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Chapter 1

General Introduction



1. Organophosphorus Compounds in Synthetic Organic Chemistry
General

The origin of organophosphorus chemistry' goes far back to the 17 century. It is said
that the phosphorus element was isolated by the alchemist Hennig Brand, in Hamburg,
in 1669 from dried urine.'®® Its name is derived from the Greek “phosphoros”, that
means light-bearing. Phosphorus is a main group element belonging to group 15,
pnictogen in the periodic table. Its oxidation state varies from -3 to +5, and coordination
number ranges from 1 to 6. Some representative organophosphorus compounds are
illustrated in Figure 1.1, where each compound is assigned with ¢ (a number of directly
attached atoms) and A (total number of bonds). Most common phosphorus compounds

have tricovalent bonds (pyramidal) o>\’ or pentavalent bonds (tetrahedral) o™\’

Figure 1.1. Representative Organophosphorus Compounds with Various Coordination
Numbers and Oxidation States

X P.

_— R.*R - _P—OR
R—=P P - R7LR R OR
P
phosphaalkynes phosphenium cations  phosphorines phosphine phosphonites
o'} o2 (phosphaalkenes) o} o}
o3
A~ _P—R _P-OH _P-OH “R”
R™ER R™R R™ R R™ “oH R R
phosphonium ions phosphine oxides phosphinic acids phosphonic acids phosphoranes
o™t o™’ o™’ o™’ oo\

Nowadays, organophosphorus compounds have a wide range of use and application
(Figure 1.2). They are utilized as building blocks for pharmaceuticals (anti-cancer,
anti-viral, and agent for treatment of bone disease) and agrochemicals (insecticides,
pesticides, and herbicides).'” They are also widely used as ligands for transition metal

complexes.” A huge number of well-designed organophosphines are employed for metal
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catalyzed reactions.

Figure 1.2. Utility of Organophosphorus Compounds
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Furthermore, taking advantages of unique nucleophilicity and oxophilicity of
phosphines, some of organophosphorus reagents play significant roles in synthetic
chemistry. For example, Wittig reaction (Horner-Wadsworth-Emmons reaction as well)
is one of the most popular ways to install an alkene functional group in organic
synthesis (Scheme 1.1).> Mitsunobu reaction® and Appel reaction’ are representative

phosphine-triggered functional group interconversion reactions (Scheme 1.2).

Scheme 1.1. Wittig Reaction
H N _ Base Oz PPhg
A * RPPhBr — )

R™ 70 R R

——— g XN+ 0=PPhy

Scheme 1.2. Mitsunobu Reaction

PPh, .
OH o) DEAD [ PhsP< %
1+ . j)\ _O)LR3 . QJ\R3 + O=PPh,

RSR, HO R 1



Phosphorus containing heterocycles

Among these organophosphorus compounds, phosphorus-containing heterocycles
have particularly attracted attention due to their interesting properties.'® Lighter
congeners, namely, nitrogen-containing heterocycles, (for examples, pyrroles and
indoles) are wildly found in natural products, pharmaceuticals and organic materials. In
addition, phosphoryl group (P=0O bond) could also be regarded as carbonyl (C=O bond)
isostere, which is ubiquitous functionality in organic chemistry. The differences
between P and N significantly affect biological activity factors and physical properties
(stable conformations, solubility, dipole moment, thermal stability, electro- and
photo-chemical properties). Therefore, it is highly important to explore physical and

biological properties of phosphorus containing heterocycles.

Phosphaisocoumarins
A benzo-fused lactone, isocoumarin Figure 1.3.
(0]
O\\P’R
(1H-2-benzopyran-1-one) is a common o) e
= =
substructure in a number of natural products. Since isocoumarin  phosphaisocoumarin

some of isocoumarin derivatives exhibit biological activities, numerous efforts have been
made for their synthesis and application.” Phosphaisocoumarin is a phosphorus analog of
isocoumarin, in which carbonyl group is replaced with phosphoryl group (Figure 1.3).
Due to their structural analogy, phosphaisocoumarins are also attracted attention as
potentially bioactive building blocks. Actually, some of phosphaisocoumarins are

investigated as a new class of inhibitors for pancreatic cholesterol esterase.'’ However,
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despite a number of synthetic methodologies of isocoumarins have been established so
far, there are only limited examples of synthesis of phosphaisocoumarins. In 2003, Ding
and coworkers reported the synthesis of phosphaisocoumarins by cyclization of

ortho-alkynyl arylphosphonate derivatives (Scheme 1.3)."

Scheme 1.3.
o)
(o) Il _OEt
I OEt on  10mol% Cul O\‘p:OEt
@[ “OEt  — - — 0

DMF, 90 °C =

OH X Ph
Ph
75%

In this method, the alkynyl unit and the phosphoryl unit are installed in a stepwise manner
that causes tedious multistep transformations with low atom economy. Therefore, more
efficient and straightforward methodologies for the synthesis of phosphaisocoumarins

are desired.

Phospholes
Phospholes'> are five membered Figure14. H
U\ H /™ H?
... P Q \
unsaturated heterocycles consisting of 4 H H P N
1H-phosphole  2H-phosphole  3H-phosphole
carbons and 1 phosphorus atom. Among
potentially possible isomers (1H-phosphole, 2H-phosphole, 3H-phosphole),
1 H-phosphole derivatives are extensively studied due to their interesting properties. The
1 H-phosphole has totally different features against its nitrogen isostere, namely, pyrrole.

The pyrrole is a planar and aromatic compound. However, the phosphole is hardly

aromatic because the pyramidalized phosphorus center makes the lone pair difficult to



participate in m-conjugation with the butadiene backbone (Figure 1.5A).

Figure 1.5.

A - B 1.39
R | -1.02  Lumo
R :

n-rn interaction : E(eV) +
Q -5.48 + FOMO
@P ; -6.25
Q 5 dN 0N
N

o*-n* interaction

The weak aromaticity is considered to originate from the hyperconjugation of the diene
backbone with the exocyclic P-R o bond. Therefore, the simple phosphole shows
cyclopentadiene-like reactivity (i.e. Diels-Alder reaction with dienophiles). In
addition, there is an efficient orbital interaction between the m* of the conjugated
butadiene and the 6* of exocyclic P-R ¢ bond, resulting a low lying LUMO level (-1.02
eV for 1H-phosphole vs 1.39 eV for pyrrole, calculated at the B3LYP/6-31G* level,
Figure 1.5B)."*® Therefore, the phosphole scaffold has been regarded as an attractive
building block in materials chemistry, such as OLEDs (Organic Light Emitting
Diodes),"** OPVs (Organic Photovoltaics),13b and fluorescent probes for bioimaging

(Figure 1.6)."¢

Figure 1.6. Examples of Phosphole-based Organic Materials

Fluorescent probe
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Until now, a variety of m-conjugated phospholes, benzo[b]phospholes, and
dibenzo[b]phospholes have been synthesized. Representative methods for construction
of these phosphole derivatives are summarized in Scheme 1.4-1.6. The substituted

phospholes are synthesized from the reaction of dilithium nucleophiles derived from

alkynes and metallic lithium with dichlorophosphine (Scheme 1.4, route a).ma’b

Alternatively, the reaction of 1,4-diaryl-1,3-diynes with primary phosphines in the

l4c

presence of a base was also reported (route b). ™ The reaction of 1,3-dienes with

dichlorophosphines, known as the McCormack reaction, is often employed in phosphole

"4 The routes d-f in Scheme 1.4 are so-called Fagan-Nugent route

synthesis (route c).
and its modified ones. In these methodologies, various phospholes are prepared via
metallacyclopentadienes derived from activated metallocene species with alkynes. The

l4e

original method (route d) ™ suffers from regioselectivity issues in the case of

asymmetrical alkynes. However, introduction of a suitable linker enhances efficiency

14 These methods enable an installing of

and selectivity in the reaction (routes e and f)
various functional groups at 2- and 5- positions. The phosphole scaffold is also
synthesized from bis(alkynyl)phosphine derivatives (route g). Erker, Itami, and
co-workers disclosed that the 1,1-carboboration of a bis(alkynyl)phosphane with
B(C¢Fs); could proceed to afford the corresponding 3-borylated phosphole.'* The boryl
moiety could be converted to benzene ring by the subsequent Suzuki-Miyaura coupling.
Mathey and co-workers reported the ring expansion reaction of phosphirene tungsten

complexes with terminal alkynes catalyzed by Pd(PPhs), (route h).'%*



Scheme 1.4. Preparation of Phospholes

Ph Ph  Ph
g o I
Ph Ph ——=Ar
Ph Li Li oH,
RPCl, Base
(a)
=RS 2 3
R! R2? R R
=7~ Pd(PPhy), .ﬂ
R " m R / \ < © rS g
(OC)sW Me () R R R R
B(Cer RPCI2

Ph
RPCI RPC'2 / \
\ / 2 C Ph o hBuLi
P2 \pZZrCIZ
i-PrMgCl n-BulLi Ph Ph
Ti(Oi- Pr)4 R / \ szer|2
sz

n n
H ’ lPrO O/Pr H

R' R* R1 R*

Benzo[b]phosphole synthesis is summarized in Scheme 1.5."° Similar to phosphole

synthesis, benzo[b]phospholes could be constructed by the reaction of 1,4-dilithium

15a-c

species with dichlorophosphines (route a). The most popular way to synthesize

benzo[b]phospholes is the cyclization of ortho-alkynylarylphosphine derivatives

15d-g 15i,]

including  phosphines, H-phosphine  oxides,”™"  aminophosphines, and

&l (route b). Although less practical in synthesis, the Ru-promoted

phosphinilidenes'
rearrangement of phosphaalkyne was previously reported (route c).lm Ogasawara,
Takahashi, and co-workers reported a benzo[b]phosphole synthesis by the

13" Recently,

Fagan-Nugent type approach via a zirconaindene intermediate (Scheme d).
Yoshikai and co-workers established highly flexible and modular methods based on

transition metal-catalyzed carbometallation of alkynes (route e).">°® In this approach,

the phosphole ring was constructed by the intramolecular phospha-Friedel-Crafts
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reaction.

Scheme 1.5. Preparation of Benzo[b]phospholes
R2
\ R']

Li Li RPCI, E’
h RZ A R

2

R Ph
«__R! RPCl, ®R1 [RuH(dppe),] Ph~|-Ph

©) R © I

ZnX R P

RPCI2T (d)
R2 CuCl
cat. Co = R2 R2
3
\R1 \R1
@\ \y_R! «<—— Cp,ZrPh,
ZnX &,

Several methods for the preparation of dibenzo[b]phospholes are shown in Scheme
1.6."° The reaction of 2,2'-dilithiobiphenyl with dichlorophosphines is classical but still
frequently used (route a).'® The cyclization of triphenylphosphine oxides using strong
bases such as PhLi is also known as a classical method (route b).'®™¢ There are some
reports of dibenzo[b]phosphole synthesis utilizing C-H direct coupling strategy. Cui and
co-workers reported the Pd-catalyzed C-H/C-X type direct cyclization reaction of
ortho-haloarylphosphine oxides (route c).'®® Takai, Kuninobu, and co-workers disclosed
the  Pd-catalyzed intramolecular C-H/P-H  dehydrogenative coupling of
biphenylyl-H-phosphine oxides (route d).'® Alternatively, a radical-based similar
transformation is reported. Kawashima and co-workers found the oxidative radical
cyclization of the same substrate using an Et;B/air system.léf Chatani, Tobisu, and
co-workers reported the Pd-catalyzed intramolecular cyclization of biarylphosphines

involving cleavage of C-H and C-P bonds, in which one of the aryl moiety on



phosphorus atom removed as Aryl-H (route ¢).'°® Not only the benzene ring substitution
approach, but also the benzene ring construction method from bis(alkynyl)phosphines is
reported (route f). Tanaka and co-workers reported an enantioselective synthesis of
helical dibenzo[b]phophole derivatives in the presence of chiral Rh(I)/bisphosphine

catalyst syste:m.mh’i

Scheme 1.6. Preparation of Dibenzo[b]phosphole(oxide)s

sWe

1) Lithiation
2) RPCl, PhLi
(a) (b)
R! R2 X
\_~Z# catrn cat. Pd @\ :@
P I
! ) (c) P
R R’Pf\o) PH \\O

cat. Pd

cat. Pd or
(e) (d) [l
Dl

Ar—F, PR
R 0

2. C-H Bond Functionalization

Transition metal-catalyzed C-H bond functionalization has been attracted significant
attentions as an atom and step economical synthetic strategy.'” The traditional C-X/C-M
(X = halogen, M = metal) type cross coupling reaction requires prefunctionalization
such as halogenation and metallation at reaction sites before the coupling reaction.'®
Preparation of such a prefunctionalized substrate sometimes needs tedious multistep
transformations with large costs and wastes. Meanwhile, the C-H direct coupling

reaction can functionalize generally inactive but ubiquitous C-H bonds directly and thus
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enables more straightforward transformation from simple starting substrates. Since
multiple C-H bonds usually exist in hydrocarbons, a directing group is utilized to
achieve the regioselective transformation. In this transformation, the directing group
interacts with the metal catalyst, and then the neighboring C-H bond cleavage proceeds
regioselectively. As pioneering work, Murai, Kakiuchi, Chatani, and co-workers
reported the ruthenium-catalyzed C-H alkylation of arenes with alkenes directed by a
ketone functionality (Scheme 1.7)."” In this reaction, the carbonyl group promoted
regioselective ortho C-H bond cleavage to form a five-membered ruthenacycle
intermediate. Subsequently, insertion of an alkene into the Ru-H bond followed by

reductive elimination proceeded to furnish alkylated product.

Scheme 1.7.
o) 2 mol% Me 1)
RUHz(CO)(PPh3)3 N
Me + <~ Si(OEt), - O |— Me
toluene, reflux BULn
H H Si(OEt)3

75%

The directing group strategy is now broadly utilized. The resulting cyclometallated
complexes can also react with alkynes, arenes, and various electrophiles to form C-C
and C-heteroatom bonds (Scheme 1.8). A variety of directing groups and catalytic

systems have been developed so far.
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Scheme 1.8. DG
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R
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S
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R

M: Metal Catalyst (B, N, O, ..)
DG DG
Y
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R

Cp*Rh(II)-Catalyzed C-H Bond Functionalization

Over the last decade, pentamethylcyclopentadienylrhodium(Ill) complexes
(Cp*RhX;) have been widely utilized as efficient catalysts for the directed C-H bond
functionalization reactions.”’ The [Cp*RhCl,], complex was first synthesized by
Haszeldine in 1967, from the reaction of Dewar hexamethylbenzene
(hexamethylbicyclo [2,2,0] hexa-2,5-diene) with RhCIl3*3H,0 in aqueous methanol
(Scheme 1.9).*'" However, they claimed that the product was [MesCsRhCl],* 4CI"
Shortly later, Kang and Maitlis reassigned this compound to be [Cp*RhClz]z.21b Now

[Cp*RhCl,], can be easily synthesized from Cp*H with RhC13-3H20.22

Scheme 1.9.
M Me
Me Me  nMe e Me
~ /CI\ /CI
1] + RhCl3*3H,0 ————— 1/2 Me R “rr Mey
Me €
" " MeOH, 60 °C o gy
€ Me e Me Me
Mg
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Consequently, Maitlis and others investigated the reactivity of the series of Cp*Rh(III)
complexes.”> In 1987, they disclosed that Cp*Me,Rh(dmso) can react with benzoic
acids to give the corresponding cyclometallated complex under certain conditions

(Scheme 1.10).¢

Scheme 1.10.
Me M Me
Me M 9 y Me @)
€ Me S
~N_ + HO — > Me Rh
Mey T Rh DCM M
e /N dmso
dmso Me

In 2002, Yoshida and co-workers reported the activity of rhodium catalysts toward
the direct coupling reaction of benzenes with alkenes.”* They found that [Cp*RhCl,],
also had catalytic activity for the oxidative coupling reaction of benzene and pressured
ethylene gas in an acidic media in the presence of O,/Cu(OAc),.”> However, until
recently, the potential of Cp*Rh(III) complexes as catalysts for the directed C-H bond
functionalization had not been fully investigated. The breakthrough was in 2007: Miura,
Satoh, and co-workers reported the Cp*Rh(III)-catalyzed oxidative annulation reaction
of benzoic acids with internal alkynes via carboxylic acid directed C-H bond cleavage

to produce isocoumarin derivatives (Scheme 1.11).%

Scheme 1.11.
o o}
1 mol% [Cp*RhCl],
OH 5 mol% Cu(OAc),*H,0 o
+ Ph—=——Ph — P
DMF, 120 °C, air Ph
H

Ph

93%

After this report, various similar annulation reactions of aromatic substrates with

alkynes have been reported. A general reaction mechanism is shown in Scheme 1.12.
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The reaction proceeds through directing group-assisted regioselective C-H bond
cleavage, alkyne insertion, and ring closure (usually via reductive elimination) to form
heterocyclic product. In this category of reaction, a directing group is incorporated in
the forming heterocycle. Therefore new types of directing groups are intensively
explored to develop new heterocycle syntheses.

Scheme 1.12. Cp*Rh (IIl) cat.

Representative examples are summarized in Scheme 1.13.7 A number of oxygen-,
nitrogen-, and sulfur-containing heterocycles are synthesized by this method.

Scheme 1.13. Cp*Rh(Ill)-catalyzed Synthesis of Heterocycles

Me Ph Ph_ o)
N
Ph
N Q Ph
o “ >pPh O 7 >Pn
Me Ph Ph Ph
79% 90% 76% 66%
Fagnou (2008)%72 Satoh and Miura (2009)27" Satoh and Miura (2009)27? Satoh and Miura (2010)27¢

Rovis (2010)?7¢
Xingwei Li (2010)27¢
Fagnou (2011)27f

Me

Hos e
W
0

:—\O%

Ph HO Me
96% 73% 82% OQ Ph
Satoh and Miura (2010)279 Satoh and Miura (2010)?”"  Satoh and Miura (2011)%7/
0. O Ph
7 A O\ 0
. S\O 91%
OQ Ph Glorius (2011)?7/
- Me > ph Cheng (2011)27
n-Pr Ph
76% 99% 86%
Shi (2011)%” Cramer (2012)%7™ Xingwei Li (2014)27"
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In addition to the annulative heterocycle syntheses, it was shown that the Cp*Rh
catalysts are highly efficient for the directed alkenylation and arylation. For examples,
Miura, Satoh, and co-workers reported the Rh-catalyzed direct alkenylation of benzoic

acids with acrylates (Scheme 1.14).%°

Scheme 1.14.

[ F 1 E E
H O
1 mol% [Cp*RhCL, | X o] A A
OH 5 mol% Cu(OAc),*H,0 O o}
+ 2 E - OH | —> +
H air 0 o
o-xylene, 120 °C
E = CO,(n-Bu) \
L E E
E
66% 15%

Soon later, the same group reported the pyrazole-directed oxidative alkenylation with

styrenes (Scheme 1. 15).%*

Scheme 1.15.
{ N 0.5 mol% [CpRhCll, '\
N ~ Cu(OACc),*H,0 N
+ / Ph -
@’ : DMF, 60 °C @N”‘

81%

Many examples of similar directed oxidative alkenylation of arenes with alkenes have
been reported to date. As an alternative approach for direct alkenylation, Fagnou and

co-workers disclosed a non-oxidative alkenylation using alkynes (i.e. hydroarylation)

(Scheme 1.16).%°
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Scheme 1.16.

- 5 mol% [Cp*Rh(MeCN)s(SbF),] N/
PivOH
N + Me—=——Ph - N Me

)?o T i-PrOAc, 90 °C )Q o

The direct arylation reaction was developed relatively recently. For examples, Glorius
and co-workers reported the dehydrogenative coupling of benzamides with bromoarenes

as solvents (Scheme 1.17).*°

Scheme 1.17. 2.5 mol% [Cp*RhCly], o
10 mol% AgSbFg
0 Br 20 mol% CsOPiv
. Cu(OAc),*H,0
d N(i-Pr); + @ (Piv(%ZH ’
H 140 °C
(solvent)

81% (mip =2.8/1)

Cheng and co-workers reported the C-H arylation of hydroxamic acid drivatives with

arylboron reagents (Scheme 1.18).%!

Scheme 1.18.

B(OH,) 2 mol% [Cp*RhCl,]
M 2 212
H +
H MeOH, 60 °C

Based on these concepts, additional improvements are developed day by day.** Now,
the Cp*Rh(III) catalysts have become an important key player in C-H functionalization

chemistry field.
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Phosphorus-Containing Directing Group

When the author initiated the research project of this thesis, phosphorus-containing

groups were rarely utilized as directing groups in synthetic organic chemistry.

Phosphoryl and thiophosphoryl groups were used in directed ortho metalation (DoM)

reactions in the presence of organolithium reagents, in which the resulting lithiated

intermediates were subjected to further transformations (Scheme 1.19).%

Scheme 1.19.
(0]
Ig _NMe, n-BuLi ll NMe; g+ || _NMe,
©/ NMe, ————> @ NMe, —> ©: NMe,
Li
S t-BuL.i
II_Ph TMEDA || _Ph || _Ph

@P NMe, —»@i NMe, — ©: NMe,
Li

Examples of catalytic transformation involving phosphorus directing groups were
limited.** In 2003, Bedford (Scheme 1.20)** and Oi (Scheme 1.21)** independently
reported the Rh(I)-catalyzed ortho C-H arylation of phenols via in situ generated
arylphosphites. The phosphite groups act as a transient directing group, hence these

transformations are formally direct ortho arylation of phenols.

Scheme 1.20.

t-Bu
5 mol% [RhCI(PPhj);] o
t-Bu 5 15 mol% ArOP(i-Pr), t-Bu O
r Cs,CO
OH 2CO3 o
Ac  toluene, reflux PR
H Rb Ac
Ar 96%
Scheme 1.21. 2.5 mol% [RhCl(cod)], o on
20 mol% P(NMey), 3
F
3C OH Br cho3 F3C O\ O
+ > ,PR2 e
H toluene, reflux Rb O
Ar 75%
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Shibata and coworkers reported the Ir(I)-catalyzed phosphine oxide-directed C-H

alkenylation of ferrocene with diphenylacetylene, albeit in a low product yield (Scheme

1.22).%°
Scheme 1.22.
o) o)
E_ph 10 mol% ‘bgpgh
=X [Ir(cod),]BARF =
Fo H + Ph—==—Ph - Fe Y
s PhCL135°C /> o

14%
Although it is well known that phosphines and related phosphoryl groups have
coordinating ability toward metal center, utilization of them as directing groups in C-H
bond functionalization was still rare, and development of more practical methods has

been highly desired.

3. Direct C(spz)-P Bond Formation

There are many methods to make C(sp”)-P bond. Nucleophilic substitution reaction of
halophosphines with organometal species such as RMgX or RLi is the most general
method for a C-P bond formation.! On the other hand, the direct C-P bond formation
with the cleavage of C-H bond is one of the most ideal transformations from the
viewpoint of atom and step economy. However, due to the strong coordinating property
of phosphorus functions to transition metals, metal-catalyzed direct C-P coupling is
generally considered to be difficult. In fact, there are only a few examples of the

transition-metal catalyzed directed intermolecular C(sp*)-H phosphonation reaction so

18



far.*® In 2013, Yu and co-workers reported the palladium catalyzed C-H phosphonation
of 2-arylpyridines with H-phosphonates and H-phosphine oxides (Scheme 1.23).° % To
avoid over coordination of the H-phosphonate, this reagent was carefully added

dropwise to keep its low concentration.

Scheme 1.23.
X X
N 10 mol% Pd(OAc), [\
& + Q oipr NaOAc, AgOAc, BQ Y o
H  HPoipr  +AmOH, 120 °C ID\(—)QgPr
I-Fr
(slow addition)
78%

In 2014, Murakami and co-workers reported a similar transformation using
a-hydroxyalkylphosphonate as a coupling partner which generates the corresponding
H-phosphonate in situ by the action of base (Scheme 1.24).°% Intramolecular variants

are already noted in the phosphole synthesis section.'°*¢

Scheme 1.24.
AN 10 mol% Pd(OAc),
| N 0 40 mol% N-methylmaleimide | N

= Il AgOAC, K2HPO4 = O

hot HO>( RZon-Bu = P—On-B
Me On-Bu 5 o \_Yn-ou

Me t-BuOH, 120 °C On-Bu

70%

Conversely, addition of P-centered radical species into (hetero)arenes and alkynes to
form C(sp’)-P bond is well established.’’”® The P radicals can be generated in the
presence of radical initiators or metal oxidants. For examples, Ishii and co-workers
reported the radical type phosphonation of simple arenes with dialkyl phosphites

catalyzed by the Mn(OAc),/Co(OAc),/O; system (Scheme 1.25)°™
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Scheme 1.25.
10 mol% Mn(OAc), e} 0

0, 1] ||
© N 9/0Et 10 mol% Co(OAc)z‘ R-OEt R—OEt
H_P\OEt 0, /N, = 1:1 ©/ OEt ©/ OEt

EtCOOH, 45 °C

Oshima and co-workers disclosed the radical type addition of diphosphanes generated in

situ into terminal alkynes to afford vicinal alkenyl diphosphine derivatives (Scheme

1.26).3°
Scheme 1.26. s
Ph,PH I
i 10 mol% V-40 n-CioHpy  PPhy
NEt, A n-CioHzy  PPha| Sg ):Vr
PhPCl  ————— = Ph,P~-PPh, ):* —> PhP
+ PhH, reflux Ph,P 4
I’I—C10H21—: 84%
(EIZ =91:9)

Zhang and co-workers reported the addition/cyclization of a dialkyl phosphoryl radical
with alkynes to afford 2-phosphonylindenones in the presence of Mn(OAc);*2H,O

(Scheme 1.27).%7¢

Scheme 1.27.
o 0]
. (0]
« N . (IF?)/OMe Mn(OAc)3 3H20 N ||:|>/0Me
N Ph “OMe air ‘ . OMe
AcOH, 80 °C Ph

74%

Friedel-Crafts reaction is exceedingly classical but highly useful for C(sp)-H
functionalization. The phosphorus variant, namely, phospha-Friedel-Crafts (PFC)
reaction also has a long history. In 1876, Michaelis discovered that PhPCl, could be

synthesized by the aluminum chloride-catalyzed reaction of benzene with PCl; (Scheme
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1.28).°"* 1t is also known that this transformation is also possible without the AICl;
catalyst at higher temperature (600 °C), and thus, the later non-catalytic process is

employed in the commercial production of PhPCl,."

Scheme 1.28.

A|C|3 PC|2'A|C|3 POC|3 PC|2
Qe 22 O

Several synthetic studies of organophosphorus compounds based on PFC chemistry
have so far been carried out. Olah and co-workers disclosed that the PFC reaction of
S=PCl; with benzene was efficient for the synthesis of S=PPhj, while the reaction of

PCl; with benzene gave only a mixture of PhPCl, and Ph,PCI (Scheme 1.29).°%°

Scheme 1.29.
AlCl; ﬁ Na(naphthalene) Ph
© + PCly+Sg——>= P ——— >
reflux  Ph™ L PR THF reflux ~ Ph™" “Ph
(solvent)

71% 89%
Xiao and co-workers utilized the PFC reaction for the synthesis of ferrocenylphosphine

ligands (Scheme 1.30).>%

Scheme 1.30. Ph

<~ Ph. AIC; @—P”
+ o,.-P-Cl Ph
Fe Ph Fe
heptane, 105 °C @
58%

Wehmschulte and co-workers reported an intramolecular PFC reaction to afford
dibenzo[b]phosphole framework (Scheme 1.31).39C1 They showed this transformation
required high temperature (250 °C) without any catalyst, while no heating was

necessary in the presence of AICls.
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Scheme 1.31.
Ar

neat, 250 °C
or
AICl;, DCM, rt

Recently, Nakamura, Hatakeyama, and co-workers synthesized uniquely fused
phosphorus-containing heterocycles using the PFC reaction of a P(V) intermediates

(Scheme 1.32).%%f

Scheme 1.32.

SHsNr " WWels
-] 1
sove—Nge
O toluene, 80 °C O

As noted, the typical PFC reaction requires a stoichiometric amount of Lewis acid and
harsh conditions. Additionally, it is limited to electron-rich substrates or intramolecular
cases. Properties of phosphenium species, that is considered as a reactive intermediate
in the PFC reaction, are well studied since they are interesting as phosphorus analogues
of carbenes.”” However, the PFC reaction should be further developed for the efficient

synthesis of various phosphorus compounds.

Aim of This Thesis

So far, a number of phosphorus containing heterocycles have been synthesized based
on the traditional synthetic ways including long step sequences under narrow functional
group compatibility conditions. From the viewpoint of diversity-oriented synthesis,

more efficient and straightforward synthetic methodologies are desired. In this doctoral
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thesis, the author would like to focus on development of new synthetic methods of
phosphorus-containing  heterocycles, especially for phosphaisocoumarins and
(di)benzo[b]phosphole derivatives based on the C-H bond functionalization strategy.

This thesis consists of following 5 chapters.

Chapter 2 deals with the Rh(Ill)-catalyzed synthesis of phosphaisocoumarins via C-H
bond cleavage. This reaction proceeds through ortho-selective C-H bond cleavage with
the assistance of phosphinoxy directing group and insertion/annulation of internal

alkynes.

Chapter 3 shows a new Ag(l) or Mn(Ill)-mediated synthesis of benzo[b]phosphole
derivatives via oxidative radical cyclization. In this reaction, a variety of functionalized
benzo[b]phospholes are prepared in one step from readily available H-phosphine oxides

and internal alkynes.

Chapter 4 involves the Rh(IIl)-catalyzed direct coupling of arylphosphine derivatives
with heterobicyclic alkenes. A variety of biarylphosphine derivatives are synthesized
from simple arylphosphine oxides and oxabicyclic alkenes via the direct coupling and
ring-opening aromatization. In addition, fused dibenzo[b]phosphole derivatives are
prepared from arylthiophosphinamides via direct coupling and subsequent

phospha-Friedel-Crafts reaction in a one-pot manner.
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Chapter 5 makes mention with the regioselective synthesis of benzo[b]phosphole
derivatives via Rh(IIl)-catalyzed C-H alkenylation and formal phospha-Friedel-Crafts
cyclization. A number of benzo[b]phosphole derivatives are synthesized from
arylthiophosphinamides and internal alkynes via a C-H

alkenylation-desulfurization-cyclization sequence in a semi-one-pot manner.

Chapter 6 presents the transition metal free electrophilic phosphination/cyclization of
alkynes promoted by triflic anhydride (Tf,0O). An electrophilic phosphenium cation
generated in situ from secondary phosphine oxides with Tf,0 couples with alkynes to

give phosphinated alkenes and (hetero)cyclic compounds.
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Chapter 2

Synthesis of Phosphaisocoumarins by Rh(III)-catalyzed
Direct Coupling of Arylphosphinic Acids with Alkynes

A synthesis of phosphaisocoumarins by the Cp*Rh(III)-catalyzed oxidative coupling
of arylphosphinic acid derivatives with alkynes is described. The straightforward
transformation is achieved by regioselective C-H bond functionalization. The P(=0)—

OH groups effectively act as the directing group for the ortho-C—H bond cleavage.

(0]
O, R cat. [Cp*Rh(MeCN);(SbFg),] \\p:R
PL 0
OH + RI R? AgOAc .
diglyme, 120 °C = R2
H R
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Introduction

As described in Chapter 1, phosphorus-containing heterocycles have attracted much
attention as new building blocks of biologically active compounds as well as organic
functional molecules. Among them, phosphaisocoumarins, phosphorus analogs of
isocoumarins, have exhibited their potential as a new class of inhibitor for pancreatic
cholesterol esterase.! However, synthetic approaches to the phosphaisocoumarin
framework are limited. As a recent example, Ding and co-workers reported their
synthesis via Sonogashira coupling and subsequent copper-catalyzed cyclization of
resulting ortho-alkynylphenylphosphonic acids (Scheme 2.1).> While interesting, the
sequence involves multi-steps. Therefore, development of more efficient and

straightforward synthetic methods for these molecules is desired.

Scheme 2.1.
o) ® OEt
I_OEt on  10mol% Cul O\\pQOEt
L= = oo LD
DMF, 90 °C =
OH X o Ph

75%
Transition-metal-catalyzed regioselective C—H functionalizations with the aid of
directing groups (—DG) have been recognized as important and environmentally benign
synthetic tools, because these procedures provide atom- and step-economical routes to
complex target molecules from simple starting materials.” Particularly, the oxidative
annulation reactions of aromatic substrates possessing a directing group with internal
alkynes through (i) chelation-directed C—H bond cleavage, (i1) alkyne insertion, and (iii)

annulation allow the straightforward syntheses of benzannulated heterocycles from
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readily available monofunctionalized aromatic substrates (Scheme 2.2).

Scheme 2.2. cat. M

= O
réfH = R
R
M -
N R————R DG
X 5 e
(i) ¥ (ii) — (iii)

R R

As an early example, Miura, Satoh, and co-workers reported the rhodium-catalyzed
oxidative coupling of benzoic acids with alkynes to produce isocoumarin derivatives (DG
= COO(H) in Scheme 2.2).* After the discovery, similar annulations of various aromatic
substrates have also been developed by them® and others.® It seems to be possible to
achieve the straightforward synthesis of phosphaisocoumarins by this oxidative
annulation approach via P-OH directed C—H functionalization. However, the utilization
of P-OH groups as directing groups has been scarcely explored.

In this Chapter 2, new findings for the synthesis of phosphaisocoumarin derivatives
by Cp*Rh(Ill)-catalyzed oxidative annulation reaction of arylphosphinic acids with

internal alkynes are described (Scheme 2.3; published online 17 June 2013).

Scheme 2.3.
O, R
o, R 4 mol% [Cp*Rh(MeCN)5(SbF),] Sp-
P ~0
“OH + R'——R? AgOAC
diglyme, 120 °C ZSR2
H

During the course of this study, Kim and co-workers reported the palladium-catalyzed
oxidative coupling of benzylphosphonic acids and arylphosphate diesters with alkenes

(Scheme 2.4).”
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Scheme 2.4.

O
9 oM 10 mol% Pd(OAc), l':',/OMe
- € AgOA
P + O EWG gOAc OH
H OH dioxane, 110 °C |
EWG

Furthermore, Lee and co-workers reported a Rh(IIl)-catalyzed similar annulation

reaction of arylphosphonic acid monoesters (Scheme 2.5; published online 21 June

2013).%
Scheme 2.5.
o)
0, OEt 2 mol% [Cp*RhCl,], Sp-OFt
P\OH + R— R2 AgOAc, Ag,CO4 @)
t-BuOH, 90 °C, air ZNR2
H

Results and discussion

The results of optimization study are summarized in Table 2.1. In an initial attempt,
diphenylphosphinic acid (1a) (0.25 mmol) was treated with 1 equiv of diphenylacetylene
(2a) (0.25 mmol) in the presence of [Cp*Rh(MeCN);][SbF¢]» (0.01 mmol) and AgOAc
(1 mmol) as catalyst and oxidant, respectively, in DMF (3 mL) at 120 °C for 2 h under N,.
As a result, the oxidative annulation proceeded to afford
1,3,4-triphenyl-1H-2,1-benzoxaphosphorin-1-oxide (3a) in 34% yield (entry 1). Solvent
screening showed diglyme was the most effective solvent (entries 2-4). Ag,COs3 and
Cu(OAc),*H,0 were not efficient oxidants for this reaction (entries 5, 6). Increasing the
amount of 2a (0.375 mmol) led to enhancement of the product yield to 94% (entry 7). The
use of [Cp*RhCl,], (0.005 mmol) as catalyst in place of [Cp*Rh(MeCN);s][SbF¢]>

reduced the reaction efficiency (entry 8). With a slightly decreased amount of AgOAc
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(0.75 mmol), 3a was obtained almost quantitatively (entry 9). However, further decrease

in the amount of AgOAc reduced the product yield (entry 10).

Table 2.1. Optimization Study of the Reaction of Diphenylphosphinic Acid (1a) with
Diphenylacetylene (2a)

Ph. o
Ph,__o PZ
PZ L conditions O
OH + Ph——=——~Ph
120 °C, Ny, 2 h Zph
H Ph
1a 2a 3aa
entry cat. (mol%) oxidant (equiv.) 1:2 (mmol) solvent yield of 3aa (%)?
1 [Cp*Rh(MeCN);][SbFgl, (4) AgOAc (4.0) 0.25:0.25 DMF 34
2 [Cp*Rh(MeCN);][SbFg], (4) AgOAc (4.0) 0.25:0.25  o-xylene trace
3 [Cp*Rh(MeCN);][SbFgl, (4) AgOAc (4.0) 0.25:0.25  dioxane 71
4 [Cp*Rh(MeCN);][SbFgl, (4) AgOAc (4.0) 0.25:0.25 diglyme 79 (73)
5 [Cp*Rh(MeCN);][SbFg], (4) Ag,CO3 (2.0) 0.25:0.25 diglyme trace
6 [Cp*Rh(MeCN);][SbFgl, (4) Cu(OAc),*H,0 (4.0) 0.25:0.25 diglyme 10
7  [Cp*Rh(MeCN);][SbFg], (4) AgOAc (4.0) 0.25:0.375  diglyme 94
8 [CP*RNhCl,], (2) AgOACc (4.0) 0.25:0.375  diglyme 68
9 [Cp*Rh(MeCN);][SbF¢],(4)  AgOAc (3.0) 0.25:0.375 diglyme 99 (95)
10 [Cp*Rh(MeCN);][SbFg], (4) AgOAc (2.0) 0.25:0.375  diglyme 78

@ GC yield. Isolated yield is given in parentheses.

Under the optimized conditions, the reactions of various phenylphosphinic acids 1
with alkynes 2 were next examined. Bis(para-disubstituted phenyl)phosphinic acids
1b-1e underwent the coupling with 2a to afford the corresponding phosphaisocoumarins
3ba-3ea. In these cases, 1:2 coupling products were also detected by GC-MS.
Therefore, the yields of desired 1:1 coupling product 3 seem to somewhat decrease for
the  overreaction. = As  expected, the use of sterically  hindered
bis(ortho-methylphenyl)phosphinic acid (1f) was found to suppress the overreaction to
give 3fa selectively in 86% yield. In the case of meta-methyl-substituted 1g, the

coupling reaction took place at the less hindered position selectively to form 3ga in 89%
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Table 2.2. Scope of Substrate?

2 “ O, R?
o, R cat. [Cp*Rh(MeCN)3(SbFg),] pr
RIS "SoH + R——R* : AgOAC R'— 0
i diglyme, 120 °C, 2 h 2y
1 2 R
3
R Me
Q, K
pz° 1° \.0 .0 0
~0 Plo Me PZ P
o Ph
R 7 >pn 7 >Ph Zph Ph
Ph Ph Ph
3ba: R = Me, 69% 3fa: 86% 3ga: 89% 3ha: R = OFEt, 78%, 87%"
3ca: R = OMe, 45% 3ia: R = t-Bu, 30%
3da:R=F, 47% 3ja: R = OH, 0%
3ea: R = Cl, 50% 3ka:R =H, 0%
Ph _0 Ph_ e} \P//O
~0 + ~0 e
= Ph Z Me = n-Pr
Me Ph n-Pr
N J
'
3af + 3af' 3ag: 42%
66% (93:7)

3ab: R = Me, 56%

3ac: R = OMe, 61%

Ph_ _0O
3ad: R = Cl, 79% <0 PZ
3ae: R = CF, 58% P 0
Ej;)\ Ph = Ph
t-Bu HO H

3ah: trace 3ai: trace 3aj: trace

@ Reaction conditions: 1 (0.25 mmol), 2 (0.375 mmol), [Cp*Rh(MeCN)3(SbFg),] (0.01
mmol), AgOAc (0.75 mmol) in diglyme (3 mL) at 120 °C under N, for 2 h. ® 3 mmol scale.

yield. The reaction of phenylphosphonic acid monoethyl ester (1h) with 2a proceeded
smoothly to produce 3ha in 78% yield. In this case, the reaction proceeded efficiently
on 3 mmol scale to afford 3ha in 87%. It should be noted that this compound is an
important intermediate and their hydrolysis and alcoholysis with or without

ring-opening have been established.” Alkylarylphosphinic acid 1i also reacts with 2a to
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give 3ia in low yield, while the reaction of phenylphosphonic- and phosphinic acid (1j,
1k) did not gave any coupling product. A variety of para-substituted diphenylacetylenes
2b-2e also coupled with 1a to produce the corresponding phosphaisocoumarins 3ab-3ae.
The reaction of unsymmetrical 1-phenyl-1-propyne (2f) gave 3af predominantly, along
with minor amounts of an isomer 3af’ and a separable 1:2 coupling product. The
dialkylacetylene 2g coupled with 1a to afford 3ag in moderate yield. The reaction of

sterically hindered alkynes 2h, 2i, and terminal alkyne 2j did not proceed at all.

Scheme 2.6. Reactions of Deuterated Substrates D D
* D
0 [Cp*Rh(MeCN)3(SbFg),] DIH
l':', 4 mol% 94% D
b “OH 4 P Ph AgOAc 0.75 mmol D/H LN
5 Ph/ diglyme (3 mL) /’ DH\ o
2 120 °C, 45 min D PSo
0,
1a-d4, (0.25 mmol) 2a (0.375 mmol) >95%D
=
D Ph
D Ph
21%
(> 97% D
[Cp*Rh(MeCN)5(SbFy);] bH o
(@] 4 mol% P\O,Me
P Ph  AgOAc0.75 mmol TMSCHN, /D
5 OH + / - ; >
5 Ph diglyme (3 mI‘_) THF / MeOH, rt D D/H
2 120 °C, 45 min D

2

1a-d 4o (0.25 mmol) 2a (0.375 mmol) 77% NMR vyield
o yie

To gain a mechanistic insight, next the author carried out deuterium labeling
experiments. The reaction of la-d;y with 2a under standard conditions for 45 min
afforded the coupling product in 21% yield (Scheme 2.6). The starting material was also
recovered as methyl ester in 77% yield. In these cases, almost no D/H exchange was
observed at ortho positions of both 1a-d;y and annulated product. This result suggests

that C-H bond cleavage step seems to be irreversible. In addition, the author carried out
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kinetic isotope effect (KIE) measurement (Scheme 2.7). As a result, significant KIE was
observed in both parallel experiment (KIE = 3.8) and intermolecular competition (KIE
= 2.4). These results imply C-H bond cleavage step seems to be the rate-determining

step.

Scheme 2.7. KIE Experiments

Parallel Experiment @
[Cp*Rh(MeCN)5(SbFg),] //O
4 mol% ~0
/ AgOAc 0.75 mmol
diglyme (3 mL)
1a (0.25 mmol)  2a (0.375 mmol) 120 °C, 7.5 min 3aa 15%

o [Cp*Rh(MeCN)3(SbFg),]

4 mol% @ ,,0
5 P\OH + Ph/ AgOAc 0.75 mmol ~0
° diglyme (3 mL)
2 120 °C, 7.5 min

1a-d4o (0.25 mmol) 2a (0.375 mmol)

KIE = 3.8 3aa-d 4%

Intermolecular Competition

[CP*Rh(MeCN)y(SbFe)] H5/D5

i Ph 0.01 [
. mmo!
F)\OH + / AgOAc 0.75 mmol
Hs/Ds Ph - WD o
diglyme (3 mL) a4
2 120 °C, 15 min

1a (0.125 mmol)  2a (0.375 mmol)

+ KIE = 2.4 3aa/ 3aa-d 20% (71 :29)
1a-d 4o (0.125 mmol)

Based on the mechanistic studies, a plausible mechanism for the reaction of
diphenylphosphinic acid (1a) with alkyne 2 is illustrated in Scheme 2.8, in which neutral
ligands are omitted. Coordination of 1a to a Rh™ center and subsequent cyclorhodation
on one of the phenyl groups of a resulting intermediate A take place to form a
five-membered rhodacycle intermediate B. This step seems to be the rate-determining
step. Then, alkyne insertion to form C and reductive elimination may occur to release 3.

The Rh' species seems to be oxidized by Ag' to regenerate Rh™.
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Scheme 2.8. A Plausible Mechanism

2 Ag(0) @P,OH

/>0
Cp*RhX, Ph
2 AgX 1a
Cp*Rh .
: o U g
"R v ~Ph
rate A
P(O determining
PH O R o step
3
— Cp* HX
Bth* Rh
P/O /O
P o R\
o Ph 0
B
R——R
2

Summary

In Chapter 2, a new straightforward synthesis of phosphaisocoumarins by a
rhodium-catalyzed oxidative coupling of phenylphosphinic acids with alkynes is
described. A number of substituted phosphaisocoumarins are synthesized in single step
from the readily available substrates. This transformation represents an effective
example of the annulation depicted in Scheme 2.2 involving C-H bond cleavage

directed by phosphinoxy groups.

Experimental Section

General. 'H and °C NMR spectra were recorded at 400 and 100 MHz for CDCl; solutions. HRMS
data were obtained by EI or CI using a double focusing mass spectrometer. GC analysis was carried
out using a silicon OV-17 column (i. d. 2.6 mm x 1.5 m). GC-MS analysis was carried out using a
CBP-1 capillary column (i. d. 0.25 mm x 25 m). The structures of all products listed below were
unambiguously determined by 'H and "*C NMR with the aid of NOE, COSY, HSQC, and HMBC
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experiments.

Diarylphosphinic acids 1b-d,” phenylphosphonic acid monoethyl ester 1e,'” and diarylacetylenes
2b,c'" were prepared according to published procedures. Other starting materials were commercially
available.

The following experimental procedures may be regarded as typical in methodology and scale.

Representative Procedure for Rh(III)-catalyzed Oxidative Coupling through C-H Bond
Cleavage Directed by Phosphinoxy Groups.

Ph. O [Co*RA(MeCN)y(SbFo),] 4 moi% P
PL Ph AgOAc 0.75 mmol 0
“OH + / 9
Ph diglyme 3 mL ZSph
H 120°C,2h Ph
1a (0.125 mmol) 2a (0.375 mmol) 3aa

Reaction of Diphenylphosphinic Acid (1a) with Diphenylacetylene (2a) (entry 9 in Table 2.1).
To a 20 mL two-necked flask with a reflux condenser, a balloon, and a rubber cap were added
diphenylphosphinic acid 1a (54 mg, 0.25 mmol), diphenylacetylene 2a (68 mg, 0.38 mmol),
[Cp*Rh(MeCN)3(SbF),] (8.3 mg, 0.01 mmol), AgOAc (125 mg, 0.75 mmol), dibenzyl (30~40 mg;
as an internal standard), and diglyme (3 mL). The reaction mixture was stirred under N, at 120 °C
for 2 h. After cooling, the mixture was diluted with 20 mL of ethyl acetate and insoluble solids were
filtered off through a short pad of celite. The organic layer was washed with water (20 mL, three
times) and dried over Na,SO,4. Volatiles were removed in vacuo and subsequent purification by
column chromatography on silica gel with hexane/ethyl acetate (1:1, v/v) as an eluent gave product

3aa (94 mg, 95 %).

Characterization Data of Products

1,3,4-Triphenyl-1H-2,1-benzoxaphosphorin-1-oxide (3aa): mp 140-142 °C, 94 mg (95%); 'H
NMR (400 MHz, CDCls): ¢ 7.05 (dd, J = 4.8, 8.0 Hz, 2H), 7.07-7.14 (m, 3H), 7.22-7.62 (m, 12H),
7.94 (dd, J=7.2, 13.8 Hz, 2H); "C NMR (100 MHz, CDCl;): § 119.1 (d, J=11.0 Hz), 123.2 (d, J =
128.9 Hz), 126.8 (d, J = 9.5 Hz), 127.5, 127.7, 127.8, 128.4 (d, J = 3.1 Hz), 128.6, 128.9, 129.1,
130.1 (d, J=144.2 Hz), 130.3 (d, J = 12.3 Hz), 131.6, 132.3 (d, /= 10.9 Hz), 132.4 (d, /= 2.5 Hz),
1329 (d, J = 2.8 Hz), 134.6 (d, J = 5.0 Hz), 136.0, 138.7 (d, J = 5.5 Hz), 146.9 (d, J = 11.1 Hz);
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*'P{'H} NMR (CDCls, 162 MHz): § 24.4; HRMS m/z (M+H") Calcd for C,gHz0O,P: 395.1195.
Found 395.1196.

6-Methyl-1-(4-methylphenyl)-3,4-diphenyl-1 H-2,1-benzoxaphosphorin-1-oxide (3ba): oil, 73
mg (69%); 'H NMR (400 MHz, CDCls): & 2.26 (s, 3H), 2.42 (s, 3H), 6.84 (d, J = 4.6 Hz, 1H),
7.06-7.16 (m, 4H), 7.21 (dd, J = 1.4, 8.0 Hz, 2H), 7.25-7.33 (m, 4H), 7.35-7.40 (m, 3H), 7.49 (dd, J
= 7.6, 13.9 Hz, 1H), 7.81 (dd, J = 8.1, 13.2 Hz, 2H); >C NMR (100 MHz, CDCls): § 21.7, 21.9,
119.0 (d, /= 11.4 Hz), 1204 (d, J = 131.4 Hz), 127.03 (d, J = 146.8 Hz), 127.03 (d, J = 9.8 Hz),
127.4,127.7, 128.2, 128.5 (d, J = 15.3 Hz) 128.8, 129.9, 129.2 (d, /= 14.3 Hz), 130.2 (d, /= 12.4
Hz), 131.6, 132.3, (d, J=11.4 Hz), 134.9, (d, /= 5.7 Hz), 136.2, 138.6 (d, /= 5.0 Hz), 142.8 (d, J =
2.9 Hz), 143.5 (d, J = 2.9 Hz), 146.9 (d, J = 10.5 Hz); >'P{'H} NMR (CDCls, 162 MHz): § 24.3;
HRMS m/z (M") Calcd for CogH,30,P: 422.1436. Found 422.1440.

6-Methoxy-1-(4-methoxyphenyl)-3,4-diphenyl-1 H-2,1-benzoxaphosphorin-1-oxide (3ca): oil, 51
mg (45%); 'H NMR (400 MHz, CDCls): 6 3.68 (s, 3H), 3.87 (s, 3H), 6.53 (dd, J = 2.4, 4.1 Hz, 1H),
6.87 (td, J = 2.4, 8.5 Hz, 1H), 7.00 (dd, J = 2.9, 8.8 Hz, 2H), 7.07-7.15 (m, 3H), 7.20-7.23 (m, 2H),
7.26-7.28 (m, 2H), 7.32-7.39 (m, 3H), 7.54 (dd, J = 8.4, 13.8 Hz, 1H), 7.85 (dd, J = 8.8, 12.8 Hz,
2H); °C NMR (100 MHz, CDCl5): 6 55.2, 55.4, 112.2 (d, J = 10.3 Hz), 113.3 (d, J= 15.3 Hz), 114.1
(d, J=15.0 Hz), 115.6 (d, J = 135.9 Hz), 118.8 (d, J = 10.5 Hz), 121.8 (d, J = 151.9 Hz), 127.5,
127.8, 128.4, 128.8, 129.1, 131.6, 132.2 (d, J = 13.4 Hz), 134.3 (d, /= 12.4 Hz), 1349 (d, /= 4.8
Hz), 136.1, 140.9 (d, /= 5.7 Hz), 147.4 (d, J=10.5 Hz), 162.6 (d, /= 2.9 Hz), 163.2 (d, /= 2.9 Hz);
'P{'H} NMR (CDCls, 162 MHz): 6 24.4; HRMS m/z (M") Calcd for C,3H2304P: 454.1334. Found
454.1339.

6-Fluoro-1-(4-fluorophenyl)-3,4-diphenyl-7H-2,1-benzoxaphosphorin-1-oxide (3da): oil, 50.9
mg (47%); "H NMR (400 MHz, CDCls): § 6.75 (ddd, J = 2.4, 4.0, 11.2 Hz, 1H), 7.05 (ddt, J = 2.4,
2.4, 8.4 Hz, 1H), 7.09-7.30 (m, 9H), 7.37-7.43 (m, 3H), 7.57 (ddd, J = 6.0, 8.4, 14.4 Hz, 1H), 7.94
(ddd, J = 6.0, 8.4, 14.4 Hz, 2H); >C NMR (100 MHz, CDCLy): 6 55.2, 55.4, 112.2 (d, J = 10.3 Hz),
113.3 (d, J= 15.3 Hz), 114.1 (d, J = 15.0 Hz), 115.6 (d, J = 135.9 Hz), 118.8 (d, /= 10.5 Hz), 121.8
(d, J=151.9 Hz), 127.5, 127.8, 128.4, 128.8, 129.1, 131.6, 132.2 (d, J = 13.4 Hz), 134.3 (d, J= 12.4
Hz), 134.9 (d, J= 4.8 Hz), 136.1, 140.9 (d, J= 5.7 Hz), 147.4 (d, J=10.5 Hz), 162.6 (d, J = 2.9 Hz),
163.2 (d, J = 2.9 Hz); *'P{'H} NMR (CDCl;, 162 MHz): § 22.9; HRMS m/z (M+H") Calcd for
Ca6H gF,0,P: 431.1007. Found 431.1009.
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6-Chloro-1-(4-chlorophenyl)-3,4-diphenyl-1H-2,1-benzoxaphosphorin-1-oxide (3ea): oil, 58.0
mg (50%); 'H NMR (400 MHz, CDCls): § 7.04 (dd, J = 1.9, 4.1 Hz, 1H), 7.10-7.28 (m, 7H), 7.33
(ddd, J=2.2, 2.2, 8.1 Hz, 1H), 7.38-7.55 (m, 6H), 7.86 (dd, J = 8.5, 13.0 Hz, 2H); °C NMR (100
MHz, CDCl5): ¢ 114.3 (d, J=10.9 Hz), 121.1 (d, /= 136.8 Hz), 126.8 (d, /= 10.1 Hz), 127.7, 128.0
(d, J=14.8 Hz), 128.1 (d, J = 147.6 Hz), 128.3, 128.9, 129.06, 129.08, 129.2, 131.5, 131.6 (d, J =
13.2 Hz), 133.8 (d, J=11.9 Hz), 134.2 (d, /= 5.1 Hz), 135.1 139.5 (d, /= 3.4 Hz), 140.1 (d, /= 3.6
Hz), 140.6 (d, J= 6.0 Hz), 148.1 (d, J = 11.1 Hz); *'P{'H} NMR (CDCl;, 162 MHz): 6 22.7; HRMS
m/z (M+H") Caled for Co6H 3C1,0,P: 463.0416. Found 463.0418.

8-Methyl-1-(2-methylphenyl)-3,4-diphenyl-/H-2,1-benzoxaphosphorin-1-oxide (3fa): mp
53-55 °C, 91 mg (86%); 'H NMR (400 MHz, CDCls): d 2.19 (s, 3H), 2.29 (s, 3H), 6.88 (dd, J = 4.4,
8.1 Hz, 1H), 7.06-7.14 (m, 4H), 7.18-7.21 (m, 2H), 7.22-7.26 (m, 3H), 7.31-7.42 (m, 5H), 7.49 (t, J
=7.4 Hz, 1H), 8.26 (ddd, J= 1.4, 7.8, 14.8 Hz, 1H); °C NMR (100 MHz, CDCls): 6 20.6 (d, J = 4.8
Hz), 21.3 (d, /= 5.8 Hz), 118.8 (d, J = 11.5 Hz), 121.8 (d, J = 127.4 Hz), 125.1 (d, J = 9.6 Hz),
125.8 (d, J = 13.7 Hz), 127.5, 127.7, 128.3, 128.8 (overlapped), 129.0, 130.1 (d, J = 142.8 Hz),
130.2 (d, J=13.2 Hz), 131.5 (d, J = 12.5 Hz), 131.8, 132.2 (d, /= 1.9 Hz), 132.9 (d, J = 2.6 Hz),
134.5, (d,J=11.5 Hz), 134.8 (d, /= 4.8 Hz), 139.5 (d, /= 5.8 Hz), 140.5 (d, /= 12.5 Hz), 141.8 (d,
J =10.6 Hz), 146.3 (d, J = 12.5 Hz); *'P{'"H} NMR (CDCls, 162 MHz): § 22.2; HRMS m/z (M")
Calcd for C,3H,30,P: 422.1436. Found 422.1425.

7-methyl-3,4-diphenyl-1-(m-tolyl)-71H-2,1-benzoxaphosphorin-1-oxide (3ga): gum, 939 mg
(89%); 'H NMR (400 MHz, CDCl3): 6 2.32 (s, 3H), 2.42 (s, 3H), 6.94 (dd, J= 5.1 Hz, 8.2 Hz, 1H),
7.06-7.15 (m, 3H), 7.21-7.28 (m, 5H), 7.34-7.42 (m, 6H), 7.67-7.72 (m, 1H), 7.80 (d, J = 13.8 Hz,
1H); °C NMR (100 MHz, CDCls): 6 21.1, 21.4, 119.0 (d, J = 10.9 Hz), 123.2 (d, J = 127.8 Hz),
126.8 (d, J = 10.1 Hz), 127.5, 127.8, 128.3, 128.4 (d, J = 14.8 Hz), 128.9, 129.1, 129.5 (d, J = 11.1
Hz), 130.1 (d, J = 143.3 Hz), 130.4 (d, J = 12.2 Hz), 131.6, 132.8 (d, J = 10.8 Hz), 133.4 (d, J=2.6
Hz), 133.8 (d, J=2.8 Hz), 134.9 (d, /= 5.0 Hz), 136.1 (d, J = 5.3 Hz), 136.3, 137.8 (d, J = 14.1 Hz),
138.4 (d, J= 13.8 Hz), 146.2 (d, J= 11.0 Hz); >'P{'"H} NMR (CDCl;, 162 MHz): d 25.0; HRMS m/z
(M+H") Caled for C,5H,40,P: 423.1508. Found 423.1509.

1-Ethoxy-3,4-diphenyl-1H-2,1-benzoxaphosphorin-1-oxide (3ha): mp 127-128 °C, 71 mg (78%);
'H NMR (400 MHz, CDCl3): 6 1.32 (t, J = 7.0 Hz, 3H), 4.21-4.31 (m, 2H), 6.96 (t, J = 7.0 Hz, 1H),
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7.12-7.26 (m, 7H), 7.35-7.36 (m, 3H), 7.41-7.50 (m, 2H), 7.96 (ddd, J = 1.7, 7.3, 15.2 Hz, 1H); °C
NMR (100 MHz, CDCly): 6 16.4 (d, J= 5.8 Hz), 63.0 (d, J = 6.7 Hz), 119.8 (d, J = 12.2 Hz), 120.9
(d, J=180.2 Hz), 127.1 (d, J= 11.9 Hz), 127.62 (d, J = 15.3 Hz), 127.63, 127.9, 128.5, 128.8, 128.9,
129.3 (d, J=9.3 Hz), 131.5, 132.8 (d, J = 2.9 Hz), 134.5 (d, J= 5.7 Hz), 136.0, 140.2 (d, J = 7.6 Hz),
147.8 (d, J = 10.5 Hz); *'P{'"H} NMR (CDCl;, 162 MHz): § 11.2; HRMS m/z (M") Calcd for
CH,05P: 362.1072. Found 362.1068.

1-+-Butyl-3,4-diphenyl-1H-2,1-benzoxaphosphorin-1-oxide (3ia): mp 184-186 °C, 28.4 mg
(30%); 'H NMR (400 MHz, CDCl3): ¢ 1.30 (d, J = 16.9 Hz, 9H), 6.89-6.93 (m, 1H), 7.11-7.46 (m,
12H), 7.90-95 (m, 1H); >C NMR (100 MHz, CDCls): 6 23.8, 35.8 (d, J = 99.7 Hz), 119.3, 119.4 (d,
J=149.5 Hz), 126.7 (d, J = 8.6 Hz), 127.4 (d, J = 12.5 Hz), 127.6 (d, J = 12.5 Hz), 127.6, 127.7,
128.4, 128.8, 128.9 (br), 131.3 (d, J=9.6 Hz), 131.4 (br), 132.7 (d, J=2.9 Hz), 134.8 (d, /= 5.7 Hz),
136.3, 139.9 (d, J = 6.7 Hz), 148.4 (d, J = 11.5 Hz); *'P{'"H} NMR (CDCl;, 162 MHz): 6 46.3;
HRMS m/z (M+H+) Calcd for C,4H,4,0,P: 375.1508. Found 357.1517.

3,4-Bis(4-methylphenyl)-1-phenyl-1 H-2,1-benzoxaphosphorin-1-oxide (3ab): mp 221-223 °C,
89.2 mg (56%); 'H NMR (400 MHz, CDCls): 6 2.24 (s, 3H), 2.40 (s, 3H), 6.92 (d, J = 8.4 Hz, 2H),
7.05 (s, J=4.7 Hz, 8.0 Hz, 1H), 7.13-7.21 (m, 6H), 7.31 (dt, J= 3.1 Hz, 7.5 Hz, 1H), 7.43 (t, J="7.6
Hz, 1H), 7.49-7.53 (m, 2H), 7.56-7.62 (m, 2H), 7.93 (ddd, J = 1.4 Hz, 7.2 Hz, 13.2 Hz, 1H); °C
NMR (100 MHz, CDCls): § 21.2, 21.3, 118.4 (d, J = 10.5 Hz), 123.1 (d, J = 128.7 Hz), 126.7 (d, J =
9.5 Hz), 127.3 (d, J = 14.3 Hz), 128.3, 128.5 (d, J = 13.4 Hz), 129.0, 129.6 (d, /= 9.5 Hz), 130.2 (d,
J =124 Hz), 131.4, 131.5 (d, J = 97.3 Hz), 131.9, 132.3 (d, J = 11.5 Hz), 132.4 (d, J = 2.9 Hz),
132.9 (d, J = 2.4 Hz), 133.1, 137.4, 138.4, 139.0 (d, J = 5.7 Hz), 146.9 (d, J = 2.5 Hz); *'P{'H}
NMR (CDCls, 162 MHz): 6 24.4; HRMS m/z (M+H") Caled for CpsHp30,P: 422.1436. Found
422.1438.

3,4-Bis(4-methoxyphenyl)-1-phenyl-1H-2,1-benzoxaphosphorin-1-oxide (3ac): mp 49-51 °C, 69
mg (61%); 'H NMR (400 MHz, CDCl5): 0 3.72 (s, 3H), 3.85 (s, 3H), 6.64 (d, J = 8.5 Hz, 2H), 6.94
(d, J=8.0 Hz, 2H), 7.07 (dd, J = 4.8, 8.1 Hz, 1H), 7.19 (m, 4H), 7.30 (td, /= 3.1, 7.6 Hz, 1H), 7.43
(t, J=7.3 Hz, 1H), 7.49-7.62 (m, 4H), 7.93 (dd, J= 8.1, 13.3 Hz, 2H); C NMR (100 MHz, CDCls):
0 55.1, 55.2, 113.0, 114.4, 117.5 (d, J = 11.5 Hz), 122.9 (d, J = 130.3 Hz), 126.6 (d, J = 9.6 Hz),
127.20 (d, J = 14.4 Hz), 127.23 (d, J = 4.8 Hz), 128.4, 128.5 (d, J = 14.4 Hz), 130.19 (d, J = 12.5
Hz), 130.20 (d, J = 145.6 Hz), 130.5, 132.3 (d, /= 11.0 Hz), 132.4 (d, /= 3.4 Hz), 132.7, 132.9 (d, J
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=2.6 Hz), 139.3 (d, J = 4.8 Hz), 146.8 (d, J = 11.5 Hz), 159.1, 159.4; *'P{'H} NMR (CDCl,, 162
MHz): § 25.0; HRMS m/z (M") Caled for Cy5Hy30,4P: 454.1334. Found 454.1336.

3,4-Bis(4-chlorophenyl)-1-phenyl-1H-2,1-benzoxaphosphorin-1-oxide (3ad): mp 58-60 °C, 92
mg (79%); 'H NMR (400 MHz, CDCl3): 6 7.02 (dd, J = 4.8, 8.0 Hz, 1H), 7.12 (d, J = 9.0 Hz, 2H),
7.16 (d, J = 8.8 Hz, 2H), 7.21 (d, J = 8.3 Hz, 2H), 7.34-7.40 (m, 3H), 7.47 (t, J = 7.6 Hz, 1H),
7.51-7.66 (m, 4H), 7.92 (ddd, J = 1.4, 8.4, 13.4 Hz, 2H); >C NMR (100 MHz, CDCl3): 6 118.5 (d, J
=11.4 Hz), 123.3 (d, J=128.7 Hz), 126.6 (d, /= 9.5 Hz), 127.97 (d, J = 14.3 Hz), 128.02, 128.6 (d,
J =14.3 Hz), 129.39 (overlapped), 129.44 (d, J = 144.9 Hz), 130.4, 130.5, 132.4 (d, J = 11.4 Hz),
132.6 (d, J=2.9 Hz), 132.87, 132.93, 133.2 (d, /J=2.9 Hz), 134.2 (d, /= 9.8 Hz), 134.7, 1379 (d, J
= 4.8 Hz), 146.0 (d, J=10.5 Hz); *'P{'"H} NMR (CDCl;, 162 MHz): 6 25.1; HRMS m/z (M") Calcd
for C,6H,7C1,0,P: 462.0343. Found 462.0331.

3,4-Bis[4-(trifluoromethyl)phenyl]-1-phenyl-1H-2,1-benzoxaphosphorin-1-oxide  (3ae): mp
49-51 °C, 75.8 mg (58%); '"H NMR (400 MHz, CDCl;): d 6.97 (dd, J=4.8, 8.0 Hz, 1H), 7.33 (d, J =
8.4 Hz, 2H), 7.39-7.45 (m, 5H), 7.50 (t, J = 7.6 Hz, 1H), 7.53-7.66 (m, 4H), 7.69 (d, J = 8.1 Hz, 2H),
7.95 (ddd, J = 1.4, 8.6, 13.6 Hz, 2H); “C{"”F} NMR (100 MHz, CDCls): § 119.5 (d, J = 11.2 Hz),
123.5 (d, J=128.7 Hz), 123.6, 123.9, 124.8, 126.1 (2C, overlapped), 126.6 (d, J= 9.3 Hz), 128.4 (d,
J=14.6 Hz), 128.7 (d, J = 14.3 Hz), 129.4, 130.2 (d, J = 78.2 Hz), 130.51, 130.52 (d, J = 10.5 Hz),
132.0, 132.5 (d, J = 10.5 Hz), 132.8 (d, J = 2.9 Hz), 133.4 (d, J = 2.9 Hz), 137.4 (d, J = 5.5 Hz),
137.8 (d, J = 5.3 Hz), 139.5, 145.7 (d, J = 10.7 Hz); *'P{'"H} NMR (CDCl;, 162 MHz): 6 25.2;
HRMS m/z (M") Caled for CosH,,Fs0,P: 530.0870. Found 530.0862.

1,3-Diphenyl-4-methyl-1 H-2,1-benzoxaphosphorin-1-oxide (3af) + an isomer (3af’) [93:7]: oil,
56 mg (66%); 'H NMR (400 MHz, CDCls): 6 2.92 (s, 3H), 7.34-7.43 (m, 4H), 7.46-7.52 (m, 3H),
7.56-7.67 (m, 5H), 7.88 (ddd, J = 1.4, 8.3, 13.2 Hz, 2H); °C NMR (100 MHz, CDCLy): 6 15.7, 111.0
(d,J=11.4Hz), 123.8 (d, J=129.7 Hz), 124.5 (d, /= 9.5 Hz), 127.4 (d, J = 14.3 Hz), 128.0, 128.2
(d, J=98.7 Hz), 128.4 (d, /= 13.4 Hz), 129.0, 129.6, 130.1 (d, J=13.1 Hz), 132.5 (d, /= 11.4 Hz),
132.6 (d,J=2.9 Hz), 132.9 (d, /= 3.1 Hz), 134.9 (d, /= 4.8 Hz), 138.6 (d, /= 5.7 Hz), 146.3 (d, J =
11.2 Hz); >'P{'H} NMR (CDCl;, 162 MHz): 6 24.3; HRMS m/z (M") Caled for C,H,;,0,P:
332.0966. Found 332.0963.

1-Phenyl-3,4-di-n-propyl-1H-2,1-benzoxaphosphorin-1-oxide (3ag): oil, 34.2 mg (42%); 'H
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NMR (400 MHz, CDCls): 6 0.94 (t, J = 7.3 Hz, 3H), 1.03 (t, J = 7.3 Hz, 3H), 1.55-1.70 (m, 4H),
2.40-2.60 (m, 4H), 7.28 (dt, J = 2.8 Hz, 7.3 Hz, 1H), 7.45-7.50 (m, 4H), 7.55-7.59 (m, 2H), 7.78
(ddd, J = 1.4 Hz, 7.0 Hz, 13.2 Hz, 1H); C NMR (100 MHz, CDCls): 6 13.7, 14.2, 20.2, 22.7, 29.8,
34.1 (d, J=4.1 Hz), 113.8 (d, J= 11.4 Hz), 123.57 (d, J = 128.7 Hz), 123.60 (d, J = 10.5 Hz), 126.6
(d, J=14.3 Hz), 128.3 (d, J= 13.4 Hz), 130.3 (d, J = 143.3 Hz), 130.5 (d, J= 12.4 Hz), 132.2 (d, J =
11.4 Hz), 132.5 (d, J = 2.9 Hz), 132.7 (d, J = 2.9 Hz), 137.6 (d, J = 4.8 Hz), 149.8 (d, J = 11.4 Hz);
'p{'H} NMR (CDCls, 162 MHz): 6 23.9; HRMS m/z (M") Caled for CH»;0,P: 326.1436. Found
326.1437.

References and Notes

(1) Li, B.; Zhou, B.; Lu, H.; Ma, L.; Peng, A.-Y. Eur. J. Med. Chem. 2010, 45, 1955.

(2) (a) Wei, P.; Ding, Y.-X. Synlett 2005, 599. (b) Peng, A.-Y.; Ding, Y.-X. Org. Lett. 2004, 6, 1119.
(c) Peng, A.-Y.; Ding, Y.-X. J. Am. Chem. Soc. 2003, 125, 15006. (d) Peng, A.-Y.; Hao, F.; Li, B.;
Wang, Z.; Du, Y. J. Org. Chem. 2008, 73, 9012.

(3) Selected recent reviews for C—H functionalization: (a) Colby, D. A.; Tsai, A. S.; Bergman, R.
G.; Ellman, J. A. Acc. Chem. Res. 2012, 45, 814. (b) Engle, K. M.; Mei, T.-S.; Wasa, M.; Yu, J.-Q.
Acc. Chem. Res. 2012, 45, 788. (c) Mitchell, E. A.; Peschiulli, A.; Lefevre, N.; Meerpoel, L.; Maes,
B. U. W. Chem.—Eur. J. 2012, 18, 10092. (d) Cho, S. H.; Kim, J. Y.; Kwak, J.; Chang, S. Chem. Soc.
Rev. 2011, 40, 5068. (¢) Wencel-Delord, J.; Droge, T.; Liu, F.; Glorius, F. Chem. Soc. Rev. 2011, 40,
4740. (f) Kuninobu, Y.; Takai, K. Chem. Rev. 2011, 111, 1938. (g) Liu, C.; Zhang, H.; Shi, W.; Lei, A.
Chem. Rev. 2011, 111, 1780. (h) Ackermann, L. Chem. Rev. 2011, 111, 1315. (i) Lapointe, D.;
Fagnou, K. Chem. Lett. 2010, 39, 1118. (j) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010, 110, 1147.
(k) Colby, D. A.; Bergman, R. G.; Ellman, J. A. Chem. Rev. 2010, 110, 624. (1) Sun, C.-L.; Li, B.-J.;
Shi, Z.-J. Chem. Commun. 2010, 46, 677. (m) Satoh, T.; Miura, M. Chem.—FEur. J. 2010, 16, 11212.
(n) Satoh, T.; Miura, M. Synthesis 2010, 3395. (o) Chen, X.; Engle, K. M.; Wang, D.-H.; Yu, J.-Q.
Angew. Chem., Int. Ed. 2009, 48, 5094. (p) Daugulis, O.; Do, H.-Q.; Shabashov, D. Acc. Chem. Res.
2009, 42, 1074. (q) McGlacken, G. P.; Bateman, L. M. Chem. Soc. Rev. 2009, 38, 2447. (r) Li, C.-J.
Acc. Chem. Res. 2009, 42, 335. (s) Kakiuchi, F.; Kochi, T. Synthesis 2008, 3013. (t) Ferreira, E. M.;
Zhang, H.; Stoltz, B. M. Tetrahedron 2008, 64, 5987. (u) Park, Y. J.; Park, J.-W.; Jun, C.-H. Acc.
Chem. Res. 2008, 41, 222. (v) Beccalli, E. M.; Broggini, G.; Martinelli, M.; Sottocornola, S. Chem.
Rev. 2007, 107, 5318. (w) Alberico, D.; Scott, M. E.; Lautens, M. Chem. Rev. 2007, 107, 174. (X)
Godula, K.; Sames, D. Science 2006, 312, 67. (y) Kakiuchi, F.; Chatani, N. Adv. Synth. Catal. 2003,

45



345, 1077. (z) Dyker, G. Angew. Chem., Int. Ed. 1999, 38, 1698.

(4) (a) Ueura, K.; Satoh, T.; Miura, M. Org. Lett. 2007, 9, 1407. (b) Ueura, K.; Satoh, T.; Miura, M.
J. Org. Chem. 2007, 72, 5362.

(5) Selected reports: (a) Unoh, Y.; Hirano, K.; Satoh, T.; Miura, M. Tetrahedron 2013, 69, 4454. (b)
Morimoto, K.; Hirano, K.; Satoh, T.; Miura, M. J. Org. Chem. 2011, 76, 9548. (c) Morimoto, K.;
Hirano, K.; Satoh, T.; Miura, M. Chem. Lett. 2011, 40, 600. (d) Fukutani, T.; Hirano, K.; Satoh, T.;
Miura, M. J. Org. Chem. 2011, 76, 2867. (¢) Umeda, N.; Hirano, K.; Satoh, T.; Shibata, N.; Sato, H.;
Miura, M. J. Org. Chem. 2011, 76, 13. (f) Mochida, S.; Umeda, N.; Hirano, K.; Satoh, T.; Miura, M.
Chem. Lett. 2010, 39, 744. (g) Morimoto, K.; Hirano, K.; Satoh, T.; Miura, M. Org. Lett. 2010, 12,
2068. (h) Mochida, S.; Shimizu, M.; Hirano, K.; Satoh, T.; Miura, M. Chem.—Asian J. 2010, 5, 847.
(i) Fukutani, T.; Umeda, N.; Hirano, K.; Satoh, T.; Miura, M. Chem. Commun. 2009, 5141. (j)
Mochida, S.; Hirano, K.; Satoh, T.; Miura, M. J. Org. Chem. 2009, 74, 6295. (k) Shimizu, M.;
Hirano, K.; Satoh, T.; Miura, M. J. Org. Chem. 2009, 74, 3478.

(6) Selected examples: (a) Kim, D.-S.; Park, J.-W.; Jun, C.-H. Chem. Commun. 2012, 48, 11334.
(b) He, T.; Too, P. C.; Chen, R.; Chiba, S.; Sun, H. Chem.—Asian J. 2012, 7, 2090. (¢) Li, B.-J.;
Wang, H.-Y.; Zhu, Q.-L.; Shi, Z.-J. Angew. Chem., Int. Ed. 2012, 51, 3948. (d) Jayakumar, J.;
Parthasawathy, K.; Cheng, C.-H. Angew. Chem., Int. Ed. 2012, 51, 197. (e) Hyster, T. K.; Rovis, T.
Chem. Commun. 2011, 47, 11846. (f) Wei, X.; Zhao, M.; Du, Z.; Li, X. Org. Lett. 2011, 13, 4636. (g)
Guimond, N.; Gorelsky, S. I.; Fagnou, K. J. Am. Chem. Soc. 2011, 133, 6449. (h) Patureau, F. W.;
Besset, T.; Kuhl, N.; Glorius, F. J. Am. Chem. Soc. 2011, 133, 2154. (i) Too, P. C.; Wang, Y.-F,;
Chiba, S. Org. Lett. 2010, 12, 5688. (j) Song, G.; Chen, D.; Pan, C.-L.; Crabtree, R. H.; Li, X. J. Org.
Chem. 2010, 75, 7487. (k) Hyster, T. K.; Rovis, T. J. Am. Chem. Soc. 2010, 132, 10565. (1) Rakshit,
S.; Patureau, F. W.; Glorius, F. J. Am. Chem. Soc. 2010, 132, 9585. (m) Li, L.; Brennessel, W. W.;
Jones, W. D. J. Am. Chem. Soc. 2008, 130, 12414. (n) Guimond, N.; Fagnou, K. J. Am. Chem. Soc.
2009, /31, 12050. (o) Stuart, D. R.; Bertrand-Laperle, M.; Burgess, K. M. N.; Fagnou, K. J. Am.
Chem. Soc. 2008, 130, 16474. (p) Colby, D. A.; Bergman, R. G.; Ellman, J. A. J. Am. Chem. Soc.
2008, /30, 3645. See also reviews: (q) Patureau, F. W.; Wencel-Delord, J.; Glorius, F. Aldrichim.
Acta 2012, 45, 31. (r) Chiba, S. Chem. Lett. 2013, 41, 1554.

(7) (a) Meng, X.; Kim, S. Org. Lett. 2013, 15, 1910. (b) Chan, L. Y.; Kim, S.; Ryu, T.; Lee, P. H.
Chem. Commun. 2013, 49, 4682.

(8) Seo, J.; Park, Y.; Jeon, L.; Ryu, T.; Park, S.; Lee, P. H. Org. Lett. 2013, 15, 3358.

(9) (a) Carpino, L. A.; Xia, J.; Zhang, C.; El-Faham, A. J. Org. Chem. 2004, 69, 62. (b) Busacca, C.
A.; Lorenz, J. C.; Grinberg, N.; Haddad, N.; Hrapchak, M.; Latli, B.; Lee, H.; Sabila, P.; Saha, A_;

46



Sarvestani, M.; Shen, S.; Varsolona, R.; Wei, X. D.; Senanayake, C. H. Org. Lett. 2005, 7, 4277.
(10) Smith, A. B.; Ducry, L.; Corbett, R. M.; Hirschmann, R. Org. Lett. 2000, 2, 3887.
(11) Novak, Z.; Nemes, P.; Kotschy, A. Org. Lett. 2004, 6, 4917.

47



48



Chapter 3

Synthesis of Benzo|[b]phospholes by Ag(I)-promoted Oxidative
Annulation of H-phosphine Oxides with Internal Alkynes

A synthesis of benzo[b]phosphole oxides by a Ag(I)-mediated oxidative coupling of
H-phosphine oxides with internal alkynes is described. A number of substituted
benzo[b]phosphole derivatives could be synthesized by the simple method from readily
available substrates. Several control experiments suggested that radical intermediates

involved in the reaction.

H R
AgOAc
E:E _H + R'——R? > ©\/\S—R2
A DMF, 100 °C P
R O II\R
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Introduction

As described in Chapter 1, benzophosphole derivatives have recently attracted much
attention in the field of materials chemistry because of their unique optical and
electronic properties.! However, synthetic approaches to such promising frameworks
are so far limited.” Most of the currently available methods rely on the cyclization of
phenylphosphorus compounds with alkynyl groups preinstalled at the ortho position.
For recent examples, Nakamura, Tsuji, and co-workers reported the n-BuLi promoted
cyclization of  ortho-alkynylarylphosphines ~ (Scheme 3.1).** The formed
3-lithiobenzophosphole species were further employed for the reaction with a number of

electrophiles directly or after treating with zinc halides (Negishi couplings).

Scheme 3.1.
Ph
// Li R
n-BuLi
— N—ph | —> N—ph
I|3H THF, -78 °C R |:<
Mes* Mes* Mes*

Tanaka, Sanji, and co-workers reported the cyclization of ortho-alkynylarylphosphines

in the presence of a catalytic amount of KO#-Bu (Scheme 3.2).2b

Scheme 3.2.
P
= 0
@\/ 20 mol% KOt-Bu mph
. P
PH DMSO, 70 °C Do
Ph

79%
Yamaguchi, Fukazawa, and co-workers reported a benzo[b]phosphole synthesis via in

situ generated ortho-alkynylaryl(amino)phosphines (Scheme 3.3).%
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Scheme 3.3.

Ph , Ph Br
// 1) t-BulLi //
2) PhP(NEt,)CI PBr;  H,0,aq N\_pp,
ST -
. NEt
Br THF, -78 °C prhe rt o,,P\Ph

Ph

The precursors in the above procedures are usually prepared through complicated
multistep reactions. Moreover, the substituent tolerance is low in the cyclizations as
they are performed under strongly basic conditions. Thus, development of new,
effective processes for synthesizing a broad range of benzophospholes derivatives under
mild conditions from relatively simple starting materials is strongly desired.

As the author demonstrated the phosphaisocoumarin synthesis in Chapter 2, the
rhodium-catalyzed dehydrogenative annulation of monosubstituted benzenes with
alkynes through directed C-H bond cleavage is one of the most promising ways for the
straightforward ~synthesis of phosphorus-containing heterocycles.” Not only
six-membered ring, but also 5-membered ring construction has been significantly
developed in recent years by rhodium catalysis.* > For example, Fagnou and co-workers
reported that indoles can be constructed through the coupling of N-acetylanilines with
internal alkynes (Scheme 3.4).** Miura, Satoh, and co-workers reported the synthesis of
indenone imines synthesis by the oxidative coupling of benzylideneanilines with

internal alkynes (Scheme 3.5).4b

Scheme 3.4.
2.5 mol% [Cp*RhCl,],
Me

H Me 10 mol% AgSbFg

CU(OAC)z'Hzo
O\ -
N o, [FAmMOH, 120°C N

Ac h Ac
79%
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Scheme 3.5.

H Ph 2 mol% [Cp*RNhCl,], Ph
CU(OAC)2‘H20
H + \ - O‘ Ph
N| - DMF, 80 °C \
“Ph N-ph

76%

In the light of these results, the author undertook to develop a direct method for the
construction of benzophospholes by rhodium catalysis. In the course of this study, the
author surprisingly discovered that the direct transformation toward benzophospholes
can be achieved by a silver salt without adding any rhodium species. In Chapter 3, the
author describes the silver-promoted direct synthesis of benzophospholes by the

oxidative annulation reaction of H-phosphine oxides with internal alkynes.

Results and Discussion

As an initial attempt, the author examined the coupling of diphenylphosphine oxide
(1a) with diphenylacetylene (2a) in the presence of a cationic Cp*Rh"' complex and
AgOACc as catalyst and oxidant, respectively, and succeeded in obtaining the expected
benzophosphole derivative 3aa in a good yield (Table 3.1, entry 1). However, it was
somewhat surprising to observe that the reaction proceeded efficiently even without any
rhodium catalyst (entry 2). Treatment of 1a (0.5 mmol) with 2a (0.25 mmol) in the
presence of AgOAc (1 mmol) in DMF (3 mL) at 100 °C for 4 h under N, gave the
oxidative annulation product 1,2,3-triphenyl-1H-phosphindole-1-oxide (3aa) in 96 %
yield exclusively. Obviously, the mechanism of this reaction seems to be different from

that of the annulation reaction in Chapter 2. To obtain additional information about this
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mechanism, the author conducted the reaction of 1a with 2a in the presence of 0.5 mmol
of 2,2,6,6-tetramethylpiperidine-1-oxy (TEMPO) (entry 3) or
2,6-di-tert-butyl-a-(3,5-di-tert-butyl-4-oxo-2,5-cyclohexadiene-1-ylidene)-p-tolyloxy
(Galvinoxyl) (entry 4). As a result, these radical inhibitors severely retarded or
completely suppressed the reaction. These results suggest that radical species is
presumably involved in the course of this reaction.”” While the reaction using the
substrates in a 1:1 ratio gave 3aa in 80 % yield (entry 5), decreasing the amount of
AgOAc (0.5 mmol) substantially reduced the product yield (entry 6). At 80 °C, the
reaction was sluggish (entry 7). In AcOH, the reaction also proceeded smoothly, but the
product yield was somewhat low (entry 8). The combination of AgNOj3 (0.05 mmol) and
K,S,05 (1 mmol), which has been employed to generate P-centered radicals,”™° was not
effective for the present reaction (entry 9). Note that the present reaction could be
readily scaled up to a gram scale. Thus, from 1a (6 mmol) and 2a (3 mmol), 3aa was
obtained in 82 % yield (0.93 g, entry 10).

It has been reported that P-centered radicals can be formed in the presence of
Mn(OAc); through homolytic P-H bond cleavage.® Therefore, we employed
Mn(OAc);-2 H>O (1 mmol) in the place of AgOAc for the reaction of 1a with 2a, and
3aa was formed in 50 % yield (entry 11). Interestingly, the reaction could be conducted
even at room temperature (entries 12—14). Comparable results were obtained in DMF

and AcOH, whereas the product yield decreased slightly in CH,Cl,.
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Table 3.1. Reaction of Diphenylphosphine Oxide (1a) with diphenylacetylene (2a)?

H Ph
@ + Ph——pn conditions _ wph
_H
Py 0 A Sen
1a (0.5 mmol) 2a (0.25 mmol) 3ga
entry oxidant (mmol) Temp (°C) solvent  yield (%)°

1° AgOAc (1) 100 DMF 93

2 AgOAc (1) 100 DMF 96 (96)
34 AgOAc (1) 100 DMF 6

4¢ AgOAc (1) 100 DMF 0

5f AgOAc (1) 100 DMF 80

6 AgOAc (0.5) 100 DMF 6

7 AgOAc (1) 80 DMF 13

8 AgOAc (1) 100 AcOH 81

9 AgNO; (0.05) + K,S,0g (1) 100 DMF 19
109 AgOAc (12) 100 DMF 6

11 Mn(OAc)3*2H,0 (1) 100 DMF 50
12 Mn(OAc)3+2H,0 (1) RT DMF 70
13 Mn(OAc)3*2H,0 (1) RT AcOH 78
14 Mn(OAc)3+2H,50 (1) RT CH,Cl, 58

4Reaction conditions: 1a (0.5 mmol), 2 (0.25 mmol), and oxidant in solvent
(3 mL) under N, for 4 h. °GC Yield of the product 3aa based on the amount
of 2. Isolated yield is shown in parentheses. “With [Cp*Rh(MeCN);][SbF¢],
(0.01 mmol). ‘With TEMPO (0.5 mmol). ®With Galvinoxyl (0.5 mmol). "With
1a (0.25 mmol). 9With 1a (6 mmol) and 2a (3 mmol) in DMF (36 mL).

With the optimized conditions (entry 2 in Table 5.1) in hand, the author next explored
scope of substrates for the present reaction. The scope of alkynes 2 is summarized in
Table 5.2. The diarylacetylenes 2b-g underwent the coupling with 1a when using
AgOAc as the oxidant to selectively produce the corresponding
2,3-diaryl-1-phenyl-1H-phosphindole-1-ones 3ab-3ag. 4-Octyne (2h) could also be
employed in this reaction. Interestingly, the unsymmetrical phenylacetylenes 2i-q
reacted with la in a regioselective manner to produce the 2-substituted

1,3-diphenyl-1H-phosphindole-1-ones 3ai-3aq in moderate to good yields. Notably, no
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other isomers were detected in any of these reactions. In the reactions with
silylacetylenes 2k and 21, better results were obtained by using Mn(OAc);-2 H,O as the
oxidant at room temperature. Under the standard conditions using AgOAc at 100 °C,

only small amounts (ca. 10 %) of desilylated coupling products were detected by GC—

Table 3.2. Reaction of Diphenylphosphine Oxide (1a) with alkyne (2a)? ;
R

AgOAc 1.0 mmol
P”H + R—R? N—R2
e Yo DMF, 100°C, 4 h P
6 R
1a (0.5 mmol) 2 (0.25 mmol) 3
Alkyne 2 Product 3, yield (%)°
R R

3ab: R = Me, 80%

2b: R = Me
2¢: R = OMe O 3ac: R = OMe, 77%
\ 2d: R = NMe, 3ad: R = NMe,, 35%
N 2e:R =Cl 3ae: R = Cl, 89%
2f: R =Br ‘ \ O R 3af:R = Br, 60%
O 2g9: R = Bpin 3ag: R = Bpin, 19%
A
R
\
@K
R

)
4

/

O~

2h A 3ah: 63%

0
4

/

|

R

2i: R =Me 3ai: R = Me, 86%

2j: R=n-Bu 3aj: R =n-Bu, 73%

2k: R=TMS O 3ak: R = TMS, 0%, 54%°
3al: R = SiMe,Ph, 57%°

3am: R = CO,Et, 57%

3an: R =Ac, 62%

2I: R = SiMe,Ph

2m: R = CO,Et
2n: R =Ac O

o)
NG
Py

20: R = C(OH)Me, o SO 3a0: R = C(OH)Me,, 61%
2p: R = CH,OTBS 3ap: R = CH,0OTBS, 58%
2q: R = PO(OEt), 3aq: R = PO(OEt),, 41%

Me /\—Me

2r¢ 3ar: 38%¢

@Reaction conditions: 1a (0.5 mmol), 2 (0.25 mmol), and AgOAc (1.0 mmol) in DMF (3 mL)
at 100 °C under N, for 4 h. ®Yield of isolated product based on the amount of 2. Using
Mn(OAc)3+2H,0 (1 mmol) at room temperature in place of AgOAc. “Using 1a (1 mmol)
and AgOAc (2 mmol).
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MS. As expected, 1a reacted with 1,4-di(prop-1-yn-1-yl)benzene (2r) in a 2:1 manner to
form a bis(benzophosphole-3-yl)benzene framework (3ar).”™’ This type of structure is
of interest for application in organic light-emitting diodes and thin-film
photovoltaics.”'*

This annulation reaction could not be applied to the terminal alkynes, such as
phenylacetylene 2s (Scheme 3.6). Pleasingly, silylacetylene 2k could be employed as a

terminal alkyne surrogate, the corresponding coupling product 3as could be synthesized

from sequential annulation / desilylation process.

Scheme 3.6. Reaction of 1a with Terminal Alkyne and Its Surrogate

AgOAc (1.0 mmol) Ph
H DMF, 100 °C, 4 h
@ H ot Ph—= o >
P Mn(OAc);°2H,0 P
ph’ O (1.0 mmol) 4 Ph
1a (0.5 mmol) 2s (0.25 mmol)  DMF,rt, 4 h 3as 0%
1) Mn(OAc)3°2H,0 Ph
H (1.0 mmol)
@[ H + Ph———TMs DMF.rt,4h N
P 2) TBAF P
ph" O (1 Min THF, 1 mmol) & Ph
1a (0.5 mmol) 2k (0.25 mmol) THF, rt, overnight 3as 57%

Next, the reactions of variously substituted phenylphosphine oxides with 2a were
examined (Table 3.3). Unexpectedly, the reaction of bis(4-methylphenyl)phosphine
oxide (1b) in the presence of AgOAc gave both the normal coupling product 3ba and
the isomer 3ba’ as a 1:1 mixture. This may imply that an aryl migration involving C-P
bond cleavage and new C-P bond formation process intervenes.'' The reaction of
4-methoxy-substituted substrate 1¢ also gave a 1:1 mixture of 3ca and 3ca’. When using
Mn(OAc);-2 H,O as the oxidant at room temperature, the relative product ratio of 3ca’

increased. As expected, the reaction of bis(3-methylphenyl)phosphine oxide with 2a

56



gave a complex mixture of product isomers (data not shown). By contrast, in the
reaction of sterically hindered bis(2-methylphenyl)phosphine oxide (1d), 3da’ was

formed as the predominant product, along with 3da. Alkyl(phenyl)phosphine oxides

Table 3.3. Reaction of Arylphosphine Oxide (1) with Diphenylacetylene (2a)?

H Ph
R1:—\ AgOAc 1.0 mmol X N\
A~pH + Ph—=—Ph - R'— Ph
N DMF, 100 °C, 4 h Z P

2 N\
R S RZ\O
1a (0.5 mmol) 2 (0.25 mmol) 3
Phosphine oxide 1 Product(s) 3, yield (%)®

R

R
R R
P,H N_Rr N_R
E ~o EPQ\O + R EP\\O
R R R

1b: R = Me 3ba + 3ba": R = Me, 79% (1:1)
1c: R=0OMe 3ca + 3ca": R = OMe, 50% (1:1)
1c: R = OMe® 3ca + 3ca": R = OMe, 59% (1:1.9)°

: M R Me R
o) P + 2
GMe Me \® o\®

I o

/7

1d 3da + 3da’: 84% (1:2)
Ph
©\P,H @Ph
R O RF\\O
1e: R=n-Bu 3ea: R = n-Bu, 59%
1f: R =t-Bu 3fa: R = t-Bu, 66%
19: R = OEt 3ga: R = OEt, 53%

)/

Ph
H @—Ph
Py
S0 PSg
Ph

3ha: 0%, 50%°

> A

1

4Reaction conditions: 1a (0.5 mmol), 2 (0.25 mmol), and AgOAc (1.0 mmol) in DMF
(3 mL) at 100 °C under N for 4 h. ®Yield of isolated product based on the amount
of 2. °Using Mn(OAc)3*2H,0 (1 mmol) at room temperature in place of AgOAc.
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such as le and 1f also underwent coupling with 2a to produce the corresponding
P-alkylbenzophosphole derivatives 3ea and 3fa. As well as phosphine oxides,
phenylphosphinate 1g could also be used in the annulation to 3ga. The reaction of
diphenylphosphine sulfide (1h) did not proceed at all under the standard conditions.
This is likely due to the thiophilicity of silver. Fortunately, the reaction of 1h could be
carried out by using Mn(OAc);-2 H,O as the oxidant at room temperature to give 3ha in
moderate yield.

In light of the formation of unexpected isomers in Table 3.3 as well as radical
inhibition test in Table 3.1, the author proposed a plausible reaction mechanism for the
present system in Scheme 3.7. First, P-centered radical I is generated by
silver-promoted homolytic P-H bond cleavage of phosphine oxide 1. Subsequent
addition of the resulting radical I to the triple bond of alkyne 2a may occur to form the
alkenyl radical intermediate IL'? The regioselectivity in this addition step with
unsymmetrical alkynes can be rationalized by the facile formation of benzyl radicals.
There are two pathways from this intermediate. In path (a), the alkenyl radical II attacks
of the phenyl moiety at the ortho-position to form the intermediate III. Then
one-electron oxidation and rearomatization may take place to afford the product A via
IV. On the other hand, in path (b), the radical II attacks the ipso-carbon of the phenyl
ring to form the spirocyclic radical intermediate V. Successive ring expansion involving
P-C bond cleavage gives the isomer B (path (c)). If C-C bond cleavage takes place from

V (path (d)), the product A maybe formed via the intermediate TII."
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Scheme 3.7. Plausible Mechanism

Q
O
o
1 M+ M" R R Ph
Mn+1 -H*
R (a) U&Phg \@g\”‘_’ D—Ph
MP P
I/ R-
O Ph Ph

Il ?a III |V
R Pe ——— R'_
Q B P (5%:)“")
1 o >_\ (d)T C-C cleavage

Ph Ph
@f[ - m @
d Ph
()"ﬁ

H N R' // R'
V P-C cleavage VI B

Most of the benzophosphole oxides 3 obtained in this study showed solid-state
fluorescence as expected. The optical properties of representative benzophospholes 3aa,
3ac, and 3ad are summarized in Table 3.4. The quantum efficiencies (@) of the
solid-state fluorescence of 3aa, 3ac, and 3ad were measured as absolute values of 0.54,
0.63, and 0.53, respectively. Notably, 3ad shows large stokes shift with red-shited
fluorescent emission. Recently, the benzophosphole oxides possessing strong
electron-donating groups are of interests to be environment-sensitive fluorescent

probe."?

Table 3.4. Solid-state Fluorescence of 3aa, 3ac, and 3ad

O excitation fluorescence quantum
wavelength (nm) wavelength (nm)@ | efficiency @
3aa 422 451 0.54
‘v
F\\o 3ac 434 496 0.63
Ph

3aa:R=H 3ad 521 595 0.53

3ac: R = OMe

3ad: R = NMe, @Emission maximum in powder.
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Summary

In chapter 3, the author described synthesis of benzo[b]phosphole oxides by a

Ag(I)-mediated oxidative coupling of H-phosphine oxides with internal alkynes.'*'

Various benzo[b]phospholes bearing functional groups could be synthesized by a simple
operation from readily available substrates. Several experiments showed that radical

intermediates seemed to be incorporated in the reaction.

Experimental Section

General. 'H NMR spectra were recorded at 400 or 600 MHz, >C NMR spectra were recorded at
100 or 150 MHz, and *'P NMR spectra were recorded at 162 or 243 MHz for CDCl; solutions. MS
data were obtained by EI or CI. GC analysis was carried out using a silicon OV-17 column (i. d. 2.6
mm x 1.5 m). GC-MS analysis was carried out using a CBP-1 capillary column (i. d. 0.25 mm x 25
m). The structures of all products listed below were unambiguously determined by 'H, °C, *'P NMR
with the aid of COSY, HSQC, and HMBC experiments.

Substituted secondary phosphine oxide 1b-d'® and 1e,f,'” phosphine sulfide 1h,'® internal alkynes
2b-c, e, 2d,%° 2£*' 2p,” and 2q* were prepared according to published procedures. Substrates 21
and 2r were synthesized as following procedures. Other starting materials were commercially

available and used as received.

Me\ ,Me
Si
; ClI” "Ph
n-BuLi
7 N\__— 7 N = siMe,Ph
— THF, -78 °C 0°Ctort —

Synthesis of 21. To a solution of phenylacetylene (30 mmol, 2.2 mL) in dry THF (12 mL) at -78 °C
under N, atmosphere, n-BuLi (1.64 M in hexane, 20 mmol, 12.3 mL) was added. The reaction
mixture was stirred for 30 min. To the resulting mixture, dimethylphenylchlorosilane (20 mmol, 3.3
mL) was added, and stirred at 0 °C for 30 min. Then, the reaction mixture was warmed to rt and

stirred for additional 1 h. The resulting solution was quenched with sat. NH,Cl aq and extracted with
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diethylether. The organic layer was dried over Na,SO,4 and concentrated in vacuo. Crude oil was
purified by distillation (165-170 °C/1-2 torr) to afford product (4.43 g, 94%) as colorless oil. 'H
NMR (400 MHz, CDCl3): 6 0.49 (s, 6H), 7.30-7.41 (m, 6H), 7.48-7.52 (m, 2H), 7.68-7.71 (m, 2H).

N\ n-BulLi _ Mel . Me—=— 72— Me

— THF, -78 °C 0°Ctort —

Synthesis of 2r. To a solution of 1,4-diethynylbenzene (5 mmol, 771 mg) in dry THF (30 mL) at
-78 °C under N,, n-BuLi (1.64 M in hexane, 20 mmol, 12.3 mL) was added. After stirring for 1h,
Mel (30 mmol, 1.9 mL) was added slowly at 0 °C. Then, the reaction mixture was warmed to rt and
stirred overnight. The reaction was quenched with H,O and extracted with CH,Cl,. Organic layer
was dried over Na,SO, and concentrated in vacuo. The crude mixture was recrystallized from
toluene to afford pure product (613.9 mg, 80%). 'H NMR (400 MHz, CDCl;): 6 2.04 (s, 6H), 7.29 (s,
4H).

The following experimental procedures may be regarded as typical in methodology and scale.

’ Ph
AgOAc 1.0 mmol
H + Ph—=——Ph > N—Ph
P 0 P
pry SO DMF, 100 °C, 4 h 6\Ph
1a (0.5 mmol) 2a (0.25 mmol) 3aa (96%)

Reaction of Diphenylphosphine Oxide (1a) with Diphenylacetylene (2a) (entry 2 in Table 3.1):
A mixture of diphenylphosphine oxide (1a) (0.5 mmol, 101 mg), diphenylacetylene (2a) (0.25 mmol,
45 mg), AgOAc (1.0 mmol, 167 mg), and dibenzyl (ca. 40 mg) as internal standard was stirred in
DMF (3.0 mL) under N, at 100 °C for 4 h. GC and GC-MS analyses of the mixtures confirmed
consumption of 2a. After cooling, the reaction mixture was diluted with ethyl acetate (40 mL) and
insoluble solids were removed on Celite plug. The filtrate was washed with brine (20 mL x 3). The
organic layer was dried over Na,SO,, and concentrated in vacuo. The desired product 3aa (90.4 mg,
96%) was isolated by column chromatography on silica gel using dichloromethane-ethyl acetate (1:1

v/v) as eluent.

Characterization Data of Products

1,2,3-Triphenyl-1H-phosphindole-1-oxide (3aa): pale yellow solid, mp 70-72 °C, 90.4 mg (96%);
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'H NMR (600 MHz, CDCls): 6 7.07-7.09 (m, 3H), 7.20-7.24 (m, 3H), 7.32-7.48 (m, 10H), 7.70 (dd,
J =16, 9.4 Hz, 1H), 7.75-7.79 (m, 2H); C NMR (150 MHz, CDCls): § 120.4 (d, J = 10.3 Hz),
127.8, 128.2, 128.6, 128.8 (d, J = 12.6 Hz), 128.91, 128.96 (br, 2C overlapped), 128.98 (d, J = 10.3
Hz), 129.0 (d, J = 12.6 Hz), 129.9 (d, J = 99.5 Hz), 130.9 (d, J = 10.3 Hz), 132.0 (d, J = 105.3 Hz),
132.1 (d, J = 2.3 Hz), 132.6 (d, J = 10.3 Hz), 132.8 (d, J= 2.3 Hz), 134.17 (d, J = 14.9 Hz), 134.20
(d, J=95.0 Hz), 143.7 (d, J = 26.3 Hz), 149.9 (d, J=21.7 Hz); *'P{'"H} NMR (CDCls, 162 MHz): ¢
39.0; HRMS m/z (M") Caled for C,gH;00P: 378.1174. Found 378.1171.

1-Phenyl-2,3-di-p-tolyl-1H-phosphindole-1-oxide (3ab): pale yellow solid, mp 79-81 °C, 81.3 mg
(80%); 'H NMR (600 MHz, CDCls): 6 2.18 (s, 3H), 2.40 (s, 3H), 6.90 (d, J = 7.9 Hz, 2H), 7.15 (d, J
= 7.6 Hz, 2H), 7.19-7.24 (m, 5H), 7.33 (td, J = 3.9, 7.3 Hz, 1H), 7.37 (td, J = 2.9, 3.7 Hz, 2H),
7.40-7.46 (m, 2H), 7.68 (dd, J= 7.3, 9.7 Hz, 1H), 7.52-7.79 (m, 2H); °C NMR (150 MHz, CDCl;):
§212,21.4,123.8(d, J=11.4 Hz), 128.68 (d, J = 11.4 Hz), 128.76 (d, J = 9.2 Hz), 128.83 (d, J =
6.9 Hz), 128.8 (2C, overlapped), 128.9, 129.6, 129.8 (d, J = 6.9 Hz), 130.1 (d, J = 96.1 Hz), 130.9 (d,
J=10.3 Hz), 131.3 (d, J= 16.0 Hz), 131.97 (d, J = 2.3 Hz), 132.03 (d, J = 105.3 Hz), 132.7 (d, J =
2.3 Hz), 133.63 (d, J = 95.0 Hz), 137.6, 138.4, 144.0 (d, J = 27.5 Hz), 149.3 (d, J = 20.6 Hz);
*'P{'H} NMR (CDCl;, 162 MHz): 6 39.0; HRMS m/z (M") Calcd for CosH,;0P: 406.1487. Found
406.1485.

1-Phenyl-2,3-di-(p-methoxyphenyl)-1H-phosphindole-1-oxide (3ac): yellowish green solid, mp
85-87 °C, 84.6 mg (77%); 'H NMR (600 MHz, CDCL): 6 3.70 (s, 3H), 3.86 (s, 3H), 6.62-6.65 (m,
2H), 6.98 (d, J = 8.7 Hz, 2H), 7.20-7.28 (m, 5H), 7.33 (td, J = 3.8, 7.3 Hz, 1H), 7.37-7.50 (m, 4H),
7.68 (dd, J = 7.3, 9.7 Hz, 1H), 7.74-7.79 (m, 2H); *C NMR (150 MHz, CDCl) J 55.0, 55.3, 113.8,
114.4,123.7 (d, J = 11.4 Hz), 125.3 (d, J = 10.3 Hz), 126.6 (d, J = 16.0 Hz), 128.7 (d, J = 10.3 Hz),
128.8 (d, J = 11.4 Hz), 128.9 (d, J = 9.2 Hz), 130.3 (d, J = 98.4 Hz), 130.4 (d, J = 5.7 Hz), 130.5,
130.9 (d, J = 9.5 Hz), 131.98 (d, J = 104.1 Hz), 132.00 (d, J = 2.3 Hz), 132.8 (d, J= 2.3 Hz), 133.1
(d, J=96.1 Hz), 144.2 (d, J = 27.5 Hz), 148.1 (d, J = 21.7 Hz), 159.0, 159.7; *'P{'"H} NMR (CDCl;,
162 MHz): § 39.0; HRMS m/z (M ") Calcd for CosH,305P: 438.1385. Found 438.1389.

1-Phenyl-2,3-di-[p-(dimethylamino)phenyl]-1 H-phosphindole-1-oxide (3ad): orange solid, mp
118-120 °C, 40.6 mg (35%); 'H NMR (400 MHz, CDCl;): & 2.85 (s, 6H), 3.02 (s, 6H), 6.44 (d, J =
8.9 Hz, 2H), 6.78 (d, J = 8.9 Hz, 2H), 7.21-7.50 (m, 10H), 7.63 (dd, /= 7.3, 9.7 Hz, 1H), 7.77-7.83
(m, 2H); '°C NMR (100 MHz, CDCly) 6 40.0, 40.3, 111.8, 112.4, 121.1 (d, J = 10.6 Hz), 122.5 (d, J
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=15.9 Hz), 123.3 (d, /= 11.0 Hz), 127.9 (d, J = 10.6 Hz), 128.5 (d, /= 9.6 Hz), 128.7 (d, /= 12.2
Hz), 130.1 (d, J = 6.5 Hz), 130.2, 131.0 (d, J = 10.6 Hz), 131.2 (d, J = 85.0 Hz), 131.7 (d, J=2.9
Hz), 132.1 (d, J = 92.4 Hz), 132.2 (d, J = 91.9 Hz), 132.5 (d, J = 1.5 Hz), 145.0 (d, J = 27.5 Hz),
146.5 (d, J = 21.9 Hz), 149.4, 150.2; *'P{'"H} NMR (CDCls, 162 MHz): § 39.4; HRMS m/z (M+H")
Calcd for C3oH30N,OP: 465.2090. Found 465.2088.

1-Phenyl-2,3-di-(p-chlorophenyl)-1H-phosphindole-1-oxide (3ae): pale yellow solid, mp 94-96 °C,
99.5 mg (89%); 'H NMR (600 MHz, CDCl;): 6 7.08-7.10 (m, 2H), 7.16-7.18 (m, 2H), 7.20 (dd, J =
2.9,7.6 Hz, 1H), 7.25-7.27 (m, 2H), 7.38-7.41 (m, 3H), 7.45 (d, J = 8.5 Hz, 2H), 7.46-7.50 (m, 2H),
7.70-7.74 (m, 3H); *C NMR (150 MHz, CDCl;) 6 123.9 (d, J = 10.3 Hz), 128.7, 128.9 (d, J = 12.6
Hz), 129.2 (d, J=100.7 Hz), 129.3 (d, J = 10.3 Hz), 129.43, 129.45 (d, /= 8.0 Hz), 130.2 (d, /= 5.7
Hz), 130.4, 130.8 (d, /= 10.3 Hz), 130.9 (d, /= 10.3 Hz), 131.7 (d, /= 105.3 Hz), 132.2 (d, /= 14.9
Hz), 132.4 (d, /= 3.4 Hz), 133.1 (d, J=2.3 Hz), 133.8 (d, /= 95.0 Hz), 134.0, 134.9, 143.1 (d, J =
26.3 Hz), 149.0 (d, J = 20.6 Hz); *'P{'H} NMR (CDCls, 162 MHz): 6 38.8; HRMS m/z (M") Calcd
for C,6H7C1,OP: 446.0394. Found 446.0396.

1-Phenyl-2,3-di-(p-bromophenyl)-1H-phosphindole-1-oxide (3af): pale yellow solid, mp
99-101 °C, 80.7 mg (60%); 'H NMR (600 MHz, CDCl;): 6 7.11 (d, J = 7.9 Hz, 2H), 7.18-7.28 (m,
5H), 7.38-7.51 (m, 5H), 7.59 (d, J = 8.5 Hz, 2H), 7.70-7.73 (m, 3H); >C NMR (150 MHz, CDCl5) ¢
122.4 (d, J= 1.1 Hz), 123.1, 123.9 (d, J = 10.9 Hz), 129.0 (d, J = 12.0 Hz), 129.2 (d, J = 100.1 Hz),
129.3 (d, J = 9.7 Hz), 129.5 (d, J = 10.3 Hz), 130.4 (d, J = 5.7 Hz), 130.6, 130.9 (d, J = 10.9 Hz),
131.3 (d, J=9.7 Hz), 131.65, 131.74 (d, J = 105.8 Hz), 132.40, 132.43 (d, J=2.9 Hz), 132.7 (d, J =
14.9 Hz), 133.1 (d, J= 1.7 Hz), 133.9 (d, J= 95.0 Hz), 143.1 (d, J = 26.3 Hz) 149.0 (d, J=21.8 Hz);
*'P{'H} NMR (CDCl;, 162 MHz): § 38.8; HRMS m/z (M") Calcd for CpqH;;Br,OP: 533.9384.
Found 533.9377.

1-Phenyl-2,3-di-[p-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)|phenyl-1 H-phosphindole-1-oxi
de (3ag): pale yellow solid, mp 310-312 °C, 30.1 mg (19%); "H NMR (400 MHz, CDCl;): 6 1.27 (s,
12H), 1.38 (s, 12H), 7.19 (dd, J= 2.8 Hz, 7.4 Hz, 1H), 7.24 (dd, J = 1.1 Hz, 8.4 Hz, 2H), 7.32 (d, J =
7.5 Hz, 2H), 7.34-7.48 (m, 5H), 7.52 (d, J = 7.9 Hz, 2H), 7.68-7.77 (m, 3H), 7.85 (d, J = 8.2 Hz,
2H); C NMR (100 MHz, CDCls) 6 24.77, 24.85, 24.90, 83.7, 84.0, 124.1 (d, J = 10.7 Hz), 128.1,
128.3, 128.8 (d, J = 12.3 Hz), 129.12 (d, J = 2.2 Hz), 129.13 (d, J = 17.6 Hz), 129.7 (d, J = 101.1
Hz), 131.9 (d, J=10.5 Hz), 132.07 (d, J = 105.1 Hz), 132.14 (d, J = 2.7 Hz), 132.9, 134.15 (d, J =
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94.7 Hz), 134.54, 135.3, 135.4 (d, J = 9.8 Hz), 137.0 (d, J = 14.7 Hz), 143.6 (d, J = 26.5 Hz), 150.4
(d, J = 21.1 Hz); *'P{'"H} NMR (CDCl;, 162 MHz): ¢ 30.0; HRMS m/z (M") Calcd for
C3sH4B,0sP: 631.2963. Found 631.2964.

1-Phenyl-2,3-di-n-propyl-1H-phosphindole-1-oxide (3ah): colorless solid, mp 119-121 °C, 49.0
mg (63%); 'H NMR (400 MHz, CDCLy): 6 0.85 (t, J = 7.3 Hz, 3H), 1.06 (t, J = 7.4 Hz, 3H),
1.38-1.46 (m, 2H), 1.60-1.68 (m, 2H), 2.00-2.50 (m, 2H), 2.60 (t, J = 8.2 Hz, 2H), 7.27 (dd, J = 4.1,
7.4 Hz, 1H), 7.35-7.50 (m, 5H), 7.54 (dd, J = 7.6, 9.6 Hz, 1H), 7.62-7.68 (m, 2H); *C NMR (100
MHz, CDCl,): 6 14.30, 14.37,21.8 (d, /= 1.9 Hz), 22.3 (d, /= 1.9 Hz), 28.3 (d, J = 10.5 Hz), 28.5
(d, /=134 Hz), 121.3 (d, /= 11.4 Hz), 128.2 (d, /= 10.5 Hz), 128.5 (d, J = 8.6 Hz), 128.6 (d, J =
12.4 Hz), 130.3 (d, J=94.4 Hz), 130.9 (d, J = 11.4 Hz), 131.8 (d, /=2.9 Hz), 132.3 (d, J = 104.9
Hz), 132.7 (d, J = 1.9 Hz), 134.7 (d, J = 95.4 Hz), 143.6 (d, J = 29.6 Hz), 150.2 (d, J = 20.0 Hz);
3'p{'H} NMR (CDCls, 162 MHz): 6 39.5; HRMS m/z (M") Caled for CaoH,;OP: 310.1487. Found
310.1486.

1,3-Diphenyl-2-methyl-1H-phosphindole-1-oxide (3ai): colorless gum, 67.7 mg (86%); 'H NMR
(600 MHz, CDCLy): 6 1.91 (d, J = 12.3 Hz, 3H), 7.12 (dd, J = 2.9, 7.6 Hz, 1H), 7.31 (td, J = 3.8, 7.3
Hz, 1H), 7.35 (d, J = 7.3 Hz, 2H), 7.41 (t, J = 7.6 Hz, 1H), 7.43-7.48 (m, 3H), 7.50-7.56 (m, 3H),
7.66 (dd, J = 7.0, 9.4 Hz, 1H), 7.74-7.77 (m, 2H); °*C NMR (150 MHz, CDCl;) ¢ 10.6 (d, J = 10.3
Hz), 123.1 (d, J = 10.3 Hz), 128.3 (d, J = 10.3 Hz), 128.5, 128.6, 128.7, 128.9 (d, J = 12.6 Hz),
129.0 (d,J=9.2 Hz), 129.2 (d, J = 97.3 Hz), 130.9 (d, J = 10.3 Hz), 131.4 (d, J = 78.9 Hz), 132.1 (d,
J=70.9 Hz), 132.2 (d, J = 2.3 Hz), 132.8 (d, J = 2.3 Hz), 133.5 (d, J = 16.0 Hz), 144.2 (d, J = 28.6
Hz), 150.0 (d, J = 21.8 Hz); *'P{'H} NMR (CDCl;, 162 MHz): ¢ 40.3; HRMS m/z (M") Calcd for
C,,H,;0P: 316.1017. Found 316.1014.

1,3-Diphenyl-2-n-butyl-1H-phosphindole-1-oxide (3aj): colorless gum, 65.0 mg (73%); 'H NMR
(400 MHz, CDCls): J 0.65 (t, J = 7.3 Hz, 3H), 1.03-1.45 (m, 4H), 2.14-2.50 (m, 2H), 7.02 (dd, J =
2.9, 7.6 Hz, 1H), 7.26-7.35 (m, 3H), 7.39 (dddd, J = 1.4, 1.4, 7.6, 7.6 Hz, 1H), 7.41-7.63 (m, 7H),
7.73-7.78 (m, 2H); ¥C NMR (100 MHz, CDCl3) ¢ 13.4, 22.6, 26.4 (d, J=9.9 Hz), 30.8 (d, /= 1.6
Hz), 123.2 (d, J = 10.9 Hz), 128.41, 128.43 (d, J = 8.6 Hz), 128.5, 128.7 (2C overlapped), 128.8 (d,
J=10.1 Hz), 130.1 (d, J=96.9 Hz), 130.9 (d, J = 10.7 Hz), 131.9 (d, /= 104.3 Hz), 132.0 (d, J =
2.8 Hz), 132.7 (d, /= 1.9 Hz), 133.9 (d, /= 15.7 Hz), 136.9 (d, J = 92.8 Hz), 144.3 (d, J = 27.7 Hz),
150.3 (d, J = 22.0 Hz); *'P{'"H} NMR (CDCls, 162 MHz): 6 39.8; HRMS m/z (M+H") Calcd for
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C24H,40P: 359.1559. Found 359.1570.

1,3-Diphenyl-2-trimethylsilyl-1 H-phosphindole-1-oxide (3ak): colorless gum, 50.8 mg (54%); 'H
NMR (600 MHz, CDCl3): 6 -0.14 (s, 9H), 6.93 (dd, J = 2.3, 7.6 Hz, 1H), 7.28-7.53 (m, 10H), 7.62
(dd, J=17.9, 7.9 Hz, 1H), 7.77 (dd, J = 7.0, 10.9 Hz, 2H); >C NMR (150 MHz, CDCl;) 6 -0.08 (d, J
=23 Hz), 123.7 (d, J = 12.6 Hz), 129.7 (br), 128.3 (br), 128.4 (d, /= 9.2 Hz), 128.6 (d, /= 13.7 Hz),
128.7,129.3 (d, J=10.3 Hz), 130.8 (d, J = 96.1 Hz), 130.9, (d, /= 10.3 Hz), 131.8 (d, /= 2.3 Hz),
132.5,135.1 (d, J=99.6 Hz), 135.7 (d, J= 57.2 Hz), 136.8 (d, J =20.6 Hz), 145.1 (d, J = 34.3 Hz),
165.0 (d, J = 9.2 Hz); *'P{'H} NMR (CDCl;, 243 MHz):  47.1; HRMS m/z (M+H") Calcd for
Cy;H,4OPSi: 375.1329. Found 375.1329.

2-Dimethyl(phenyl)silyl-1,3-diphenyl-1H-phosphindole-1-oxide (3al): colorless gum, 62.3 mg
(57%); "H NMR (600 MHz, CDCls): 6 0.09 (s, 3H), 0.17 (s, 3H), 6.92 (m, 1H), 7.03 (d, J = 7.0 Hz,
2H), 7.10-7.14 (m, 4H), 7.20-7.24 (m, 1H), 7.28-7.43 (m, 7H), 7.49-7.53 (m, 1H), 7.60-7.65 (m, 1H),
7.68-7.74 (m, 2H); >C NMR (150 MHz, CDCl;) 6 -2.10 (d, J= 1.4 Hz), -1.81 (d, J= 1.7 Hz), 123.8
(d, J = 12.4 Hz), 127.4, 128.2 (br, 2C overlapped), 128.4, 128.5 (d, J = 9.4 Hz), 128.6 (d, J = 12.1
Hz), 128.8, 129.5 (d, J = 10.0 Hz), 130.6 (d, J = 96.7 Hz), 131.0 (d, J = 10.3 Hz), 131.7 (d, J = 2.7
Hz), 132.5 (d, J= 1.9 Hz), 133.8, 134.3 (d, J = 58.5 Hz), 135.2 (d, J = 99.8 Hz), 136.3 (d, J = 20.0
Hz), 137.8 (d, J = 2.2 Hz), 145.0 (d, J = 33.6 Hz), 166.0 (d, J = 10.1 Hz); *'P{'H} NMR (CDCl;,
162 MHz): ¢ 47.3; HRMS m/z (M+H") Calcd for CosH,OPSi: 437.1485. Found 437.1480.

2-Ethoxycarbonyl-1,3-diphenyl-1H-phosphindole-1-oxide (3am): pale yellow solid, mp
119-122 °C, 53.7 mg (57%); 'H NMR (400 MHz, CDCl3): 6 0.97 (t, J = 7.1 Hz, 3H), 3.99 (qd, J =
7.1, 10.8 Hz, 1H), 4.08 (qd, J= 7.1, 10.8 Hz, 1H), 7.20-7.24 (m, 1H), 7.38-7.58 (m, 10H), 7.71-7.75
(m, 1H), 7.78 (dd, J = 7.0, 12.0 Hz, 2H); *C NMR (100 MHz, CDCl5) 6 13.6, 60.8, 126.35 (d, J =
97.7 Hz), 126.36 (d, J = 103.6 Hz), 127.9, 128.2, 128.6 (d, J = 13.0 Hz), 129.1 (d, J = 105.6 Hz),
129.3, 129.5 (d, J = 9.5 Hz), 131.0 (d, J = 10.9 Hz), 131.7 (d, J = 10.6 Hz), 132.3 (d, J = 2.9 Hz),
132.5 (d, J=96.4 Hz), 133.0 (d, /= 1.9 Hz), 133.1 (d, J = 3.6 Hz), 142.3 (d, J=24.7 Hz), 162.5 (d,
J=12.1Hz), 163.8 (d, J= 18.3 Hz); *'P{'H} NMR (CDCl;, 162 MHz): 6 35.7; HRMS m/z (M+H")
Calcd for Cy3H,0O3P: 375.1145. Found 375.1147.

2-Acetyl-1,3-diphenyl-1H-phosphindole-1-oxide (3an): colorless solid, mp 147-149 °C, 53.4 mg
(62%); "H NMR (400 MHz, CDCl;): 6 1.94 (d, J = 0.4 Hz, 3H), 7.19-7.20 (m, 1H), 7.38-7.58 (m,
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10H), 7.70-7.83 (m, 3H); *C NMR (100 MHz, CDCl5) 6 30.7 (d, J = 2.7 Hz), 126.4 (d, J = 10.7 Hz),
127.9, 128.7 (d, J = 12.7 Hz), 129.0, 129.2 (d, J = 103.4 Hz), 129.4 (d, J = 9.4 Hz), 129.7, 131.0 (d,
J=11.0 Hz), 131.6 (d, J = 10.5 Hz), 132.4 (d, J=2.9 Hz), 132.6 (d, J = 103.6 Hz), 133.1 (d, J= 1.7
Hz), 133.4 (d, J = 13.7 Hz), 135.3 (d, J = 92.2 Hz), 142.4 (d, J = 25.7 Hz), 159.9 (d, J = 18.8 Hz),
195.7 (d, J = 8.9 Hz); *'P{'H} NMR (CDCls, 162 MHz): § 37.5; HRMS m/z (M+H") Calcd for
CH 50,P: 345.1039. Found 345.1038.

1,3-Diphenyl-2-(2-hydroxy-2-propyl)-1H-phosphindole-1-oxide (3a0): colorless solid, mp
213-215 °C 54.9 mg (61%); '"H NMR (600 MHz, CDCl;): & 1.14 (s, 3H), 1.32 (s, 3H), 2.99 (s, 1H),
6.69 (dd, J=2.6, 7.6 Hz, 1H), 7.24-7.31 (m, 3H), 7.36 (t, 7.3Hz, 1H), 7.43-7.53 (m, 6H), 7.58 (dd, J
=7.3,7.9 Hz, 1H), 7.79 (dd, J = 7.1, 12.9 Hz, 2H); °C NMR (150 MHz, CDCl;) ¢ 30.8 (d, J = 2.3
Hz), 31.8 (d, /= 2.3 Hz), 73.5, (d, J= 6.9 Hz), 123.6 (d, /= 11.4 Hz), 128.2 (d, /= 12.6 Hz), 128 4
(d, J=9.2 Hz), 128.56 (d, J = 2.3 Hz), 128.64 (d, J=12.6 Hz), 128.7, 128.9 (d, J=10.3 Hz), 130.6
(d, J=97.3 Hz), 130.9 (d, J=10.3 Hz), 131.3 (d, /= 100.7 Hz), 131.9 (d, J=2.3 Hz), 132.8 (d, J =
2.3 Hz), 134.7 (d, J = 16.0 Hz), 144.3 (d, J = 91.5 Hz), 145.1 (d, J = 27.5 Hz), 148.6 (d, J = 20.6
Hz); *'P{'H} NMR (CDCls, 243 MHz): 6 41.6; HRMS m/z (M+H") Calcd for C3H»,0,P: 361.1343.
Found 361.1352.

2-{|(tert-Butyldimethylsilyl)oxy]|methyl}-1,3-diphenyl-1H-phosphindole-1-oxide (3ap): colorless
solid, mp 124-126 °C, 68.9 mg (58%); 'H NMR (400 MHz, CDCl;): 6 -0.25 (s, 3H), -0.19 (s, 3H),
0.64 (s, 9H), 4.29 (dd, J=12.2, 19.3 Hz, 1H), 4.60 (dd, J = 7.6, 12.2 Hz, 1H), 7.16 (dd, J=2.8, 7.5
Hz, 1H), 7.33 (ddt, J= 1.0, 3.8, 7.5 Hz, 1H), 7.38-7.63 (m, 10H), 7.79-7.84 (m, 2H); °C NMR (100
MHz, CDCls) 6 -5.94, -5.86, 18.0, 25.6, 57.4 (d, J = 8.8 Hz), 123.9 (d, /= 10.8 Hz), 128.4 (d, J =
12.5 Hz), 128.58, 128.62, 128.89 (d, /= 9.7 Hz), 128.94, 129.1 (d, J=10.5 Hz), 130.2 (d, /= 101.0
Hz), 131.2 (d, /= 10.9 Hz), 131.7 (d, J = 2.8 Hz), 132.5 (d, J = 1.9 Hz), 133.06 (d, J = 103.6 Hz),
133.10 (d, J = 14.8 Hz), 134.5 (d, J = 96.6 Hz), 143.1 (d, J = 26.6 Hz), 152.3 (d, J = 21.1 Hz);
3'P{'"H} NMR (CDCls, 162 MHz): J 38.7; HRMS m/z (M+H") Calcd for C,7H3,0,PSi: 447.1904.
Found 447.1905.

Diethyl (1-Oxido-1,3-diphenyl-2-benzo[b]phospholyl)phosphonate (3aq): colorless solid, mp
120-123 °C, 44.9 mg (41%); 'H NMR (600 MHz, CDCls): 6 0.96 (t, J = 4.7 Hz, 3H), 1.09 (t, J=4.9
Hz, 3H), 3.69 (ddq, J=4.7,4.7, 6.6 Hz, 1H), 3.85 (ddq, /J=4.7,4.7, 6.6 Hz, 1H), 3.89-3.97 (m, 2H),
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7.19-7.21 (m, 1H), 7.45-7.56 (m, 10H), 7.67-7.71 (m, 1H), 7.82 (dd, J = 4.7, 8.8 Hz, 2H); *C NMR
(150 MHz, CDCls) 6 15.87 (d, J = 5.7 Hz), 15.93 (d, J = 6.9 Hz), 61.9 (d, J = 6.9 Hz), 62.2 (d, J =
5.7 Hz), 125.0 (dd, J=80.1, 187.7 Hz), 125.8 (d, /= 10.3 Hz), 128.1, 128.3 (br), 128.6 (d, J = 12.6
Hz), 128.9 (d, J = 105.3 Hz), 129.5 (d, J = 8.0 Hz), 129.6, 131.1 (d, J = 10.3 Hz), 131.3 (d, J = 10.3
Hz), 132.3 (d, J = 2.3 Hz), 132.9 (d, J = 2.9 Hz), 133.3 (dd, J = 6.9, 14.9 Hz), 133.8 (dd, J = 6.9,
104.1 Hz), 142.3 (dd, J = 20.6, 27.5 Hz), 167.0 (dd, J = 6.9, 167.0 Hz); *'P{'H} NMR (CDCl, 162
MHz): & 11.2 (d, J = 39.5 Hz), 40.8 (d, J = 39.5 Hz); HRMS m/z (M+H") Calcd for CayH,504Ps:
439.1223. Found 439.1225.

1,4-Bis(1-oxido-2-methyl-1-phenylbenzo[b]phosphole-3-yl)benzene (3ar): pale yellow solid, mp
137-139 °C, 52.6 mg (38%); '"H NMR (400 MHz, CDCl;): d 1.99 (dd, J=2.2, 12.4 Hz, 6H), 7.20 (d,
J="1.5Hz, 2H), 7.36 (ddd, J = 3.8, 3.8, 7.4 Hz, 2H), 7.46-7.59 (m, 12H), 7.70 (dd, J = 7.2, 9.8 Hz,
2H), 7.77 (dd, J = 6.9, 12.4 Hz, 4H); >C NMR (100 MHz, CDCl3)  10.9 (d, J = 10.6 Hz), 123.1 (d,
J=11.0 Hz), 128.6 (d, /= 10.5 Hz), 129.0 (d, J = 12.1 Hz), 129.1 (d, J=98.1 Hz), 129.2, 129.3 (d,
J=9.7 Hz), 131.0 (d, J = 10.3 Hz), 131.5 (d, J = 103.7 Hz), 132.4 (d, / = 2.2 Hz), 132.7 (d, J =
127.0 Hz), 133.0 (d, J= 1.4 Hz), 134.0 (d, J = 15.9 Hz), 144.0 (d, J = 27.7 Hz), 149.2 (d, J=21.9
Hz); *'P{'"H} NMR (CDCls, 162 MHz): § 40.3; HRMS m/z (M+H") Calcd for C35H,00,P,: 555.1637.
Found 555.1631.

1,3-diphenyl-1H-phosphindole-1-oxide (3as): colorless gum, 43.1 mg (57%); 'H NMR (400 MHz,
CDCls): 6 6.37 (d, J=24.0 Hz, 1H), 7.39-7.83 (m, 14H); C NMR (100 MHz, CDCls): 6 122.9 (d, J
=99.1 Hz), 124.1 (d, J=11.3 Hz), 127.8, 128.8, 128.9 (d, /= 12.3 Hz), 129.3 (d, /= 9.6 Hz), 129.5
(d, J=10.5 Hz), 129.589 (d, J = 102.4 Hz), 129.599, 131.0 (d, J = 10.8 Hz), 132.3, (d, J = 2.8 Hz),
132.6 (d, /= 1.9 Hz), 133.9 (d, /= 104.7 Hz), 135.0 (d, J = 16.1 Hz), 141.1 (d, J=27.2 Hz), 158.1
(d, J = 153 Hz); 'P{'"H} NMR (CDCl;, 162 MHz): 6 36.9; HRMS m/z (M+H") Caled for
CH;60P: 303.0939. Found 303.0933.

5-Methyl-1-p-tolyl-2,3-diphenyl-1H-phosphindole-1-oxide +
6-Methyl-1-p-tolyl-2,3-diphenyl-1H-phosphindole-1-oxide (3ba+3ba’); 'H NMR (600 MHz,
CDClL): 0 2.32 (s, 3H), 2.33 (s, 3H), 2.34 (s, 3H+3H), 6.99 (s, 1H), 7.07-7.23 (m, 17H), 7.32 (d, J =
6.4 Hz, 2H+2H), 7.39-7.44 (m, 6H), 7.51 (d, J = 10.0 Hz, 1H), 7.58 (dd, J = 7.6, 9.7 Hz, 1H), 7.65
(dd, J= 8.2, 12.3 Hz, 2H), 7.67 (dd, J = 8.2, 12.3 Hz, 2H); °C NMR (150 MHz, CDCl;) 6 21.2, 21.6
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(2C, overlapped), 21.9, 123.8 (d, J = 11.4 Hz), 124.8 (d, J=10.3 Hz), 126.6 (d, J= 101.8 Hz), 126.7
(d, J=101.8 Hz), 127.5, 127.6, 128.1, 128.5 (d, J = 2.3 Hz), 128.85, 128.88, 128.97, 128.98, 129.02
(d, J=107.6 Hz), 129.03, 129.53, 129.55, 129.58, 129.62, 129.64, 129.66, 129.70, 130.9 (d, J = 10.3
Hz x 2C), 132.1, 132.78, 132.83, 132.85, 132.90, 132.91, 133.15, 133.16, 133.6, 134.38, 134.44,
138.48, 134.53, 135.1, 139.3 (d, J = 10.3 Hz), 141.0 (d, J = 26.3 Hz), 142.52 (d, J = 26.3 Hz),
142.52 (d, J = 10.3 Hz), 142.54 (d, J = 10.3 Hz), 143.4, 144.0 (d, J = 27.5 Hz), 149.7 (d, J = 21.8
Hz), 149.9 (d, J = 21.7 Hz); *'P{'"H} NMR (CDCls, 243 MHz): 6 39.0, 39.3; HRMS m/z (M+H")
Calcd for C,3H,40P: 407.1559. Found 407.1558.

5-Methoxy-1-(p-methoxyphenyl)-2,3-diphenyl-1H-phosphindole-1-oxide (3ca): pale yellow solid,
mp 214-217 °C; 'H NMR (400 MHz, CDCL3): 6 3.78 (s, 3H), 3.79 (s, 3H), 6.73 (dd, J=2.2, 2.2 Hz,
1H), 6.84 (ddd, J = 2.8, 2.8, 8.0 Hz, 1H), 6.89 (dd, J = 2.2, 8.8 Hz, 2H), 7.07-7.10 (m, 3H),
7.20-7.22 (m, 2H), 7.28-7.31 (m, 2H), 7.38-7.41 (m, 3H), 7.62 (dd, J = 8.3, 9.2 Hz, 1H), 7.67 (dd, J
= 8.8, 11.9 Hz, 2H); C NMR (100 MHz, CDCl;) § 55.3, 55.5, 111.5 (d, J= 11.8 Hz), 112.8 (d, J =
11.8 Hz), 114.5 (d, J = 13.2 Hz), 121.1 (d, J = 106.5 Hz), 123.2 (d, J = 111.6 Hz), 127.8, 128.2,
128.6, 128.9, 129.0 (d, J = 5.8 Hz), 129.1, 130.5 (d, J= 11.0 Hz), 132.89 (d, J = 12.1 Hz), 132.92 (d,
J=9.2Hz), 134.3 (d, J = 14.6 Hz), 136.2 (d, J = 94.8 Hz), 146.2 (d, J = 28.4 Hz), 148.8 (d, J=21.0
Hz), 162.7 (d, J = 2.9 Hz), 163.7 (d, J = 1.9 Hz); *'P{'H} NMR (CDCl;, 162 MHz): 6 38.1; HRMS
m/z (M+H") Caled for CosH4O5P: 439.1458. Found 439.1458.

6-Methoxy-1-(p-methoxyphenyl)-2,3-diphenyl-1H-phosphindole-1-oxide (3ca’): colorless solid,
mp 85-87 °C ; 'H NMR (400 MHz, CDCly): 6 3.797 (s, 3H), 3.804 (s, 3H), 6.91 (m, 3H), 7.06-7.09
(m, 3H), 7.11 (dd, J=3.6, 8.4 Hz, 1H), 7.18-7.21 (m, 2H), 7.25 (dd, J = 2.5, 10.8 Hz, 1H), 7.30-7.32
(m, 2H), 7.38-7.42 (m, 3H), 7.70 (dd, J = 8.9, 11.9 Hz, 2H); °C NMR (100 MHz, CDCl;) 6 55.3,
55.7, 114.5 (d, J = 10.6 Hz), 114.6 (d, J = 13.2 Hz), 117.8, 120.6 (d, J = 105.0 Hz), 125.2 (d, J =
12.6 Hz), 127.4, 128.2, 128.5, 128.8, 128.9 (d, J = 5.8 Hz), 129.0, 131.3 (d, /= 100.3 Hz), 132.8 (d,
J=11.9 Hz), 133.0 (d, J = 133.0 Hz), 134.5 (d, J = 104.4 Hz), 134.6 (d, J = 15.2 Hz), 136.0 (d, J =
26.8 Hz), 149.7 (d, J = 21.1 Hz), 160.7 (d, J = 13.3 Hz), 162.8 (d, J = 2.9 Hz); *'P{'H} NMR
(CDCl5, 162 MHz): ¢ 38.9; HRMS m/z (M+H") Calcd for C,5H,40:P: 439.1458. Found 439.1460.

7-Methyl-2,3-diphenyl-1-(o-tolyl)-1H-phosphindole-1-oxide (3da): pale yellow solid, mp
168-170 °C ; '"H NMR (600 MHz, CDCls): 6 2.18 (s, 3H), 2.31 (s, 3H), 7.02 (dd, J = 2.9, 7.6 Hz,
1H), 7.03-7.16 (m, 6H), 7.28-7.43 (m, 8H), 8.34 (dd, J = 7.6, 13.2 Hz, 2H); °C NMR (150 MHz,
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CDCl3) 6 19.2 (d, J = 4.6 Hz), 19.9 (d, J = 3.4 Hz), 121.9 (d, J = 10.3 Hz), 126.2 (d, J = 11.4 Hz),
127.5 (d, J = 98.3 Hz), 127.6, 128.1, 128.5, 128.82, 128.83, 128.85, 129.5 (d, J = 103.0 Hz), 130.7
(d, J=9.2Hz), 131.4 (d, J = 11.4 Hz), 132.1 (d, J= 3.4 Hz), 132.87, 132.91 (d, J = 12.6 Hz), 133.8
(d, J=95.0 Hz), 134.6 (d, J= 14.9 Hz), 134.8 (d, J= 8.0 Hz), 140.5 (d, /= 8.0 Hz), 141.0 (d, J=9.5
Hz), 144.6 (d, J = 27.5 Hz), 150.2 (d, J = 21.7 Hz); *'P{'H} NMR (CDCLs, 243 MHz): 6 37.3;
HRMS m/z (M+H") Caled for C,5H,40P: 407.1559. Found 407.1565.

4-Methyl-2,3-diphenyl-1-(o-tolyl)-1H-phosphindole-1-oxide (3da’): colorless solid, mp
65-67 °C ; '"H NMR (600 MHz, CDCls): & 1.76 (s, 3H), 2.27 (s, 3H), 7.00-7.04 (m, 3H), 7.08-7.10
(m, 2H), 7.12-7.14 (m, 1H), 7.20 (d, J = 7.6 Hz, 1H), 7.23-7.26 (m, 3H), 7.31 (dd, J = 7.6, 7.6 Hz,
1H), 7.34-7.40 (m, 4H), 7.50 (dd, J = 7.0, 10.6 Hz, 1H), 8.19 (ddd, J = 1.4, 7.6, 13.4 Hz, 1H); "°C
NMR (100 MHz, CDCls) 6 20.2 (d, J = 4.6 Hz), 21.4, 126.0 (d, J= 11.4 Hz), 127.0 (d, J=9.2 Hz),
127.5, 127.6 (d, J=96.1 Hz), 128.0, 128.1 (d, J = 13.7 Hz), 128.5 (d, /= 5.7 Hz), 128.8 (d, /= 5.7
Hz), 129.05 (d, J=11.4 Hz), 129.13, 131.4 (d, /= 11.4 Hz), 132.2 (d, J=2.3 Hz), 132.6 (d, J=92.7
Hz), 133.0, 134.3 (d, /= 9.2 Hz), 135.3 (d, J = 91.5 Hz), 135.6 (d, /= 10.3 Hz), 137.3 (d, J=2.3
Hz), 137.6 (d, J = 14.9 Hz), 140.8 (d, J = 26.3 Hz), 141.1 (d, J = 11.4 Hz), 152.3 (d, J = 21.7 Hz);
*'P{'H} NMR (CDCl;, 162 MHz): § 37.1; HRMS m/z (M+H") Calcd for CysH,,OP: 407.1559.
Found 407.1556.

1-n-Butyl-2,3-diphenyl-1H-phosphindole-1-oxide (3ea): colorless gum, 52.9 mg (59%); 'H NMR
(400 MHz, CDCL3): 6 0.79 (t, J = 7.3 Hz, 3H), 1.29 (qt, J = 7.4, 7.4Hz Hz, 2H), 1.39-1.51 (m, 2H),
1.84-2.15 (m, 2H), 7.15-7.46 (m, 13H), 7.81-7.86 (m, 1H); *C NMR (100 MHz, CDCl;) 6 13.5,
23.87 (d, J = 17.5 Hz), 23.93, 28.3 (d, J = 66.9 Hz), 123.9 (d, J = 10.2 Hz), 127.9, 128.4, 128.5,
128.6, 128.7 (d, J=9.8 Hz), 128.9, 129.0 (d, /= 5.3 Hz), 129.1, 130.8 (d, J=98.9 Hz), 132.6 (d, J =
1.4 Hz), 133.2 (d, J = 9.8 Hz), 133.3 (d, J=90.0 Hz), 134.3 (d, J = 14.3 Hz), 143.3 (d, J = 25.5 Hz),
148.8 (d, J = 20.0 Hz); *'P{'"H} NMR (CDCls, 162 MHz): 6 50.3; HRMS m/z (M+H") Calcd for
C,4H40OP: 359.1559. Found 359.1563.

1-tert-Butyl-2,3-diphenyl-1H-phosphindole-1-oxide (3fa): colorless solid, mp 219-220 °C, 59.1
mg (66%); "H NMR (400 MHz, CDCLy): 6 1.08 (d, J = 15.2 Hz, 9H), 7.12-7.45 (m, 13H), 7.79-7.83
(m, 1H); >C NMR (100 MHz, CDCl3) 6 24.3, 32.9 (d, J = 67.8 Hz), 123.9 (d, J = 9.9 Hz), 127.7,
128.3, 128.4, 128.5, 128.8 (br), 129.1 (br), 129.2 (d, J = 4.9 Hz), 129.6 (d, J = 93.6 Hz), 129.7 (d, J
=8.6 Hz), 132.2 (d,J=84.3 Hz), 132.5 (d,J= 1.7 Hz), 134.2 (d, /= 13.6 Hz), 134.6 (d, /= 9.4 Hz),
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144.1 (d, J = 23.8 Hz), 150.3 (d, J = 18.7 Hz); 31P{lH} NMR (CDCl;, 162 MHz): ¢ 59.2; HRMS
m/z (M+H+) Calcd for C,4H»4OP: 359.1559. Found 359.1563.

1-Ethoxy-2,3-diphenyl-1H-phosphindole-1-oxide (3ga): colorless gum, 45.6 mg (53%); '"H NMR
(400 MHz, CDCls): 0 1.24 (t, J = 7.0 Hz, 3H), 4.00-4.16 (m, 2H), 7.10-7.13 (m, 1H), 7.18-7.27 (m,
5H), 7.37-7.44 (m, 7H), 7.73-7.78 (m, 1H); *C NMR (100 MHz, CDCl;) 6 16.5 (d, J = 6.2 Hz), 62.1
(d, J=6.2 Hz), 1239 (d, J= 13.3 Hz), 127.2 (d, J = 133.1 Hz), 127.6 (d, /= 8.7 Hz), 127.9, 128.3,
128.6, 128.909 (d, J = 5.4 Hz), 128.912, 128.95 (d, J = 10.8 Hz), 129.00, 130.5 (d, J = 94.0 Hz),
132.5 (d, J=9.1 Hz), 133.0 (d, /= 2.1 Hz), 133.9 (d, /= 17.9 Hz), 141.9 (d, J = 34.2 Hz), 148.6 (d,
J=27.1 Hz); *'P{'"H} NMR (CDCls, 162 MHz): 6 45.8; HRMS m/z (M+H") Calcd for C,,H»,0,P:
347.1195. Found 347.1206.

1,2,3-Triphenyl-1H-phosphindole-1-sulfide (3ha): colorless solid, mp 65-67 °C, 49.6 mg (50%);
'H NMR (400 MHz, CDCls): 6 7.05-7.13 (m, 3H), 7.17-7.19 (m, 2H), 7.30 (dd, J= 3.1, 7.6 Hz, 1H),
7.32-7.50 (m, 10H), 7.70 (dd, J = 7.1, 10.6 Hz, 1H), 7.86 (dd, J = 7.0, 14.1 Hz, 2H); *C NMR (150
MHz, CDCl3) 6 124.4 (d, J= 9.8 Hz), 127.9, 128.0, 128.6 (d, J = 8.9 Hz), 128.806 (d, J = 12.8 Hz),
128.814 (2C, overlapped), 129.33 (d, J = 11.1 Hz), 129.34, 129.4 (d, J = 77.3 Hz), 129.5 (d, J= 5.6
Hz), 131.9 (d, J = 11.6 Hz), 132.0 (d, J = 3.0 Hz), 132.3 (d, J = 1.8 Hz), 132.4 (d, J = 10.8 Hz),
134.2 (d, J=14.3 Hz), 136.0 (d, J = 89.4 Hz), 136.4 (d, J = 77.9 Hz), 143.7 (d, J = 23.4 Hz), 149.2
(d, J=18.6 Hz); >'P{'H} NMR (CDCl, 162 MHz): J 48.1; HRMS m/z (M+H") Calcd for C,sH»PS:
395.1018. Found 395.1024.
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Chapter 4

Rhodium(III)-Catalyzed Direct Coupling of

Arylphosphine Derivatives with Heterobicyclic Alkenes

The redox-neutral direct coupling of arylphosphine oxides with heterobicyclic
alkenes proceeds smoothly under rhodium(III) catalysis involving hydroarylation of the
alkenes followed by dehydrative aromatization to form biarylphosphine oxides. Related
phenylphosphinic- and phenylphosphonic esters as well as phenylphosphine sulfides
also undergo the ortho-arylative coupling. Furthermore, phenylphosphinothioic amides
can be transformed to fused dibenzophosphole derivatives through the
rhodium-catalyzed coupling with heterobicyclic alkenes and successive intramolecular

phospha-Friedel-Crafts reaction in a one-pot manner.
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Introduction

The biarylphosphines are important scaffolds in organic synthesis. Various
P,P-dialkylbiarylphosphines are known as Buchwald-type ligands (Figure 4.1), which
are effective ligands for transition-metal catalyzed C-C and C-X bond forming

. . 1
cross-coupling reactions.

Figure 4.1. Buchwald-type Ligands

® ® (A,
P(t-Bu), PCY2 ipr iPr
] MeO ] OMe O

JohnPhos SPhos XPhos
In addition, biarylphosphine derivatives are useful synthetic intermediates for the
synthesis of fused phosphorus-containing heterocycles.” For example, Takai, Kuninobu,
and co-workers reported the palladium-catalyzed intramolecular dehydrogenative
coupling of secondary biarylphosphine oxides to give dibenzo[b]phosphole oxide

derivatives (Scheme 4.1).%

Scheme 4.1.
H
O 5 mol% Pd(OAc),
O //P\/H THF, 65 °C g\Ph
o mn 94%

Chatani, Tobisu, and co-workers disclosed the palladium-catalyzed intramolecular
cyclization of biarylphosphines involving C-H and C-P bond cleavages to afford

dibenzo[b]phosphole derivatives (Scheme 4.2).%°
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Scheme 4.2.

H
O 5 mol% Pd(OAc), H,0,
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" & ph
92%

|
Ph

Lee and co-workers reported the palladium-catalyzed intramolecular oxidative coupling

reaction of biarylphosphinic acid derivatives to synthesize the fused phospha-lactones

(Scheme 4.3).%¢
Scheme 4.3.
H 10 mol% Pd(OAc),
O 30 mol% N-Acetyl-L-leucine
Phl(OAc), KOAc

_OH t-BuOH, 100 °C

/P\

 OEt

The above biarylphoshine scaffolds are wusually synthesized by multi-step
transformations including the Suzuki coupling. Therefore, convenient methods for the
preparation of Dbiarylphosphines and their synthetic intermediates including
biarylphosphine oxides and sulfides continuously remain to be developed.

Meanwhile, transition metal-catalyzed direct C—H bond functionalization reactions
with the assistance of a coordinating-functional group (directing group) are now
regarded as atom- and step-economical synthetic tools, because they allow the
regioselective direct modification of given substrates without prefunctionalization.™
The authors’ and others®” have recently reported that the P=O and P=S groups in
arylphosphine oxides and sulfides act as good directing groups in catalytic direct
functionalization reactions. The author and co-workers previously disclosed the
Cp*Rh(III)-catalyzed oxidative ortho direct alkenylation of arylphosphine oxides with

acrylates (Scheme 4.4).
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Scheme 4.4.

c C
Cyﬁ:ZO Cy~ 20
y 8 mol% [Cp*Rh(MeCN);][SbFg], S _CO,n-B
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+ /\Cozn—Bu AgOAC > ’
0-DCB, 120 °C
67%

Additionally, the same group showed the direct coupling reaction of arylphosphine

sulfides with alkynes (Scheme 4.5).

Scheme 4.5.
Cy Cy
Cy~p2S CY~p2S e
4 mol% [Cp*Rh(MeCN);][SbFe],
H Me AcOH x-Ph
+ x
Ph PhClI, 120 °C
47%

Compared to such ortho-alkenylations, the ortho-arylation of arylphosphine
derivatives has been less explored.”™*®*7¢ As a recent example, Han and co-workers

reported the palladium-catalyzed ortho-arylation of diarylphosphinamides with

arylboronic acids (Scheme 4.6).° %
Scheme 4.6.
Ph, O HO)-B 10 mol% Pd(OAc),, 10 mol% BQ
P\N/CGFS ( )2 CSF, A92CO3
+
@ H M DMF, 40 °C
H e

44%

Duan and Liu independently reported the palladium catalyzed C-H arylation of
arylphosphinamides (Scheme 4.7).%" ® However, these arylation reactions are limited to
the case with special phosphinamides or the intramolecular reaction. Therefore,
development of the direct arylation on more general arylphosphine derivatives is

desired.

78



Scheme 4.7.
Duan's work

. ligand
Br. 5 mol% Pd(OAc), Me e ph
Me, 10 mol% chiral ligand O, || :
O°P'N 30 mol% PivOH, KsPO, Ph—P~ ' Me. O Q Me
Ph” ) e P-N
H toluene, 80 °C ! 0] O Me
f PR P
94%, 90% ee
Liu's work .
Br 8 mol% Pd(dba), Me ; ligand oh
Me 10 mol% chiral ligand O\\* N : Ph
o\\P,N 40 mol% PivOH, Cs,CO; Ph—B~ : |\,|e><o 0 Et
- - ! P—N
Ph H hexane, 60 °C . Me™ "o S Et
! Ph" pn

99%, 95% ee
In 2013, Li and co-workers reported the rhodium-catalyzed direct coupling reaction
of 2-phenylpyridines with oxabicycloalkenes (Scheme 4.8).'" They proposed that the
reaction proceeds through the alkene insertion to the 5-membered rhodacycle, ring
opening via f-oxygen elimination, and dehydrative aromatization to form the

naphthylated product.

Scheme 4.8.

B [CP*RNCl], B

_N Q AgSbFg _N
ey 2 L0
dioxane 130 °C O

X ’ N
N _N—RhCp*
\ (0]
RhCp* > >

Inspired by the above work, the author succeeded in finding that arylphosphine oxides

also undergo the direct coupling with 1,4-epoxydihydronaphthalenes under rhodium

catalysis to produce biarylphosphine oxides (Scheme 4.9, right).
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Scheme 4.9. Transition-Metal-Catalyzed Direct Functionalization of Arylphosphine Oxides
ZOR Q

AWy,
R\E/,OR R—R R\E//O
' Rh(IIl), Ru(ll Rh(lll
R Rn(M, Ru(h H (i)
previous work this work

It has been confirmed that thus obtained biarylphosphine oxides can be readily reduced

to the corresponding biarylphosphines. Furthermore, a one-pot synthesis of
dibenzophosphole derivatives has also been achieved by the direct coupling of
phenylphosphinothioic amides with 1,4-epoxydihydronaphthalenes and successive
TfOH-mediated phospha-Friedel-Crafts reaction. These new findings are described in

this Chapter.

Results and Discussion

First, the author carried out optimization studies using dicyclohexylphenylphosphine
oxide (1a) and 1,4-epoxydihydronaphthalene (2a) as model substrates (Table 4.1). Thus,
la (0.25 mmol) was treated with 2a (0.25 mmol) in the presence of
[Cp*Rh(MeCN)3(SbFs),] (0.01 mmol, 4 mol %) and AgOAc (0.05 mmol, 20 mol %) in
DCE at 120 °C under N; for 12 h. As a result, the desired ortho-arylated product 3a was
formed in 60% GC yield (entry 1). As additive, Cu(OAc),*H,0O and Ag,COs in place of
AgOAc were not suitable (entries 2 and 3). A neutral rthodium complex, [Cp*RhCl;]s,
did not show any catalytic activity (entry 4). A combination of [Cp*RhCl,], and AgSbFg,
which appears to form a cationic rhodium species in situ, was less effective than
[Cp*Rh(MeCN);(SbFs),] (entry 5). Increasing the amount of 2a (1.5 equiv) improved

the product yield up to 69% (entry 6). Addition of 3 equiv of acetic acid or pivalic acid
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in place of AgOAc was found to be comparably effective (entries 7 and 8). Finally, 3a

was obtained in 78% isolated yield by using 1.2 equiv of 2a at 130 °C (entry 9).

Table 4.1. Optimization Studies for the Rh-Catalyzed Direct Naphthylation of
Dicyclohexylphenylphosphine Oxide (1a)?

Cy } Cy
oo o st onflo
@,H + g OO
DCE O
120°C,12h
1a 2a 3a
entry Rh-catalyst (mol %) 2a (equiv) additive (mol %) yield (%)?
1 [Cp*Rh(MeCN);][SbF¢], (4) 1.0 AgOACc (20) 60
2 [Cp*Rh(MeCN);][SbF¢], (4) 1.0 Cu(OAc),*H,0 (20)  trace
3 [Cp*Rh(MeCN);][SbF¢], (4) 1.0 Ag,CO3 (10) trace
4 [Cp*RNCl,], (2) 1.0 AgOAc (20) 0
5 [CoRNCll, (2) 0 G 38
[Cp*Rh(MeCN);][SbF¢], (4) 1.5 AgOAc (20) 69
[Cp*Rh(MeCN);][SbF¢], (4) 1.5 AcOH (300) 68
8 [Cp*Rh(MeCN);][SbF¢], (4) 1.5 PivOH (300) 67
9° [Cp*Rh(MeCN);][SbF¢], (4) 1.2 AgOAc (20) 80 (78)

@ Reaction conditions: 1a (0.25 mmol) in DCE (2 mL) under N, for 12 h.
b GC yield. Yield after purification is given in parentheses. ¢ At 130 °C.

With the optimized conditions in hand (entry 9 in Table 4.1), the author investigated
the substrate scope of this reaction (Table 4.2). Halogen-substituted alkenes 2b and 2¢
smoothly coupled with 1a to give 3b and 3¢ in good yields. In these cases, as well as in
some other reactions described below, mixtures of naphthylated 3 and
oxabicycle-retained 4 were formed. Therefore, the crude products were treated with
trimethylsilyl chloride/Nal in MeCN to convert partially formed 4 to 3. In contrast,
methoxy-substituted 2d underwent the fast ring-opening isomerization to fail to form
expected 3d in any amount. While diethylphenylphosphine oxide (1e) and 2,3-dihydro-
4-methyl-1-phenyl-1H-phosphole oxide (1f) reacted with 2a in a similar manner to give

3e and 3f, the sterically less hindered dimethylphenylphosphine oxide (1g) underwent
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Table 4.2. Reaction of Arylphosphine Derivatives 1 with 1,4-Epoxydihydronaphthalene 2a

[Cp*Rh(MeCN),][SbFg], /  Nal

+ 7 > >
H DCE, 130 °C, 12 h MeCN

y\ 520 R = H: 3a 78% Bt .0 @/

R =Br:3b 91%? Et~ oN o

R =F: 3¢ 78%? -Naph 2-Naph
O R = OMe: 3d 0%

Me._ || _Me Cy\ /O Cy/\ -0
2-Naph. i 2-Naph R©/2 Naph 2-Naph Q /@/
R = H: 3k 70%“
39 60%° R = Me: 3h 32% 3j 65% R = OMe: 31 57%b¢
R = Ph: 3i 57%P 2- Naph R = F: 3m 60%°

_
Q 2
Q/Pﬂo 2-Naph
\_d 2-Naph
g 2 Naph
2-Naph —

3n 80%¢ 30 58%7 3p 36% 3q 60%7°

3r 41%°¢ 3s 8%, 39%' 4t 76% 4u77%

@ Reaction conditions: 1 (0.25 mmol), 2 (0.3 mmol), [Cp*Rh(MeCN)3][SbFgl, (0.01 mmol), AGOAc
(0.05 mmol), in DCE (2 mL) at 130 °C under N, for 12 h. Isolated yields are shown. ® The
resulting crude mixture was treated with TMSCI (0.5 mmol) and Nal (0.5 mmol) in MeCN (3 mL) at
80 °C for 12 h. ° 2 (0.6 mmol) was used. ? 1 (0.5 mmol) and 2 (0.25 mmol) were used. ¢ AgOAc
(0.5 mmol) was used.’ AcOH (0.75 mmol) was used in place of AgOAc.

1:2 coupling under conditions with 2.4 equiv of 2a to produce 3g in 60% yield. The
reactions of ortho-methyl- and ortho-phenyl-substituted dicyclohexylphenylphophine
oxides 1h and 1i were somewhat sluggish, probably due to steric reasons. In the latter

case, 6-arylated product 3i was exclusively obtained, no 2’-arylation being observed. It
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should be noted that the direct arylation of the same substrate 1i is known to take place
at the 2’-position under palladium catalysis.®™ The reactions of di- and triarylphosphine
oxides with 2a were carried out using them in a 2:1 ratio to suppress the formation of
multi-arylated products. Thus, cyclohexyldiphenylphosphine oxide (1j), para- (1k-m)
and ortho- (1n) substituted triphenylphosphine oxides, and tris(2-thienyl)phosphine
oxide (10) underwent the monoarylation to afford the corresponding products 3j-o
selectively. The arylation of 5-phenyl-5H-dibenzophosphole oxide (1p) occurred not on
the dibenzophosphole ring but on the phenyl moiety, probably because of favorable
geometry of the phenyl C—H bond toward the metal center. In addition to phosphine
oxides, methyl diphenylphosphinate (1q) and diethyl o-tolylphosphonate (1r) also
underwent the arylation. However, these substrates were less reactive and required the
addition of a stoichiometric amount of AgOAc. Dicyclohexylphenylphosphine sulfide
(1s) coupled with 2a under the standard conditions to give the arylated product 3s in
only 8% yield. The use of 3 equiv of AcOH in place of AgOAc improved the yield of 3s
to 39%. The silver salt additive seems to be not suitable for the reaction because of its
strong thiophilicity.”® Interestingly, the reactions of phenylphosphonamides 1t and 1u
with 2a gave the bicyclic scaffold-retained products 4t and 4u selectively in good

yields.

Phenylphosphonamide 1t also reacted with N-Boc-bridged alkene 5 to produce the

azabicycle-retained compound 6 in 61% yield (eq 4.1).

Et,N_ NEt
NEt, Boc [Cp*Rh(MeCN)3J[SbFgl, (4 mol%) P=0
EtzN\rl, N AgOAC (20 mol%) Boc
o + N “.1)
ﬂ’Q DCE, 130 °C, 12 h
H ‘UQ
1t (0.25 mmol) 5 (0.3 mmol) 6 61%
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Next, the author examined the reduction of product 3a to deliver the corresponding
biarylphosphine. Thus, 3a was treated with HSiCl; in refluxing toluene to afford the
Buchwald-type dialkylbiarylphosphine 7 (eq 4.2). This sequence is effective for the

synthesis of biarylphoshine derivatives from simple arylphosphine oxides.

Cy._.C
HSICl; (0.6 mmol) P OO

- 4.2)
PhMe, reflux, 12 h

3a (0.2 mmol) 7 (94%)

Cy
Cy~ I'D//O

To demonstrate further utility of this Rh catalysis, the author next attempted to
combine the present arylation of 3 with a phospha-Friedel-Crafts (PFC) type cyclization
to produce dibenzophosphole derivatives. It is worth noting that benzo-fused
phospholes have recently attracted much attention in the field of organic materials
because of their unique optoelectronic properties, and the straightforward synthesis of
these molecules has become an important challenge.'"'* It is known that
phosphinothioic amides undergo Friedel-Crafts type P-arylation with simple arenes in
the presence of an appropriate Lewis acid.”” Therefore, the author envisaged that if
phenylphosphinothioic amides couple with 2 to form ortho-naphthylated products, they

may undergo the Friedel-Crafts type cyclization (Scheme 4.10).

Scheme 4.10. Synthetic Application: Phospha-Friedel-Crafts Reaction

cat. Rh(lll)
R5 i R5
P Al P phospha- RS
@[ “NEt, O “NEt, Friedel-Crafts P O
—_—
- ()
bond formation bond formation

fused dibenzophospholes
To establish PFC cyclization conditions, the optimization studies were carried out
(Table 4.3). Treatment of N,N-diethyldiphenylphosphinothionic amide (8a) (0.5 mmol)

with alkene 2a (0.25 mmol) under the conditions used for the reaction of phosphine
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sulfide 3s in Table 4.2 gave a mixture of 3v and 4w in ca.70% total yield. To simplify
the experimental procedure, the crude mixture was used for the next step without
purification. When this crude mixture was treated with 10 equiv. of AICIl; in
ortho-dichlorobenzene at 150 °C for 24 h, the PFC reaction proceeded to afford a
mixture of a-9 and B-9 in 63% combined yield (entry 2). Further screening showed
Bronsted acids promoted the regioselective cyclization at relatively mild temperature.
The reaction with an excess amount of p-TsOH at 100 °C gave a-9 in 30% yield

selectively (entry 5). The structure of a-9 was confirmed by X-ray crystal structure

Table 4.3. Optimization Studies for Phospha-Friedel-Crafts Reaction

EtN. .S [CP"RN(MeCN)JISbFel [EEN. .S BN pp
Ph Q (4 mol%) Ph” O P<s
. % AcOH (0.75 mmol) + O 0o
DCE 2 mL, 130 °C
sealable tube, 12 h Q
8a 2a 3v 4w
0.5 mmol 0.25 mmol L a

mixuture, ca. 70% (NMR)
not isolated

S Ph S

conditions O ) ” + O ‘p”
-9 B-9 Q
entry conditions 'H NMR yield? product (o/B)
1 workup, then AICI3 (2 mmol), toluene, 100 °C, 14 h No Reaction -
2 workup, then AICl3 (2.5 mmol), 0-DCB, 150 °C, 24 h 76% (63%) o/B (3:1)
3 workup, then AICI3 (2.5 mmol), PhCF3, 150 °C, 24 h No Reaction
4 workup, then TMSCI (2 mmol), Nal (2 mmol), MeCN, 80 °C, 12h  complex mixture -
5 workup, then p-TsOH (2.5 mmol), toluene, 100 °C, 12 h - (30%) o
6 workup, then p-TsOH (1.25 mmol), o-DCB, 130 °C, 24 h 41% o
7 workup, then TfOH (0.5 mL), DCE, 80 °C, 12 h 45% o
8 workup, then TfOH (0.5 mL), MeNO,, 80 °C, 12 h decomposition -
9  workup, then AICI5 (2.5 mmol), TfOH (0.5 mL), DCE, 80 °C, 12 h 46% o
10 workup, then HCI in dioxane (2.0 mL), 80 °C, 12 h 0% -
11 one pot, TfOH (0.5 mL), 80 °C, 12 h 56% (57%) o
12 one pot, TfOH (0.5 mL), 60 °C, 12 h 40% o
13 one pot, TfOH (0.5 mL), 100 °C, 12 h 55%° a

2 Yield of product was determined by "H NMR using CH,Br, as an internal standard. Isolated yield
are shown in parentheses. ? Corresponding phosphole oxide 10a (11%) was also formed.

85



analysis (Figure 4.2). Finally, it was disclosed that simple one-pot conditions using
TfOH gave the best result (entry 13). After the rhodium-catalyzed coupling reaction, an
excess amount of TfOH was added to the resultant solution and heated at 100 °C for 12
h, resulting in the formation of a-9 in 55% NMR yield. In this case, a minor amount of
the corresponding phosphole oxide 10a was formed, therefore, this mixture was
additionally treated with mCPBA for oxygenation on the phosphorus atom of a-9 to

provide 11-phenyldibenzo[b,g]phosphindole 11-oxide (10a) in 62% yield (Table 4.4)

Figure 4.2. X-ray analysis of a-9

kx
el
I \\J
A ,_.n 4
— \a
£§,3\

The same one-pot procedure could be applied to the reactions using a number of
phosphinothioic amides and alkenes to produce a series of dibenzophosphole oxides
10b-f (Table 4.4). A related diphenylphosphinamide (1x) also underwent the
phaspha-Friedel-Crafts reaction, albeit with a poor yield (eq 4.3). In all cases, the C-P
bond formation proceeded at a-position of the naphthalene exclusively. In the recently
reported naphthalene-fused benzophosphole synthesis by means of the Pd-catalyzed

2a,b

direct coupling,™" the a/B-selectivity has been found to be sterically controlled in favor

of the B-isomer. Thus, this new methodology is complimentary to the previous report.

[Cp*Rh(MeCN)3][SbFgl,
(4 mol%) Ph O

0 \
Q AcOH (0.75 mmol)  TfOH P O
Ph—P—-NEt, + "Q - (4.3)
Ph DCE, 130 °C, 12 h 100 °C
1x (0.5 mmol) 2a (0.25 mmol) 12h 10a ca. 20%
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Table 4.4. One-pot Synthesis of Dibenzophophole oxides 9 by Rh(lll)-catalyzed
Direct Naphthylation-Intramoleculer Phospha-Friedel-Crafts Reaction of
Arylphosphinothioic Amide 82

Et,N.__S
R,I,P R3
o 1) [CP*Rh(MeCN);JISbFgly, ACOH 1
DCE, 130 °C S R
+ "/Q R3 - P
2) TfOH, 100 °C
R2 R 3) mCPBA, rt
8 2 one-pot process R? 10
0.5 mmol 0.25 mmol
Me Cl
Ph\ //O
L) ° 5 ° )
L M ”
M |
10a 62% ®  10b45% " o a8%
Br F Me
b DR 26
10d 64% 10e 65% 10f 59%

@ Reaction conditions: 1) 8 (0.5 mmol), 2 (0.25 mmol), [Cp*Rh(MeCN)3][SbFg], (0.01
mmol), AcOH (0.75 mmol), in DCE (2 mL) at 130 °C under N, for 12 h; 2) TfOH (0.5
mL) at 100 °C under N, for 12 h; 3) mCPBA, rt. Isolated yields are shown.

To obtain mechanistic insight, additional experiments were performed. At an early
stage (1 h) of the reaction of 1a with 2a under standard conditions, a significant amount
of 4a (64%) was formed together with 3a (16%) (eq 4.4). Further treatment of the
mixture led to the complete disappearance of once formed 4a and selective formation of
3a. Thus, 4a is considered to be the initial principal product. A plausible mechanism for
the formation of 4 from phenylphosphine oxide 1 with oxabicyclic alkene 2 is illustrated
in Scheme 4.11. Coordination of the P=O directing group of 1 to the metal center of
catalyst forms a cationic Rh(III) intermediate A, and C-H bond cleavage at the

ortho-position of A takes place to yield a five-membered rhodacycle intermediate B.
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Then, the alkene insertion and subsequent protonolysis of a resulting intermediate C
may occur to produce the oxabicycle-retained product 4. Further heating may induce the
dehydrative aromatization to afford the biarylphosphine oxide 3. f-Oxygen elimination
in the intermediate C leading to the ring-opening product (Scheme 4.8) could occur, but,

only to a minor extent.'®

cy. v
[Cp*Rh(MeCN);3][SbFgl> \P/\
1a (0.25 mmol) AgOAC ‘ oO
+ +
DCE 3 .
2a (0.3 mmol)
130°C,1h ‘ Q
16% (NMR) 4a 64% (NMR)
(4.4)
[Cp*Rh(MeCN);][SbFg],
AgOAc
(crude mixuture) > 3a 80% (NMR)
DCE
130°C,12h
Scheme 4.11. Plausible Reaction Mechanism
R
® ‘p\’R
Cp*RhOAc ©/ o
| 1
Cp*
Rh-
RN
A R
C-H cleavage
-AcOH
AcOH D
O~Rh-Cp*
R\ /
"P,
R
R
Cp* /O: p-R B
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Next, some deuterium labeling studies were also conducted. As shown in eq 4.4, the
reaction of 1a with 2a gave a mixture of 3a and 4a at an early stage (15 min). Therefore,
the author chose 1t as a model substrate for simplification, because the reaction of 1t
with 2a gave only 4t (Table 4.2). When 1t-ds was treated in the presence of 3 equiv of
acetic acid for 15 min, no D/H scrambling was observed in recovered 1t-ds as well as
formed 4t-d; (eq 4.5). Furthermore, significant kinetic isotope effects (KIE) were
observed in parallel and competitive reactions of 1t and 1t-ds (eqs 4.6/7 and 4.8). These

results suggest the C—H bond cleavage step is most likely irreversible and rate-limiting.

[Cp*Rh(MeCN)3][SbFg],

Et,N
D NE o (4 mol%) 2N D NEt
D R=NEt, > AcOH (3 eq) P\NEtZ
+
© / Q DCE, 130 °C (4.5)
D D _ D
15 min
D D
1t-d5 (0.125 mmol) 4t-d, 34% (NMR) (>98% D)
(>98% D) 2a (0.15 mmol) (>98% D)
NEt, [Cp*Rh(MeCN);][SbFg], H Et,N
o, \ NEt2
I?\\NEtz (4 mol%)
AgOAc (20 mol%)
+ ﬂ.
DCE, 130 °C
1t (0.25 mmol) 2a (0.3 mmol) 5 min: 42% (NMR)
10 min: 80% (NMR)
[Cp*Rh(MeCN);][SbFe], D Et:N
NEL (4 mol%) NEt,
\\ NEt, AgOAcC (20 mol%)
j©: DCE, 130 °C
1t-d5 (0.25 mmol) dteg, D Min: 8% (NMR)
(>98% D) 2a (0.3 mmol) 410 min: 25% (NMR)
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BN NEt, [CP*RN(MeCN)glISbFgl, "N Net,

R Q (4 mol%) o
Hs or Dsg o + AgOAc (20 mol%) Hy or Dy O o (4.8)

DCE, 130 °C, 5 min ‘.Q

1t (0.125 mmol)

+ 2a (0.3 mmol) 49% (NMR)
1t-d (0.125 mmol) at/at-d, = 3.5
(>98% D)

In addition, the author investigated relative reactivity between phosphine oxide 1a and
phosphinamide 1t (eq 4.9). In a competitive experiment with 2a, 1t reacted more
smoothly than 1a. Furthermore, a significant amount of aromatized 3t was also formed,
in contrast to the independent reaction in which only a trace amount of 3t was observed

as described above.

Cy\gy O So
N
@ o [Cp*Rh(MeCN)5][SbFel,

H 0 (4 mol%)

1a (0.25 mmol) AgOAc (20 mol%)
s N _ 3a 14% (NMR) 4.9)
DCE, 130 °C, 12 h EiN NEG NEt,

Et,N, NE2

P\\O 2a (0.25 mmol) PQO P\\O
Cﬂ o] CI
H
1t (0.25 mmol) "Q OO

4t24% (NMR)  3t44% (NMR)

Based on the result of eq 4.9, the author examined the effect of a phosphine oxide
additive. When 20 mol% of O=PCy; was added to the reaction of 1t with 2a under
standard conditions, 4t and 3t were formed in 87% and 9% yields, respectively (eq 10).
Increasing the amount of O=PCys to 1 equiv enhanced the yield of 3t to 22%, while the
total yield of 3t and 4t was somewhat lower. Although the exact role of the added
phosphine oxide is unclear at this stage, these results indicate that a phosphine oxide can

promote the dehydrative aromatization of 4t.
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[Cp*Rh(MeCN);][SbFg],

(4 mol%) EtzN\PE\'EtZ Et,N_NEt2
Et,N_NEt2 0 AgOAc (20 mol%) <0 P\\O
\P\ =, 9 O
o + 0=PCy; (x mol%) N O 4.10)
H DCE, 130 °C, 12 h ‘UQ OO
1t (0.25 mmol) 2a (0.3 mmol) 4t 3t
x=20  87% (NMR) 9% (NMR)
x=100 38% (NMR) 22% (NMR)

Summary

In Chapter 4, the author has demonstrated the rhodium-catalyzed redox-neutral direct
ortho-arylation of arylphosphine derivatives with heterobicyclic alkenes. A number of
biaryl phosphine derivatives could be obtained from simple aryl phosphine oxides.
Furthermore, the combination of rhodium-catalyzed ortho-arylation and acid-mediated
intramolecular phospha-Friedel-Crafts reaction enables the concise synthesis of
dibenzophosphole derivatives from readily available diarylphosphinothionic amides in a

one-pot manner.

Experimental Section

General. lH, 13 C, F and *'P NMR spectra were recorded at 400, 100, 376 and 162 MHz for CDCl;
solutions. HRMS data were obtained by APCI using a TOF mass spectrometer, unless noted. GC
analysis was carried out using a silicon OV-17 column (i. d. 2.6 mm x 1.5 m). GC-MS analysis was
carried out using a CBP-1 capillary column (i. d. 0.25 mm x 25 m). The structures of all products
listed below were unambiguously determined by 'H and >C NMR with the aid of NOE, COSY,
HSQC, and HMBC experiments and X-ray crystal structure analysis.

Arylphosphine oxides 1 were prepared by oxidation of the corresponding commercially available
phosphines with H,O, as described below. Diarylthiophosphinamides 8b and 8¢ were prepared from
CI,PNEt, as described below. Dibenzophosphole oxide lp,2b methyl diphenylphosphinate 1q,"
phosphine sulfide 1s,"> phosphinamide 1t and 1u,'® oxabicyclic alkene 2b-2d,'” azabicyclic alkene
5" and diphenylthiophosphinamide 8a'’ were prepared according to published procedures. DCE

was freshly distillated from CaH, before use. Other starting materials were commercially available
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and used as received. The following experimental procedures may be regarded as typical in

methodology and scale.

Preparation of Arylphosphine Oxides 1
H,0,

R" (30% in water) O
(Het)Ar—R > (Het)Ar—P-R?
R THF, rt R!

To a solution of an arylphosphine in THF (4~5 M), H,0, (30% in water, 3~5 eq) was dropped
slowly and stirred at room temperature. The exothermic reaction terminated within a few minutes.
The resulting mixture was continued to stir for 15 minutes. After checking the complete conversion
of the phosphine by TLC, the reaction mixture was quenched by sat. NaHCO; solution and sat.
Na,S,0;5 solution and stirred for a few minutes additionally. The reaction mixture was separated, and
the water layer was extracted with DCM. The combined organic layer was dried over Na,SO,4 and
volatiles were removed in vacuo. The corresponding phosphine oxide was obtained quantitatively

and used without further purification.

Preparation of Diarylthiophoshinamides 8

Cl,
n-BuLi Cl,P‘NEtz Ss S
|l
Ar—Br > > > Ar—FI’—NEtz
THF, -78 °C -78 °Ctort rt Ar

To a solution of an aryl bromide (10 mmol) in dry THF (20 mL) at -78 °C under N, atmosphere,
n-BuLi (1.55 M in hexane, 10 mmol, 6.45 mL) was slowly added. The reaction mixture was stirred
for 30 min at this temperature. To the resulting mixture, CI,PNEt, (5 mmol, 870 mg) in THF (5 mL)
was then added by a syringe. Then, the reaction mixture was slowly warmed to rt with an additional
3 h stirring. To this mixture, Sg (7.5 mmol, 240 mg) was added and stirred for overnight. The
resulting solution was quenched with water, extracted with ethyl acetate, and the organic layer was
dried over Na,SO4 and concentrated in vacuo. The crude mixture was purified by column
chromatography on silica gel with hexane/ethyl acetate to afford product. Further purification was

performed by recrystallization if necessary.

General Procedures for Rh(III)-Catalyzed Coupling of Phosphine Derivatives with
Heterobicyclic Alkenes.

Condition A
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5 X [Cp*Rh(MeCN)3][SbFg], 4 mol%
@: 0 AgOAc 20 mol%
+ / >

H DCE 2 mL, 130 °C

1 20r5 sealable tube, 12 h

In a 10 mL sealable tube, the indicated amounts of 1 and 2 or 5 in Table 2,
[Cp*Rh(MeCN)3(SbF),] (8.3 mg, 0.01 mmol), and AgOAc (8.4 mg, 0.05 mmol) were placed with a
magnetic stir bar under N, atmosphere. Then, DCE (2 mL) was added by a syringe. The reaction
mixture was heated at 130 °C in an oil bath for 12 h. After cooling, the reaction was quenched with
10 mL of water and extracted three times with DCM (20 mL x 3). The combined organic layer was
dried over Na,SO,4 and volatiles were removed in vacuo. Purification of the residue by column

chromatography on silica gel gave product.

Condition B
R R . 0
F/’ (o) [Cp*Rh(MeCN);][SbFgl, 4 mol% Nal 0.5 mmol
@ <0 + AgOAc 20 mol% TMSCI 0.5 mmol
/ t t o
H DCE 2 mL, 130 °C MeCN
1 2a sealable tube, 12 h 80°C,12h

In a 10 mL sealable tube, the indicated amounts of 1 and 2a in Table 2, [Cp*Rh(MeCN);(SbF),]
(8.3 mg, 0.01 mmol), and AgOAc (8.4 mg, 0.05 mmol) were placed with a magnetic stir bar under
N, atmosphere. Then, DCE (2 mL) was added by a syringe. The reaction mixture was heated at
130 °C in an oil bath for 12 h. After cooling, the reaction was quenched with 10 mL of water and
extracted three times with DCM (20 mL x 3). The combined organic layer was dried over Na,SO4
and volatiles were removed in vacuo. The resulting mixture and Nal (74.9 mg, 0.5 mmol) were
placed in a flask with a magnetic stir bar. To this, MeCN (3 mL) and TMSCI (54.3 mg, 0.5 mmol)
were added by a syringe. The reaction mixture was stirred at 80 °C under N, atmosphere for
overnight. After cooling, the reaction was quenched with sat. NaHCO; and sat. Na,S,0; and
extracted three times with DCM (20 mL x 3). The combined organic layer was dried over Na,SO4
and volatiles were removed in vacuo. The crude mixture was purified by column chromatography on

silica gel to give product.

Condition C

OR' '
R\F/’ (o) [Cp*Rh(MeCN)3][SbFg], 4 mol% RRO/‘P//O
<0 AgOAc 2 eq.
+ >

H DCE 2 mL, 130 °C O
1 2a sealable tube, 12 h

In a 10 mL sealable tube, the indicated amounts of 1 and 2a in Table 1, [Cp*Rh(MeCN);(SbF),]
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(8.3 mg, 0.01 mmol), and AgOAc (83.5 mg, 0.5 mmol) were placed with a magnetic stir bar under
N, atmosphere. Then, DCE (2 mL) was added by a syringe. The reaction mixture was heated at
130 °C in an oil bath for 12 h. After cooling, the reaction was quenched with 10 mL of water and
diluted with 10 mL DCM. Then, insoluble solids were filtered off through a short pad of Celite. The
resulting mixture was extracted three times with DCM (20 mL x 3) and the combined organic layer
was dried over Na,SO,4. Volatiles were removed in vacuo and subsequent purification by column

chromatography on silica gel gave product.

Condition D
c c
Crg y o [CP*Rh(MeCN),J[SbFgl, 4 mol% .~ V>p=S
@ s AcOH 0.75 mmol Cy
+
H DCE 2 mL, 130 °C O
1s 2a sealable tube, 12 h 3s

In a 10 mL sealable tube, 1s (0.25 mmol), 2a (0.3 mmol), and [Cp*Rh(MeCN);(SbFs),] (8.3 mg,
0.01 mmol) were placed with a magnetic stir bar under N, atmosphere. Then, DCE (2 mL) and
AcOH (43 pl, 0.75 mmol) were added by a syringe. The reaction mixture was heated at 130 °C in an
oil bath for 12 h. After cooling, the reaction was quenched with 10 mL of water and extracted three
times with DCM (20 mL x 3). The combined organic layer was dried over Na,SO, and volatiles
were removed in vacuo. Purification of the residue by column chromatography on silica gel gave

product.

Reduction of 3a (eq 4.2)

Cy.,-0 Cy~,-Cy
o F OO HSICl; 0.6 mmol P OO
O PhMe, 120 °C, 12 h O

3a (0.2 mmol) 7

In a 10 mL sealable tube, 3a (83.2 mg, 0.2 mmol) was placed with a magnetic stir bar under N,
atmosphere. Then, toluene 1 mL and HSiCl; (61 pL, 0.6 mmol) were added by a syringe. The
reaction mixture was heated at 120 °C in an oil bath for 12 h. After cooling, 1 mL of 10% aq. NaOH
was added and stirred for 5 min. The resulting mixture was diluted with water and extracted three
times with ethyl acetate (20 mL x 3). The combined organic layer was dried over Na,SO, and
volatiles were removed in vacuo. Purification of the residue by column chromatography on silica gel

using hexane/ethyl acetate (10:1, v/v) gave product 7 (75.6 mg, 94%)

Synthesis of Dibenzo[b]phosphole Derivatives by One-Pot Rh-Catalyzed Coupling and
Phospha-Friedel-Crafts Reactions.
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Et,N.__S
P [Cp*Rh(MeCN)3][SbF ¢,
4 mol% R; O
/,
P/

<> ACOH 0.75 mmol  TFOH 0.5 mL mCPBA O Ry
+
Rs .
& DCE2mL,130°C  4g99°C 12h CH,Cl, O O
2 R3
8 2 10

sealable tube, 12 h t
R

0.5 mmol 0.25 mmol

In a 10 mL sealable tube, 8 (0.5 mmol), 2 (0.25 mmol), and [Cp*Rh(MeCN);(SbFs),] (8.3 mg,
0.01 mmol) were placed with a magnetic stir bar under N, atmosphere. Then, DCE (2 mL) and
AcOH (43 pl, 0.75 mmol) were added by a syringe. The reaction mixture was heated at 130 °C in an
oil bath for 12 h. After cooling, TfOH (0.5 mL) was added by a syringe. The resulting mixture was
heated up again to 100 °C for 12 h. After cooling, the reaction mixture was poured into sat. NaHCO;
ag, and extracted three times with DCM (20 mL x 3). The combined organic layer was dried over
Na,SO, and volatiles were removed under reduced pressure. The obtained mixture was dissolved in
DCM (5 mL) again, and mCPBA (~70 wt%, 130 mg, ~0.5 mmol) was slowly added and stirred for a
few minutes. After checking the full conversion of phosphole sulfide 9 on TLC, the reaction was
quenched by sat. NaHCO; and sat. Na,S,;0;. Subsequently the crude material was extracted three
times with DCM (20 mL x 3). The combined organic layer was dried over Na,SO, and volatiles
were removed under reduced pressure. The desired product was obtained after purification by

column chromatography on silica gel.

Deuterium Labeling Studies.
D/H exchange (eq 4.5 in the text):

In a 10 mL sealable tube, 1t-ds; (34.2 mg, 0.125 mmol), 2a (21.7 mg, 0.15 mmol), and
[Cp*Rh(MeCN);(SbFe),] (4.2 mg, 0.005 mmol) were placed with a magnetic stir bar under N,
atmosphere. Then, DCE (2 mL) and AcOH (21 pl, 0.375 mmol) were added by a syringe. The
reaction mixture was heated at 130 °C in an oil bath for 15 min. After cooling, the reaction was
quenched with 10 mL of water and extracted three times with DCM (20 mL x 3). The combined
organic layer was dried over Na,SO, and volatiles were removed in vacuo. The obtained crude

mixture was analyzed by "H NMR in CDCl; using CH,Br; as an internal standard.
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D' NEt |
D Ri-NEt,
(9]
D D |
D
1t-ds

Mo D/H exchange+

A
- ]

k2 &1 a.0 T8 T8 T T.6 .5 T 7.3 T2 T .0 &% ppm

KIE Measurement (parallel) (eqs 4.6 and 4.7 in the text):
Under condition A, 1t and 1t-ds were independently treated with 2a. The yield of 4t was traced by
crude '"H NMR using CH;Br; as an internal standard.

KIE Measurement (competitive) (eq 4.8 in the text):

In a 10 mL sealable tube, 1t (33.5 mg, 0.125 mmol), 1t-ds (34.2 mg, 0.125 mmol), 2a (43.3 mg,
0.3 mmol), [Cp*Rh(MeCN)3(SbFs),] (8.3 mg, 0.01 mmol), and AgOAc (8.4 mg, 0.05 mmol) were
placed with a magnetic stir bar under N, atmosphere. Then, DCE (2 mL) was added by a syringe.
The reaction mixture was heated at 130 °C in an oil bath for 5 min. After cooling, the reaction was
quenched with 10 mL of water and extracted three times with DCM (20 mL x 3). The combined
organic layer was dried over Na,SO,4 and volatiles were removed in vacuo. Purification of the
residue by column chromatography on silica gel gave mixture of 4t and 4t-d,. The ratio of 4t and

4t-d,; were determined by "H NMR. Thus, 4t:4t-d,= 77.6:22.4 and ky / kp = 3.5.
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Characterization Data of Products

Dicyclohexyl(2-(naphthalen-2-yl)phenyl)phosphine oxide (3a): Condition A, colorless solid, mp
190-192 °C, 80.9 mg (78%); 'H NMR (400 MHz, CDCl;): & 0.87-1.80 (m, 22H), 7.26-7.29 (m, 1H),
7.37 (dd, J = 8.4, 1.7 Hz, 1H), 7.51-7.59 (m, 4H), 7.67 (s, 1H), 7.82-7.84 (m, 1H), 7.90 (d, J = 8.5
Hz, 1H), 7.91-7.94 (m, 1H), 8.13-8.18 (m, 1H); *C NMR (100 MHz, CDCl5): 6 25.7, 26.352 (d, J =
16.6 Hz), 26.371 (d, J = 16.6 Hz), 26.393 (d, J = 12.2 Hz), 26.525 (d, J = 14.2 Hz), 38.3 (d, J = 65.6
Hz), 126.4, 126.8, 127.32, 127.37 (d, J = 9.5 Hz), 127.38, 127.6, 127.86, 127.91, 130.47 (d, J = 2.6
Hz), 130.51 (d, J = 79.5 Hz), 131.2 (d, J= 9.5 Hz), 132.5, 132.6, 134.0 (d, J = 6.3 Hz), 139.5, 143.7
(d, J = 8.8 Hz); 'P{'"H} NMR (162 MHz): § 48.0; HRMS m/z (M+H") Caled for C,sH34OP:
417.2342. Found 417.2343.

Dicyclohexyl(2-(6,7-dibromonaphthalen-2-yl)phenyl)phosphine oxide (3b): Condition B, pale
brown solid, mp 154-156 °C, 130.5 mg (91%); '"H NMR (400 MHz, CDCl5): 6 0.94-1.92 (m, 22H),
7.24-7.30 (m, 1H), 7.44 (dd, J = 8.4, 1.7 Hz, 1H), 7.50-7.57 (m, 2H), 7.57 (s, 1H), 7.76 (d, J = 8.4
Hz, 1H), 7.91-7.99 (m, 1H), 8.12 (s, 1H), 8.21 (s, 1H); C NMR (100 MHz, CDCls): § 25.6, 25.9 (d,
J=3.5Hz),26.2 (d, /J=3.0 Hz), 26.4 (d, /= 12.2 Hz), 26.6 (d, J = 12.8 Hz), 37.9 (d, J = 65.8 Hz),
122.4, 122.8, 125.8, 126.5, 127.5 (d, J = 10.0 Hz), 129.2, 129.7 (d, J = 79.3 Hz), 130.6 (d, J = 2.3
Hz), 131.6 (d, J=9.1 Hz), 132.1, 132.2 (3C), 133.1 (d, J=7.4 Hz), 141.0 (d, /J=2.3 Hz), 144.4 (d, J
=7.3 Hz);’'P{'"H} NMR (162 MHz): § 47.6; HRMS m/z (M+H") Calcd for C,3H3,Br,OP: 573.0552.
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Found 573.0553.

Dicyclohexyl(2-(6,7-difluoronaphthalen-2-yl)phenyl)phosphine oxide (3c): Condition B, pale
brown solid, mp 184-186 °C, 107.8 mg (95%); 'H NMR (400 MHz, CDCls): 6 0.94-2.08 (m, 22H),
7.25-7.30 (m, 1H), 7.39 (d, J = 8.4 Hz, 1H), 7.51-7.58 (m, 3H), 7.61 (s, 1H), 7.64 (dd, J = 10.8, 8.0
Hz, 1H), 7.81 (d, J = 8.4 Hz, 1H), 7.96-8.04 (m, 1H); °C NMR (100 MHz, CDCls): § 25.6, 26.0 (d,
J=3.6Hz),26.3 (d, J=2.9 Hz), 26.4 (d, J = 12.4 Hz), 26.6 (d, J = 12.9 Hz), 38.0 (d, J = 65.9 Hz),
113.5 (d, J=4.3 Hz), 113.7 (d, J= 4.5 Hz), 126.3 (d, J= 3.5 Hz), 126.9 (d, J= 3.5 Hz), 127.5 (d, J =
9.9 Hz), 127.9 (d, J = 2.1 Hz), 129.27, 129.35. 129.9 (d, J = 79.5 Hz), 130.6 (d, J= 2.2 Hz), 131.5 (d,
J=9.3Hz), 133.3 (d, J= 7.1 Hz), 140.0, 144.2 (d, J= 7.9 Hz), 150.3 (dd, J = 247.1, 13.3 Hz), 150.5
(dd, J = 255.9, 22.3 Hz); “F{'H} NMR (376 MHz): ¢ -136.3 (d, J = 20.5 Hz), -136.0 (d, J = 20.5
Hz);*'P{'H} NMR (162 MHz): § 47.9; HRMS m/z (M+H") Calcd for CosH3,F,OP: 453.2153. Found
453.2150.

Diethyl(2-(naphthalen-2-yl)phenyl)phosphine oxide (3e): Condition A, colorless solid, mp
104-105 °C, 52.0 mg (67%); 'H NMR (400 MHz, CDCls): 6 1.00 (dt, J = 17.1, 7.6 Hz, 6H), 1.40
(ddt, J=24.0, 7.8, 7.8 Hz, 2H), 1.60 (ddt, J = 28.2, 7.6, 7.6 Hz, 2H), 7.30-7.33 (m, 1H), 7.42 (dd, J
= 8.4, 1.8 Hz, 1H), 7.54-7.59 (m, 4H), 7.74 (s, 1H), 7.83-7.93 (m, 3H), 8.21-8.29 (m, 1H); °C NMR
(100 MHz, CDCl;): 6 5.7 (d, J= 5.2 Hz), 22.9 (d, J = 68.6 Hz), 126.6, 126.9, 127.2, 127.5 (d, J=9.9
Hz), 127.7, 127.87, 127.95 128.0, 129.9 (d, J= 85.7 Hz), 131.1 (d, J=2.6 Hz), 131.2 (d, /= 9.9 Hz),
132.5, 132.7, 134.3 (d, J = 6.5 Hz), 138.9, 144.2 (d, J= 9.9 Hz);>'P{'H} NMR (162 MHz): § 45.1;
HRMS m/z (M+H") Calcd for C,0H,,0P: 309.1403. Found 309.1398.

4-Methyl-1-(2-(naphthalen-2-yl)phenyl)-2,3-dihydro-1H-phosphole 1-oxide (3f): Condition B,
pale brown solid, mp 161-163 °C, 44.8 mg (56%); 'H NMR (400 MHz, CDCl5): & 1.48-2.00 (m, 6H),
2.25-2.37 (m, 1H), 5.76 (dd, J = 24.9, 1.3 Hz, 1H), 7.36-7.42 (m, 1H), 7.50-7.60 (m, SH), 7.84-7.91
(m, 4H), 8.16 (ddd, J = 12.4, 7.2, 1.6 Hz, 1H); *C NMR (100 MHz, CDCl;): 5 20.7 (d, J = 17.3 Hz),
27.7 (d, J=70.1 Hz), 33.6 (d, J = 8.8 Hz), 121.3 (d, J = 101.3 Hz), 126.5, 126.6, 127.3 (d, J = 10.9
Hz), 127.5, 127.7 (2C), 128.2, 128.8, 131.17 (d, J = 2.4 Hz), 132.23 (d, J = 4.5 Hz), 132.6 (d, J =
12.5 Hz), 132.7 (2C), 133.2 (d, J = 92.6 Hz), 138.4 (d, J = 3.6 Hz), 144.8 (d, /= 9.8 Hz), 163.6 (d, J
=26.6 Hz);”'P{'"H} NMR (162 MHz): 6 62.1; HRMS m/z (M+H") Calcd for C,;H,0OP: 319.1246.
Found 319.1241.

(2,6-Di(naphthalen-2-yl)phenyl)dimethylphosphine oxide (3g): Condition A, colorless solid, mp
246-248 °C, 60.4 mg (60%); 'H NMR (400 MHz, CDCl): 6 0.82 (d, J = 12.4 Hz, 6H), 7.48-7.63 (m,
7H), 7.82 (d, J= 8.2 Hz, 2H), 7.89-7.92 (m, 2H), 7.97 (d, J = 7.6 Hz, 2H), 7.98-8.00 (m, 2H), 8.22 (s,
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2H); *C NMR (100 MHz, CDCls): 6 21.1 (d, J = 73.0 Hz), 126.59, 126.64, 127.8, 128.2 (4C), 128.6,
129.4,130.3, 131.1 (d, J= 9.3 Hz), 132.6 (d, J = 94.3 Hz), 132.9, 133.0, 140.0 (d, J = 3.8 Hz), 147.6
(d, J = 8.8 Hz); "'P{'"H} NMR (162 MHz): ¢ 36.4; HRMS m/z (M+H") Caled for C,sH,4OP:
407.1559. Found 407.1563.

Dicyclohexyl(2-methyl-6-(naphthalen-2-yl)phenyl)phosphine oxide (3h): Condition A, pale
yellow solid, mp 95-97 °C, 34.3 mg (32%); 'H NMR (400 MHz, CDCl5): & 0.80-1.90 (m, 22H), 2.85
(s, 3H), 7.04 (ddd, J = 7.4, 3.4, 1.0 Hz, 1H), 7.25-7.29 (m, 1H), 7.32 (ddd, J=17.5, 7.5, 2.8 Hz, 1H),
7.38 (dd, J = 8.4, 1.8 Hz, 1H), 7.53-7.59 (m, 2H), 7.62 (s, 1H), 7.78-7.84 (m, 1H), 7.89 (d, J = 8.4
Hz, 1H), 7.90-7.95 (m, 1H); °C NMR (100 MHz, CDCl;): 6 24.1 (d, J = 2.1 Hz), 25.7 (d, J = 16.1
Hz), 26.2, 26.3, 26.4, 26.5, 26.8, 27.0, 39.3 (d, J = 64.7 Hz), 40.5 (d, J = 63.9 Hz), 126.3, 126.8,
127.3, 127.4,127.5, 127.9 (2C), 128.9 (d, J=77.0 Hz), 129.5 (d, J = 2.3 Hz), 129.9 (d, /= 9.6 Hz),
132.2 (d, J=9.3 Hz), 132.4 (2C), 140.9 (d, J = 2.9 Hz), 144.6 (br), 145.9 (br) (observed complexity
is due to C-P coupling); *'P{'H} NMR (162 MHz): J 53.9; HRMS m/z (M+H") Calcd for CpoH34OP:
431.2498. Found 431.2504.

Dicyclohexyl(3-(naphthalen-2-yl)-[1,1'-biphenyl]-2-yl)phosphine oxide (3i): Condition B, pale
brown solid, mp 103-105 °C, 70.6 mg (57%); 'H NMR (400 MHz, CDCl5): ¢ 0.80-1.86 (m, 22H),
7.19-7.24 (m, 2H), 7.28-7.33 (m, 2H), 7.35-7.55 (m, 7H), 7.68 (d, J = 0.7 Hz, 1H), 7.81-7.91 (m,
3H); >C NMR (100 MHz, CDCls): 6 25.6, 26.3, 26.4, 26.5, 26.6, 26.7, 39.7 (br, d, J = 68.1 Hz),
125.8, 126.3 (d, J = 1.7 Hz), 127.0, 127.1 (2C), 127.2, 127.9 (d, J = 1.7 Hz), 128.1, 128.7, 128.8,
128.9, 129.1 (d, J=74.8 Hz), 131.8 (d, /=9.1 Hz), 132.0 (d, J=9.2 Hz), 132.4, 132.5, 141.2 (d, J =
2.5 Hz), 143.5 (d, J = 2.7 Hz), 146.8 (d, J = 7.9 Hz), 147.1 (d, J = 7.6 Hz) (observed complexity is
due to C-P coupling); *'P{'"H} NMR (162 MHz): 6 50.4; HRMS m/z (M+H") Calcd for C5,Hs50P:
493.2655. Found 493.2657.

Cyclohexyl(2-(naphthalen-2-yl)phenyl)(phenyl)phosphine oxide (3j): Condition A, pale brown
solid, mp 84-86 °C, 66.9 mg (65%); 'H NMR (400 MHz, CDCl;): 6 0.90-2.00 (m, 11H), 7.10-7.21
(m, 5H), 7.23-7.36 (m, 3H), 7.47-7.65 (m, 5H), 7.68 (d, J = 8.4 Hz, 1H), 7.82-7.88 (m, 1H),
8.17-8.25 (m, 1H); °C NMR (100 MHz, CDCls): d 25.1 (d, J = 2.7 Hz), 25.78, 25.82, 26.3 (d, J =
17.3 Hz), 26.4 (d, J= 13.7 Hz), 36.0 (d, J = 72.4 Hz), 126.3 (d, J = 8.1 Hz), 127.1, 127.2 (d, /= 9.8
Hz), 127.4, 127.6, 127.8, 127.9, 128.2, 128.8, 130.8 (d, /= 2.7 Hz), 132.11 (d, /=91.7 Hz), 131.14
(d, J=23 Hz), 131.23 (d, J= 8.7 Hz), 131.5 (d, J = 9.4 Hz), 132.0 (d, /= 70.4 Hz), 132.3, 132.5,
133.2 (d, J= 7.8 Hz), 138.2 (d, J = 3.1 Hz), 145.6 (d, J= 8.9 Hz);*'P{'"H} NMR (162 MHz): 6 35.9;
HRMS m/z (M+H") Calcd for C,gH,g0P: 411.1872. Found 411.1870.
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(2-(Naphthalen-2-yl)phenyl)diphenylphosphine oxide (3k): Condition A, pale orange gum, 70.3
mg (70%); 'H NMR (400 MHz, CDCly): 6 7.16-7.33 (m, 7H), 7.36-7.46 (m, 4H), 7.47-7.71 (m, 9H),
7.72 (s, 1H); "C NMR (100 MHz, CDCl;): § 125.8, 125.9, 126.7 (d, J = 12.3 Hz), 126.8, 127.2,
127.8,127.9 (d,J=12.1 Hz), 128.3, 129.7, 131.0 (d, /= 2.7 Hz), 131.5 (d, /= 9.3 Hz), 131.7 (d, J =
2.4 Hz), 132.0 (d, J=9.9 Hz), 132.1 (d, /= 101.8 Hz), 132.20, 132.23, 133.0 (d, /= 90.0 Hz), 134.1
(d, J = 11.9 Hz), 137.6 (d, J = 4.2 Hz), 147.5 (d, J = 8.6 Hz);*'P{'H} NMR (162 MHz): J 27.6;
HRMS m/z (M+H") Calcd for CpsH,,0OP: 405.1403. Found 405.1405.

(4-Methoxy-2-(naphthalen-2-yl)phenyl)bis(4-methoxyphenyl)phosphine oxide (31): Condition B,
pale yellow solid, mp 133-135 °C, 70.5 mg (57%); 'H NMR (400 MHz, CDCls): 6 3.69 (s, 6H), 3.86
(s, 3H), 6.64-6.70 (m, 4H), 6.86-6.91 (m, 2H), 7.28 (dd, J = 8.4, 1.8 Hz, 1H), 7.37-7.55 (m, 8H),
7.59 (s, 1H), 7.60-7.64 (m, 1H), 7.69-7.73 (m, 1H); *C NMR (100 MHz, CDCL): 6 55.2, 55.4,
112.0 (d, J=13.2 Hz), 113.4 (d, J=13.0 Hz), 117.4 (d, /= 10.8 Hz), 124.6 (d, J = 107.8 Hz), 125.0
(d,J=110.8 Hz), 125.7, 125.8, 126.6, 127.3, 127.8, 128.2, 129.2, 132.26, 132.32, 133.3 (d, /= 10.6
Hz), 136.0 (d, J=12.9 Hz), 137.9 (d, J= 4.0 Hz), 149.3 (d, /= 9.9 Hz), 161.6 (d, J=2.9 Hz), 161.7
(d, J = 2.6 Hz); 'P{'"H} NMR (162 MHz): § 26.7; HRMS m/z (M+H") Caled for Cs;Hys04P:
495.1720. Found 495.1718.

(4-Fluoro-2-(naphthalen-2-yl)phenyl)bis(4-fluorophenyl)phosphine oxide (3m): Condition A,
pale brown solid, mp 110-112 °C, 68.6 mg (60%); 'H NMR (400 MHz, CDCl3): 6 6.85-6.93 (m, 4H),
7.07-7.14 (m, 1H), 7.17 (ddd, J = 9.4, 2.8, 2.8 Hz, 1H), 7.20 (dd, J = 8.4, 1.8 Hz, 1H), 7.43-7.54 (m,
7H), 7.54 (d, J = 8.4 Hz, 1H), 7.65-7.75 (m, 3H); >C NMR (100 MHz, CDCl;): 6 114.0 (dd, J = 20.5,
13.6 Hz), 115.0 (dd, J = 21.3, 13.2 Hz), 119.3 (dd, J = 21.2, 11.0 Hz), 126.3, 126.5, 127.1, 127.2,
127.4,128.0 (dd, J = 105.6, 3.5 Hz), 128.2, 128.5 (dd, J = 108.2, 3.5 Hz), 129.7, 132.1, 132.4, 133.8
(dd, J=10.8, 8.8 Hz), 136.2 (dd, J = 3.4, 1.2 Hz), 136.5 (dd, J = 13.5, 9.0 Hz), 150.0 (dd, J = 10.1,
8.7 Hz), 163.3 (d, J = 9.0, 3.4 Hz), 165.8 (dd, J = 6.8, 3.1 Hz); °’F NMR (376 MHz) ¢ -107.4,
-106.5; *'P{'"H} NMR (162 MHz): 6 25.3; HRMS m/z (M+H") Caled for CagH;oF50P: 459.1120.
Found 459.1128.

(2-Methyl-6-(naphthalen-2-yl)phenyl)bis(2-methylphenyl)phosphine oxide (3m): Condition A,
pale yellow solid, mp 139-141 °C, 89.5 mg (80%); 'H NMR (400 MHz, CDCl3): 6 2.38 (s, 6H), 2.67
(s, 3H), 6.60-7.70 (br, m, 12H), 6.98 (dd, J = 8.4, 1.8 Hz, 2H), 7.11 (ddd, J = 7.4, 3.9, 0.7 Hz, 2H),
7.47 (ddd, J = 7.6, 7.6 Hz, 1.6, 1H), 7.57 (d, J = 8.1 Hz, 1H); °*C NMR (100 MHz, CDCls): § 22.0
(br), 24.3 (d, J = 3.8 Hz), 124.5 (br), 125.7 (d, J = 9.5 Hz), 126.8 (br), 127.1, 127.7, 127.9 (br),
129.94 (d, J=97.1 Hz), 130.00 (d, J = 9.6 Hz), 130.5 (d, J= 2.3 Hz), 131.3, 131.5 (br), 131.7, 131.8,
132.0, 132.4, 132.8 (br), 139.4 (d, J = 4.1 Hz), 143.2 (br), 145.5 (d, J = 8.6 Hz), 146.6 (d, /= 10.3

100



Hz) (observed complexity is due to C-P coupling and the presence of equilibrium of rotamer);
*'P{'H} NMR (162 MHz): J 37.4; HRMS m/z (M+H") Calcd for C;;HpsOP: 447.1872. Found
447.1876.

(3-(Naphthalen-2-yl)thiophen-2-yl)di(thiophen-2-yl)phosphine oxide (30): Condition A, pale
brown solid, mp 131-133 °C, 61.3 mg (58%); '"H NMR (400 MHz, CDCls): ¢ 6.97-7.01 (m, 2H),
7.35(dd, J=4.8, 2.5 Hz, 1H), 7.41-7.44 (m, 2H), 7.48 (ddd, J= 7.9, 3.6, 1.0 Hz, 2H), 7.56-7.60 (m,
3H), 7.68 (d, J= 8.8 Hz, 1H), 7.71 (d, J= 4.9 Hz, 1H), 7.72-7.77 (m, 2H), 8.04 (d, J = 1.4 Hz, 1H);
C NMR (100 MHz, CDCly): 6 126.1 (d, J = 11.7 Hz), 127.0, 127.4, 127.5, 127.8, 128.0, 128.4,
129.0, 130.1 (d, J= 124.0 Hz), 132.3 (d, /= 7.1 Hz), 132.4 (d, J = 13.3 Hz), 132.6, 132.7 (d, /= 2.7
Hz), 132.8, 133.9 (d, /= 5.7 Hz), 134.5 (d, J = 130.0 Hz), 136.8 (d, /= 11.0 Hz), 151.7 (d, /=9.5
Hz);*'P{'H} NMR (162 MHz):  5.4; HRMS m/z (M+H") Calcd for C»,H;c0PS;: 423.0095. Found
423.0099.

5-(2-(Naphthalen-2-yl)phenyl)-5H-benzo[b]phosphindole 5-oxide (3p): Condition A, pale yellow
solid, mp 194-196 °C, 36.2 mg (36%); 'H NMR (400 MHz, CDCls): 6 6.45 (dd, J = 8.3, 1.7 Hz, 1H),
6.68 (s, 1H), 6.82-6.87 (m, 2H), 7.08-7.18 (m, 3H), 7.19-7.29 (m, 4H), 7.31 (ddd, J = 8.1, 6.9, 1.2
Hz, 1H), 7.40 (ddd, J = 8.1, 6.8, 1.3 Hz, 1H), 7.52-7.63 (m, 4H), 7.68 (dddd, J = 7.6, 7.6, 1.8, 1.4 Hz,
1H), 8.78 (dddd, J = 13.0, 7.7, 1.5, 0.4 Hz, 1H); *C NMR (100 MHz, CDCl;): § 120.8 (d, J = 10.2
Hz), 125.5, 126.0, 126.3, 126.6, 127.1, 127.6 (d, J = 11.2 Hz), 127.9 (d, J = 99.1 Hz), 128.1, 128.5,
128.7 (d, J=11.4 Hz), 129.1 (d, J= 10.0 Hz), 131.0 (d, /= 10.3 Hz), 131.86, 131.89 (d, J = 2.8 Hz),
132.0, 131.7 (d, J = 1.9 Hz), 133.5 (d, J = 107.5 Hz), 134.9 (d, J = 8.0 Hz), 136.1 (d, J = 3.9 Hz),
141.9 (d, J = 22.0 Hz), 145.7 (d, J = 11.6 Hz);*'P{'"H} NMR (162 MHz): 6 30.6; HRMS m/z
(M+H") Calcd for CogH,0OP: 403.1246. Found 403.1245.

Methyl (2-(naphthalen-2-yl)phenyl)(phenyl)phosphinate (3q): Condition C, pale brown gum,
46.0 mg (51%); '"H NMR (400 MHz, CDCls): § 3.56 (d, J = 11.1 Hz, 3H), 7.00-7.08 (m, 2H),
7.16-7.35 (m, 5H), 7.43-7.62 (m, 5H), 7.52 (s, 1H), 7.53 (s, 1H), 7.78-7.83 (m, 1H), 8.17 (ddd, J =
12.6, 7.7, 1.6 Hz, 1H); *C NMR (100 MHz, CDCl3): 6 51.0 (d, J = 5.8 Hz), 126.0, 126.8, 126.9 (d, J
=11.3 Hz), 127.47, 127.55, 127.7, 127.8, 128.2, 128.9, 130.2 (d, J = 116.8 Hz), 131.38 (d, J = 6.6
Hz), 131.45, 131.55, 131.57 (d, J = 116.8 Hz), 131.9 (d, J = 2.7 Hz), 132.38, 132.41, 133.1 (d, J =
8.5 Hz), 137.9 (d, J=4.3 Hz), 146.3 (d, J= 11.6 Hz);*'P{'"H} NMR (162 MHz): J 32.8; HRMS m/z
(M+H") Calcd for C,3H,00,P: 359.1195. Found 359.1197.

Diethyl (2-methyl-6-(naphthalen-2-yl)phenyl)phosphonate (3r): Condition C, pale yellow oil,
36.3 mg (41%); '"H NMR (400 MHz, CDCls): 6 0.90-1.05 (m, 6H), 2.78 (d, J = 1.8 Hz, 3H),
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3.50-3.93 (m, 4H), 7.15-7.20 (m, 1H), 7.28-7.33 (m, 1H), 7.41 (ddd, J = 7.6, 7.6, 1.6 Hz, 1H),
7.45-7.52 (m, 3H), 7.77-7.88 (m, 4H); *C NMR (100 MHz, CDCl;): d 15.9 (d, J = 6.9 Hz), 23.3 (d,
J=3.4Hz), 613 (d, J= 62 Hz), 125.8, 126.0 (d, J = 184.0 Hz), 126.1, 126.6, 127.3, 127.6, 127.9,
128.0, 129.7 (d, J = 13.9 Hz), 130.8 (d, J = 11.5 Hz), 130.9, 132.3, 132.8, 141.0 (d, J = 2.6 Hz),
143.7 (d, J=10.9 Hz), 147.1 (d, J = 9.7 Hz);*'P{'"H} NMR (162 MHz): 6 18.0; HRMS m/z (M+H")
Calcd for C H,405P: 355.1458. Found 355.1452.

Dicyclohexyl(2-(naphthalen-2-yl)phenyl)phosphine sulfide (3s): Condition D, colorless solid, mp
188-190 °C, 42.4 mg (39%); "H NMR (400 MHz, CDCl;): & 0.88-1.76 (m, 22H), 7.20-7.23 (m, 1H),
7.38 (dd, J = 8.4, 1.7 Hz, 1H), 7.48-7.64 (m, 4H), 7.69 (s, 1H), 7.84-7.86 (m, 1H), 7.94-7.98 (m, 2H),
8.72 (ddd, J = 15.2, 7.4, 1.8 Hz, 1H); °C NMR (100 MHz, CDCLy): 6 25.5, 26.2 (d, J = 13.7 Hz),
26.5 (br), 26.9 (br), 27.7 (br), 28.3 (br), 38.9 (d, J = 48.1 Hz), 39.8 (d, J = 48.1 Hz), 126.7, 127.14,
127.15, 127.6 (d, J = 10.8 Hz), 127.7, 127.8, 127.90, 127.93, 128.1 (d, J = 61.9 Hz), 130.4 (d, J =
2.7 Hz), 131.4 (d, J = 9.2 Hz), 132.4, 132.7, 136.8 (d, J = 10.9 Hz), 139.4, 143.1 (d, J = 7.3 Hz);
'P{'H} NMR (162 MHz): 6 69.1; HRMS m/z (M+H") Caled for CpsHssPS: 433.2113. Found
433.2117.

(2-(Naphthalen-2-yl)phenyl)phosphonic acid bis(diethylamide) (3t): colorless oil, 44.8 mg
(45%); 'H NMR (400 MHz, CDCl;): 6 0.89 (t, J = 7.1 Hz, 12H), 2.83-3.01 (m, 8H), 7.38-7.49 (m,
4H), 7.52 (tdd, J= 6.8, 1.5, 1.5 Hz, 1H), 7.69 (m, 1H), 7.55 (dd, /= 8.5, 1.8 Hz, 1H), 7.82 (d, /= 8.6
Hz, 1H), 7.82-7.90 (m, 2H), 8.15 (s, 1H); *C NMR (100 MHz, CDCl3): 6 13.9 (d, J = 2.2 Hz), 39.1
(d, J=4.8 Hz), 125.7, 125.8, 126.4, 126.6 (d, J = 13.0 Hz), 127.5, 128.4, 129.0, 129.2, 130.8 (d, J =
2.5 Hz), 130.9 (d, /= 153.2 Hz), 132.5, 132.7, 132.91 (d, J=22.1 Hz), 132.92, 139.2 (d, J=3.7 Hz),
1472 (d, J=9.3 Hz);*'P{'H} NMR (162 MHz): § 29.4; HRMS m/z (M+H") Calcd for C,,H3,N,OP:
395.2247. Found 395.2249.

ex0-(2-(1,2,3,4-Tetrahydro-1,4-epoxynaphthalen-2-yl)phenyl)phosphonic acid
bis(diethylamide) (4t): Condition A, pale yellow oil, 78.7 mg (76%); '"H NMR (400 MHz, CDCls):
00.95 (t, J=7.0 Hz, 6H), 1.04 (t, J= 7.1 Hz, 6H), 2.06-2.16 (m, 2H), 2.90-3.17 (m, 8H), 3.92 (dd, J
=17.5,5.2 Hz, 1H), 5.27 (s, 1H), 5.44 (d, J = 4.0 Hz, 1H), 7.11-7.16 (m, 2H), 7.20-7.24 (m, 2H),
7.35-7.52 (m, 3H), 7.82 (ddd, J = 8.7, 5.0, 0.8 Hz, 1H); °C NMR (100 MHz, CDCl5): 6 13.9 (d, J =
2.0 Hz), 14.1 (d, J= 1.9 Hz), 39.13, 39.18 (d, J= 6.3 Hz), 39.23 (d, /= 6.3 Hz), 42.1 (d, J= 4.5 Hz),
79.2,85.7,118.9, 119.4, 125.5 (d, J= 13.3 Hz), 126.46, 126.50, 128.5 (d, /= 11.4 Hz), 130.9 (d, J =
153.1 Hz), 131.7 (d, J = 10.4 Hz), 131.8 (d, J = 2.4 Hz), 145.9, 146.0, 150.5 (d, J = 9.4 Hz);*'P{'H}
NMR (162 MHz): § 30.8; HRMS m/z (M+H") Calcd for Co4H3,N,0,P: 413.2352. Found 413.2353.
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exo-(2-(1,2,3,4-Tetrahydro-1,4-epoxynaphthalen-2-yl)phenyl]phosphonic acid
bis(dipiperidinylamide) (4u): Condition A, pale yellow oil, 83.5 mg (77%); 'H NMR (400 MHz,
CDCl): 6 1.33-1.66 (m, 12H), 2.09 (ddd, J=11.8, 4.7, 4.7 Hz, 1H), 2.16 (dd, J = 11.9, 8.5 Hz, 1H),
2.94-3.16 (m, 8H), 4.00 (dd, J = 8.3, 4.7 Hz, 1H), 5.27 (s, 1H), 5.54 (d, J = 4.7 Hz, 1H), 7.13-7.30
(m, 4H), 7.35-7.53 (m, 3H), 7.84 (dd, J = 7.8, 5.1 Hz, 1H); °C NMR (100 MHz, CDCls): 6 24.7,
24.8,26.29 (d, J = 4.4 Hz), 23.31 (d, J = 4.7 Hz), 39.1, 42.3 (d, J = 4.1 Hz), 45.4 (d, J = 2.3 Hz),
45.5 (d, J=2.1 Hz), 79.2, 85.7, 119.0, 119.4, 125.5 (d, J = 13.4 Hz), 126.48, 126.50, 128.6 (d, J =
11.7 Hz), 130.1 (d, J = 153.0 Hz), 131.80 (d, J = 14.3 Hz), 131.83 (d, J = 1.3 Hz), 146.12, 146.14,
150.5 (d, J = 9.3 Hz); 'P{'"H} NMR (162 MHz): § 27.6; HRMS m/z (M+H") Calcd for
CyH34N,0,P: 437.2352. Found 437.2358.

exo-tert-Butyl
2-(2-(bis(diethylamino)phospholyl)phenyl)-1,2,3,4-tetrahydro-1,4-epiminonaphthalene-9-carbo
xylate (6): Condition A, pale yellow oil, 78.3 mg (61%); 'H NMR (400 MHz, CDCl3): ¢ 0.80-1.20
(m, 12H), 1.33 (s, 9H), 1.80-2.25 (m, 2H), 2.80-3.20 (m, 8H), 3.76-3.86 (m, 1H), 5.00-5.45 (m, 2H),
7.07-7.13 (m, 2H), 7.20-7.30 (m, 2H), 7.33-7.50 (m, 3H), 7.81 (br, s, 1H); *C NMR (100 MHz,
CDCl): 6 14.1 (br), 28.3, 38.3 (br), 39.2 (br), 42.8 (br), 60.8 (br), 67.7 (br), 80.0, 119.8 (br), 120.1,
125.6 (d, J=13.4 Hz), 126.3 (2C), 127.9 (d, J = 11.5 Hz), 131.8, 131.9, 145.8 (br), 149.9 (br) (some
peaks were not detected due to broadening caused by fast NBoc stereoinversion as well as C-P
coupling); *'P{'"H} NMR (162 MHz): 6 30.7; HRMS m/z (M+H") Calcd for CooH,3N;0;P: 512.3037.
Found 512.3036.

Dicyclohexyl(2-(naphthalen-2-yl)phenyl)phosphine (7): colorless solid, mp 122-124 °C, 75.6 mg
(94%); "H NMR (400 MHz, CDCl5): § 1.00-1.29 (m, 10H), 1.56-1.73 (m, 10H), 1.80-1.90 (m, 2H),
7.33-7.42 (m, 3H), 7.44-7.50 (m, 3H), 7.60-7.66 (m, 1H), 7.70 (s, 1H), 7.80-7.88 (m, 3H); °C NMR
(100 MHz, CDCls): 6 26.4,27.2,27.3 (d, J = 4.4 Hz), 29.3 (d, J = 8.8 Hz), 30.4 (d, /= 16.9 Hz),
34.7 (d, J=14.2 Hz), 125.6, 125.9, 126.5, 126.6, 127.8, 128.0, 128.3, 128.9 (d, /= 2.9 Hz), 129.6 (d,
J =54 Hz), 130.5 (d, J = 5.5 Hz), 132.3, 132.95 (d, J = 3.1 Hz), 132.98, 134.2 (d, J = 21.1 Hz),
140.7 (d, J = 6.1 Hz), 150.5 (d, J = 28.4 Hz); *'P{'H} NMR (162 MHz): 6 -13.3; HRMS m/z
(M+H") Calcd for C,gH34P: 401.2393. Found 401.2391.

11-Phenyl-11H-dibenzo|b,g]phosphindole 11-sulfide (a-9): colorless solid, mp 178-180 °C, 48.8
mg (57%); "H NMR (400 MHz, CDCLy): 6 7.32-7.53 (m, 6H), 7.61 (dd, J = 7.5, 7.5 Hz, 1H), 7.74
(dd, J=17.3, 3.2 Hz, 1H), 7.76-7.85 (m, 2H), 7.86-7.91 (m, 1H), 7.93 (dd, J= 7.7, 2.9 Hz, 1H), 7.99
(dd, J=8.5,2.6 Hz, 1H), 8.10 (d, J = 8.5 Hz, 1H), 8.24-8.28 (m, 1H); *C NMR (100 MHz, CDCl;):
01189 (d, J=10.8 Hz), 121.6 (d, /= 9.6 Hz), 125.5 (d, /= 6.3 Hz), 126.8, 128.3, 128.7 (d, J=12.7
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Hz), 129.0, 129.2 (d, J = 11.5 Hz), 129.8 (d, J = 11.8 Hz), 129.9 (d, J = 88.2 Hz), 130.4 (d, J = 79.6
Hz), 131.1 (d, J = 12.1 Hz), 131.9 (d, J = 8.6 Hz), 132.0 (d, J = 2.9 Hz), 132.7 (d, J= 2.1 Hz), 134.1
(d, J=17.6 Hz), 134.2 (d, J = 1.8 Hz), 137.2 (d, J = 91.2 Hz), 140.9 (d, J = 17.8 Hz), 141.4 (d, J =
19.6 Hz);*'P{'"H} NMR (162 MHz): § 39.9; HRMS m/z (M+H") Calcd for Co,H (SP: 343.0705.
Found 343.0707.

11-Phenyl-11H-dibenzo[b,g]phosphindole 11-oxide (10a)?: colorless solid, mp 224-226 °C, 50.2
mg (62%); 'H NMR (400 MHz, CDCLy): 6 7.34-7.44 (m, 3H), 7.44-7.52 (m, 3H), 7.60 (dd, J = 7.6,
7.6 Hz, 1H), 7.70-7.77 (m, 3H), 7.85-7.92 (m, 2H), 7.95 (dd, J = 8.5, 2.6 Hz, 1H), 8.07-8.14 (m,
2H); *C NMR (100 MHz, CDCl3): 6 118.7 (d, J= 11.4 Hz), 121.3 (d, J = 10.3 Hz), 125.9 (d, /= 5.2
Hz), 126.8, 128.3 (d, /= 102.3 Hz), 128.5, 128.81, 128.82 (d, J = 12.5 Hz), 129.5 (d, J = 11.1 Hz),
129.8 (d, /= 9.9 Hz), 130.9 (d, /= 101.6 Hz), 131.0 (d, /= 10.9 Hz), 132.1 (d, /= 2.9 Hz), 132.4 (d,
J=9.1Hz), 133.3 (d, J=2.0 Hz), 133.84 (d, J= 8.5 Hz), 133.85 (d, /= 110.7 Hz), 134.5 (d, J= 2.1
Hz), 141.5 (d, J = 20.8 Hz), 141.8 (d, J = 22.8 Hz);*'P{'H} NMR (162 MHz): 6 34.3; HRMS m/z
(M+H+) Calcd for C,,H;6OP: 327.0933. Found 327.0938.

8-Methyl-11-(4-methylphenyl)-11 H-dibenzo|b,g]phosphindole 11-oxide (10b): colorless solid,
mp 221-223 °C, 40.0 mg (45%); "H NMR (400 MHz, CDCls): 6 2.32 (s, 3H), 2.48 (s, 3H), 7.15-7.21
(m, 3H), 7.46 (dtd, J = 9.6, 6.9, 2.0 Hz, 2H), 7.57-7.65 (m, 3H), 7.70 (s, 1H), 7.84-7.87 (m, 1H),
7.93 (dd, J = 8.4, 2.6 Hz, 1H), 8.06-8.14 (m, 2H); °C NMR (100 MHz, CDCl3): § 21.6 (d, J = 1.1
Hz), 22.0, 118.6 (d, /= 11.2 Hz), 122.1 (d, J = 10.5 Hz), 125.9 (d, /= 5.2 Hz), 126.7, 127.7 (d, J =
104.0 Hz), 128.4, 128.8, 129.6 (d, J = 105.7 Hz), 129.58 (d, J = 12.9 Hz), 129.64 (d, J = 10.3 Hz),
130.2 (d, /= 11.4 Hz), 130.9 (d, J = 109.4 Hz), 131.0 (d, /= 11.4 Hz), 132.4 (d, /= 8.8 Hz), 133.8
(d,J=8.4Hz), 134.2 (d,J=2.3 Hz), 141.4 (d, J=20.5 Hz), 142.0 (d, J=23.2 Hz), 142.6 (d,J=2.9
Hz), 143.8 (d, J = 1.9 Hz); *'P{'"H} NMR (162 MHz): § 34.3; HRMS m/z (M+H") Calcd for
C4H,(OP: 355.1246. Found 355.1250.

8-Chloro-11-(4-chlorophenyl)-11 H-dibenzo[b,g]phosphindole 11-oxide (10c): colorless solid, mp
244-246 °C, 47.8 mg (48%); 'H NMR (400 MHz, CDCl5): 6 7.34-7.40 (m, 3H), 7.49-7.55 (m, 2H),
7.59-7.67 (m, 3H), 7.86-7.92 (m, 3H), 8.03-8.07 (m, 1H), 8.13 (d, J = 8.5 Hz, 1H); >C NMR (100
MHz, CDCl3): 6 118.6 (d, J= 11.4 Hz), 122.1 (d, J=10.9 Hz), 125.7 (d, /= 5.3 Hz), 127.4, 128.6 (d,
J =105.6 Hz), 128.90, 128.93 (d, J = 101.5 Hz), 129.0 (d, J = 1.0 Hz), 129.4 (d, J = 13.17 Hz),
129.5 (d, /= 11.7 Hz), 130.8 (d, /= 10.7 Hz), 131.6 (d, J = 109.0 Hz), 132.3 (d, /= 9.0 Hz), 132.4
(d,J=11.8 Hz), 134.1 (d, J= 8.8 Hz), 135.0 (d, /= 2.2 Hz), 139.0 (d, J= 3.5 Hz), 140.1 (d, J=20.3
Hz), 140.2 (d, J = 2.8 Hz), 143.7 (d, J = 24.4 Hz);*'P{'"H} NMR (162 MHz): 6 32.3; HRMS m/z
(M+H+) Calcd for C,,H14C1,0OP: 395.0154. Found 395.0158.
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2,3-Dibromo-11-phenyl-11H-dibenzo[b,g|phosphindole 11-oxide (10d): colorless solid, mp
253-255 °C, 77.6 mg (64%); 'H NMR (400 MHz, CDCls): 6 7.37-7.52 (m, 4H), 7.58-7.64 (m, 1H),
7.68 (dd, J=12.4, 7.6 Hz, 2H), 7.75 (dd, J = 8.6, 8.6 Hz, 1H), 7.83-7.97 (m, 3H), 8.11-8.18 (m, 1H),
8.37 (s, 1H); >C NMR (100 MHz, CDCls): ¢ 120.0 (d, J = 11.0 Hz), 121.6 (d, J = 10.2 Hz), 123.4,
125.3, 127.7 (d, J = 103.2 Hz), 129.0 (d, J = 12.6 Hz), 129.9 (d, J = 10.0 Hz), 130.0, 130.2 (d, J =
102.2 Hz), 130.5 (d, J=11.1 Hz), 130.9 (d, /= 11.0 Hz), 131.8 (d, J = 8.5 Hz), 132.5 (d, J = 2.8 Hz),
133.0, 133.2 (d, J = 28.1 Hz), 133.3, 133.5 (d, J = 1.9 Hz), 133.7 (d, J=77.7 Hz), 141.1 (d, J=22.2
Hz), 142.5 (d, J = 20.2 Hz); >'P{'"H} NMR (162 MHz): § 33.7; HRMS m/z (M+H") Calcd for
CHy4Br,OP: 482.9144. Found 482.9147.

2,3-Difluoro-11-phenyl-11H-dibenzo[b.g]phosphindole 11-oxide (10e): colorless solid, mp
234-236 °C, 58.5 mg (65%); 'H NMR (400 MHz, CDCls): 6 7.37-7.45 (m, 3H), 7.48-7.54 (m, 1H),
7.57-7.64 (m, 2H), 7.67-7.76 (m, 3H), 7.84 (dd, J = 10.8, 7.8 Hz, 1H), 7.88 (dd, J= 7.7, 2.9 Hz, 1H),
7.93 (dd, J = 8.5, 2.3 Hz, 1H), 8.00 (d, J = 8.5 Hz, 1H); *C NMR (100 MHz, CDCL;): 6 112.0 (dd, J
=17.5, 5.1 Hz), 114.8 (d, J = 16.8 Hz), 119.1 (dd, J = 11.0, 2.0 Hz), 121.5 (d, J = 10.3 Hz), 128.2
(ddd, J = 104.0, 5.6, 1.7 Hz), 129.0 (d, J = 12.6 Hz), 129.4 (dd, J = 8.7, 8.7 Hz), 129.8 (d, J = 8.7
Hz), 129.9 (d, J = 7.5 Hz), 130.2 (d, J = 102.1 Hz), 130.8 (d, J = 7.2 Hz), 131.96 (d, J = 10.9 Hz),
132.5 (d, J=2.8 Hz), 133.4 (d, J=107.6 Hz), 133.51, 133.55 (d, J = 4.7 Hz), 141.3 (d, J = 22.4 Hz),
141.7 (dd, J = 20.4, 2.8 Hz), 149.6 (dd, J = 91.1, 15.8 Hz), 151.1 (dd, J = 92.8, 15.7 Hz); 'P{'H}
NMR (162 MHz): ¢ 33.9; "F{'H} NMR (376 MHz): ¢ -134.7 (d, J = 20.5 Hz), -131.7 (d, J = 20.6
Hz); HRMS m/z (M+H") Caled for Co,H 4F,OP: 363.0745. Found 363.0740.

2,3-Dimethyl-11-phenyl-11H-dibenzo[b,g]phosphindole 11-oxide (10f): pale brown solid, mp
184-186 °C, 52.0 mg (59%); '"H NMR (400 MHz, CDCLy): 8 2.34 (s, 3H), 2.38 (s, 3H), 7.32-7.40 (m,
3H), 7.46 (dd, J = 7.4, 7.4 Hz, 1H), 7.57 (dd, J = 7.5, 7.5 Hz, 1H), 7.61 (s, 1H), 7.67-7.77 (m, 3H),
7.81-7.86 (m, 3H), 7.97 (d, J = 8.4 Hz, 1H); °C NMR (100 MHz, CDCl;): § 20.2, 20.4, 117.8 (d, J =
10.7 Hz), 121.1 (d, J = 9.3 Hz), 125.2, 127.0 (d, J = 104.7 Hz), 128.3, 128.8 (d, J = 11.8 Hz), 129.1
(d, J=10.2 Hz), 129.7 (d, J= 8.9 Hz), 131.0 (d, J = 10.0 Hz), 131.1 (d, J = 106.7 Hz), 131.4 (d, J =
7.4 Hz), 132.0, 132.9 (d, J= 7.6 Hz), 133.2, 133.5, 133.8 (d, J = 106.1 Hz), 136.9, 138.8, 140.7 (d, J
=20.8 Hz), 142.1 (d, J = 22.6 Hz); 'P{'"H} NMR (162 MHz): 6 34.5; HRMS m/z (M+H") Calcd for
C24H,0OP: 355.1246. Found 355.1242.
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Chapter 5

Regioselective Synthesis of Benzo[b]phospholes via Direct
Alkenylation and Cyclization of Arylthiophosphinamides

A new regioselective synthetic methodology for benzo[b]phosphole derivatives has
been developed. Thus, a range of functionalized benzo[b]phosphole oxides could be
synthesized via Rh(IIl)-catalyzed C-H alkenylation of arylthiophosphinamides with
alkynes followed by formal phospha-Friedel-Crafts cyclization.

R H Ph Ph
cat. Rh( III) R X Ph
P//S + \\ N—ph
NEt, P/ P
A’ NEt, & Ar
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Introduction

As described in Chapter 1 and Chapter 3, the benzo[b]phospholes are unique and
attractive building blocks among a series of benzoheterole scaffolds, which show
intriguing electronic and optical properties caused by distinctive orbital interaction
between butadiene 7 * and o*(P-R)." While they have attracted considerable interest in
the area of materials chemistry, their synthetic methods have been still less explored
than those of the isosteric indoles.” Conventionally, benzo[b]phosphole scaffolds have
been constructed through the cyclization of ortho-alkynylarylphosphines,®*

3¢l These methods often require tedious

H-phosphine oxides,’ ¢ and aminophosphines.
multi-step preparations of the corresponding cyclization precursors, involving air- and
moisture-sensitive intermediates. In 2013, the author™ and Duan group® independently
reported the Ag(I)- or Mn(Ill)-mediated synthesis of benzo[b]phosphole derivatives via
the direct annulation reaction of secondary phosphine oxides with internal alkynes
(Scheme 5.1a-c).* While this protocol provides a short access to benzo[b]phosphole
derivatives, the regioselectivity problem arises when substituted phenylphosphine
oxides are employed due to the radical intermediate involving the rearrangement of
phosphorus moiety. After these reports, several improved methods based on a similar
radical mechanism under metal-catalyzed (Scheme 5.1d),™ photo-catalyzed,5b and

metal-free conditions (Scheme 5.le,f)5°’Cl have also been disclosed. However, the

regioselectivity issue has not been overcome.
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Scheme 5.1. Synthesis of Benzo[b]phosphole Derivatives by Radical Cyclization

1 R4
R radical cyclization R!
/H + H > \ R3 + \ R3
R /R\ F\\ R P

R4 R4

2 0 R3 R, O Rlz\
(a) (b) (c)
The author (Chapter3) Duan Ackermann
2013 2013 2014
conditions: conditions: conditions:
stoic. AgOAc stoic. Ag,O stoic. AgOAc
DMF, 100 °C or DMSO, 120 °C
or cat. Ag,0
stoic. Mn(OAc)3°2H,0 Zn(NO3),*6H,0
DMF, rt DMF, 100 °C
(d) (e) (f)
Zhao Zhao Lakhdar
2016 2016 2016
conditions: conditions: conditions:
cat. CuSO,4*5H,0 K5S,0g cat. eosin Y
TBHP, NH3*H,O MeCN, 90 °C N-ethoxy-2-methylpyridinium
MeCN, 60 °C NaHCO;
Green LED
DMF, 35 °C

Recently, Yoshikai and co-workers reported an elegant multi-component coupling for
the synthesis of benzo[b]phosphole derivatives via carbometallation of alkynes with
arylzinc and magnesium reagents (Scheme 5.2).° Yet, development of more efficient

synthetic routes to benzo[b]phospholes is desired.

Scheme 5.2.
R R
ZnX R 1) 5 mol% [CoCl,(xantphos)] xR
SHEN O |
H R 2) 30 mol% CuCN-LiCI, PhPCl, p-Cl R
Ph Ph

Meanwhile, transition-metal-catalyzed directed C-H bond functionalization reactions
have been regarded as powerful synthetic tools from the atom and step economical
points of view.”® In the context of the studies on the C-H bond functionalization of

%10 the author

aromatic  phosphorus compounds, recently developed the
Cp*Rh(Ill)-catalyzed ortho-naphthylation reaction of arylthiophosphinamides with
oxabicyclic alkenes (Scheme 5.3 and Chapter 4).°* The naphthylated products were
readily converted to fused dibenzo[b]phosphole derivatives by intramolecular
phospha-Friedel-Crafts reaction'' in a one-pot procedure. Subsequently, the author

envisioned that a regioselective synthesis of benzo[b]phospholes could be achieved
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through the ortho-alkenylation of arylthiophosphinamides and subsequent
intramolecular phospha-Friedel-Crafts reaction. Herein, the author reports a new
method for constructing benzo[b]phosphole oxides by the C-H alkenylation/cyclization

protocol.

Scheme 5.3. Rh (lll)-Catalyzed C-H Bond Functionalization Approaches to Benzo[b]phosphole
Scaffolds

Previous work (Chapter 4)

O 1) TfOH
R mCPBA
// S P
“NEt, P// \

“NEt,
This work R
Rh(III)
SV @h —. @m
“NEt, 1 P_
“NEt, o Ar

Results and discussion

First, the author carried out optimization studies on the C-H alkenylation using
N,N-diethyl-P,P-diphenylthiophosphinamide (1a) and diphenylacetylene (2a) as model
substrates (Table 5.1). Treatment of 1a (0.25 mmol) with 2a (0.25 mmol) in the
presence of 2 mol% of [Cp*Rh(MeCN);][SbFs], and AcOH(1.0 mmol) in diglyme at
120 °C for 5 h gave 3aa in 22% yield (entry 1). Solvent screening showed PhCI was the
best choice (entries 2-6). Increasing the amount of 1a (0.5 mmol) to prevent multi
coupling reaction enhanced the product yield (entry 7). Finally, 3aa was obtained in
90% isolated yield by using 4 mol% of Rh catalyst with longer reaction time (entry 8).
The geometry of the alkenyl moiety was determined to be E by X-ray crystal structure

analysis.
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Table 5.1. Optimization Studies for Reaction of 1a with 2a

ok
[Cp*Rh(MeCN);][SbFq], Ph Xray 57N
H 2 mol % A
Ph ( ) NP T
S AcOH (1.0 mmol) i I T
7 + \ > /S ATy TR
N N solvent 2 mL, 120 °C P< Y N
PR T2 Ph ’ P NE LR
1a (x mmol)  2a (0.25 mmol) 3aa A
entry X (mmol) solvent time (h) yield of 3aa (%)?
1 0.25 diglyme 5 22
2 0.25 DMF 5 trace
3 0.25 dioxane 5 14
4 0.25 THF 5 21
5 0.25 DCE 5 30
6 0.25 PhCI 5 50
7 0.5 PhCI 12 83b
8¢ 0.5 PhCI 12 912(90)

@ GC yield based on the amount of 2a. Isolated yield is shown in parentheses. ? "H NMR yield
using CH,Br, as an internal standard. ¢ [Cp*Rh(MeCN)3][SbFgl> 4 mol %.

The author next examined the second step, i.e. cyclization. In Chapter 4, it was
disclosed that TfOH efficiently promoted the intramolecular phospha-Friedel-Crafts
reaction of biarylthiophosphinamides.9d Thus, the crude product formed by the
Rh-catalyzed alkenylation (entry 8 in Table 5.1) was treated with TfOH under similar
conditions (Scheme 5.4). Unfortunately, the desired benzo[b]phosphole 4aa-S was
observed only in a trace amount, and instead, phosphonium salt 5 was formed in 73%
yield as a diastereomeric mixture. Obviously, 5 seems to be formed via protonation of
the alkenyl moiety of 3aa with TfOH and electrophilic attack of a resulting carbocation
to the P=S bond. The author also examined other activating reagents including HCI,

AICl;, BF3+OEt;, AgOTf and Me;OBF,, but all attempts were unsuccessful (Table 5.2).
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Scheme 5.4. Attempt of Phospha-Friedel-Crafts Reaction via Intermediate 3aa
[Cp*Rh(MeCN);(SbFe),]

(4 mol %)
s Ph AcOH (1.0 mmol)  TfOH (0.5 mL)
P// + \ - -
P NE, oh PhCI (2 mL) 100 °C, 12 h ] [
Ph 120 °C, 12 h X-ray
1a (0.5 mmol) 2a (0.25 mmol) _
Ph Ph oTf
Ph
N—ph s
Py Pl
Ph S P, NEt,
4aa-S trace 573% (2.8:1dr)

Table 5.2. Optimization Studies for Cyclization via 3aa

H [Cp*Rh(MeCN)3(SbFg),] Ph Ph
@ S Ph At(:‘(‘):(zllz))) NP conditions @E\&i
2o+ \ g g |conditions Ph
pr NEt Ph PhCI PNE Mg
1aeq)  2a(teq) 0 O'2° N sa-s
q 3aa
(crude solution)
entry conditions NMR yield @
1 TfOH (ca. 20 eq), 100 °C, 12 h trace / nd
2 Tf,O (10 eq), 100 °C, 12 h trace / nd
3 BF3+OEt, (10 eq), 100 °C, 12 h trace / nd
4 Me;OBF,4 (10 eq), 100 °C, 12 h trace / nd
5 4M HCl in dioxane (20 eq), 100 °C, 12 h trace/ nd
6 Me;OBF,4 (10 eq), 100 °C, 12 h trace / nd
7 AICI3 (10 eq), 80 °C, 12 h trace / nd
8 Cu(OTf), (10 eq), 80 °C, 12 h decomp.
9 Bi(OTf)3; (10 eq), 80 °C, 12 h trace / nd
10 POCI; (10 eq), 100 °C, 12 h trace / nd
11 TMSOTf (10 eq), 100 °C, 12 h trace / nd
12 PCls5 (10 eq), 100 °C, 12 h trace / nd
13 AgOTf (2 eq), 80 °C, 12 h trace / nd
14 Al(OTf)3 (10 eq), 80 °C, 12 h trace / nd
15 Al(OTf); (10 eq), 2,6-lutidine (12 eq), 80 °C, 12 h trace / nd

a Yield was estimated by 3'P NMR.
Taking these results, the author examined another cyclization route via P(III)
intermediate. Thus, 3aa was reduced to aminophosphine 6aa before cyclization.
Screening of the conditions for reduction and cyclization are summarized in Table 5.3.

As a result, the desired 4aa was obtained in 72% yield by 1) desulfurization of crude
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3aa with MeOTf/P(NMe,)s,'? 2) cyclization with TfOH at room temperature, 3) workup
with H,O; (entry 3). Employing other acids for the cyclization step slightly reduced the
yield (entries 4-7). The desulfurization by radical conditions ((Me;Si);SiH / AIBN) was

inefficient (entry 9).

Table 5.3. Optimization Studies for Reduction/Cyclization via 3aa
[Cp*Rh(MeCN);(SbFg)s] Ph

H
@ S Ph (4 mol %) ~. _Ph
AcOH (4 e
P//\NEt + \ S s
PH 2 Ph PhCI PUNEL
120 °C, 12 h Ph 2

1a (0.5 mmol)  2a (0.25 mmol) 3aa (not isolated)
aa (not isolate

Ph

reduction conditions X

Ph cyclization conditions
_NEt, D—ph
solvent 3 mL P H,O, work up PL

Ph ph ©
6aa (not isolated) 4aa
entry reduction conditions cyclization conditions solvent  vyield of 4a(%)?
MeOTf 1.0 mmol, rt, 12 h
1 then TfOH (0.5 mL), 100 °C, 12 h DCE 53

P(NMe5)3 1.0 mmol, rt, 1 h

MeOTf 1.0 mmol, rt, 12 h
2 then TfOH (0.5 mL), 60 °C, 12 h CH,CI, 57
P(NMey)3; 1.0 mmol, rt, 1 h

MeOTf 1.0 mmol, rt, 6 h
3 then TfOH (0.5mL), rt, 12 h CH,ClI, 72
P(NMejy); 1.0 mmol, rt, 1 h

MeOTf 1.0 mmol, rt, 6 h
4 then
P(NMe5); 1.0 mmol, rt, 1 h

HCI (4M in dioxane, 1.4 mL)

60 °C, 12 h CH.Cl, 61

MeOTf 1.0 mmol, rt, 6 h
5 then MeSO3H (0.37 mL), 60 °C, 12h  CH,Cl, ca. 70
P(NMe5); 1.0 mmol, rt, 1 h

MeOTf 1.0 mmol, rt, 6 h

6 then HCI (4M in dioxane, 1.4 mL) CH,Cl, 53
P(NMe5); 1.0 mmol, rt, 1 h rt, 12 h
MeOTf 1.0 mmol, rt, 6 h
7 then MeSO3H (0.37 mL), rt, 12 h CH,Cl, 71

P(NMej); 1.0 mmol, rt, 1 h

MeOTf 1.0 mmol, rt, 6 h
8 then TfOH (0.1 mL), rt, 12 h CH,Cl, 69
P(NMe5); 1.0 mmol, rt, 1 h

(Me3Si)3SiH 0.5 mmol, i )
9 AIBN 0.1 mmol, 80 °C, 12 h toluene

4 |solated yield based on the amount of alkyne 2a. ® Desulfulization reaction was not efficient.
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Scheme 5.5. Synthesis of Benzo[b]phosphole Oxides 4 by Semi-One-Pot Protocol?

3
R4 1) Rh-cat. R 2) MeOTf (1.0 mmol)
R? sty / AcOH R CH,Cly, 1t, 6 h
PZ — |Rr?
R1 NEt2 R3 PhCI ,120 e P//S 3) P(NMe2)3 (1 .0 mmol)
1 2 (0.25 mmol R NEL, i
. .25 mmo
(0.5 mmol) - 2 ( ) 3 (not isolated)
R3
~_R*
R2 4) TfOH (0.5 mL), rt, 12h R2
_NEt,
3 - P\
R1 5) H202 R1 O
6 (not isolated) 4

R 4aa (R 72% Me Me
4ab (R Me 70% N
4ac (R= OMe 79% O O
4ad (R = t-Bu) 85% [N
4ae (R =F)69% o) Ph
\ R 4af R CI 49% e
4ag (R = Br) 39% OMe 4ai 399
ot o 4ah 45% ai 39%
n-Bu O
Cry O
P N \ OMe
pp O P 4bc (R =Me) 44%

48] (R = H) 70 :gc (R =0OMe) 50%
aj o c (R =t-Bu) 83%
4ak (R = Br) 44% 4al 77% 4ec (R =CI) 53%

4fc (R = Ph) 78%

‘\z’ o
D \
oM
o i © OMe
\O [ \\
4dd 83% 4gc 61%
4hc 72%
t-Bu

OMe
Ly 0
NNg
dic 45% Ph

4aa-S 53%"

@Reaction conditions: 1) 1 (0.5 mmol) 2 (0.25 mmol), [Cp*Rh(MeCN);][SbFg], (0.01 mmol), AcOH (1.0
mmol) in PhCI (2 mL) at 120 °C under N, for 12 h; 2) MeOTf (1.0 mmol) in CH,Cl, (3 mL), rt, 6 h; 3)
P(NMe5); (1.0 mmol), rt, 1 h; 4) TfOH (0.5 mL), rt, 12 h; 5) H,O, work up. See the Supporting Information
for details. Isolated yields are shown based on the amount of 2. ® Work up was carried out using Sg
powder instead of H,O,.
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The results for the synthesis of a series of benzo[b]phosphole oxides by the
semi-one-pot protocol are summarized in Scheme 5.5. A variety of diarylacetylenes
2a-2h smoothly coupled with 1a to afford the corresponding benzo[b]phosphole oxides
4aa-4ah in moderate to good yields. The reaction of a more electron-deficient alkyne,
bis(4-ethoxycarbonylphenyl)acetylene, did not give any expected product at all. In the
cases with unsymmetrical alkylarylacetylenes, the Rh-catalyzed hydroarylation reaction
proceeded regioselectively to lead to 2-aryl-3-alkylbenzo[b]phosphole derivatives
4ai-4aj exclusively. It is worth noting that this regioselectivity is complementary to that
of the Ag(l)- or Mn(Ill)-mediated annulation reaction reported previouslyf"5 A
dialkylacetylene, 4-octyne, did not couple with la at all. Next, the reactions of
substituted diarylthiophosphinamides were carried out. The para-substituted 1b-1f
reacted with 2¢ or 2d regioselectively to give 4bc-4fc and 4dd in good yields.
3-Methylphenyl and 2-naphtylthiophosphinamides, 1g and 1h, coupled with 2¢ at the
less hindered positions to form 4gc and 4hc. By post-treatment using sulfur powder in
place of H,O; in the reaction of 1a with 2a, benzo[b]phosphole sulfide 4aa-S was
selectively obtained in 53% yield.

Scheme 5.6. Chemoselective Coupling Reaction of 1a with Diyne 2m

n-Bu
\\ n-Bu
same as Table 1
S+ " . N\ —
P\NEt - P
/ > N
o AN ph O
1a (0.5 mmol) 2m (0.25 mmol) '1PS 4am 45%

Under this new process, silyl acetylenes did not undergo the Rh-catalyzed
hydroarylation with 1. Utilizing the different reactivity of alkynes, the author attempted
the chemoselective coupling reaction of la with diyne 2m (Scheme 5.6). Under
standard conditions, the alkyl acetylene unit of 2m over the silyl acetylene moiety
selectively coupled with 1a to form 4am in 45% yield. The TIPS group was removed
upon treatment with TfOH.

To gain some mechanistic information about the C-P bond-forming ring-closure step,
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the author investigated the difference of reactivities between P(III) and P(V)
intermediates using an aryl model substrate 1j. Under previous conditions in Chapter 4
(TfOH, 100 °C),’ 1j was smoothly converted to dibenzophosphole 7 in 75% yield (eq
5.1). In sharp contrast, the present ring-closing procedure involving P(III) species did
not give 7 at all (eq 5.2). These results indicate that phospha-Friedel-Crafts type
aromatic electrophilic substitution in P(III) intermediate 1j° does not occur on its
benzene ring under the present conditions. The lack of such a reactivity was also

observed in related Lewis acid-promoted phospha-Friedel-Crafts reactions.''*“®

@/Sph 1) TFOH, 100 °C Ph

I 2) mCPBA, rt 0
P~NEt, - P (eq 5.1)
-

1j 7 75%

Ph Ph o
s 1) MeOTH, rt 1) TFOH, rt o

B 2) P(NMey)s, rt ,
NEt, 2) P(NMe;); 2) HyOo, rt P (€q5.2)

1j

7 0%

Based on the experimental results, plausible reaction pathways are depicted in
Scheme 5.7. In route (a), TfOH protonates the alkenyl moiety of amino phosphine I (=
6) to generate carbocations II and III which may exist in equilibrium with the major
contribution of tertiary carbocation II. The phosphonium salt § in Scheme 5.4 may be
generated from 3aa via a similar tertiary carbocation. In the case of aminophosphine I,
five-membered phosphonium salt IV selectively formed from the secondary carbocation
IIT with “nucleophilic P center”, after which diethylamine is eliminated to generate
benzo[h]phosphole V.** Although the other general phospha-Friedel-Crafts route from
“electrophilic P center” in route (b)° cannot be completely excluded at this stage, route

(a) seems to be the major route based on the control experiment shown in eq 5.2.
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Scheme 5.7. Plausible Reaction Mechanism of C-P Bond-Forming Step

R! 1 H
N R 1 N+
P~ \ R<
+ B e N el >
HR3 = Rs %R:;
R, R
|

2 R,
n ]\
h route (a) route (b) v -HNEt,
R‘l R1

\ |
NE,
R3 +

-Ht . R
R . 2
2 \ ¥ nr

As expected, most of benzo[b]phosphole oxides obtained in this study showed
remarkable fluorescence in their solid state.'* Optical properties including absolute
fluorescent quantum yields determined by using an integrating sphere system are
summarized in Table 5.4 and Figure 5.1. 2,3-Diaryl products 4aa-4ie exhibit relatively
strong fluorescence in a range of 446 to 519 nm. Remarkably, 3-methyl 4ai showed a

blue-shifted emission in a high quantum yield (420 nm, @y =10.9)
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Table 5.4. Optical Properties of Benzo[b]phosphole Oxides 4

o CXO &
Cry-Ore

o OO >

© 4aa:R'=R?2=H P

3'\-0 /E

1

OMe

OMe
o S Yo
N

N

4ac: R'=H, R2= OMe
4ae:R'=H,R2=F
4cc: R'= OMe, RZ= OMe

%

4ec: R'=Cl, R?2= OMe 4hc
4fc: R' = Ph, R?= OMe 4ic
entry compound Aabs [NM]? Aem [NM]°® D [%]?
1 4aa 364 458 63
2 4ac 367 502 62
3 4ae 364 446 32
4 4cc 367 502 24
5 4ec 369 509 54
6 4fc 368 511 46
7 4ai 362 420 90
8 4hc 370 492 38
9 dic 369 519 39

2 |n solid state. ? UV/Vis absorption maxima are shown. ¢ Excited at wave length of
each absorption maximum. ¢ Fluorescence quantum yields determined by a
calibrated integrating sphere system.

Figure 5.1. Normalized Solid State Fluorescent Spectra of 4.
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Summary

In chapter 5, the author has developed a new regioselective synthetic sequence
leading to benzo[b]phosphole derivatives via rhodium(Ill)-catalyzed C-H alkenylation
followed by intramolecular cyclization in a semi-one-pot manner. Thus, a range of
functionalized benzo[b]phosphole oxides can be synthesized from readily available
arylthiophosphinamides. This new methodology may contribute to expand the utility of

benzophospholes in materials chemistry.

Experimental Section

General. lH, 13C, F and *'P NMR spectra were recorded at 400, 100, 376 and 162 MHz for CDCl;
solutions. HRMS data were obtained by APCI using a TOF mass spectrometer, unless noted. GC
analysis was carried out using a silicon OV-17 column (i. d. 2.6 mm x 1.5 m). GC-MS analysis was
carried out using a CBP-1 capillary column (i. d. 0.25 mm x 25 m). The structures of all products
listed below were unambiguously determined by 'H and °C NMR with the aid of NOE, COSY,

HSQC, and HMBC experiments and X-ray crystal structure analysis.

Diarylthiophosphinamides 1a-1j were prepared by the procedures described below. Alkynes 2b-2f,'"*
2h,'* 2k," 21,' 2m'” were prepared according to published procedures. PhCl and DCE were distilled
from CaH, and stored over MS4A. CH,Cl, was dried over MS4A. Other starting materials were
commercially available and used as received. The following experimental procedures may be

regarded as typical in methodology and scale.

Preparation of Diphenylthiophosphinamide 1a

HNEt, (10 mmol)

Ph NEt; (12 mmol) Sg (11 mmol.) Ph %
P—Cl : - > . P~NEL
PH diethyl ether (40 mL) rt,3h Ph
0°Ctort,3h
(10 mmol)

To a solution of chlorodiphenylphosphine (10 mmol, 2.21 g) in dry ether (40 mL) at 0 °C under

N, atmosphere, triethylamine (12 mmol, 1.67 mL), and diethylamine (10 mmol, 1.03 mL) were
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slowly added. The reaction mixture was warmed to room temperature and stirred for 3 h. To this
mixture, Sg (11 mmol, 353 mg) was added and vigorously stirred for 3 h. Then, insoluble solids were
filtered off using Celite pad and the resulting solution was washed with brine. The organic layer was
dried over Na,SO, and concentrated in vacuo. The crude mixture was purified by column
chromatography on silica gel with hexane/ethyl acetate (10:1, v/v) to afford the desired product as a

colorless solid (2.77 g, 96%).

Preparation of Diarylthiophosphinamides 1b-1j

Cl
S
\
n-BuLi (1.6 M in haxane) P—NEt, (5 mmol) S. (5.5 mmol 1]
. (10 mmol) c’ 8 (5 ) | P NEL,
R—1— R
7 THF (20 mL) -78°Ctort, 3h rt, 3 h Z
-78°C, 1h )
(10 mmol)

To a solution of an aryl bromide (10 mmol) in dry THF (20 mL) at -78 °C under N, atmosphere,
n-BuLi (1.6 M in hexane, 10 mmol, 6.25 mL) was slowly added. The reaction mixture was stirred
for 30 min at this temperature. To the resulting mixture, C,PNEt, (5 mmol, 870 mg) was then added
by a syringe. Then, the reaction mixture was slowly warmed to room temperature with an additional
3 h stirring. To this mixture, Sg (7.5 mmol, 240 mg) was added and stirred for 3 h. The resulting
solution was quenched with water, extracted with ethyl acetate, and the organic layer was dried over
Na,SO, and concentrated in vacuo. The crude mixture was purified by column chromatography on
silica gel with hexane/ethyl acetate to afford product. Further purification was performed by

recrystallization if necessary.

Rh(III)-Catalyzed Direct Alkenylation of 1a with 2a (entry 8 in Table 5.1).
Ph

[Cp*Rh(MeCN)3][SbFgl, 4 mol % ~_Ph
@\ S Ph AcOH 1.0 mmol S
// :
P. + \ 4

PH NEt, Ph PhCI 2 mL, 120 °C o “NEt,

1a (0.5 mmol) 2a (0.25 mmol) 3aa

In a 10 mL sealable tube, 1a (149.7 mg, 0.5 mmol), 2a (44.6 mg, 0.25 mmol), and
[Cp*Rh(MeCN)3(SbFe),] (8.3 mg, 0.01 mmol) were placed with a magnetic stir bar under N,
atmosphere. Then, PhCl (2 mL) and AcOH (57 pL, 1.0 mmol) were added by a syringe. The reaction
mixture was heated at 120 °C in an oil bath for 12 h. After cooling, the reaction was quenched with
10 mL of sat. NaHCO; and extracted three times with DCM (20 mL x 3). The combined organic

layer was dried over Na,SO, and volatiles were removed in vacuo. Purification of the residue by
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column chromatography on silica gel gave 3aa (106 mg, 90%). The single crystal for X-ray analysis

was obtained from DCM by slow evaporation crystal growth technique.

Formation of Phosphonium Salt 5 (Scheme 5.4).

[Cp*Rh(MeCN)3][SbFgl, 4 mol % Ph PhOTf
©\ s Ph ACOH 1.0 mmol TfOH 0.5 mL
Pl * \ " i 5
/ “NEt, PhCI 2 mL, 120 °C 100°C P.
Ph Ph pr. NEt
1a (0.5 mmol) 2a (0.25 mmol) 5

In a 10 mL sealable tube, 1a (149.7 mg, 0.5 mmol), 2a (44.6 mg, 0.25 mmol), and
[Cp*Rh(MeCN)3(SbFe),] (8.3 mg, 0.01 mmol) were placed with a magnetic stir bar under N,
atmosphere. Then, PhCl (2 mL) and AcOH (57 pL, 1.0 mmol) were added by a syringe. The reaction
mixture was heated at 120 °C in an oil bath for 12 h. After cooling, TfOH (0.5 mL) was added by a
syringe and heated at 100 °C again for 12 h. Then, the reaction was quenched with 10 mL of sat.
NaHCO; and extracted three times with DCM (20 mL x 3). The combined organic layer was dried
over Na,SO, and volatiles were removed in vacuo. The resulting crude mixture was purified by
preparative GPC to give product 5 (diastereomeric mixture, 113 mg, 73%). Recrystallization from

DCM/hexane afforded the major diastereomer (2S5p*,5R*).

Synthesis of Benzo[b]|phosphole Derivatives by Semi-One-Pot Rh-Catalyzed Coupling and
Formal Phospha-Friedel-Crafts Reactions (Schemes 5.5).

_ 1) [Cp*Rh(MeCN)3][SbF¢l, 4 mol % R?
R-— | s R AcOH 1.0 mmol R
S\ " RS s
1 NEt PhClI2 mL, 120 °C AN /7
Ar 2 R® P<
Ar1 NEt2
1 (0.5 mmol) 2 (0.25 mmol) .
3 (not isolated)
2 2
2) MeOTf 1.0 mmol R R
DCM 3 mL, rt ~__R3 4) TfOH 0.5 mL, rt _
> R1 = ’ > R‘l_ | \ R3
3) P(NMe,)3 1.0 mmol, rt N p-NEt 5) H20; NP
| 170
AI’1 Ar
6 (not isolated) 4

In a 10 mL sealable tube, 1 (0.5 mmol), 2 (0.25 mmol), and [Cp*Rh(MeCN);(SbFs),] (8.3 mg,
0.01 mmol) were placed with a magnetic stir bar under N, atmosphere. Then, PhCIl (2 mL) and
AcOH (57 pL, 1.0 mmol) were added by a syringe. The reaction mixture was heated at 120 °C in an
oil bath for 12 h. After cooling, the reaction was quenched with 10 mL of sat. NaHCO; and extracted

three times with DCM (20 mL x 3). The combined organic layer was dried over Na,SO, and
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volatiles were removed in vacuo. The residue was dissolved to dry DCM (3 mL) and transferred in
20 mL two-necked flask with magnetic stir bar under N, atmosphere. MeOTf (1.0 mmol, 0.11 mL)
was added by a syringe and stirred at room temperature for 6 h. Then, P(NMe,); (1.0 mmol, 0.18
mL) was added by a syringe (exothermic reaction was observed). After additional stirring for 1 h at
room temperature, TfOH (0.5 mL) was added by a syringe and reacted for 12 h at this temperature.
After that, the resulting mixture was neutralized by sat. NaHCO;. To this mixture, H,O, (30%
aqueous solution, ca. 0.5 mL) was added and stirred for 15 min. The reaction mixture was quenched
by sat. Na,S,03, and extracted by DCM (20 mL x 3). The combined organic layer was dried over
Na,SO4 and volatiles were removed in vacuo. Purification of the residue by column chromatography

on silica gel gave product.

Synthesis of Benzo[h]phosphole Sulfide 4aa-S (Schemes 5.5).

1) [Cp*Rh(MeCN);][SbF¢], 4 mol % Ph
[:::1\ s Ph AcOH 1.0 mmol xPh
P, \ .
/P\NEtz N PhCI 2 mL, 120°C P
Ph Ph P NEt
PH 2

1a (0.5mmol)  2a(0.25 mmol) 3aa (not isolated)

2) MeOTf 1.0 mmol Ph Ph

DCM 3 mL, rt «__Ph 4) TfOH 0.5 mL, rt
- -~ N—ph
3) P(NMey)3 1.0 mmol, rt _NEt, 5) Sg P
" ph S
Ph
6aa (not isolated) 4aa-S

In a 10 mL sealable tube, 1a (149.7 mg, 0.5 mmol), 2a (44.6 mg, 0.25 mmol), and
[Cp*Rh(MeCN);(SbFe),] (8.3 mg, 0.01 mmol) were placed with a magnetic stir bar under N,
atmosphere. Then, PhCl (2 mL) and AcOH (57 pL, 1.0 mmol) were added by a syringe. The reaction
mixture was heated at 120 °C in an oil bath for 12 h. After cooling, the reaction was quenched with
10 mL of sat. NaHCO; and extracted three times with DCM (20 mL x 3). The combined organic
layer was dried over Na,SO,4 and volatiles were removed in vacuo. The residue was dissolved to dry
DCM (3 mL) and transferred in 20 mL two-necked flask with magnetic stir bar under N, atmosphere.
MeOTf (1.0 mmol, 0.11 mL) was added by a syringe and stirred at room temperature for 6 h. Then,
P(NMe,); (1.0 mmol, 0.18 mL) was added by a syringe (exothermic reaction was observed). After
additional stirring for 1 h at room temperature, TfOH (0.5 mL) was added by a syringe and reacted
for 12 h at this temperature. After that, the resulting mixture was neutralized by sat. NaHCO;. To this
mixture, Sg powder (32 mg, 1.0 mmol) was added and stirred for 1 h. The reaction mixture was

extracted by DCM (20 mL x 3). The combined organic layer was dried over Na,SO, and volatiles
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were removed in vacuo. Purification of the residue by column chromatography on silica gel and

preparative GPC gave product 4aa-S (52.1 mg, 53%).

Synthesis of Dibenzo[b]phosphole Oxide 7 (eq 5.1).
@/Sph 1) TFOH (0.25 mL) Ph
& DCE, 100 °C 0
O TNEt 2) mCPBA, rt P
® RS

1j (0.25 mmol) 7

In a 10 mL sealable tube, 1j (110.4 mg, 0.25 mmol) was placed with a magnetic stir bar under N,
atmosphere. Then, DCE (2 mL) and TfOH (0.25 mL) were added by a syringe. The reaction mixture
was heated at 100 °C in an oil bath for 12 h. After cooling, the reaction was quenched with sat.
NaHCOj; and diluted with DCM (ca. 5 mL). Then, mCPBA (ca. 70wt%, 130 mg, ca. 0.5 mmol) was
added and resulting biphasic solution was vigorously stirred for 15 min. After checking the full
conversion of phosphole sulfide on TLC, the reaction mixture was quenched with sat. Na,S,0; and
extracted with DCM (20 mL x 3). The combined organic layer was dried over Na,SO, and volatiles
were removed in vacuo. The residue was purified by column chromatography on silica gel gave

product.

Characterization Data of Products

(E)-P-(2-(1,2-diphenylvinyl)phenyl)-/V,N-diethyl-P-phenylthiophosphinamide (3aa): colorless
solid, mp: 104-106 °C, 106 mg (90%); column chromatography eluent: hexane-ethyl acetate (10:1,
v/v); '"H NMR (400 MHz, CDCl;) ¢ 1.03 (t, J = 7.1 Hz, 6H), 3.00-3.23 (m, 4H), 6.19 (s, 1H),
6.84-6.90 (m, 2H), 7.05-7.41 (m, 14H), 7.76 (dd, J = 13.4, 7.2 Hz, 2H), 7.98-8.05 (m, 1H); °C NMR
(100 MHz, CDCl;) 6 13.8 (d, J= 4.2 Hz), 40.9 (d, /= 3.3 Hz), 126.4 (d, J = 11.5 Hz), 126.6, 127.1,
127.6, 127.7, 128.0 (d, J= 12.8 Hz), 129.5, 130.6 (d, J = 2.6 Hz), 130.7 (d, J=2.8 Hz), 131.2, 131.7
(d,J=10.7 Hz), 132.5, 132.9 (d, /= 2.1 Hz), 133.0, 133.3 (d, /= 101.1 Hz), 135.1 (d, J=99.7 Hz),
137.2, 140.3, 140.4 (d, J = 3.6 Hz), 149.3 (d, J= 11.9 Hz); >'P{'H} NMR (162 MHz, CDCL;) 6 67.5;
HRMS m/z calcd for C30H; NPS (M+H") 468.1909, found 468.1911.
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1,2,3-Triphenyl-1H-phosphindole 1-oxide (4aa)™: colorless form, 68 mg (72%); column
chromatography eluent: hexane-ethyl acetate (1:1, v/v); '"H NMR (400 MHz, CDCl3) 6 7.07-7.11 (m,
3H), 7.19-7.25 (m, 3H), 7.31-7.51 (m, 10H), 7.68-7.81 (m, 3H); °*C NMR (100 MHz, CDCL3) §
124.0 (d, J=10.9 Hz), 127.8, 128.2, 128.7 (d, J= 12.4 Hz), 128.8-129.2 (m, 6C, overlapped), 130.0
(d, J=99.1 Hz), 131.0 (d, J=10.7 Hz), 132.1 (d, /= 105.1 Hz), 132.2 (d, J=2.9 Hz), 132.7 (d, J =
10.1 Hz), 132.9 (d, J= 1.4 Hz), 134.27 (d, J = 14.7 Hz), 134.30 (d, J = 95.1 Hz), 143.8 (d, /= 26.8
Hz), 150.0 (d, J = 21.1 Hz); *'P{'"H} NMR (162 MHz, CDCl;) 6 39.0; HRMS m/z calcd for
CosHPO (M+H") 379.1246, found 379.1245.

2,3-Bis(4-methylphenyl)-1-phenyl-1H-phosphindole 1-oxide (4ab) **: colorless solid, 71 mg
(70%); column chromatography eluent: hexane-ethyl acetate (1:1, v/v); 'H NMR (400 MHz, CDCl5)
0 2.20 (s, 3H), 2.41 (s, 3H), 6.90 (d, J = 2.4 Hz, 2H), 7.15 (d, J = 7.4 Hz, 2H), 7.18-7.25 (m, 5H),
7.30-7.51 (m, 5H), 7.68 (dd, J = 9.7, 6.6 Hz, 1H), 7.72-7.83 (m, 2H); *C NMR (100 MHz, CDCl5) ¢
21.3,21.5,123.9 (d,J=10.7 Hz), 128.82 (d, /= 12.3 Hz), 128.84 (d, /= 9.0 Hz), 128.92 (d, /= 5.9
Hz), 128.95, 128.97, 129.02, 129.7, 129.8 (d, J = 8.1 Hz), 130.3 (d, /= 80.7 Hz), 131.0 (d, /= 10.7
Hz), 131.4 (d, J = 15.2 Hz), 132.0 (d, J = 2.7 Hz), 132.1 (d, J = 104.9 Hz), 132.8 (d, J = 1.5 Hz),
133.7 (d, J = 95.3 Hz), 137.7, 138.5, 144.1 (d, J=27.0 Hz), 149.4 (d, J = 21.5 Hz); *'P{'"H} NMR
(162 MHz, CDCl3) 6 39.1; HRMS m/z caled for C,gH,,PO (M+H") 407.1559, found 407.1558.

2,3-Bis(4-methoxyphenyl)-1-phenyl-1H-phosphindole 1-oxide (4ac)*™: pale yellow solid, 86 mg
(79%); column chromatography eluent: dichloromethane-ethyl acetate (2:1, v/v); 'H NMR (400
MHz, CDCl;) 6 3.70 (s, 3H), 3.86 (s, 3H), 6.60-6.69 (m, 2H), 6.97 (d, J = 8.8 Hz, 2H), 7.18-7.30 (m,
5H), 7.31-7.51 (m, 5H), 7.68 (dd, J = 9.0, 7.2, Hz, 1H), 7.72-7.82 (m, 2H); °C NMR (100 MHz,
CDCly) 6 55.1, 55.3, 113.8, 114.5, 123.7 (d, /= 10.9 Hz), 125.3 (d, /= 10.2 Hz), 126.6 (d, /=154
Hz), 128.7 (d, J = 10.1 Hz), 128.8 (d, J = 11.9 Hz), 128.9 (d, J = 8.9 Hz), 130.3 (d, J = 98.6 Hz),
130.4 (d, J = 5.9 Hz), 130.5, 131.0 (d, J = 10.5 Hz), 132.0 (d, J = 104.9 Hz), 132.4 (d, J = 2.8 Hz),
137.8 (d,J = 1.4 Hz), 133.1 (d, J=95.9 Hz), 144.2 (d, /= 26.9 Hz), 148.1 (d, /= 21.8 Hz), 159.1,
159.8; *'P{'"H} NMR (162 MHz, CDCl;) 6 39.1; HRMS m/z caled for CosHoyPO5 (M+H) 439.1458,
found 439.1458.

2,3-Bis(4-(tert-butyl)phenyl)-1-phenyl-1H-phosphindole 1-oxide (4ad)>: colorless solid, 104 mg

(85%); column chromatography eluent: hexane-ethyl acetate (1:1, v/v); 'H NMR (400 MHz, CDCl5)

0 1.19 (s, 9H), 1.38 (s, 9H), 7.08 (d, J = 6.6 Hz, 2H), 7.11-7.23 (m, 3H), 7.26-7.54 (m, 9H), 7.67 (dd,
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J=9.0,7.2 Hz, 1H), 7.75-7.92 (m, 2H); '*C NMR (100 MHz, CDCl;) § 31.1, 31.4, 34.5, 34.8, 124.0
(d, J=10.9 Hz), 125.2, 125.9, 128.67, 128.68, 128.70 (d, J = 8.1 Hz), 128.8 (d, J = 10.2 Hz), 128.9
(d,J=12.3 Hz), 129.7 (d, J = 10.1 Hz), 130.6 (d, J = 98.1 Hz), 131.0 (d, /= 10.5 Hz), 131.6 (d, J =
15.4 Hz), 132.0 (d, J= 2.6 Hz), 132.2 (d, J = 105.4 Hz), 132.7 (d, J= 7.2 Hz), 133.5 (d, J = 95.5 Hz),
1442 (d, J = 27.2 Hz), 149.3 (d, J = 21.4 Hz), 150.7, 151.7; *'P{'H} NMR (162 MHz, CDCl;) &
39.2; HRMS m/z caled for C3,HsPO (M+H ) 491.2498, found 491.2498.

2,3-Bis(4-fluorophenyl)-1-phenyl-1H-phosphindole 1-oxide (4ae)™ colorless solid, 72 mg (64%);
column chromatography eluent: hexane-ethyl acetate (1:1, v/v); 'H NMR (400 MHz, CDCl;) &
6.77-6.86 (m, 2H), 7.10-7.18 (m, 2H), 7.18-7.24 (m, 3H), 7.27-7.35 (m, 2H), 7.36-7.44 (m, 3H),
7.44-7.54 (m, 2H), 7.67-7.78 (m, 3H); >C NMR (100 MHz, CDCl;) ¢ 115.6 (d, J = 21.4 Hz), 116.3
(d, J=21.5 Hz), 123.9 (d, J = 10.7 Hz), 128.6 (dd, J = 10.6, 3.0 Hz), 129.0 (d, J = 12.2 Hz), 129.3
(dd,J=10.4, 8.1 Hz), 129.5 (d, J=99.7 Hz), 129.8 (d, /= 15.1, 3.5 Hz), 130.8 (dd, J= 8.2, 5.6 Hz),
130.92 (d, J = 10.4 Hz), 130.98 (d, J = 8.0 Hz), 130.99 (d, J = 7.9 Hz), 131.8 (d, J = 105.2 Hz),
132.4 (d, J=2.8 Hz), 133.1 (d, /= 1.9 Hz), 133.9 (d, /= 95.4 Hz), 143.5 (d, J=26.7 Hz), 148.8 (d,
J =22.0 Hz), 162.3 (dd, J = 247.1, 1.2 Hz), 162.8 (d, J = 247.5 Hz); *'P{'"H} NMR (162 MHz,
CDCls) 6 38.8; HRMS m/z caled for CoH sF,OP (M+H") 415.1058, found 415.1059.

2,3-Bis(4-chlorophenyl)-1-phenyl-1H-phosphindole 1-oxide (4af)*: colorless solid, 55 mg (49%);
column chromatography eluent: hexane-ethyl acetate (1:1, v/v); 'H NMR (400 MHz, CDCl;) &
7.06-7.14 (m, 2H), 7.14-7.22 (m, 3H), 7.23-7.31 (m, 2H), 7.37-7.54 (m, 7H), 7.66-7.78 (m, 3H); °C
NMR (100 MHz, CDCl3) 6 123.9 (d, /= 10.8 Hz), 128.8, 128.9 (d, J = 99.8 Hz), 129.0 (d, /= 12.4
Hz), 129.4 (d, J=9.6 Hz), 129.49, 129.51 (d, J= 10.5 Hz), 130.2 (d, /= 5.7 Hz), 130.4, 130.91 (d, J
=10.6 Hz), 130.94 (d, /= 10.2 Hz), 131.7 (d, /= 92.3 Hz), 132.4 (d, /= 1.5 Hz), 132.5 (d, /= 2.8
Hz), 133.1 (d, J= 1.7 Hz), 134.0 (d, J=94.8 Hz), 134.1, 135.0, 143.2 (d, /= 26.3 Hz), 149.0 (d, /=
21.5 Hz); *'P{'"H} NMR (162 MHz, CDCl;) ¢ 38.8; HRMS m/z caled for CoH;sCLOP (M+H")
447.0467, found 447.0469.

2,3-Bis(4-bromophenyl)-1-phenyl-1H-phosphindole 1-oxide (4ag)*: colorless solid, 48 mg
(36%); column chromatography eluent: hexane-ethyl acetate (1:1, v/v); 'H NMR (400 MHz, CDCl5)
0 7.10 (dd, J = 8.6, 1.0 Hz, 2H), 7.12-7.29 (m, 5H), 7.37-7.54 (m, 5SH), 7.59 (d, J = 8.5 Hz, 2H),
7.65-7.78 (m, 3H); °C NMR (100 MHz, CDCls) 6 122.4 (d, J = 1.3 Hz), 123.2, 123.9 (d, J = 10.8
Hz), 129.0, (d, J = 12.3 Hz), 129.2 (d, J = 99.8 Hz), 129.4 (d, J = 9.6 Hz), 129.5 (d, J = 10.5 Hz),

127



130.5 (d, J = 5.4 Hz), 130.7, 130.9 (d, /= 10.8 Hz), 131.3 (d, J=4.7 Hz), 131.7, 131.9 (d, /= 90.7
Hz), 132.4, 132.5 (d, J = 3.1 Hz), 132.7 (d, J = 14.8 Hz), 133.1 (d, J = 1.5 Hz), 134.0 (d, J = 94.9
Hz), 143.1 (d, J=26.3 Hz), 149.1 (d, J=21.7 Hz); *'P{'H} NMR (162 MHz, CDCl;) 6 38.8; HRMS
m/z calcd for Co6H sBr,OP (M+H+) 534.9457, found 534.9432.

2,3-Bis(3-methylphenyl)-1-phenyl-1H-phosphindole 1-oxide (4ah)™: colorless solid, 45 mg
(45%); column chromatography eluent: hexane-ethyl acetate (1:1, v/v); 'H NMR (400 MHz, CDCl;)
02.12 (s, 3H), 2.36 (m, 3H), 6.88-7.03 (m, 3H), 7.07-7.17 (m, 3H), 7.17-7.24 (m, 2H), 7.28-7.52 (m,
6H), 7.69 (dd, J=9.0, 7.2, Hz, 1H), 7.73-7.83 (m, 2H); °C NMR (100 MHz, CDCl;) 6 21.4, 21.5,
124.0 (d, J=10.9 Hz), 126.1, 126.2 (d, /= 5.9 Hz), 128.0, 128.6, 128.8, 128.87 (d, /= 8.8 Hz),
128.88,129.0 (d, J=2.6 Hz), 129.3, 129.4, 129.6 (d, /= 5.5 Hz), 130.2 (d, J=98.9 Hz), 131.0 (d, J
=10.7 Hz), 132.06 (d, J= 2.7 Hz), 132.12 (d, /= 105.4 Hz), 132.6 (d, /= 8.9 Hz), 132.8 (d, /= 1.8
Hz), 137.7, 138.6, 134.0 (d, /= 94.6 Hz), 134.5 (d, /= 5.9 Hz), 144.0 (d, /= 27.0 Hz), 150.0 (d, /=
21.3 Hz); *'P{'"H} NMR (162 MHz, CDCl;) 6 39.1; HRMS m/z calcd for CosH,,OP (M+H")
407.1559, found 407.1549.

3-Methyl-1,2-diphenyl-1H-phosphindole 1-oxide (4ai): colorless solid, mp: 199-200 °C, 35 mg
(39%); column chromatography eluent: DCM-ethyl acetate (1:1, v/v); 'H NMR (400 MHz, CDCl5):
02.32(d, J=2.4 Hz, 3H), 7.24-7.51 (m, 10H), 7.57 (dddd, J=7.6, 7.6, 1.3, 1.3 Hz, 1H), 7.62-7.68
(m, 3H); “C NMR (100 MHz, CDCLy): § 13.6 (d, J = 13.0 Hz), 122.0 (d, J=11.0 Hz), 127.9 (d, J =
1.0 Hz), 128.6, 128.67 (d, J = 9.3 Hz), 128.70 (d, J = 12.1 Hz), 128.9 (d, /= 5.0 Hz), 129.0 (d, J =
10.6 Hz), 129.9 (d, /=99.1 Hz), 131.1 (d, /= 10.7 Hz), 131.99 (d, /= 104.9 Hz), 132.01 (d, /= 2.8
Hz), 133.0 (d, /= 1.2 Hz), 133.2 (d, /= 11.0 Hz), 134.4 (d, /= 98.2 Hz), 144.0 (d, J = 27.8 Hz),
147.0 (d, J=21.0 Hz);*'P{'"H} NMR (162 MHz, CDCl;): ¢ 38.1; HRMS m/z calcd for C,,H;s0P
(M+H") 317.1090, found 317.1090.

3-Butyl-1,2-diphenyl-1H-phosphindole 1-oxide (4aj): colorless gum, 63 mg (70%); column
chromatography eluent: DCM-ethyl acetate (4:1, v/v); '"H NMR (400 MHz, CDCls): 6 0.90 (t, J=7.3
Hz, 3H), 1.34-1.50 (m, 2H), 1.57-1.75 (m, 2H), 2.65-2.71 (m, 2H), 7.24-7.40 (m, 8H), 7.43-7.51 (m,
2H), 7.56 (dddd, J = 7.6, 7.6, 1.4, 1.4 Hz, 1H), 7.60-7.68 (m, 3H); °C NMR (100 MHz, CDCls): ¢
13.8,22.9,26.9 (d, J=1.2 Hz), 31.0 (d, /= 1.2 Hz), 122.3 (d, J = 11.1 Hz), 127.8, 128.60, 128.61,
128.71 (d, J = 8.8 Hz), 128.908, 129.13 (d, J = 19.6 Hz), 129.8 (d, J = 98.9 Hz), 131.0 (d, J = 10.7
Hz), 132.0 (d, /= 2.8 Hz), 132.4 (d, J = 104.4 Hz), 132.9, 133.2 (d, /= 9.7 Hz), 134.2 (d, J = 96.8
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Hz), 143.2 (d, J = 28.2 Hz), 151.6 (d, J = 19.6 Hz); 'P{'"H} NMR (162 MHz, CDCl;): 6 38.3;
HRMS m/z caled for Co,H,,OP (M+H") 359.1559, found 359.1556.

2-(4-Bromophenyl)-3-butyl-1-phenyl-1H-phosphindole 1-oxide (4ak): colorless gum, 49 mg
(44%); column chromatography eluent: hexane-ethyl acetate (1:1, v/v); 'H NMR (400 MHz, CDCl,):
0 0.91 (t, J =7.3 Hz, 3H), 1.32-1.74 (m, 4H), 2.60-2.72 (m, 2H), 7.18-7.22 (m, 2H), 7.33-7.52 (m,
7H), 7.54-7.68 (m, 4H); °C NMR (100 MHz, CDCl;): § 13.8, 22.9, 27.0 (d, J = 11.8 Hz), 31.0,
122.1 (d, J=1.5 Hz), 122.5 (d, /= 11.2 Hz), 128.8 (d, /= 12.2 Hz), 129.0 (d, J = 9.6 Hz), 129.1 (d,
J=10.7 Hz), 129.4 (d, J=99.2 Hz), 130.2 (d, /= 4.6 Hz), 131.0 (d, J=10.7 Hz), 131.6, 132.14 (d,
J=3.1 Hz), 132.18 (d, /= 9.3 Hz), 132.21 (d, J = 105.3 Hz), 133.0 (d, /= 1.5 Hz), 133.2 (d, J =
97.5 Hz), 143.0 (d, J = 27.7 Hz), 152.1 (d, J = 19.4 Hz);”'P{'"H} NMR (162 MHz, CDCl;): ¢ 38.1;
HRMS m/z caled for Co4Hyp;BrOP (M+H") 437.0664, found 437.0661.

3-(4-Chlorobutyl)-1,2-diphenyl-1H-phosphindole 1-oxide (4al): colorless gum, 76 mg (77%);
column chromatography eluent: DCM-ethyl acetate (2:1 to 1:1, v/v); 'H NMR (400 MHz, CDCLy): 6
1.78-1.91 (m, 4H), 2.68-2.75 (m, 2H), 3.46-3.53 (m, 2H), 7.26-7.42 (m, 8H), 7.44-7.53 (m, 2H),
7.55-7.70 (m, 4H); >C NMR (100 MHz, CDCl3): d 25.7 (d, J = 1.8 Hz), 26.1 (d, J = 12.3 Hz), 32.1,
442, 1223 (d, J = 11.0 Hz), 128.0, 128.6 (d, J = 4.5 Hz), 128.732, 128.735 (d, J = 12.3 Hz),
129.070 (d, J = 19.7 Hz), 129.074, 129.6 (d, J = 99.0 Hz), 131.0 (d, /= 10.2 Hz), 132.1 (d, J=2.7
Hz), 132.3 (d, J = 104.6 Hz), 132.99 (d, J = 7.8 Hz), 133.04, 135.2 (d, J = 96.1 Hz), 142.9 (d, J =
27.8 Hz), 150.6 (d, J = 19.8 Hz);’'P{'H} NMR (162 MHz, CDCl;): 6 38.1; HRMS m/ calcd for
C,4H,;CIOP (M+H") 393.1170, found 393.1166.

2,3-Bis(4-methoxyphenyl)-5-methyl-1-(4-methylphenyl)-1H-phosphindole 1-oxide (4bc): pale
yellow solid, 51 mg (44%); column chromatography eluent: hexane-ethyl acetate (1:1 to 1:2, v/v); 'H
NMR (400 MHz, CDCls) ¢ 2.327 (s, 3H), 2.331 (s, 3H), 3.69 (s, 3H), 3.87 (s, 3H), 6.60-6.67 (m,
2H), 6.94-7.03 (m, 3H), 7.10-7.29 (m, 7H), 7.55 (dd, J=9.5, 7.4 Hz, 1H), 7.63 (dd, /= 12.3, 8.1 Hz,
2H); *C NMR (100 MHz, CDCly): 6 21.6, 21.9, 55.1, 55.3, 113.7, 114.5, 124.5 (d, J = 11.1 Hz),
125.6 (d, /= 10.1 Hz), 126.8 (d, /= 15.4 Hz), 127.2 (d, J = 101.2 Hz), 128.8 (d, /= 9.7 Hz), 129.0
(d, J=106.1 Hz), 129.2 (d, J=10.9 Hz), 129.6 (d, J = 12.6 Hz), 130.4 (d, /= 5.9 Hz), 130.5, 131.0
(d, J=10.8 Hz), 133.7 (d, /= 95.7 Hz), 142.4 (d, J= 2.8 Hz), 143.3 (d, /= 1.7 Hz), 1445 (d, J =
27.1 Hz), 147.9 (d, J = 21.7 Hz), 159.0, 159.6;'P{'H} NMR (162 MHz, CDCls): 6 39.0; HRMS m/z
caled for C30Ha305P (M+H") 467.1771, found 467.1770.
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5-Methoxy-1,2,3-tris(4-methoxyphenyl)-1H-phosphindole 1-oxide (4cc): yellow solid, 62 mg
(50%); column chromatography eluent: hexane-ethyl acetate (2:1 to 1:2, v/v); '"H NMR (400 MHz,
CDCl) 0 3.70 (s, 3H), 3.78 (s, 3H), 3.79 (s, 3H), 3.85 (s, 3H), 6.63 (d, J = 8.8 Hz, 2H), 6.74 (dd, J =
2.3,2.3 Hz, 1H), 6.81 (ddd, J = 8.0, 2.7, 2.7 Hz, 1H), 6.89 (dd, J= 8.7, 2.1 Hz, 2H), 6.95 (d, /= 8.7
Hz, 2H), 7.20 (dd, J = 8.8, 0.8 Hz, 2H), 7.24 (d, J = 8.2 Hz, 2H), 7.59 (dd, J = 9.0, 8.3 Hz, 1H), 7.66
(dd, J=11.8, 8.8 Hz, 2H); °C NMR (100 MHz, CDCl;): § 55.1, 55.2, 55.3, 55.5, 111.1 (d, J=11.8
Hz), 112.4 (d, J=11.6 Hz), 113.7, 114.41 (d, J=13.2 Hz), 114.45, 121.5 (d, /= 105.9 Hz), 123.2 (d,
J=111.3 Hz), 125.6 (d, J=10.1 Hz), 126.6 (d, J=15.2 Hz), 130.3 (d, /= 9.5 Hz), 130.4 (d, /= 5.8
Hz), 130.5, 132.8 (d, J = 11.8 Hz), 135.0, (d, /= 95.6 Hz), 146.7 (d, J=28.6 Hz), 147.0 (d, J=21.2
Hz), 159.0, 159.7, 162.6 (d, J = 2.9 Hz), 163.6 (d, J = 2.6 Hz);"'P{'H} NMR (162 MHz, CDCly): 6
38.0; HRMS m/z caled for C30H,505P (M+H") 499.1669, found 499.1663.

5-(tert-Butyl)-1-(4-(tert-butyl)phenyl)-2,3-bis(4-methoxyphenyl)-1 H-phosphindole 1-oxide
(4dc): pale yellow solid, 114 mg (83%); column chromatography eluent: hexane-ethyl acetate (2:1,
v/v); "H NMR (400 MHz, CDCl3) 8 1.25 (s, 9H), 1.27 (s, 9H), 3.70 (s, 3H), 3.87 (s, 3H), 6.65 (d, J =
8.8 Hz, 2H), 6.98 (d, J = 8.8 Hz, 2H), 7.18-7.28 (m, 5H), 7.35 (ddd, /=9.3, 3.6, 1.6 Hz, 1H), 7.39
(dd, J=8.4,2.6 Hz, 2H), 7.61 (dd, J= 9.3, 7.8 Hz, 1H), 7.68 (dd, J = 12.1, 8.5 Hz, 2H); °C NMR
(100 MHz, CDCl3) 6 31.09, 31.13, 35.0, 35.2, 55.1, 55.3, 113.7, 114.4, 120.9 (d, J= 11.0 Hz), 125.5
(d,J=10.7 Hz), 125.79 (d, J= 8.6 Hz), 125.81 (d, J=11.9 Hz), 126.8 (d, /= 11.9 Hz), 127.2 (d, J =
104.7 Hz), 128.6 (d, J=9.6 Hz), 129.1 (d, J=109.1 Hz), 130.49 (d, J= 8.4 Hz), 130.51, 130.81 (d,
J=10.8 Hz), 133.4 (d, J=96.0 Hz), 144.1 (d, J=27.1 Hz), 148.4 (d,J=21.7 Hz), 155.3 (d,J=2.7
Hz), 156.4 (d, J= 1.5 Hz), 158.9, 159.6; >'P{'"H} NMR (162 MHz, CDCl;) 6 38.8; HRMS m/z calcd
for C36H4003P (M+H") 551.2710, found 551.2714.

5-Chloro-1-(4-chlorophenyl)-2,3-bis(4-methoxyphenyl)-1H-phosphindole 1-oxide (4ec): yellow
solid, 67 mg (53%); column chromatography eluent: hexane-ethyl acetate (1:1, v/v); 'H NMR (400
MHz, CDCl3) 6 3.71 (s, 3H), 3.88 (s, 3H), 6.65 (d, J = 8.7 Hz, 2H), 7.00 (d, J = 8.8 Hz, 2H),
7.17-7.28 (m, 5H), 7.33 (ddd, J=7.8, 3.2, 1.8 Hz, 1H), 7.35-7.39 (m, 2H), 7.58 (dd, J = 9.4, 7.7 Hz,
1H), 7.67 (dd, J = 12.0, 8.6 Hz, 2H); °C NMR (100 MHz, CDCl3) § 55.1, 55.3, 114.0, 114.8, 124.2
(d,J=11.7Hz), 124.7 (d, J=10.2 Hz), 125.7 (d, /= 15.4 Hz), 128.3 (d, J= 100.6 Hz), 128.6 (d, /=
11.3 Hz), 129.4, (d, J = 12.7 Hz), 129.7 (d, J = 106.8 Hz), 129.9 (d, /= 10.4 Hz), 130.3, 130.4 (d, J
=6.1Hz), 132.3 (d, J=11.3 Hz), 134.4 (d, J=96.0 Hz), 139.0 (d, /= 3.5 Hz), 139.7 (d, /= 2.4 Hz),
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146.2 (d, J = 28.5 Hz), 147.0 (d, J = 21.1 Hz), 159.4, 160.0; >'P{'H} NMR (162 MHz, CDCl;): &
36.9; HRMS m/z caled for CpsHy,CLOSP (M+H') 507.0678, found 507.0682.

1-([1,1'-Biphenyl]-4-yl)-2,3-bis(4-methoxyphenyl)-5-phenyl-1H-phosphindole  1-oxide (4fc):
yellow solid, 116 mg (78%); column chromatography eluent: hexane-ethyl acetate (1:1 to 1:2, v/v);
'H NMR (400 MHz, CDCl3) 6 3.70 (s, 3H), 3.86 (s, 3H), 6.68 (d, J = 8.8 Hz, 2H), 6.99 (d, J = 8.8
Hz, 2H), 7.27 (d, J= 9.0 Hz, 2H), 7.30-7.39 (m, 4H), 7.39-7.46 (m, 5H), 7.48-7.59 (m, 5H), 7.62 (dd,
J=28.4,2.6Hz, 2H), 7.77 (dd, J = 9.4, 7.6 Hz 1H), 7.87 (d, J = 12.1, 8.4 Hz, 2H); >C NMR (100
MHz, CDCl;) ¢ 55.1, 55.3, 113.9, 114.6, 122.6 (d, /= 11.1 Hz), 125.4 (d, J=10.2 Hz), 126.5 (d, J=
15.4 Hz), 127.2, 127.3, 127.5, 127.6 (d, J = 10.6 Hz), 127.7, 128.1 (d, J = 10.2 Hz), 128.91 (2C,
overlapped), 128.94 (d, J=100.4 Hz), 129.3 (d, /= 9.7 Hz), 130.5 (d, J=9.0 Hz), 130.55, 130.58 (d,
J=106.3 Hz), 131.5 (d, J = 10.7 Hz), 133.8 (d, J = 96.0 Hz), 140.0, 140.2, 144.9 (d, J = 3.0 Hz),
145.0 (d, J = 27.5 Hz), 146.0 (d, J = 1.6 Hz), 148.0 (d, J = 21.5 Hz), 159.2, 159.8; *'P{'"H} NMR
(162 MHz, CDCl3) 6 38.6; HRMS m/z caled for C4oH3,03P (M+H ") 591.2084, found 591.2085.

5-(tert-Butyl)-1,2,3-tris(4-(tert-butyl)phenyl)-1H-phosphindole 1-oxide (4dd): colorless solid,
mp: 202-204 °C, 125 mg (83%); column chromatography eluent: hexane-ethyl acetate (3:1 to 2:1,
v/v); '"H NMR (400 MHz, CDCl3) 6 1.20 (s, 9H), 1.25 (s, 9H), 1.30 (s, 9H), 1.39 (s, 9H), 7.04-7.14
(m, 4H), 7.20 (dd, J = 2.0, 2.0 Hz, 1H), 7.24-7.29 (m, 2H), 7.35 (dd, J = 7.7, 3.6, 1.6 Hz, 1H),
7.40-7.47 (m, 4H), 7.60 (dd, J = 9.3, 7.9 Hz, 1H), 7.73 (dd, J = 12.1, 8.6 Hz, 2H); °C NMR (100
MHz, CDCl;) ¢ 31.1 (3C overlapped), 31.3, 34.5, 34.8, 35.0, 35.2, 121.2 (d, J = 10.9 Hz), 125.1,
125.66 (d, J = 13.8 Hz), 125.74, 1259 (d, J = 12.4 Hz), 127.6 (d, J = 100.7 Hz), 128.5 (d, /= 9.7
Hz), 128.76, 128.79 (d, J = 5.4 Hz), 130.1 (d, /= 9.7 Hz), 130.4 (d, /= 93.9 Hz), 130.9 (d, /= 10.8
Hz), 131.7 (d, J= 15.2 Hz), 133.9 (d, J = 95.5 Hz), 144.1 (d, /= 27.1 Hz), 149.5 (d, J = 21.4 Hz),
150.4, 151.6, 155.2 (d, J= 2.8 Hz), 156.4 (d, J = 2.0 Hz); *'P{'H} NMR (162 MHz, CDCl;) J 38.8;
HRMS m/z caled for C4,H5,OP (M+H+) 603.3750, found 603.3748.

2,3-Bis(4-methoxyphenyl)-6-methyl-1-(3-methylphenyl)phosphindole 1-oxide (4gc): yellow gum,
71 mg (61%); column chromatography eluent: hexane-ethyl acetate (1:1, v/v); 'H NMR (400 MHz,
CDCls) 6 2.24 (s, 6H, overlapped), 3.69 (s, 3H), 3.86 (s, 3H), 6.63 (d, J = 8.6 Hz, 2H), 6.97 (d, J =
8.8 Hz, 2H), 7.10 (dd, /= 7.8, 3.2 Hz, 1H), 7.17-7.31 (m, 7H), 7.476 (d, J=9.1 Hz, 1H), 7.477 (dd,
J=9.1,5.7Hz, 1H), 7.68 (d, J = 12.7 Hz, 1H); C NMR (100 MHz, CDCl;) 6 21.2, 21.5, 55.1, 55.3,
113.7,114.4,123.5 (d, J=11.4 Hz), 125.6 (d, /= 10.2 Hz), 126.8 (d, /= 15.5 Hz), 127.7 (d, J=11.2
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Hz), 128.7 (d, J = 13.0 Hz), 129.6 (d, J = 9.5 Hz), 130.2 (d, J = 98.2 Hz), 130.4 (d, J = 6.0 Hz),
130.5, 131.7 (d, J = 10.0 Hz), 132.1 (d, J = 96.2 Hz), 132.3 (d, J = 103.8 Hz), 132.9 (d, J = 3.0 Hz),
133.2 (d, J= 1.6 Hz), 138.7 (d, J= 11.9 Hz), 138.9 (d, /= 10.3 Hz), 141.5 (d, J = 26.9 Hz), 148.3 (d,
J = 21.8 Hz), 158.9, 159.7,; *'P{'"H} NMR (162 MHz, CDCl;) J 39.3; HRMS m/z calcd for
C3oHa505P (M+H") 467.1771, found 467.1762.

2,3-Bis(4-methoxyphenyl)-1-(Naphthalen-2-yl)-1H-benzo[f]phosphindole 1-oxide (4hc): yellow
solid, 97 mg (72%); column chromatography eluent: hexane-ethyl acetate (1:1 to 1:2, v/v); '"H NMR
(400 MHz, CDCl;) 6 3.65 (s, 3H), 3.89 (s, 3H), 6.62 (ddd, J = 8.8, 0.7, 0.4 Hz, 2H), 7.04 (d, /= 8.8
Hz, 2H), 7.21-7.30 (m, 2H), 7.39 (d, J = 8.4 Hz, 2H), 7.42-7.59 (m, SH), 7.62 (d, J = 3.0 Hz, 1H),
7.69-7.85 (m, 4H), 7.87-7.96 (m, 1H), 8.16 (d, J = 11.3 Hz, 1H), 8.67 (d, J = 14.1 Hz, 1H); °C
NMR (100 MHz, CDCl;) ¢ 55.1, 55.3, 113.8, 114.6, 123.1 (d, J = 10.2 Hz), 125.4 (d, J = 12.9 Hz),
125.5 (d, J = 9.8 Hz), 126.7, 126.8 (d, J = 14.6 Hz), 127.1, 127.8, 127.9 (d, J = 101.1 Hz), 128.1,
128.4, 128.7 (d, J=12.5 Hz), 128.81, 128.83, 129.1, 130.2 (d, J = 105.8 Hz), 130.5 (d, J = 6.0 Hz),
130.6, 130.9 (d, J = 9.3 Hz), 132.9 (d, J = 13.1 Hz), 133.1 (d, J = 11.7 Hz), 134.0 (d, J = 8.7 Hz),
134.3 (d, J=96.0 Hz), 134.9 (d, /= 2.2 Hz), 135.6, 140.4 (d, J = 27.3 Hz), 149.4 (d, J = 20.4 Hz),
159.1, 159.9; *'P{'"H} NMR (162 MHz, CDCl;) 6 37.3; HRMS m/z calcd for CssH,505P (M+H")
539.1771, found 539.1776.

1-(3,5-Dimethoxyphenyl)-4,6-dimethoxy-2,3-bis(4-methoxyphenyl)-1H-phosphindole  1-oxide
(4ic): yellow form, 63 mg (45%); column chromatography eluent: DCM-ethyl acetate (2:1, v/v); 'H
NMR (400 MHz, CDCls) 0 3.47 (s, 3H), 3.68 (s, 3H), 3.76 (s, 6H), 3.80 (s, 3H), 3.83 (s, 3H), 6.47 (d,
J=22Hz, 1H), 6.53 (dd, J=2.4, 2.4 Hz, 1H), 6.58-6.62 (m, 2H), 6.81-6.89 (m, 3H), 6.92 (dd, J =
13.6, 2.3 Hz, 2H), 7.04-7.07 (m, 2H), 7.17 (d, J = 7.7 Hz, 2H); °C NMR (100 MHz, CDCl;): § 55.0,
55.2,55.5, 55.6, 55.8, 104.1, 104.3 (d, J = 2.1 Hz), 106.0 (d, J= 10.8 Hz), 108.3 (d, J = 12.7 Hz),
113.1, 113.6, 123.4 (d, J = 28.1 Hz), 129.8 (d, J = 10.2 Hz), 129.6 (d, J = 16.2 Hz), 130.0, 130.476
(d, J=96.5 Hz), 130.483 (d, /= 5.9 Hz), 132.7 (d, J = 97.6 Hz), 135.8 (d, J=102.7 Hz), 149.2 (d, J
= 21.9 Hz), 157.0 (d, J = 17.4 Hz), 158.5, 158.9, 161.0 (d, J = 17.9 Hz), 162.2 (d, J = 15.9 Hz);
*'P{'"H} NMR (162 MHz, CDCl;): 8 39.2; HRMS m/z caled for C3,H3,0-,P (M+H") 559.1880, found
559.1876.

3-Butyl-2-(4-ethynylphenyl)-1-phenyl-1H-phosphindole 1-oxide (4am): colorless gum, 43 mg
(45%); column chromatography eluent: hexane-ethyl acetate (1:1, v/v); 'H NMR (400 MHz, CDCl5)
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8 0.91 (t, J = 7.3 Hz, 3H), 1.35-1.47 (m, 2H), 1.55-1.75 (m, 2H), 2.61-2.73 (m, 2H), 3.09 (s, 1H),
7.28-7.52 (m, 2H), 7.33-7.41 (m, 3H), 7.43-7.52 (m, 4H), 7.54-7.69 (m, 4H); *C NMR (100 MHz,
CDClLy): 6 13.8,22.9,27.0 (d, J= 11.9 Hz), 31.0 (d, /= 1.3 Hz), 77.9, 83.4, 121.5, 122.5 (d, J=11.1
Hz), 128.6 (d, J = 4.7 Hz), 128.8 (d, J = 12.2 Hz), 129.0 (d, J = 9.6 Hz), 129.1 (d, J = 10.2 Hz),
130.5 (d, J = 96.5 Hz), 130.9 (d, J = 10.6 Hz), 132.1 (d, J = 2.8 Hz), 132.2 (d, J = 105.0 Hz), 132.4,
133.0, 133.6 (d, J = 96.8 Hz), 133.9 (d, J = 10.1 Hz), 143.0 (d, J = 27.8 Hz), 152.1 (d, J = 19.3 Hz);
*'P{'H} NMR (162 MHz, CDCl;): 6 38.3; HRMS m/z calcd for CoqHo4OP (M+H") 383.1559, found
383.1556.

1,2,3-Triphenyl-1H-phosphindole 1-sulfide (4aa-S)*: colorless form, 52 mg (53%) 'H NMR (400
MHz, CDCls): 6 7.00-7.14 (m, 3H), 7.16-7.21 (m, 2H), 7.30 (dd, J = 7.6, 3.1 Hz, 1H), 7.32-7.50 (m,
10H), 7.70 (ddd, J = 10.5, 7.3, 0.8 Hz, 1H), 7.81-7.89 (m, 2H); >C NMR (100 MHz, CDCl5): 6
124.4 (d, J = 5.8 Hz), 127.9 (d, J = 1.1 Hz), 128.0, 128.6, 128.76 (d, J = 11.0 Hz), 128.09 (d, J =
12.6 Hz), 128.81, 129.33 (d, J = 11.2 Hz), 129.34, 129.39 (d, J = 77.4 Hz), 129.6 (d, J = 5.4 Hz),
130.9 (d, J= 11.6 Hz), 132.0 (d, J= 3.0 Hz), 132.3 (d, J= 1.9 Hz), 132.4 (d, J = 10.9 Hz), 134.2 (d,
J =143 Hz), 135.8 (d, J = 89.3 Hz), 136.4 (d, J = 77.8 Hz), 143.7 (d, J = 23.5 Hz), 1493 (d, J =
18.7 Hz); *'P{'"H} NMR (162 MHz, CDCls): § 48.1; HRMS m/z calcd for CygHyPS (M+H)
395.1018, found 395.1019.

3-Benzyl-1-(diethylamino)-1,3-diphenyl-1,3-dihydrobenzo|c][1,2]thiaphosphol-1-ium

Trifluoromethanesulfonate (5) (diastereo mixture, (2S5p*,5R*):(2Sp*,55*) = 2.8:1): colorless solid,
mp (major): 121-123 °C, 113 mg (73%); '"H NMR (400 MHz, CDCl;) for a major product & 0.93 (t, J
= 6.2 Hz, 6H), 2.22-2.38 (m, 2H), 2.50-2.67 (m, 2H), 4.05 (dd, J = 14.1, 1.4 Hz, 1H), 4.12 (d, J =
14.2 Hz, 1H), 6.91-6.96 (m, 2H), 7.03-7.09 (m, 2H), 7.15-7.78 (m, 10H), 7.86-7.92 (m, 2H),
8.02-8.12 (m, 2H), 8.25-8.42 (m, 1H); for a minor product J 1.03 (t, J = 6.2 Hz, 6H), 2.92-3.05 (m,
4H), 3.86 (d, J = 14.1 Hz, 1H), 3.98 (d, J = 14.2 Hz, 1H), 6.46-6.51 (m, 2H), 6.73-6.82 (m, 3H),
7.15-7.78 (m, 11H), 7.92-8.00 (m, 2H), 8.25-8.42 (m, 1H); °C NMR (100 MHz, CDCls) for a major
product 6 13.4 (d, J = 15.1 Hz), 40.7 (d, J = 2.2 Hz), 47.1, 121.1 (q, J = 319.1 Hz), 1219 (d, J =
111.5 Hz), 125.6 (d, J = 108.3 Hz), 126.7, 127.7, 128.4, 128.5 (d, J = 15.9 Hz), 128.9, 129.1, 130.4
(d, J=8.5Hz), 130.7 (d, J= 14.2 Hz), 131.8 (d, /= 12.2 Hz), 132.1, 132.9 (d, J = 11.6 Hz), 134.4,
135.5(d,J=2.5Hz), 135.7 (d,J=3.2 Hz), 143.4 (d, /= 1.3 Hz), 148.9 (d, J = 24.1 Hz); for a minor
product J 13.3 (d, J = 3.8 Hz), 41.6, 48.2, 119.5, 121.2, 126.9, 127.9, 128.0, 129.2, 129.4, 130.9,
132.3 (d, J = 12.3 Hz), 133.8, 134.9 (all observed signals are shown); *'P{'H} NMR (162 MHz,
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CDCl5) § 79.2 (major), 78.2 (minor); HRMS m/z calcd for C30H;NPS ([M-OTf]") 468.1909, found
468.1920.

5-(|1,1'-Biphenyl]-2-yl)-SH-benzo[b]phosphindole 5-oxide (7): colorless solid, 67 mg (75%);
column chromatography eluent: hexane-ethyl acetate (1:1 to 1:4, v/v); '"H NMR (400 MHz, CDCl;) §
6.29-6.31 (m, 2H), 6.64-6.68 (m, 2H), 6.68-6.93 (m, 1H), 7.05-7.08 (m, 1H), 7.25-7.30 (m, 2H),
7.34 (dd, J=17.5,2.9 Hz, 2H), 7.38-7.42 (m, 2H), 7.51 (dd, J = 10.0, 7.4 Hz, 2H), 7.53-7.65 (m, 2H),
8.69 (ddd, J = 13.0, 7.6, 1.4 Hz, 1H); *C NMR (100 MHz, CDCls): 6 121.2 (d, J = 10.3 Hz), 126.4,
126.9, 127.4 (d, J = 11.2 Hz), 127.8 (d, J = 98.8 Hz), 128.7, 128.8 (d, J=11.2 Hz), 129.3 (d, J =
10.0 Hz), 131.1 (d, /= 10.3 Hz), 131.8 (d, J=2.7 Hz), 132.7 (d, J = 2.0 Hz), 133.5 (d, /= 107.6 Hz),
134.8 (d, J= 8.3 Hz), 138.9 (d, J = 4.1 Hz), 142.1 (d, J = 22.2 Hz), 146.0 (d, J= 11.5 Hz); *'P{'H}
NMR (162 MHz, CDCl3): ¢ 31.0; HRMS m/z caled for C,4H;gOP (M+H+) 353.1090, found
353.1087.
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Chapter 6

Metal-free Electrophilic Phosphination of Alkynes

A new metal-free electrophilic phosphination reaction of alkynes has been developed.
The electrophilic phosphenium species generated in situ from secondary phosphine
oxides with Tf,O smoothly coupled with a variety of alkynes to afford a range of
phosphine derivatives. The mechanistic studies to observe the reactive intermediates

have also been carried out.

R4 R2

= :

4 0+ &

R1\|C|) 10 Ry R® + R3
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phosphination
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Introduction

As described in Chapter 1, a variety of organophosphorus compounds are now
broadly utilized not only as building blocks for preparing bioactive molecules and
functional materials, but also as ligands for transition metals." The C(sp®)-P bond
formation is one of the most important and fundamental reactions for the synthesis of
aromatic phosphorus compounds. The classical synthetic approaches to form a C(sp?)-P
bond are the reaction of halophosphine electrophiles with organometallic carbon

12> and the transition-metal

nucleophiles such as organolithium and Grignard reagents
catalyzed cross-coupling reactions of phosphines with C(sp?)-(pseudo)halides (Scheme
6.1).> These methodologies, however, often suffer from low functional group
compatibility and long step preparation of the coupling precursors. The C-H/P-H type
catalytic direct coupling reactions have recently been reported,’ while still they are rare.

In addition, simple phosphines are substantially not compatible for these oxidative

coupling conditions since they are easily oxidized.

Scheme 6.1. Classical Synthetic Approaches for C(sp?)-P Bond Formation
R R

R'—M + CP—X > _P-R'
R -MX R
M = Li, Mg, Cu... X =Cl, Br, |
transition metals
R R
R'—X + _P—-H _P—R'
-HX R

X = (pseudo)halide

An alternative way for the formation of the C(sp®)-P bond is the Friedel-Crafts-type
electrophilic phosphination reaction.” This process was already known in 1870’s as
exemplified by the reaction of benzene with PCl; in the presence of AlICIl; (Scheme

6.2).* As described in Chapter 1, the electrophilic C(sp”)-P bond forming reaction has
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sometimes been studied to date (as an earlier example, Scheme 6.3).4b

Scheme 6.2.
A|C|3 PC|2‘A|C|3 POC|3 PC|2
+ PCl3; —— —_—
Scheme 6.3.
(0]

AICl3 EtOH II:I)/OEt
O + PCl; > > “OEt

reflux

80%

These transformations are usually conducted under harsh conditions in the presence
of a stoichiometric amount of Lewis acid such as AICl;. Generation of phosphenium
cations,” which is considered as an active species in the electrophilic phosphination
reaction, mostly relies on the halogen abstraction from halophosphines using a Lewis
acid (Scheme 6.4 A). Other methodologies (Scheme 6.4 B-D) are also known; however,

these are limited in the special cases and not utilized in common organic synthesis.

Scheme 6.4. Generation of Phosphenium Species
A. Phosphorus-Halogen Bond Heterolysis

Xp_cI +EC|, —» :((:p+ ECly

E: Al, Ga, Fe

B. Protonation of Phosphorus-Nitrogen Bonds

X _
y-P~NMe; + TOH _—= é:ﬁ OTf + HNMe,

C. Electrophilic Activation of Element-Phosphorus Double Bonds
TMS TMS

’ AlCI BN’ B
TMS. .P=N 3 TMS. _P-N P
N —_— N “AlCl. ———> TMS-N_ N-TMS
™S ™ ° -TMSCI AL
cl’ "¢l
D. Retro-cycioaddition from Phosphiranium Sait
- “OTf
MeOTf M OTf R—=—R [ye. +- R
—_— + > —
Ph—P] Pﬁ;P = poP OTf Me. 5{(
Ph
R

Recently, metal-free electrophilic C-heteroatom bond forming reactions have

attracted attention as environmentally-friendly processes.® The metal-free C-B,” C-N,®
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C-Si9, and C-S' bond formations have recently been achieved. In contrast, to the best of
my knowledge, there is no report on the metal-free intermolecular electrophilic C-P
bond forming reaction. In Chapter 6, the author describes development of the metal-free

electrophilic phosphination (phospha-Friedel-Crafts: PFC) reaction of alkynes.

Results and discussion

Secondary phosphine oxides, which are employed as the substrates in Chapter 3, are
basically stable and readily available phosphorus(V) compounds. It is known that they
exist in equilibrium between P(V) and P(III) (hydroxyphosphine) in a solution (Scheme
6.5, left).""! The author envisioned that if this hydroxyl group could be replaced by a
leaving group, an electrophilic phosphorus species would be generated and utilized for
PFC reactions under metal-free conditions. To verify this concept, the author designed
an electrophilic cyclization of aromatic ring-tethered alkynes (Scheme 6.5 right). Thus,
the formed phosphorus electrophile may activate such an alkyne to promote subsequent

intramolecular cyclization with the pendant aromatic © system.

Scheme 6.5. Concept of This Study

o)
RL 3
2 P—H R _
\ o O R R
P(V) 5+ o _ | R3 '
T,0 R ==Y .

- P
------ > o2 POTf R2 P\(‘L — = RN |
' electrophilic Ny Sy
R phosphination electrophilic
R2 P—OH reagent cyclization

Under this hypothesis, the author commenced exploring the electrophilic

phosphinative cyclization using diphenylphosphine oxide (1a) and the alkyne (2a) as
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model substrates (Table 6.1). In an initial attempt, 1a (0.5 mmol) and 2a (0.25 mmol)
were treated with Tf,0 (0.6 mmol) and 2,6-lutidine (1.0 mmol) in DCM (2 mL) at 60 °C
for 3 h in a schlenk tube. As expected, desired phosphinylated 3a was obtained in 63%
yield after oxidative workup using H,O, (entry 1). The reaction did not proceed at all at
room temperature (entry 2). In DCE solvent, the efficiency was slightly decreased
(entry 3). Increasing the amount of Tf,O improved the product yield to 83% (entry 4).
Use of more nucleophilic DMAP or sterically hindered 2,6-di(tert-buthyl)pyridine were
comparable to 2,6-lutidine (entries 5, 6). At 80 °C in DCE, the yield was decreased
(entry 7). Finally, 3a was obtained in a nearly quantitative yield by decreasing the
amounts of both Tf,0 and 2,6-lutidine (0.5 mmol for each) (entry 8). The reaction
without base led to decomposition of the product (entry 9). Further decreasing the
amount of 1a, Tf,0O, and 2,6-lutidine resulted in a slightly lower yield (entry 10). In the
present process, the initial coupling product is phosphine 4a, which was actually
confirmed by NMR analysis of the crude material (Scheme 6.6). In addition, the
coupling product was also isolated as phosphine sulfide 3b in 84% yield after workup

treatment with elemental sulfur.

Scheme 6.6.
Ph B 1 H0
22
o | | Tf,O (0.5 mmol) Eh Ph or Ph\li’l( Ph
Ph_i 2,6-lutidine (0.5 mmol) ~ S ~
PoH + @ N e 8 _Ph"
Ph N DCM 2 mL, 60 °C, 3 h N N
! I |
Ts Ts Ts
1a (0.5 mmol) 2a (0.25 mmol) L 4a93% (NMR) | 3a: X =0, 90%
3b: X =S, 84%
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Table 6.1. Reaction of 1a with 2a

" O Ph
0] | | conditions H,O Ph\B\ﬁ\/©
Ph_ii /@ 22 Ph” =
_P-H +
Ph N solvent 2 mL) 3 h N
Ts Ts
1a (x mmol) 2a (0.25 mmol) 3a
entry x (mmol) activator (mmol) base (mmol) solvent temp (°C) NMR yield?
1 0.5 Tf,0O (0.6) 2,6-lutidine (1.0) DCM 60 (63%)
2 0.5 Tf,O (0.6) 2,6-lutidine (1.0) DCM rt trace
3 0.5 Tf,0 (0.6) 2,6-lutidine (1.0) DCE 60 59%
4 0.5 Tf,0 (1.0) 2,6-lutidine (1.0) DCM 60 82% (83%)
5 0.5 Tf,0 (1.0) DMAP (1.0) DCM 60 85%
6 0.5 Tf,0 (1.0)  2,6-dit-Bupyridine (1.0) DCM 60 79%
7 0.5 Tf,0 (1.0) 2,6-lutidine (1.0) DCE 80 54%
8 0.5 Tf,0 (0.5) 2,6-lutidine (0.5) DCM 60 96% (90%)
9 0.5 Tf,0 (0.5) - DCM 60 trace
10 0.375 Tf,0 (0.375)  2,6-lutidine (0.375) DCM 60 74%

a1H NMR vyield based on the amount of 2a using dibromomethane as an internal standard.
Isolated yield is shown in parentheses.

With the optimum conditions (entry 8 in Table 6.1) in hand, the author next examined
the scope of substrates (Table 6.2). It was found that toluene is also a suitable solvent in
some cases, therefore, better results of the reaction in DCM or toluene are shown in
Table 6.2. A variety of arylalkynes possessing both electron-donating and
withdrawing-groups (2¢-2f), thiophene (2g), and conjugated alkene (2h) could be
employed in the reaction. In addition, ether (2i), thioether (2j), and ester (2k) could also
be involved as the linker. It should be noted that when the alkynes have a shorter or
longer linker (21, 2n), the cyclization did not occur and corresponding
hydrophosphinylated product 51 and Sm were obtained in high yield. 4,4’-Disubstituted
diphenylphosphine oxides 1n and 1o reacted with 2a in toluene to afford the
corresponding coupling products 3n, and 30 respectively (Scheme 6.7). In the case of

electron-rich 1n, a longer reaction time (12 h) was required for completion.
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Table 6.2. Scope of Substrates?

R
Z R
Tf20 Ph\ 1l
ph_ 2 I 26 utidine 292078 CP( 2
SP-H + - -
Ph” Y DCM or PhMe X.y
1a (0.5 mmol) 2 (0.25 mmol) 60°C,3h 3
alkyne 2 product 3, yield(%)? alkyne 2 product 3, yield(%)?
R R Ph o P
0 I
o)
Ph\lg (@) (@]
l Ph ‘O 2i 3i: 71% (DCM)
‘ Ph
pn S P
2c:R=0OMe 3c: R = OMe, 78% (DCM) il o TN~
2d: R = CN 3d: R = CN, 81% (PhMe)
2e:R=CF;  3e:R=CF; 85% (PhMe) s s

2j 3j: 66% (DCM)

<
O °
U
O
\ o/

P
Ph_ 1
lo*
o” o o~ O

3k: 55% (DCM)

T
>
U=

O
W
=0

N
—-h

3f: 89% (DCM) OMe

O Ph_ ||
H T C
OMe

2| 51 83%(DCM)

h@%

5m 92%(DCM)

@ Reaction conditions: 1) 1 (0.5 mmol), 2 (0.25 mmol), Tf,O (0.5 mmol), 2,6-lutidine (0.5 mmol)
in DCM or PhMe (2 mL) at 60 °C under N, for 3 h; 2) H,O, or Sg work up. ? Isolated yields are
shown based on the amount of 2.

S

PO

P
Ph”

[0)]

«Q
X g
(3
W,

W () 3
D

77% (PhMe)

(0]
Ph_n
P

N
=2

3h: 57% (PhMe)
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Scheme 6.7.

R\Q\(R Ph R\Q\(l? Ph

Tf,0 g

P H N l 2,6-lutidine 11202 \@
@ /© PhMe, 60 °C @ N

N I

|
R Ts R Ts
1n:R=
R =O(I;/|Ie 2a (0.25 mmol) 3n: R = OMe, 65% (12 h)
: 30: R = Cl, 84% (3 h)
(0.5 mmol)

Recently, Sterenberg and co-workers reported the electrophilic phosphination
reaction on tungsten complexes under mild conditions (Scheme 6.8).'* In their report,
the diphenylphosphenium triflate complex smoothly underwent the coupling reaction
with diphenylacetylene to form a benzophophole skelton.'*

Scheme 6.8. Electophilic Phosphination on Tungsten Complexes by Sterenberg et al.

Ph
Ph (OC)sW.
. / Ph \
AICI _Ph ph
onor (OO, o Ph
/ H
©C)w-R-ph AT or R Ph
Cl / (OC)sW-F—Ph
(OC)sW-R—Ph \ 5
oTf "
NHPh

To examine whether the similar transformation is executable in the present system or
not, the author attempted the reaction of 1a with diphenylacetylene (20) (Scheme 6.9).
Unfortunately, the expected benzophosphole 7 did not formed at all. Instead,
hydrophosphinylated product 6 was obtained in a high yield. Interestingly, the product
was entirely formed as the phosphine oxide 6 without any oxidative workup. To obtain
some mechanistic information of present reaction system, the author carried out in situ

3'p{'H} NMR studies for the reaction in Scheme 6.9 as a model reaction.
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Scheme 6.9. Ph

O /
o Tf,0 (0.5 mmol) Ph. g Fh R
ph.S o 2,6-lutidine (0.5 mmol)  ph~ 4\& ) Ph
"P-H + Ph—=—=—Ph > Ph
Ph DCM 2 mL, 60 °C H Ph
1a (0.
a (0.5 mmol) 2o (0.25 mmol) No H,0, workup 6 89% 7 not detected

First, 1a and 20 were treated in CDCIl; under the standard conditions and the resulting
reaction mixture was monitored by *'P{'"H} NMR (Scheme 6.10). Phosphine oxide 1a
has a singlet signal at J 21.4 ppm. After addition of Tf,O and 2,6-lutidine, this signal
immediately disappeared and several new signals appeared. After 10 min at room
temperature, it showed two singlet signals (¢ -108.9 and 42.2), one AB system (0 -18.5
and -18.4, 'J,,, = 363 Hz), and one AX system (J 13.0 and 15.3, *J,,, = 350 Hz) (Scheme
6.11). In this case, signals assignable to free phosphenium species (generally o >
260)>" were not observed. This solution was further heated at 60 °C for 2 h.
Consequently, the intensity of these AX and AB systems apparently decreased, and the
two singlet signals became major peaks (Scheme 6.10). Finally, the reaction mixture
was quenched by D,O and NaHCOj; at room temperature. In the crude solution after
general workup, 6 and the starting material 1 were mainly observed. Furthermore, 'H
and D NMR analyses showed the 90% deuterium incorporation at the B-positon of 6.
Breslow and co-workers previously reported that Ph,PCl underwent [2+1] cycloaddition
with diphenylacetylene 20 in the presence of AICI; to form a tetraphenylphosphirenium
cation, which is immediately hydrolyzed upon treatment with H,O to form the same

hydrophosphinylated product 6 (Scheme 6.12)."*
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Scheme 6.10. In Situ 3'P{'H} NMR Study of The Reaction of 1a with 20

o Tf0 (0.5 mmol) OTf ph| D20/NaHCO; on @ Ph
Ph_T 2,6-lutidine (0.5 mmol) Ph. + quench ~p
CP-H + — > > ——— > Ph”
iy Ph Ph S oo Pl Ph™ N\\_pp
1a (0.5 mmol) 2o (0.25 mmol) > h g .
31
P 521.4 ppm 3P 5-108.8 ppm 31p 5 28.7 ppm
90% D
quench 1
60°C,2h ‘ 8
v { l| \ ‘ ‘
1
. —
(1] 40 20 0 -20 -40 -60 -80 =100 -120

Scheme 6.11. Observation of Electrophilic Phosphorus Species

Tf,O (0.5 mmol)
ph.$ 2,6-lutidine (0.5 mmol)
Ph;P_H + Ph—=——Ph >

1a (0.5 mmol) 20 (0.25 mmol)
3P 521.4 ppm

CDClj, rt, 10 min

| 7 613.0 g
II..IU'=34%4HZ 4-18.5 9-108.9

542.2 ’ d oTf

J=364.3Hz Ph
5 -; 8.4 “oTf Ph; FT((

- Ph._ + X Ph

J=1361.1Hz ~p-P_ph Ph
Ph \
Ph
a0 2 0 20 40 60 80 40 | ppm
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Scheme 6.12.

AlCI, Ph
Ph AlCl, P HO FSp
P-Cl + Ph—=—Ph ——» | Ph g4 ———=Ph" N\ p,
PH Ph” H
20 Ph 6
Scheme 6.13.
BF
PR Me,0BF, P4h AR Ph\(lF?, Ph
Ph—P —_— ~p — Me” \
Me/ Ph
Ph Ph H
31P 5-109.9 ppm
in CD2C|2

Mathey and co-worker also previously described that the phosphirenium cation
generated by the P-alkylation of a phosphirene showed a signal at 6 -109.9 in CD,Cl,
and underwent a similar ring opening reaction with water (Scheme 6.13)."> According to
the literature, a similar phosphirenium 8 seems to be generated in the present system. As
mentioned above, the free phosphenium cations were not observed during the 3P NMR
experiments. Generally, they are considered to be unstable unless they are stabilized
sterically or electronically.” Actually, Dahl and co-workers previously described the
effect of the substituents on the phosphorus atom in the reaction of various amino
phosphine and TfOH (Scheme 6.14)."° In their report, diphenylphosphenium triflate was
not observed by *'P NMR in the reaction of dimethylaminodiphenylphosphine, when
electronically stabilizing amino groups were absent on the phosphorus atom. Instead,
they noted the formation of other species that showed AB system (6 -18.9 and 52.7, 'J,,,
=325 Hz) in >'P NMR. They concluded its structure to be the Lewis acid/base adduct
dimer (Scheme 6.14, right). The observed two doublet pairs in the present system,
which also have large coupling constants, seem to be the relevant

phosphine-phosphenium species. This species is presumably intermediate or “resting
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state” of the unstable diphenylphosphenium cation. On the other hand, the signal at o

42.2 is unidentified at present.

Sch 6.14 _
cheme : OTf
| X - ) NMe
X-p_NMe, + TIOH =—| ;P ~OTf|+HNMe, Ph. o i o
Y M ! Ph
' Ph
phosphenium ! proposed species
X =Y =NMe,: 3'P §269.4 ppm ' (3'P §-18.9 and 52.7 ppm,
X =Y = Ph: not observed . Jpp = 325 Hz)

To obtain a further evidence the fact that the present Tf,0/2,6-lutidine system can
generate the phosphenium species, the author conducted the reaction of
1,3-di-#-butyl-1,3,2-diazaphospholidine 2-oxide (9) (Scheme 6.15). As expected, the
corresponding free phosphenium species was observed as highly downshifted singlet

signal by *'P{'H} NMR.

Scheme 6.15.
t-Bu o Tf,0 (0.25 mmol) t-Bu
N_Ti 2,6-lutidine (0.25 mmol) N+

</’\|’13\H </NP oTf
B CDClj, rt, 30 min ‘-Bu

9 (0.25 mmol) 31p 5 269.0 ppm
On the basis of the *'P NMR spectra in Scheme 6.10, the formed phosphenium
species 8 is concluded to be stable under the present conditions (60 °C, 3 h in DCM,
Scheme 6.8) before quench. Hence, the author subjected this reaction system to more
harsh conditions. Thus, a mixture of 1a and 20 was treated with Tf,0 and 2,6-lutidine in
toluene at 120 °C for 12 h (Scheme 6.16). In consequence, benzophosphole oxide 10
was formed in 47% yield. This may occur via ring opening / intramolecular

Friedel-Crafts reaction of the phosphirenium intermediate 8 as seen in Scheme 6.8.
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Scheme 6.16.
Tf,0 (0.5 mmol) TfO"  pp Q, Ph

N

P

Ph
Ph\lq 2,6-lutidine (0.5 mmol) Ph_ +
SP-H + AN - PJ — )—Ph
Ph PhMe 2 mL e
Ph 120 °C, 12 h Ph Ph
1a (0.5 mmol) 20 (0.25 mmol) 8 10 47%

Based on the mechanistic studies, the author proposed a tentative reaction mechanism
for the present phosphinative ring-closure reaction in Scheme 6.17. The electrophilic
phosphorus species generated from 1a and Tf,0 undergo the [2+1] cycloaddition with
alkyne 2 to form the phosphirenium cation A. The phosphirenium A may immediately
undergo the ring opening hydrolysis to form the corresponding hydrophosphinylated
product B in the presence of water. If the alkyne 2 has a pendant aryl moiety as a
nucleophilic moiety at the appropriate position, the arylative ring opening of the

phosphirenium may occur to form the phosphinative cyclization product C.

Scheme 6.17. Proposed Mechanism

R
O
|
Ph”
1a " " X \ +‘) Ph ?h R
TR0 | Ph. _P
l — poTf — 2 o —— Ph =
-TfoH | Ph” -TfOH
electrophilic X
Ph phosphorus c
“P-OH species
Ph”
leO (D20)
Ph'g H (D)
Ph" 7 “Ph
R
B
Summary

In Chapter 6, the author described development of the metal-free electrophilic

phosphination reaction of alkynes. The electrophilic phosphiation reagent generated in
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situ from secondary diarylphosphine oxides with the Tf,0 / 2,6-lutidine system
smoothly undergoes the coupling reaction with alkynes to form various phosphine
derivatives. The *'P NMR mechanistic studies confirmed conceivable reactive species

and intermediates in the reaction medium.

Experimental Section

General. 1H, 13 C, PF and *'P NMR spectra were recorded at 400, 100, 376 and 162 MHz for
CDCl; solutions. HRMS data were obtained by APCI using a TOF mass spectrometer, unless noted.
GC analysis was carried out using a silicon OV-17 column (i. d. 2.6 mm x 1.5 m). GC-MS analysis
was carried out using a CBP-1 capillary column (i. d. 0.25 mm x 25 m). The structures of all
products listed below were unambiguously determined by 'H and °C NMR with the aid of NOE,
COSY, HSQC, and HMBC experiments.

Substituted secondary phosphine oxide 1n and 10,17 alkynes 2a, 2d, 2f, 2h, and 2i,7d 2c¢ and 21,18
2k were prepared according to published procedures. Substrates 2e, 2g, 2j, 2m and 2r were
synthesized by Sonogashira coupling as following procedures. Other starting materials were

commercially available and used as received

Synthesis of Alkynes 2e, 2g, 2j, 2m, and 2r.
PdCl,(PPhs), (1 mol%)

! R Cul (3 mol%) =~ R
+ H— -
NEt,/ THF, 60 °C

5 mmol 5.5 mmol overnight

In 50 mL two-necked flask, (hetro)aryl iodide (5 mmol), terminal alkyne (5.5 mmol),
PdCl,(PPh3), (35 mg, 1 mol%), and Cul (29 mg, 3 mol%) were placed with a magnetic stir bar under
N, atmosphere. Then, THF (5 mL) and NEt; (5SmL) were added by a syringe. The resulting mixture
was stirred at 60 °C in an oil bath overnight. After cooling, the reaction mixture was diluted with
ether (30 mL) and washed with brine (20 mL x 3). The combined organic layer was dried over

Na,SOy4 and volatiles were removed under reduced pressure. The desired product was obtained after
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purification by column chromatography on silica gel.

Representative Procedures for Electrophilic Phosphination/Cyclization of Secondary

Phosphines 1 with Alkynes 2 (H,O, workup).

Ph
o I T£,0 (0.5 mmol) o N
Phil /@ 2,6-lutidine (0.5 mmol)  H202 R th%j@
Ph N DCM 2 mL, 60 °C, 3 h N
Ts Ts
1a (0.5mmol)  2a (0.25 mmol) 3a 90%

In a schlenk tube, 1a (0.5 mmol), and 2a (0.25 mmol) were placed with a magnetic stir bar under
N, atmosphere. Then, DCM (2 mL) and 2,6-lutidine (58 pl, 0.5 mmol) were added by a syringe. The
resulting mixture was stirred until it became homogeneous solution. Then, T£,0 (82 pl, 0.5 mmol)
was added by syringe. The reaction mixture was heated at 60 °C in an oil bath for 3 h. After cooling,
the reaction mixture was poured into sat. NaHCO; aq, and oxidized with H,O, (30% aq, ca.0.5mL)
for 15 min under open air. The resulting mixture was quenched by sat. Na,S,05 aq and extracted
three times with DCM (20 mL x 3). The combined organic layer was dried over Na,SO, and
volatiles were removed under reduced pressure. The desired product was obtained after purification

by column chromatography on silica gel.

Representative Procedures for Electrophilic Phosphination/Cyclization of Secondary

Phosphines 1 with Alkynes 2 (Sg workup).

Ph
o I TF,0 (0.5 mmol) . ph\ﬁ Ph
Phal_ . 4+ /@ 2,6-lutidine (0.5 mmol)= 8 _ P \ﬁ\/©
Ph” N DCM 2 mL, 60 °C, 3 h N
Ts Ts
1a (0.5 mmol) 2a (0.25 mmol) 3b 84%

In a schlenk tube, 1a (0.5 mmol), and 2a (0.25 mmol) were placed with a magnetic stir bar under
N, atmosphere. Then, DCM (2 mL) and 2,6-lutidine (58 pl, 0.5 mmol) were added by a syringe.
The resulting mixture was stirred until it became homogeneous solution. Then, Tf,0 (82 pl, 0.5
mmol) was added by syringe. The reaction mixture was heated at 60 °C in an oil bath for 3 h. After
cooling, Sg powder (32 mg, 1.0 mmol) was added and stirred for 1 h. The resulting reaction mixture

was quenched with sat. NaHCO; aq, and extracted three times with DCM (20 mL x 3). The
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combined organic layer was dried over Na,SO, and volatiles were removed under reduced pressure.

The desired product was obtained after purification by column chromatography on silica gel.

Synthesis of 6 (Scheme 6.9).

Tf,0 (0.5 mmol) O Ph
ph.§ 2,6-lutidine (0.5 mmol)  Ph<§
p—H T Ph—==—Ph - pr"
- Ph
Ph DCM 2 mL, 60 °C H
1a (0.5 mmol) 20 (0.25 mmol) 6 89%

In a schlenk tube, 1a (0.5 mmol), and 20 (0.25 mmol) were placed with a magnetic stir bar under
N, atmosphere. Then, DCM (2 mL) and 2,6-lutidine (58 pl, 0.5 mmol) were added by a syringe. The
resulting mixture was stirred until it became homogeneous solution. Then, Tf,0 (82 ul, 0.5 mmol)
was added by syringe. The reaction mixture was heated at 60 °C in an oil bath for 3 h. After cooling,
the reaction mixture was poured into sat. NaHCOj; aq, and extracted three times with DCM (20 mL x
3). The combined organic layer was dried over Na,SO,4 and volatiles were removed under reduced
pressure. The desired product was obtained after purification by column chromatography on silica

gel.

Synthesis of 10 (Scheme 6.16).

Tf,0 (0.5 mmol) Ph
o 2,6-lutidine (0.5 mmol)
Ph.8_, + Ph—=—ph - N\ pr,
Ph” PhMe 2 mL ¢
1a (0.5 mmol) 20 (0.25 mmol) 120°C, 12 h o Ph
47%

In a schlenk tube, 1a (0.5 mmol), and 20 (0.25 mmol) were placed with a magnetic stir bar under
N, atmosphere. Then, toluene (2 mL) and 2,6-Iutidine (58 pl, 0.5 mmol) were added by a syringe.
The resulting mixture was stirred until it became homogeneous solution. Then, T£,0 (82 pnl, 0.5
mmol) was added by syringe. The reaction mixture was heated at 120 °C in an oil bath for 12 h.
After cooling, the reaction mixture was poured into sat. NaHCOj; aq, and extracted three times with
DCM (20 mL x 3). The combined organic layer was dried over Na,SO, and volatiles were removed
under reduced pressure. The desired product was obtained after purification by column

chromatography on silica gel.

Characterization Data of Products

Diphenyl(4-phenyl-1-tosyl-1,2-dihydroquinolin-3-yl)phosphine oxide (3a): pale yellow solid, mp
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128-130 °C, 126.3 mg (90%); column chromatography eluent: hexane-ethyl acetate (1:0 to 1:1, v/v);
'H NMR (400 MHz, CDCLy): 6 2.45 (s, 3H), 4.65 (d, J = 6.6 Hz, 2H), 6.40 (d, J = 7.8 Hz, 2H), 6.62
(d, J=7.8 Hz, 1H), 6.88 (dd, J= 7.5, 7.5 Hz, 2H), 7.00 (dd, J = 8.6, 8.6 Hz, 1H), 7.06 (dd, J = 8.4,
8.4 Hz, 1H), 7.23 (d, J = 8.1 Hz, 2H), 7.27-7.51 (m, 13H), 7.78 (dd, J = 8.1, 1.0 Hz, 1H); °C NMR
(100 MHz, CDCly): 6 21.6, 46.8 (d, J=16.1 Hz), 125.8 (d, /= 94.1 Hz), 126.1, 126.3, 127.4, 127.76
(d,J=12.2 Hz), 127.79, 128.3 (d, /= 12.3 Hz), 129.5, 129.8, 130.1, 131.3 (d, /= 11.6 Hz), 131.5 (d,
J=9.9 Hz), 131.6 (2C, overlapped), 132.1 (d, /= 108.1 Hz), 134.8 (d, /= 6.2 Hz), 135.8 (d,J=1.5
Hz), 136.4, 143.6, 148.5 (d, J = 6.6 Hz); *'P{'"H} NMR (162 MHz): § 23.6; HRMS m/z (M+H")
Calcd for C34H,903PS: 562.1600. Found 562.1608.

Diphenyl(4-phenyl-1-tosyl-1,2-dihydroquinolin-3-yl)phosphine sulfide (3b): colorless solid, mp
208-210 °C, 121.4 mg (84%); column chromatography eluent: hexane-ethyl acetate (1:0 to 5:1, v/v);
'"H NMR (400 MHz, CDCLy): 6 2.44 (s, 3H), 4.71 (d, J = 7.7 Hz, 2H), 6.30-6.33 (m, 2H), 6.56 (d, J =
7.8 Hz, 1H), 6.80 (dd, J=17.9, 7.9 Hz, 2H), 6.91-6.96 (m, 1H), 7.02 (ddd, J = 7.8, 7.8, 1.2 Hz, 1H),
7.21-7.39 (m, 9H), 7.56-7.67 (m, 6H), 7.80 (dd, J = 8.1, 1.1 Hz, 1H); °C NMR (100 MHz, CDCl;):
021.6,47.4 (d,J=18.3 Hz), 125.2 (d, J=76.6 Hz), 125.9, 126.2, 127.4, 127.6, 127.7, 128.0, 128.2
(d, J=12.7 Hz), 129.4, 129.86, 129.91, 131.2 (d, /= 2.9 Hz), 131.6 (d, /= 85.4 Hz), 131.7 (d, J =
11.3 Hz), 132.9 (d, J=10.8 Hz), 134.3 (d, J = 6.3 Hz), 135.5 (d, /= 1.6 Hz), 135.9, 143.6, 146.5 (d,
J = 5.7 Hz); *'P{'"H} NMR (162 MHz): J 39.1; HRMS m/z (M+H") Caled for C3;HO,PS;:
578.1372. Found 578.1374.

(1-(4-Methoxyphenyl)-3,4-dihydronaphthalen-2-yl)diphenylphosphine oxide (3¢): pale yellow
gum, 84.6 mg (78%); column chromatography eluent: DCM-ethyl acetate (1:0 to 1:1, v/v); '"H NMR
(400 MHz, CDCly): 6 2.58-2.64 (m, 2H), 2.87-2.91 (m, 2H), 3.72 (s, 3H), 6.48 (d, J = 8.5 Hz, 2H),
6.70 (d, J= 7.8 Hz, 1H), 6.87 (d, J = 8.4 Hz, 2H), 7.03-7.07 (m, 1H), 7.17-7.40 (m, 8H), 7.59 (dd, J
= 11.8, 7.0 Hz, 4H); °C NMR (100 MHz, CDCly): § 26.2 (d, J = 10.8 Hz), 28.1 (d, J = 6.4 Hz), 55.1,
113.0, 126.5, 127.3, 127.8, 128.1 (d, J = 12.0 Hz), 129.0, 129.1, 129.4 (d, /= 6.9 Hz), 130.8 (d, J =
2.7 Hz), 131.4 (d, /= 9.4 Hz), 131.5, 134.0 (d, /= 102.7 Hz), 136.0 (d, /= 13.7 Hz), 137.0 (d, J =
2.3 Hz), 150.7 (d, J = 8.3 Hz), 158.7;”'P{'H} NMR (162 MHz): § 28.9; HRMS m/z (M+H") Calcd
for C,9H,60,P: 437.1665. Found 437.1666.

4-(2-(Diphenylphosphoryl)-3,4-dihydronaphthalen-1-yl)benzonitrile (3d): pale yellow gum, 87.0
mg (81%); column chromatography eluent: DCM-ethyl acetate (1:0 to 1:1, v/v); "H NMR (400 MHz,
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CDCls): 6 2.54 (td, J= 7.8, 5.8 Hz, 2H), 2.89 (d, J = 7.3 Hz, 2H), 6.53 (d, J = 7.8 Hz, 1H), 7.06 (ddd,
J =178, 7.8 Hz, 1H), 7.13-7.25 (m, 4H), 7.34-7.40 (m, 6H), 7.43-7.49 (m, 2H), 7.56-7.63 (m, 4H);
C NMR (100 MHz, CDCL): & 26.5 (d, J = 10.5 Hz), 27.8 (d, J = 6.5 Hz), 111.3, 118.8, 126.8,
127.2, 127.6, 128.5 (d, J = 11.9 Hz), 129.5, 129.8 (d, J = 96.6 Hz), 131.0, 131.3 (d, J = 12.5 Hz),
131.4,131.5 (d, J = 2.7 Hz), 133.1 (d, J = 103.0 Hz), 134.8 (d, J = 12.9 Hz), 136.6 (d, J = 2.1 Hz),
142.5 (d, J = 6.8 Hz), 149.5 (d, J= 7.0 Hz);*'P{'H} NMR (162 MHz): 6 28.2; HRMS m/z (M+H")
Caled for CpoHo3NOP: 432.1512. Found 432.1517.

Diphenyl(1-(4-(trifluoromethyl)phenyl)-3,4-dihydronaphthalen-2-yl)phosphine oxide (3e): pale
yellow gum, 100.6 mg (85%); column chromatography eluent: hexane-ethyl acetate (1:0 to 0:1, v/v);
'H NMR (400 MHz, CDCl3): § 2.60-2.68 (m, 2H), 2.87-2.96 (m, 2H), 6.54 (d, J = 7.8 Hz, 1H),
7.01-7.13 (m, 3H), 7.19-7.27 (m, 4H), 7.28-7.35 (m, 4H), 7.40 (ddq, J = 6.8, 6.8, 1.4 Hz, 2H),
7.53-7.62 (m, 4H); >C NMR (100 MHz, CDCl5): 6 26.3 (d, J = 10.2 Hz), 27.9 (d, J = 6.4 Hz), 124.0
(q, J =270.6 Hz), 124.4 (q, J = 3.8 Hz), 126.7, 127.4, 127.5, 128.3 (d, J = 12.1 Hz), 129.36 (q, J =
31.8 Hz), 129.37, 129.7 (d, /= 99.4 Hz), 130.6, 131.3, 131.4 (d, /= 9.6 Hz), 132.3 (d, /= 102.9 Hz),
135.1 (d, J = 13.3 Hz), 136.8 (d, J = 2.2 Hz), 140.9 (d, J = 6.2 Hz), 149.4 (d, J = 7.8 Hz); "F{'H}
NMR (376 MHz): 6 -62.8; >'P{'"H} NMR (162 MHz): § 28.5; HRMS m/z (M+H") Calcd for
Cy9H,3F;0P: 475.1433. Found 475.1435.

Diphenyl(1-(2-methylphenyl)-3,4-dihydronaphthalen-2-yl)phosphine oxide (3f): colorless solid,
mp 152-154 °C, 93.2 mg (89%); column chromatography eluent: DCM-ethyl acetate (1:0 to 2:1,
v/v); 'TH NMR (400 MHz, CDCls): 6 1.87 (s, 3H), 2.51-2.62 (m, 1H), 2.77-3.02 (m, 3H), 6.51 (d, J =
7.8 Hz, 1H), 6.73-6.78 (m, 1H), 6.87-7.50 (m, 4H), 7.18-7.25 (m, 4H), 7.31-7.52 (m, 6H), 7.63-7.71
(m, 2H); C NMR (100 MHz, CDCl;): ¢ 19.8, 26.0 (d, J = 10.4 Hz), 28.1 (d, J = 6.2 Hz), 125.1,
126.7 (d, J = 1.0 Hz), 126.8, 127.4, 127.9 (d, J = 11.9 Hz), 128.0, 128.2 (d, J = 11.9 Hz), 129.0,
129.7, 130.3 (d, J= 1.3 Hz), 130.8 (d, /=2.6 Hz), 131.2 (d, /=2.8 Hz), 131.4 (d, /=9.8 Hz), 132.8
(d, J= 1.8 Hz), 133.8, 135.0 (d, J = 13.9 Hz), 136.2, 136.7 (d, J = 6.5 Hz), 136.9 (d, J = 2.2 Hz),
149.9 (d, J = 8.3 Hz);*'P{'H} NMR (162 MHz): § 28.9; HRMS m/z (M+H") Calcd for C,oH,sOP:
421.1716. Found 421.1716.

Diphenyl(1-(thiophen-2-yl)-3,4-dihydronaphthalen-2-yl)phosphine oxide (3g): pale yellow gum,

79.2 mg (77%); column chromatography eluent: DCM-ethyl acetate (1:0 to 1:1, v/v); 'H NMR (400

MHz, CDCl;): 6 2.60-2.66 (m, 2H), 2.86-2.90 (m, 2H), 6.62 (dd, J = 5.1, 3.5 Hz, 1H), 6.83 (dd, J =
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3.5, 1.2 Hz, 1H), 6.88 (d, J= 7.8 Hz, 1H), 7.05 (dd, J= 5.1, 1.2 Hz, 1H), 7.10 (ddd, J= 7.7, 7.7, 1.3
Hz, 1H), 7.18 (d, J = 7.4 Hz, 1H), 7.23 (ddd, J = 7.3, 7.3, 1.1 Hz, 1H), 7.30-7.44 (m, 6H), 7.60-7.67
(m, 4H); *C NMR (100 MHz, CDCLy): 6 26.5 (d, J = 10.1 Hz), 27.8 (d, J = 6.4 Hz), 126.3, 126.6,
127.0,127.2,127.5,128.2 (d, J = 11.9 Hz), 129.3, 130.8, 131.1 (d, J = 2.6 Hz), 131.4 (d, J = 9.7 Hz),
132.3 (d, J = 98.1 Hz), 133.4 (d, J = 103.7 Hz), 135.8 (d, J = 12.8 Hz), 136.8 (d, J= 2.1 Hz), 137.6
(d, J=2.1 Hz), 143.9 (d, J= 7.0 Hz); *'P{'"H} NMR (162 MHz): J 29.2; HRMS m/z (M+H") Calcd
for Cy6H,,OPS: 413.1129. Found 413.1119.

(E)-Diphenyl(1-styryl-3,4-dihydronaphthalen-2-yl)phosphine oxide (3h): pale yellow gum, 62.0
mg (57%); column chromatography eluent: hexane-ethyl acetate (1:0 to 1:1, v/v); 'H NMR (400
MHz, CDCl;): 6 2.26 (dt, J = 7.8, 7.1 Hz, 2H), 2.73 (t, J = 7.2 Hz, 2H), 6.68 (d, /= 16.4 Hz, 11H),
7.17-7.31 (m, 8H), 7.39-7.50 (m, 6H), 7.56 (d, J = 8.7 Hz, 1H), 7.69 (dm, J = 16.4 Hz, 1H),
7.73-7.81 (m, 4H); *C NMR (100 MHz, CDCl3): 6 27.0 (d, J = 11.4 Hz), 28.3 (d, J = 6.5 Hz), 125.7
(d, J=8.5 Hz), 126.3, 126.9, 127.0 (d, J = 99.3 Hz), 127.5, 127.6, 127.9, 128.4, 128.6 (d, J=11.9
Hz), 128.9, 131.5, 131.6 (d, J=9.6 Hz), 133.5 (d, /= 102.9 Hz), 134.1 (d, /= 3.2 Hz), 135.6, 136.8,
138.2 (d, J = 2.4 Hz), 149.2 (d, J = 6.4 Hz);*'P{'H} NMR (162 MHz): 6 30.6; HRMS m/z (M+H")
Calcd for C3yH,cOP: 433.1716. Found 433.1717.

Diphenyl(4-phenyl-2H-chromen-3-yl)phosphine oxide (3i)*: pale yellow solid, mp 173-175 °C,
72.1 mg (71%); column chromatography eluent: hexane-ethyl acetate (1:0 to 1:1, v/v); '"H NMR
(400 MHz, CDCl;): ¢ 4.88 (d, J = 6.7 Hz, 2H), 6.64 (dd, /= 7.8, 1.3 Hz, 1H), 6.81 (dd, J= 7.6, 7.6
Hz, 1H), 6.91-7.10 (m, 6H), 7.21-7.43 (m, 7H), 7.55-7.66 (m, 4H); *C NMR (100 MHz, CDCl,): 6
66.3 (d, J=17.0 Hz), 116.2, 121.0 (d, J = 100.3 Hz), 121.6, 125.1 (d, J = 11.7 Hz), 127.6, 128.0,
128.2,128.4 (d, J=12.3 Hz), 129.9, 131.40, 131.41 (d, J=10.0 Hz), 131.6, 132.8 (d, J = 104.6 Hz),
135.1 (d, J = 6.2 Hz), 149.4 (d, J = 6.4 Hz), 155.4;*'P{'"H} NMR (162 MHz): ¢ 25.1; HRMS m/z
(M+H") Calcd for C,;H2,0,P: 409.1352. Found 409.1353.

Diphenyl(4-phenyl-2 H-thiochromen-3-yl)phosphine sulfide (3j): colorless solid, mp 144-146 °C,
72.6 mg (66%); column chromatography eluent: hexane-ethyl acetate (1:0 to 10:1, v/v); 'H NMR
(400 MHz, CDCl;): ¢ 3.63 (d, J = 11.0 Hz, 2H), 6.61 (d, J = 8.0 Hz, 1H), 6.87-7.00 (m, 4H),
7.03-7.09 (m, 2H), 7.16 (ddd, J=7.5, 7.5, 1.4 Hz, 1H), 7.19-7.32 (m, 6H), 7.39 (dd, J=7.8, 1.0 Hz,
1H), 7.88-7.95 (m, 4H); °C NMR (100 MHz, CDCl3): 6 29.3 (d, J = 15.7 Hz), 122.5 (d, J = 78.9
Hz), 125.2, 127.4 (d, J = 11.0 Hz), 127.6, 128.0 (d, J = 12.5 Hz), 128.1, 129.0, 130.6, 130.8 (d, J =
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2.9 Hz), 131.1 (d, J= 1.1 Hz), 131.8 (d, J = 10.8 Hz), 132.8 (d, J = 83.7 Hz), 135.6 (d, J = 2.3 Hz),
136.1 (d, J = 12.2 Hz), 137.3 (d, J = 6.5 Hz), 149.9 (d, J = 7.7 Hz); "'P{'H} NMR (162 MHz): 6
44.8; HRMS m/z (M+H") Calcd for C,7H,,PS,: 441.0895. Found 441.0897.

3-(Diphenylphosphoryl)-4-phenyl-2H-chromen-2-one (3k)*: colorless form, 57.7 mg (55%);
column chromatography eluent: DCM-ethyl acetate (1:0 to 1:1, v/v); 'H NMR (400 MHz, CDCl): &
7.12 (dd, J = 8.1, 1.7 Hz, 1H), 7.18 (ddd, J= 8.2, 7.1, 1.1 Hz, 1H), 7.21-7.26 (m, 2H), 7.35 (dd, J =
7.5, 0.8 Hz, 1H), 7.37-7.52 (m, 9H), 7.58 (ddd, J = 8.6, 7.2, 1.7 Hz, 1H), 7.73-7.80 (m, 4H); "°C
NMR (100 MHz, CDCly): 0 116.8, 118.5 (d, J = 100.5 Hz), 120.9 (d, J = 9.4 Hz), 124.4, 127.8,
128.2 (d, J=12.6 Hz), 128.3, 128.8, 129.0, 131.56, 131.61 (d, J=10.3 Hz), 133.1 (d, /= 109.9 Hz),
133.6 (d, J=5.7 Hz), 133.7, 154.4, 159.6 (d, J = 13.4 Hz), 165.9 (d, J= 5.1 Hz);*'P{'H} NMR (162
MHz): § 24.3; HRMS m/z (M+H") Calcd for C,7H,005P: 423.1145. Found 423.1147.

(E)-(1-(4-Methoxyphenyl)-3-phenylprop-1-en-2-yl)diphenylphosphine oxide (51): pale brown
solid, mp 128-130 °C, 87.9 mg (83%); column chromatography eluent: DCM-ethyl acetate (1:0 to
1:1, v/v); "H NMR (400 MHz, CDCL3): 6 3.78 (s, 3H), 3.96 (d, J = 18.0 Hz, 2H), 6.80-6.85 (m, 2H),
6.95-7.07 (m, 5H), 7.31-7.48 (m, 8H), 7.59 (d, J = 21.8 Hz, 1H), 7.64-7.71 (m, 4H); °C NMR (100
MHz, CDCl5): 0 34.2 (d, J=11.1 Hz), 55.3, 114.0, 125.9, 127.9 (d, /= 18.8 Hz), 128.1, 128.2, 128.3
(d, J=11.8 Hz), 129.1 (d, J = 95.2 Hz), 131.2, 131.68 (d, J = 2.6 Hz), 131.70 (d, J = 104.4 Hz),
1322 (d, J = 9.5 Hz), 137.5 (d, J = 1.7 Hz), 144.9 (d, J = 10.6 Hz), 160.1;’'P{'H} NMR (162
MHz): 6 32.7, HRMS m/z (M+H+) Calcd for C,3H,60,P: 425.1665. Found 425.1666.

(E)-(1,5-Diphenylpent-1-en-2-yl)diphenylphosphine oxide (5m): colorless gum, 97.1 mg (92%);
column chromatography eluent: DCM-ethyl acetate (1:0 to 1:1, v/v); 'H NMR (400 MHz, CDCl;): &
1.61-1.72 (m, 2H), 2.47 (t, J = 7.3 Hz, 2H), 2.51-2.63 (m, 2H), 6.96-7.00 (m, 2H), 7.06 (d, J = 22.7
Hz, 1H), 7.12-7.27 (m, 8H), 7.45-7.59 (m, 6H), 7.70-7.78 (m, 4H); °C NMR (100 MHz, CDCl;): §
28.1 (d,J=10.1 Hz), 30.3 (d, /= 1.1 Hz), 35.8, 125.8, 128.2, 128.4 128.53 (2C), 128.54 (d,J=11.7
Hz), 129.1, 131.88 (d, /= 2.7 Hz), 131.93 (d, /= 100.8 Hz), 132.1 (d, /= 9.6 Hz), 135.2 (d,J=93.9
Hz), 135.5 (d, J=19.2 Hz), 141.4, 142.9 (d, J= 11.7 Hz);'P{'"H} NMR (162 MHz): § 33.7; HRMS
m/z (M+H") Caled for C,0H,3OP: 423.1878. Found 423.1873.

Bis(4-methoxyphenyl)(4-phenyl-1-tosyl-1,2-dihydroquinolin-3-yl)phosphine oxide (3n):
colorless form, 100.6 mg (65%); column chromatography eluent: DCM-ethyl acetate (1:0 to 1:1,
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v/v); 'H NMR (400 MHz, CDCls): § 2.45 (s, 3H), 3.81 (s, 6H), 4.68 (d, J = 6.6 Hz, 2H), 6.36 (d, J =
7.5 Hz, 2H), 6.58 (d, J = 7.8 Hz, 1H), 6.80 (dd, J = 8.7, 2.0 Hz, 4H), 6.92 (dd, J = 7.7 Hz, 2H),
6.98-7.08 (m, 2H), 7.21 (d, J = 8.1 Hz, 2H), 7.31-7.39 (m, 5H), 7.45 (d, J = 8.2 Hz, 2H), 7.78 (dd, J
=8.1, 0.9 Hz, 1H); °C NMR (100 MHz, CDCLy): 6 21.6, 46.8 (d, J = 16.0 Hz), 55.3, 113.9 (d, J =
13.2 Hz), 123.5 (d, J = 111.1 Hz), 126.1, 126.2, 126.6 (d, J = 92.8 Hz), 127.4, 127.5, 127.7, 127.8,
129.5, 129.7, 129.9, 131.5 (d, J = 11.5 Hz), 133.3 (d, J = 11.2 Hz), 135.1 (d, J = 6.2 Hz), 135.7,
136.4, 143.5, 147.6, 162.1 (d, J = 2.5 Hz); 'P{'H} NMR (162 MHz): ¢ 23.6; HRMS m/z (M+H")
Calcd for C36H3;NOsPS: 622.1812. Found 322.1809.

Bis(4-chlorophenyl)(4-phenyl-1-tosyl-1,2-dihydroquinolin-3-yl)phosphine oxide (30): colorless
form, 131.9 mg (84%); column chromatography eluent: hexane-ethyl acetate (1:0 to 1:1, v/v); 'H
NMR (400 MHz, CDCl): 6 2.46 (s, 3H), 4.61 (d, J = 6.8 Hz, 2H), 6.44 (dd, J = 8.3, 1.3 Hz, 2H),
6.64 (dd, J=17.9, 1.3 Hz, 1H), 6.93 (dd, J=7.9, 7.9 Hz, 2H), 7.03-7.7.12 (m, 2H), 7.22-7.30 (m, 7H),
7.33-7.42 (m, 5H), 7.50-7.53 (m, 2H), 7.74 (dd, J = 8.1, 1.1 Hz, 1H); °C NMR (100 MHz, CDCl;):
021.6,46.5 (d,J=16.3 Hz), 124.9 (d, J=97.7 Hz), 125.9, 126.3, 127.6, 127.8, 127.9, 128.0, 128.7
(d, J=12.7 Hz), 129.6, 129.8, 130.3 (d, J = 99.1 Hz), 130.4, 130.9 (d, J= 11.7 Hz), 132.7 (d, J =
10.7 Hz), 134.7 (d, J= 6.4 Hz), 1359 (d, /= 1.8 Hz), 136.3, 138.3 (d, /= 3.7 Hz), 143.9, 149.3 (d, J
= 7.0 Hz); 'P{'"H} NMR (162 MHz): ¢ 22.5; HRMS m/z (M+H") Calcd for Cs,H,,Cl,NO;PS:
630.0826. Found 630.0830.

(E)-(1,2-diphenylvinyl)diphenylphosphine oxide (6)°': colorless solid, mp 153-155 °C, 84.3 mg
(89%); column chromatography eluent: hexane-ethyl acetate (1:0 to 1:2, v/v);'H NMR (400 MHz,
CDCls): 0 6.90-6.95 (m, 2H), 7.02-7.06 (m, 2H), 7.10-7.25 (m, 6H), 7.38-7.44 (m, 4H), 7.51 (ddd, J
=6.8,2.7, 1.3 Hz, 2H), 7.59 (d, J = 20.9 Hz, 1H), 7.64-7.70 (m, 4H); C NMR (100 MHz, CDCls):
0 127.7 (d, J=2.1 Hz), 128.2, 128.3, 128.7, 128.9, 130.0 (d, /= 4.3 Hz), 130.3, 131.7 (d, /= 102.8
Hz), 131.8 (d, J=2.6 Hz), 132.4 (d, /= 9.3 Hz), 135.0 (d, /= 3.8 Hz), 135.4 (d, /= 107.0Hz), 135.6
(d, J= 8.9 Hz), 143.1 (d, J = 9.6 Hz);*'P{'"H} NMR (162 MHz): 628.6; HRMS m/z (M+H") Calcd
for C,6H»,0OP: 381.1403. Found 381.1405.

1,2,3-Triphenyl-1H-phosphindole 1-oxide (10)22: colorless gum, 44.1 mg (47%); column
chromatography eluent: hexane-ethyl acetate (1:0 to 1:1, v/v); 'H NMR (400 MHz, CDCLy): &
7.07-7.11 (m, 3H), 7.19-7.25 (m, 3H), 7.31-7.51 (m, 10H), 7.68-7.81 (m, 3H); °C NMR (100 MHz,
CDCly) 0 124.1 (d, J = 10.8 Hz), 127.8, 128.3, 128.7 (d, J = 12.4 Hz), 128.9 -129.2 (m, 6C,
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overlapped), 130.0 (d, J=99.1 Hz), 131.0 (d, J=10.7 Hz), 132.1 (d, J= 105.1 Hz), 132.2 (d, J=2.8
Hz), 132.7 (d, J = 9.5 Hz), 132.9 (d, J = 2.0 Hz), 134.29 (d, J = 15.1 Hz), 134.33 (d, J = 95.7 Hz),
143.8 (d, J = 27.0 Hz), 150.0 (d, J = 21.3 Hz);*'P{'"H} NMR (162 MHz): 6 39.1; HRMS m/z
(M+H") Caled for C,6H20OP: 379.1246. Found 379.1243.
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Conclusions

The research described in this thesis is study on the synthesis of
phosphorus-containing heterocycles by using C-H bond functionalization strategy. A
variety of phospholes and other phosphorus heterocycles are now easily accessible from
readily available simple substrates by newly developed straightforward methods. Since
these phosphorus-containing heterocycles have recently been attracted much attentions
as unique building blocks but the traditional synthetic ways are limited and not effective,
the results obtained in this thesis have significant advantage in the synthetic chemistry
area.

The author focused on characteristic reactivities and behaviors of each
organophosphorus compound and designed new reactions to utilize their features to
achieve the straightforward transformation. Regarding to the Lewis basic behaviors of
P=0 and P=S (V) compounds, the new catalytic direct C-C bond forming reactions have
been developed by using the phosphorus moieties as directing group (Chapters 2, 4, and
5). With a unique reactivity of phosphorus-centered radical species, the new
benzo[b]phosphole synthesis by oxidative radical cyclization has been achieved
(Chapter 3). Furthermore, by utilizing the synthetically valuable thiophosphinamide
group as a directing group, the regioselective synthesis of the benzo[b]phospholes and
the dibenzo[b]phospholes has been realized (Chapters 4 and 5). Finally, a new type of
metal-free electrophilic phosphination/cyclization reaction has been accomplished by
focusing on the tautomerization of secondary phosphine oxide and the high m-philicity
of phosphenium cations (Chapter 6).

Although organophosphorus chemistry has a long history, still there is undiscovered
unique transformation. The author believes that the new findings presented in this thesis
would contribute to further advances in the synthesis and application of unique

phosphorus molecules and create a new aspect of organophosphorus chemistry.
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