 1H, PhCH=CH), 6.40 (dt, J = 16.0, 64 Hz, 1H,
PhCH=CH), 4.81 (br s, 1H, OH), 3.57 (d, J = 6.4 Hz, 2H, CH=CHCHy>), 1.30 (s, 9H, C(CHz)3)
ppm; BC NMR (100 MHz, CDCls): § 151.8, 143.7, 137.1, 131.3, 128.5 (two peaks
overlapped), 128.2, 127.4, 127.3, 126.2, 124.7, 115.3, 35.0, 34.1, 31.6 ppm; IR (neat): 3384,
2951, 1739, 1501, 1274, 1212, 1123, 966, 822, 738, 692 cm* HRMS (EI): m/z calcd for

C19H220: 266.1671 [M]*; found: 266.1667.
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General Procedure for Diallylation of Phenol Derivatives

AgTFA-catalyzed Friedel-Crafts-type allylic substitution of 1,3-benzodioxole is described as

a typical procedure.

AgTFA (1 mol%) oh
TMSCN (2 equiv __
Ph X" 0p(0)(OEY), * (2 equv)
OR! CH4CN, 60 °C, 24 h "
OR!

(0.5 equiv)

To a solution of (E)-cinnamyldiethylphosphate (220 mg, 0.81 mmol) in CH3CN (2.5 mL)
was added AgTFA (1.8 mg, 0.081 mmol). The resulting mixture was stirred for 15 min at 60
°C, followed by the addition of 1,3-benzodioxole (50 mg, 0.41 mmol) and TMSCN (167 mg,
1.68 mmol). The reaction mixture was then continuously stirred at 60 °C for 5 h. Completion
of the reaction was judged by TLC (AcOEt/hexane = 1/4). A saturated NaHCO3 aq. was added
to quench the reaction, and the aqueous layer was extracted by AcOEt (10 mL x 3). The
collected organic layer was washed with brine and dried over Na SOa. After Na;SO4 was
filtered off, the resulting mixture was concentrated in vacuo. The yield of the product was
calculated from *H NMR spectra of the crude 1-cinnamyl-4-methoxybenzene with pyrazine
as an internal standard (97% yield). The product was isolated by PTLC (AcOEt:hexane =

1:50), as a yellow oil (136 mg, 0.38 mmol, 93% yield).
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((1E,1’E)-(2,5-Dimethoxy-1,4-phenylene)bis(prop-1-ene-3.1-diyl))dibenzene (5a)

OMe Was isolated as colorless oil (90%).
Ph™ XX

OMe
'H NMR (400 MHz, CDCls): § 7.36 (app d, J = 7.2 Hz, 4H, Ar-H), 7.28 (app. t, J = 7.56
Hz, 4H, Ar-H), 7.18 (app. t, J = 7.6 Hz, 2H, Ar-H), 6.74 (s, 2H, Ar-H), 6.44 (d, J = 16.0 Hz,
2H, PhCH=CH), 6.36 (dt, J = 16.0, 6.4 Hz, 2H, PhCH=CH), 3.79 (s, 6H, OCH3), 3.52 (d, J =
6.0 Hz, 4H, CH=CHCH_) ppm; 3C NMR (100 MHz, CDCls): § 151.3, 137.7, 130.5, 129.0,
128.4, 127.1, 126.9, 126.1, 113.1, 56.4, 33.5 ppm; IR (neat): 2935, 1491, 1464, 1414, 1274,
1255, 1086, 1020, 964, 796, 749, 730, 678 cm* HRMS (EI): m/z calcd for CasH2s02:

370.1933 [M]"; found: 370.1932.

5,6-Dicinnamylbenzo[d][1,3]dioxole (5b)

Ph™ X O_  Was isolated as yellow oil (93%).
Ph )
7 o]

Spectra data are in accordance with the literature.??

IH NMR (400 MHz, CDCls): & 7.32 (app. d, J = 7.2 Hz, 4H, Ar—H), 7.27 (app. t, J = 7.6 Hz,
4H, Ar-H), 7.19 (app. t, J = 7.2 Hz, 2H, Ar-H), 6.74 (s, 2H, Ar—H), 6.37 (d, J = 16.0 Hz, 2H,
PhCH=CH), 6.31 (dt, J = 16.0, 5.2 Hz, 2H, PhCH=CH), 5.92 (s, 2H, OCH:0), 3.50 (d, J =
4.8 Hz, 4H, CH=CHCH,) ppm; **C NMR (100 MHz, CDCls): § 146.3, 137.4, 131.2, 130.9,

129.0, 128.5, 127.1, 126.1, 109.9, 100.8, 36.2 ppm.
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((11E,1’E)-(4-methoxy-6-methyl-1,3-phenylene)bis(prop-1-ene-3,1-diyl))dibenzen (5c)

Me OMe Was isolated by PTLC (AcOEt:hexane = 1:15) as yellow oil
Ph%\ﬁ/\/% ( 82%) with monoallylated branched isomer'® (6%),
followed the general procedure with 4.0 equiv of cinnamyl phosphate as electrophile.

'H NMR (400 MHz, CDCls): 6 7.34 (app d, J = 7.2 Hz, 4H, Ar—H), 7.29-7.25 (m, 4H, Ar—
H), 7.19 (s, 1H, Ar—H), 7.17 (app. t, J = 6.8 Hz, 2H, Ar—H), 6.97 (s, 1H, Ar—H), 6.41(d, J =
16.0 Hz, 2H, PhCH=CH),6.35 (dt, J = 15.6, 6.0 Hz, 2H, PhCH=CH), 3.86 (s, 6H, OCHs3),
3.46 (d, J = 6.0 Hz, 4H, CH=CHCH>) ppm; 3C NMR (100 MHz, CDCls): § 156.6, 137.8,
131.0, 130.2, 129.5, 128.4, 126.7, 126.0, 120.2, 95.5, 55.8, 32.8 ppm; IR (neat): 2943, 1607,

1586, 1498, 1451, 1283, 1200, 1154, 1113, 1035, 827, 740, 686 cm*; HRMS (EI): m/z calcd

for CasH2602: 370.1933 [M]*; found: 370.1924.
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Chapter 2
Silyl Cyanopalladate Catalyzed Friedel-Crafts-
type Cyclization Affording 3-Arlyoxindole

Derivatives

Abstract

3-Aryloxindole derivatives were synthesized through the Friedel-Crafts-type cyclization
from the appropriate mandelamide derivative as substrates. The reaction was catalyzed by a
trimethylsilyl tricyanopalladate complex, (TMS)[Pd(CN)s:], generated in situ from
trimethylsilyl cyanide (TMSCN) and Pd(OAc).. Wide varieties of diethylphosphate derived
from N-arylmandelamides were almost quantitatively converted to the corresponding 3-
aryloxindols. When N,N-dibenzyl amide was used instead of the anilide substrates, the benzo-
fuzed &-lactam was obtained. The oxindole product was applied to the substitution reactions

to afford the 3,3-diaryloxindoles with two different aryl groups.
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2.1 Introduction

Oxindole derivatives, a class of benzo-fused 5-membered lactams, are well known
for their bioactive properties and found in naturally formed alkaloids. In particular, 3-

aryloxindole derivates are worked as pharmaceutical agents (Figure 1).**

Figure 1. Bioactive compounds including the 3-aryloxindole moiety

Oxyphenisatine BMS-204352 SM-130686 XEN907

Several studies have performed synthetic methods for formation of these therapeutic
structures.® The intramolecular C—C bond formation between the a-position of amide and
ortho-carbon of N-aryl ring is a typical strategy for the reaction. Three synthetic approaches
have been focused for several years for forming the 3-aryloxindoles moiety (Scheme 1).6-1°
The first strategy requires Pd complex and base for an intramolecular C(sp?)-C(sp®) cross
coupling reaction of N-acyl-ortho-haloanilides (Scheme 1A).% Coordination by the amide
group helps oxidative cleavage of the C-halogen bond catalyzed by Pd(0) species. The
reversibly formed amide-enolate binds on the Pd(ll) instead of the halide. Pd(0) is released
by reduction that helped to form the lactam. The second strategy, is a helpful method using

the N-acyl-ortho-iodoanilides, is a-arylation through a radical-nucleophilic aromatic
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substitution (Srn1) (Scheme 1B).”® Enolate transfers an electron to the aryl iodide (SET) in
the presence of a stoichiometric or excess amount of alkali base. This helps the construction
the C—C linkage with homolysis of the C—I bond. Using the ortho-fluoroanilides as substrate
is one of the disadvantages. These substrates limit the nucleophilic substitution by the amide-
enolate for electron-deficient aromatic ring under similar basic conditions (SnAr reaction).®
The third strategy is generation the C—C bond through Friedel-Crafts-type cyclization of a-
halo-N-arylamide with the help of releasing the halide (Sn1-type reaction) (Scheme 1C).1°
This method needed more than an equimolar amount of the silver Lewis acid for obtaining
the desired compound in high yield. The main advantage of this method is that substrates
without ortho-haloanilide moiety can be introduced. Thus, an efficient catalytic model of this
reaction is highly needed to develop with more preferable substrates such as alcoholic

derivatives instead of halide compounds.
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Scheme 1. Previous strategy for formation of 3-aryloxindole derivatives

A) a-Arylation of amide through a cross-coupling reaction

Pd catalys, base

Y

B) Sgn1 and SyAr reaction of ortho-haloanilide derivatives

tBuOK (excess)

Il? X
N >
@ X =I: Sgn1 reaction
0 =F:SNAR reaction
C) Friedel-Crafts-type cyclization by a stiochiometric amount of AQTFA

AgTFA (1.5 equiv)
\‘ CH20|2 -78°Ctort
28 h

Recently, our group has focused on Lewis-acid catalysis of in situ formed silyl
cyanometallate complexes. It is well-known that transition metal compounds strongly interact
with the C-terminus of cyanide (CN"). Thermodynamically stable metal cyanide (M(CN)n),
generates from transition metal salt (MX,) reacts with an excess amount of trimethylsilyl
cyanide (TMSCN). Some studies have revealed that a small part of the M(CN), is possibly
converted to the silyl cyanometallate (TMS)[M(CN)n.1] that in equilibrium with M(CN),. The
silyl part of the ate complex behaves as a Lewis acid and paved the way for several organic
transformation as a suitable catalyst. In fact, our group has successfully proposed new
protocols for nucleophilic isocyanations of allylic and benzylic cinnamyl alcohol derivatives

and Friedel-Crafts-type allylations catalyzed by silyl cyanometallate complexes (M = Pd,
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Ag).113 Notably, the transition metal species has effect on the Lewis acidity of these catalysts.
The intensity of the acidity could be controlled by the reversibility of the catalysts. Here, the
author reports the first example of catalytic method that catalyzed by a trimethylsilyl
cyanopalladate (M = Pd, n = 2) intramolecular Friedel-Crafts type substitution affording 3-
aryloxindole derivatives from more suitable substrates, the benzylic diethyl phosphates, than

the corresponding halides for this catalytic system (Scheme 2).

Scheme 2. Silyl cyanopalladate-catalyzed Friedel-Crafts cyclization affording 3-

aryloxindole derivatives

(Et0),(0)PO R cat

lil TMSCN (excess)
SRR

----- TMS CN
Eto. O [PA(CN)]
~
e @ R -
N
activation b intramolecular
] f o Friedel-Crafts
silyl cyanometallate '
benzylation

2.2 Results and Discussion

The author started the investigation of optimization conditions with N-methyl-N-
phenylmandelamide derivative 1a as the model substrate with diethylphosphate as a
leaving group of choice according to our group previous studies on nucleophilic

isocyanation and Friedel-Crafts-type allylation (Table 1).1*2 The cyclization of 1a was
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completed in the presence of Pd(OAc)2 (2 mol%) and TMSCN (2 equiv) in CH3NO:> at
80 °C within 20 h to afford the 3-phenyloxindole 2a in almost quantitative yield (entry
1). In the same manner, the targeted compound 2a formed in high yield in CH3CN and
1,2-dimethoxyethane (1,2-DME) (entries 2,3). On the other hand, the yield of cyclization
product 2a decreased significantly in 1,4-dioxane, a cyclic ether, and less polar toluene
that suggested the reaction rate slowed with those solvents (entries 4,5). No formation of
the compound 2a was observed in DMF due to high polar and easy coordination (entry
6). The reaction without catalyst prevented the formation of the product. These results
showed that addition of Pd(OACc) is crucial for carrying out this reaction (entry 7).
Consequently, the reaction is completed in 10 h at 60 °C in CH3zNO3, and therefore the
author adopted these as the optimized conditions (entry 8). The reaction is suppressed
with using TMSCN as 1.2 equiv that yielded the desired compound 2a in 47% vyield
(entry 9). These results showed that a large amount of TMSCN relative to the Pd catalyst
was required for generation of sufficient amount of the active catalytic species,

TMS[Pd(CN)z], in the reaction system.
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Table 1. Optimization of reaction conditions

(Et0),(0)PO  Me Pd(OAc), (2 mol%)
' TMSCN (2 equiv)

N
solvent, temp., time
m T p

entry solvent temp (°C) time (h) yield (%)@
1 CH3NO, 80 20 >99

2 CH;CN 80 20 85

3 1,2-DME 80 20 96

4 1,4-dioxane 80 20 32

5 Toluene 80 20 48

6 DMF 80 20 0

7b CH3NO, 80 20 0

8 CH3NO; 60 10 >99 (98)
9° CH3NO; 60 10 47

314 NMR yield. The isolated yield is given in parenthesis. ® No Pd(OAc), was employed

as a catalyst. * TMSCN (1.2 equiv) was added in the reaction mixture

With the optimized reaction conditions in hand, the author investigated the scope and
limitations of the intramolecular Friedel-Crafts-type reaction (Scheme 3). Methyl and
more sterically hindered 2-propyl and tert-butyl groups were easily introduced on the N-
atom without retardation of the oxindole formation (2b, 2c). The cyclization products 2d
and 2e were obtained without any decomposition of the N-allyl and N-benzyl substituents

in the presence of the palladate complex. The cyclization product triaryl 2f was easily
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generated from N,N-diphenylamide 1f as pre-prepared aniline phenyl rings. 4-Methyl- as
well as 3,5-dimethyl-substituted substrates were converted to corresponding cyclization
products 2g and 2h in 99% yield. The yield of the electron-donating methoxy group and
electron-withdrawing chloro group at para-position of the aniline phenyl ring slightly
differed from 2g. A 1:1 mixture of the regioisomers of 2k was obtained from the reaction
of the mandelamide 1k in 99% vyield. However relatively unstable 2k’ was partially

decomposed during the purification.
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Scheme 3. Scope and limitations on N-alkylaniline substructures

(Et0),(0O)PO R Pd(OAc), (2 mol%) R
N TMSCN (2 equiv.) N
Ph . @ o
O CH3NO2,AF, 60 OC,
10 h bh

N b | |
@i;(h:o @i{:o @18:0 @18:0

Ph Ph
2a: >99% (98%)  2b: 99% (98%) 2¢: 99% (97%) 2d: 98% (98%)
o % e e
N N N Me N
o) 0 o) O
Me
Ph Ph Ph Me Ph
2e:99% (99%)  2f: 98% (97%) 2g: 99% (99% 2h: 99% 98%
Me
MeO Me/
2i: 99% (98%) 2j 99% (98%) 2k/2K": 99%, 1:1, (82%, 1:0.64)

314 NMR yield. The isolated yield is given in parenthesis. ® A 1:1 mixture of the regioisomers

was obtained.

3-Aryl moieties were screened under the same conditions (Scheme 4). The reactivity of
the substrate was suspected to affect by substituents at C4 position of the aryl group. The
reaction of the desired compounds methyl, methoxy, and also bromo substituted 21, 2m and
2n resulted in 98%, 99% and 98% vyield. On the other hand, strongly electron deficient

substrate, para-trifluoromethyl substituted 10, did not form the cyclization product 20 at all.
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These results suggested that the reaction possibly occurred through Sn1-type mechanism like
Friedel-Crafts-type allylation catalyzed by the silyl cyanometallate.® Catalytic system
worked efficiently even with steric hindered substrate to afford corresponding cyclized
product 2p in high yield with optimal conditions. Substitution on the C3 of the mandelic acid
substructure’s phenyl rings has little effect on the yield of the 2q and 2r. 2-Naphthyl and

hetero atom included 3-thienyl substituted oxindoles were formed quantitatively.
Scheme 4. Scope and limitations on mandelic acid substructures?

Pd(OAc), (2 mol%) R

(EtO),
TMSCN (2 equiv.) O N o
@ \© CH3NOZ, AI', 60 OC,
(o)

I\I/Ie I\/Ie I\/Ie l\/le
N N N N Me
(e Qe (I N
o}
O O O O w0
Me OMe Br CF3

21: 98% (98%) 1 98% (99%) 20 99% (98%) 20: 0% 2p: 99% (99%)

595 F o

29: 93% (93%)  2r: 92% (92%)  2s: 99% (99%) 2t 99% (98%)

214 NMR vyield. The isolated yield is given in parenthesis.
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Gram-scale synthesis of substrate 1a was successfully carried out with the optimized

conditions. Oxindole 2a was formed 1.78 g from 3.02 g of 1a (Scheme 5).

Scheme 5. Gram-scale synthesis of oxindole 2a under the optimized conditions

(EtO)z(O)PO Me Pd(OAC)2 (2 mol%) Me
l\ll TMSCN (2 equiv.) N
Ph “Ph o
J CH5NO,, Ar, 60 °C,
10 h Ph
1a 2a
3.02 g (7.99 mmol) 1.78 g (7.97 mmol)

The cyclized product 4 from the aliphatic diethylphosphate 2-hydroxypentamide 3 were
not obtained under optimized conditions as limitation of this method supported that benzylic

a-cationic intermediate is stabilized by a-aryl structure of substrates (Scheme 6).

Scheme 6. Applied reaction of the aliphatic diethylphosphate 2-hydroxypentamide 3

through intramolecular Friedel-Crafts-type cyclization

Pd(OAG), (2 mol%) ;

(Et0);(0)PO  Me  TMSCN (2 equiv.) AN
MeWN\ph CHZNO,, Ar, 60 °C,

o 24 h nBu

3 4: 0% yield

Formation of the &-lactam 6 was carried out with this method successfully (Scheme 7).
The cyclized product 6 was obtained from dibenzylamide substrate 5 in 99% vyield with 2
mol% Pd(OAc)2 in 10 h. The strong nucleophilicity of the aniline moiety has effects on

product formation. For example, when the benzylanilide le introduced as a substrate, y-
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lactam product 2e was obtained in 99% yield that supported predomination of product

formation over &-lactam (Scheme 3, 2e).

Scheme 7. Formation of a é-lactam derivative through intramolecular Friedel-Crafts-type

cyclization

(Et0),(0)PO  Bn Pd(OAc), (2 mol%)

N TMSCN (2 equiv.) Nk
Ph Bn
5 CH3NO,, Ar, 60 °C, o
10 h Bh
5 6: 99% (98%)

The synthetic utility of 3-aryloxindoles 2 was investigated by the transformation into the
3,3-diaryloxindoles bearing two different aromatic substructures (Scheme 8). An electron-
deficient aromatic ring was introduced by nucleophilic aromatic substitution. The
diaryloxindole 7a was transformed with Cs,COs (1 equiv) by the reaction between Friedel—
Crafts-type cyclization product 2a and 2,4-dinitrochlorobenzene in 92% isolated yield.** An
electron-rich aromatic reagent was successfully employed by Pd-catalyzed cross coupling
reaction. The reaction of 2a was occurred with a catalytic amount of Pd(OAc).and tBuPHBF4
with the addition of Cs,COz (3.7 equiv) to affording the diaryl product 8a in 99% isolated

yield.t*
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Scheme 8. Transformations of 3-aryloxindole 2a

Me Cl
N O2N Cs,CO;3 (1.0 equiv.)
o+ -
DMF, Ar, reflux,16 h
Ph NO,
2a 1.0 equiv.
Pd(OAc), (6 mol%)
Me Br t-BusPHBF, (12 mol%)
N Cs,CO3 (3.7 equiv.)
O +
toluene, Ar, reflux,16 h
Ph OMe
2a 1.1 equiv.

8a: 99% isolated yield

2.3 Conclusion

The author reported the first example of a Friedel-Crafts-type cyclization of
diethylphosphates derived from N-arylmandelamides to afford 3-aryloxindoles. This method
successfully catalyzed by silyl cyanopalladate generated from Pd(OAc). (2 mol%) as a
catalyst and excess amount of TMSCN in situ. The ate complex TMS[Pd(CN)3] activated the
phosphates substrates as a Lewis acid. The acidity of the active catalytic species could be
controlled with the reversibility of Pd(CN). and TMSCN. Transformation wide range of
substrate scope was carried out with this method in high yield and it applied to a gram-scale
synthesis. The aromaticity of the substrates was the main limitation of this procedure.
Cyclized product formation was not obtained under the optimized condition from an aliphatic

a-hydroxyamide derivative that because of the stability of the cationic species by a-aryl
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structure. When N,N-dibenzylmandelamide was introduced as suitable substrate for this
method, product formation was dominated by y-lactam over 6-lactam. Substitution was took
place at C3 position with the 3-phenyloxindole. Transformations of two different aromatic

substructures were occurred in high yield.
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2.4 Experimental Section

General Information: *H NMR spectra were measured on a JEOL JNM-ECX400P (400

MHz) spectrometer and JNM-ECS400 (400 MHz) spectrometer. Data were reported as
follows: chemical shifts in ppm from tetramethysilane or the residual solvent as an internal
standard, integration, multiplicity (s = singlet, d = doublet, t =triplet, dd = double-doublet, td
= triple-doublet, g = quartet, m = multiplet, br = broad, and app = apparent), coupling
constants (Hz), and assignment. **C NMR spectra were measured on a JEOL JNM-ECX400P
(100 MHz) spectrometer and a INM-ECS400 (100 MHz) spectrometer with complete proton
decoupling. 3P NMR spectra were measured on a JEOL JNM-ECX400 (400 MHz)
spectrometer. °F NMR spectra were measured on a JEOL JNM-ECX400 (400 MHz)
spectrometer. Chemical shifts were reported in ppm, from the residual solvent as an internal
standard. Infrared (IR) spectra were recorded on a JASCO FT/IR-4100 and FT/IR-4600. Mass
spectrometry was carried out at the Instrumental Analysis Division, Global Facility Center,
Creative Research Institution, Hokkaido University. The products were purified by silica-gel
column chromatography prepared from silica gel 60N (Kanto Chemical Co. Inc) or
preparative thin-layer chromatography (PTLC) prepared from Wako Gel B-5F (Wako Pure
Chemical Industries). Trimethylsilyl cyanide (TMSCN) and Nitromethane (CH3NO2) were
purchased from Kanto Chemical Co. Inc. and were used after distillation. Palladium diacetate

(Pd(OAC)2) was purchased from Sigma-Aldrich Co. LLC., and was used as received.
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Preparation of Amido Phosphates

General procedure for the preparation of amido phosphates 1 from benzoylformic acid

derivatives (Method A)

1. cat. DMF
0] (COCly, (0.7 equiv) O Me OH Me
OH CHCly, rt N NaBH, (1 equiv) N
o) 2. PhNHMe (1 equiv) (0] © MeOH, 0 °C to rt 0 \©
EtsN (1.7 equiv) overnight

0 °C to rt, overnight

DMAP (25 mol%)
CIP(O)(OEY), (1.5 equiv)  (Et0)2(0)PO  Me

EtsN (2.5 equiv) N
CH2C|2, 0° Ctort (o] \©

1a

Synthesis of amido phosphate 1a is selected as the typical procedure for method A. Two
drops of DMF were added to a round-bottomed flask (100 mL) charged with benzoylformic
acid (1.08 g, 7.2 mmol) in CH2Cl> (25 mL). Oxalyl chloride (686 mg, 5.4 mmol) was then
added to the solution. A base trap stuffed with solid NaOH was put on the reaction flask to
abstract the released HCI gas. The reaction mixture was stirred for several hours until the
bubble formation was stopped, and then it was cooled to 0 °C. PANHMe (816 mg, 7.6 mmol)
in EtaN (1.28 g, 12.7 mmol) was added dropwise to the solution. The mixture was allowed to
warm to room temperature and was continuously stirred overnight. The reaction was judged
complete by TLC analysis (AcOEt:hexane = 1:4). The reaction was quenched by H>O and the
layers were separated, and then the aqueous layer was extracted with AcOEt (15 mL) 3 times.
The combined organic layers were washed with brine and dried over Na2SOa. After Na;SO4

was filtered off, the collected filtrate was concentrated in vacuo. The crude residue was

67



purified by silica-gel column chromatography to afford the a-ketoamide (AcOEt:hexane =
2:1).

The a-ketoamide (1.04 g, 4.4 mmol) was dissolved in MeOH and cooled to 0 °C. NaBH4
(173 mg, 4.6 mmol) was added to the solution and the reaction mixture was allowed to warm
to room temperature and was continuously stirred overnight. The reaction was quenched by
the addition of saturated NH4Cl (ag.). The layers were separated, and the aqueous layer was
extracted with AcOEt (15 mL) 3 times. The combined organic layers were washed with brine
and dried over Na2SO4. After Na2SO4 was filtered off, the collected filtrate was concentrated
in vacuo. The crude residue was used for further synthesis without purification.

The obtained a-hydroxyamide was dissolved in CH2Cl; (25 mL). EtsN (653 mg, 6.6 mmol)
and N,N-dimethyl-4-aminopyridine (DMAP; 129 mg, 1.1 mmol) were then added to the
solution. The mixture was cooled to 0 °C and diethyl chlorophosphate (1.07 g, 6.2 mmol) was
added dropwise. The reaction mixture was allowed to warm up to room temperature and was
continuously stirred until the reaction was judged complete by TLC analysis. The reaction
was quenched by the addition of saturated NaHCO3 (aq.). The layers were separated, and the
aqueous layer was extracted with CH»Cl> (10 mL) 3 times. The combined organic layers were
washed with water, then brine, and dried over Na;SOs. After Na;SO4 was filtered off, the
collected filtrate was concentrated in vacuo. The crude residue was purified by silica-gel
column chromatography (AcOEt:hexane = 1:2) to afford the N-methyl-N-

phenylmandelamide derivative 1a (784 mg, 2.1 mmol).
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General procedure for the preparation of amido phosphates 1 from benzaldehyde

derivatives (Method B)

(0] Me3SiCN (2 equiv) OSiMeg OH

LiCI (5 mol%) MesSiCl (2 equiv)
H ——M CN —MmM8M > CO,Me
neat, rt MeOH, 55 °C
Me Me Me
(0] (0] (Et0),(0)PO  Me

MnO, (10 equiv) 2M NaOH agq. OH then Method A ,{l
_—— co,Me —— > B
CH,Cly, rt rt, overnight o o
overnight Me Me Me

11

Caution: Trimethylsilyl cyanide (TMSCN) must be used in a well-ventilated hood due to its

high toxicity.

Synthesis of amido phosphate 1l is selected as the typical procedure for method B.
Trimethylsilyl cyanide (TMSCN; 8.63 g, 86.3 mmol) was added to a round-bottomed flask
(50 mL) charged with p-tolualdehyde (5.20 g, 43.2 mmol). LiCl (94 mg, 2.2 mmol) was added
to the reaction mixture and was continuously stirred at room temperature until the reaction
was judged complete by TLC analysis. The reaction was quenched by the addition of
saturated NaHCO3 (ag.). The layers were separated, and the aqueous layer was extracted with
Et>O (20 mL) 3 times. The combined organic layers were washed with water, then brine, and
dried over NaSOs. After Na;SO4 was filtered off, the collected filtrate was concentrated in
vacuo. The resulting residue was dissolved in MeOH (25 mL). Trimethylsilyl chloride
(TMSCI; 10.2 g, 93.9 mmol) was then added to this solution. The reaction mixture was heated
to 55 °C and continuously stirred until the reaction was judged complete by TLC analysis.
The reaction was quenched by the addition of saturated NaHCO3 (aq.). The layers were
separated, and the aqueous layer was extracted with AcOEt (20 mL) 3 times. The combined

organic layers were washed with water, then brine, and dried over Na,SOa. After NaSO4 was
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filtered off, the collected filtrate was concentrated in vacuo. The resulting residue was
dissolved in CH2Cl> (75 mL). MnO2 (63.0 g, 337 mmol) was added to the solution and was
continuously stirred overnight. The reaction mixture was filtered through a cake of Celite and
the filtrate was concentrated in vacuo. 2 M NaOH (ag.) was directly added to the residue and
the resulting mixture was stirred overnight. The reaction was acidified with conc. H2SO4 until
the pH of the solution became 1. The layers were separated, and the aqueous layer was
extracted with Et.O (20 mL) 3 times. The combined organic layers were washed with water,
then brine, and dried over Na>SO4. After Na2SO4 was filtered off, the collected filtrate was
concentrated in vacuo. The obtained benzoylformic acid derivative was applied without

further purification to Method A, affording the amido phosphate 11 (1.59 g, 4.05 mmol).

Diethyl-(2-(methyl(phenyl)amino-2-oxo-1-phenylethyl) phosphate (1a)

(Et0)(O)PO  Me Wias isolated as pale-yellow viscous oil (51%, 784 mg), followed
ml\l@ the general method A.
'"H NMR (400 MHz, CDCls): § 7.36-7.34 (br m, 3H, Ar-H), 7.31-7.21 (m, 4H, Ar-H), 7.08
(d, J=7.2 Hz, 2H, Ar-H), 7.04 (br s, 2H, Ar-H), 5.73 (d, J = 7.6 Hz, 1H, PhCH), 4.31-4.17
(m, 2H, OCH->CH3), 3.88-3.81 (m, 2H, OCH>CH3), 3.26 (s, 3H, NCH3), 1.36 (app. t, J = 7.6
Hz, 3H, OCH,CHj), 1.10 (t, J = 7.6 Hz, 3H, OCH,CH3) ppm; *C NMR (100 MHz, CDCls):
168.0 (d, J=4.8 Hz), 142.1, 135.2 (d, /= 6.7 Hz), 135.2 129.7, 129.0, 128.4, 128.3, 128.1
(two peaks overlapped), 75.2 (d, /J=4.8 Hz), 64.2 (d, J = 5.8 Hz), 63.7 (d, /= 6.7 Hz), 38.0,
16.0 (d, J = 6.7 Hz), 15.8 (d, J = 7.7 Hz) ppm; 3'P NMR (162 MHz, CDCl3): § —1.5 ppm;
IR (neat): 2988, 1669, 1596, 1496, 1382, 1010, 997, 964, 891, 740, 700 cm™'; HRMS (EI):

m/z caled for C19H24NOsP: 377.1391 [M]*; found: 377.1404.
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Diethyl-(2-(isopropyl(phenyl)amino)2-oxo-1-phenylethyl) phosphate (1 b)

(Et0),(0)PO Y Was isolated as a colorless viscous oil (66%, 1.75 g), followed

N
W \© the general method A.
(0]

'H NMR (400 MHz, CDCL): & 7.48 (t, J = 7.6 Hz, 1H, Ar-H), 7.38-7.34 (m, 2H, Ar-H),
7.31-7.27 (m, 1H, Ar-H), 7.25-7.21 (m, 2H, Ar-H), 7.13 (app. t, J = 7.6 Hz, 1H, Ar-H), 7.09—
7.07 (m, 2H, Ar-H), 6.41 (d, J = 8.0 Hz, 1H, Ar-H), 5.47 (d, J = 7.2 Hz, 1H, PhCH), 5.04—
4.94 (m, 1H, NCH(CHs),), 4.30-4.15 (m, 2H, OCH.CHs), 3.86-3.79 (m, 2H, OCH,CHs),
1.35 (tt, J = 7.2, 1.2 Hz, 3H, OCH,CH5), 1.09 (tt, J = 7.2, 1.2 Hz, 3H, OCH,CH3), 1.02 (dd,
J = 6.8, 0.8 Hz, 3H, NCHCH;CHs), 0.98 (dd, J = 6.8, 0.8 Hz, 3H, NCHCH;CH3) ppm; *C
NMR (100 MHz, CDCL): 167.2 (d, J = 3.9 Hz), 136.4, 135.3 (d, J = 6.7 Hz), 131.3, 130.9,
129.5, 129.0, 128.7, 128.5, 128.4, 128.3, 75.9 (d, J= 3.8 Hz), 64.2 (d, J = 5.8 Hz), 63.6 (d, J
= 5.7 Hz), 46.9, 20.9, 20.3, 16.0 (d, J = 6.7 Hz), 15.8 (d, J = 6.7 Hz) ppm; *'P NMR (162
MHz, CDCL): 5 —1.5 ppm; IR (neat): 2982, 1670, 1491, 1393, 1267, 1242, 1018, 961, 894,

699 cm™!; HRMS (EI): m/z calcd for C21HasNOsP: 407.1705 [M]*; found: 405.1698.
2-(tert-Butyl(phenyl)amino-2-oxo-1-phenylethyl diethyl phosphate (1¢)

(E10),(O)PO \‘/ Was isolated as a yellow viscous oil (70%, 1.15 g), followed the
2

W N \© general method A.
O

'H NMR (400 MHz, CDCl3): § 7.4 (td, J = 7.6, 1.2 Hz, 1H, Ar-H), 7.37-7.27 (m, 3H, Ar-
H), 7.25-7.21 (m, 2H, Ar-H), 7.09-7.03 (m, 3H, Ar-H), 6.34 (d, J = 6.8 Hz, 1H, Ar-H), 5.37

(d, J = 7.2 Hz, 1H, PhCH), 4.28-4.15 (m, 2H, OCH>CHs), 3.86-3.78 (m, 2H, OCH,CHs),
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1.36-1.33 (m, 3H, OCH,CH3), 1.35 (s, 9H, NC(CHs)3), 1.09 (td, J = 7.2 Hz, 1.2 Hz, 3H,
OCH,CH;3) ppm; '3C NMR (100 MHz, CDCL): 167.5 (d, J = 3.8 Hz), 139.3, 135.5 (d, J =
6.7 Hz), 131.4, 130.3, 129.4, 128.9, 128.5, 128.4, 128.3, 128.2, 76.5 (d, J = 3.8 Hz), 64.1 (d,
J =5.8Hz), 63.5 (d, J= 6.7 Hz), 59.0, 28.8, 16.0 (d, J = 7.7 Hz), 15.7 (d, J =6.7 Hz) ppm;
3P NMR (162 MHz, CDCls): 5 —1.5 ppm; IR (neat): 2980, 1674, 1367, 1270, 1191, 1015,
955, 885, 728, 697 cm™'; HRMS (ESI): m/z calcd for C2HigNOsNaP: 442.1754 [M+Na]*;

found: 442.1755.
2-(Allyl(phenyl)amino)-2-oxo-1-phenylethyl diethyl phosphate (4d)

(EtO),(0)PO (\ Was isolated as a yellow viscous oil (62%, 4.02 g), followed the

N
©)\H/ \© general method A.
0]

'"H NMR (400 MHz, CDCl3): § 7.32-7.21 (m, 6H, Ar-H), 7.08 (d, J = 6.8 Hz, 2H, Ar-H),
6.99 (br s, 2H, Ar-H), 5.85-5.75 (m, 1H, NCH2CH), 5.69 (d, J = 7.2 Hz, 1H, PhCH), 5.07-
4.98 (m, 2H, NCH>CHCH:), 4.33-4.16 (m, 4H, OCH>CH3 + NCH>), 3.88-3.81 (m, 2H,
OCH:CHj3), 1.35(td, J=6.8,0.8 Hz, 3H, OCH.CH5), 1.10 (td, J= 7.2, 0.8 Hz, 3H, OCH.CH5)
ppm; *C NMR (100 MHz, CDCl3): 167.6 (d, J=3.1 Hz), 140.5, 135.2 (d, /= 6.8 Hz), 132.3,
129.5, 129.04, 129.01, 128.4 (two peaks overlapped), 128.1, 118.1, 75.4 (d, J=4.6 Hz), 64.2
(d, J=6.1 Hz), 63.7 (d, J= 6.1 Hz), 52.8, 16.0 (d, J = 6.8 Hz), 15.8 (d, J = 6.9 Hz) ppm; *'P
NMR (162 MHz, CDCl3): 6 —1.5 ppm; IR (neat): 2982, 1676, 1593, 1494, 1394, 1265, 1021,
983, 895, 741, 696 cm™'; HRMS (ESI): m/z calcd for C2iH26NOsNaP: 426.1441 [M+Na]*;
found: 426.1436.

2-(Benzyl(phenyl)amino)-2-oxo-1-phenylethyl dethyl phosphate (1e)
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(Et0)2(O)PO  Bn Was isolated as a pale-yellow viscous oil (53%, 1.60 g), followed

N
m \© the general method A.

'H NMR (400 MHz, CDCl3): § 7.31-7.28 (m, 3H, Ar-H), 7.25-7.20 (m, 7H, Ar-H), 7.14—
6.85 (m + br s, 5SH, Ar-H), 5.71 (d, J = 7.6 Hz, 1H, PhCH), 4.92 (d, J = 14.4 Hz, 2H,
NCHHPh), 4.80 (d, J = 14.4 Hz, 2H, NCHHPh), 4.32-4.17 (m, 2H, OCH>CH3), 3.90-3.82
(m, 2H, OCH:CH3), 1.35 (td, J = 7.2, 1.2 Hz, 3H, OCH2CH3), 1.11 (td, J = 7.2 Hz, 1.2 Hz,
3H, OCH>CHj3) ppm; *C NMR (100 MHz, CDCl3): 168.0 (d, J = 8.8 Hz), 140.3, 136.7,
135.1 (d, J = 7.7 Hz), 129.4, 129.1 (two peaks overlapped), 128.6, 128.4 (two peaks
overlapped), 128.3, 128.1, 127.4, 75.5 (d, J=4.8 Hz), 64.2 (d, J = 5.7 Hz), 63.7 (d, J= 5.7
Hz), 53.7, 16.0 (d, J = 6.7 Hz), 15.8 (d, J= 7.7 Hz) ppm; *'P NMR (162 MHz, CDCl3): 6 —
1.4 ppm; IR (neat): 2979, 1736, 1677, 1495, 1397, 1271, 1021,993, 888, 737, 695 cm™';

HRMS (ESI): m/z caled for C2sHasNOsNaP: 476.1597 [M+Na]'; found: 476.1589.
2-(Diphenylamino)-2-oxo0-1-phenylethyl diethyl phosphate (1f)

Was isolated as a colorless viscous oil (62%, 289 mg), followed
(EtO),(0)PO

OO

'H NMR (400 MHz, CDCls): 5 7.36-7.27 (m, 8H, Ar-H), 7.18-7.16 (m + br s, 7H, Ar-H),

the general method A.

5.93 (d, J=7.2 Hz, 1H, PhCH), 4.32-4.23 (m, 2H, OCH,CHs), 3.92-3.84 (m, 2H, OCH,CHs),
1.36 (td, J= 7.2, 1.2 Hz, 3H, OCH,CH), 1.12 (td, J = 7.2 Hz, 0.8 Hz, 3H, OCH.CH), ppm;
13C NMR (100 MHz, CDCl3): 168.3 (d, J = 2.9 Hz), 142.4, 140.9, 134.9 (d, J = 7.6 Hz),
129.6, 129.2, 129. 0, 128.6, 128.2, 126.3, 126.0, 75.9 (d, J = 3.8 Hz), 64.4 (d, J = 5.7 Hz),

63.8 (d, J= 5.8 Hz), 16.0 (d, J = 7.6 Hz), 15.8 (d, J = 6.7 Hz) ppm; 3'P NMR (162 MHz,
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CDCl3): & —1.3 ppm; IR (neat): 2977, 1685, 1492, 1262, 1013, 974, 756, 739, 699 cm';

HRMS (EI): m/z caled for C24H26NOsP: 439.1549 [M]"; found: 439.1561.
Diethyl (2-(methyl(p-tolyl)amino)-2-oxo-1-phenylethyl) phosphate (1g)

(Et0)-(O)PO  Me Was isolated as a pale-yellow viscous oil (56%, 2.09 g),

N
m \©\ followed the general method A.
Me

'"H NMR (400 MHz, CDCl3): § 7.31-7.28 (m, 1H, Ar-H), 7.26-7.22 (m, 2H, Ar-H), 7.15—
7.12 (m, 4H, Ar-H), 6.93 (br s, 2H, Ar-H), 5.74 (d,J=7.2 Hz, 1H, PhCH), 4.31-4.17 (m, 2H,
OCH:CH3), 3.88-3.80 (m, 2H, OCH>CH3), 3.23 (s, 3H, NCH3), 2.37 (s, 3H, PhCH3), 1.35 (t,
J=17.2 Hz, 3H, OCH,CHj3), 1.10 (t, J = 6.8 Hz, 3H, OCH,CHj3) ppm; *C NMR (100 MHz,
CDCls): 168.1 (d, /J=3.9 Hz), 139.5, 138.3, 135.4 (d, /= 6.7 Hz), 130.3, 129.0, 128.4, 128.1,
127.8,75.1 (d, J=3.8 Hz), 64.2 (d, J = 5.8 Hz), 63.7 (d, /= 6.7 Hz), 38.0, 21.1, 16.0 (d, J =
7.7 Hz), 15.8 (d, J = 6.7 Hz) ppm; *'P NMR (162 MHz, CDCL;): § —1.5 ppm; IR (neat):
2981, 1738, 1673, 1514, 1385, 1266, 1009, 968, 893, 822, 734, 697 cm!; HRMS (EI): m/z

calcd for C20H26NOsP: 391.1549 [M]"; found: 391.1561.
2-((3,5-Dimethylphenyl)(methyl)amino)-2-oxo-1-phenylethyl diethyl phosphate (1h)

(Et0)-(O)PO  Me Was isolated as a ale-yellow viscous oil (71%, 695 mg),

N Me
o \Q/ followed the general method A.

Me
'H NMR (400 MHz, CDCl3): 6 7.30-7.21 (m, 3H, Ar-H), 7.10 (d, J = 6.8 Hz, 2H, Ar-H),

6.94 (s, 1H, Ar-H), 6.56 (br s, 2H, Ar-H), 5.67 (d, /= 7.6 Hz, 1H, PhCH), 4.28-4.13 (m, 2H,

74



OCH:CH3), 3.85-3.78 (m, 2H, OCH->CH3), 3.20 (s, 3H, NCH3), 2.22 (s, 6H, CH3), 1.33 (td,
J=7.2 Hz, 0.8 Hz, 3H, OCH,CH3), 1.07 (t,J = 7.2 Hz, 3H, OCH>CH3), ppm; *C NMR (100
MHz, CDCl3): 167.8 (d, J=4.8 Hz), 141.6, 139.4, 135.5 (d, /= 5.7 Hz), 129.9, 128.9, 128.2
(two peaks overlapped), 125.6, 75.3 (d, J=3.8 Hz), 64.1 (d, J/ = 5.7 Hz), 63.6 (d, /= 5.8 Hz),
37.8,21.0, 16.0 (d, J= 6.7 Hz), 15.7 (d, J = 6.7 Hz) ppm; *'P NMR (162 MHz, CDCl3): 5 —
1.6 ppm; IR (neat): 2993, 1741, 1676, 1596, 1376, 1265, 1214, 1017, 958, 727, 707, 697

cm'; HRMS (EI): m/z caled for C21H2sNOsP: 405.1705 [M]*; found: 405.1711.
Diethyl (2-((4-methoxyphenyl)(methyl)amino)-2-oxo-1-phenylethyl) phosphate (1i)

(Et0),(O)PO  Me Was isolated as a pale-yellow viscous oil (77%, 799 mg),

N
w \©\ followed the general method A.
0]
OMe

'H NMR (400 MHz, CDCL3): § 7.32—7.22 (m, 3H, Ar-H), 7.14-7.12 (m, 2H, Ar-H), 6.84 (br
s + br s, 4H, Ar-H), 5.73 (d, J = 7.2 Hz, 1H, PhCH), 4.31-4.17 (m, 2H, OCH,CH3), 3.88—
3.78 (m, 2H, OCH-CH3), 3.82 (s, 3H, OCH3), 3.22 (s, 3H, NCH3), 1.36 (td, J = 7.2, 0.8 Hz,
3H, OCH>CH;), 1.10 (td, J= 7.2, 0.8 Hz, 3H, OCH,CH3) ppm; 3C NMR (100 MHz, CDCl;5):
168.2 (d, J=3.9 Hz), 159.2, 135.3 (d, J= 6.7 Hz), 134.7, 129.2, 129.0, 128.4, 128.1, 114.7,
75.1 (d, J = 3.8 Hz), 64.2 (d, J = 5.8 Hz), 63.7 (d, J = 6.7 Hz), 55.5, 38.1, 16.0 (d, J = 7.7
Hz), 15.7 (d, J = 7.7 Hz) ppm; 3'P NMR (162 MHz, CDCl3): & —1.5 ppm; IR (neat): 2969,
1742, 1676, 1590, 1367, 1263, 1230, 1219, 1010, 957, 789, 696 cm™'; HRMS (EI): m/z calcd

for C20H26NOgP: 407.1498 [M]"; found: 407.1512.
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2-((4-Chlorophenyl)(methyl)amino)-2-oxo-1- phenylethyl diethyl phosphate (1j)

(Et0)2(O)PO  Me Was isolated by alumina column chromatography

N
o \©\ (AcOEt:hexane = 1:2) as a colorless viscous oil (43%, 1.65 g),
Cl

followed the general method A.
'"H NMR (400 MHz, CDCls): § 7.33-7.25 (m, 5H, Ar-H), 7.12 (br d, J = 7.2 Hz, 2H, Ar-H),
7.00 (br s, 2H, Ar-H), 5.69 (d, J= 7.2 Hz, 1H, PhCH), 4.33-4.19 (m, 2H, OCH>CH3), 3.89—
3.82 (m, 2H, OCH:CH3), 3.23 (s, 3H, NCH3), 2.22 (s, 6H, CH3), 1.37 (td, /= 6.8, 0.8 Hz, 3H,
OCH:CH;), 1.11 (t, J = 6.8 Hz, 3H, OCH>CH3) ppm; *C NMR (100 MHz, CDCl3): 168.0
(d, J=3.9 Hz), 140.6, 134.9 (d, J = 5.8 Hz), 134.2, 129.9, 129.5, 129.2, 128.6, 128.0, 75.2
(d, /J=3.8 Hz), 64.4 (d, J = 5.8 Hz), 63.8 (d, /= 5.8 Hz), 38.0, 16.0 (d, /= 6.7 Hz), 15.8 (d,
J = 6.8 Hz) ppm; *'P NMR (162 MHz, CDCl;): § —1.4 ppm; IR (neat): 2984, 1678, 1491,
1385, 1267, 1005, 964, 722 cm™'; HRMS (ESI): m/z calcd for C19H23NOsNaPCl: 434.0895

[M+Na]; found: 434.0891.
Diethyl (2-(methyl(1-methyl-1H-indol-6-yl)amino)-2-oxo0-1-phenylethyl) phosphate (1k)

(Et0)(O)PO  Me Me Was isolated by alumina column chromatography

N N
o \©/\/) (AcOEt:hexane = 1:2) as a pale-pink solid (31%, 340 mg),

followed the general method A.

'"H NMR (400 MHz, CDCl3): § 7.30-7.27 (m, 1H, Ar-H), 7.23-7.19 (m, 3H, Ar-H), 7.12—
7.09 (m, 4H, Ar-H), 6.43 (br s, 2H, Ar-H), 5.75 (br s, 1H, PhCH), 4.30-4.15 (m, 2H,
OCH:CH3), 3.86-3.79 (m, 2H, OCH>CHj3), 3.83 (s, 3H, indole-NCH3), 3.30 (s, 3H,
CONCH3), 2.22 (s, 6H, CH3), 1.35 (td, /= 7.2, 0.8 Hz, 3H, OCH:CH3), 1.08 (t, J=7.2 Hz,
3H, OCH,CH3) ppm; *C NMR (100 MHz, CDClL3): 168.4 (d, J = 4.8 Hz), 135.9, 135.6 (d,
J=6.7 Hz), 133.9, 130.3, 128.8, 128.7, 128.2 (two peaks overlapped), 121.2, 120.6, 110.3,
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101.4, 75.0 (d, J=2.9 Hz), 64.1 (d, J = 5.7 Hz), 63.6 (d, /= 5.8 Hz), 38.6, 33.1, 16.1 (d, J =
6.7 Hz), 15.8 (d, J = 6.7 Hz) ppm; 3'P NMR (162 MHz, CDCl3): § —1.6 ppm; IR (neat):
2985, 1747, 1668, 1370, 1274, 1216, 1205, 964, 889, 726 cm™'; HRMS (ESI): m/z calcd for

C22H27N>0sNaP: 453.1550 [M+Na]"; found: 453.1547.
Diethyl (2-(methyl(phenyl)amino)-2-oxo-1-(p-tolyl)ethyl) phosphate (11)

(EtO)2(O)PO  Me Was isolated as a pale-yellow viscous oil (40%, 1.59 g), followed

N
W \© the general method B.
O
Me

'H NMR (400 MHz, CDCls): § 7.35-7.33 (m, 3H, Ar-H), 7.04 (br s, 2H, Ar-H), 7.03 (d, J =
8.0 Hz, 2H, Ar-H), 6.97 (d, J = 8.0 Hz, 2H, Ar-H), 5.68 (d, J = 7.2 Hz, 1H, ArCH), 4.30-4.16
(m, 2H, OCH,CH3), 3.87-3.80 (m, 2H, OCH>CH3), 3.24 (s, 3H, NCH3), 2.30 (s, 3H, ArCHs),
1.34 (td, J= 7.2 Hz, 0.8 Hz, 3H, OCH,CH5), 1.10 (td, J = 7.2, 0.8 Hz, 3H, OCH,CH;) ppm;
13C NMR (100 MHz, CDCL): 168.1 (d, J = 3.9 Hz), 142.1, 139.0, 132.2 (d, J = 6.7 Hz),
129.7, 129.1, 128.3, 128.1, 128.0, 75.0 (d, J= 3.9 Hz), 64.2 (d, J = 5.7 Hz), 63.7 (d, J= 5.7
Hz), 38.0,21.2, 16.0 (d, J= 7.6 Hz), 15.8 (d, J= 7.7 Hz) ppm; *'P NMR (162 MHz, CDCL):
5 1.5 ppm; IR (neat): 2975, 1682, 1391, 1279, 1013, 960, 903, 775, 697 cm™'; HRMS (ESI):

m/z calcd for Co0H26NOsNaP: 414.1441 [M+Na]"; found:414.1440.

Diethyl (1-(4-methoxyphenyl)-2-(methyl(phenyl)amino)-2-oxoethyl) phosphate (1m)

(Et0)2(O)PO ~ Me Was isolated by alumina column chromatography

N
o \© (AcOEt:hexane = 1:2) as a pale-yellow viscous oil (22%, 533
MeO
mg), followed the general method B.
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'H NMR (400 MHz, CDCl;): 5 7.34-7.33 (m, 3H, Ar-H), 7.02 (br s, 2H, Ar-H), 7.01 (d, J =
8.8 Hz, 2H, Ar-H), 6.74 (d, J = 8.8 Hz, 2H, Ar-H), 5.66 (d, J = 7.6 Hz, 1H, ArCH), 4.29-4.15
(m, 2H, OCH:CH), 3.87-3.79 (m, 2H, OCH:CH), 3.7 (s, OCHj), 3.24 (s, 3H, NCHs), 1.34
(td, J=7.2, 0.8 Hz, 3H, OCH:CH3), 1.10 (td, J= 7.2, 0.8 Hz, 3H, OCH2CH3) ppm; 3C NMR
(100 MHz, CDCl3): 168.2 (d,/J=3.8 Hz), 160.1, 142.1, 129.7, 129.6, 128.3, 128.1, 127.3 (d,
J=6.7Hz), 113.7,74.9 (d, /= 3.8 Hz), 64.2 (d, J = 6.7 Hz), 63.6 (d, J= 6.7 Hz), 55.2, 37.9,
16.0 (d, J=6.7 Hz), 15.8 (d, J= 6.7 Hz) ppm; *'P NMR (162 MHz, CDCl;): § —1.4 ppm; IR
(neat): 2971, 1740, 1673, 1596, 1513, 1387, 1369, 1251, 1011, 998, 898, 802, 771, 700 cm™

! HRMS (EI): m/z calcd for C20H26NOgNaP: 430.1390 [M+Na]"; found: 430.1385.
1-(4-(Bromophenyl)-2-(methyl(phenyl)amino-2-oxoethyl diethyl phosphate (1n)

(Et0)(O)PO  Me Was isolated as a pale-orange viscous oil (32%, 869 mg),

N
m \© followed the general method B.
Br

"H NMR (400 MHz, CDCl;): § 7.37-7.35 (m, 5H, Ar-H), 7.06 (br s, 2H, Ar-H), 6.95 (d, J =
8.0 Hz, 2H, Ar-H), 5.68 (d, J = 7.6 Hz, 1H, ArCH), 4.29-4.15 (m, 2H, OCH>CH3), 3.89-3.82
(m, 3H, OCH>CH3), 3.24 (s, 3H, NCH3), 1.35 (td, J = 7.2, 0.8 Hz, 3H, OCH.CHj3), 1.12 (td,
J=17.2,0.8 Hz, 3H, OCH,CHj3) ppm; *C NMR (100 MHz, CDCl3): 167.6 (d, J = 3.8 Hz),
141.9, 134.3 (d, J = 6.7 Hz), 131.6, 129.9, 129.7, 128.5, 128.0, 123.4, 74.3 (d, J = 3.8 Hz),
64.4 (d,J=5.8Hz), 63.8 (d,/J=6.7 Hz), 38.0, 16.0 (d, /J=6.7 Hz), 15.8 (d, /= 6.7 Hz) ppm;
3P NMR (162 MHz, CDCl3): § —1.5 ppm; IR (neat): 2989, 1685, 1596, 1487, 1388, 1260,
1010, 900, 797, 772, 705, 670 cm™'; HRMS (EI): m/z calcd for C1oHa3BrNOsP: 455.0497

[M]"; found: 455.0511.
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Diethyl (2-(methyl(phenyl)amino)-2-oxo-1(4-trifluoromethyl) phenyl) ethyl phosphate

(10)

(EtO)>(O)PO  Me Was isolated as a green viscous oil (64%, 260 mg), followed

N
m \© the general method B.
CF;

'H NMR (400 MHz, CDCL): & 7.51 (d, J= 8.0 Hz, 2H, Ar-H), 7.39 (app. br s, 3H, Ar-H),
7.22 (d, J = 8.0 Hz, 2H, Ar-H), 7.09 (br s, 2H, Ar-H), 5.80 (d, J = 7.2 Hz, 1H, ArCH), 4.32-
4.18 (m, 2H, OCH,CHs), 3.92-3.85 (m, 3H, OCH.CHs), 3.27 (s, 3H, NCHz), 1.37 (td, J =
7.2, 1.2 Hz, 3H, OCH,CH3), 1.13 (td, J = 7.2, 0.8 Hz, 3H, OCH,CH;) ppm; *C NMR (100
MHz, CDCL3): 167.4 (d, J= 3.9 Hz), 141.8, 139.1 (d, J = 6.7 Hz), 131.1 (q, 2.5 Hz), 130.0,
128.6, 128.3, 128.0, 125.4 (q, J = 3.8 Hz), 123.8 (app. d, J=271.3 Hz), 74.2 (d, J = 3.8 Hz),
64.5 (d,J = 5.7 Hz), 63.9 (d, J=5.7 Hz), 38.1, 16.1 (d, J= 7.7 Hz), 15.8 (d, J = 7.7 Hz) ppm;
31p NMR (162 MHz, CDCL3): § 1.5 ppm; °F NMR (376 MHz, CDCl:): § —62.7 ppm; IR
(neat): 2989, 1739, 1672, 1367, 1320, 1121, 1010, 962, 900, 773, 698 cm™'; HRMS (EI):

m/z caled for C20Ha23F3sNOsP: 445.1266 [M]'; found: 445.1287.

Diethyl (2-(methyl(phenyl)amino)-2-oxo-1-(m-tolyl)ethyl) phosphate (1p)

(Et0)2(0O)PO  Me Was isolated as a pale-yellow viscous oil (41%, 382 mg),

Me N
o \© followed the general method B.

'"H NMR (400 MHz, CDCl3): § 7.35-7.34 (m, 3H, Ar-H), 7.13-7.09 (m, 2H, Ar-H), 7.05 (br
s, 2H, Ar-H), 6.90 (br s, 1H, Ar-H), 6.83 (br d, J = 6.4 Hz, 1H, Ar-H), 5.70 (d, J = 7.6 Hz,
1H, ArCH), 4.32-4.18 (m, 2H, OCH>CH3), 3.89-3.82 (m, 3H, OCH-CHj3), 3.26 (s, 3H,
NCH3), 2.26 (s, 3H, ArCHs), 1.36 (td, J= 7.2, 0.8 Hz, 3H, OCH>CH5), 1.11 (td, J = 6.8 Hz,
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0.8 Hz, 3H, OCH:CH;) ppm; 3C NMR (100 MHz, CDCl3): 168.1 (d, J = 3.8 Hz), 142.1,
138.1, 135.0 (d, J = 6.8 Hz), 129.8, 129.6, 128.6, 128.3, 128.22, 128.16, 125.1, 75.3 (d, J =
3.9 Hz), 64.2 (d,J = 5.7 Hz), 63.7 (d, /= 5.7 Hz), 38.0, 21.2, 16.0 (d, /= 6.7 Hz), 15.8 (d, J
= 6.7 Hz) ppm; *'P NMR (162 MHz, CDCls): 5 —1.4 ppm; IR (neat): 2978, 1739, 1676,
1496, 1373, 1259, 1218, 1011, 968, 891, 770, 697 cm™'; HRMS (EI): m/z calcd for

C20H26NOsP: 391.1549 [M]"; found: 391.1566.
1-(3,5-Dimethylphenyl)-2-(methyl(phenyl)amino-2-oxoethyl diethyl phosphate (1q)

Was isolated as a pale-yellow viscous oil (54%, 2.22 g), followed

(EtO),
\(;)\”/ \© the general method B.

"H NMR (400 MHz, CDCl): § 7.35-7.34 (m, 3H, Ar-H), 7.03 (br s, 2H, Ar-H), 6.90 (s, 1H,
Ar-H), 6.63 (s, 2H, Ar-H), 5.65 (d, J = 7.6 Hz, 1H, ArCH), 4.31-4.17 (m, 2H, OCH,CHj3),
3.89-3.82 (m, 3H, OCH->CH3), 3.25 (s, 3H, NCH3), 2.20 (s, 6H, ArCH3), 1.35 (td, J= 7.2, 0.8
Hz, 3H, OCH,CHj3), 1.11 (t,J = 7.2 Hz, 3H, OCH,CH3) ppm; '*C NMR (100 MHz, CDCl3):
168.1 (d, J = 3.8 Hz), 142.1, 137.9, 134.8 (d, J = 6.7 Hz), 130.6, 129.6, 128.2 (two peaks
overlapped), 125.7, 74.5 (d, J=2.2 Hz), 64.2 (d, J = 5.7 Hz), 63.7 (d, J= 5.7 Hz), 38.0, 21.1,
16.0 (d, J= 6.7 Hz), 15.8 (d, J= 7.7 Hz) ppm; *'P NMR (162 MHz, CDCl): § —1.4 ppm; IR
(neat): 2971, 1682, 1594, 1494, 1256, 1023, 1012, 963, 924.7, 890, 775, 699 cm™'; HRMS

(EI): m/z calcd for C21H2sNOsP: 405.1705 [M]"; found: 405.1694.
Diethyl (1-(3-methoxyphenyl)-2-(methyl(phenyl)amino)-2-oxoethyl) phosphate (1r)

(Et0)2(0)PO  Me Was isolated as a pale-yellow viscous oil (83%, 1.22 g),

MeO N
o \© followed the general method B.
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'H NMR (400 MHz, CDCls): § 7.37-7.35 (m, 3H, Ar-H), 7.13 (t, J = 8.0 Hz, 1H, Ar-H),
7.08 (br s, 2H, Ar-H), 6.82 (dd, J= 8.4, 1.8 Hz, 1H, Ar-H), 6.65-6.62 (m, 2H, Ar-H), 5.70 (d,
J = 8.0 Hz, 1H, ArCH), 4.31-4.17 (m, 2H, OCH:CHs), 3.90-3.83 (m, 2H, OCH:CH3), 3.72
(s, 3H, OCH3), 3.26 (s, 3H, NCH3), 2.20 (s, 6H, CHs), 1.36 (td, J = 7.2, 0.8 Hz, 3H,
OCHaCHj), 1.21 (t, J = 7.2 Hz, 3H, OCH,CHs) ppm; *C NMR (100 MHz, CDCLy): 167.9
(d, J= 3.8 Hz), 159.5, 142.1, 136.5, 129.7, 129.4, 128.3, 128.1, 120.4, 115.3, 112.9, 75.1,
64.3 (d,J = 6.7 Hz), 63.8 (d, J= 6.7 Hz), 55.2, 38.0, 16.0 (d, /= 6.7 Hz), 15.8 (d, J = 7.7 Hz)
ppm; 3'P NMR (162 MHz, CDCl): § —1.5 ppm; IR (neat): 2985, 1663, 1589, 1476, 1451.2,
1391, 1260, 1014, 769, 696 cm™'; HRMS (EI): m/z calcd for CooHasNOsP: 407.1498 [M];

found: 407.1501.
Diethyl (2-(methyl(phenyl)amino)-1-(naphtalen-2-yl)-2-oxoethyl) phosphate (1s)

(Et0)(O)PO  Me Was isolated as a yellow viscous oil (72%, 1.30 g), followed the
N\© general method B.
'H NMR (400 MHz, CDCl3): § 7.79 (app. d, J=7.2 Hz, 1H, Ar-H), 7.74 (d, J= 8.4 Hz, 1H,
Ar-H) 7.68 (app. d, J = 8.4 Hz, 1H, Ar-H), 7.49-7.30 (m, 7H, Ar-H), 7.03 (br s, 2H, Ar-H),
591 (d, J = 7.6 Hz, 1H, ArCH), 4.34-4.20 (m, 2H, OCH>CH3), 3.86-3.79 (m, 3H,
OCH>CH3), 3.26 (s, 3H, NCH3), 1.37 (td, J=7.2, 0.8 Hz, 3H, OCH2CH53), 1.05 (t, /= 7.2 Hz,
3H, OCH2CHj3) ppm; *C NMR (100 MHz, CDCl3): 167.9 (d, J = 3.9 Hz), 142.0, 133.4,
132.7, 132.4 (d, J = 6.7 Hz), 129.7, 128.4, 128.3, 128.2, 128.1, 127.8, 127.6, 126.6, 126.2,
125.0, 75.4 (d, J= 3.9 Hz), 64.3 (d, J = 5.8 Hz), 63.7 (d, /= 6.7 Hz), 38.0, 16.0 (d, /= 6.7
Hz), 15.7 (d, J = 6.7 Hz) ppm; 3'P NMR (162 MHz, CDCl3): § —1.4 ppm; IR (neat): 2974,
1738, 1672, 1598, 1494, 1373, 1260, 1014, 954, 804, 771, 698 cm™'; HRMS (EI): m/z calcd

for C23Ha6NOsP: 427.1549 [M]+; found: 427.1565.
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Diethyl (2-(methyl(phenyl)amino)-2-oxo-1(thiophen-3-yl)ethyl) phosphate (1t)

(Et0)(O)PO  Me Was isolated as a yellow viscous oil (73%, 1.17 g), followed the
@)\gN\Q general method B.

'"H NMR (400 MHz, CDCl3): § 7.39-7.35 (m, 3H, Ar-H), 7.23-7.21 (m, 1H, Ar-H) 7.06 (br
s, 2H, Ar-H), 7.01 (br s, 1H, Ar-H), 6.98 (d, /= 4.4 Hz, 1H, Ar-H), 5.81 (d, J/ = 6.8 Hz, 1H,
ArCH), 4.28-4.14 (m, 2H, OCH:CH3), 3.90-3.82 (m, 2H, OCH:CH3), 3.27 (s, 3H, NCH3),
1.35(t,J= 7.2 Hz, 3H, OCH,CH3), 1.13 (t,J = 7.2 Hz, 3H, OCH,CH3) ppm; *C NMR (100
MHz, CDCl3): 167.7 (d, /J=4.8 Hz), 142.1, 135.8 (d, /= 6.8 Hz), 129.8, 128.4, 127.8, 126.9,
126.1, 125.5, 70.6 (d, J= 2.9 Hz), 64.2 (d, J = 5.8 Hz), 63.8 (d, /= 6.7 Hz), 38.0, 16.0 (d, J
= 7.7 Hz), 15.8 (d, J = 6.7 Hz) ppm; *'P NMR (162 MHz, CDCl;): § —1.5 ppm; IR (neat):
2979, 1681, 1594, 1496, 1384, 1254, 1010, 998, 970, 900, 770, 701 cm™'; HRMS (EI): m/z
caled for C17H22NOsPS: 383.0956 [M]"; found: 383.0955.

Diethyl (1-(methyl(phenyl)amino-1-oxopentan-2-yl) phosphate (3)

(Et0)(O)PO  Me Was isolated as a colorless viscous oil (45%, 1.46 g), followed the
Me/\)\gN@ general method B.
'H NMR (400 MHz, CDCl3): & 7.44 (app. t, J = 7.6 Hz, 2H, Ar-H), 7.36 (app. t, J = 7.6 Hz,
IH, Ar-H), 7.31 (d, J = 7.6 Hz, 2H, Ar-H), 4.79-4.74 (m, 1H, CH,CH), 4.22-4.14 (m, 2H,
OCH>CHj), 4.09-4.02 (m, 3H, OCH>CH3), 3.29 (s, 3H, NCH3), 1.79-1.71 (m, 1H, CHH),
1.56-1.49 (m, 1H, CHH), 1.36-1.32 (m, 1H, CHH), 1.34 (td, J= 7.2, 1.2 Hz, 4H, OCH,CHs),
1.27 (t, J = 7.6 Hz, 3H, OCH,CHj3), 1.22-1.15 (m, 1H, CHs), 0.68 (t, J = 7.2 Hz, 3H,
CH,CH,CHj3) ppm; 3C NMR (100 MHz, CDCl3): 169.9, 142.5, 129.9, 128.3, 127.7, 72.8

(d, J= 4.8 Hz), 64.0 (d, J = 6.7 Hz), 63.8 (d, J = 5.8 Hz), 37.8, 35.0 (d, J = 8.7 Hz), 18.0,
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16.0 (d, J= 6.7 Hz), 13.1 ppm; *'P NMR (162MHz, CDCl3): 5 —1.1 ppm; IR (neat): 2962,
1737, 1673, 1596, 1496, 1365, 1267, 1019, 982, 819, 806, 775, 702 cm™'; HRMS (EI): m/z

calced for C16Ha6NOsP: 343.1549 [M]; found: 343.1561.

2-(Dibenzylamino)-2-oxo-1-phenylethyl diethyl phosphate (5)

(Et0),(0)PO  Bn Was isolated as a colorless viscous oil (67%, 1,42 g), followed

the general method B.

'H NMR (400 MHz, CDCl3): § 7.48-7.46 (m, 2H, Ar-H), 7.37-7.34 (m, 3H, Ar-H), 7.31—
7.24 (m, 6H, Ar-H), 7.15-7.13 (m, 2H, Ar-H), 7.03-7.01 (m, 2H, Ar-H), 6.13 (d, J = 8.0 Hz,
1H, PhCH), 4.75 (br d, J= 14.8 Hz, 1H, PhCHH), 4.41 (br d, J= 17.2 Hz, 1H, PhCHH), 4.37
(br d, J = 15.6 Hz, 1H, PhCHH), 4.31 (br d, J = 16.8 Hz, 1H, PhACHH), 4.27-4.14 (m, 2H,
OCH,CHs), 3.96-3.89 (m, 3H, OCH,CHs), 1.34 (td, J = 7.2, 1.2 Hz, 3H, OCH.CH), 1.16
(td, J = 6.8 Hz, 1.2 Hz, 3H, OCH2CH3) ppm; *C NMR (100 MHz, CDCl3): 168.4 (d, J =
4.8 Hz), 136.6, 135.4, 135.1 (d, J= 5.7 Hz), 129.4, 129.0, 128.8, 128.5, 128.2, 128.0, 127.8,
127.4, 127.0, 76.1 (d, J = 4.8 Hz), 64.4 (d, J = 5.7 Hz), 63.9 (d, J = 5.7 Hz), 49.3, 48.1, 16.0
(d, J = 6.7 Hz), 15.8 (d, J = 6.7 Hz) ppm; *'P NMR (162 MHz, CDCl:): 5 1.3 ppm; IR
(neat): 2990, 1671, 1499, 1264, 998, 957, 897, 704 cm™' ; HRMS (ESI): m/z calcd for

C26H30NOsNaP: 490.1754 [M+Na]" ; found: 490.1750.
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Pd(OAc);-catalyzed Friedel-Crafts-type Cyclization of Oxindole and 1,4-Dihydro-3-

(2H)-isoquinolinone Derivatives

(EtO)5(0)PO  Me Pd(OAc), (2 mol%)
! MesSiCN (2 equiv)

N
m \© CH3NO,, Ar, 60 °C, 10 h

All the manipulations were performed under an argon atmosphere using standard Sclenk

techniques.

Pd(OAc)2 (1.6 mg, 7.0 umol) was added to a 20 mL Schlenk flask charged with diethyl (2-
(methyl(phenyl)amino)-2-oxo-1-phenylethyl) phosphate (1a: 130 mg, 0.35 mmol) followed
by 3 repetitions of a vacuum—argon replacement procedure. CH3NO> (2.0 ml) was added and
the solution was stirred for 15 min at 60 °C. TMSCN (71 mg, 0.72 mmol) was added and the
reaction mixture was then continuously stirred at 60 °C for 10 h. Completion of the reaction
was judged by TLC (AcOEt:hexane = 4:1). Saturated NaHCO3 (aq.) was added to quench the
reaction, and the aqueous layer was extracted by AcOEt (10 mL x 3). The collected organic
layers were washed with brine and dried over Na>xSO4. After Na,SO4 was filtered off, the
resulting mixture was concentrated in vacuo. The yield of the product was calculated from 'H
NMR spectra of the crude 1-methyl-3-phenylindolin-2-one (2a) with pyrazine as an internal
standard (>99% yield). The product was isolated by PTLC (AcOEt:hexane = 1:4) as a white

solid (76 mg, 0.34 mmol, 98% yield).
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1-methyl-3-phenylindolin-2-one (2a)

Me Was isolated by silica-gel column chromatography (AcOEt:hexane = 1:4) as

a white solid ( 98%, 76 mg)

Spectra data are in accordance with the literature.'’

'"H NMR (400 MHz, CDCl): § 7.36-7.28 (m, 4H, Ar-H), 7.22-7.16 (m, 3H, Ar-H), 7.07 (t,
J=17.6 Hz, 1H, Ar-H), 6.91 (d, /= 7.6 Hz, 1H, Ar-H), 4.62 (s, 1H, CH), 3.26 (s, 3H, NCH3)
ppm; C NMR (100 MHz, CDCl3): 176.0, 144.4, 136.6, 128.83, 128.79, 128.4 (two peaks

overlapped), 127.5, 125.0, 122.7, 108.1, 52.0, 26.4 ppm.
1-Isopropyl-3-phenylindolin-2-one (2b)

y/ Was isolated by silica-gel column chromatography (AcOEt:hexane = 1:4) as

N
O o awhite solid (98%, 125 mg)

O

Spectra data are in accordance with the literature. !¢

'H NMR (400 MHz, CDCl3): 5 7.35-7.27 (m, 4H, Ar-H), 7.18-7.14 (m, 3H, Ar-H), 7.08 (d,
J=17.6 Hz, 1H, Ar-H), 7.03 (t,J = 7.6 Hz, 1H, Ar-H), 4.68 (sep, J=7.2 Hz, 1H, NCH(CH3)>),
4.55 (s, 1H, CH), 1.515 (d, J = 7.6 Hz, 3H, NCH(CH;)(CHz)), 1.510 (d, J = 7.6 Hz, 3H,
NCH(CH:)(CHs)) ppm; 3C NMR (100 MHz, CDCly): 175.7, 143.1, 137.1, 129.5, 128.9,

128.3, 128.0, 127.5, 125.3, 122.1, 109.9, 52.1, 43.9, 19.5, 19.3 ppm.
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1-tert-Butyl-3-phenylindolin-2-one (2¢)

}L Was isolated by PTLC (AcOEt:hexane = 1:4) as a yellow viscous oil (98%,

N
O o 72mg).

Spectra data are in accordance with the literature.

'"H NMR (400 MHz, CDCl3): § 7.35-7.32 (m, 3H, Ar-H), 7.30-7.24 (m, 2H, Ar-H), 7.19—
7.16 (m,2H, Ar-H), 7.12 (d, J= 7.2 Hz, 1H, Ar-H), 7.01 (td, J=7.2, 0.8 Hz, 1H, Ar-H), 4.50
(s, 1H, CH), 1.76 (s, 9H, CH3) ppm; *C NMR (100 MHz, CDClL3): 176.7, 144.8, 137.6,
129.9, 128.8, 128.3, 127.6, 127.3,125.1, 121.8, 113.1, 57.7, 53.0, 29.1 ppm; IR (neat): 2966,
1741, 1673, 1366, 1266, 1228, 1198, 1016, 957, 886, 727, 694 cm™' ; HRMS (EI): m/z calcd

for CisH19NO: 265.1467 [M]"; found: 265.1466.

1-Allyl-3-phenylindolin-2-one (2d)
/| Was isolated by silica-gel column chromatography (AcOEt:hexane = 1:4) as

a white solid (98%, 130 mg).

Spectra data are in accordance with the literature. !’

'H NMR (400 MHz, CDCL): § 7.36-7.27 (m, 4H, Ar-H), 7.23-7.20 (m, 2H, Ar-H), 7.18 (d,
J=17.6 Hz, 1H, Ar-H), 7.06 (td, J = 7.6, 0.8 Hz, 1H, Ar-H), 6.90 (d, J = 8.0 Hz, 1H, Ar-H),
5.87 (ddt, J = 16.8, 10.4, 5.2 Hz, 1H, NCH.CHCH2>), 5.29-5.25 (m, 1H, NCH.CHCHH),
5.24-5.22 (m, 1H, NCH,CHCHH), 4.65 (s, 1H, PhCH), 4.45-4.33 (m, 2H, NCH,) ppm; 13C
NMR (100 MHz, CDClz): 175.7, 143.6, 136.7, 131.4, 128.9, 128.8, 128.4, 128.3, 127.5,

125.1, 122.7, 117.6, 109.0, 52.0, 42.4 ppm.
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1-Benzyl-3-phenylindolin-2-one (2¢)

Was isolated by silica-gel column chromatography (AcOEt:hexane = 1:4) as

pale-yellow solid (99%, 144 mg).

Spectra data are in accordance with the literature. '°

'"H NMR (400 MHz, CDCl3): § 7.39-7.27 (m, 9H, Ar-H), 7.26-7.17 (m, 3H, Ar-H), 7.04 (td,
J=17.6,0.8 Hz, 1H, Ar-H), 6.81 (d, /= 8.0 Hz, 1H, Ar-H), 5.02 (d, J=15.6 Hz, 1H, NCHH),
4.92 (d, J = 15.2 Hz, 1H, NCHH), 4.73 (s, 1H, CH) ppm; *C NMR (100 MHz, CDCl;):
176.0, 143.5, 136.7, 135.8, 128.9, 128.8, 128.7, 128.4, 128.2, 127.58, 127.55, 127.3, 125.1,

122.7,109.1 52.0, 43.9 ppm.
1,3-Diphenylindolin-2-one (2f)'

Q Was isolated by silica-gel column chromatography (AcOEt:hexane = 1:4) as

N a green viscous oil (97%, 133 mg).
o

Spectra data are in accordance with the literature.'’

'"H NMR (400 MHz, CDCl3): § 7.55-7.51 (m, 2H, Ar-H), 7.46-7.22 (m, 10H, Ar-H), 7.10
(td, J = 7.6, 0.8 Hz, 1H, Ar-H), 6.89 (d, J = 7.6 Hz, 1H, Ar-H), 4.80 (s, 1H, CH) ppm; 3C
NMR (100 MHz, CDCl3): 175.3, 144.4, 136.7, 134.5, 129.6, 128.9, 128.7, 128.5, 128.3,

128.1, 127.7, 126.6, 125.4, 123.2, 109.5, 52.2 ppm.
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1,5-Dimethyl-3-pphenylindolin-2-one (2g)

Me Was isolated by silica-gel column chromatography (AcOEt:hexane =

N
O 0 1:4) as a white solid (99%, 129 mg).

O

Spectra data are in accordance with the literature.'®

Me

IH NMR (400 MHz, CDCL): § 7.37-7.27 (m, 3H, Ar-H), 7.24-7.21 (m, 2H, Ar-H), 7.14
(app. d, J = 8.0 Hz, 1H, Ar-H), 7.00 (s, 1H, Ar-H), 6.81 (d, J = 8.0 Hz, 1H, Ar-H), 4.58 (s,
1H, CH), 3.25 (s, 3H, NCHs), 2.33 (s, 3H, ArCHs) ppm; '*C NMR (100 MHz, CDCL): 175.8,

141.9, 136.7, 132.1, 128.8, 128.7, 128.5, 128.3, 127.3, 125.7, 107.7, 52.0, 26.3, 20.9 ppm.

1,4,6-Trimethyl-3-phenylindolin-2-one (2h)

Me Me Was isolated by PTLC (AcOEt:hexane = 1:4) as a white solid (98%, 49

O mg).

'H NMR (400 MHz, CDCL): § 7.32-7.23 (m, 3H, Ar-H), 7.15-7.12 (m, 2H, Ar-H), 6.70 (s,
1H, Ar-H), 6.58 (s, 1H, Ar-H), 4.48 (s, 1H, CH), 3.20 (s, 3H, NCHs), 2.39 (s, 3H, ArCHs),
1.94 (s, 3H, ArCHs) ppm; 3C NMR (100 MHz, CDCL): 176.3, 144.8, 138.5, 136.1, 134.8,
128.8, 128.2, 127.4, 125.0, 123.9, 106.6, 51.5, 26.5, 21.7, 18.4 ppm; IR (neat): 2920, 1713,
1619, 1604, 1454, 1362, 1293, 1077, 831, 727, 695 cm™ ; HRMS (EI): m/z caled for

C17H17NO: 251.1310 [M]" ; found: 251.1301.
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5-Methoxy-1-methyl-3-phenylindolin-2-one (2i)

Me Was isolated by silica-gel column chromatography (AcOEt:hexane =

N
‘ 0O 1:4) as a pale-yellow solid (98%, 105 mg).
MeO

O

Spectra data are in accordance with the literature.'®

'"H NMR (400 MHz, CDCl3): § 7.35-7.28 (m, 3H, Ar-H), 7.22-7.19 (m, 2H, Ar-H), 6.88—
6.85 (m, 1H, Ar-H), 6.81-6.79 (m, J = 8.0 Hz, 2H, Ar-H), 4.59 (s, 1H, CH), 3.76 (s, 3H,
OCH3), 3.23 (s, 3H, NCH3) ppm; *C NMR (100 MHz, CDCl;): 175.6, 156.0, 137.9, 136.6,

130.0, 128.8, 128.4, 127.5, 112.8, 112.2, 108.4, 55.7, 52.4, 26.5 ppm.
5-Chloro-1-methyl-3-phenylindolin-2-one (2j)

Was isolated by PTLC (AcOEt:hexane = 1:4) as a white solid (98%, 67

Spectra data are in accordance with the literature.®

'H NMR (400 MHz, CDCLy): § 7.37-7.28 (m, 4H, Ar-H), 7.19-7.16 (m, 2H, Ar-H), 7.15—
7.14 (m, 1H, Ar-H), 6.82 (d, J = 8.4 Hz, 1H, Ar-H), 4.60 (s, 1H, CH), 3.24 (s, 3H, NCH3)
ppm; 3C NMR (100 MHz, CDCl): 175.4, 142.9, 135.8, 130.4, 129.0, 128.3 (two peaks

overlapped), 128.0, 127.8, 125.4, 109.0, 51.9, 26.5 ppm.
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1,5-Dimethyl-3-phenyl-3,5-dihydropyrrolo[2,3-flindol-2(1H)-one  (2k) and  3,6-

dimethyl-1-phenyl-3,6-dihydropyrrolo[3,2-e]indol-2(1H)-one (2k’) (1:0.64 mixture)

Was isolated by pale-yellow solid (82%, 380

'H NMR (400 MHz, CDCls): for 2k § 7.36-7.23 (m, SH, Ar-H), 7.12 (s, IH, Ar-H), 7.07 (s,
1H, Ar-H), 7.04 (d, J = 3.2 Hz, NCH=CH), 6.49 (d, J = 3.2 Hz, 1H, NCH=CH), 4.70 (s, 1H,
CH), 3.31 (s, 3H, CONCHs) ppm; for 2K’ § 7.36-7.23 (m, 6H, Ar-H), 7.02 (d, J = 3.2 Hz,
1H, NCH=CH), 6.89 (d, J = 8.0 Hz, 1H, Ar-H), 6.02 (d, /= 3.2 Hz, IH, NCH=CH), 4.81 (s,
1H, CH), 3.79 (s, 3H, indole-CHz), 3.31 (s, 3H, CONCH;); 3C NMR (100 MHz, CDCl):
176.3, 175.7, 138.0, 137.2, 136.5, 134.7, 133.5, 131.1, 128.9, 128.8, 128.7, 128.54, 128.51,
127.7, 127.4, 127.2, 125.4, 124.4, 118.0, 108.7, 106.9, 103.4, 100.8, 99.1, 97.8, 52.3, 52.2,
33.11, 33.08, 26.8, 26.6 ppm; IR (neat): 3102, 3029, 2935, 1704, 1636, 1594, 1498, 1328,
1270, 1110, 1077, 752, 718, 695 cm™ ; HRMS (EI): m/z caled for CisH160N2Na: 299.1155

[M]" ; found: 299.1152.
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1-Methyl-3-(p-toly)indolin-2-one

Me Was isolated by silica-gel column chromatography (AcOEt:hexane = 4:1) as

a white solid (98%, 94 mg).

Spectra data are in accordance with the literature. '

'"H NMR (400 MHz, CDCl3): § 7.33 (t, J = 7.6 Hz, 1H, Ar-H), 7.18-7.13 (m, 3H, Ar-H),
7.10-7.04 (m, 3H, Ar-H), 6.90 (d, J = 7.6 Hz, 1H, Ar-H), 4.58 (s, 1H, CH), 3.25 (s, 3H,
NCH3), 2.33 (s, 3H, ArCH3) ppm; *C NMR (100 MHz, CDClL3): 176.1, 144.4, 137.2, 133.5,

129.5, 129.0, 128.3, 128.2, 124.9, 122.6, 108.0, 51.6, 26.4, 21.0 ppm.

3-(4-Methoxyphenyl)-1-methylindolin-2-one (2m)

Was isolated by PTLC (AcOEt:hexane = 1:4) as a yellow solid (99%, 64

mg).

Spectra data are in accordance with the literature.'’

'H NMR (400 MHz, CDCl3): § 7.33 (t, J = 7.6 Hz, 1H, Ar-H), 7.16 (d, J = 7.6 Hz, 1H, Ar-
H), 7.12 (app. d, J = 8.8 Hz, 2H, Ar-H), 7.06 (td, J= 7.6, 0.8 Hz, 1H, Ar-H), 6.89 (d, /= 8.0
Hz, 1H, Ar-H), 6.86 (app. d, /=9.2 Hz, 2H, Ar-H), 4.56 (s, 1H, CH), 3.78(s, 3H, OCH3), 3.25
(s, 3H, NCH3) ppm; *C NMR (100 MHz, CDCl3): 176.3, 159.0, 144.4, 129.4, 129.0, 128.6,

128.3,125.0, 122.7, 114.3, 108.1, 55.3, 51.2, 26.4 ppm.
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3-(4-Bromophenyl)-1-methylindolin-2-one (2n)

Me Was isolated by silica-gel column chromatography (AcOEt:hexane = 1:4) as

a white solid (98%, 125 mg).

Spectra data are in accordance with the literature.?’

'"H NMR (400 MHz, CDCl3): § 7.45 (app. d, J = 8.0 Hz, 2H, Ar-H), 7.35 (app. t, J= 7.6 Hz,
1H, Ar-H), 7.15 (d, /= 7.2 Hz, 1H, Ar-H), 7.11-7.06 (m, 3H, Ar-H), 6.91 (d, /= 8.0 Hz, 1H,
Ar-H), 4.56 (s, 1H, CH), 3.25 (s, 3H, NCH3) ppm; *C NMR (100 MHz, CDCl3): 175.7,

144.7,135.9, 132.2, 130.4, 129.0, 128.4, 125.3, 123.1, 121.9, 108.6, 51.6, 26.8 ppm.

1-Methyl-3-(o-tolyl)indolin-2-one (2p)

Was isolated by PTLC (AcOEt:hexane = 1:4) as a white solid (99%, 54 mg).

Spectra data are in accordance with the literature.'’

'"H NMR (400 MHz, CDCls): § 7.34 (app. t, J=7.6 Hz, 1H, Ar-H), 7.22 (t, J= 7.6 Hz, 1H,
Ar-H), 7.17 (d, J = 7.2 Hz, 1H, Ar-H), 7.11-7.05 (m, 2H, Ar-H), 7.01-6.99 (m, 2H, Ar-H),
6.91 (d, J= 8.0 Hz, 1H, Ar-H), 4.58 (s, 1H, Ar-H), 3.27 (s, 3H, NCH3), 2.32 (s, 3H, ArCH3)
ppm; *C NMR (100 MHz, CDCl3): 176.1, 144.4, 138.5, 136.5, 129.01, 128.99, 128.7,

128.31, 128.28, 125.4, 124.9, 122.7, 108.1, 52.0, 26.4, 21.4 ppm.
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3-(3,5-Dimethylphenyl)-1-methylimdolin-2-one (2q)

Me Was isolated by silica-gel column chromatography (AcOEt:hexane =

1:4) as a white solid (93%, 114 mg).

Spectra data are in accordance with the literature.?!

'"H NMR (400 MHz, CDCl3): § 7.34 (t, J = 7.6 Hz, 1H, Ar-H), 7.16 (d, J = 7.6 Hz, 1H, Ar-
H), 7.06 (td, J=7.6, 0.8 Hz, 1H, Ar-H), 6.92-6.90 (m, 2H, Ar-H), 6.80 (s, 2H, Ar-H), 4.53 (s,
1H, CH), 3.27 (s, 3H, NCH3), 2.28 (s, 6H, ArCH3) ppm; 3C NMR (100 MHz, CDCl;): 176.2,

144.3, 138.3, 136.4, 129.3, 129.2, 128.2, 126.1, 124.9, 122.6, 108.0, 52.0, 26.4, 21.2 ppm.

3-(3-Methoxyphenyl)-1-methylindolin-2-one (2r)

Me Was isolated by silica-gel column chromatography (AcOEt:hexane = 1:4) as

a pale-yellow viscous oil (92%, 115 mg).

Spectra data are in accordance with the literature.

'H NMR (400 MHz, CDCl3): § 7.33 (t,J = 7.6 Hz, 1H, Ar-H), 7.25 (t, J= 8.0 Hz, 1H, Ar-
H),7.18 (d, J=7.2 Hz, 1H, Ar-H), 7.06 (t, J= 7.6 Hz, 1H, Ar-H), 6.90 (d, J= 7.6 Hz, 1H, Ar-
H), 6.83-6.78 (m, 2H, Ar-H), 6.76-6.75 (m, 1H, Ar-H), 4.58 (s, 1H, CH), 3.77 (s, 3H, OCH3),
3.25 (s, 3H, NCH3) ppm; *C NMR (100 MHz, CDCl3): 175.8, 159.8, 144.4, 138.0, 129.8,

128.7,128.4, 125.0, 122.7, 120.7, 114.3, 112.8, 108.1, 55.2, 51.9, 26.4 ppm.
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1-Ethyl-3-(naphthalen-2-yl)indolin-2-one (2s)

Me Was isolated by PTLC (AcOEt:hexane = 1:4) as a pale-yellow solid (98%,

N
O o 71 mg).

&

Spectra data are in accordance with the literature. '’

'"H NMR (400 MHz, CDCl): § 7.82-7.80 (m, 3H, Ar-H), 7.71 (s, 1H, Ar-H), 7.48-7.45(m,
2H, Ar-H), 7.37 (t, J= 7.6 Hz, 1H, Ar-H), 7.28-7.25 (m, 1H, Ar-H), 7.20 (d, /= 7.2 Hz, 1H,
Ar-H), 7.09 (t, J= 7.2 Hz, 1H, Ar-H), 6.95 (d, J=7.6 Hz, 1H, Ar-H), 4.79 (s, 1H, CH), 3.30
(s, 3H, NCH3) ppm; *C NMR (100 MHz, CDCl3): 176.0, 144.5, 134.0, 133.4, 132.7, 128.8,

128.7, 128.5, 127.8, 127.6, 127.5, 126.2, 126.1, 125.9, 125.1, 122.8, 108.2, 52.2, 26.5 ppm.
1-Methyl-3-(thiophen-3-yl)indolin-2-one (2t)

Me Was isolated by PTLC (AcOEt:hexane = 1:4) as a yellow solid (98%, 67
N

O mg).

a
S
'"H NMR (400 MHz, CDCl;): § 7.36-7.30 (m, 2H, Ar-H), 7.28 (d, J = 7.6
Hz, 1H, Ar-H), 7.15-7.14 (m, 1H, Ar-H), 7.11-7.06 (m, 2H, Ar-H), 6.89 (d, J= 7.6 Hz, 1H,
Ar-H), 4.72 (s, 1H, CH), 3.24 (s, 3H, NCH3) ppm; *C NMR (100 MHz, CDCl;): 175.2,
144.2, 135.7, 128.4, 128.1, 127.2, 126.2, 124.8, 122.6, 122.5, 108.2, 47.3, 26.4 ppm; IR
(KBr): 2965, 1711, 1495, 1462, 1182, 1083, 1021, 963, 875, 842, 777, 691 cm‘l; HRMS

(EI): m/z calcd for Ci3H11NOS: 229.0561 [M]"; found: 229.0557.
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2-Benzyl-4-phenyl-1,4-dihydroisoquinolin-3(2 H)-one (6)

Was isolated by silica-gel column chromatography (AcOEt:hexane = 1:4)

as a green viscous oil (98%, 108 mg).

Spectra data are in accordance with the literature.'®

'"H NMR (400 MHz, CDCl3): § 7.32-7.22 (m, 8H, Ar-H), 7.18-7.13 (m, 6H, Ar-H), 4.98 (s,
1H, CH), 4.74 (s, 2H, CH2Ph), 4.45 (d, J=15.6 Hz, 1H, ArCHH), 4.22 (d, J=15.6 Hz, 1H,
ArCHH) ppm; *C NMR (100 MHz, CDCl;): 170.1, 138.6, 136.6, 135.4, 131.7, 128.6 (two

peaks overlapped), 128.4, 127.93, 127.86, 127.8, 127.5, 127.2, 127.1, 125.3, 53.0, 50.2, 49.8

Gram-Scale Synthesis of 2a

(EtO)z(O)PO Me Pd(OAC)2 (2 mol%) 'yle
I\Il TMSCN (2 equiv.) N
Ph “Ph O
o) CH3N02, Ar, 60 OC,
10 h Ph
1a 2a
3.02 g (7.99 mmol) 1.78 g (7.97 mmol)

Pd(OAc)2 (36 mg, 0.16 mmol) was added to a 20 mL Schlenk flask charged with diethyl
(2-(methyl(phenyl)amino)-2-oxo-1-phenylethyl) phosphate (1a: 3.02 g, 7.99 mmol) followed
by 3 repetitions of a vacuum—argon replacement procedure. CH3NO» (25 mL) was added and
the solution was stirred for 15 min at 60 °C. TMSCN (1.66 g, 16.8 mmol) was added and the
reaction mixture was continuously stirred at 60 °C for 10 h. Completion of the reaction was
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judged by TLC (AcOEt:hexane = 4:1). Saturated NaHCO3 (aq.) was added to quench the
reaction, and the aqueous layer was extracted by AcOEt (30 mL X 3). The collected organic
layers were washed with brine and dried over Na;SOs. After Na;SO4 was filtered off, the
resulting mixture was concentrated in vacuo. The product 2a was isolated by silica-gel
column chromatography (AcOEt:hexane = 1:4) as a white solid (1.78 g, 7.97 mmol, >99%

yield).

Derivatizations: 3-Arylation of 2a

SnAr-type Substitution with 2,4-Dinitrochlorobenzene

Me o]
N O2N Cs,CO; (1.0 equiv.)
o + -
DMF, Ar, reflux,16 h
Ph NO,
2a 1.0 equiv.

The reaction was carried out according to the reported procedure with the appropriate
modification.® Oxindole derivative 2a (144 mg, 0.62 mmol), 2,4-dinitrochlorobenzene (135
mg, 0.67 mmol, 1.1 equiv), and Cs,CO3z (214 mg, 0.66 mmol, 1.1 equiv) were charged in a
20 mL Schlenk flask, which was purged with Ar. Dry DMF (5 mL, degassed by Ar sparging)
was added to the Schlenk flask. The mixture was stirred under reflux conditions for 24 h.
After cooling to ambient temperature, the reaction was quenched by 10 mL of saturated
NH4ClI (ag.). The separated water layer was extracted with a 1:1 mixture of AcOEt and hexane
(10 mL x 3). The combined organic layers were washed by water and brine, then dried over

Na>SO4. After NapSO4 was filtered off, the filtrate was concentrated in vacuo. The residue
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was purified by alumina column chromatography (AcOEt:hexane = 4:1), and the resulting
compound was recrystallized from a mixture of hexane and AcOEt (1:1) to provide 3-(2,4-

dinitrophenyl)-1-methyl-3-phenylindolin-2-one (7a) as a pale-yellow solid. (92%, 220 mg).

3-(2,4-dinitrophenyl)-1-methyl-3-phenylindolin-2-one

Spectra data are in accordance with the literature.*

TH NMR (400 MHz, CDCL): 5 8.65 (d, J = 2.8 Hz, 1H, Ar-H), 8.32 (dd, J=2.4 Hz, 8.8 Hz,
1H, Ar-H), 7.46-7.41 (m, 1H, Ar-H), 7.42 (d, J = 8.8 Hz, 1H, Ar-H), 7.34-7.26 (m + br s, SH,
Ar-H), 7.18-7.12 (m, 2H, Ar-H), 7.00 (d, J = 8.0 Hz, 1H, Ar-H), 3.25 (s, 3H, NCH3) ppm;
13C NMR (100 MHz, CDCls): 175.4, 149.4, 146.7, 144.0, 142.8, 139.1, 135.1, 129.5, 129.0,
128.9,128.7,128.6, 126.1, 124.8, 122.7, 120.5, 109.2, 60.6, 26.8 ppm; IR (neat): 1711, 1609,
1536, 1523, 1489, 1465, 1347, 899, 761 cm™'; HRMS (EI): m/z caled for C21HisN3Os:

389.1012 [M]"; found: 389.1007.
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Pd-catalyzed 3-Arylation of 2a with Aryl Bromide

Pd(OAc), (6 mol%)

Me B t-BusPHBF, (12 mol%)
N Cs,CO3 (3.7 equiv.)
(O -
toluene, Ar, reflux,16 h
Ph OMe
2a 1.1 equiv. 8a

The reaction was carried out according to the reported procedure with the appropriate
modification.!* Oxindole derivative 2a (102 mg, 0.37 mmol), Pd(OAc). (5.2 mg, 0.023
mmol), t-BusPHBF4 (13 mg, 0.046 mg), and Cs,COs (446 mg, 1.37 mmol) were charged in a
20 mL Schlenk flask, which was purged with Ar. p-Bromoanisole (94 mg, 0.50 mmol) was
dissolved in dry toluene (5 mL), and the solution was degassed by Ar sparging before
cannulating into the Schlenk flask. The reaction mixture was stirred under reflux conditions
overnight. After cooling to ambient temperature, the reaction was quenched by the addition
of 1 M HCI (10 mL) and the separated water layer was extracted with AcOEt (25 mL x 3).
The combined organic layers were washed with brine, then dried over Na2SOas. After Na;SO4
was filtered off, the filtrate was concentrated in vacuo. The residue was purified by silica-gel
column chromatography (AcOEt:hexane = 4:1), providing 3-(4-methoxyphenyl)-1-methyl-3-

phenylindolin-2-one (8a) as a pale-yellow solid (99%, 149 mg).

Spectra data are in accordance with the literature.'*
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'H NMR (400 MHz, CDCl3): & 7.34-7.24 (m, 7H, Ar-H), 7.19 (app. d, J = 8.8 Hz, 2H, Ar-
H), 7.09 (td, J= 7.6, 0.8 Hz, 1H, Ar-H), 6.93 (d, J= 7.6 Hz, 1H, Ar-H), 6.82 (app. d, J= 8.8
Hz, 2H, Ar-H), 3.77 (s, 3H, OCH3), 3.30 (s, 3H, NCH3) ppm; *C NMR (100 MHz, CDCl):
177.8, 158.7, 143.0, 142.2, 133.7, 133.1, 129.6, 128.4, 128.3, 128.2, 127.2, 125.9, 122.8,

113.7, 108.5, 61.8, 55.2, 26.6 ppm.

99



References

1. Uddin, M. K.; Reignier, S. G.; Coulter, T.; Montalbetti, C.; Granés, C.; Butcher, S.;
Krong-Jensen, C:; Felding, J. Bioorg. Med. Chem. Lett. 2017, 17, 2854.

2. a) Hewawasam, P.; Gribkoff, V. K.; Pendri, Y.; Dworetzky, S. I.; Meanwell, N. A.;
Martinez, E.; Boissard, C. G.; Post-Munso, D. J.; Trojnacki, K. T.; Yeleswaram, K.;
Pajor, L. M.; Knipe, J.; Gao, Q.; Perrone, R.; Starrett, Jr. J. E. Bioorg. Med. Chem.
Lett. 2002, 12, 1023.; b) Shibata, N.; Ishimaru, T.; Suzuki, E.; Kirk, K. L. J. Org.
Chem. 2003, 68, 2494.

3. a) Nagamine, J.; Nagata, R.; Seki, H.; Nomura-Akimaru, N.; Ueki, Y.; Kumagai, K.;
Taiji, M.; Noguchi, H. J. Endocrinol. 2001, 171, 481.; b) Tomita, D.; Yamatsugu, K.;
Kanai, M.; Shibasaji, M. J. Am. Chem. Soc. 2009, 131, 6946.

4. Chowdhury, S.; Chafeev, M.; Liu, S.; Sun, J.; Raina, V.; Chui, R.; Young, W.; Kwan,
R.; Fu, J.; Cadieux, J. A. Bioorg. Med. Chem. Lett. 2011, 21, 3676.

5. a) Trost, B. M.; Brennan, M.K. Synthesis 2009, 3003.; b) Kaur, M.; Singh, M.;
Chadha, N.; Silakari, O. Eur. J. Med. Chem. 2016, 123, 858.

6. a) Shaughnessy, K. H.; Hamann, B. C.; Hartwig, J. F. J Org. Chem. 1998, 63, 6546.;
b) Lee, S.; Hartwig, J. F. J. Org. Chem. 2001, 66, 3402.; ¢) Ackermann, L.; Vicente,
R.; Hofmann, N. Org. Lett. 2009, 11, 4274.

7. a) Rey, V.; Pierini, A. B.; Pefiénory, A. B. J. Org. Chem. 2009, 74, 1223.; b) Soria-
Castro, S. M.; Caminos, D. A.; Pefiénory, A. B. RSC Adv. 2014, 4, 17490.

8. a) Wolfe, J.; Sleevi, M. C:; Goehring, R. R: J. Am. Chem. Soc. 1980, 102, 3646.; b)
Goehring, R. R.; Sachdeva, Y. P; Pisipati, J. S.; Sleevi, M. C.; Wolfe, J. F. J. Am.
Chem. Soc. 1985, 107, 435.

9. Beyer, A.; Buendia, J.; Bolm, C. Org. Lett. 2012, 14, 3948.

100



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lai, P. -S.; Dubland, J. A.; Sarwar, M. G.; Chudzinski, M. G.; Taylor, M. S.
Tetrahedron 2011, 67, 7586.

Yurino, T.; Tani, R.; Ohkuma, T. ACS Catal. 2019, 9, 4434.

Yurino, T.; Tange, Y.; Tani, R.; Ohkuma, T. Org. Chem. Front. 2020, 7, 1309.
Yurino, T.; Ece, H.; Ohkuma, T. 4sian J: Org. Chem. 2020, 9, 557.

Mai, C. —K.; Sammons, M. F.; Sammakia, T. Org. Lett. 2010, 12, 2306.

Xia, J.-T.; Hu, X.-P. Org. Lett. 2020, 22, 1102.

Kaiser, D.; de la Torre, A.; Shaaban, S.; Maulide, N. Angew. Chem. Int. Ed. 2017,
56, 5921.

Mandal, T.; Chakraborti, G.; Dash, J. Tetrahedron Lett. 2020, 61, 152109.

Ma, J.; Zhour, L.; Chen, J. Tetrahedron Lett. 2015, 56, 1501.

Nishio, T.; Asai, H.; Miyazaki, T. Helv. Chim. Acta 2000, 83, 1475.

Trost, B. M.; Masters, J. T.; Bruns, A. C. Angew. Chem. Int. Ed. 2013, 52, 2260.
Duan, J.; Kwong, F. Y.. J. Org. Chem. 2017, 82, 6468.

Bering, L.; Jeyakumar, K.; Antonchick, A. P. Org. Lett. 2018, 20, 3911.

101



Chapter 3
Silyl Cyanoargentate Catalyzed Oxidative

Cyanomethylation Mediated by Benzotriflouride

Abstract

Oxidative cyanomethylation of secondary arylamine has successfully been performed by
in situ formed silyl cyanoargentate. The methyl group of CH3NO; served as a methylene
source connecting between N-atom and cyanide. Benzotrifluoride (CF3CsHs) effectively
accelerates the reaction, and the yield of the product achieved to 97% under the optimized
reaction conditions. Amount of both CH3NO- and CF3CsHs crucially affected the efficiency

of the reaction.
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3.1 Introduction

a-Amino nitriles are the analogs of amino acid and are found in many bioactive molecules
(Figure 1).! They are also regarded as building blocks for bifunctional molecules like 1,2-
diamines, a-amino acids, o-amino aldehydes, a-amino alcohols, a-amino ketones, and

alkaloids that are widely used in pharmaceuticals, agrochemicals, and catalyst structures. '>>

Figure 1. o-Amino nitrile moiety contained bioactive compounds

lahadinine B vildagliptin cyanocycline A halimedin

One of the most common and traditional approaches affording a-amino nitriles is the
Strecker reaction that a three-component condensation between aldehydes or ketones, amines,
and cyanide sources (Scheme 1A).2 In situ generated imine or iminium intermediate plays as
electrophile accepting cyanide. This method is well-suited to obtain the N-free or N-
monosubstituted aminonitriles. On the other hands, the oxidative Strecker-type cyanation is
powerful strategy to afford N,N-disubstituted a-aminonitriles. The iminium ions are formed
through the oxidation of the corresponding N-alkyl tertiary amines, and those contributes as
intermediates for the cyanation (Scheme 1B). Several metal salts including Ru,* V°* Au,® Mo,’

Fe,® Cu,® Ir,’° Ti,* Co' and Re!? catalyzes the oxidative formation of the intermediate for the
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Strecker-type reaction. Metal-free oxidation of tertiary amine is accelerated by tropylium
ions,** hypervalent iodine compound (PIFA),*® eosin Y (with blue LED)* or AIBN' as an
oxidant (Scheme 1B).

Scheme 1. Synthetic approaches of formation of a-amino nitriles

A) a-amino nitriles formation by Stecker reaction

R! _R2?
RIN,R2 X ﬁ\ CN@ N
H R® "R* R3i:CN

B) a-amino nitriles formation w/out catalyst

oxidant
Ar\ /R + nCNu Ar\ ,R

N w/out metal catalyst N

Me

CN

Cyanomethylation of secondary arylamines is relatively rare. Because of the low-
nucleophilicity, those amines are not efficiently applicable to the simple Strecker-type
cyanation. Oxidative condensation among those amines, primary alcohol and TMSCN was
the first possible demonstration giving the target compound (Scheme 2A).18 The combination
of TBHP (tBuOOH) and a catalytic amount of Fe(OAc). forms the corresponding aldehyde,
and that is the key step of the reaction. EtOH is the effective alcohol reagent for this reaction
forming 2-amino propionitrile derivatives. However, the cyanomethylation using MeOH is
still problematic, and the yield of the product is up to 51% even with the most suitable amine.
Cu-catalyzed cyanomethylation in DMF is the first successful report (Scheme 2B).%° The
methylene source connecting between N-atom and cyanide is methyl group of DMF.
Although the yield of the product is high, 10 mol% of CuOAc with 12 mol% of bipyridyl

ligand is necessary. In both cases, the addition of the excess amount of oxidant is inevitable.
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In this chapter, the author describes about successful example of Ag-catalyzed
cyanomethylation of secondary arylamines. In the presence of AgCN (2 mol%) with 2 equiv
of TMSCN, N-methylaniline are cyanomethylated in MeNOz. An obvious oxidant was not
added in the reaction mixture. The addition of CF3CsHs is effective to improve the yield, and

the target compound was obtained almost quantitatively under the optimized conditions.
Scheme 2. Several approaches to obtain a-amino nitriles through secondary amines

A) Fe-catalyzed oxidative cynation of secondary amines

EtOH (7.5 equiv)
TMSCN (4 equiv)
TBHP (2 equiv) Et CN
- Fe(OAc), (5 mol%) \|/

H
N
S o

B) Cu-catalyzed cyanomethylation of secondary amines

Ligand (12 mol%)
H  Cucat (10 mol%) rCN tBu tBu

N. :
R TMSCN (2.5eq) N._, T\ —
DMF R \ /)
=N N

Ligand

3.2 Results and Discussion

N-methyl aniline was selected as the model substrate for the optimization of reaction
conditions (Table 1). The desired cyanomethylated product 2a was obtained with AgTFA (2
mol%) as a catalyst in CH3NO> (2.5 mL) within 13 h in 32% yield under air (entry 1). When
the reaction was carried out under argon atmosphere, the yield of the desired product 2a was
decreased (entry 2). Surprisingly, the addition of bezotrfluoride (CF3CsHs) obviously affected

on the yield of the product. More amount of the additive gave more product and 2a was
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afforded in 94% vyield with 6 equiv of CFsCeHs (entries 3,4). When the reaction was carried
out under inert conditions, the yield of the product little decreased even with the additive
(entry 5). No product formation was observed in the absence of AgTFA (entry 6). When 1
mol% AgTFA was employed, the reaction yielded in 40% within 24 h (entry 8). TMSCN (1.2
equiv) was not enough to promote the reaction (entry 9). These results showed that 2 mol%
AgTFA and 2 equiv TMSCN were crucial for the protocol that was in consistent with our
previous observation on formation of active catalytic species.?>?> Changing the reaction
temperature from 60 °C to 80 °C was resulted in 4% yield (entry 10). The author then moved
the focus onto the counter anion of silver salts. Both AgCN and AgCl instead of AgTFA
worked well (entries 11, 12). Notably, the reaction with AGCN (2 mol%) were increased the
formation of the 2a from 93% to 96% yield in CH3NO:. In the previous studies, silyl
cyanopalladate complex was generated from Pd salt with an excess amount of TMSCN in
equilibrium. In some cases, the species more effectively accelerate the reaction than Ag salt.
However, the attempts of using Pd salts with TMSCN (2 equiv) were not sufficient for the
oxidative cyanomethylation (entries 13, 14). The author concluded the reaction is specifically

promoted by silyl cyanoargentate.
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Table 1. Screening of conditions

catalyst (2 mol%)

TMSCN (2 equiv)
©\ additive (x equiv) ©\
b " PO
NHMe CH3NO2? 60°C, 13 h N~ CN

under air Me
1a 2a
entry catalyst additive 2a (%)? entry catalyst additive 2a (%)?
( x equiv) ( x equiv)

1 AgTFA 32 8° AgTFA PhCF; (6) 16

2¢ AgTFA 25 gdg AgTFA PhCF3 (6) 22

3 AgTFA PhCF3 (3) 69 (67) 10 AgCN PhCF3 (6) 97 (96)
4 AgTFA PhCF3 (6) 94 (93) 11 AgCl PhCF3 (6) 94

5¢ AgTFA PhCF3 (6) 90 12 Pd(OAc),  PhCF;(6) 35

6¢ PhCF3; (6) 4 13 Pd(CN),  PhCF; (6) 37

7af AgTFA PhCF3 (6) 40

2 IH NMR vield is given. The isolated yield is shown in parenthesis. ® CHsNO2 (2.5 mL) ¢
The reaction was carried out under argon atmosphere. ¢ The reaction was carried out for 24
h. ¢ 1 mol% catalyst was employed. " 1.2 equiv of TMSCN was employed. ¢ The reaction was

carried out at 80 °C.

With optimized reaction conditions in hand, the author investigated the limitations of
oxidative cyanomethylation with aromatic amines (Scheme 3). The products containing ethyl
and isopropyl groups, 2b and 2c, were obtained in 92% and 90% under optimal conditions.
No CN introduction was obtained in ethyl and isopropyl groups. These results suggested that
the methylene part bridging N-atom and cyano group came from MeNO,. When N-allyl
aniline 1d was introduced as the substrate, no formation of 2-(allyl(phenyl)amino) acetonitrile

2d was observed. This result is possibly because of substrate disturbed the reaction; both the
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alkene moiety and N-atom of N-allylaniline has coordinative ability, and the amine may form

the relatively stable silver complex, which is inactive species in the reaction.
Scheme 3. Substrate scope of aromatic amines

AgCN (2 mol%)

TMSCN (2 equiv)
©\ PhCF ( 6 equiv) ©\
° /\
NHR  CHaNO,, 60°C, 13h

under air
§! O L.
Me Et )\
2a: 97% (96%) 2b: 95% (92%) 2¢: 91% (89%)

(2
3

2d: 0%P

314 NMR is given. Isolated yield is shown in parenthesis. ® The reaction was carried out for

24 h.

We then investigated the application of dialkyl amines to cyanomethylation. When a
cyclic amine, piperidine 3, was used in the presence of AgTFA (2 mol%), TMSCN (2
equiv), CF3CeHs (6 equiv) in CH3NO2 for 24 h under air, no target product 4 was
obtained (Scheme 4). That is the obvious limitation of this catalytic protocol. 2-
(Dibenzylamino) acetonitrile 6 was formed in 34% NMR vyield under optimized

conditions. However, when the reaction time was lengthened to 24 h, the yield of the

108



product was not changed (Scheme 5). The result suggested that the lifetime of the silyl

cyanoargentate is not so long.
Scheme 4. Attempted oxidative cyanomethylation of piperidine 3

AgCN (2 mol%)

TMSCN (2 equiv)
O PhCF; ( 6 equiv)
l}l >
H
3

N
CH3NO,, 60 °C, 24 h L

CN
4: 0% yield

Scheme 5. Silyl cyanoargentate-catalyzed formation of 2-(dibenzylamino)acetonitrile 6

AgCN (2 mol%)
TMSCN (2 equiv)

©/\ /\© PhCF3 ( 6 equiv) ©/\N/\©
CH3NO,, 60 °C, 13 h kCN
5 6: 34% NMR yield

AgCN (2 mol%)
TMSCN (2 equiv)

©/\ /\© PhCF3 ( 6 equiv) ©/\N/\©
CH3NO,, 60 °C, 24 h kCN

5 6: 31% NMR yield

Some control experiments were carried out for understanding the reaction mechanism
(Scheme 6). When CH3CN was used instead of CH3sNO-, no product was formed. This result
clarified that CHsNO2 was not the only the solvent, but also possible methylene source in this
reaction (Scheme 6A). The yield of the 2a was affected by amount of the CH3NO,. Less
amount of CH3zNO> decreased the yield (Scheme 6B). When 1,4-bis(trifluoromethyl)benzene

was emloyed instead of benzotriflouride with N-methyl aniline (1 equiv), AgTFA (2 equiv),
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TMSCN (2 equiv) in CH3NO: for 13 h (Scheme 6C). The desired cyanomethylated compound
was formed in 21% yield. Electronically more deficient fluoroalkylated aryl additive does not
help the reaction. When N,N-dimethylaniline was applied to the reaction, no target product
was obtained (Scheme 6D). The result indicated that the oxidative cyanomethylation did not
proceed from in situ generated from N,N-dimethylaniline from N-methylaniline and CH3zNO:..

Further investigation on the reaction mechanisms is still underway.

Scheme 6. Control experiments for investigation of mechanism

0% yleld
AgTFA (2 mol%)
TMSCN (2 equiv)
©\ PhCF; ( 6 equiv) ©\
B) ¢
NHMe CH3NO, (1.5 mL),
60 °C, 13 h
53 % yleld
CF, AgTFA (2 mol%)
TMSCN (2 equiv)
C) PhNHMe ( 1 equiv) N/\CN
CH3NO,, 60 °C, 13 h |
i Me
CFs under air
6 equiv 21% yield
AgTFA (2 mol%)
TMSCN (2 equiv)
PhCF; ( 6 equiv)
D) . N~ CN
NMe, CH3NO,, 60 °C, 13 h \
0% yield

AgTFA (2 mol%)
TMSCN (2 equiv)
PhCF3 ( 6 equiv)

CH,CN, 60 °C, 13 h
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3.3 Conclusion

In conclusion, a novel method for transformation of secondary amines was successfully
demonstrated to afford corresponding a-amino nitriles through silyl cyanoargentate catalyzed
oxidative cyanomethylation in high yield. CF3Ce¢Hs is an effective additive to promote the
reaction. This protocol was less applicable to aliphatic amines and N-alyl aniline, and thatwas
main limitation of the reaction. Subsrate scope and mechanistic investigation are still under

way.
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3.4 Experimental Section

General Information: *H NMR spectra were measured on a JEOL JNM-ECX400P (400

MHz) spectrometer and JNM-ECS400 (400 MHz) spectrometer. Data were reported as
follows: chemical shifts in ppm from tetramethysilane or the residual solvent as an internal
standard, integration, multiplicity (s = singlet, d = doublet, t = triplet, dd = double-doublet, td
= triple-doublet, g = quartet, m = multiplet, br = broad, and app = apparent), coupling
constants (Hz), and assignment. *C NMR spectra were measured on a JEOL JNM-ECX400P
(100 MHz) spectrometer and a INM-ECS400 (100 MHz) spectrometer with complete proton
decoupling. 3P NMR spectra were measured on a JEOL JNM-ECX400 (400 MHz)
spectrometer. °F NMR spectra were measured on a JEOL JNM-ECX400 (400 MHz)
spectrometer. Chemical shifts were reported in ppm, from the residual solvent as an internal
standard. Infrared (IR) spectra were recorded on a JASCO FT/IR-4100 and FT/IR-4600. Mass
spectrometry was carried out at the Instrumental Analysis Division, Global Facility Center,
Creative Research Institution, Hokkaido University. The products were purified by silica-gel
column chromatography prepared from silica gel 60N (Kanto Chemical Co. Inc) or
preparative thin-layer chromatography (PTLC) prepared from Wako Gel B-5F (Wako Pure
Chemical Industries). Trimethylsilyl cyanide (TMSCN) and Nitromethane (CH3NO2) were
purchased from Kanto Chemical Co. Inc. and were used after distillation. Silver cyanide
(AgCN) was purchased from Fujifilm Wako Pure Chemical Industries, Ltd and was used as

received.
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AgTFA-catalyzed Oxidative Cyanomethylation of Secondary Amine

Derivatives

AgTFA (2 mol%)

TMSCN (2 equiv)
PhCF; ( 6 equiv) ©\
g N“CN
NHMe .
Me

CH3NO,, 60 °C, 13 h

To a solution of benzotriflouride (485.9 mg, 3.33 mmol) in CH3NO> (2.5 mL) was added
AgCN (1.4 mg, 0.010 mmol). The resulting mixture was stirred for 15 min at 30 °C, followed
by the addition of N-methyl aniline (55.1 mg, 0.51 mmol) and TMSCN (111.0 mg, 1.11
mmol). The reaction mixture was then continuously stirred at 60 °C for 13 h. Completion
of the reaction was judged by TLC (AcOEt:hexane = 1:4). A saturated NaHCO3 aq was
added to quench the reaction, and the aqueous layer was extracted by AcOEt (10 mL x
3). The collected organic layer was washed with brine and dried over Na>SOa. After
Na>SO4 was filtered off, the resulting mixture was concentrated in vacuo. The yield of
the product was calculated from *H NMR spectra of the crude 2-(methyl(phenyl)amino)
acetonitrile with pyrazine as an internal standard (97% yield). The product was isolated

by PTLC (AcOEt:hexane = 1:4), as a pale-yellow oil (72.1 mg, 0.49 mmol, 76% yield).
2-(methyl(phenyl)amino) acetonitrile (2a)
[ jL,\II/\CN
Me
Spectra data are in accordance with the literature.?
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1 H NMR (400 MHz, CDCls): 8 7.35-7.30 (m, 2H, Ar-H), 6.93 (app. t, J = 7.8 Hz, 1H, Ar-
H), 6.88 (app. d, J = 7.6 Hz, 2H, Ar-H), 4.18 (s, 2H, NCH,), 3.02 (s, 3H, NCHs) ppm; 13C

NMR (100 MHz, CDCl3): 147.7,129.4, 120.2, 115.6, 114.8, 42.2, 39.2 ppm.
2-(ethyl(phenyl)amino) acetonitrile (2b)

©\ Was isolated as a pale-yellow oil (92%, 73.7 mg).
l}l/\CN

Et
Spectra are in accordance with the literature.?®

1 H NMR (400 MHz, CDCls): § 7.34-7.29 (m, 2H, Ar-H), 6.93-6.87 (m, 3H, Ar-H), 4.16
(s, 2H, NCH,), 3.45 (q, 2H, NCH>CHs), 2.26 (t, J= 7.2 Hz, 3H, NCH,CH3) ppm; *C NMR

(100 MHz, CDCls): 146.7, 129.5, 120.0, 116.3, 115.0, 46.3, 39.6, 12.3 ppm.
2-(isopropyl(phenyl)amino)acetonitrile (2¢)

©\ Was isolated as a pale-yellow oil (89%, 90.4 mg).

Spectra data are in accordance with the literature. 2*
1 H NMR (400 MHz, CDCls): § 7.34-7.29 (m, 2H, Ar-H), 6.93-6.88 (m, 3H, Ar-H), 4.14-
4.10 (m, 1H, NCH), 4.08 (s, 2H, NCH>), 1.29 (s, 3H, NCHCH5), 1.27 (s, 3H, NCHCH3) ppm;

13C NMR (100 MHz, CDCl3): 147.2, 129.5, 119.7, 117.7, 115.2, 49.4, 33.8, 19.9 ppm.
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