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General Introduction

Aromatic compounds are one of the more important scaffolds in organic chemistry and are frequently found as
components in millions of pharmaceutical molecules and organic materials.! Therefore, developing new reactions
involving the transformation of aromatic compounds is recognized as one of the most important research topics in
organic chemistry and has the potential to create new synthetic strategies and for preparing exotic compounds that
are unknown today.

Among the various transformations of aromatic compounds, this doctoral thesis focuses on two primary strategies,
i. e. transition metal-catalyzed cross-coupling reactions? and nucleophilic aromatic substitution.> Although these
two promising reactions have been used to prepare a wide variety of pharmaceuticals and organic materials, they
have some problems that should be solved.

A problem with the cross-coupling reactions is that they require the use of organic electrophiles and
organometallic reagents, which have a high environmental load. What is worse, these two reagents result in the
formation of stoichiometric amounts of metal-based byproducts, which can cause problems related to the
purification of the desired product. To avoid the use of these two reagents, some compounds have emerged as
alternatives to aryl halides and organometallic reagents.

Phenol derivatives, which are inexpensive and naturally abundant compounds, are often recognized as an
environmentally benign alternative to aryl halides.* Although reaction using the ideal substrates, the C-O bond in
these compounds is too strong to allow the application of oxidative addition reactions.

The cleavage of the C-O bond in inert phenol derivatives is often promoted by nickel catalyst, which allows
various reactions to be conducted using phenol derivatives as a starting material.* On the other hand, a palladium
catalyst, which is often used in a typical cross-coupling reaction using aryl halides, cannot be used to cleave inert
C-O bonds in phenol derivatives. Nevertheless, the cleavage of an inert C-O bond with other transition metals would
be expected to expand the variety of transformations using inert phenol derivatives. Iron® and cobalt® can also be
used to catalyze reactions using inert phenol derivatives. However, in these cases, a stoichiometric amount of the

Grignard reagent is required, which limits the widespread use of these reactions, in terms of functional group

S O\H/R _ cat. MIL Nu
* + NU —————3

0]

46
P d no reaction

28
Ni many examples

26
Fe Nu = R'MgX

27
Co Nu = 2-phenylpyridine + CyMgX (stoichiometric base)

Scheme 1. C-O Bond Activation reactions by Transition-Metal Cataysts
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compatibility.

Our group reported the first example of rhodium-catalyzed C-O bond transformation reactions.” Although Ozerov
reported the first observation of the oxidative addition of a C-O bond in an inert phenyl ester to a rhodium center?,
the rhodium bearing a PNP pincer ligand is not valid for catalytic applications. Our group developed rhodium-
catalyzed C-O bond borylation’® and Suzuki Miyaura type cross-coupling reactions in which aryl boron reagents
were used’®. Even though we were delighted to develop rhodium-catalyzed reactions, these two reactions can be
catalyzed by less expensive nickel catalyst and there is no clear advantage of using rhodium catalysts. Therefore, |

turned my attention to the development of rhodium-catalyzed reactions that are not possible with a nickel catalyst.

1) Ozerov's observation
o)

) R
. x Ph
&D—pen | PU ED PP
/
N P N-Rh-O
f 90 °C, 9 days /%
P Pr2 P - R
IPI'Z 0
2) Our previous work

@)

4

] >—Bu ] cat. Rh(l)/phosphine

0 +  Bypiny > Bpin
O .
. NP cat. Rh(I)/NHC
=0 + Ar—Bnep >

NaOEt

Ar

Scheme 2. Rhodium-Catalyzed C-O Bond Transformations

Nucleophilic aromatic substitution is the classical textbook reaction of aromatic compounds. 3 Although this type
of reaction has been used to elaborate a number of functionalized aromatic compounds related to pharmaceutical
and organic materials, an electron-withdrawing group in the substrate is essential in terms of stabilizing a

Meisenheimer intermediate.” This limitation reduces the synthetic utility of this reaction.

1) SyAr
LG

LG - Nu
Nu Nu
EWG~©/ — EWG — EWG‘©/

Meisenheimer
intermediate

2) CS\Ar

LG\ LGs |¥ Nu
| g | T

transition state

Scheme 2. SNAr and CSNAr



Several reports recently revealed that the SxAr reaction can proceed, not in a stepwise, but rather in a concerted
manner (CSnAr,). The CSnAr pathway generally has a lower activation energy (13—-25 kcal/mol) intermediate since
part of the aromaticity of the substrate can be retained. [7] In addition, the negative charge in the transition state can
be dispersed not only on an aromatic ring but also on a leaving group, thereby making the CSyAr reaction less

sensitive to the electronic nature of the substrate.

1) CS\Ar reactions
1. C-X bond formation

Halogenation Silylation
- OTs RPX - | E 2(()) equiv Et;?\/llBDpsm SiEt,
L
—— R‘©/ .0 equiv Li .~ R~©/
Hydrogenation Thionylation
KH or
X NaH & Li : MeS, -
—>
R QD -
Fluorination S+Me
oH Fluorinating F Amination
reagents
—_— .
R‘©/ R‘©/ 1.0 equiv NHR4R, <
3.0 equiv NaH 0!
+ Fluorinating reagents ---! OMe 2.0 equiv Lil N‘R
: ' R - » R 2
:Ar/N N\Ar 802F2 : .
: ' 2.0 equiv
‘ F F NMe4F '
. Phenofluor ‘
2. C-C bond formation
N\, Ar R N

’- 1.5 z

eQuw o N%[S— s 0 N/$=o
>& e NG
\ \

2) Catalytic CSAr

F F
F CFs TBAT 0.1 mol% F CFs
. + Et,SiHy, ————————
F F THF H F
F 60 °C, 20 h F
_|'=.‘Ph 96%
Ph-Si. +
l': Ph NBU4
TBAT

Scheme 4. Reported CSyAr Reactions



Although many CSnAr reactions have been reported so far, as shown in Scheme 4, CSyAr reactions have two
significant problems associated with them that should be solved. One is that all of the CSnyAr reactions reported thus
far require stoichiometric activating reagents and bases apart from the TBAT catalyzed reductive cleavage of C-F
bonds reported by Ogoshi.'! Although this reaction represents a critical advance in a catalytic CSyAr reaction, the
scope of substrates is limited to electron-deficient arene substrates that can be activated by a number of fluorine
groups, making it difficult to apply to reactions involving electron- rich substrates. The other problem is that the
scope of CSNAT reactions is currently limited to the formation of carbon-heteroatom bonds!'°®-™ and applications
to carbon-carbon bond-forming processes remain underdeveloped, except for this aryl migration reaction using a
stoichiometric base.!?

To solve the problems related to cross-coupling reactions and CSyAr reactions as mentioned above, this study
focuses on the development of some catalytic reactions.
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Chapter 1
Rhodium-Catalyzed Directed C-H bonds Arylation with Aryl Carbamates

1.1 Introduction

Metal-catalyzed cross-coupling of organometallic nucleophiles with aryl halides has been established as the
predominant method for functionalization of aromatic compounds.' Recently, phenol and its unactivated derivatives,
such as ethers and esters, have emerged as less expensive and more environmentally-benign alternatives to aryl
halides and triflates.> An even more important advantage of using these phenol derivatives is that their metal-
coordinating ability and robustness allows new synthetic strategies, including late-stage functionalization and
directing group manipulation. Nickel is the best catalyst to activate C(aryl)-O bonds, and it mediates a range of
cross-coupling reactions using inert phenol derivatives.? Considering that C-H cross-coupling reactions have
become increasingly popular methods, ? it is natural to expect that C—H arylation with inert phenol derivatives should
enable a dramatic increase in the scope and application of C—O cross-coupling reactions of inert phenol derivatives
(Scheme 1a). However, C—H cross-coupling using inert phenol derivatives has had limited success. Itami and
Yamaguchi first reported this type of reaction by developing nickel-catalyzed cross-coupling of aryl pivalates with
azoles.* Shi recently reported that a C—H bond in perfluorinated arenes can be arylated by nickel/copper dual
catalysis using aryl carbamates.’ Although these two reactions provide valuable products related to pharmaceuticals
and organic materials, the substrates are limited to those bearing a relatively acidic C—H bond.® Ackermann achieved
cross-coupling of non-acidic unactivated C-H bonds with aryl carbamates using a cobalt catalyst.” Although this

reaction represents an important advancement, the requirement for the use of excess Grignard reagent leaves several

(a) Aryl Electrophiles for C-H Arylation

Q_H +x—® L

X = halogen, OSO,R: many examples
OCOR : limited success 7\

(b) Prior Arts

—N

/?\ N
g Fn
D O G

S Y

Itami, Yamaguchi Shi Ackermann

[Ni] [Ni/Cu] [Co]

(X = OCOBu, OCONMe,) (X = OCONMe,)  with CyMgClI (2 equiv)

(c) This Work (X'= OCONMey,)
Y
=N COQMG

deprotectlon

* Rhodium for inert C-O activation
* No strong base required
* Covertible directing group

Scheme 1. C-H/C-O Cross-Coupling
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issues to be addressed: (1) electrophilic functional groups, such as ketones and nitriles, are not compatible; and (2)
an applicable directing group is limited to a robust but synthetically less attractive pyridine ring. With these
considerations in mind, my research focuses on developing a rhodium-catalyzed cross-coupling of arenes bearing a

convertible directing group with aryl carbamates in the absence of a strong base.

1.2 Results and Discussion

To realize cross-coupling of unactivated C—H bonds with inert phenol derivatives, the catalyst needs to efficiently
mediate activation of both C—H and C-O bonds. Based on its remarkable activity in C—H activation,® I decided to
use a rhodium catalyst, even though rhodium complexes are rarely used for C—O bond activation processes.’
Reported rhodium complexes that can activate the C(aryl)-O bond require the use of a pincer-type ligand*®® or
boron-based reagents,’* both of which cannot be directly applied to our target C—H/C—O cross-coupling reactions.
This research commenced with examining the reaction between ortho arylation of 1a'® and aryl carbamate 2a as a
model reaction for catalyst development. It should be noted that the oxazoline substrates are readily accessible from
the corresponding carboxylic acids by condensation with 2-aminopropan-1-ol. Initial ligand screen led me to
identify an NHC-based ligand L6 as a potential lead for further optimization.!"-'? Interestingly, the use of
[RhCI(C2H4)2] instead of [RhCl(cod)]. as the catalyst precursor along with L6 considerably improved the yield of
3aa, although the yields were variable among the experiments (Scheme 2). It was found that a consistently high
yield of 3aa can be obtained using the catalyst generated by preheating (60 °C, 1 h) a mixture of [RhCI(C2H4)2]>
and L6. FAB-MS and '3C NMR analysis of the preheated solution of [RhCI(C2H4),]2 and L6 suggested exclusive
generation of the bis-NHC species' [(L6)RhCI": 802.3420; 13C NMR of C2: & 190.2 (d, Jrn-c = 40 Hz)], whereas
only the mono-NHC species [(L6)RhCl(cod)*: 578.1935; 1*C NMR of C2: 5 185.1 (d, Jrnc = 52 Hz)] was generated

o/}/ Rh cat. (5.0 mol%)

=N L6-HCI (20 mol%) Ox
O KO™Bu (22 mol%) O
: -~
+ Car0 O Na,COj3; (2.0 equiv)
. toluene
1a 2a (15equiv)  ,o0on o0 3aa

Car = CON'Pr,
\:(4_ Rh catalyst NMR vyield of 3aa (%)
N..N

~” [RhCI(cod)], 15

cl [RNCI(CoHy)sl,  43-950
L6-HCI [RNCI(CoH4)]o™! >95 (85)!°]

Rhodium species generated in situ

/ L6 Cl
~p,.~Cl SRK L = solventor N
|\D7/Rh\u; "L ( i

[(L6)RhCI(cod)] [(L6),RhCIL]
HRMS: 578.1935 (M*) HRMS: 802.3420 (M*-L)

Scheme 2. Optimization of Rhodium-Catalyzed Cross-Coupling of Arene 1a with Aryl Carbamate 2a [a] Results of
six independent experiments. [b] RhCIl(C2Ha4)]2, L6-HCI and KO’Bu were stirred at 60 °C for 1 h prior to being used

for the catalytic reaction. [c] Isolated yield.



from the preheated solution of [RhCl(cod)] and L6.

With the protocol to generate an active catalyst in hand, the scope of C-H/C-O cross-coupling with respect to the
aryl carbamate component was examined. As shown in Scheme 3, this transformation is applicable to aryl
carbamates bearing a range of functional groups, including ketones (3ab), nitriles (3ad), fluorides (3ac and 3ae)
and amides (3ak). Moreover, heteroaromatic carbamates (3al and 3am) can also be successfully coupled with 1a.
The scope of the arene substrate was next evaluated. When meta-substituted arenes were reacted with 2a, arylation
exclusively occurred at the less hindered C-H bond, as in 3ca and 3da. However, a sterically congested C-H bond
can also be arylated when it is the only reactive site, as evidenced by formation of 3ea. This arylation is applicable
to fused arenes (3ia) and heteroarenes (3ja and 3ka).

The 4-methyl-4,5-dihydrooxazol-2-yl group used as the directing group in the present study can be readily

Ox
"RhCI(L6)2" R R’
Y VW,
N32CO3
1a-1k 2a-k toluene 3

(15 equiv) 160 °C, 24 h

Scope of carbamates (reactions with 1a) Car = CON'Pr,

v OCar FG = p-C(O)Ph 94% (3ab) p-Me 58% (3ag)
FG*@K‘ p-CF3 75% (3ac) m-OMe 62% (3ah)
p-CN 78% (3ad) p-Ph 61% (3ai)

p-F 56% (3ae)  m-Ph  61% (3aj)
69% (3af)?

OcaOCar (\/@’ oo

95% (3ak) 74% (3al) 63% (3am)

Scope of arene substrates (reactions with 2a)

Ra G Lo C% a%

77% (3ba) 63% (3ca) 74% (3da)  62% (3ea) 69% (3fa)
Ox
]
@fH
N
Me
69% (39ga, Ar = Ph) 92% (3ia) 51% (3ja) 87% (3ka)

93% (3ha, Ar = m-MeOCgH,)

Scheme 3. Reaction Scope [a] RhCI(L6), was prepared by stirring a mixture of [RhCI(C2H4)]> (0.015 mmol),
L6-HCI (0.060 mmol) and KO'Bu (0.066 mmol) at 60 °C for 1 h. Reaction conditions: 1 (0.30 mmol), 2 (0.45
mmol), catalyst, and Na>xCO; (0.60 mmol) in toluene (1.0 mL) for 24 h. The yield refers to the isolated yield. [b]
[RhCI(C2H4)]2 (0.023 mmol), L6-HCI (0.090 mmol) and KO'Bu (0.099 mmol) were used.
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converted to the corresponding carboxylic acid derivative, allowing further synthetic elaboration of the C-H/C-O
coupling products (Scheme 4a). Because the carbamate group is completely stable under the conditions used for

standard palladium-catalyzed cross-coupling of aryl halides, such as the Mizoroki-Heck and Sonogashira reactions,

sequential functionalization of C-X and C-O bonds is possible (Scheme 4b).
a) Deprotection of a directing group

Ox 1) Mel CO,Me
Q 2) NaOH, MeOH O
Q O reflux, then HCI Q O
>
3)
3aa

TMSCHN,
MeOH 81% (4)

b) Application to sequential functionalization of arenes

P (1.2equiv) 1a Ox

Pd(OAc), (1.0 mol %) "RhCI(L6)," 0
Y r

K3;PO4, DMA Nay,CO3

140 °C, 12 h toluene Ph™ ™

/O/OCar 59% 160 °C, 24 h 73% (3am)
Br ” TIPS—= (1.5 equiv)

Pd(OAc), (5.0 mol %) Ox

Cul (10 mol %) "RhCI(L6),"
> >

iPr,NH, toluene Na,CO3

RT, 12 h toluene Z

57% 160 °C, 24 h TIPS

81% (3an)

Scheme 4. Synthetic Applications

To obtain insight into the mechanism, several experiments were performed. When aryl carbamate 2a was
subjected to the rhodium-catalyzed conditions in the absence of an arene substrate, naphthalene (5) was formed in
56% yield (Scheme 5a). This observation indicates that Rh'(L6), can activate the C-O bond of 2a, presumably by

oxidative addition,’ and the resulting arylrhodium(III) species undergoes protonation to form 5. Labeling studies

OCar  "RhCI(L6)," (10 mol%) H
(a) > OO + 2a (42%)
Na,CO3 (2.0 equiv)

2a toluene .
160 °C, 24 h 5 (56%)

D;C. Ox 2a (1.5 equiv) 213H 4 204H o

"RhCI(L6)," (10 mol%) O

Na,CO3 (2.0 equiv) « ,
D D toluene 0.86H 0.82H Y
tad, 160 °C,1h 1a (38%) 786 H
3aa (62%)

Scheme 5. Mechanistic Studies
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revealed that Rh(LL6), can also activate a C-H bond (Scheme 5b). When deuterated arene 1a-d; was reacted with
2a in the presence of a Rh!(LL6), catalyst for 1 h (62% conversion), deuterium content of the recovered 1a was
significantly decreased. Interestingly, the H/D exchange took place not only at the ortho position of 1a but also at
the meta, para and even benzylic positions. Therefore, non-selective C-H activation by Rh'(LL6): can occur under
these conditions. *>!4 The decrease in the deuterium content of 1a was less when the rhodium-catalyzed reaction of
la-d; with 2a was performed in deuterated solvent, indicating that the solvent toluene was the main source of
hydrogen incorporated in the recovered 1a (see Supporting Information).

A possible mechanism is shown in Scheme 6. Although Rh'(LL6): species A can activate both C-H and C-O bonds,
the initial C-H activation only leads to non-productive H/D exchange via intermediate B. The catalytic cycle that
gives arylated product 3 begins with oxidative addition of the C-O bond in carbamate 2 to form arylrhodium(III)
intermediate C. The subsequent ortho C-H activation by rhodium(IIl) species C, presumably through concerted
metalation/deprotonation pathway, ' gives diarylrhodium D, which finally gives arylated product 3 with concurrent

regeneration of A.

o\
J toluene

'\|1 — 3 Non-productive
[Rhj—x ~€ HI/D exchange
|

HCO;
_OCar 1

X =Clor OCO3

Scheme 6. Possible mechanism.

1.3 Conclusion

In summary, I have developed rhodium-catalyzed aryla-tion of non-acidic C(sp?)-H bonds using aryl carbamates as
the arylating reagent. The key to success is the use of a bis(NHC) complex of rhodium(I) as the catalyst, which
facilitates activation of inert C(sp?)-O bonds in aryl carbamates. This readily generated rhodium species enabled
activation of inert C(sp?)-O bonds in the absence of a strong base, allowing for the use of a synthetically useful

directing group in C-H/C-O coupling.
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1.4 Experimental Section
I. General Information

"H NMR and 3C NMR spectra were recorded on a JEOL ECS-400 spectrometer in CDCl; with
tetramethylsilane as the internal standard. The data is reported as follows: chemical shift () in ppm,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br = broad peak, and m = multiplet),

coupling constant (Hz), and integration. Infrared spectra (IR) were obtained using a JASCO

FT/IR-4200 spectrometer. Absorption is reported in reciprocal centimeters (¢cm™!) with the following

relative intensities: s (strong), m (medium), or w (weak). High resolution mass spectra (HRMS) were obtained
using a JEOL JMS-700 spectrometer. Melting points were determined using a Yamato melting point apparatus.
Column chromatography was performed with SiO; (Silicycle SilicaFlash F60 (230-400 mesh)).

I1. Materials

L2-HCIl were purchased from Strem Chemicals and used as received. L4-HCI, L5-HCI, KO'Bu, and
diisopropylcarbamoyl chloride were purchased from TCI and used as received. Toluene (for Organic Synthesis)
and [RhCl(cod)],» were purchased from Wako Chemicals and used as received. Na,CO3 and NaH was purchased
from nacalai tesque and used as received. L1-HCL'® L3-HCL>Y [RhCI(C,H4)2]2,!” and L6-HCI’® were prepared
according to literature procedures. Compuonds 1a (503544-61-4), 1b, 1c (928150-56-5), 1e, 1f, 1g (220398-99-2),
1h (132912-28-8), 1i, and 1j (497866-94-1) were prepared according to the general procedures shown below.
Compounds 2a (61912-15-0), 2b (1684447-70-8), 2¢(1684447-67-3), 2d, 2e (1126310-52-8), 2f (142075-48-7),
2g (913621-13-3), 2h (1684447-65-1), 2i (885012-28-2), 2j (1684447-74-2), 2k (1684447-73-1) and 21 (1684447-

77-5) were prepared according to the literature procedure.”@

I11. Synthesis of Starting Materials

o HO Y o Y

OH NH, =N
(COCl),, DMF  NEt; MsClI
DCM, rt DCM, rt

General procedure for the preparation of 2-aryl-4-methyl-4,5-dihydrooxazole. To an oven-dried 100 mL
three-necked flask, 2-methylbenzoic acid (1.5 g, 10 mmol), DMF (5 drops) and DCM (20 mL) were added under a
N2 atmosphere. Oxalyl chloride (1.0 mL, 12 mmol, 1.2 equiv) was added dropwise at 0 °C resulting in vigorous
bubbling. The mixture was stirred for 1 h at rt, and the solvent was then removed in vacuo. The resulting acid
chloride was used immediately without further purification. To a solution of acid chloride in DCM (30 mL), the
solution of 2-aminopropan-1-ol (0.75 g, 10 mmol, 1.0 equiv), EtsN (15 mL, 144 mmol, 14 equiv) in DCM (15
mL) were added dropwise to the solution at 0 °C, and the solution was then warmed to rt. After stirring the
mixture for 1 h, methanesulfonyl chloride (1.5 mL, 20 mmol, 2.0 equiv) was added dropwise at rt. After stirring
overnight, the resulting mixture was quenched with sat. ag. NaHCO3 (30 mL) and the organic layer was separated.
The aqueous layer was extracted with ether (2 x 15 mL). The combined organic layers were washed with brine

(30 mL), dried over MgSOQsu, filtered and evaporated in vacuo. The resulting crude mixture was purified by column
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chromatography on silica gel (eluent: hexane/EtOAc = 10/1) to afford the desired oxazoline as a colorless oil (1.2
g, 69%).

4-Methyl-2-(2-(trifluoromethyl)phenyl)-4,5-dihydrooxazole (1b).

o Y

FsC =N

Rf 0.34 (hexane/EtOAc = 5/1). Colorless oil (1.92 g, 84%).

"H NMR (CDCls, 400 MHz): 6 1.39 (d, J = 6.4 Hz, 3H), 4.01 (t, J = 7.8 Hz, 1H), 4.01 (m, 1H), 4.55 (t, J = 8.2 Hz,
1H), 7.54-7.60 (m, 2H), 7.71-7.77 (m, 2H).

3C NMR (CDCls, 100 MHz): 6 21.1, 62.3, 75.0, 126.2 (q, J = 278.4 Hz), 126.5 (q, J = 5.7 Hz), 127.6, 129.1 (q, J
= 31.5 Hz), 130.4, 131.0, 131.6, 162.9.

IR (ATR): 2973 w, 2899 w, 1663 m, 1606 w, 1579 w, 1496 w, 1451 w, 1356 w, 1340 w, 1312 s, 1273 w, 1251 w,
1167 s, 11365, 1112 s, 1083 m, 1034 s, 963 m, 935 w, 893 w, 848 w, 770 m, 690 w.

HRMS (EI): Calcd for C11H10F3NO 229.0714, Found 229.0716.

2-(3-((tert-Butyldimethylsilyl)oxy)phenyl)-4-methyl-4,5-dihydrooxazole (1d).

0 o)
oH 1.TBSCI
imidazole

HO 18 h, rt
2.AcOH

2 HO Y ‘Od

(COCl), NH, =N
DMF NEt, MsCl

> > BuMe,SiO
DCM,rt  DCM, rt

OH

‘BuMe,SiO

3-((tert-Butyldimethylsilyl)oxy)benzoic acid was synthesized according to Koch’s procedure.*®

A solution of 3-hydroxybenzoic acid (3.0 g, 21 mmol), TBSCI (7.2 g, 48 mmol) and imidazole (3.3 g, 48 mmol)
in dry DMF (30 mL) was stirred at rt for 18 h. Acetone (150 mL) was added to the reaction mixture, filtered and
the filtrate was evaporated. The residue was taken up in EtOAc (50 mL), washed with water (3x 40 mL) and dried
over MgSOQa. The solvent was removed under reduced pressure to yield tert-butyldimethylsilyl 3-
[(tertbutyldimethylsilyl)oxy]benzoate as a colorless liquid. This crude product was treated with a mixture of
AcOH (45 mL), THF (15 mL) and water (15 mL) and stirred at rt for 2 h. EtOAc (50 mL) and water (50 mL) were
added and the organic phase was extracted, washed with sat. ag. NaHCOs sol. (3 x 50 mL) and dried over MgSOa.
The solvent was removed under reduced pressure, and the residue was dried under high vacuum to give the 3-
(tertbutyldimethylsilyl)oxybenzoic acid as a white solid (4.19 g, 76%). The obtained benzoic acid was derivatized
to 3d according to the general procedure (10 mmol scale, 2.4 g, 90%).

Rf 0.30 (hexane/EtOAc = 5/1). Colorless oil (1.4 g, 74%).
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'H NMR (CDCls, 400 MHz): & 0.20 (s, 6H), 0.99 (s, 9H), 1.36 (d, J = 6.4 Hz, 3H), 3.94 (t, J = 7.8 Hz, 1H), 4.32-
4.41 (m, 1H), 4.50 (dd, J = 9.4, 8.0 Hz, 1H), 6.94 (dg, J = 8.1, 1.1 Hz, 1H), 7.23-7.27 (m, 1H), 7.41 (t, J = 1.8 Hz,
1H), 7.55 (dt, J = 7.8, 1.4 Hz, 1H).

13C NMR (CDCls, 100 MHz): § -4.5, 18.1, 21.4, 25.6, 62.0, 74.0, 119.9, 121.3, 123.0, 129.2, 129.3, 155.5, 163.2.
IR (ATR): 2968 w, 2927 w, 2896 w, 1665 s, 1607 w, 1587 m, 1447 w, 1374 w, 1157 w, 1116 m, 1037 s, 1011 w,
978 w, 950 m, 865 m, 822 m, 743 m, 731 w, 679 w.

HRMS (EI): Caled for C16HsNO,Si 291.1655, Found 291.1656.

2-(2,5-Dimethylphenyl)-4-methyl-4,5-dihydrooxazole (1e).

o Y

=N

Rf0.21 (hexane/EtOAc = 5/1). Colorless oil (1.68 g, 89%).

'"H NMR (CDCl3, 400 MHz): 6 1.35 (d, J = 6.4 Hz, 3H), 2.31 (s, 3H), 2.52 (s, 3H), 3.90 (t, J = 7.3 Hz, 1H), 4.33-
4.47 (m, 2H), 7.08-7.13 (m, 2H), 7.60 (s, 1H).

3C NMR (CDCl3, 100 MHz): § 20.6, 21.0, 21.6, 62.1, 73.3, 127.0, 130.2, 131.0, 131.1, 134.9, 135.3, 164.1.

IR (ATR): 2967 w, 2896 w, 2361 w, 2294 w, 1644 s, 1570 w, 1544 m, 1476 w, 1451 w, 1401 m, 1373 w, 1332 m,
1289 m, 1141 w, 1106 w, 1075 w, 1048 w, 1075 w, 1048 s, 1029 s, 970 s, 931 w, 890 w, 844 w, 816 m, 743 w,
706 w.

HRMS (EI): Calcd for C12H1sNO 189.1154, Found189.1156.

2-(4-Fluoro-2-methylphenyl)-4-methyl-4,5-dihydrooxazole (1f).

o Y

—N

F
Rf 0.30 (hexane/EtOAc = 5/1). Colorless oil (1.4 g, 74%).

"H NMR (CDCls, 400 MHz): & 1.36 (d, J = 6.4 Hz, 3H), 2.58 (s, 3H), 3.86-4.09 (m, 1H), 4.34-4.48 (m, 2H), 6.87-
6.95 (m, 2H), 7.78 (dd, J = 8.6, 6.1 Hz, 1H).

3BC NMR (CDCls, 100 MHz): § 21.5,21.7, 62.3, 73.2, 112.4 (d, J = 21.0 Hz), 117.7 (d, J = 20.9 Hz), 123.4 (d, J =
2.9 Hz), 131.9 (d, J=8.6 Hz), 141.7 (d, J = 8.5 HZz), 162.9, 163.5 (d, J = 249.8 Hz).

IR (ATR): 2968 w, 2927 w, 2896 w, 1665 s, 1607 w, 1587 m, 1447 w, 1374 w, 1157 w, 1116 m, 1037 s, 1011 w,
978 w, 950 m, 865 m, 822 m, 743 m, 731 w, 679 w.

HRMS (EI): Calcd for C11H12FNO 193.0903, Found 193.0900.

2-(3'-Methoxy-[1,1'-biphenyl]-2-yl)-4-methyl-4,5-dihydrooxazole (1h).
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o
=
I
o
o
o
T

OMe OMe 1.PdCly(PPh3),
K3PO,
+ (HOYB DME/H,0 O
2.NaOH
MeOH/H,0

(COCl), aminoalcohol
DMF NEt; MsCI

DCM, rt DCM, rt

A solution of methyl 2-iodobenzoate (2.61 g, 10 mmol), (3-methoxyphenyl)boronic acid (1.97 g, 12 mmol),
K3PO4 (9.6 g, 45 mmol), and PACI(PPh3). (60 mg, 1 mol%) in DME (8 mL) / H>O (8 mL) was stirred for 15 min
at 180 °C in a microwave reactor. The resulting mixture was extracted with EtOAc (3 x 20 mL). The combined
layers were washed with brine, dried over anhydrous MgSQs, filtered and concentrated under reduced pressure.
This material was used in the subsequent step without further purification. An aqueous solution of NaOH (8 mL, 1
M) was added to a stirred mixture of the obtained compound in MeOH (8 mL). The reaction mixture was heated
for 5 min at 150 °C in a microwave reactor. The reaction mixture was concentrated under reduced pressure. The
residue was quenched with 6 M HCI until pH < 3 and was extracted with EtOAc (3 x 20 mL). The combined
layers were washed with brine (1 x 5 mL), dried over anhydrous MgSQOys, filtered and concentrated under reduced
pressure to afford 3'-methoxy-[1,1'-biphenyl]-2-carboxylic acid. Yield: 2.3 g (100%), colorless oil. The obtained

benzoic acid was derivatized to oxazoline 1h according to the general procedure (10 mmol scale, 2.3 g, 85%).
Rf0.06 (hexane/EtOAc = 5/1). Colorless oil (2.3 g, 85%).

'"H NMR (CDCls, 400 MHz): 6 1.26 (d, J= 6.4 Hz, 3H), 3.62-3.70 (m, 1H), 3.81 (s, 3H), 4.19-4.29 (m, 2H), 6.88
(dt,J= 8.2, 1.4 Hz, 1H), 6.94-6.99 (m, 2H), 7.29 (t, J= 7.8 Hz, 1H), 7.35-7.40 (m, 2H), 7.48 (td, /= 7.6, 1.4 Hz,
1H), 7.73 (dd, J= 7.6, 1.1 Hz, 1H).

BC NMR (CDCl3, 100 MHz): § 21.0, 55.1, 61.9, 74.3, 112.8, 113.7, 120.8, 127.1, 127.7, 128.9, 129.98, 130.03,
130.4, 141.5, 142.5, 159.2, 164.9.

IR (ATR): 2965 w, 2835 w, 2360 w, 1651 m, 1600 m, 1582 m, 1471 m, 1423 w, 1374 w, 1353 w, 1338 w, 1302
m, 1268 m, 1239 m, 12125, 1176 w, 1108 w, 1070 w, 1048 s, 1034 s, 994 w, 964 s, 933 w, 890 w, 860 m, 758 s,
725 m, 696 s, 668 w.

HRMS Caled for C17HisNO>* (APCL, [M+H]*): 268.1338, Found 268.1332.

4-Methyl-2-(quinolin-4-yl)-4,5-dihydrooxazole (1j).

—~

O__N

Rf 0.03 (hexane/EtOAc = 5/1). White solid (1.0 g, 84%). Mp =70 °C

'"HNMR (CDCls, 400 MHz): § 1.47 (d, J = 6.4 Hz, 3H), 4.07-4.00 (m, 1H), 4.61-4.54 (m, 2H), 7.65 (ddd, J = 1.4
Hz, 6.9 Hz, 8.6 Hz, 1H), 7.76 (ddd, J = 1.4 Hz, 6.9 Hz, 8.6 Hz, 1H), 7.88 (d, J = 4.4 Hz, 1H), 8.15 (dd, J = 8.5 Hz,
0.7 Hz, 1H), 8.99 (d, J = 4.4 Hz, 1H), 9.09 (dd, J = 8.7 Hz, 0.9 Hz, 1H)

=
>
N
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BC NMR (CDCl3, 100 MHz): & 21.5, 63.1, 73.4, 121.7, 125.3, 126.4, 127.7, 129.6, 129.9, 132.5, 148.9, 149.7,
161.6.

IR (ATR): 2960 w, 2875 w, 1644 w, 1576 w, 1509 m, 1455 w, 1414 w, 1401 m, 1351 w, 1330 m, 1294 m, 1245
w, 1212 w, 1182 w, 1145 m, 1100 m, 1071 m, 1039 s, 996 s, 962 m, 855 m, 770 m, 743 m, 698 m, 657 w.

HRMS (EI): Caled for C13H12N20 212.0950, Found 212.0948.

4-Methyl-2-(2-(methyl-ds)phenyl-3,4,5,6-d4)-4,5-dihydrooxazole (1a-d;).

o Y~

D5C =N
D D

D D
Rf0.21 (hexane/EtOAc = 5/1). Colorless oil (1.0 g, 91%).
'"H NMR (CDCl3, 400 MHz): 6 1.36 (d, J = 6.4 Hz, 3H), 3.91 (t, J = 6.9 Hz, 1H), 4.34-4.47 (m, 2H).
H NMR ((CH3),CO, 400 MHz): & 2.54 (s, 3H), 7.31 (s, 1H), 7.40 (s, 1H), 7.82 (s, 1H), 8.00 (s, 1H).
BC NMR (CDCl3, 100 MHz): 8 20.7 (t, J = 20.0 Hz), 21.6, 62.3, 73.3, 125.0 (t, J = 24.8 Hz), 127.3, 129.3 (t, J =
24.8 Hz), 129.9 (t, J = 24.8 Hz), 130.6 (t, J = 24.8 Hz), 138.4, 163.9.
IR (ATR): 2968 w, 2893 w, 1640 s, 1410 m, 1371 w, 1352 w, 1295 m, 1227 s, 1168 w, 1106 w, 1075 w, 1039 s,
1017 s, 970 m, 930 w, 894 w, 869 w, 840 w, 744 w, 685 w.

HRMS (EI): Caled for C11HsD7NO 182.1437, Found.182.1438.

4-Cyanophenyl diisopropylcarbamate (2d).

oH iPraNCOCI e} \N(
o R O
CH5CN o
NC reflux, 5 h NC

A mixture of 4-hydroxybenzonitrile (1.19 g, 10.0 mmol), ‘Pr,NCOCI (2.45 g, 15.0 mmol) and K»CO3 (2.07 g, 14.9
mmol) in CH3CN (25 mL) was refluxed for 5 h. The reaction mixture was cooled to rt and concentrated under
vacuum. The residue was dissolved in H,O (ca. 50 mL) and extracted with Et,O (ca. 2 x 20 mL). The organic
fractions were combined and then washed successively with KOH aqg. (1M, ca. 25 mL) and water. Finally the
organic layer was separated, dried over MgSQa, and concentrated under vacuum to yield 2d (1.92 g, 73%).

Rf 0.30 (hexane/EtOAc = 5/1). White solid. (1.91 g, 73%). Mp =94 °C

'H NMR (CDCls, 400 MHz): § 1.32 (m, 12H), 3.98 (m, 1H), 4.06 (m, 1H), 7.26 (dt, J = 9.2, 2.2 Hz, 2H), 7.66 (dt,
J=9.2,22Hz 2H)

3C NMR (CDCls, 100 MHz): 6 20.3, 21.5, 46.5,47.1, 108.5, 118.6, 125.7, 133.4, 152.4, 154.8.

IR (ATR): 2968 w, 2927 w, 2896 w, 1665 s, 1607 w, 1587 m, 1447 w, 1374 w, 1157 w, 1116 m, 1037 s, 1011 w,
978 w, 950 m, 865 m, 822 m, 743 m, 731 w, 679 w.

HRMS calcd for Ci1sH9N20," (CI, [M+H]"): 247.1447, Found 247.1450.

p-Tolyl diisopropylcarbamate (2g).
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'Pr,NCOCI Y
O oYY

DME @

rt, 2 h
To a mixture of p-cresol (1.2 g, 10.0 mmol) and NaH (0.50 g, 10 mmol) in DME (20 mL), ‘Pr,NCOCI (2.0 g, 12.0
mmol) and N,N-dimethylpyridin-4-amine (DMAP) (36 mg, 3 mol%) were added and stirred for 2 h at rt. The
residue was dissolved in H>O (50 mL) and extracted with Et,O (2 x 20 mL). The organic fractions were combined
and then washed successively with an aqueous solution of Na,COs (1 M, 25 mL) and brine. The organic layer was
separated, dried over anhydrous MgSQOs, and concentrated under a vacuum to yield 2g as a colorless oil (2.2 g,
95% ).
Rf 0.35 (hexane/EtOAc = 5/1). Colorless oil. (1.91 g, 73%).
"H NMR (CDCls, 400 MHz): 6 1.30 (m, 12H), 2.32 (s, 3H), 3.93 (m, 1H), 4.10 (m, 1H), 6.96-7.01 (m, 2H), 7.14
(d, J=7.8 Hz, 2H).
3C NMR (CDCls, 100 MHz): 6 20.4, 20.8, 21.5, 121.5, 129.6, 134.4, 149.1, 154.1.
IR (ATR): 2967 w, 2923 w, 2360 w, 1927 w, 1664 s, 1589 w, 1515 w, 1461 m, 1374 w, 1333 w, 1296 w, 1250 w,
1236 w, 1114 w, 1037 s, 963 m, 888 w, 823 s, 786 s, 757 w, 730 w.
HRMS calcd for C14H22NO,* (FAB+, [M+H]"): 236.1651, Found 236.1654.

6-(Morpholine-4-carbonyl)naphthalen-2-yl diisopropylcarbamate (2k).

OH DIPEA OH
o TBTU o
O\m " Ho OO DMF O\l OO

o} O

rt,2 h

Pr,NCOCI

DMAP O/\ O\[;\j/\(
See— A LT T
rt, 2 h R

To a mixture of morpholine (1.04 g, 12 mmol) and 6-hydroxy-2-naphthoic acid (1.88 g, 10 mmol) in THF (20
mL), TBTU (6.4 g, 20 mmol) and DIPEA (2.6 g, 20 mmol) were added. The suspension was stirred at rt for 18 h.
1M HCI was then added and the aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic
extracts were washed with NaHCOs3 aq and brine and dried over MgSOs, and concentrated under a vacuum to
yield (6-hydroxynaphthalen-2-yl)(morpholino)methanone (1.0 g, 40%). This material was used in the subsequent
step without further purification. To a mixture of the obtained amide and NaH (0.25 g, 5 mmol) in DME (20 mL),
Pr,NCOCI (1.0 g, 6.0 mmol) and DMAP (18 mg, 3 mol%) were added and stirred at rt for 2 h. The residue was
dissolved in H>O (50 mL) and extracted with Et,O (2 x 20 mL). The organic extracts were combined and then
washed successively with 1 M Na,COj; (25 mL) and brine. The organic layer was separated, dried over anhydrous
MgSQy4, and concentrated under a vacuum to yield 2k as a white solid (0.9 g, 61%).

Rf0.05 (hexane/EtOAc = 1/1). White solid. (0.9 g, 24%).

"H NMR (CDCl3, 400 MHz): § 1.32-1.39 (m, 12H), 3.53-4.15 (m, 10H), 7.35 (dd, J= 8.7, 2.3 Hz, 1H), 7.48 (dd, J
=8.5, 1.6 Hz, 1H), 7.61 (d, J=2.3 Hz, 1H), 7.82-7.90 (m, 3H).
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3C NMR (CDCl3, 100 MHz): 6 20.4, 21.6, 66.9 (two overlapping peaks), 118.4, 122.8, 124.7, 126.9, 128.0,
129.6, 130.2, 131.9, 134.3, 150.1, 153.7, 170.4.

IR (ATR): 2967 w, 2923 w, 2360 w, 1927 w, 1664 s, 1589 w, 1515 w, 1461 m, 1374 w, 1333 w, 1296 w, 1250 w,
1236 w, 1114 w, 1037 s, 963 m, 888 w, 823 s, 786 s, 757 w, 730 w.

HRMS calcd for C2oH29N204" (APCI, [M+H]"): 385.2122, Found 385.2127.

IV. Optimization Studies

Effect of Ligands.
[RhCl(cod)], (5.0 mol%)
Ox Ligand (20 mol%) Ox
O KOBu (22 mol%) Q OO
H >
+ Car0 Q Na,CO5 (2.0 equiv)
1a , toluene
o 2a (1.5 equw) 160 °C, 24 h 3aa
Ox= )=\ Car = CON'Pr,
Ve
Ligand GC yield of 3aa (%)
R = cyclohexyl (L1-HCI) 0
[\ + R = 1-adamantyl (L2-HCI) 0
R-NN-R R = 2-adamantyl (L3-HCI) 0
cl- R =2,4,6-Me3CgH, (L4-HCI) 0
R = 2,6-Pr,CgH5 (L5-HCI) 15

(.
/@NVN@\ IMesMe-HCI (L6-HCI) 15
ol

Effect of Ligands under Preheating Conditions. The use of L4 and L5 were not effective under these preheated

conditions (26% and 6%, respectively), indicating that the use of L6 is essential for an efficient reaction.

[RhCI(C,H,)l, (5.0 mol%)
NHC-HCI (20 mol%)
KOBu (22 mol%), toluene

l 60°C,1h
Ox Ox
O "RhCI(NHC)," Q OO
H + Car0 Q Na,CO3 (2.0 equiv) o
. toluene
1a 2a (15equiv) o0 oapy 3aa

(6] .
Ox= =N Car = CON'Pr,
L

NHC = IMes (L4) 26%
IPr (L5) 6%
IMesMe (L6) >95%

18



Effect of the Oxazoline Directing Group.
[RhCI(C,H4)515 (5 mol%)

L6-HCI (20 mol%)
ox 4/< KO'Bu (22 mol%) Ox
H o+ Na,CO3 (2.0 equiv) /— O
; toluene \ 7/
160 °C, 24 h
1 (1.5 equiv)
Entry Ox Isolated yield (%)

-
1 Zg 1a 85
N
O/>
2 }{g 1a' 46
N
7 <
3 }{g 12" 21
N

[RhCI(C2H4)2]2 (5.8 mg, 0.015 mmol), L6-HCI (22.3 mg, 0.060 mmol), KO'Bu (7.4 mg, 0.066 mmol), Na;COs

(63.6 mg, 0.60 mmol), and toluene (0.40 mL) were added to a 5 mL screw-capped vial in a glovebox filled with
nitrogen, and the resulting mixture was stirred at 60 °C for 1 h. After 1 h, 2a (122 mg, 0.45 mmol), 1 (0.30 mmol)
and toluene (0.60 mL) were added to the vial in the glove box. The vessel was stirred at 160 °C for 24 h followed
by cooling to rt. The mixture was purified by flash column chromatography over silica gel (eluting with
hexane/EtOAc = 10/1) to give 3 as a pale yellow oil [3aa (77 mg, 85%), 3a’a (40.0 mg, 46%), 3a"a (20.3 mg,
21%)].

V. Typical Procedure for Rh-Catalyzed Directed C-H Bond Arylation with Aryl Carbamates
[RACI(C5H4)p (5 mol%)

L6+HCI (20 mol%)
Ox 4/< KO'Bu (22 mol%) Ox
o NaZCO3 (2.0 equiv) /— Q
'\ toluene \ 7
160 °C, 24 h
1a 2a (1.5 equiv) 3aa

[RhCI(C2Ha4)2]2 (5.8 mg, 0.015 mmol), L6-HCI (22.3 mg, 0.060 mmol), KO'Bu (7.4 mg, 0.066 mmol), Na,COs
(63.6 mg, 0.60 mmol), and toluene (0.40 mL) were added to a 5 mL screw-capped vial in a glovebox filled with
nitrogen, and the resulting mixture was stirred at 60 °C for 1 h. After 1 h, 2a (122 mg, 0.45 mmol), 1a (52.5 mg,
0.30 mmol), and toluene (0.60 mL) were added to the vial in the glove box. The vessel was stirred at 160 °C for
24 h followed by cooling to rt. The mixture was purified by flash column chromatography over silica gel (eluting

with hexane/EtOAc = 10/1) to give 3a as a pale yellow oil (77 mg, 85%).
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V1. Procedure for Deprotection of Oxazoline

o Y o

1. Mel
O~ e~ O
3.H* MeOH

3aa 4

The oxazolinyl group was deprotected according to Cram’s procedure.! A solution of 3aa (70.1 mg, 0.23 mmol)
in CHsl (3.0 mL) was stirred overnight under N». The excess CHsl was removed by evaporation under a stream of
N3, and the residue was dissolved in MeOH (1.5 mL). An aqueous solution NaOH (20%, 1.5 mL) was added, and
the suspension was refluxed under N overnight. The cooled solution was slowly poured into an aqueous solution
of HC1 (6 M). The residue was taken up in EtOAc (50 mL), washed with water (3 x 40 mL) and dried over
MgSOs. Removal of the solvent in vacuo gave a white solid. The solid was dissolved in MeOH (1 mL) and
TMSCHN: (10% in hexane, 1.2 mL, 0.69 mmol) was added, and the resulting mixture was stirred at rt for 30 min.
The reaction mixture was then concentrated in vacuo. The residue was dissolved in H,O (ca. 20 mL) and extracted
with Et,0 (ca. 2 x 20 mL). The organic fractions were combined and then successively washed with brine. The
organic layer was separated, dried over MgSQg, and concentrated in vacuo to give the corresponding ester 4 as a
white solid (67.1 mg, 81%).

'H NMR (CDCls, 400 MHz): § 2.43 (s, 3H), 3.53 (s, 3H), 7.24 (d, J = 7.4 Hz, 1H), 7.31 (d, J = 6.9 Hz, 1H), 7.39
(t, J=7.8 Hz, 1H), 7.46-7.51 (m, 3H), 7.84-7.86 (m, 4H).

BC NMR (CDCl3, 100 MHz): § 19.7, 51.9, 126.0, 126.3, 126.5, 127.0, 127.5, 127.6, 127.9, 128.1, 129.2, 129.5,
132.5, 133.3 (two overlapping peaks), 135.6, 138.4, 140.0, 170.3.

HRMS (EI): Calcd for Ci9H1602 276.1150, Found.276.1150.

VII. Mechanistic Studies
1. C-O Activation by RhCI(L6): (Scheme 3a)

0 o)
: "RhCI(L6)," (10 mol%) i
O | O>_N P2 Na,COs (2.0 equiv) . O>_N Pr2
! toluene

160 °C, 24 h
1.5 equiv 56% 42%

[RhCI(C2Has)2]2 (5.8 mg, 0.015 mmol), L6-HCI (22.3 mg, 0.06 mmol), KO'Bu (7.4 mg, 0.066 mmol), Na;COs
(63.6 mg, 0.6 mmol), and toluene (0.40 mL) were added to a 5 mL screw-capped vial in a glovebox filled with
nitrogen, and the resulting mixture was stirred at 60 °C for 1 h. After 1 h, 2a (81.3 mg, 0.30 mmol) and toluene
(0.60 mL) were added to the vial in the glove box. The vessel was stirred at 160 °C for 24 h followed by cooling

to rt. After the reaction, naphthalene was observed by GC analysis of the crude reaction mixture.

! Wilson, J. M.; Cram, J. D. J. Org. Chem. 1984, 49, 4930.
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2. Labeling Experiments

The reaction of 1a-d; with 2a in toluene (Scheme 3b).

R

)
Qi

D D
2a 1a-d;
1.5 equiv. 0.3 mmol

H HHs
X
— 2.04 H
N H4 Ox
"RhCI(L6)," C
wnie o+ HO~Y
Na,CO3 (2.0 equiv)
toluene H2 H3
160 °C, 1 h
1a 7.86 H
38% 62%

[RhCI(C2H4)2]2 (5.8 mg, 0.015 mmol), L6-HCI (22.3 mg, 0.06 mmol), KO'Bu (7.4 mg, 0.066 mmol), Na;COs

(63.6 mg, 0.60 mmol), and toluene (0.40 mL) were added to a 5 mL screw-capped vial in a glovebox filled with

nitrogen, and the resulting mixture was stirred at 60 °C for 1 h. After 1 h, 2a (122 mg, 0.45 mmol), 1a-d; (54.6

mg, 0.30 mmol), and toluene (0.60 mL) were added to the vial in the glove box. The vessel was stirred at 160 °C

for 1 h followed by cooling to rt. The mixture was purified by flash column chromatography over silica gel

(eluting with hexane/EtOAc = 10/1) to give 3a as a pale yellow oil (56.5 mg, 63%) and 1a as a colorless oil (20.9

mg, 38%).

NMR spectrum of reaction (b)
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H chemical shift (ppm) integration value

H1 7.77 0.801
H2 7.32 0.822
H3 7.21 0.858
H4 2.54-2.57 2.131
H5 3.93 1.000

The reaction of 1a-d; with 2a in toluene-ds (Scheme 3c¢).

H HH5
P H4 1.20H
N= Ox ’
2 ) rad RACI(L6), » b . CO O
1.5 equiv. 0.3 mmol Na,COj3 (2.0 equiv)
toluene-dg H2 H3 %f—/
160 °C, 1 h
1a 3.66 H
30% 69%

[RhCI(C2H4)2]2 (5.8 mg, 0.015 mmol), L6-HCI (22.3 mg, 0.06 mmol), KO'Bu (7.4 mg, 0.066 mmol), Na,COs
(63.6 mg, 0.6 mmol), and toluene-ds (0.40 mL) were added to a 5 mL screw-capped vial in a glovebox filled with
nitrogen, and the resulting mixture was stirred at 60 °C for 1 h. After 1 h, 2a (122 mg, 0.45 mmol), 1a-d; (54.6
mg, 0.30 mmol), and toluene-ds (0.60 mL) were added to the vial in the glove box. The vessel was stirred at

160 °C for 1 h followed by cooling to rt. The mixture was purified by flash column chromatography over silica
gel (eluting with hexane/EtOAc = 10/1) to give 3a as a pale yellow oil (63 mg, 69%) and 1a as a colorless oil
(16.5 mg, 30%).
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NMR spectrum of reaction (c)
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H chemical shift (ppm) integration value
H1 7.77 0.310
H2 7.33 0.200
H3 7.21 0.230
H4 2.54-2.58 0.850
H5 3.93 1.000

VIII. Observation of the Rhodium Complexes Generated in Situ

[RhCI(C2Has)2]2 (5.8 mg, 0.015 mmol), L6-HCI (22.3 mg, 0.060 mmol), KO'Bu (7.4 mg, 0.066 mmol), and

toluene-ds (0.40 mL) were added to a 5 mL screw-capped vial in a glovebox filled with nitrogen, and the resulting

[RhCI(C2H4)212
1.0 equiv

L6+HCI (2.0 equiv)
KOBu (2.2 equiv)
toluene-dg 0.4 mL

1h, 60°C

=

Mes/N N\Mes
L—-Rh—CI
Mes\N N/Mes

=

mixture was stirred at 60 °C for 1 h. The mixture was analyzed by '3C NMR and HRMS.
3BC NMR (CDCls, 125 MHz): 6 190.5 (d, 'J(Rh,C) = 32.5 Hz, C-carbene).

HRMS calcd for C46HssCINsRh* (FAB, [M-L]%): 802.3249, found: 802.3240.

23




T T T T T T T T T T T T T T T T T T T T T
2000 1900 1800 170.0 1600 1500 1400 1300 1200 1100 1000 900 800 TOO  S00  500 400 300 200 100 0

A

S %

3

BE
X parts per Million : 13C

L6+HCI (2.0 equiv) H

~N_ N-
! i Mes Mes
[RhCl(cod)], ~OBY (2.2 equiv)
toluene-dg 0.4 mL

; -Rh—Cl
1.0 -Rh
equiv 1h, 60°C \Q\
N

[RhCl(cod)]> (7.4 mg, 0.015 mmol), L6-HCI (22.3 mg, 0.060 mmol), KO'Bu (7.4 mg, 0.066 mmol), and toluene-
ds (0.40 mL) were added to a 5 mL screw-capped vial in a glovebox filled with nitrogen, and the resulting mixture
was stirred at 60 °C for 1 h. The mixture was analyzed by '3*C NMR and HRMS.

3C NMR (CDCls, 125 MHz): 6 185.1 (d, YJ(Rh,C) = 43.1 Hz, C-carbene),.

HRMS calcd for C31HsoCIN,Rh™ (FAB, [M]): 578.1924, found: 578.1935.
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.0 equiv Th rt Mes U

2

This complex was prepared according to Crudden’s procedure.!'3 [RhCI(C2Has)2]» (5.8 mg, 0.015 mmol), L6-HCI
(11.2 mg, 0.030 mmol), KO'Bu (3.7 mg, 0.033 mmol), and toluene-ds (0.40 mL) were added to a 5 mL screw-
capped vial in a glovebox filled with nitrogen, and the resulting mixture was stirred at rt for 1 h. The mixture was
analyzed by '*C NMR and HRMS.

3C NMR (CDCl3, 125 MHz): § 176.5 (d, XJ(Rh,C) = 51.6 Hz, C-carbene),.

HRMS calcd for C4sHssClaNsRhy™ (FAB, [M-2L1%): 940.1970, found: 940.1963.
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IX. Spectroscopic Data of Products
4-Methyl-2-(2-methyl-6-(naphthalen-2-yl)phenyl)-4,5-dihydrooxazole (3aa).

o}
—N

aSey
Rf0.09 (hexane/EtOAc = 5/1). Pale yellow oil (77 mg, 85%).
'"H NMR (CDCls, 400 MHz): 6 1.11 (d, J = 6.0 Hz, 3H) 2.45 (s, 3H), 3.57-3.63 (m, 1H), 4.11-4.21 (m, 2H), 7.25
(d, J=5.0 Hz, 1H), 7.25 (d, J = 5.0 Hz, 1H), 7.38 (t, J = 7.8 Hz, 1H), 7.47-7.50 (m, 2H), 7.57 (d, J = 8.7 Hz, 1H),
7.83-7.86 (m, 3H), 7.91 (s, 1 H).
3C NMR (CDCls, 100 MHz): § 20.9, 21.2, 61.9, 74.4, 125.8, 126.1, 126.8, 127.0, 127.3, 127.6, 128.1, 130.5,
130.8, 131.4, 132.4, 133.3, 137.1 (two overlapping peaks), 138.8 (two overlapping peaks), 165.3.
IR (ATR): 3054 w, 2965 m, 2925 m, 2360 m, 1734 w, 1665 s, 1587 w, 1505 w, 1457 m, 1328 w, 1296 w, 1237 w,
1167 w, 1114 w, 1036 s, 962 m, 913 w, 859 w, 822 w, 789 s, 746 s.

HRMS calcd for C21H2oNO™ (CI, [M+H]%): 302.1545, found: 302.1548.

(3'-Methyl-2'-(4-methyl-4,5-dihydrooxazol-2-yl)-[1,1'-biphenyl]-4-yl)(phenyl)methanone (3ab).

Rf0.06 (hexane/EtOAc = 5/1). Colorless oil (99.6 mg, 94%).

26



'H NMR (CDCls, 400 MHz): § 1.18 (d, J = 6.4 Hz, 3H), 2.44 (s, 3H), 3.72 (t, J = 6.9 Hz, 1H), 4.18-4.29 (m, 2H),
7.23-7.28 (m, 2H), 7.39 (t, J = 7.8 Hz, 1H), 7.48-7.81 (m, 5H), 7.81-7.84 (m, 4H).

13C NMR (CDCls, 100 MHz): & 19.7, 20.9, 62.2, 73.8, 127.0, 128.1, 128.3, 128.5, 129.56, 129.6, 129.9, 130.0,
132.3, 136.1, 137.71, 137.74, 140.8, 145.5, 162.9, 196.5.

IR (ATR): 3060 w, 2966 w, 2925 w, 2361 w, 1658 s, 1604 m, 1447 m, 1401 w, 1374 w, 1313 m, 1277 s, 1178 w,
1149 w, 1115w, 1075 w, 1038 s, 1000 w, 961 m, 925 m, 888 w, 853 w, 787 m, 745 m, 702 s.

HRMS caled for CasH2oNO,* (CL [M+H]"): 356.1651, found: 356.1654.

4-Methyl-2-(3-methyl-4'-(trifluoromethyl)-[1,1'-biphenyl]-2-yl)-4,5-dihydrooxazole (3ac).

o)

=N
OV

Rf 0.09 (hexane/EtOAc = 5/1). Pale yellow oil (72 mg, 75%).

'H NMR (CDCls, 400 MHz): & 1.14 (d, J = 6.4 Hz, 3H), 2.43 (s, 3H), 3.69 (t, J = 7.3 Hz, 1H), 4.15-4.27 (m, 2H),
7.18 (d, J = 8.2 Hz, 1H), 7.26 (d, J = 7.3 Hz, 1H), 7.37 (t, J = 7.8 Hz, 1H), 7.53 (d, J = 8.2 Hz, 2H), 7.62 (d, J =
8.2 Hz, 2H).

13C NMR (CDCls, 100 MHz): & 19.7, 20.9, 62.2, 73.7, 125.0 (g, J = 3.8 Hz), 126.9 (g, J = 259.3 Hz), 127.0, 128.9
(two overlapping peaks), 129.3 (q, J = 32.5 Hz), 129.6, 129.7, 137.7, 140.5, 144.8, 162.8.

IR (ATR): 2968 w, 2927 w, 2361 w, 1665 w, 1618 w, 1588 w, 1461 w, 1404 w, 1376 w, 1324 s, 1239 w, 1164 m,
1122 s, 1084 w, 1064 m, 1038 m, 1019 w, 963 w, 932 w, 888 w, 871 w, 845 w, 790 w, 757 w, 664 w.

HRMS caled for C1sH7FsNO* (CIL, [M+H]"): 320.1262, found: 320.1258.

3'-Methyl-2'-(4-methyl-4,5-dihydrooxazol-2-yl)-[1,1'-biphenyl]-4-carbonitrile (3ad).

o Y

=N

SaWa

Rf 0.05 (hexane/EtOAc = 5/1). Orange oil (65 mg, 78%).

"H NMR (CDCls, 400 MHz): & 1.16 (d, J = 6.4 Hz, 3H), 2.47 (s, 3H), 3.70 (t, J = 7.3 Hz, 1H), 4.18-4.28 (m, 2H),
7.17(d,J=7.8Hz, 1H), 7.28 (d, J= 7.8 Hz, 1H), 7.34 (t, J = 7.8 Hz, 1H), 7.52 (d, J = 8.7 Hz, 2H), 7.66 (d, J =
8.2 Hz, 2H).

3C NMR (CDCls, 100 MHz): 6 19.6, 20.9, 62.2, 73.7, 110.9, 118.9, 126.8, 128.0, 129.3, 129.6, 130.0, 131.7,
137.9, 140.0, 145.9, 162.6.

IR (ATR): 2964 w, 2925 w, 2362 w, 2227 w, 1927 w, 1663 s, 1607 w, 1504 w, 1462 m, 1376 w, 1332 w, 1297 w,
1246 m, 1206 w, 1176 w, 1114 w, 1037 s, 960 m, 888 w, 843 s, 789 s, 757 m, 735 m.

HRMS calcd for CigHi7N>O* (CI, [M+H]"): 277.1341, found: 277.1336.

2-(4'-Fluoro-3-methyl-[1,1'-biphenyl]-2-yl)-4-methyl-4,5-dihydrooxazole (3ae).
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Rf0.07 (hexane/EtOAc = 5/1). Pale yellow oil (45 mg, 56%).
'"H NMR (CDCl3, 400 MHz): 6 1.16 (d, J = 6.4 Hz, 3H), 2.41 (s, 3H), 3.69 (t, J = 6.9 Hz, 1H), 4.16-4.27 (m, 2H),
7.05 (t, J=8.7 Hz, 2H), 7.16 (d, J = 7.8 Hz, 1H), 7.21 (d, J = 7.3 Hz, 1H), 7.32-7.40 (m, 3H).

13C NMR (CDCls, 100 MHz): 19.6, 21.0, 62.1, 73.7, 114.7 (d, J = 20.9), 127.1, 128.3, 129.0, 129.4, 130. 2 (d, J =
8.6 Hz), 137.1 (d, J = 2.9 Hz), 137.4, 140.9, 163.0, 162.2 (d, J = 245.0 Hz).

IR (ATR): 2967 w, 2925 w, 2360 w, 1664 s, 1603 w, 1511 s, 1462 m, 1374 w, 1334 w, 1297 w, 1223 s, 1160 w,
1116 w, 1037 s, 963 m, 932 w, 887 w, 839 s, 790 s, 755 m.
HRMS calcd for Ci7H7FNO™ (CI, [M+H]"): 270.1294, found: 270.1291.

4-Methyl-2-(3-methyl-[1,1'-biphenyl]-2-yl)-4,5-dihydrooxazole (3af).

o Y

—N

Rf 0.06 (hexane/EtOAc = 5/1). Pale yellow oil (35 mg, 53%).

"H NMR (CDCls, 400 MHz): 6 1.15 (d, J = 6.4 Hz, 3H), 2.42 (s, 3H), 3.66 (t, J = 7.4 Hz, 1H), 4.15-4.25 (m, 2H),
7.19-7.22 (m, 2H), 7.29-7.43 (m, 6H).

3C NMR (CDCls, 100 MHz): 6 19.7, 20.9, 62.1, 73.6, 127.06, 127.1, 127.9, 128.2, 128.6, 128.9, 129.3, 137.3,
141.1, 142.0, 163.2.

IR (ATR): 3058 w, 2967 w, 2925 w, 1664 s, 1588 w, 1462 m, 1375 w, 1333 w, 1296 w, 1236 m, 1173 w, 1116 w,
1071 w, 1037 s, 963 m, 931 w, 887 w, 795 w, 761 s, 701 s.
HRMS caled for C7HisNO* (CL, [M+H]"): 252.1388, found: 252.1391.

2-(3,4'-Dimethyl-[1,1'-biphenyl]-2-yl)-4-methyl-4,5-dihydrooxazole (3ag).

o}
=N

Rf 0.06 (hexane/EtOAc = 5/1). Colorless oil (46 mg, 58%).

'"H NMR (CDCl3, 400 MHz): 6 1.18 (d, J= 6.4 Hz, 3H), 2.37 (s, 3H), 2.41 (s, 3H), 3.69 (t, /= 7.1 Hz, 1H), 4.15-
4.30 (m, 2H), 7.18 (t, J= 8.2 Hz, 4H), 7.32 (t, J= 7.6 Hz, 3H).

3C NMR (CDCl3, 100 MHz): § 19.7, 20.9, 21.1, 62.1, 73.6, 127.2, 128.1, 128.4, 128.6, 128.7, 129.3, 136.7,
137.3,138.2, 141.8, 163.3.

IR (ATR): 2967 w, 2875 w, 2360 w, 1708 s, 1650 w, 1594 w, 1511 w, 1430 m, 1371 w, 1314 m, 1293 m, 1201 s,
1150 m, 1043 w, 1018 w, 991 w, 895 w, 850 w, 782 w, 757 w, 733 w.

HRMS Calcd for CisH20NO™ (FAB+, [M+H]"): 266.1545, Found 266.1542.
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2-(3'-Methoxy-3-methyl-[1,1'-biphenyl]-2-yl)-4-methyl-4,5-dihydrooxazole (3ah).

o)
Rf 0.06 (hexane/EtOAc = 5/1). Pale yellow oil (52 mg, 62%).
"H NMR (CDCls, 400 MHz):. & 1.16 (d, J = 6.4 Hz, 3H), 2.41 (s, 3H), 3.70 (t, J = 6.9 Hz, 1H), 3.81 (s, 3H), 4.15-
4.27 (m, 2H), 6.86 (dd, J = 2.3, 7.8 Hz, 1H), 6.97-7.02 (m, 2H), 7.21 (d, J = 7.6 Hz, 2H), 7.25-7.28 (m, 1H), 7.34
(t, J=7.8 Hz, 1H).

3C NMR (CDCls, 100 MHz): & 19.6, 20.9, 55.2, 62.1, 73.7, 113.0, 113.9, 121.1, 127.0, 128.1, 128.9, 129.0,
129.3, 137.3, 141.8, 142.4, 159.1, 162.2.

IR (ATR): 2964 w, 2925 w, 2359 w, 1726 w, 1665 s, 1577 m, 1466 s, 1375 w, 1318 m, 1297 m, 1227 s, 1169 w,
1115w, 1038 s, 962 m, 931 w, 886 w, 779 s, 732 m, 699 s.
HRMS calcd for CisH2oNO,* (CI, [M+H]"): 282.1494, found: 282.1488.

4-Methyl-2-(3-methyl-[1,1':4',1"'-terphenyl]-2-yl)-4,5-dihydrooxazole (3ai).

o Y

—N

Rf 0.06 (hexane/EtOAc = 5/1). Pale yellow oil (60 mg, 61%).

"H NMR (CDCls, 400 MHz): 6 1.17 (d, J = 6.4 Hz, 3H), 2.43 (s, 3H), 3.70 (t, J = 7.4 Hz, 1H), 4.17-4.28 (m, 2H),
7.21-7.24 (m, 2H), 7.33-7.38 (m, 2H), 7.43-7.46 (m, 2H), 7.50 (d, J = 8.2 Hz, 2H), 7.60-7.64 (m, 4H).

3C NMR (CDCls, 100 MHz): 6 19.7, 20.9, 62.1, 73.7, 126.6, 127.0, 127.1, 127.3, 128.2, 128.8, 129.0 (two
overlapping peaks), 129.4, 137.4, 139.9, 140.1, 140.8, 141.5, 163.2.

IR (ATR): 3052 w, 2966 m, 2924 w, 1664 s, 1453 w, 1377 w, 1377 w, 1333 w, 1298 w, 1254 w, 1227 s, 1174 w,
1139 w, 1124 w, 1061 w, 998 w, 966 m, 936 w, 859 w, 820 s, 746 m.

HRMS calced for C23H22NO™ (CI, [M+H]"): 328.1701, found: 328.1706.

4-Methyl-2-(3-methyl-[1,1':3',1"'-terphenyl]-2-yl)-4,5-dihydrooxazole (3aj).

Rf 0.14 (hexane/EtOAc = 5/1). Pale yellow oil (60 mg, 61%).

"H NMR (CDCls, 400 MHz): & 1.07 (d, J = 6.4 Hz, 3H), 2.44 (s, 3H), 3.64 (t, J = 6.9 Hz, 1H), 4.14-4.23 (m, 2H),
7.25 (t, J=9.2 Hz, 2H), 7.32-7.46 (m, 6H), 7.56-7.58 (m, 1H), 7.63 (d, J = 6.8 Hz, 2H), 7.69 (s, 1H).

3C NMR (CDCls, 100 MHz): § 19.7, 20.8, 62.1, 73.7, 125.7, 127.0, 127.1, 127.3, 127.47, 127.5, 128.3, 128.4,
128.7,129.0, 129.4, 137.4, 140.6, 140.8, 141.5, 141.9, 163.2.

29



IR (ATR): 3059 w, 2966 w, 2925 w, 1664 m, 1597 w, 1463 m, 1406 w, 1375 w, 1332 w, 1296 w, 1238 w, 1170
w, 1117 w, 1075 w, 1037 w, 962 m, 931 w, 887 w, 857 w, 791 m, 758 m, 702 s.
HRMS calcd for C3H2oNO* (CI, [M+H]): 328.1701, found: 328.1702.

(6-(3-Methyl-2-(4-methyl-4,5-dihydrooxazol-2-yl)phenyl)naphthalen-2-yl)(morpholino)methanone (3ak).

Rf0.01 (hexane/EtOAc = 1/1). White solid (119.3 mg, 96%).

"H NMR (CDCl3, 400 MHz): § 1.11 (d, J = 6.4 Hz, 3H), 2.45 (s, 3H), 3.55-3.79 (m, 9H), 4.08-4.21 (m, 2H), 7.28
(t, J=9.6 Hz, 2H), 7.39 (t, J= 7.6 Hz, 1H), 7.49-7.51 (m, 1H), 7.62 (dd, /= 8.2, 1.4 Hz, 1H), 7.87 (d, /= 8.2 Hz,
2H), 7.93 (s, 2H).

3C NMR (CDCls, 100 MHz): 6 19.7, 20.9, 62.0 (two overlapping peaks), 66.8, 73.6, 124.4, 126.7, 127.1, 127.2,
127.9,127.9,128.2, 128.5, 129.2, 129.4, 131.6, 132.4, 133.3, 137.5, 140.0, 141.2, 163.0, 170.3.

IR (ATR): 2967 w, 2922 w, 2857 w, 2241 w, 1628 s, 1492 w, 1461 w, 1428 m, 1361 w, 1333 w, 1299 w, 1281 m,
1256 w, 1230 w, 1183 w, 1114 m, 1069 w, 1026 m, 962 w, 908 m, 849 w, 822 w, 784 w, 727 s, 671 w.

HRMS Calcd for C26H27N203" (APCI, [M+H]*): 415.2016, Found 415.2019.

4-Methyl-2-(2-methyl-6-(9-methyl-9H-carbazol-2-yl)phenyl)-4,5-dihydrooxazole (3al).

Rf 0.06 (hexane/EtOAc = 5/1). Yellow oil (78 mg, 74%).

"H NMR (CDCls, 400 MHz): 6 1.11 (d, J = 6.4 Hz, 3H), 2.45 (s, 3H), 3.59-3.62 (m, 1), 3.83 (s, 3 H), 4.12-4.20
(m, 2H), 7.22-7.25 (m, 2H), 7.29-7.40 (m, 4H), 7.45-7.49 (m, 2H), 8.06 (d, J = 7.8 Hz, 1H), 8.10 (d, J = 7.8 Hz,
1H).

3BC NMR (CDCls, 100 MHz): § 19.8, 21.0, 29.0, 62.1, 73.7, 108.4, 108.7, 118.9, 119.7, 119.9, 120.3, 121.7,
122.6, 125.6, 127.6, 128. 4, 128.8, 129.3, 137.3, 138.9, 140.8, 141.3, 142.8, 163.4.

IR (ATR): 3055 w, 2969 w, 2925 w, 2210 w, 1662 m, 1628 w, 1601 w, 1473 w, 1452 m, 1420 w, 1356 w, 1323
m, 1296 w, 1247 m, 1157 w, 1125 w, 1038 m, 1000 w, 962 w, 928 w, 909 m, 888 w, 844 w, 822 w, 790 m, 768
m, 726 s.

HRMS calcd for C24H23N-O* (CI, [M+H]"): 355.1810, found: 355.1808.
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4-Methyl-2-(2-methyl-6-(quinolin-6-yl)phenyl)-4,5-dihydrooxazole (3am).

Rf0.01 (hexane/EtOAc = 5/1). Orange oil (57 mg, 63%).

"H NMR (CDCl3, 400 MHz): 6 1.10 (d, J = 6.4 Hz, 3H), 2.46 (s, 3H), 3.62 (t, J = 7.4 Hz, 1H), 4.12-4.23 (m, 2H),
7.30 (d, J = 10.6 Hz, 2H), 7.38-7.44 (m, 2H), 7.82 (dd, J = 1.8, 1.8 Hz, 1H), 7.87 (s, 1H), 8.09 (d, J = 8.7 Hz, 1H),
8.15(d, J =8.3 Hz, 1H), 8.92 (d, J = 4.1 Hz, 1H).

BC NMR (CDCls, 100 MHz): § 19.7, 20.9, 62.1, 73.7, 121.4, 127.2, 127.3, 127.9, 128.4, 128.9, 129.4, 129.5,
130.7, 136.1, 137.6, 139.5, 141.0, 147.5, 150.4, 163.0.

IR (ATR): 2966 w, 2925 w, 2360 w, 1712 w, 1664 s, 1591 w, 1499 m, 1472 m, 1374 w, 1350 w, 1330 w, 1294 m,
1237 m, 1143 w, 1113 m, 1036 s, 961 m, 932 w, 912 w, 888 w, 842 s, 820 w, 792 s, 754 m, 730 w, 661 w.
HRMS calcd for C20H9N>O* (CI, [M+H]"): 303.1497, found: 303.1497.

4-Methyl-2-(2-(naphthalen-2-yl)-6-(trifluoromethyl)phenyl)-4,5-dihydrooxazole (3ba).

Rf 0.29 (hexane/EtOAc = 5/1). Orange oil (82 mg, 77%).

"H NMR (CDCls, 400 MHz): 6 1.04 (d, J = 6.4 Hz, 3H), 3.60 (t, J = 7.8 Hz, 1H), 4.06-4.20 (m, 2H), 7.49-7.56 (m,
3H), 7.59-7.67 (m, 2H), 7.75 (d, J = 7.3 Hz, 1H), 7.82-7.89 (m, 3H), 7.91 (s, 1H).

3C NMR (CDCls, 100 MHz): 6 20.2, 62.4, 74.3, 125.2 (q, J = 4.7 Hz), 126.1 (d, J = 272.6 Hz), 126.3, 126.4,
126.8,127.1 (d, J = 1.9 Hz), 127.6, 127.7,127.9, 128.1, 129.7, 129.8 (q, J = 31.4 Hz), 132.6, 132.9, 133.5, 136.8,
143.6, 160.7.

IR (ATR): 2971 w, 1670 m, 1595 w, 1506 w, 1477 w, 1453 w, 1321 s, 1290 m, 1248 w, 1200 w, 1168 w, 1129 s,
1093 m, 1039 s, 960 m, 930 w, 908 w, 860 w, 811 s, 747 s, 731 s, 688 m, 667 w.

HRMS (EI): Caled for C21Hi6F3NO 355.1184, found: 355.1183.

4-Methyl-2-(5-methyl-2-(naphthalen-2-yl)phenyl)-4,5-dihydrooxazole (3ca).
O/ﬁ/
0
Rf 0.06 (hexane/EtOAc = 5/1). Pale yellow oil (57 mg, 63%).
'HNMR (CDCl3, 400 MHz): 6 1.26 (d, J = 6.4 Hz, 3H), 2.42 (s, 3H), 3.57 (t, J = 7.8 Hz, 1H), 4.13-4.26 (m, 2H),
7.32-7.35 (m, 1H), 7.39 (d, J = 7.4 Hz, 1H), 7.47-7.51 (m, 3H), 7. 36 (s, 1H), 7.82-7.86 (m, 4H).

3C NMR (CDCls, 100 MHz): § 20.9, 21.2, 61.9, 74.4, 126.1 (two overlapping peaks), 125.8, 126.8, 127.0, 127.3,
127.6,128.1, 130.5, 130.8, 131.3, 132.4, 133.3, 137.1, 138.8 (two overlapping peaks), 165.3.
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IR (ATR): 3053 w, 2925 m, 2859 w, 2361 w, 1652 m, 1571 w, 1497 w, 1454 m, 1375 w, 1325 s, 1272 w, 1241 w,
1195 w, 1165 m, 1120 s, 1064 m, 1040 m, 968 m, 913 w, 853 w, 816's, 790 w, 746 s, 664 w.

HRMS calcd for C21H2o0NO* (CI, [M+H]"): 302.1545, found: 302.1544.

2-(5-((tert-Butyldimethylsilyl)oxy)-Z-(naphthalen-2-yl)phenyl)-4-methyl-4,S-dihydrooxazole (3da).

WS ese

Rf0.29 (hexane/EtOAc = 5/1). Orange oil (93 mg, 74%).

'"H NMR (CDCls, 400 MHz): 6 0.25 (s, 6H), 1.01 (s, 9H), 1.24 (d, J = 6.4 Hz, 3H), 3.56 (t, J = 7.4 Hz, 1H), 4.14-
4.26 (m, 2H), 6.99 (dd, J = 2.3, 8.2 Hz, 1H), 7.26 (d, J = 2.3, 1H), 7.35 (d, J = 8.2 Hz, 1H), 7.44-7.50 (m, 3H),
7.80-7.85 (m, 4H).

3C NMR (CDCls, 100 MHz): 6 -4.37, 18.2, 21.1, 25.6, 62.0, 74.3, 121.6, 122.1, 125.7, 126.0, 126.7, 127.15,
127.2,127.6, 128.0, 128.9, 131.7, 132.3, 133.3, 134.7, 138.6, 154.8, 164.7.

IR (ATR): 3054 w, 2955 w, 2930 w, 2859 w, 1651 w, 1603 m, 1559 w, 1494 m, 1464 m, 1417 w, 1334 w, 1306
m, 1278 m, 1258 m, 1213 m, 1130 w, 1103 w, 1066 w, 1046 w, 1014 w, 978 s, 950 s, 883 s, 837 w, 815 s, 781 s,
747 m, 677 w.

HRMS (EI): Calcd for Co6H31NO2Si1 417.2124, found: 417.2118.

2-(3,6-Dimethyl-2-(naphthalen-2-yl)phenyl)-4-methyl-4,5-dihydrooxazole (3ea).

o}
—N
-

This compound was isolated as a 1:1 mixture of rotamers.
Rf0.09 (hexane/EtOAc = 5/1). Colorless oil (49 mg, 51%).
Conformer A
'"H NMR (CDCls, 400 MHz): 6 0.75 (d, J = 6.0 Hz, 3H) , 2.09 (s, 3H) (overlapped with Conformer B), 2.37 (s,
3H) (overlapped with Conformer B), 3.22-3.29 (m, 1H), 3.92-4.01 (m, 2H) (overlapped with Conformer B), 7.15
(d, J=7.8 Hz, 2H), 7.38 (t, J = 8.7 Hz, 2H), 7.47-7.49 (m, 2H) (overlapped with Conformer B), 7.79-7.89 (m, 3H)
(overlapped with Conformer B).
Conformer B
"H NMR (CDCls, 400 MHz): & 0.84 (d, J = 6.4 Hz, 3H), 2.09 (s, 3H) (overlapped with Conformer A), 2.37 (s, 3H)
(overlapped with Conformer A), 3.39-3.45 (m, 1H), 3.92-4.01 (m, 2H) (overlapped with Conformer A), 7.23 (d, J

=7.8 Hz, 2H), 7.47-7.49 (m, 2H) (overlapped with Conformer A), 7.70 (d, 2H), 7.79-7.89 (m, 3H) (overlapped
with Conformer A).
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BC NMR (CDCl3, 100 MHz): § 19.2, 19.3, 20.2, 20.7, 20.8, 61.8, 73.4, 73.5, 125.7, 125.87, 125.90, 126.99,
127.05, 127.6, 128.0, 128.1, 128.87, 128.92, 129.41, 129.45, 131.0, 132.3, 132.4, 132.96, 133.04., 133.5, 134.1,
137.3,137.4,141.0, 141.1, 163.17, 163.24.

IR (ATR): 3052 w, 2966 m, 2924 w, 1664 s, 1453 w, 1377 w, 1377 w, 1333 w, 1298 w, 1254 w, 1227 s, 1174 w,

1139 w, 1124 w, 1061 w, 998 w, 966 m, 936 w, 859 w, 820 s, 746 m.
HRMS (EI): Caled for C22H21NO 315.1623, found: 315.1620.

2-(4-Fluoro-2-methyl-6-(naphthalen-2-yl)phenyl)-4-methyl-4,5-dihydrooxazole (3fa).

O
=0
F

Rf0.06 (hexane/EtOAc = 5/1). Pale yellow oil (66 mg, 69%).

'"H NMR (CDCls, 400 MHz): 6 1.11 (d, J = 6.4 Hz, 3H), 2.44 (s, 3H), 3.56 (m, 1H), 4.11-4.19 (m, 2H), 6.96 (dd, J
=2.3,9.2 Hz, 1H), 7.02 (dd, J = 2.3, 9.6 Hz, 1H), 7.47-7.55 (m, 3H), 7.84 (dd, J = 3.7, 11.9 Hz, 3H), 7.89 (s, 1H).
3C NMR (CDCl3, 100 MHz): 6 19.9, 20.9, 62.1, 73.7, 114.3 (d, J = 21.9 Hz), 115.7 (d, J = 20.9 Hz), 124.5 (d, J =
2.8Hz), 126.1, 126.2, 126.5, 127.3, 127.58, 127.63, 128.1, 132.6, 133.0, 137.5, 140.4 (d, J = 8.6 Hz), 144.2 (d, J
= 8.5 Hz), 162.62, 162.7 (d, J = 247.0 Hz).

IR (ATR): 3055 w, 2966 w, 2925 w, 2360 w, 1664 s, 1592 s, 1505 w, 1461 m, 1348 m, 1319 m, 1295 w, 1245 m,
1199 w, 1156 m, 1130 m, 1108 w, 1042 m, 984 w, 961 s, 908 m, 858 s, 821 s, 788 w, 748 s, 730 s, 661 w.

HRMS (EI): Calcd for C2;HisFNO 319.1372, found: 319.1367.

4-Methyl-2-(3-(naphthalen-2-yl)-[1,1'-biphenyl]-2-yl)-4,5-dihydrooxazole (3ga).

Rf0.17 (hexane/EtOAc = 5/1). Pale yellow oil (58 mg, 69%).

'"H NMR (CDCls, 400 MHz): 6 0.85 (d, J = 6.4 Hz, 3H), 3.38 (t, J = 7.8 Hz, 1H), 3.83-3.90 (m, 1H), 3.94-3.98 (m,
1H), 7.32-7.42 (m, 4H), 7.48-7.50 (m, 5H), 7.54 (t, J = 7.8 Hz, 1H), 7.60 (dd, J = 1.6, 8.4 Hz, 1H), 7.81-7.87 (m,
3H), 7.96 (s, 1H).

3BC NMR (CDCls, 100 MHz): 6 20.1, 29. 7, 62.0, 73.8, 125.9, 126.1, 127.1, 127.3, 127.5, 127.6, 127.85, 127.91,
128.1,128.7, 128.8, 129.0, 129.5, 132.5, 133.1, 138.3, 140. 8, 142.1, 142.4, 162.8.

IR (ATR): 3056 w, 2924 w, 2853 w, 2361 w, 1667 m, 1574 w, 1508 w, 1436 w, 1376 w, 1345 w, 1294 w, 1241
w, 1179w, 1136 w, 1110 w, 1072 w, 1036 m, 963 m, 910 m, 860 m, 809 s, 761 s, 735 s, 700 s, 664 w.
HRMS (EI): Calcd for C26H21NO 363.1623, found: 363.1626.
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2-(3'-Methoxy-3-(naphthalen-2-yl)-[1,1'-biphenyl]-2-yl)-4-methyl-4,5-dihydrooxazole (3ha)

Rf 0.14 (hexane/EtOAc = 5/1). White solid (110.0 mg, 93%).

"H NMR (CDCl3, 400 MHz): § 0.86 (d, J= 6.4 Hz, 3H), 3.41 (t, J= 7.8 Hz, 1H), 3.81 (s, 3H), 3.84-3.93 (m, 1H),
3.99 (t, J= 8.5 Hz, 1H), 6.89 (dd, J= 8.5, 2.5 Hz, 1H), 7.04-7.08 (m, 2H), 7.30 (t, /= 8.0 Hz, 1H), 7.41-7.56 (m,
S5H), 7.60 (dd, J= 8.2, 1.4 Hz, 1H), 7.82-7.87 (m, 3H), 7.96 (s, 1H).

BC NMR (CDCl3, 100 MHz): § 20.1, 55.2, 62.0, 73.8, 113.4, 113.9, 121.2, 125.9, 126.2, 127.0, 127.5, 127.5,
127.6, 127.7, 128.1, 128.7, 129.0, 129.1, 129.5, 132.4, 133.1, 138.2, 142.05, 142.10, 142.2, 159.1, 162.8.

IR (ATR): 3055 w, 2966 w, 2834 w, 2211 w, 1665 m, 1601 m, 1577 m, 1491 w, 1461 m, 1419 w, 1374 w, 1349
w, 1322 m, 1288 m, 1226 s, 1173 w, 1134 w, 1112 w, 1035 s, 962 m, 907 m, 860 m, 823 w, 806 m, 786 m, 730 s,
699 s, 664 w.

HRMS Calcd for C27H24NO>" (APCI, [M+H]"): 394.1807, Found 394.1802.

2-(|2,2'-Binaphthalen]-1-yl)-4-methyl-4,5-dihydrooxazole (3ia).

Rf0.09 (hexane/EtOAc = 5/1). Yellow oil (102 mg, 92%).

'"H NMR (CDCls, 400 MHz): 6 1.22 (d, J = 6.0 Hz, 3H), 3.68-3.72 (m, 1H), 4.27-4.35 (m, 2H), 7.43-7.63 (m, 5H),
7.68 (dd, J = 1.8, 8.7 Hz, 1H), 7.85-7.90 (m, 4H), 7.97 (d, J = 8.2 Hz, 1H), 8.02 (s, 1H), 8.13 (d, J = 8.2 Hz, 1H).
3C NMR (CDCls, 100 MHz): 6 21.0, 62.4, 73.9, 125.2, 125.3, 126.0, 126.18, 126.20, 127.0, 127.2, 127.6, 127.7,
127.67,127.70, 128.01, 128.1, 130.0, 131.6, 132.3, 132.5, 133.2, 138.6, 139.7, 162.8.

IR (ATR): 3055 w, 2966 w, 2924 w, 1658 m, 1503 w, 1220 m, 1130 m, 999 s, 958 m, 907 s, 860 m, 817 s, 790 w,
730 s, 686 w.
HRMS (EI): Calcd for C24H19NO 337.1467, found: 337.1464.

4-Methyl-2-(3-(naphthalen-2-yl)quinolin-4-yl)-4,5-dihydrooxazole (3ja).

Rf0.03 (hexane/EtOAc = 5/1). Yellow oil (52 mg, 51%).
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"H NMR (CDCls, 400 MHz): 6 1.29 (d, J = 3.2 Hz, 3H), 3.77-3.82(m, 1H), 4.34-4.45 (m, 2H), 7.53-7.57 (m, 2H),
7.64-7.69 (m, 2H), 7.76-7.80 (m, 1H), 7.90-7.96 (m, 3H), 8.05 (d, J = 1.4 Hz, 1H), 8.14 (d, J = 7.8 Hz, 1H), 8.20
(d, J=8.2 Hz, 1H), 9.11 (s, 1H).

3C NMR (CDCls, 100 MHz): § 21.1, 62.8, 74.4, 125.3, 125.6, 126.6, 126.7, 126.8, 127.8, 127.9, 128.0, 128.2,
128.3,129.7, 129.8, 130.0, 132.9, 133.2, 133.8, 134.9, 147.1, 151.4, 160.7.

IR (ATR): 2961 w, 1712 w, 1666 w, 1568 w, 1498 w, 1455 w, 1366 w, 1324 w, 1281 w, 1245 w, 1199 w, 1152
m, 1042 m, 1005 s, 959 m, 911 w, 858 m, 822 m, 746 s, 699 w.

HRMS caled for C23H9N,O" (CL, [M+H]*): 339.1497, found: 339.1499.

4-Methyl-2-(1-methyl-2-(naphthalen-2-yl)-1H-indol-3-yl)-4,5-dihydrooxazole (3ka).

T

=N

2
{0
Rf0.01 (hexane/EtOAc = 5/1). Yellow solid (89.2 mg, 87%).

"H NMR (CDCls, 400 MHz): 6 1.26 (d, J = 6.4 Hz, 3H), 3.55-3.60 (m, 4H), 4.11 (d, J = 7.8 Hz, 1H), 4.20-4.29
(m, 1H), 7.27-7.36 (m, 3H), 7.49-7.55 (m, 3H), 7.86-7.91 (m, 4H), 8.37 (d, J = 8.0 Hz, 1H).

3C NMR (CDCls, 100 MHz): 6 21.7, 30.9, 61.4, 72.7, 102.7, 109.4, 121.4, 121.9, 122.7, 126.3, 126.6, 126.7,
127.3,127.7,128.2, 128.3, 129.2, 130.0, 132.7, 133.1, 137.2, 142.9, 160.7.

IR (ATR): 3053 w, 2963 w, 2924 w, 2360 w, 1638 s, 1575 w, 1542 w, 1501 w, 1168 s, 1432 m, 1415 m, 1376 m,

1336 w, 1288 w, 1249 w, 1155 w, 1093 m, 991 s, 959 m, 907 s, 861 w, 822 m, 745 s, 729 s, 684 w.
HRMS (EI): Calcd for C23H20N20 340.1576, found: 340.1574.

2-(2-Methyl-6-(naphthalen-2-yl)phenyl)-4,5-dihydrooxazole (3a’a, 1078710-25-4).

o
—N
-

Rf 0.06 (hexane/EtOAc = 5/1). Pale yellow oil. (40 mg, 46%)
'"HNMR (CDCl3, 400 MHz): § 2.44 (s, 3H), 3.81 (t, J = 9.6 Hz, 2H), 4.08 (t, J = 9.6 Hz, 2H), 7.24 (d, J = 6.9 Hz,
1H), 7.31(d, J = 7.4 Hz, 1H), 7.39 (t, J = 7.3 Hz, 1H), 7.46-7.48 (m, 2H), 7.55 (dd, J = 1.8, 8.2 Hz, 1H), 7.82-7.85
(m, 3H), 7.89 (s, 1H).
3C NMR (CDCls, 100 MHz): § 19.8, 55.1, 67.2, 125.8, 126.1, 126.8, 127.2, 127.4, 127.6, 128.1, 129.0, 129.5,
132.4,133.3, 137.6, 138.0, 138.7, 141.9, 164 4.
HRMS calcd for CooHisNO™ (CI, [M+H]"): 288.1388, found: 288.1391.
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4,4-Dimethyl-2-(2-methyl-6-(naphthalen-2-yl)phenyl)-4,5-dihydrooxazole (3a" a).

o 2e Y

Rf0.14 (hexane/EtOAc = 5/1). Pale yellow oil (20 mg, 21%).

'"H NMR (CDCl3, 400 MHz): 8 1.15 (s, 6H), 2.46 (s, 3H), 3.75 (s, 2H), 7.23-7.31 (m, 2H), 7.38 (t, J = 7.8 Hz,
1H), 7.47-7.49 (m, 2H), 7.58 (dd, 1.8, 8.2 Hz, 1H), 7.81-7.86 (m, 3H), 7.91 (s, 1H).

3C NMR (CDCls, 100 MHz): § 19.6, 28.0, 67.8, 78.9, 125.8, 126.1, 126.8, 127.2, 127.38, 127.4, 127.6, 128.0,
128.5, 129.0, 129.4, 132.4, 133.1, 137.4, 138.6, 141.8, 161.9.

IR (ATR): 3056 w, 2966 m, 2926 m, 2361 w, 1929 w, 1661 s, 1587 m, 1510 m, 1458 m, 1364 m, 1293 s, 1246 s,
1211 m, 1176 m, 1105 w, 1076 m, 1039 s, 960 m, 915 m, 861 m, 823 m, 789 s, 747 s, 659 w.
HRMS calcd for C2H2oNO™ (CIL, [M+H]"): 316.1701, found: 316.1697.

X. Application to Sequential Functionalization of Arenes
Compounds 2m and 2n were prepared according to the literature procedure.’@

(E)-4-Methyl-2-(3-methyl-4'-styryl-[1,1'-biphenyl]-2-yl)-4,5-dihydrooxazole (3an).

[RhCI(CyH,)5l5 (5 mol%)
O/,?/ L6+HCI (20 mol%) O/,?/
KOBu (22 mol%)
'I. Na,COs (2.0 equiv) / O
H toluene
160 °C, 24 h
1a (1.5 equiv) 3an

Typical procedure was followed except that 2n was used instead of 2a.

Rf 0.06 (hexane/EtOAc = 5/1). Yellow oil (77 mg, 73%).

"H NMR (CDCl3, 400 MHz): § 1.19 (d, J = 6.4 Hz, 3H), 2.42 (s, 3H), 3.69 (t, J = 6.9 Hz, 1H), 4.19-4.27 (m, 2H),
7.13-7.17 (m, 2H), 7.20-7.25 (m, 3H), 7.32-7.37 (m, 3H), 7.42 (d, J = 8.2 Hz, 2H), 7.50-7.52 (m, 4H).

3C NMR (CDCl3, 100 MHz): § 19.7, 20.9, 62.1, 73.3, 126.1, 126.4, 127.0, 127.6, 128.1, 128.3, 128.57, 128.62,
128.86, 128.94, 129.4, 136.1, 137.2, 137.4, 140.4, 141.5, 163.2.

IR (ATR): 3026 w, 2926 w, 2925 w, 2359 w, 1663 s, 1592 w, 1512 w, 1462 m, 1375 w, 1332 w, 1297 w, 1236 w,
1114w, 1073 w, 1035 s, 963 s, 911 w, 887 w, 864 w, 823 w, 787 s, 752's, 731 s, 692 s.
HRMS caled for CosHasNO* (CI, [M+H]Y): 354.1858, found: 354.1856.

4-Methyl-2-(3-methyl-4'-((triisopropylsilyl)ethynyl)-[1,1'-biphenyl]-2-yl)-4,5-dihydrooxazole (3a0).

[RhCl(CzH4>2]2 (5 mol%))
O/j\l/ _( L6+HCI (20 mol%) O/j\l/
KOBu (22 mol%) Y
y < > _ s|4< Na,COs (2.0 equiv) O O _ s|4<
toluene
160 °C, 24 h )\
1a (1.5 equiv) 3ao

Typical procedure was followed except that 20 was used instead of 2a.

Rf0.17 (hexane/EtOAc = 5/1). Yellow oil (105 mg, 81%).
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"H NMR (CDCl3, 400 MHz): 6 1.10-1.17 (m, 21H), 1.21 (d, J = 6.4 Hz, 3H), 2.41 (s, 3H), 3.70 (t, J = 6.9 Hz,
1H), 4.17-4.27 (m, 2H), 7.16 (d, J = 7.8 Hz, 1H), 7.21 (d, J = 7.3 Hz, 1H), 7.32 (d, J = 7.3 Hz, 1H), 7.37 (d, J =
8.3 Hz, 2H), 7.39 (d, J = 8.7 Hz, 2H).

3C NMR (CDCls, 100 MHz): § 11.3, 18.6, 19.7, 21.0, 62.2, 73.7, 90.8, 107.0, 122.2, 127.0, 128.0, 128.4, 128.7,
129.2,129.4, 131.6, 137.5, 141.2, 163.0.

IR (ATR): 2942 m, 2891 w, 2864 m, 2153 w, 1664 m, 1508 w, 1461 m, 1235 w, 1036 m, 995 w, 964 w, 920 w,
883 m, 840 m, 788 m, 757 w, 735 m, 664 s.

HRMS caled for CasHssNOSi* (CL, [M+H]"): 432.2723, found: 432.2720.
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Chapter 2
Rhodium-Catalyzed C-O Bond Transformations with Isopropylalcohol and Propargyl Alcohol

2-1 Rhodium-Catalyzed Reductive Cleavage of C-O Bond of Aromatic Carbamates with
PrOH

2-1.1 Introduction

Transition-metal catalyzed C-O bond functionalization of inert phenol derivatives has emerged as an
attractive methodology because this transformation enables the use of naturally abundant and more
environmentally benign phenol derivatives instead of aryl halides.! Among the inert phenol derivatives,
carbamates are frequently used not only as a protected form of phenols but also as a substrate in
directed ortho C-H bond functionalization reactions. In particular, directed ortho metalation (DoM)
reaction is one of the most powerful methods for regioselective transformation of arenes.? Catalytic
C-H bond functionalization reactions directed by a carbamate group have also been reported.3
Although these methods allow access to elaborate aromatic compounds from simple phenol
derivatives, post-synthetic manipulation of the carbamate directing group is essential to produce target
products. Therefore, the synthetic utility of C-H bond functionalization would be enhanced if the
carbamate moiety could be reductively removed after ortho C-H bond functionalization (Scheme 1a).

In 1992, Snieckus reported nickel-catalyzed reductive cleavage of aryl carbamates using 'PrMgX as a

(a) Reductive Removal of Carbamate Directing Group

R_ ‘_OCONEt, Directed C-H R
H
@ 2 Transform. DG Removal
’ '
/

H FG

(b) Prior Arts

R R
©\:OCON Ety cat. Ni / Reductant E:[H
>
FG FG

Reductant = 'PrMgBr Snieckus
(Me,SiH),0 (TMDSO) Garg

(c) This Work
R R

@‘[\OCONEtz cat. Rh / ProH @iH
>
FG FG

* Rhodium for inert C-O activation
* No strong base required
« 'PrOH as a reductant

Scheme 1. Reductive removal of carbamate directing group
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reducing agent (Scheme 1b).4+* Garg reported that tetramethyldisiloxane (TMDSO) can be used as a
milder reductant for the nickel-catalyzed reaction of aryl carbmates.* Although these reactions allow
carbamates to be used as a temporary directing group in ortho C-H bond functionalization, functional
groups that react with ‘PrMgX or hydrosilane, such as ketones and unsaturated bonds, are inapplicable.
Our group have developed a series of reactions by C-O bond cleavage of inert phenol derivatives
catalyzed by nickel’ and rhodium.® Our group recently reported rhodium-catalyzed directed C-H bond
arylation with aryl carbamates by C-O bond cleavage.®® Based on this finding, it is envisioned that a
rhodium catalyst could be applied to reductive cleavage of aryl carbamates when an appropriate
reductant is added. Herein, this research focuses on rhodium-catalyzed reductive removal of the

carbamate group using ‘PrOH as a reductant (Scheme 1c).

2-1.2 Results and Discussion

First, I investigated reductive cleavage of ortho-substituted phenyl carbamate 1a in the presence of a
rhodium bis(NHC) catalyst®® using ‘PrOH as a reducing agent.” Among the NHC ligands tested, L2
was optimal and provided 2a in 40% yield (Table 1, entries 1-3). The yield of 2a increased by changing
the base, with KsPO4 being the most effective base to give 2a in 75% yield (entry 7).8 For the reductant,
both primary (entries 8 and 9) and tertiary (entry 10) alcohols were totally ineffective.’ The reaction
was complete within 4 h using 1 equiv of 'PrOH (entry 11).

With the optimal reaction conditions in hand, we next investigated the scope of aryl carbamates
(Scheme 3).!° Substrates bearing electron-withdrawing (1b) and electron-donating (1¢) groups both
underwent the reaction to give the corresponding reduced products in 64% and 72% yields,
respectively. Carbamates with a variety of ortho functional groups, such as trimethylsilyl (1d), benzoyl
(1e) and methoxy (1f), are applicable, demonstrating the utility of this method in carbamate-directed
ortho C-H functionalization reactions. Importantly, the ketone group in substrates 1e and 1f remained
intact under these conditions without accompanying reduction of the carbonyl group. Moreover,
heteroaromatic carbamates with basic nitrogen (i.e., 1h) and an acidic proton (i.e., 1i) were also
tolerated. It should be noted that these four substrates (i.e., 1e, 1f, 1g, 1i) did not form any of the

corresponding reductive cleavage product when the Ni/TMDSO system*® was used.
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v O _NEt, "RhCI(NHC)," (10 mol% H
. \n/ 2 ( )2 ( 0)>
alcohol (4 equiv)

Pho base (2 equiv) Ph
1a toluene 2a
180 °C, 16 h
entry NHC alcohol base GC yield of 2a
1 L1 'PrOH Na,CO4 12%
2 L2 'ProH Na,CO4 40%
3 L3 'ProH Na,CO4 20%
4 L2 'ProH K,CO4 67%
5 L2 'ProH KOAc 27%
6 L2 'ProH KOPiv 16%
7 L2 'ProH K3POy 75%
8 L2 MeOH K5PO, 0%
9 L2 EtOH K3POy4 trace
10 L2 ‘BuOH K3POy trace
11 L2 ProH KsPO, 75%!!
[a] Reacted for 4 h. R R

A\ =
OO R
Ci c

L1 L2 (R=H)

Scheme 2. RhCI(L2), catalyzed reductive cleavage of aryl carbamates
“ Reaction conditions: 3a or 3b (0.50 mmol), 4 (1.0 mmol), Pd(OAc), (0.050 mmol), ligand (0.10
mmol), Et;N (2.5 mmol), additive (0.25 mmol) in THF (2 mL) at 65 °C for 15 h. ®Isolated yields are

shown.

Next, carbamates bearing an alcohol moiety 1j was investigated, with the expectation that
intramolecular hydride transfer would occur (Scheme 4). The desired reaction proceeded without
adding ‘PrOH to form reduced product 2j, with the pendant alcohol moiety oxidized to the
corresponding ketone, as expected.

This reductive cleavage method broadens the utility of the carbamate group in the synthesis of multi-
functionalized arenes (Scheme 4). For example, palladium-catalyzed cross-coupling of 1k proceeded
without affecting the carbamate moiety. Subsequent ortho acylation by the DoM strategy followed by
rhodium-catalyzed C-O bond cleavage delivered 21 in 75% yield.!? Again, the final reductive cleavage
reaction did not proceed when the Ni/TMDSO system*® was used, further demonstrating the robustness

of the rhodium system.
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"RhCI(L2)," (10 mol%)
'PrOH (1 equiv)

\.OCONEt ) H
¥ 2 K3PO4 (2 equiv X
R_:©\ 3PO4 (2 equiv) > R—:

toluene

tadg 180 °C, 4 h 23.2g

1 OCONEt,
A}
O R=H 78% (2a) 5 OCONEt,
Q. LB
R

=OMe 72%¢ (2c) ™S

76%C (2d)

OMe
+ .OCONE, \ OCONE,
5 \ "‘OCONEtz
N
Ph o) H
74% (2e) 72% (2f) 75%° (2g)
(NI/TMDSO : 0%)¢  (NiTMDSO : 2%)? (NI/TMDSO : 0%)°

Scheme 2. RhCI(L2), catalyzed reductive cleavage of aryl carbamates
2 RhCI(L2)2 (0.030mol), K3PO4 (0.60 mmol), 1 (0.30 mmol), 2-propanol (0.30 mmol), toluene (1.0
mL), 180 °C, 4 h. ® "RhCI(L2)," (20 mol%) was used. ¢ Reacted for 16 h. ¢ Yield when the method

reported in ref 4c was used.

10 mol%
\.OCONEt, "RhCI(L2)," H
\ _—

w/o alcohol
K3POy4
OH toluene 0]
1j 180 °C, 16 h 82% (2j)
Scheme 3. Rh-catalyzed reductive cleavage of aryl carbamates using an internal alcohol group as the

reductant

Finally, a deuterium labeling experiment was performed to obtain insight into the hydrogen source
(Scheme 5). The reductive cleavage reaction with alcohol 3 bearing a deuterium atom at the 3-position
instead of ‘PrOH revealed that the deuterium atom was incorporated into the reduced product and the
corresponding ketone was produced. This experiment indicates that the hydrogen in the product is
derived from the hydrogen adjacent to the hydroxyl group of the added alcohol.

The proposed mechanism is shown in Scheme 6. Rhodium(I) bis(NHC) complex A generated in situ
initially reacts with 'PrOH to produce alkoxorhodium(I) complex B, and subsequent S-hydrogen

elimination gives rhodium(I) hydride C.” Complex C mediates oxidative addition of the C-O bond in
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the aryl carbamate to form arylrhodium(I1l) intermediate D. Subsequent reductive elimination gives

X
|

N &
B(OH), Z

[Pd,(dba)s] (1 mol%) |
CING OCONEt B 4 mol%) X Na OCONEt,
OO KsPO, (1.7 equiv.) OO
dioxane / H,0 H
1k 180 °C. 12 f

82% (1h)

"RhCI(L2)," (10 mol%)

1) LITMP 'PrOH (1 equiv)
2) ArCO-Cl N OCONEL PO, (2 equiv)

\ 0 toluene

o) 180°C, 4 h
Ar : o/ O

o/
O_
_O

75% (21)
(Ni/TMDSO : 0%)

90% (11)

Scheme 4. Synthetic application

D
\ OCONEt O
at 2 OH  “RhCI(L2)," (10 mol%) @ e
SN N > Ar  + ipr

'Pr7'Pr i o
Ar 5 K3POy4 (2 equiv) 63% (2c-d) 73% (GC)
1e 3 (1 equiv) 1.4-dioxane (93%D)

(96%D) 180 °C, 4 h
Ar: —§—©—0Me

Scheme 5. Mechanistic study

OH
RN=X </ A
A H
Ar=H HX
Ar [Rh]—0

|
Et,NOCO—[Rh]—H

D B M
X = Clor PO,
Ar—OCONEt, [Rh]—H )l\
c

OCONE,

Scheme 6. Plausible Mechanism
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the reductive cleavage product, and complex A is regenerated.

2-1.3 Conclusion
In summary, I have developed rhodium-catalyzed reductive cleavage of aryl carbamates using ‘PrOH
as a reductant. Unlike previously reported methods using ‘PrMgX and TMDSO,* this reaction tolerates

carbonyl groups, alkenes and heteroaromatic rings, such as carbazole and pyridine.

2-1.4 Experimental Section
I. General Information

"H NMR and '3C NMR spectra were recorded on a JEOL ECS-400 spectrometer in CDCl; with
tetramethylsilane as the internal standard. The data is reported as follows: chemical shift (3) in ppm,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, and m = multiplet), coupling constant
(Hz), and integration. Infrared spectra (IR) were obtained using a JASCO FT/IR-4200 spectrometer.
Absorption is reported in reciprocal centimeters (cm™!) with the following relative intensities: s
(strong), m (medium), or w (weak). High resolution mass spectra (HRMS) were obtained using a
JEOL JMS-700 spectrometer. Melting points were determined using a Yamato melting point
apparatus. Column chromatography was performed with SiO; (Silicycle SilicaFlash F60 (230-400
mesh) or Silica Gel 60 (spherical) NH>).

II. Materials
IMes*HCI, KO'Bu, Na,CO3, KoCO3, KOAc, KOPiv, K3PO4 and CICONE, were purchased from

TCI and used as received. Toluene (for Organic Synthesis), acetonitrile and isopropanol were
purchased from Wako Chemicals and used as received. NaH was purchased from nacalai tesque and
used as received. ICy-HCL!" [RhCI(C,Ha)2]2,'? and IMesMeeHCI1%© were prepared according to
literature procedure. Carbamates 1a (132939-03-8)%, 1b (858647-65-1)'4, 1¢ (776296-18-5)'°, 1d
(1449272-80-3)'6, and 1g (952234-35-4)%® were known compounds and prepared by the reaction of
the corresponding phenol and CICONE; using NaH as a base.

ITI. Optimization Studies
[RhCI(C2Ha4)2]2 (5.8 mg, 0.015 mmol), L3-HCI (22 mg, 0.060 mmol), KO'Bu (7.4 mg, 0.066 mmol),

NaxCOs3 (64 mg, 0.60 mmol), and toluene (0.40 mL) were added to a 5 mL screw-capped vial in a
glovebox filled with nitrogen, and the resulting mixture was stirred at 60 °C for 1 h. naphthalen-2-yl
diethylcarbamate (73 mg, 0.30 mmol), reductant (1.2 mmol) and toluene (0.60 mL) were added to
the vial in the glove box. The vessel was stirred at 180 °C for 16 h followed by cooling to rt. The

mixture was analyzed by GC.
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L3-HCI (20 mol%) \,O\H/NEtz
KOBu (22 mol%) o
Na,COs (2 equiv.) H
[RhCI(C2H4)2]l2 > >
5 mol% toluene 0.4 mL toluene 0.6 mL

60°C,1h 180 °C, 16 h
entry reductant product (%)

1 none 13

2 isopropanol 87

3 SiH(OEt), 17

4 cyclohexadiene 49

52 isopropanol 29

6P isopropanol 28

a: without base
b: without preheating

As a result of this initial screening of the reductant, we identified isopropanol as the most suitable
reductant among examined under these rhodium-catalyzed conditions. Therefore, we next optimized
the base and ligand using isopropanol as a reductant. At this stage, we employed less reactive substrate
1a as our model compound for use in DoM chemistry. As detailed in the Table below, L2 was found
to be an optimal ligand among tested (entry 2). The nature of the base used has a significant impact
with K3POj4 giving the highest yield of 2a (entry 7). Regarding the alcohol reductant, neither primary
nor tertiary alcohols cannot be used under these conditions (entries 8-10). The amount of isopropanol

can be reduced to 1 equiv and the reaction time can be shortened to 4 h.
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\\,O\”/NEtz "RhCI(NHC)," (10 mol%) H
@ o alcohol (4 equiv) @
Ph base (2 equiv) Ph

toluene

1a 180 °C, 16 h 2a
entry NHC alcohol base GC yield of 2a
1 L1 'ProH Na,CO; 12%
2 L2 ProH Na,CO3 40%
3 L3 ProH Na,CO; 20%
4 L2 ProH K,CO3 67%
5 L2 'ProH KOAc 27%
6 L2 ProH KOPiv 16%
7 L2 ProH K3PO, 75%
8 L2 MeOH K3PO, 0%
9 L2 EtOH K3POy4 trace
10 L2 ‘BuOH K3PO, trace
11b L2 iProH K3PO, 75%(12%)°
R R
OO
Cl cl
L1 L2 (R=H)
L3 (R=Me)

a Reaction conditions: [RhCI(CzH.)2] (5.8 mg, 0.015 mmol), NHC-HCI (0.060 mmol), KO'Bu
(7.4 mg, 0.066 mmol), base (0.60 mmol), and toluene (0.40 mL) at 60 °C for 1 h; 1a (53 mg,
0.30 mmol), 'PrOH (72 mg, 1.2 mmol) and toluene (0.60 mL) at 180 °C for 16 h.

b 1.0 equiv. of 'PrOH was used and reacted for 4 h.

¢ The number in parentheses is the amount of recovered la.

IV. General Procedure for Rh-Catalyzed C-O Bond Reduction of Aryl Carbamates

(0) N\/
Y [RhCI(CoH4)2lo (5 mol%)
O L2-HCl (20 mol%)
O KO'Bu (22 mol%) O
K3POy4 (2.0 equiv)
2-propanol (1.0 equiv)

toluene
1a (1.0 equiv) 180 °C 2a

[RhCI(C2Ha)2]2 (5.8 mg, 0.015 mmol), L2-HCI (21 mg, 0.060 mmol), KO'Bu (7.4 mg, 0.066 mmol),

K3PO4 (127 mg, 0.60 mmol), and toluene (0.40 mL) were added to a 5 mL screw-capped vial in a

glovebox filled with nitrogen, and the resulting mixture was stirred at 60 °C for 1 h. Carbamate 1a

(53 mg, 0.30 mmol), 2-propanol (18 mg, 0.30 mmol) and toluene (0.60 mL) were added to the vial
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in the glove box. The vessel was stirred at 180 °C for 4 h followed by cooling to rt. The mixture was
purified by flash column chromatography over silica gel (eluting with hexane/EtOAc = 100/1) to
give 2a as a white solid (36 mg, 78%).

1,1'-Biphenyl (2a) [CAS: 92-52-4].
Rf0.78 (hexane/EtOAc = 5/1). White solid (36 mg, 78%).
"H NMR (CDCl3, 400 MHz): 6 7.59-7.62 (m, 4H), 7.43-7.47 (m, 4H), 7.33-7.37 (m, 2H).

BC NMR (CDCls, 100 MHz): & 141.2, 128.7, 127.2, 127.2.
HRMS (EI): Caled for Ci2H1o 154.0783, Found 154.0784.

4-Fluoro-1,1'-biphenyl (2b) [CAS: 324-74-3].

U

Rf0.78 (hexane/EtOAc = 5/1). White solid (33 mg, 64%).

"H NMR (CDCl3, 400 MHz): § 7.52-7.57 (m, 4H), 7.41-7.46 (m, 2H), 7.32-7.37 (m, 1H), 7.10-7.16
(m, 2H).

3C NMR (CDCl3, 100 MHz): § 162.4 (d, J=245.8 Hz), 140.2, 137.3 (d, J= 3.0 Hz), 128.8, 128.7
(d,J=7.0Hz), 127.24 127.0, 115.6 (d, J=22.0 Hz).

HRMS (EI): Calcd for C12HoF 172.0688, Found 172.0687.

4-Methoxy-1,1"-biphenyl (2c) [CAS: 613-37-6].

I OMe

Rf 0.68 (hexane/EtOAc = 5/1). White solid (40 mg, 72%).

"H NMR (CDCl3, 400 MHz): 6 7.52-7.57 (m, 4H), 7.42 (t, J= 7.6 Hz, 2H), 7.30 (t, J = 7.3 Hz, 1H),
6.98 (d, J= 7.8 Hz, 2H), 3.85 (s, 3H).

3C NMR (CDCls, 100 MHz): 6 159.1, 140.8, 133.7, 128.7, 128.1, 126.7, 126.6, 114.1, 55.3.
HRMS (EI): Calcd for C13H;20 184.0888, Found 184.0887.

Trimethyl(naphthalen-2-yl)silane (2d) [CAS: 18052-85-2].
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Rf 0.57 (hexane/EtOAc = 5/1). Colorless oil (45 mg, 76%).

'H NMR (CDCls, 400 MHz): § 8.00 (s, 1H), 7.79-7.85 (m, 3H), 7.59 (dd, J = 8.0, 1.1 Hz, 1H), 7.45-

7.49 (m, 2H), 0.34 (s, 9H).
13C NMR (CDCls, 100 MHz): 137.9, 133.7, 133.6, 132.9, 129. 8, 128.0, 127.7, 126. 9, 126.2, 125.9,

-1.1.
HRMS (EI): Caled for C13H16S1 200.1021, Found 200.1024.

2-Benzoylphenyl diethylcarbamate (1e).

0]

/\NJ\OO
gens

A mixture of 2-benzoylphenol (5.9 g, 20 mmol) and CICONEt; (4.1 g, 30 mmol) and K2COs (5.5 g,
30 mmol) in CH3CN (50 mL) was refluxed for 5 h. The reaction mixture was cooled to room
temperature and concentrated under a vacuum. The residue was dissolved in H,O (ca. 50 mL) and
extracted with Et;O (ca. 2 x 20 mL). The organic extracts were combined and then washed
successively with saturated aqueous solution of NaHCOs (ca. 25 mL) and brine. The organic layer
was separated, dried over anhydrous MgSO., and concentrated under a vacuum to yield le as a
colorless oil (2.2 g, 76%).

Rf0.19 (hexane/EtOAc = 5/1). Colorless oil (2.2 g, 76%).

'"H NMR (CDCls, 400 MHz): & 7.81-7.84 (m, 2H), 7.49-7.57 (m, 3H), 7.41-7.45 (m, 2H), 7.26-7.31
(m, 2H), 3.18 (q, J= 7.1 Hz, 2H), 3.01 (q, J= 7.1 Hz, 2H), 1.00 (t, /= 7.0 Hz, 3H), 0.94 (t, /="7.3
Hz, 3H).

13C NMR (CDCl3, 100 MHz): 6 195.2, 153.1, 149.3, 137.6, 132.8, 132.0, 131.8, 130.0, 129.8, 128.3,
124.9,123.3,42.1,41.5, 13. 8, 13.1.

IR (ATR): 3350 w, 2972 w, 2873 w, 1719 s, 1666 s, 1601 w, 1580 w, 1522 m, 1471 m, 1450 m,
1418 s, 1382 m, 1316 m, 1293 m, 1272 s, 1206 s, 1152 s, 1100 w, 1044 w, 961 w, 926 w, 827 w,

788 w, 758 m, 740 m, 699 s.

HRMS (EI): Calcd for CigH19NO3 297.1365, Found 297.1366.
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Benzophenone (2e) [CAS: 119-61-9].
O

Rf 0.62 (hexane/EtOAc = 5/1). White solid (40 mg, 74%).
"H NMR (CDCl3, 400 MHz): § 7.80-7.82 (m, 4H), 7.58-7.62 (m, 2H), 7.47-7.51 (m, 4H).
13C NMR (CDCls, 100 MHz): § 196.8, 137.5, 132.4, 130.1, 128.3.

HRMS (EI): Calcd for C13H10O 182.0732, Found 182.0732.

4-Acetyl-2-methoxyphenyl diethylcarbamate (1f).

\O \
LI
(0]

This compound was prepared according to the procedure for le, except that 4'-hydroxy-3'-
methoxyacetophenone was used instead of 2-benzoylphenol.

Rf0.18 (hexane/EtOAc = 2/1). Colorless oil (1.7 g, 32%).

"H NMR (CDCl3, 400 MHz): 6 7.58 (d, J= 1.8 Hz, 1H), 7.54 (dd, /= 8.2, 1.8 Hz, 1H), 7.18 (d, J =
7.8 Hz, 1H), 3.88 (s, 3H), 3.43 (m, 4H), 2.59 (s, 3H), 1.19-1.29 (m, 6H).

BC NMR (CDCls, 100 MHz): 6 197.0, 153.4, 151. 9, 144.9, 135.2, 123.1, 122.0, 111.3, 56.0, 42.3,
42.1,26.5, 14.0, 13.3.

IR (ATR): 2975 w, 1718 s, 1680 s, 1600 w, 1508 w, 1460 w, 1415 s, 1359 w, 1281 s, 1261 s, 1202 s,
1174 m, 1150 s, 1032 m, 958 w, 881 w, 780 w, 750 w, 690 w.

HRMS (EI): Caled for C14H19NO4 265.1314, Found 265.1315.

1-(3-Methoxyphenyl)ethan-1-one (2f) [CAS: 586-37-8].

~o

@]
Rf 0.36 (hexane/EtOAc = 5/1). White solid (32 mg, 72%).

'"H NMR (CDCls, 400 MHz): § 7.53-7.56 (m, 1H), 7.49 (q, J = 1.4 Hz, 1H), 7.38 (t, J= 8.0 Hz, 1H),
7.12 (dt, J=8.2, 1.4 Hz, 1H), 3.86 (s, 3H), 2.61 (s, 3H).
BC NMR (CDCls, 100 MHz): & 198.0, 159.7, 138.4, 129.6, 121.1, 119.7 112.2, 55.4, 26.8.

HRMS (EI): Calcd for C13H120 150.0681, Found 150.0683.
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3-(Naphthalen-2-yl)pyridine (2h) [CAS: 92497-48-8].

| X

T

Rf 0.17 (hexane/EtOAc = 2/1). White solid (49 mg, 80%).

"H NMR (CDCl3, 400 MHz): § 8.98 (dd, J=2.3, 0.7 Hz, 1H), 8.62 (dd, /= 4.8, 1.6 Hz, 1H), 8.04 (d,
J=1.6 Hz, 1H), 7.99 (ddd, /= 7.9, 2.3, 1.7 Hz, 1H), 7.87-7.96 (m, 3H), 7.71 (dd, /= 8.5, 1.8 Hz,
1H), 7.49-7.56 (m, 2H), 7.40 (ddd, J= 7.9, 4.8, 0.8 Hz, 1H).

BC NMR (CDCls, 100 MHz): & 148.6, 148.5, 136.6, 135.2, 134.5, 133.6, 132.9, 128.9, 128.2, 127.7,
126.6, 126.4, 126.2, 125.0, 123.6.

HRMS (EI): Calcd for CisHiiN 205.0891, Found 205.0890.

N
H

Rf0.41 (hexane/EtOAc = 5/1). White solid (38 mg, 75%).
"H NMR (CDCls, 400 MHz): & 8.05-8.10 (m, 3H), 7.42-7.45 (m, 4H), 7.22-7.26 (m, 2H).
13C NMR (CDCls, 100 MHz): 6 139.4, 125.8, 123.3,120.3, 119.4, 110.5.

9H-Carbazole (2i) [CAS: 86-74-8].

HRMS (EI): Calcd for Ci2HoN 167.0735, Found167.0733.

V. Rh-Catalyzed Reductive Cleavage of Aryl Carbamates Using an Internal Alcohol Group as
the Reductant

4-(1-Hydroxyethyl)-2-methoxyphenyl diethylcarbamate (1j).

CICONEt, \
OH N
K,CO4 \n/ ~
0]

—_— >

CH;CN
reflux, 5 h

\H/\/©/O

O

NaBH,4 Y\/@/O\[O]/NM
OH 1

CH;OH

A mixture of 4-(4-hydroxyphenyl)butan-2-one (3.3 g, 20 mmol) and CICONEt; (4.1 g, 30.0 mmol)
and K»COs3 (5.5 g, 30 mmol) in 50 mL of CH3CN was refluxed for 5 h. The reaction mixture was
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cooled to room temperature and concentrated under a vacuum. The residue was dissolved in H,O
(ca. 50 mL) and extracted with Et,O (ca. 2 x 20 mL). The organic extracts were combined and then
washed successively with saturated aqueous solution of NaHCOj3 (ca. 25 mL) and brine. The organic
layer was separated, dried over anhydrous MgSQs,, and concentrated under a vacuum to yield 4-(3-
oxobutyl)phenyl diethylcarbamate (2.1 g, 41%). A mixture of 4-(3-oxobutyl)phenyl
diethylcarbamate (1.3 g, 5.0 mmol) and NaBH4 (380 mg, 10 mmol) in anhydrous MeOH (30 mL)
was stirred at rt for 25 min. Saturated aqueous solution of NaHCO3 (20 mL) and CHCl3 (30 mL)
were added, and the mixture was stirred at 0 °C for 5 min. The organic layer was seperated and the
aqueous layer was extracted with CHCI3 (3 X 20 mL). The combined organic extracts were dried

(NazS04) and concentrated to give 1.3 g (95%) of 1j as a colorless oil.
Rf0.12 (hexane/EtOAc = 2/1). Colorless oil (1.34 g, 95%).

'H NMR (CDCls, 400 MHz): & 7.12-7.22 (m, 2H), 6.98-7.07 (m, 2H), 3.77-3.86 (m, 1H), 3.40 (d, J
= 7.8 Hz, 4H), 2.62-2.78 (m, 2H), 1.68-1.82 (m, 2H), 1.32 (d, J = 5.0 Hz, 1H), 1.22 (m, 9H).

13C NMR (CDCls, 100 MHz): § 154.4, 149.6, 138.7, 129.1, 121.6, 67.3, 42.2, 41.8, 40.8, 31.4, 23.6,
14.2, 13.4.

IR (ATR): 3438 w, 2970 w, 2932 w, 1699 s, 1510 w, 1473 w, 1457 w, 1419's, 1380 w, 1315 w,
1274's,1207 s, 1169 m, 1155 m, 961 w.

HRMS (EI): Caled for C15sH23NO; 265.1678, Found 265.1677.

4-Phenylbutan-2-one (2j) [CAS: 2550-26-7].

\ [RhCI(CoHy4)0lo (5 mol%)
OYNM L2-HCl (20 mol%)
o KO®Bu (22 mol%)
K3POy4 (2.0 equiv)
toluene
180 °C
OH (0]
1j (1.0 equiv) 82% (2j)

[RhCI(C2Ha4)2]2 (5.8 mg, 0.015 mmol), L2-HCI (21 mg, 0.060 mmol), KO'Bu (7.4 mg, 0.066 mmol),
K3PO4 (127 mg, 0.60 mmol), and toluene (0.40 mL) were added to a 5 mL screw-capped vial in a
glovebox filled with nitrogen, and the resulting mixture was stirred at 60 °C for 1 h. Carbamate 1i
(80 mg, 0.30 mmol) and toluene (0.60 mL) were added to the vial in the glove box. The vessel was
stirred at 180 °C for 16 h followed by cooling to rt. The mixture was purified by flash column
chromatography over silica gel (eluting with hexane/EtOAc = 10/1) to give 2j as a colorless oil (36
mg, 82%).

Rf 0.48 (hexane/EtOAc = 5/1). White solid (36 mg, 82%).

"H NMR (CDCl3, 400 MHz): 6 7.25-7.30 (m, 2H), 7.17-7.21 (m, 3H), 2.90 (t, J= 7.6 Hz, 2H), 2.76
(t,J=17.6 Hz, 2H), 2.13 (s, 3H).
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13C NMR (CDCls, 100 MHz):  207.9, 141.0, 128.5, 128.3, 126.1, 45.1, 30.0, 29.7.

HRMS (EI): Caled for C1oH120 148.0888, Found 148.0888.

V1. Synthetic Application
7-Bromonaphthalen-2-yl diethylcarbamate (1k).

N

Ox N~
CICONEt,
Br OH NaH Br (0]
cat. DMAP
DME

A solution of 7-bromonaphthalen-2-ol (4.43 g, 20 mmol) in DME (30 mmol) was added dropwise
to a suspension of NaH (60% oil dispersion, 1.4 g, 30 mmol) in DME (15 mL) at 0 °C, and the
mixture was stirred at room temperature for 10 min. EbNCOCI (4.1 g, 30 mmol) and DMAP (24
mg, 1 mol%) was then added to the reaction mixture and stirred at room temperature for 2 h. The
solvent was removed in vacuo to give a residue, which was dissolved in EtOAc and filtered through
a pad of silica gel. The filtrate was then concentrated in vacuo to give the crude product, which was
purified by flash column chromatography over silica gel (eluent: hexane/EtOAc = 10/1) to give 1k

(6.3 g, 98%) as a colorless oil.
Rf0.39 (hexane/EtOAc = 5/1). Colorless oil (6.3 g, 98%).

'H NMR (CDCls, 400 MHz): § 7.94 (d, J= 1.8 Hz, 1H), 7.79 (d, J=9.2 Hz, 1H), 7.68 (d, J= 8.7
Hz, 1H), 7.50 (dd, J = 8.9, 2.1 Hz, 2H), 7.30 (dd, J = 8.7, 2.3 Hz, 1H), 3.45 (m, 4H), 1.26 (m, 6H).
13C NMR (CDCls, 100 MHz): § 154.1, 150.0, 135.0, 129.50, 129.47, 129.3, 129.1, 128.7, 122.2,
120.5, 117.6, 42.3, 42.0, 14.3, 13.4.

IR (ATR): 2974 w, 2930 w, 1716's, 1629 w, 1504 w, 1473 w, 1415 m, 1381 w, 1358 w, 1272 m,
1237 m, 1199 s, 1160 s, 1097 w, 1065 w, 973 w, 913 m, 838 w, 745 m.

HRMS (EI): Calcd for C1sHisBrNO2 321.0364, Found 321.0362.

7-(Pyridin-3-yl)naphthalen-2-yl diethylcarbamate (1h).
=
[Pdy(dba)s] (1 mol%) |

BrOCONEt2 | N PCys (2.4 mol%) X OCONEt,
. > Ole
N .
= B(OH), K3POy4 (1.7 equiv.)

dioxane / H,O
1.0 equiv. 1.2 equiv. 180 °C, overnight

Carbamate 1h was synthesized according to Fu’s procedure.!” Pyridin-3-ylboronic acid (740 mg, 6.0
mmol), [Pd2(dba)s;] (46 mg, 0.050 mmol), and PCys (33 mg, 0.12 mmol) were added to a 25-mL
Schlenk flask equipped with a stir bar in air. The flask was evacuated and refilled with nitrogen five

times. Dioxane (9 mL), 1k (1.6 g, 5.0 mmol), and aqueous solution of K3PO4 (1.3 M, 3.0 mL, 8.5
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mmol) were added by syringe. The Schlenk flask was sealed and heated in an oil bath at 100 °C for
18 h with vigorous stirring. The mixture was then filtered through a pad of NH silica gel (washing
with EtOAc), the filtrate concentrated under reduced pressure, and the aqueous residue extracted
three times with EtzO. The combined extracts were dried over MgSQOy, filtered, and concentrated.
The residue was then purified by column chromatography on NH silica gel eluting with

hexane/EtOAc = 10/1) to give 1h as a pale-yellow oil (1.3 g, 82%).
Rf 0.06 (hexane/EtOAc = 2/1). Pale yellow oil (1.3 g, 82%)).

"H NMR (CDCl3, 400 MHz): § 8.96 (d, J= 1.8 Hz, 1H), 8.62 (dd, /= 4.8, 1.6 Hz, 1H), 7.92-7.99
(m, 3H), 7.86 (d, /= 8.7 Hz, 1H), 7.66 (dt, J = 6.3, 1.9 Hz, 2H), 7.38-7.42 (m, 1H), 7.32 (dd, J=9.2,
2.3 Hz, 1H), 3.47 (m, 4H), 1.28 (m, 6H).

BC NMR (CDCls, 100 MHz): § 154.2, 149.8, 148.6, 136.5, 135. 7, 134.6, 134.1, 130.6, 128.9,
128.7,125.8, 124.5, 123.6, 122.3, 118.7, 65.8, 42.3, 42.0, 14.3, 13.4.

IR (ATR): 2974 w, 2359 w, 1714 s, 1474 w, 1457 w, 1418 m, 1373 w, 1275 m, 1234 w, 1202 s,
11655s,971 w, 913 w, 811 w, 746 w, 713 w.

HRMS (EI): Calcd for C20H20N202 320.1525, Found 320.1523.

7-(Pyridin-3-yl)-3-(3,4,5-trimethoxybenzoyl)naphthalen-2-yl diethylcarbamate (1) .

_ | Cl_0O
N OO OCONEt, LiITMP
N v
~ THF
% ? 78 °Cto rt
e

Carbamate 1l was synthesized according to Snieckus’ procedure.'® Under an nitrogen atmosphere,
3.0 equivalents of "BuL.i (2.4 M in hexanes, 2.5 mL) were added to a pre-cooled solution (0 °C) of
TMP (7.4 mL, 6.0 mmol) in THF (10 mL), and the resulting mixture was stirred for 15 min. The
LiTMP solution was slowly added to a solution of 1h (640 mg, 2.0 mmol) in THF (10 mL) at —

78 °C, whilst keeping the internal temperature of the solution below —73 °C. After 1.5 h, 3,4,5-
trimethoxybenzoyl chloride (1.4 g, 6.0 mmol) was added quickly. The resulting mixture was stirred
at —78 °C for 2 h and for additional 12 h at room temperature. After that time the reaction mixture
was quenched with a saturated NH4Cl solution, and extracted with Et,O, affording the crude product.
Flash column chromatography (NH silica gel) using hexane/EtOAc as eluent systems afforded 11 as
a pale yellow solid (925 mg, 90%).

Rf0.30 (EtOAc). Pale yellow solid (930 mg, 90%).

"H NMR (CDCls, 400 MHz): & 8.98 (d, J= 2.3 Hz, 1H), 8.66 (dd, J= 4.8, 1.6 Hz, 1H), 8.06 (d, J =
4.6 Hz, 2H), 7.99-8.02 (m, 2H), 7.79 (s, 1H), 7.74 (dd, J = 8.7, 1.8 Hz, 1H), 7.44 (dd, J = 8.0, 4.8

53



Hz, 1H), 7.14 (s, 2H), 3.93 (s, 3H), 3.85 (s, 6H), 3.25 (q, J = 7.2 Hz, 2H), 3.16 (q, J = 7.2 Hz, 2H),
1.01-1.08 (m, 6H).

13C NMR (CDCls, 100 MHz): & 193.8, 153.3, 153.0, 149.0, 148.6, 146.8, 142.5, 137.3, 136.1, 135.0,
134.6, 132.7, 132.4, 130.3, 129.7, 129.5, 125.7, 125.5, 123.7, 120.8, 107.3, 60.9, 56.2, 42.3, 41.7,
13.9, 13.2.

IR (ATR): 2976 w, 2360 w, 2335 w, 1716 s, 1659 w, 1583 m, 1503 m, 1464 m, 1415 s, 1380 w,
1333s, 1273 m, 1232'm, 1172 m, 1155 m, 1127 s, 1002 w, 913 m, 804 w, 747 m, 717 w.

HRMS (EI): Calcd for C30H30N2Os 514.2104, Found 514.2110.

(6-(Pyridin-3-yl)naphthalen-2-yI)(3,4,5-trimethoxyphenyl)methanone (2I) .

Rf 0.33 (EtOAc). Pale orange oil (90 mg, 75%).

"H NMR (CDCl3, 400 MHz): § 9.02 (bs, 1H), 8.68 (bs, 1H), 8.33 (s, 1H), 8.13 (s, 1H), 7.96-8.07 (m,
4H), 7.81 (d, J= 8.2 Hz, 1H), 7.46 (bs, 1H), 7.14 (s, 2H), 3.97 (s, 3H), 3.89 (s, 6H).

13C NMR (CDCls, 100 MHz): § 195.5, 152.9, 149.0, 148.6, 142.2, 137.6, 136.0, 135.5, 135.3, 134.6,
132.7,131.7,131.1, 130.3, 128.5, 126.6, 126.1, 126.0, 123.7, 107.8, 61.0, 56. 3.

IR (ATR): 2939 w, 1715 w, 1652 w, 1626 w, 1581 m, 1503 m, 1464 m, 1413 m, 1378 w, 1328 s,
1275 w, 1234 m, 1215 m, 1171 m, 1124 s, 1001 m, 912 m, 823 w, 801 w, 750 m, 726 s, 645 w.

HRMS (EI): Caled for C25H21NO4 399.1471, Found 399.1470.

VII. Procedure of Deuterium Labelling Experiment
Alcohol 3 was synthesized according to the literature procedure. The deuterium content was
determined to be 96% by 'H-NMR analysis.

@) N\/
Y [RhCI(C,Ha)ol, (5 mol%)
o L2-HClI (20 mol%) D
O OH KOBu (22 mol%) O
O . /)\ K3POy4 (2.0 equiv) O
iPr”/iPr 1,4-dioxane
OMe D OMe

180 °C, 24 h
1c (1.0 equiv) 3 (1.0 equiv) 63% (2c-d)
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[RhCI(C2Ha4)2]2 (5.8 mg, 0.015 mmol), L2-HCI (21 mg, 0.060 mmol), KO'Bu (7.4 mg, 0.066 mmol),
K3PO4 (127 mg, 0.60 mmol), and 1,4-dioxane (0.40 mL) were added to a 5 mL screw-capped vial in
a glovebox filled with nitrogen, and the resulting mixture was stirred at 60 °C for 1 h. Carbamate 1¢
(90 mg, 0.30 mmol), 3 (35 mg, 0.30 mmol) and 1,4-dioxane (0.60 mL) were added to the vial in the
glove box. The vessel was stirred at 180 °C for 24 h followed by cooling to rt. The mixture was
purified by flash column chromatography over silica gel (eluting with hexane/EtOAc = 100/1) to
give 2¢-d as a white solid (35 mg, 63%).

4-Methoxy-1,1'-biphenyl-2'-d (2c-d).

O D

O OMe

Rf 0.68 (hexane/EtOAc = 5/1). White solid (35 mg, 63%).
"H NMR (CDCl3, 400 MHz): § 7.52-7.57 (m, 3H), 7.42 (t, J = 7.6 Hz, 2H), 7.31 (t,J= 7.6 Hz, 1H),
6.98 (d, J=8.7 Hz, 2H), 3.86 (s, 3H).
BC NMR (CDCls, 100 MHz): 8 159.1, 140.8, 133.7, 128.7, 128.6, 128.1, 126.7, 126.6, 114.1, 114.0,
55.3.
’H NMR (CHCls, 400 MHz): 7.61.

IR (ATR): 3004 w, 2961 w, 1737 w, 1604 s, 1581 w, 1520 s, 1480 s, 1465 w, 1440 m, 1036 s, 835 s,
761s,731s,7165s, 691 m, 628 m.

HRMS (EI): Caled for C13H11DO 185.0951, Found 185.0950.
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2-2 Rhodium-Catalyzed Alkynylation of C-O Bond of Aromatic Carbamates with
Propargyl Alcohol
2-2.1 Introduction
Given the widespread use of aromatic alkynes in organic chemistry, developing methods to synthesize
these compounds continues to be a subject of great interest.! The Sonogashira-type cross-coupling
reaction is among the most powerful methods for the construction of a C(sp)-C(sp2) bond using aryl
halides and terminal alkynes.? Considering that phenols are abundant chemical feedstock,? it is of great
synthetic value to develop catalytic systems that use phenol and its derivatives instead of aryl halides.
A classical way to use phenols in cross-coupling reactions is to convert them to aryl triflates, thereby
activating the C(aryl)-O bond toward oxidative addition. Despite the synthetic utility of aryl triflates,
these reactions can be costly and generate harmful waste derived from the fluorine-based leaving
group. Non-fluorinated phenol derivatives such as ethers, esters and carbamates have recently emerged
as a less expensive and more environmentally benign alternative to aryl halides and triflates. 4367
Although significant progress has been made in the catalytic transformation of inert phenol derivatives,
the use of Sonogashira type cross-coupling has had limited success. ™ We have previously described
a nickel-catalyzed cross-coupling of anisoles with alkynyl Grignard reagents (Scheme 1a),”" while
Uchiyama developed a nickel-catalyzed alkynylation of aryl carbamates using alkynylaluminum
reagents (Scheme 1b).8 Although these two methods pioneered the Sonogashira-type reaction of inert
phenol derivatives, the use of strong organometallic nucleophiles limits functional group compatibility.
Shi reported a unique Ni/Cu co-catalytic system that allows the direct use of terminal alkynes in the
alkynylation of aryl carbamates, although only two specific substrates were examined, and a detailed
investigation was not carried out.’ In the field of C(aryl)-O bond activation of inert phenol derivatives,
the vast majority of the reported reactions use nickel as the catalyst.*
In contrast, we have developed several rhodium catalysts that can activate inert C(aryl)-O bonds.”
Importantly, the use of rhodium enabled transformations that were not possible with nickel catalysts.
For example, the use of rhodium allows cross-coupling with non-organometallic reagents, such as
arenes bearing a directing group,’ and isopropanol as a hydride equivalent.”
Mechanistic investigation of the latter reaction revealed that the hydride incorporated at the ipso
position of aryl carbamates is derived from the B—hydrogen of the isopropanol and is transferred
through B-hydrogen elimination. We envisioned that aryl carbamates would undergo C-O bond
alkynylation in the presence of our rhodium catalyst, as propargyl alcohols serve as alkynylating
reagents under rhodium(I) catalysis via f—carbon elimination.!®!! We also expected that a broad range

of aryl carbamates could be used by avoiding the use of organometallic alkynylating reagents.
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Scheme 1. Alkynylation of Inert Phenol Derivatives

2-1.2 Results and Discussion

This study began by optimizing the conditions for the reaction between 2-napthyl carbamate 1a and
alkynylating reagents 2a-2e in the presence of a rhodium/NHC catalyst. After systematic screening,
the target alkynylation product 3a was formed in 74% isolated yield when 2a was used as an
alkynylating reagent, with L3 as the ligand and K3POj as the stoichiometric base (Table 1, entry 1).
The use of terminal alkyne 2b significantly decreased the yield of 3a due to the formation of enyne
byproducts, which are generated through dimerization of 2b (entry 2).'? Propargyl alcohols 2¢, 2d and
2e failed to give 3a efficiently, again due to the formation of the enyne byproducts (entries 3-5). The
use of 2a completely suppressed the formation of the enyne byproduct, presumably as its bulkiness
prevented 2a from reacting with an alkynylrhodium intermediate. A TIPS protecting group is critical,
as evidenced by the lack of a product formed with TMS- and phenyl-substituted derivative 2f and 2g,
respectively, presumably due to oligomerization of 2f and 2g (entries 6 and 7). Despite the limited
scope of the propargyl alcohols, the TIPS group can be easily removed from the alkynylated products
to give corresponding terminal alkynes, which are amenable to further elaboration. (see Scheme 3)
Several other bases, such as KOAc, K,COs, and K;HPO4 gave inferior yields to that obtained with
K3POy4 (entries 8-10). NHC ligands with an N-mesityl structure (such as L1 and L2) promoted the
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reaction, with L3 exhibiting the best activity (entries 11 and 12). Both methyl groups on the imidazole
ring and the methoxy groups of L3 are important for enhancing the catalytic activity. The use of L4
or L5, however, led to a significant reduction in yield of 3a (entries 13 and 14). Increasing the ratio of
the NHC ligand to rhodium to 2:1 did not improve the yield of 3a (entry 15), which indicated that the
catalytically active species generated in situ is the rhodium complex bearing one NHC ligand. The
[RhCI(C2H4)(LL3)]> species could be observed in the catalyst solution by using '*C NMR and HRMS
(see Supporting Information (SI) for details).!?

[RhCI(C2Hy),]5 (5 mol %)

o et TIPS L3-HCl (10 mol %) ~ TIFS
v 2 KoO'B 11 mol %
T e e
0 ' K3PO, (3 equiv)
"Pr toluene
1a ip/ OH 130 °C, 24 h
2a 3a
GC yields [%] )
entry variation from above ——————  Variety of alkynes
3a 1a 2
TIPS TIPS TIPS TIPS R
1 none 75(74) O 0
2 2b instead of 2a 18 12  trace | | | | | | | | | |
3 2 2 ip
c instead of 2a 35 15 0 H OH Pgh OH OH /{: OH
4 2d instead of 2a 25 9 trace r
5 2e instead of 2a 22 7 0 2b 2c 2d 2e 2f (R =TMS)
6 2f instead of 2a 0 64 0 2g (R = Ph)
7 2g instead of 2a 0 >95 0 Variety of NHC ligands
8 KOAc instead of K3PO, 23 39 0 =) \=(
9 K,COj instead of K;PO, 47  trace 0 NN NN
10 KoHPO, instead of KsPO, 28 trace 0 MeO - OMe
11 L1instead of L3 20 3 0 L1(R=H) L3
12 L2instead of L3 5 2 0 L2 (R =Me)
13 L4instead of L3 trace 68 0 Pro= P =
14 L5instead of L3 12 47 trace @'Nv'\‘@ UNVNO
15 2.0 equiv of L3 73 0 0 Pripr
16 [RhCl(cod)], instead of [RhCI(C,Hy),], trace  >95  >95 L4 L5

Scheme 2. Alkynylation of Inert Phenol Derivatives
Conditions: [RhCI(C2Ha4)2]2 (0.015 mmol), L-HC1 (0.030 mmol), KO'Bu (0.033 mmol), base (0.90
mmol), 1 (0.30 mmol) and 2 (0.45 mmol) in toluene (1.0 mL) at 130 °C for 24 h. Yield in parenthesis
is isolated yield.

With the optimized reaction conditions in hand, the scope of the aryl carbamates was evaluated next
(Scheme 2). Aryl carbamates 1b and 1¢ underwent alkynylation without affecting the methoxy group,
which can be reactive with nickel catalysts. > The use of 2a as an alkynylating reagent allows the use
of aryl carbamates bearing a carbonyl functional group, such as esters (1d), ketones (1f-1i) and amides
(1j), which are incompatible with organometallic alkynylating reagents. Although nickel-catalyzed
a—arylations of ketones and amides using aryl esters as an aryl donor have been reported,'* this
rhodium system did not produce such an o—arylation product, even when aryl carbamates bearing

enolizable ketone (1i) and amide (1j) were used. Sterically hindered 1-naphthyl carbamate 1e provided
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the corresponding alkynylated product in 75% yield. In addition, the use of more sterically congested
ortho benzoyl carbamate 1f was also possible by using smaller ligand L5." In this transformation, a
carbamate bearing a fluorine (1g) is also compatible, whereas C-F bonds often react in nickel-
catalyzed cross-couplings of inert phenol derivatives.”™!® Moreover, heteroaromatic carbamates, such

as carbazole 1k and quinoline 11, successfully afforded the corresponding alkynylated products. This

[RhCI(C,H,),l, (5 mol %)
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\ O__NEt, HO t Z
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MeO O NEt O NEt
MeO \ O\n/NEtz S Sh G
* (0] O (@]
\©X o) MeY
OMe Me O
3b 56% 3c 71% 3d 68%°
O Ph 0O F \ O\n,NEtz
O NEL 5O -NEt, O O O
S Y
3e 75% 3f 86%”° 3g 71%°
O O NEt2 O NEt2 Me
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Scheme 3. Alkynylation of Inert Phenol Derivatives
Conditions: [RhCI(C2H4)2]2 (0.015 mmol), L3-HCI (0.030 mmol), KO'Bu (0.033 mmol), K3PO4 (0.90
mmol), 1 (0.30 mmol) and 2¢ (0.45 mmol) in toluene (1.0 mL) at 130 °C for 24 h. Isolated yields of
alkynylated products are shown. “Reacted at 120 °C. L5-HCI (0.030 mmol) was used instead of
L3-HCI. “At 110 °C. ¢ [RhCI(C2H4)2]> (0.023 mmol), L3-HCI (0.045 mmol), and KOBu (0.050 mmol)
were used. “At 140 °C.
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catalytic system could be used for the derivatization of biologically active phenol compounds, as
exemplified by the synthesis of alkynylated Harmol 3m.!”!8

Because a carbamoyl group is known to be a powerful ortho directing group in arene functionalization
reactions,'® ortho-substituted aryl alkynes can readily be accessed via an ortho C-H
functionalization/ipso alkynylation sequence of simple aryl carbamates. For example, ortho lithiation
of 1a by LiTMP, followed by reaction with carbamoyl chloride forms carbamate 1p, which can be
converted into alkyne 3p (Scheme 3). Similarly, ortho-acylated aromatic alkyne 3q was successfully
synthesized in a straightforward manner. Although our method requires the use of TIPS-protected
propargyl alcohols, the TIPS group in the product can be easily removed and replaced with a different
group via the established methods. For example, deprotection of 3q, followed by arylation under
Sonogashira conditions afforded diaryl alkyne 4. It should also be noted that the resulting ortho
acylated aromatic alkynes are valuable precursors of a range of heterocycles.!® For example, the
reaction of 4 with hydrazine led to the construction of a phthalazine skeleton,?! which can further serve

as a diene component in aza Diels-Alder reactions.?

1)

B®!
*H TIPS)
1a
k/O o O
1p 76% 3p 81%
2)
1 LiTMP \ OCONEt2 uRhX L5
- OO
= TIPS)
[Ar = 3,4,5-(OMe)3CgH,] 19 70% 3q 83%

1) TBAF Z
- OO
2) Arl 0O
cat. Pd(PPha),

cat. Cul
(Ar' = 4-FCgH,)

5 75%
4 89%

Scheme 4. Synthetic Applications
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A plausible mechanism for this transformation is shown in Scheme 4. Initially, rhodium complex A is
generated in situ, and reacts with propargyl alcohol 2 to form rhodium alkoxide B. f—Carbon
elimination of B then forms alkynylrhodium C, releasing ketone 6. The formation of intermediate C
is supported by the isolation and X-ray analysis of analogous alkynylrhodium complexes. !&23
Intermediate C mediates the oxidative addition of the C-O bond in aryl carbamate 1 to form
rhodium(III) intermediate D, which provides the alkynylated product 3 via reductive elimination with

regeneration of the catalyst.

[Rh']-X
Ar—=——TIP A 2a
3 [Rh] = Rh(NHC)
Base NHC = L3, L5 Hx
X = Cl, PO4%, or OCONEt,
A}r [Rh'1-0
Et,NOCO—[Rh"|-=—TIPS . H— TIPS
b 'Pr Pr
B
o)
Ar—OCONE, '
1 'Pro ey
[Rh']|—=—TIPS 6
c

Scheme 5. Plausible Mechanism

2-2.3 Conclusion

In summary, we have developed a rhodium-catalyzed alkynylation of aryl carbamates using propargyl
alcohols as the alkynylating agents. The use of propargyl alcohols allows this inert C-O bond
alkynylation to be compatible with a range of functional groups, such as ketones, esters and amides,
which are incompatible with previously reported cross-couplings using organometallic nucleophiles.
This alkynylation method enables the use of a carbamate directing group as a handle for the synthesis

of functionalized aromatic alkynes, which serve as useful building blocks in organic synthesis.

2-2.4 Experimental Section
I. General Information

"H NMR and '*C NMR spectra were recorded on a JEOL ECS-400 spectrometer in CDCl3 with
tetramethylsilane as the internal standard. The data is reported as follows: chemical shift (5) in ppm,

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, h = heptet, and m = multiplet), coupling
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constant (Hz), and integration. Infrared spectra (IR) were obtained using a JASCO FT/IR-4200
spectrometer. Absorption is reported in reciprocal centimeters (cm™') with the following relative
intensities: s (strong), m (medium), or w (weak). High resolution mass spectra (HRMS) were
obtained using a JEOL JMS-700 spectrometer. Melting points were determined using a Yamato
melting point apparatus. Column chromatography was performed with SiO> (Silicycle SilicaFlash
F60 (230-400 mesh) or Silica Gel 60 (spherical) NH>).

II. Materials

L1+HCI, L4<HCI, KO'Bu, K,CO3, K:HPO4, KOACc, K3PO4, CICONEL,, ethynyltriisopropylsilane,
ethynylbenzene, 2,4-dimethylpentan-3-one, dibenzophenone, 1-fluoro-4-iodobenzene and all
phenols used in the preparation of starting materials were purchased from TCI and used as received.
Toluene (for Organic Synthesis) and acetonitrile were purchased from Wako Chemicals and used as
received. NaH was purchased from nacalai tesque and used as received. [RhCI(C2H4)2]2,* L2-HCI,
L3-HCI,”© and L5-HCI? were prepared according to literature procedure. Carbamates 1a (61912-
14-9), 1b (85630-17-7),% 1c (1025324-83-7),%" 1e (85630-39-3),2@ 1f (2129155-68-4),”® 1i (73747-
43-0),% 1k (1379516-36-5),%° 11 (117902-24-6),% 2¢ (1174908-08-7),? and 2d (948300-01-4)3? are

known compounds.

I11. Preparation of Starting Materials

General procedure for the preparation of aryl carbamates.

OH E'CC%NEQ 0N~
R 2¥3 . R \ﬂ/
CH3CN (0]
reflux, 5 h

A mixture of corresponding phenol (10.0 mmol), CICONEt; (1.62 g, 12.0 mmol) and K>COs (2.07 g,
14.9 mmol) in CH3CN (25 mL) was refluxed for 5 h. The reaction mixture was cooled to rt and
concentrated under vacuum. The residue was dissolved in H,O (ca. 50 mL) and extracted with Et,O
(ca. 2 x 20 mL). The organic fractions were combined and then washed successively with aqueous
solution of NaHCO3 (1M, ca. 25 mL) and water. The organic layer was separated, dried over
MgSQs, and concentrated under vacuum. The residue was purified by column chromatography using
hexane/EtOAC as a eluent.
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Sec-Butyl 4-[(diethylcarbamoyl)oxy]benzoate (1d).

Rf 0.36 (hexane/EtOAc = 5/1). Colorless oil (2.7 g, 92%).

"H NMR (CDCls, 400 MHz): & 8.05 (dt, J = 9.0, 2.3 Hz, 2H), 7.19 (dt, J = 9.0, 2.3 Hz, 2H), 5.08 (td,
J=12.6, 6.3 Hz, 1H), 3.37-3.47 (m, 4H), 1.61-1.80 (m, 2H), 1.33 (d, J = 6.0 Hz, 3H), 1.24 (m, 6H),
0.97 (t, J = 7.6 Hz, 3H).

3C NMR (CDCls, 100 MHz): 8 165.6, 155.1, 153.5, 130.9, 127.6, 121.5, 72.8, 42.3, 41.9, 28.9,
19.6, 14.2, 13.3,9.7.

IR (ATR): 2974 w, 1714 s, 1458 w, 1416 m, 1268 s, 1209 s, 1154 s, 1094 s, 959 w, 760 m.

HRMS (EI): Calcd for CisH23NO4 293.1627, Found 293.1624.

4-(4-Fluorobenzoyl)phenyl diethylcarbamate (19).

e o
oVss
0]

Rf 0.23 (hexane/EtOAc = 5/1). Colorless solid (2.6 g, 84%).

'"H NMR (CDCls, 400 MHz): & 7.79-7.86 (m, 4H), 7.24-7.28 (m, 2H), 7.13-7.18 (m, 2H), 3.39-3.49
(m, 4H), 1.21-1.29 (m, 6H).

13C NMR (CDCls, 100 MHz): & 194.2, 166. 3 (d, J = 252.6 Hz), 155.0, 153.4, 134.1, 133.8 (d, J =
2.9 Hz), 1325 (d, J=9.0 Hz), 131.4, 121.6, 115.4 (d, J = 21.9 Hz), 42.4, 42.0, 14.2, 13.3.

IR (ATR): 2942 w, 2864 w, 1722 s, 1648 m, 1599 m, 1469 w, 1420 m, 1273 s, 1227 m, 1210's, 1152
s, 1115 m, 929 m, 760 m, 668 s.

HRMS (FAB+): Calcd for CsHisFNO3 315.1272, Found 315.1273.

9-Ox0-9H-xanthen-3-y!I diethylcarbamate (1h).
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Rf 0.14 (hexane/EtOAc = 5/1). White solid (1.3 g, 89%).

"H NMR (CDCl3, 400 MHz): § 8.33-8.35 (m, 2H), 7.72 (ddd, J = 8.8, 6.8, 1.2 Hz, 1H), 7.48 (d, J =
7.8 Hz, 1H), 7.37-7.41 (m, 1H), 7.36 (d, J = 1.8 Hz, 1H), 7.17 (dd, J = 8.7, 1.8 Hz, 1H), 3.40-3.50
(m, 4H), 1.22-1.31 (m, 6H).

3BC NMR (CDCls, 100 MHz): § 176.5, 156.9, 156.6, 156.3, 153.0, 134.7, 127.9, 126.7, 124.0, 121.8,
119.0, 118.3, 117. 9, 110.5, 42.5, 42.1, 14.3, 13.3.

IR (ATR): 2940 w, 2866 w, 2360 m, 2340 w, 1723 s, 1663 s, 1608 s, 1463 s, 1418 5, 1318 m, 1270
m, 1245 m, 1227 m, 1152 s, 1102 m, 982 w, 758 m, 667 m.

HRMS (EI): Caled for C1gH17NO4 311.1158, Found 311.1156.

1-Methyl-2-0x0-1,2,3,4-tetrahydroquinolin-7-yl diethylcarbamate (1j)
H Mel |
oSN OH CICONEt, NaH oM O\[rNEtZ
pyridine THF (o)
reflux, 12 h rt, 12 h

A mixture of 7-hydroxy-3,4-dihydroquinolin-2(1H)-one (1.63 g, 10.0 mmol), CICONEt; (1.62 g, 12.0
mmol) in pyridine (20 mL) was refluxed for 12 h. After cooling to rt, 4M HCI was added and the

resulting mixture was extracted with CH2Cl, (3 x 20 mL). The combined organic extracts were dried
over MgSO. and concentrated under vacuum to vyield the corresponding 2-o0xo-1,2,3,4-
tetrahydroquinolin-7-yl diethylcarbamate (2.1 g, 80%). To a suspension of NaH (60% dispersion in
Paraffin liquid, 220 mg, 5.5 mmol) in dry THF (15 mL), a solution of 2-oxo-1,2,3,4-
tetrahydroquinolin-7-yl diethylcarbamate (1.31 g, 5.0 mmol) in dry THF (15 mmol) was added
dropwise at 0°C and the resulting mixture was stirred for 30 min at rt. Mel (1.7 mL, 5.5 mmol) was
then added dropwise to the solution and stirred for 12 h. The volatile components were removed in
vacuo and an aqueous solution of NaHCO3 (20 mL) was added to the residue. The mixture was
extracted with CHCl» (3 x 20 mL) and the combined organic extracts were washed with brine, dried
over MgSO., and concentrated in vacuo. The residual solid was purified by column chromatography
using hexane/EtOAc = 10/1 to give 1j (1.1 g, 76%).

Rf 0.03 (hexane/EtOACc = 5/1). White solid (1.1 g, 76%).

'H NMR (CDCls, 400 MHz): § 7.12 (d, J = 8.7 Hz, 1H), 6.75-6.77 (m, 2H), 3.33 (s, 3H), 3.38-3.47
(m, 4H), 2.88 (t, J = 8.0 Hz, 2H), 2.64 (d, J = 8.0 Hz, 2H), 1.19-1.28 (m, 6H).

13C NMR (CDCl3, 100 MHz): 6 170.2, 154.0, 150.8, 141.2, 127.9, 122.7, 115.6, 108.9, 42.1, 41.8,
31.6,29.5,24.8,14.1, 13.3.

IR (ATR): 2973 w, 1713 5, 1675 s, 1611 m, 1471 m, 1415 s, 1354 s, 1258 5, 1207 m, 1185 m, 1153
s, 1127 s, 974 m.

HRMS (FAB+, [M+H"]): Caled for C1sH21N2O3 277.1547, Found 277.1549.
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1,9-Dimethyl-9H-pyrido[3,4-b]indol-7-yl diethylcarbamate (1m).

P—

P—

Mel

N N
W CICONEt, ~NaH \ )OJ\
N pyridine  THF N
H OH  \efiux, 12h rt, 12 h / 0~ 'NEt,

A mixture of Harmol (1.0 g, 5.0 mmol), CICONEt; (1.56 g, 10.0 mmol) in pyridine (20 mL) was
refluxed for 12 h. After cooling to rt, 4M HCI was added and the resulting mixture was extracted with
CHCI; (3 x 20 mL). The combined organic extracts were dried over MgSQOs, and concentrated under
vacuum to yield 1-methyl-9H-pyrido[3,4-blindol-7-yl diethylcarbamate (540 mg, 36%). To a
suspension of NaH (60% dispersion in Paraffin liquid, 90 mg, 2.25 mmol) in dry THF (15 mL), a
solution of 1-methyl-9H-pyrido[3,4-b]indol-7-yl diethylcarbamate (446 mg, 1.5 mmol) in dry THF
(15 mmol) was added dropwise at 0°C and the resulting mixture was stirred for 30 min at rt. Mel (0.5
mL, 7.5 mmol) was added dropwise to the solution and stirred for 12 h. The volatile components were
removed in vacuo and an aqueous solution of NaHCOs aq. (20 mL) was added to the residue. The
aqueous layer was extracted with CH»Cl, (3 x 20 mL). The combined organic extracts were washed
with brine, dried over MgSQs, and concentrated in vacuo. The residual solid was purified by column
chromatography using CH,Cl,/MeOH = 10/1 to give 1m (312 mg, 67%).

Rf 0.40 (CH.Cl»/MeOH = 5/1). White solid (312 mg, 24%).

'"H NMR (CDCls, 400 MHz): 8 8.29 (d, J = 5.0 Hz, 1H), 8.04 (d, J = 8.7 Hz, 1H), 7.76 (d, J= 5.0
Hz, 1H), 7.24 (d, J = 1.8 Hz, 1H), 7.02 (dd, J = 8.7, 1.8 Hz, 1H), 4.08 (s, 3H), 3.47 (m, 4H), 3.07 (s,
3H), 1.28 (m, 6H).

13C NMR (CDCls, 100 MHz): & 154.3, 152.0, 142.6, 141.5, 138.3, 136.3, 128.6, 121.8, 118.4, 114.2,
112.7,102.9, 42.3,41.9, 32.4, 23.6, 14.3, 13.4.

IR (ATR): 2973 w, 1713 s, 1627 w, 1451 m, 1418 m, 1377 w, 1270 m, 1235 m, 1193 s, 1155 s, 1135
m, 970 m.

HRMS (FAB+, [M+H™]): Calcd for C1sH22N302 312.1710, Found 312.1713.

Synthesis of 3-isopropyl-4-methyl-1-(triisopropylsilyl)pent-1-yn-3-ol (2a).

OF¥
Y

H———Si

\(< 1. "BuLi
O

The title compound was synthesized according to Hayashi’s procedure.*? To a solution of
(triisopropylsilyl)acetylene (2b, 1.82 g, 10.0 mmol) in THF (15.0 mL), "BuLi (10.0 mmol, 6.25 mL,
1.6 M in hexane) was added dropwise at -78 °C, and the mixture was stirred at -78 °C for 1 h. To the
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mixture, 2,4-dimethylpentan-3-one (1.14 g, 10.0 mmol) was added dropwise, and the mixture was
warmed to room temperature and stirred for 12 h. An aqueous solution of NH4Cl was added and the
mixture was extracted with Et,O. The combined organic extracts were washed with brine, dried over
NaySOy4, and filtered. Evaporation of the solvent followed by flash column chromatography on silica

gel (hexane/ether = 100/1) gave 2a as a colorless oil (2.8 g, 96% yield).
Rf 0.50 (hexane/EtOAc = 5/1). Colorless oil (2.8 g, 96%).

"H NMR (CDCls, 400 MHz): 6 1.95 (h, J = 6.9 Hz, 2H), 1.71 (s, 1H), 1.08 (m, 21H), 1.05 (d, J = 6.9
Hz, 6H), 1.00 (d, J = 6.4 Hz, 6H).

BC NMR (CDCls, 100 MHz): 8 109.09, 85.58, 34.26, 18.62, 18.07, 16.26, 11.20.

IR (ATR): 2963 s, 2943 s, 2867 s, 1756 w, 1464 m, 1382 w, 1244 w, 995 s, 954 w, 954 w, 916 w,
883 m, 748 m, 676 s, 661 m.

HRMS (EI): Calcd for CisH360Si1 296.2535, Found 296.2531.

3-1sopropyl-4-methyl-1-phenylpent-1-yn-3-ol (2e).

>j\—<OH: )

A procedure for the synthesis of 2a was followed, except that phenylacetylene was used instead of
(triisopropylsilyl)acetylene.

Rf 0.49 (hexane/EtOAc = 5/1). White solid (2.1 g, 98%).

'"H NMR (CDCl3, 400 MHz): 6 7.41-7.45 (m, 2H), 7.28-7.32 (m, 3H), 2.04 (h, J = 6.9 Hz, 2H), 1.82
(s, 1H), 1.10 (d, J = 6.9 Hz, 6H), 1.05 (d, J = 6.9 Hz, 6H).

13C NMR (CDCls, 100 MHz): §131.7, 128.2, 128.1, 123.0, 90.6, 85.5, 34.5, 18.2, 16.3.

IR (ATR): 2968 m, 1490 w, 1468 w, 1382 w, 1344 w, 1307 w, 1147 w, 976 s, 954 m, 755 s, 690 s.
HRMS (EI [M+Na']): C1sH2ONa 239.1412, Found 239.1416.
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IV. Optimization Studies
[RhC'(C2H4)2]2 (5 mol%)

L3-HCI (10 mol%) / TIPS
»_O___NEt, HO ¢ =
. \n/ TIPS KO'Bu (11 mol%)
+ = .
0 Pr iy K3POy4 (3 equiv)
toluene
1a 2a 130 °C, 24 h 3a

GC Yields [%]
3a 1a 2

Entry Variation from above

1 none 75 (74) 0 0
2 2b instead of 2a 18 12 trace
3 2c instead of 2a 35 15 0
4 2d instead of 2a 25 9 trace
5 2e instead of 2a 0 >95 0
6 KOAc instead of K3PO4 23 39 0
7 K,COj5 instead of K3POy 47 trace 0
8 KoHPOy instead of K3sPOy 28 trace 0
9 L1 instead of L3 20 3 0
10 L2 instead of L3 53 2 0
11 L4 instead of L3 trace 68 0
12 L5 instead of L3 12 47  trace
13 2.0 equiv. of L3 73 0 0

14 [RhCl(cod)], instead of [RhCI(CoH,)5l,  trace  >95  >95

Variety of Alkynes

HO HO HO HO
. H: TIPS H—TIPS ——TIPS %7: TIPS . H: : >
Pr~ Ph ProY
Ph Pr
2c 2d 2e

Pr
2a 2b

Variety of NHC ligands

H ipr ipr
[\ — [\ //\
N\/N N\./N N\-/N O/N\”/N\O
a R ) R o
'Pr 'Pr
L1 L4 L5

R=MeL2
R =0OMe L3

V. Typical Procedure for Rh-Catalyzed C-O Bond Alkynylation Using a Propargyl Alcohol
[RhCI(C2H,),], 5 mol%

L3-HCI 10 mol% =z TIPS
\\/O\H/NEtz HO KO'Bu 1 mol% ~
N + 57: TIPS >
o) Pr ipr K3POy4 3.0 equiv OO
toluene
1a 2a 130 °C, 24 h 3a

69



[RhCI(C2H4)2]2 (5.8 mg, 0.015 mmol), L3-HCI (12.0 mg, 0.030 mmol), KO'Bu (3.7 mg, 0.033 mmol),
and toluene (0.40 mL) were added to a 5 mL screw-capped vial in a glovebox filled with nitrogen, and
the resulting mixture was stirred at rt for 5 min. KsPO4 (190 mg, 0.90 mmol), 1a (73 mg, 0.30 mmol),
2c (133.3 mg, 0.45 mmol), and toluene (0.60 mL) were added to the vial. The vessel was stirred at
130 °C for 24 h followed by cooling to rt. The mixture was purified by flash column chromatography
over silica gel (hexane/EtOAc = 100/1) to give 3a as a colorless oil (68 mg, 74%).

VI. Observation of Rhodium Complex Generated in Situ

L3-HCI 2.0 equiv.

q

Vel N KOBu 2.2 equiv. /g g L3
X~ CT T/ toluene-dg L3~ e

1.0 equiv. rt, 5 min

Rhodium species generated in situ and characteristic spectrum
HRMS : 1004.1920, Found: 1004.1926.

/\Rh/CI\Rh/ L3 (loss of two ethylene molecules)
L3~ e 13C NMR : 159.7 (d, J (Rh,C)= 63.3 Hz, C-carbene)
42.4 (d, J (Rh,C)= 16.2 Hz, n?-CH=CH)

[RhCI(C2H4)2]2 (11.6 mg, 0.030 mmol), L3-HCI (24.0 mg, 0.060 mmol), KO'Bu (7.4 mg, 0.066
mmol), and CsDs (0.40 mL) were added to a 5 mL screw-capped vial in a glovebox filled with nitrogen,
and the resulting mixture was stirred at rt for 5 min. After stirring, the obtained solution was used for
NMR analysis and HRMS. The spectra of this solution are analogous to those of related complexes. '3
13C NMR (C¢Dg, 100 MHz): 6 176.8 (d, Jrnc = 61.3 Hz), 159.4, 131.3, 125.8, 113.8, 68.2, 54.9, 42.3
(d, Jrnc = 16.3 Hz), 31.3, 9.1.
HRMS (FAB+): Calcd for C47Hs3C1bN4O4Rh2 1004.1920, Found 1004.1926.
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113.774
68.170 =

[RhCI(C,Ha4)5]o 5 mol% ‘ (o)

TIPS
L3-HCl 10 mol% =
KOBu 11 mol% O
K3PO, 3.0 equiv
toluene

1f 2a 130°C, 24 h 3f

Variations of NHC ligands

iP I'P
= \=/ /A —~
N_N N_N NVN© O,NVNO
.o R .o R i o .o
Pr 'Pr

L1 32% R=Me L2 45% L4 52% L5 95% (86%)
R=OMe L3 30%

Alkynylation of 1f with 2a proceeded to form 3f in only 30% yield under our optimal conditions using
L3 as a ligand. We therefore reoptimized the conditions for this specific substrate. After a brief
screening of the ligand, L5 proved to be the best ligand to provide 3f in 86% isolated yield. These
conditions were found to be effective for the alkynylation of other sterically hindered substrates. A
typical procedure is as follows:

[RhCI(C2Ha4)2]2 (5.8 mg, 0.015 mmol), L5-HCI (0.030 mmol, 7.9 mg), KO'Bu (3.7 mg, 0.033 mmol),
and toluene (0.40 mL) were added to a 5 mL screw-capped vial in a glovebox filled with nitrogen, and

the resulting mixture was stirred at rt for 5 min. After the period, KsPOa4 (190 mg, 0.90 mmol), 1f (73
71



mg, 0.30 mmol), 2¢ (133.3 mg, 0.45 mmol), and toluene (0.60 mL) were added to the vial. The vessel
was stirred at 130 °C for 24 h followed by cooling to rt. The mixture was purified by flash column
chromatography over silica gel (hexane/EtOAc = 100/1) to give 3f as a colorless oil (94 mg, 86%).

VI11. Spectroscopic Data of Products
Triisopropyl(naphthalen-2-ylethynyl)silane (3a) [CAS: 1644532-86-4].

Rf 0.58 (hexane/EtOAc = 5/1). Colorless oil (68 mg, 74%).

'H NMR (CDCls, 400 MHz): § 8.00 (s, 1H), 7.75-7.81 (m, 3H), 7.45-7.53 (m, 3H), 1.16 (m, 21H).
BC NMR (CDCls, 100 MHz): § 133.0, 132.9, 131.9, 128.9, 127. 9, 127.81, 127.80, 126.7, 126.6,
120.9, 107.5, 91.0, 18.8, 11.5.

HRMS (EI): Calcd for C,1H2sS1 308.1960, Found 308.1962.

Triisopropyl[(3-methoxyphenyl)ethynylsilane] (3b) [CAS: 889361-55-1].

Rf 0.63 (hexane/EtOAC = 5/1). Colorless oil (48 mg, 56%).

'H NMR (CDCls, 400 MHz): § 7.20 (t, J = 7.9 Hz, 1H), 7.08 (dt, J = 7.6, 1.0 Hz, 1H), 6.99 (g, J =
1.3 Hz, 1H), 6.87 (ddd, J = 8.3, 2.6, 0.9 Hz, 1H), 3.81 (s, 3H), 1.13 (s, 21H).

13C NMR (CDCls, 100 MHz): & 159.2, 129.2, 124.7, 116. 8, 114. 9, 107.0, 99.9, 90.3, 55.3, 18.7,
11.3.

HRMS (EI): Calcd for CisH2s0Si 288.1909, Found 288.1913.

[(3,5-Dimethoxyphenyl)ethynyl]triisopropylsilane (3c) [CAS: 909730-04-7].
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Rf 0.54 (hexane/EtOAc = 5/1). Colorless oil (69 mg, 71%).

"H NMR (CDCls, 400 MHz): 6 6.62 (d, J = 2.3 Hz, 2H), 6.43 (t, J = 2.3 Hz, 1H), 3.77 (s, 6H), 1.13
(s, 21H).

13C NMR (CDCls, 100 MHz): & 160.4, 124.8, 109.8, 107.0, 101.8, 90.1, 55.4, 18.7, 11.3.

HRMS (FAB+, [M+H"]): Caled for C19H310,Si 319.2088, Found 319.2088.

sec-Butyl 4-[(triisopropylsilyl)ethynyl]benzoate (3d).

Rf 0.69 (hexane/EtOAc = 5/1). Colorless oil (73 mg, 68%).

'H NMR (CDCls, 400 MHz): & 7.97 (dt, J = 8.4, 1.6 Hz, 2H), 7.51 (dt, J = 8.3, 1.7 Hz, 2H), 5.09 (td,
J =125, 6.2 Hz, 1H), 1.62-1.80 (m, 2H), 1.34 (d, J = 6.2 Hz, 3H), 1.10-1.17 (m, 21H), 0.97 (t, J =
7.4 Hz, 3H).

13C NMR (CDCls, 100 MHz): 6 165.7, 131.8, 130.3, 129.3, 127.9, 106.2, 94.1, 73.1, 28.9, 19.5,
18.6,11.7,9.7.

IR (ATR): 2942 w, 2866 w, 1717 s, 1604 w, 1462 w, 1270 s, 1173 w, 1093 m, 1017 w, 995 w, 883
m, 858 m, 769 m, 676 s.

HRMS (FAB+, [M+H*]): Calcd for C2:H350,Si 359.2401, Found 359.2401.

Triisopropyl(naphthalen-1-ylethynyl)silane (3e) [CAS: 864227-70-3].

—~ 1
O _ Si
9 )

Rf 0.58 (hexane/EtOACc = 5/1). Colorless oil (69 mg, 75%).

'H NMR (CDCls, 400 MHz): & 8.39 (d, J = 8.7 Hz, 1H), 7.82 (t, J = 8.9 Hz, 2H), 7.72 (dd, J = 7.1,
1.1 Hz, 1H), 7.57 (ddd, J = 8.0, 6.8, 1.2 Hz, 1H), 7.50 (ddd, J = 8.0, 6.8, 1.2 Hz, 1H), 7.40 (dd, J =
8.2, 7.3 Hz, 1H), 1.19-1.20 (m, 21H).

3C NMR (CDCl;, 100 MHz): 6 133.5, 133. 1, 131. 0, 128.7, 128.2, 126.8, 126.32, 126.27, 125.1,

121.2,104.9,95.8, 18.8, 11.4.

HRMS (EI): Calcd for C»1H2sSi 308.1960, Found 308.1958.
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Phenyl(2-((triisopropylsilyl)ethynyl)phenyl)methanone (3f) [CAS: 2107429-99-0].
(o —(
|
l Z )=

Rf 0.59 (hexane/EtOAc = 5/1). Colorless oil (94 mg, 86%).

'H NMR (CDCls, 400 MHz): & 7.81-7.84 (m, 2H), 7.56 (dt, J = 6.9, 2.4 Hz, 1H), 7.53 (dt, J = 7.3,
1.6 Hz, 1H), 7.40-7.46 (m, 5H), 0.88-0.91 (m, 21H).

BC NMR (CDCls, 100 MHz): 6 197.0, 142.4, 136.8, 133.2, 133. 1, 130.3, 129.6, 128.3, 128.3,
127.6, 121.5, 104.0, 97.1, 18.4, 11.02.

HRMS (FAB+, [M+H*]): Calcd for C24H3,0Si 363.2139, Found 363.2145.

(4-Fluoropheny){4-[(triisopropylsilyl)ethynyl]phenyl}methanone (3g).

A
Si
F O O = )7
0o

Rf 0.53 (hexane/EtOACc = 5/1). Colorless oil (81 mg, 71%).
'"H NMR (CDCls, 400 MHz): 8 7.79-7.84 (m, 2H), 7.71 (dt, J = 8.2, 1.7 Hz, 2H), 7.58 (dt, J = 8.2,
1.7 Hz, 2H), 7.13-7.19 (m, 2H), 1.14-1.15 (m, 21H).
13C NMR (CDCls, 100 MHz): & 194.5, 166.4 (d, J = 253.1 Hz), 136.7, 133.6 (d, J = 3.4 Hz), 132.6
(d, J=9.1Hz), 131.9,129.7, 127.8, 115.5 (d, J = 21.4 Hz), 106.0, 94.7, 18.6, 11.3.
IR (ATR): 2943 m, 2666 m, 1661 s, 1600 s, 1463 w, 1306 m, 1274 s, 1236 m, 1156 w, 928 m, 858

w, 768 m, 677 m.
HRMS (EI): Calcd for C24H2FOSi 380.1972, Found 380.1968.

3-[(Triisopropylsilyl)ethynyl]-9H-xanthen-9-one (3h).
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Rf 0.52 (hexane/EtOAc = 5/1). Colorless oil (84 mg, 74%).

"H NMR (CDCl3, 400 MHz): § 8.33 (dd, J = 8.0, 1.6 Hz, 1H), 8.27 (d, J = 8.0 Hz, 1H), 7.73 (ddd, J
=8.8,7.2,1.6 Hz, 1H), 7.60 (d, J = 1.1 Hz, 1H), 7.48 (dd, J = 8.4, 0.6 Hz, 1H), 7.44 (dd, J = 8.2, 1.4
Hz, 1H), 7.39 (ddd, J = 8.0, 7.2, 1.2 Hz, 1H), 1.15-1.17 (m, 21H).

3BC NMR (CDCls, 100 MHz): § 176.6, 156.2, 155.8, 135.0, 130.0, 127.4, 126.7, 126.6, 124.1, 121.9,
121.3,121.3,118.0, 105.4, 96.1, 18.6, 11.2.

IR (ATR): 2943 w, 2865 w, 2360 w, 1666 s, 1607 s, 1464 s, 1418 s, 1316 w, 971 w, 881 w, 759 m,
668 s.

HRMS (FAB-, [M]): Calcd for C24H23802S1 376.1859, Found 376.1855.

1-{4-[(Triisopropylsilyl)ethynyl]phenyl}ethan-1-one (3i) [CAS: 480423-11-8].

o)
Rf 0.56 (hexane/EtOAc = 5/1). Colorless oil (58 mg, 64%).
'H NMR (CDCls, 400 MHz): § 7.89 (dt, J = 8.2, 1.8 Hz, 2H), 7.55 (dt, J = 8.2, 1.8 Hz, 2H), 2.60 (s,
3H), 1.13-1.14 (m, 21H).
3C NMR (CDCls, 100 MHz): 6 197.2, 136.2, 132.1, 128.3, 128.1, 106.0, 94.7, 26.6, 18.6, 11.2.
HRMS (EI): Calcd for C19H280Si 300.1909, Found 300.1905.

1-Methyl-7-[(triisopropylsilyl)ethynyl]-3,4-dihydroquinolin-2(1H)-one (3j).

Rf 0.19 (hexane/EtOAc = 5/1). Colorless oil (60 mg, 59%).

'H NMR (CDCls, 400 MHz): & 7.14 (dd, J = 7.7, 1.3 Hz, 1H), 7.09 (d, J = 7.8 Hz, 1H), 7.06 (d, J =
0.9 Hz, 1H), 3.36 (s, 3H), 2.88-2.92 (m, 2H), 2.61-2.66 (m, 2H), 1.13 (m, 21H).

13C NMR (CDCls, 100 MHz): § 170.2, 140.5, 127.6, 126.7 (two overlapping peaks), 122.7, 117.8,
106.6, 90.7, 31.5, 29.6, 25.4, 18.7, 11.3.

IR (ATR): 2942 m, 2864 w, 1682 s, 1605 m, 1567 w, 1510 w, 1463 m, 1420 m, 1354 m, 1332 m,
1268 w, 1202 w, 1129 m, 993 w, 882 w, 676 m, 660 m.
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HRMS (FAB-, [M]): Caled for C21H30NOSi 340.2097, Found 340.2098.

9-Methyl-2-[(triisopropylsilyl)ethynyl]-9H-carbazole (3k) [CAS: 1644533-06-1].

o=

Rf 0.24 (hexane/EtOAc = 20/1). Colorless oil (78 mg, 72%).

'H NMR (CDCls, 400 MHz): & 8.07 (d, J = 7.8 Hz, 1H), 8.00 (d, J = 8.2 Hz, 1H), 7.47-7.53 (m, 2H),
7.35-7.41 (m, 2H), 7.23 (m, 1H), 3.86 (s, 3H), 1.17 (m, 21H).

BC NMR (CDCls, 100 MHz): 8 141.7, 140. 6, 126.3, 123.3, 123.0, 122.6, 120.7, 120.4, 120.15,
119.3,112.2, 108.7, 108.6, 89.8, 29.3, 18.9, 11.5.

HRMS (EI): Calcd for C24H31NSi 361.2226, Found 361.2232.

3-[(Triisopropylsilyl)ethynyl]quinoline (3I) [CAS: 2107430-12-4].

\

Rf 0.52 (EtOAC). Colorless oil (70 mg, 75%).

'"H NMR (CDCls, 400 MHz): 8 8.92 (d, J = 2.3 Hz, 1H), 8.26 (d, J = 1.6 Hz, 1H), 8.08 (d, J=8.5
Hz, 1H), 7.78 (dd, J = 8.0, 1.1 Hz, 1H), 7.713 (ddd, J = 8.4, 6.8, 1.6 Hz, 1H), 7.56 (ddd, J = 8.0, 6.8,
1.2 Hz, 1H), 1.17 (m, 21H).

13C NMR (CDCls, 100 MHz):  13C-NMR (101 MHz, CHLOROFORM-D) § 152.5, 146.8, 138.8,
130.0, 129.4, 127.5,127.2, 127.1, 117.6, 104.0, 94.8, 18.7, 11.3.

HRMS (EI): Calcd for Co0H27NSi 309.1913, Found 309.1914.

1,9-Dimethyl-7-[(triisopropylsilyl)ethynyl]-9H-pyrido[3,4-b]indole (3m).

Rf 0.29 (CH2CIlo/MeOH = 10/1). White solid (77 mg, 68%).
"H NMR (CDCls, 400 MHz): & 8.30 (d, J = 5.0 Hz, 1H), 7.96 (d, J = 7.8 Hz, 1H), 7.74 (d, J = 5.0
Hz, 1H), 7.53 (s, 1H), 7.36 (d, J = 8.2 Hz, 1H), 4.09 (s, 3H), 3.07 (s, 3H), 1.15-1.22 (m, 21H).
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13C NMR (CDCls, 150 MHz): & 141.9, 141.5, 138.3, 136.4, 128.3, 123.6, 122.8, 121.1, 121.0, 113.0,
112.9,107.8,91.1, 32.2, 23.7, 18.7, 11.4.

IR (ATR): 2942 m, 2864 m, 2360 w, 2156 w, 1620 w, 1567 w, 1451 s, 1400 w, 1290 w, 1236 m,
943 m, 882 m, 808 s, 745 m, 677 s, 658 s.

HRMS (EI): Calcd for C24H32N2Si 376.2335, Found 367.2330.

XI. Synthetic Application

General procedure for orhto functionalized carbamates 1n-1p.

OCONEt, | o OCONEL|  _, OCONE,
— —
Li E

Carbamates 1n-1p were synthesized according to the Snieckus’ procedure.’* Under a nitrogen
atmosphere, 3.0 equivalents of "BuLi (1.5 M in hexanes, 10 mL) were added to a pre-cooled solutin
(0 °C) of TMP (18.5 mL, 15.0 mmol) in THF (25 mL), and the resulting mixture was stirred for 15
min. The solution of LITMP was slowly added via cannula to a solution of 1a (1.2 g, 5.0 mmol) in
THF (25 mL) at —78 °C, whilst keeping the internal temperature of the solution below —73 °C. After
stirring at —73 °C for 1.5 h, the corresponding electrophile (15.0 mmol) was added quickly. The
resulting mixture was stirred at —78 °C for 2 h and for additional 12 h at room temperature. The reaction
mixture was then quenched with a saturated NH4Cl solution and extracted with Et;O (3 x 20 mL),
affording the crude product. The mixture was purified by flash column chromatography over silica gel

(hexane/EtOAC) to give 1p or 1q.

3-(Morpholine-4-carbonyl)naphthalen-2-yl diethylcarbamate (1p).

o)
SO
)
0]
Morpholine-4-carbonyl chloride (2.1 g, 15.0 mmol) was used as the electrophile in the typical
procedure.
Rf 0.4 (EtOACc). Colorless oil (1.4 g, 76%).

'H NMR (CDCls, 400 MHz): 5 7.81 (t, J = 8.9 Hz, 2H), 7.75 (s, 1H), 7.68 (s, 1H), 7.46-7.54 (m,
2H), 3.72-3.86 (m, 4H), 3.60 (t, J = 4.8 Hz, 2H), 3.39-3.50 (m, 6H), 1.26 (m, 6H).
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3C NMR (CDCls, 100 MHz): § 167.0, 153.8, 145.4, 134.0, 130.5, 128.8, 127.8, 127.5, 127.3, 127.0,
126.1,120.4, 66. 9, 66.8, 47. 8, 42.4, 42.15, 42.11, 14.2, 13.5.

IR (ATR): 2968 w, 1715 s, 1614 m, 1474 w, 1420 s, 1381 w, 1276 s, 1237 m, 1214 s, 1167 m, 1152
m, 1116 m, 749 s.

HRMS FAB+, [M+H"]): Calcd for C20H25sN204 357.1814, Found 357.1820.

Morpholino{3-[(triisopropylsilyl)ethynyl]lnaphthalen-2-yl}methanone (3p).

A procedure for alkynylation of 1f using L5 was followed.

Rf 0.13 (hexane/EtOAc = 5/1). Colorless oil (102 g, 81%).

'H NMR (CDCls, 400 MHz): & 8.05 (s, 1H), 7.79-7.83 (m, 2H), 7.77 (s, 1H), 7.50-7.55 (m, 2H),
4.12 (m, 1H), 3.20-3.88 (m, 7H), 1.15 (s, 21H).

13C NMR (CDCls, 100 MHz): & 168.5, 135.4, 133.4, 132.7, 132.4, 128.0, 127.53, 127.50, 127.4,
126.0,117.7,104.1, 94.5, 66.9, 66.8, 47.3, 42.1, 18.7, 11.3.

IR (ATR): 2942 m, 2863 m, 2151 w, 1642 s, 1467 m, 1423 m, 1277 m, 1255 m, 1211 w, 1117 s,
1068 w, 1007 m, 883 m, 733 s, 676 s.

HRMS (EI): Calcd for CasH3sNO»Si 421.2437, Found 421.2430.

3-(3,4,5-Trimethoxybenzoyl)naphthalen-2-yl diethylcarbamate (1q).

O N~
s
PO
MeO O OMe

OMe
3,4,5-Trimethoxybenzoyl chloride (3.5 g, 15 mmol) was used as the electrophile in the typical

procedure.
Rf 0.06 (hexane/EtOAc = 5/1). Colorless oil (1.5 g, 70%).
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'H NMR (CDCls, 400 MHz): & 8.03 (s, 1H), 7.89 (d, J = 8.0 Hz, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.71
(s, 1H), 7.58 (ddd, J = 8.0, 6.8, 1.2 Hz, 1H), 7.51 (ddd, J = 8.0, 6.8, 1.2 Hz, 1H), 7.13 (s, 2H), 3.92
(s, 3H), 3.84 (s, 6H), 3.24 (q, J = 7.2 Hz, 2H), 3.15 (q, J = 7.2 Hz, 2H), 1.04-1.07 (m, 3H), 1.01-1.03
(m, 3H).

BC NMR (CDCls, 100 MHz): 6 194.0, 153.4, 152.9, 146.1, 142.3, 134.8, 132.9, 131.8, 130.6, 130.3,
128.5, 127.9, 127.5, 126.2, 120.5, 107.2, 60.9, 56.2, 42.2, 41.7, 13.9, 13.2.

IR (ATR): 2938 w, 1925 w, 1716 s, 1661 w, 1582 m, 1501 w, 1459 m, 1414 s, 1334 s, 1273 m, 1233
m, 1200 m, 1163 s, 1134 s, 1100 w, 750 m.

HRMS (FAB+, [M+H"]): Calcd for CosH2sNOg 438.1917, Found 438.1925.

{3-[(Triisopropylsilyl)ethynyllnaphthalen-2-y1}(3,4,5-trimethoxyphenyl)methanone (3q).

<A
Z )=
(L

MeO O OMe

OMe
A procedure for alkynylation of 1f using L5 was followed.

Rf 0.20 (hexane/EtOACc = 5/1). Colorless oil (125 mg, 83%).

"H NMR (CDCl3, 400 MHz): 6 8.09 (s, 1H), 7.91 (s, 1H), 7.86-7.89 (m, 2H), 7.54-7.61 (m, 2H),
7.12 (s, 2H), 3.91 (s, 3H), 3.81 (s, 6H), 0.91-0.97 (m, 21H).

3C NMR (CDCls, 100 MHz): 6 195.8, 152.9, 142.8, 139.2, 133.29, 133.27, 132.3, 132.2, 128.4,
127.80, 127.77, 127.59, 127.55, 118.5, 107.9, 104.4, 96.4, 60.8, 56.2, 18.5, 11.1.

IR (ATR): 2941 w, 2864 w, 1665 w, 1582 m, 1502 w, 1461 m, 1414 m, 1332 s, 1233 w, 1128 s,
1004 w, 747 m.

HRMS (EI): Calcd for C3;H3304Si 502.2539, Found 502.2541.

79



(3-Ethynylnaphthalen-2-yl)(3,4,5-trimethoxyphenyl)methanone (3q°).

TIPS H
= =

L (U

TBAF 3.0 equiv__

THF / H,0
ST ®
MeO OMe MeO OMe

OMe OMe
THF (20 mL) and water (1.0 mL) were added to 3g (530 mg, 1.1 mmol) and TBAF (381 mg, 3.2

mmol), and the mixture was stirred at room temperature for 12 h. After all volatiles were removed in

vacuo, the resulting mixture was partitioned between CH>Cl and water. The organic layer was washed
with brine and water, dried (MgSO4) and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane/EtOAc = 4/1) to give 3q’ as a white solid (337 mg, 97%).

Rf 0.17 (hexane/EtOAc = 4/1). Colorless oil (337 mg, 97%).

'"H NMR (CDCl3, 400 MHz): 6 8.17 (s, 1H), 7.94 (s, 1H), 7.86-7.89 (m, 2H), 7.56-7.64 (m, 2H),
7.14 (s, 2H), 3.95 (s, 3H), 3.84 (s, 6H), 3.14 (s, 1H).

BC NMR (CDCls, 150 MHz): 8 195.0, 152.9, 142.9, 138.2, 134.3, 133.4, 132.3, 131.8, 128.8, 128.5,
128.2,127.9,127.7, 117.7, 108.0, 81.5, 61.0, 56.3.

IR (ATR): 1662 w, 1581 w, 1502 w, 1460 w, 1413 w, 1332 s, 1231 m, 1226 s, 1001 w, 749 w.
HRMS (EI): Calcd for C22H 304 346.1205, Found 346.1207.

{3-[(4-Fluorophenyl)ethynyl]naphthalen-2-ylI}(3,4,5-trimethoxyphenyl)methanone (4).

¢ cat Pd(PPh;),
cat. Cul
+ —_—
| EtsN
®
MeO OMe rt, 12 h

OMe OMe

Alkyne 3q’ (173 mg, 0.5 mmol), 1-fluoro-4-iodobenzene (133 mg, 0.6 mmol), Pd(PPhs) (17.3 mg,
0.015 mmol), and Cul (3.0 mg, 0.015 mmol) were dissolved in a degassed solution of CHsCN (5.0
mL) and EtsN (0.2 mL), and the mixture was stirred at rt for 12 h under an atmosphere of nitrogen.
After removal of the solvent in vacuo, the residue was filtered through a Celite pad. The filtrate was
concentrated to give a residue, which was purified by flash chromatography on silica gel
(hexane/EtOAC = 4/1) to give 4 (202 g, 92%) as a white solid.

Rf 0.17 (hexane/EtOACc = 5/1). White solid (202 mg, 92%).
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'H NMR (CDCls, 400 MHz): 5 8.14 (s, 1H), 8.03 (s, 1H), 7.89-7.91 (m, 2H), 7.56-7.63 (m, 2H),
7.18 (M, 4H), 6.95 (t, J = 8.7 Hz, 2H), 3.91 (s, 3H), 3.83 (s, 6H).

13C NMR (CDCls, 150 MHz): 5 195.5, 162.6 (d, J = 250.2 Hz), 161.7, 153.0, 142.7, 138.2, 133.5 (d,
J=8.1Hz), 133.3, 132.76, 132.74, 131.88, 129.23, 128.64, 128.20, 127.63, 118.9 (d, J = 3.0 Hz),
118.60, 115.5 (d, J = 22.0 Hz), 107.95, 93.17, 87.55, 60.95, 56.37.

IR (ATR): 1658 w, 1582 w, 1505 m, 1459 s, 1413 m, 13325, 1231 m, 1126 s, 1002 w, 912 m, 837

w, 744 m.
HRMS (EI): Caled for CasH2i1FO4 440.1424, Found 440.1421.

1-(4-Fluorobenzyl)-4-(3,4,5-trimethoxyphenyl)benzo[g]phthalazine (5).

N,H,-2HCI
EtsN
MeOH
90°C,72h

OMe OMe
Phthalazine 5 was synthesized according to Dong’s procedure.?! EtsN (3.0 mmol, 0.4 mL) was added
to a solution of 4 (0.15 mmol, 66 mg) and hydrazine hydrochloride (5 equiv, 0.75 mmol, 79 mg) in
methanol (2 mL). The resulting mixture was then stirred under 90 °C for 72 h. After cooling to room
temperature, water was added, and the resulting mixture was extracted with CH>Cl, (3 x 20 mL). The
combined organic extracts were dried with anhydrous Na,SO4 and concentrated to give a yellow
residue, which was further purified by column chromatography on silica gel (CH.Clo/MeOH = 10/1)
to afford 5 (51 mg, 75%) as a white solid.
Rf 0.31 (CH2Cl/MeOH = 10/1). Colorless oil (51 mg, 75%).
"H NMR (CDCls, 400 MHz): § 8.71 (s, 1H), 8.68 (s, 1H), 8.04-8.10 (m, 2H), 7.63-7.70 (m, 2H),
7.44 (m, 2H), 7.08 (s, 2H), 6.96-7.02 (m, 2H), 4.84 (s, 2H), 3.99 (s, 3H), 3.93 (s, 6H).
13C NMR (CDCl3, 100 MHz): 6 161.7 (d, J = 244.9 Hz), 159.7, 158.2, 153.4, 139.2, 134.6, 134.5,
134.1 (d, J = 2.4 Hz), 132.0, 130.2 (d, J = 7.7 Hz), 129.1, 128.9, 128.4 (d, J = 20.1 Hz), 127.7,
125.0,122.8, 122.7, 115.6, 115.4, 107.6, 61.0, 56.4, 39.5.
IR (ATR): 2934 w, 1585 m, 1507 s, 1412 m, 1414 m, 1379 m, 1233 m, 1127 s, 1009 w, 838 w, 756
m.

HRMS (EI): Caled for C2sH23FN>03 454.1693, Found 454.1693.
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Chapter 3
N-Heterocyclic Carbene Catalyzed Concerted Nucleopli¢ Aromatic Substitution of a, p-Unsaturated

Amide with an Ortho Fluorine Leaving Group

3.1 Introduction

Nucleophilic aromatic substitution {8r) is a classical type of reaction, and has besduo elaborate a number
of functionalized aromatic compounds related torplazeutical and organic materialg fact, analysis in 2016
revealed that @\r is the second most frequently used reactionédiginal chemistry researéhin SyAr reactions,

a nucleophile attacks the aromatic ring at the jpasition of a leaving group to form a so-calledidéaheimer
intermediate (Scheme 1a, toif)This intermediate is formed via the complete lmlsaromaticity, which requires a
high activation energy of around 30 kcal/mdlo make the process energetically feasible, angtedectron-
withdrawing group is essential to stabilize a disemnegative charge that develops in the Meiserdraitermediate,
thereby decreasing the activation barrier. Thishaatstic feature limits the scope of aromatic st to highly
electron-deficient (hetero)arenes, which is an ebyidisadvantage of classicalA® reactions when applied to
organic synthesis.

Several reports recently revealed that thArSeaction can proceed, not in a stepwise, btherain a concerted
manner (C8Ar, Scheme 1a, bottorf)The CRAr pathway generally has a lower activation enefti$~25
kcal/molf®! than what is required for the formation of the Sgiheimer intermediate since part of the aromsticit
of the substrate can be retairfdd.addition, the negative charge in the transititate can be dispersed not only on
an aromatic ring but also on a leaving group, tyem@aking the C@Ar reaction less sensitive to the electronic
nature of the substrate. In fact, several repaéding with nucleophilic aromatic substitution réacs of electron-
neutral and electron-rich substrates have now EEumented, including iodinatidnhydride reductiof;*°
fluorination}*>aminationt® silylation}” thionylation® and aryl migratiof??°reactions. Although these examples
significantly advanced the scope of {28 reactions, all of these reactions require stoictetric amounts of
activating reagents and/or strong bases, such dsoNBHMDS (M = Li, K) to generate the key reactispecies.

To further expand the synthetic utility of (& reactions, we hypothesized that a catalyticargrihat would
permit the use of stoichiometric strong bases ageats to be avoided would be highly desirable.ddweer, the
scope of CRAr reactions is currently limited to the formatiai carbon-heteroatom bonds, except for aryl
migration®2° and applications to carbon-carbon bond-formingcesses remain underdeveloped. The use of
carbon nucleophiles in aromatic substitution remsihas been considered to be intrinsically maifecadli than
heteroatom-based nucleophiles, since the lattepoavide extra stabilization for the transitiontstéhrough the
interaction between the lone pair of electrons anflorbital and assist in the bond-breaking proééde. realize
catalytic C—C bond-forming G&r reactions, we envisioned the use of N-heteracymdrbene (NHC) catalysts,
which can be used to generate a nucleophile frearlzonyl compound or an alkyl halide in a catalytianner?*

24 Among the several precursors that can be actiatesh NHC catalyst, we opted to us@- unsaturated carbonyl
compounds, which are known to serve as a lgtaarbanion via umpolung. Although the generatiothis type
of nucleophile has been utilized in several NHGalyaied reactiorfS since the first report by Fjts use in catalytic
aromatic substitution reactions has not been aclishepl?’?® We used an aromatic fluoride bearing @r-
unsaturated amide, which would undergo an arorsatistitution reaction by a catalytically genergiezarbanion

(Scheme 1b). This reaction allows readily availaigides to be converted into quinolin-2-one datives, which



are structures contained in a number of naturalymts and pharmaceuticdfs’® According to Jacobsen’s analysis
of SVAr reactions based on the Marcus theBrihe Meisenheimer intermediate is highly stabilibgda strong
electron-withdrawing group, leading to a minimuraraj the reaction coordinate (Scheme 1c, left) oimrast, the
energy surface of the Meisenheimer intermediates sm¢ have intersections between those of a reaataha
product when the substrate does not contain ag#lattron-withdrawing group, which results inansition state
with an insurmountable barrier (Scheme 1c, middlegnvisioned that increasing the nucleophilicitly the
carbanion intermediate should destabilize the ascthereby decreasing the activation energy reduior a
CSVAr reaction (Scheme 1c, right). Here | report thalization of the NHC-catalyzed cyclization of afiylorides

via a CRAr pathway (Scheme 1b).

a SpAr vs. CSyAr ( (EWG = electron withdrawing group, LG = leaving group, Nu = nucleophile)

SNATr:
N LG

LG - Nu
Nu Nu
EWG~©/ SLLPS EWG — EWG‘©/

Meisenheimer Intermediate
CSpNATr:

LG o LG s |* Nu
SO Sl o1
Transition State

Awaiting solutions: Stoichiometric reagents or strong bases are required

b This work: Catalytic CSyAr (EDG = electron donating group)

EDG )Y EDG N"So | Epe T)H/\NHC

N
I

¢ Energy diagrams for SyAr and CSyAr ) Key intermediate

SNAr with EWG: SnAr without EWG: Our strategy for catalytic CSyAr:

A A

Meisenheimer A

Products

Energy
Energy
Energy

Reactants

: ) > > >
Reaction coordinate Reaction coordinate Reaction coordinate

Scheme 1. Plausible Mechanism

A close look at the structure of the key interratgl shown in Scheme 1b led us to hypothesize ttiat
nucleophilicity of this carbanion intermediate shibdepend on the electron-donating ability of anQ\Nehtalyst,
which is adjacent to thganion in the transition state. Based on thesethygses, | examined the catalytic activity
of an array of NHCs for the cyclization &, which does not normally undergo aromatic subt#bitureactions,



since no electron-withdrawing group is presenerigtve optimization studies (Scheme 2) led us terdene that
L as an optimal NHC catalyst and CsF as an optimse lin the cyclization dfa. Thus, the reaction dfa in the
presence off -HCI (20 mol%) and CsF (2.0 equiv) in toluene at 160 °C for 5 h gave the cyclized producain

@[F o) 10 mol% NHC-HCI ©\/i(
>
N 2.0eq. K3PO4 N o)
|

toluene (1 mL) |

0.2 mmol 5h, 160 °C A

Entry NHC A (GC yield) SM (GC yield) note

1 IMXy™Me 32% 67%

2 |IOMeMe (L) 68% 28%

3 INMe,Me 33% 51%

4 IOMeNMe2 0% >95%

5 IXyMe 0% >95%

6 ICy 33% 58%

7 I-2Ad 10% 67%

8 IMes 0% >95%

9 IMes™Me 0% >95%

10 IPr 0% >95%

11 TPT 6% 77%

12 IOMe 25% 71%

13 L >95% (100%) 0% with CsF instead of K3PO4
14 L 20% 48% with CsOAc instead of Kz3PO,4
15 L 51% 22% with Cs,CO3 instead of K3PO,
16 L 59% 0% with K,COj3 instead of K3POy4
17 L 0% 73% with NaOAc instead of K3PO,4
18 L 27% 30% with DBU instead of K3PO4

* The yield in parentheses refers to an isolated yield.

=( . )—(_ .
NN /®/N\¢N\©\
MeO clr OMe R cl R

IOMeMe L: R = OMe

Me
IMXy INMe,Me: R = NMe,

Scheme 2. Optimization Study



guantitative isolated yield (Scheme 2a). It shdadchoted that this cyclization can proceed at a&faemperature
of 120 °C (96%).

With the optimized reaction conditions in hand, dxnhexamined the scope of substrates (Scheme 2). No
surprisingly, electron-deficient substrates beai@ig (2b), methyl ester 4c), or cyano 2d) groups smoothly
participated in this catalytic cyclization to praduthe corresponding functionalized quinolin-2-deevatives. Our
NHC-catalyzed protocol can be used for the synshekguinoline-2-one derivatives bearing chlo2e)( bromo
(2f) and even iodo2g) groups without their loss, which can serve asdlemnfor further structural elaboration.
Whereas pyridines bearing a leaving group at ther@24 position are suitable substrates for nudiémparomatic
substitution, pyridines bearing a leaving groufhatC3 position are known to be much less reaéfievertheless,
this catalytic cyclization could be applied sucéelbsto a 3-fluoropyridine derivativéj to form the aza-quinoine-
2-one skeletorj. The tricyclic skeletorzk, a common structural motif of drugs for Cushingymdrome and the
metabolic syndrom& are also accessible.

This method is applicable to substrates with aicyatkene moiety, which allows for the rapid accsan array
of fused ring systems containing a quinolin-2-cae¢csuch a8m, 2n, and2o0 (Scheme 2b). One might expect that
these ring systems can be accessed by the Mizbiedk-reaction of the bromide analogueloHowever, such an
approach was reported to favor the formation oiva-fembered ring via a 5-exo cyclization mode, alihis
complementary to our 6-membered ring formafibn.

Although our protocol failed to cyclize a secondamgide substrate, an N-benzyl gro2p was well-tolerated,
allowing for the modification of the N-substituesitquinolin-2-one products after debenzylation @uale 2c). The
substrate derived from 9,9-bis(4-amino-3-fluoropfigluorene 1g, a promising scaffold for the synthesis of
organic electroluminescence materials, could atdiver the corresponding double cyclized prod2gi{Scheme
2d).

The unambiguous advantage of this catalytic cytibmais that electron-rich substrates can partieiga the
reaction, as shown Figure 2e. Although more for@ogditions were needed (30 mol%lLd, 72 h), substrates
bearing indolin€r, NMe, 2s or OMe2t groups, the most challenging class of substratesiicleophilic aromatic
substitution, participated in the catalytic cyctima to deliver the corresponding products (Sch&me

Because stoichiometric strong bases are not rebjirirehis reaction, this nucleophilic aromatic ditbsion
method can be used for the late-stage functiortadizaf intricate molecules. For example, Diflufean, a herbicide
bearing an ortho-fluoroaniline moiety, can be rgadlaborated into quinolin-2-one analog?e in three steps
(Scheme 4).

To demonstrate the scalability of this reactiom, ¢lclization ofLla was conducted on a 1.5 g scale, resulting in
the complete consumption of starting materials taedformation of the desired product in 92% (1.2%sglated
yield without any difficulty (Scheme 5).

To elucidate whether this reaction proceeds thrahghclassical §Ar or CSJAr reactions, | investigated the
reaction pathway using DFT calculations. The enettgnges at the M06-2X/def2-TZVPP level of the@ZRF
(pcm, solvent = toluene)] are shown in kcal/molH&@uoe 3a). Because the reaction route from,prunsaturated
ester and an NHC catalyst to the ylide intermedsatglar toInt 1 was previously calculated,our calculations
were focused on the key intramolecular nucleopsilibstitution process. This catalytic cyclizatioasiound to
proceed through a single transition state, in whicth a nucleophilic attack of tiflecarbon and the dissociation of

the fluorine leaving group proceeded in a synclmehifashion. Approaching tAes requires a barrier of 26.2



toluene, 5 h, 160 °C |

©:F 0 10 mol % L-HClI @(I
TJ\( 2.0 equiv CsF N0
1a 2a quantitative

(96% vyield at 120 °C for 24 h)

a Scope of aryl groups

NC
0 NN

FiC N0 N"0
I 5 | |
2b 88% 2¢ 92% 2d 95%
cl lil o) lil o) lil o)
2e 96% 2f 95% 29 92%
|
ZN N
I
2h 97% 2i 92% 2j 83%* 2k 90%

b Scope of alkenyl moieties
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lil O lil O N~ ~O N ~O

21 97%? 2m 81%? 2n 98%? 20 84%7
¢ N-Protecting group d Substrate for double cyclization
CCC ey
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2p 94%°? 2q 69%°

Scheme 2. Scope of Substrates
Conditions: Conditionsl (0.20 mmol),L -HC1 (0.030 mmol), CsF (0.60 mmol), in toluene (1.0 mL) at 160 °C for
5 h. Isolated yields of the cyclized products dreven. Reacted for 24 h. The reaction temperature iseagpr

temperature on aluminum block for constant tempegat



kcal/mol, which lies within the range of that retgat for other CBAr reactions, following the formation of
thermodynamically stablat 2. It should be noted that the intrinsic reactioordinate (IRC) analysis forS led

. 30 mol% L-HCI m
/@[ 0 2.0 eq. CsF N
Ql/\l N)Hé\ toluene N N~ O
| 72 h, 160 °C |
2r 76% (19% recovery of 1r)

1r
—_—

as above

2s 71% (28% recovery of 1s)

1s
\o N z as above
I

2t 78% (19% recovery of 1t)

|

Scheme 3. Scope of Substrates

A < ¢ DR < o
1. BHg THF NJ\H/ 10 mol% L-HCI N" "0
| N then HCI aS | N 2.0 eq. CsF | N
—>
/ s P

0] N~ O toluene Ne)

24 h, 160 °C
W*C' @L @L
CF,4 CF

CF3 KyCO3, MeCN
Diflufenican reflux 1u 62% (over 2 steps) 2u 94%

Scheme 4. Scope of Substrates

10 mol%
L-HCI
@( mact (O =
)Y toluene
24 h, reflux .
(1.59) 2a92% (1.259) TLC after this cyclization

Scheme 5. Scope of Substrates

us to identify no additional intermediates along grathway fronintl to Int2, excluding the intermediacy of a
Meisenheimer type intermediate in this catalyticlization reaction. In addition, all our attempts find the
Meisenheimer type intermediate did not provide staple intermediates, which suggests that thenmadiate lies
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Scheme 6. Scope of Substrates

on much more higher energy curve as repatted.

The Meisenheimer intermediate involved iA® reactions is known to possess no aromatigityn contrast,
the transition state in G&r was reported to retain partial aromaticityhich is likely to be critical to lowering the
activation energy for G&\r. To investigate the aromaticity of tA& in our reaction, the NICS valu€®f the TS
andIntl were calculated (HF/6-31+G*). Although the NICSueof TS (-8.28) increased compared with that for
Intl (-12.3), it is still largely negative, which indies that th@S possesses an aromatic character (Scheme 3b).
These results suggest that this NHC-catalyzedAC $eaction can proceed with a lower energy batecause

complete dearomatization is not required in Tt& unlike classical $Ar reactions involving the Meisenheimer

Ar\ JY
Ar @ N
+\ .
i ¢
N N
Ar /N

intermediate.

(0] (0]
Int1 TS
NICS(0) = -12.3357 NICS(0) = -8.2813

Scheme 7. Scope of Substrates

The aromaticity in TS made me curious about yt&ill orbital of the ipso carbon of the fluorin@léng group
because the carbon looks like afsgrbon despite its aromaticity. To get insight itite hybrid orbitals, | conducted
an NBO analysis. As a result,!$pand sp® orbitals respectively contribute to the format@iCipso-Camino and

Cipso-Cortho, Which constitute the aromatic ring. Thereforgsdaminoand Gpso-Cortho in TS can still keep the planer



aromatic ring, which shows the aromaticity basethenNICS value. On the other hand®%wrbital interacts with
the anion on the carbon at fAgosition, which results in the desired bond foromtiBesides, the orbital ofier-
F is s#1% and the Gso-F is getting weaker than typicalp&-F and cleaved.

)Y hybrid orbital of ;s

N CipsoCamino) _sp™®

Ar Cipss™Cortno | 0%

N
c Cipso—F sp10

Scheme 8. Scope of Substrates

| next conducted a natural bond orbital (NBO) as@lyto obtain insights into the charge distributiorthe
transition state (M062X/6-31+G*) (Scheme 3c). Tlgative charges were found to be distributed, niyt on an
aromatic ring (C3: -0.377, C4:-0.239, C5: -0.366; €0.232), but also on the fluorine leaving gr@kp-0.408) and
the nucleophiligd carbon (-0.439), which is a characteristic chatigéribution for CRAr.*® These results are in
agreement with the experimental observation thettedn-rich aryl fluorides were compatible withgluatalytic
cyclization (Scheme 2f).

An NBO analysis also revealed the essential @rlniteractions in th&@S.®” A noncovalent stereoelectronic
interaction between the (Cips-Cp) bond orbital (Scheme 3d) and e (Cipso-F) antibonding orbital (Scheme 3e)
was observed with an NBO interaction energy of X&8/mol, which contributes to stabilizing th&. It must also
be noted that this weak but significant stereosdait interaction explains the concerted naturthisf substitution
reaction well. Although the* orbital at the ipso carbon of the leaving groapeported to be involved in G&r
reactiong"!2, our calculations revealed that @& (Cipso-F) orbital lying on the C-F bond (Scheme 3f) seras an

acceptor orbital foo (Cipse-Cg) bond in the transition state during theNdSprocess.

Scheme 9. Scope of Substrates



o(Cipso-Cp) = o*(C-F) = 2.96 kcal/mol

Scheme 10. Scope of Substrates

3.3 Conclusion

In summary, | report on the first catalytic conedrihucleophilic aromatic substitution forming C-6nd, in
which a catalytically generated carbanion displabesfluorine group on the aromatic ring. The coteznature
of the transition state allows electron-rich atybfides to be cyclized in a catalytic manner. 8itidts method does
not rely on the use of strong bases or transitietats, it is possible to synthesize quinolin-2-deevatives bearing
a diverse range of functional groups including é@si and bromides. DFT calculations confirmed thigt¢atalytic
cyclization proceeds in a concerted manner. Inteddithe formation of a fsc-Cg bond in the transition state results
in a significant stereoelectronic interaction wile antibonding orbital of thef-F bond, which stabilizes the

transition state for this concerted cyclizationqass.

3.4 Experimental Section
|. General Information

IH and**C NMR spectra were recorded on a JEOL ECS-400 speeter in CDG with tetramethylsilane as the
internal standard. The data is reported as foll@vemical shift§) in ppm, multiplicity (s = singlet, d = doublet, t
= triplet, q = quartet, h = heptet, and m = muétpl coupling constant (Hz), and integration. Indchspectra (IR)
were obtained using a JASCO FT/IR-4200 spectromAtesorption is reported in reciprocal centimeiers?)

with the following relative intensities: s (strong) (medium), or w (weak). High resolution masscé@e

(HRMS) were obtained using a JEOL JMS-700 spectterm€olumn chromatography was performed with;SiO
(Silicycle SilicaFlash F60 (230-400 mesh) or Siligal 60 (spherical) NE.

1. Materials

ICysHCI, IMesHCI, IPreHCI, KkPQi, CsF, methacryloyl chloride, and 2-fluoroanilireed in the preparation of
starting materials were purchased from TCI and ase@ceived. Toluene (for Organic Synthesis), Teife,

triethylamine were purchased from Wako Chemicatsused as received. NaH was purchased from nacalai



tesque and used as received. TTP#(1I36152-26-6) and IOMe*HEI(1271734-36-1)vere prepared according

to literature procedures.

lll. Preparation of Catalysts

Procedure for the preparation of L6.

NH,
cat. AcOH H
+ HC(OEt) ' N NN p
neat, 160 °C o 0O

1. 2-ch|oro-3-butanone
NEt'Pr,
MeCN, 110 °C

)=,
N__N
2. Ac,0, conc. HCl aq. N /@/ N \©\ p
toluene, 90 °C O o] o)

L6°HCI was synthesized according to the literaturecpduré® with the use of 4-methoxyaniline instead of 4-

OMe

methoxy-2,6-dimethylaniline. A mixture of 4-meth@xjline (5.0 g, 40 mmol), triethyl orthoformate33nL, 20
mmol), and acetic acid (30 mg, 0.50 mmol) was heatel60 °C for 3 h. The resulting solid was tated and
washed with cold hexane. The obtained solid waseddrin vacuo to give (2E,3E)2\N°3-bis(4-
methoxyphenyl)butane-2,3-diimine as an off-whitéds@.1 g, 80%). This material was used for thbsmguent
step without further purification. To a suspens@n(E)-N,N'-bis(4-methoxyphenyl)formimidamide (4gl 16
mmol) in acetonitrile (30 mL), NERr; (3.3 mL, 19 mmol) and 3-chloro-2-butanone (3.2 82 mmol) were added,
and the suspension was heated at 110 °C for 2dehwdlatile components were removed in vacuo, e toluene
(50 mL), 37% HCI (aqg) (3.0 mL), and acetic anhydr{@.4 mL, 48 mmol) were added to the residue.rAfeating
at 90 °C for 15 h, kD (10 mL) was added and the solution was stirred.@omin. After separating the two layers,
the aqueous layer was extracted with,CH (20 mL x 3). The combined organic extracts wershea with 1 M
HCI (aq), dried over N&Qy, and concentrated in vacuo. The residual solid washed with EtOAc and then
recrystallization from EO/CH,CI, (10:1) to give the title compound as a white s¢®d g, 40%).

1,3-Bis(4-methoxyphenyl)-4,5-dimethyl-1H-imidazol-dum chloride (L6).

Rf 0.22 (CHCI,/MeOH = 10/1). White solid (1.97 g, 40%). Mp = 233.

'H NMR (CDCk, 400 MHz):5 9.60 (s, 1H), 7.81 (ddd,= 6.2, 3.0, 2.4 Hz, 4H), 7.07 (dddl= 6.2, 3.0, 2.4 Hz,
4H), 3.87 (s, 6H), 2.22 (s, 6H).

13C NMR (CDC%, 100 MHz):8 160.9, 135.9, 127.7, 127.3, 125.7, 115.1, 554, 9.

IR (ATR): 3396 w, 1548 m, 1502 s, 1252 s, 841 w.

HRMS (FAB+, [M+H']): Calcd for GgH21N20O;" 309.1598, Found 309.1609.



Procedure for the preparation of L7.

NH, H
N__N
t. AcOH o
+ HC(OED; — == \N/®/ \©\N/
neat, 160 °C / \

1. 2-ch|oro-3-butanone
NEt'Pr,
MeCN, 110 °C

(.

N. _N
2. Ac,0, conc. HCl aq. N /@/ 2 \©\ /
toluene, 90 °C ;\l Cl r\{

L7<HCl was synthesized according to the literatuoepduré® with the use of KN*-dimethylbenzene-1,4-diamine

NMe,

instead of 4-methoxy-2,6-dimethylaniline. A mixtupé N!,N'-dimethylbenzene-1,4-diamine (2.7 g, 20 mmol),
triethylorthoformate (1.7 mL, 10 mmol), and aceimd (30 mg, 0.5 mmol) was heated at 160 °C for JHe
resulting solid was triturated and washed with deéckane. The obtained solid was dried in vacuoiie 4,4'-
(((2E,3E)-butane-2,3-diylidene)bis(azaneylylideb&{N,N-dimethylaniline) as an off-white solid (332 100%).
This material was used for the subsequent stepoutitfurther purification. To a suspension of (ENNbis(4-
(dimethylamino)phenyl)formimidamide (3.2 g, 10 miniol acetonitrile (30 mL), NEr, (3.3 mL, 19 mmol) and
3-chloro-2-butanone (3.2 mL, 32 mmol) were added, the suspension was heated at 110 °C for 24évalatile
components were removed in vacuo, and then tol(EhenL), 37% HCI (aq) (3.0 mL), and acetic anhydr{é.4
mL, 48 mmol) were added to the residue. After mggp#it 90 °C for 15 h, #0 (10 mL) was added and the solution
was stirred for 10 min. After separating the twyels, the aqueous layer was extracted with@H?20 mL x 3).
The combined organic extracts were washed with .chlatiCQ (aq), dried over N&Qu, and concentrated in
vacuo. The residual solid was washed with EtOAc thed recrystallization from ED/CH,CI, (10:1) to give the
titte compound as a white solid (1.2 g, 37%).

1,3-Bis(4-(dimethylamino)phenyl)-4,5-dimethyl-1H-inidazol-3-ium chloride (L7).

T\ 4
\N/O/NET‘N\@N/
/ \

Rf 0.15 (CHCIl/MeOH = 10/1). White solid (1.2 g, 37%). Mp = 23D.°

IH NMR (CDCk, 400 MHz):5 9.38 (s, 1H), 7.57-7.61 (m, 4H), 6.77-6.81 (m, ABD3 (s, 12H), 2.22 (s, 6H).
13C NMR (CDCB, 100 MHz):8 151.3, 135.3, 127.5, 126.9, 121.3, 112.2, 404, 9.

IR (ATR): 1609 m, 1546 m, 1519 s, 1360 w, 825 w4 ¥4

HRMS (FAB+, [M+H']): Calcd for GiH2/N4* 335.2230, Found 335.2238.

IV. Preparation of Starting Materials

General procedure for the preparation of N-(2-fluorophenyl)-N-methylacrylamides.



E o NEt; NaH

F
5 _@: . cat. DMAP  Mel . _@: 0
Cl
NH, CH,Cl, it THF, it TJ\’/

To a mixture of 2-fluoroaniline (5.0 mmol), NEB00uL, 10 mmol) and DMAP (30 mg, 250mol) in CH:Cl, (20
mL), methacryloyl chloride (600L, 6.0 mmol) was added dropwise at 0 °C. The reaatiixture was warmed to
rt and stirred until the aniline was completely somed (1~3 h). HD (ca. 20 mL) was then added and extracted
with CH.Cl> (ca. 20 mL x 2). The organic fractions were corelliand dried over N&Q. After filtration through

a Celite pad to remove by, all volatiles were removed in vacuo. The obtainagde materials were used for
the subsequent N-methylation without further paoafion. To a suspension of NaH (60% dispersionairaffin
liquid, 240 mg, 6.0 mmol) in dry THF (10 mL), a stibn of the crude materials in dry THF (10 mmoBsiadded
dropwise at 0°C and the resulting mixture wasedifor 30 min at rt. Mel (1.7 mL, 5.5 mmol) was nhadded
dropwise to the solution at 0 °C and stirred fdr.4An aqueous solution of NaHG@20 mL) was added to the
reaction mixture. The mixture was extracted with,CH(30 mL x 3) and the combined organic extracts wieied
over NaSQu, and concentrated in vacuo. The residual matewale purified by column chromatography using
hexane/EtOAc = 12~96% gradient to give desired Mle@ophenyl)-N-methylacrylamide.

N-(2-Fluoro-5-(trifluoromethyl)phenyl)-N-methylmeth acrylamide (1b).

Rf 0.35 (hexane/EtOAc = 2/1). White solid (240 rh§%). Mp = 93 °C.

'H NMR (DMSO-ds, 400 MHZ):8 8.01 (ddJ = 7.1, 2.1 Hz, 1H), 7.74-7.78 (m, 1H), 7.56)t 9.4 Hz, 1H),
5.10 (s, 1H), 4.85 (s, 1H), 3.23 (s, 3H), 1.7BE).

13C NMR (CDCB, 100 MHz):5 172.3, 142.2, 140.3, 137.0, 133. 6, 132.4, 1228,6, 128.5, 128.3, 126.8,
118.4, 36.4, 20.4.

1%F NMR (CDCB, 375 MHz):5 -63.4, -116.8.

[Perfluorobenzene (-163.0 ppm) was used as amaltetandard.]

IR (ATR): 1632 s, 1052 s, 1024 s, 1005 s, 821 8,m5

HRMS (FAB+, [M+H']): Calcd for GoH12FsNO 262.0777, Found 262.0860.

Procedure for the preparation of 1c.

(0]
E CI)J\’/ .
SOCl, NaH, Mel (0]
HO NH,  MeOH NEttsDMAP _0 N)K’/
o) cat o) |

To a mixture of 3-amino-4-fluorobenzoic acid (5,88 mmol) in MeOH (60 mL) was added thionyl chiiei(2.8
mL, 38.4 mmol) dropwise at 0°C. The reaction migtaas warmed to 70 °C and stirred for 12 h. Alktitds were
removedin vacuo to give a methyl ester product. The obtained cnud¢erial was used for the subsequent step

without further purification. The general procedwas followed to convert the methyl estedto



Methyl 4-fluoro-3-(N-methylmethacrylamido)benzoate(1c).

Y

Rf 0.48 (hexane/EtOAc = 1/1). White solid (2.5 §9&. Mp = 104 °C.

'H NMR (CDCk, 400 MHz):6 7.96-7.99 (m, 1H), 7.91 (dd= 7.8, 2.3 Hz, 1H), 7.18 (dd,= 9.2 Hz, 1H), 5.04
(s, 1H), 4.92 (s, 1H), 3.93 (s, 3H), 3.32 (s, 3HB6 (s, 3H).

13C NMR (CDCB, 100 MHz)5 172.1, 165.3, 160.5 (d,= 254.5 Hz), 139.8, 132.5, 130.57 Jd; 1.9 Hz), 130.55
(d,J=8.6 Hz), 127.2 (d] = 3.8 Hz), 118.86, 116.8 (d= 21.9 Hz), 52.5, 36.9, 19.9.

IR (ATR): 1719 s, 1650 s, 1628 m, 1605 m, 1440 263ls, 1226 s, 755 m.

HRMS (EI): Calcd for @sH14FNO3 251.0958, Found 251.0959.

_0O

N-(4-Cyano-2-fluorophenyl)-N-methylmethacrylamide (d).

Rf 0.65 (hexane/EtOAc = 3/1). White solid (1.0 8§%6. Mp = 96°C

H NMR (CDCk, 400 MHz):8 7.42-7.49 (m, 2H), 7.32 (dd,= 7.8 Hz, 1H), 5.12 (s, 1H), 4.92 (s, 1H), 3.33 (s,
3H), 1.89 (s, 3H).

13C NMR (CDCh, 100 MHz):8 171.7, 156.9 (d] = 250.8 Hz), 139.6, 137.4 (d= 12.4 Hz), 129.5, 129.0 (d=
4.8 Hz), 120.6 (d) = 23.8 Hz), 119.7, 116.9, 112.0 (5 9.6 Hz), 36.9, 19.7.

IR (ATR): 2362 m, 2343 m, 1661 s, 1631 m, 1612589l1s, 1361 s, 914 s, 744 s.

HRMS (FAB+, [M+H']): Calcd for G2H12FN2O 219.0855, Found 219.0932.

N-(5-Chloro-2-fluorophenyl)-N-methylmethacrylamide (1e).

AT A

Rf 0.78 (hexane/EtOAc = 1/1). Colorless oil (530, 184%6).

H NMR (CDCk, 400 MHz):8 7.22-7.26 (m, 1H), 7.19 (dd= 6.6, 2.5 Hz, 1H), 7.07 (dd,= 9.2 Hz, 1H), 5.08
(s, 1H), 4.95 (s, 1H), 3.29 (s, 3H), 1.86 (s, 3H)

13C NMR (CDCB, 150 MHz):5 171.9, 156.2 (d] = 247.7 Hz), 139.8, 133.4 (d= 14.4 Hz), 129.4 (d] = 3.5
Hz), 128.79, 128.75 (d,= 9.8 Hz), 118.9, 117.6 (d,= 21.8 Hz), 36.9, 19.8.

IR (ATR): 1658 s, 1629 m, 1603 m, 1496 s, 13562281s, 1105 m, 648 m.

HRMS (FAB+, [M+H']): Calcd for GiH1sCIFNO 228.0513, Found 228.0595.

N-(4-Bromo-2-fluorophenyl)-N-methylmethacrylamide (Lf).



Br F o
: N)k*’/
I

Rf .025 (hexane/EtOAc = 3/1). Pale brown solid {,.87%). Mp = 119 °C.
H NMR (CD,Cly, 400 MHZ):8 7.29-7.33 (m, 2H), 7.07-7.11 (m, 1H), 5.04 (s, 1489 (s, 1H), 3.23 (s, 3H),
1.81 (s, 3H).
13C NMR (CDCB, 150 MHz):5 172.0, 157.4 (d] = 252.3 Hz), 139.9, 131.7, 129.9, 128.1)¢,3.9 Hz), 121.1
(d,J=8.7 Hz), 120.4 (d] = 8.7 Hz), 118.8, 36.8, 19.9.
IR (ATR):1657 s, 1628 s, 1494 s5,1361 s, 1105 m,r81889 m, 853 m.
HRMS (EI): Calcd for @H11BrFNO 271.0068, Found 271.0011.

N-(2-Fluoro-4-iodophenyl)-N-methylmethacrylamide (&).
I\@F 0

N)k*’/
I

Rf 0.0.51 (hexane/EtOAc = 2/1). Pale brown solidQ(&g, 52%). Mp = 122 °C.

'H NMR (CDCb, 400 MHz):8 7.47-7.49 (m, 2H), 6.91 (dd= 8.2 Hz, 1H), 5.06 (s, 1H), 4.94 (s, 1H), 3.27 (s,

3H), 1.84 (s, 3H)

13C NMR (CDCB, 100 MHz):5 172.0, 157.1 (d] = 253.1 Hz), 139.8, 134.1 (d= 3.3 Hz), 132.4 (d)=12.8

Hz), 130.2, 126.0 (d] = 22.4 Hz), 118.9, 91.6 (d,= 7.1 Hz), 36.8, 19.9.

IR (ATR): 1654 s, 1625 s, 1490 s, 1359 s, 110448, 589 m.
HRMS (EI): Calcd for @H11FINO 318.9869, Found 318.9866.

N-(2-Fluoro-5-methylphenyl)-N-methylmethacrylamide(1h).

Rf 0.65 (hexane/EtOAc = 3/1). Colorless oil (1.54%).

4 NMR (CDCk, 400 MHz):5 6.96-7.07 (m, 3H), 5.01 (s, 1H), 4.95 (s, 1H)83&, 3H), 2.32 (s, 3H), 1.83 (s,
3H).

13C NMR (CDCk, 100 MHz):8 172.3, 155.7 (d] = 245.1 Hz), 140.13, 134.4 (@@= 3.9 Hz), 131.7, 129.3 (d,=
6.7 Hz), 129.2, 118.3, 116.1 (@= 20.0 Hz), 36.9, 20.6, 20.0.

IR (ATR):1655 s, 1629 s, 1609 m, 1452 m, 1422 n3818 1241 m, 1233 m, 1101 m, 813 m, 757 m.

HRMS (EI): Calcd for GH14FNO 207.1059, Found 207.1062.

Procedure for the preparation of 1i.



F
o 80H) . cat Pd(PPhy) cat PAC O
- 2 O
+ /@: KQCO3 under Hy - O NH2
B No, THF MeOH
0

~ O\
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O

A

F
o}
NEt, NaH o
cat. DMAP Mel -~ N
CH,Cly, t THF, rt |
O\

1i

To a mixture of 4-bromo-1-fluoro-2-nitrobenzenel(s, 5.0 mmol) and (3,5-dimethoxyphenyl)boroniadadi.1 g,
6.0 mmol) in THF (10 mL), Pd(PBh (170 mg, 15Qumol) and KCOs (3.5 g, 5 mmol) were added. This mixture
was refluxed for 12 h under:NAfter addition of HO (10 mL), the organic layer was extracted with,CH (20
mL x 3) and dried over N&8Qu. This organic layer was concentrated in vacuoie grude materials. This crude
material was used in the following reduction afikration through a silica pad.

To the mixture of the crude materials in MeOH (10)1.0% palladium on carbon (150 mg, 1.5 mmol) wdded
and stirred for 12 h under hydrogen atmosphererAiftation through a celite pad, the organic soltwas removed
in vacuo to give the corresponding aniliBd, which was used for the subsequent acylation wittfarther

purification according to the general procedurgite 1j (300 mg, 18%).

N-(4-Fluoro-3',5'-dimethoxy-[1,1'-biphenyl]-3-yl)-N-methylmethacrylamide (1i).

F O
0 O NJ\’/
Ohe
O\

Rf 0.47 (hexane/EtOAc = 2/1). Pale orange solid (8@, 18%). Mp = 89 °C
4 NMR (CDCk, 400 MHz):5 7.44-7.48 (m, 1H), 7.36 (dd,= 7.8, 2.3 Hz, 1H), 7.16 (@,= 9.2 Hz, 1H), 6.62 (d,
J=2.3 Hz, 2H), 6.48 (1] = 2.1 Hz, 1H), 5.06 (s, 1H), 5.01 (s, 1H), 3.856(d), 3.34 (s, 3H), 1.86 (s, 3H).
13C NMR (CDCk, 100 MHz):5 172.3, 161.2, 157.1 (d,= 248.9 Hz), 141.3, 140.1, 138.1 {& 3.8 Hz), 132.4
(d,J=9.5Hz), 127.6, 127.49 (d~ 8.6 Hz), 118.7, 116.9 (d,= 2.1 Hz), 105.3, 99.3, 55.4, 36.9, 20.0.
IR (ATR):1655 m, 1588 s, 1509 m, 1204 s, 1155 s
HRMS (El): Calcd for GoH20FNO3 329.1425, Found 329.1425.

(E)-N-(3-Fluoropyridin-4-yl)-N,2-dimethylbut-2-enamide (1)).

Rf 0.40 (hexane/EtOAc = 3/1). Colorless oil (690, '5§%).
'H NMR (CDCk, 400 MHz):6 8.47 (dJ= 2.4 Hz, 1H), 8.38 (d] = 5.2 Hz, 1H), 7.10 (ddl = 6.6, 5.2 Hz, 1H),
5.65 (qqJ = 6.9, 1.5 Hz, 1H), 3.33 (s, 3H), 1.76-1.77 @hl), 1.51 (dg,) = 6.9, 0.9 Hz, 3H).



13C NMR (CDCk, 100 MHz):3 173.1, 153.7 (d] = 257.5 Hz), 146.6 (d} = 5.7 Hz), 140.3 (d] = 9.5 Hz), 139.5
(d,J=22.9 Hz), 131.5, 122.6, 121.9, 36.58, 13.5041.3.

IR (ATR):1665 s, 1644 m, 1595 s, 1500 m, 1416 n5413), 743 w.

HRMS (El): Calcd for GiH1sFN2O 208.1012, Found 208.1011.

Procedure for the preparation of 1k.

0}
. cat. AcOH CF3;COOH NaBH4
H o
NHNH, toluene/MeCN, it 35°C,12h then K,CO3 aq

N
F then 35 °C o F
S2
CI)J\K
NEt3 NaH
cat. DMAP Mel
CH,Cl,, 1t THF, rt N
F
ad
1k

To the mixture of (2-fluorophenyl)hydrazine (500 ,n80 mmol ) in toluene/MeCN (15/1.5 mL) was added
isobutyraldehyde (270L, 4.7 mmol) and 5 drops of AcOH and stirred fdr 4t rt. To the mixture, GEOOH (660

uL, 3.9 mmol) was added and the resulting mixturs stared for 12 h at rt. After cooled to 0°C, NaBH40 mg,

3.7 mmol) was added and stirred for 3 h. After comgtion of starting material, all volatiles weren@ved in vacuo
and added conc. X0Os; aq (10 mL). The organic layer was extracted witDAc (20 mL x 3) and dried over
NaSQu. All volatiles were removed in vacuo to give indel S2, which was used for the subsequent acylation

without further purification according to the gealgorocedure to givék (160 mg, 16%).

1-(7-Fluoro-3,3-dimethylindolin-1-yl)-2-methylprop-2-en-1-one (1k).

N

[~

Rf 0.35 (hexane/EtOAc = 1/1Qrange oil (160 mg, 16%, over 2 steps)

IH NMR (CDCk, 400 MHZz):8 7.04 (m, 1H), 6.89-6.95 (m, 2H), 5.34 (s, 1H),75(&, 1H), 3.88 (s, 2H), 2.065-
2.069 (m, 3H), 1.32 (s, 6H).

13C NMR (CDCk, 101 MHz):5 170.4, 151.4 (d) = 250.7 Hz), 145.9, 140.8, 128.7 &k 9.5 Hz), 125.7 (d] =
4.8 Hz), 118.3, 117.5, 116.8 (H= 20.1 Hz), 115.4 (d] = 20.1 Hz), 65.3, 41.5, 26.5, 19.3.

IR (ATR): 2359 m, 2342 m, 2159 m, 1770 m, 1651 623 m, 1484 m, 1366 m, 1246 s.

HRMS (EI): Calcd for GaH16FNO 233.1216, Found 233.1215.

(E)-N-(2-Fluorophenyl)-N,2-dimethylbut-2-enamide (1).



Rf 0.64 (hexane/EtOAc = 1/1). Colorless oil (1.5§%).

H NMR (CDCk, 400 MHz):5 7.20-7.26 (m, 1H), 7.08-7.15 (m, 3H), 5.67 (d¢, 6.9, 1.4 Hz, 1H), 3.28 (s, 3H),
1.64 (s, 3H), 1.46 (dd),= 6.9, 0.9 Hz, 3H).

13C NMR (CDCb, 150 MHz):8 173.5, 157.4 (d] = 247.5 Hz), 132.7 (d} = 12.0 Hz), 132.0, 129.5, 129.0, 128.5
(d,J = 8.1 Hz), 124.5 (d] = 4.1 Hz), 116.4 (d] = 20.1 Hz), 36.9, 13.5, 13.2.

IR (ATR): 1655 s, 1588 s, 1509 s, 1456 s, 13542641, 1155 s.

HRMS (EI): Calcd for GH14FNO 207.1059, Found 207.1062.

N-(2-Fluorophenyl)-N-methylcyclopent-1-ene-1-carboamide (1m).

Rf 0.62 (hexane/EtOAc = 1/1). Colorless oil (350, #8%).

14 NMR (CD:Cls, 400 MHz)$ 7.25-7.31 (m, 1H), 7.21 (m, 1H), 7.09-7.16 (m, 2658 (s, 1H), 3.25 (s, 3H),
2.31 (bs, 2H), 2.20 (bs, 2H), 1.67-1.75 (m, 2H).

13C NMR (CDCB, 150 MHz):5 168.8, 157.8 (d] = 248.3 Hz), 138.8, 137.2, 132.3 {d; 12.2 Hz), 129.3, 129.0
(d,J=8.1Hz), 124.6 (d] = 3.5 Hz), 116.5 (d] = 20.1 Hz), 36.9, 33.4, 33.1, 23.1.

IR (ATR):1649 s, 1605 m, 1501 s, 1368 s, 1311 0, §,6/34 m.

HRMS (El): Calcd for @H14FNO 219.1059, Found 219.1062.

N-(2-Fluorophenyl)-N-methylcyclohex-1-ene-1-carboxaide (1n).

Rf 0.47 (hexane/EtOAc = 3/1). Colorless oil (870, M§%).

H NMR (CDCk, 400 MHz):6 7.17-7.22 (m, 1H), 7.03-7.13 (m, 3H), 5.72-5.74 (), 3.23 (s, 3H), 2.01-2.02
(m, 2H), 1.78-1.81 (m, 2H), 1.40-1.45 (m, 2H), :B38 (m, 2H).

13C NMR (CDCk, 100 MHz):5 172.8, 157.3 (d] = 247.9 Hz), 133.9, 132.6 (d= 12.4 Hz), 131.5, 128.9, 128.5
(d,J=8.6 Hz), 124.4 (d] = 3.8 Hz), 116.3 (d) = 20.9 Hz), 36.7, 25.4, 24.7, 21.8, 21.3.

IR (ATR):1657 s, 1635 s, 1607 m, 1500 s, 1375 d41B, 1307 m, 1262 m, 760 s, 746 m.

HRMS (El): Calcd for @4H16FNO 233.1216, Found 233.1214.

Procedure for the preparation of 10.



Methyl bicyclo[2.2.1]hept-2-ene-2-carboxylate wasgared according to Yu's procedtirand the obtained
methyl ester was converted into corresponding oatlacid according to Dong’s procedut&The acid chloride

from the acid was used for the acylation basedhemypical procedure to produtein 58% (710 mg, over 6 steps).

N-(2-Fluorophenyl)-N-methylbicyclo[2.2.1]hept-2-ene-carboxamide (10).

CryJ

N)@

I
Rf 0.48 (hexane/EtOAc = 3/1). Colorless oil (710r5§%).
IH NMR (CD:Cls, 400 MHz):5 7.20-7.31 (m, 2 H), 7.09-7.17 (m, 2H), 5.62 (144),13.23 (s, 3H), 3.03 (s, 1H),
2.70 (s, 1H), 1.61-1.62 (m, 2H), 1.09-1.17 (m, 2HNO (d,J = 8.2 Hz, 1H), 0.88-0.94 (m, 1H).
13C NMR (CDCB, 150 MHz)§ 167.5, 158.6 (d) = 239.1 Hz), 142.7, 140.8, 132.7 & 11.6 Hz), 129.0 (two
overlapping peaks), 124.5 @z 3.5 Hz), 116.6 (d] = 20.1 Hz), 47.3, 44.3, 43.4, 36.9, 24.8 (two tamping
peaks).

IR (ATR): 2360 m, 2159 s, 1738 s, 1503 m, 136624,61m, 913 m, 744 m.
HRMS (EI): Calcd for @sH1sFNO 245.1216, Found 245.1212.

N-Benzyl-N-(2-fluorophenyl)methacrylamide (1p).

Rf 0.48 (hexane/EtOAc = 3/1). White solid (160 5§%). Mp = 109 °C.

'H NMR (CD;Cl, 400 MHZz):§ 7.19-7.29 (m, 6H), 6.97-7.07 (m, 3H), 5.10 (bs),14493-5.00 (m, 2H), 4.72 (bs,
1H), 1.83 (s, 3H).

13C NMR (CDCB, 100 MHz):5 172.0, 157.7 (d] = 247.9 Hz), 140.0, 136.8, 130.5 {d; 10.5 Hz), 129.6, 128.9
(d,J=8.6 Hz), 128.4 (d] = 28.6 Hz), 127.5, 127.3, 124.3 (5 2.9 Hz), 118.4, 116.3 (d,= 20.0 Hz), 52.1,
19.9.

IR (ATR): 1736 s, 1373 m, 1235 s, 1044 s, 633 W, @0

HRMS (EI): Calcd for G:H16FNO 269.1216, Found 269.1211.

A procedure for the preparation of 1q.

Cr o) e e Cr )
F F cat. DMAP Bul F F
+ (6] (0]
cl THF, t  THF, it
H,N NH, N N
Bu Bu

To a mixture of 4,4'-(9H-fluorene-9,9-diyl)bis(21firoaniline) (2.0 g, 5.2 mmol), N&1.5 mL, 16.6 mmol) and
DMAP (30 mg, 25Qumol) in THF (20 mL), methacryloyl chloride (1.36 3 mmol) was added dropwise at 0°C.




The reaction mixture was warmed to rt and stired12 h. HO (ca. 20 mL) was added, and the mixture was
extracted with CRLCI, (ca. 2 x 20 mL). The organic fractions were coraddiand dried over N&Q, After filtration
through a Celite pad, all volatiles were removestdanuo. The obtained crude materials were usedwitfurther
purification. To a suspension of NaH (60% dispersioParaffin liquid, 800 mg, 20 mmol) in dry THEQ(mL), a
solution of the crude materials in dry THF (10 mjmeas added dropwise at 0°C and the resulting mexias
stirred for 30 min at rt. Butyl iodide (2.28 mL, B&mol) was then added dropwise to the solutiorf@tdhd stirred

for 4 h. An aqueous solution of NaHE(®0 mL) was added to the reaction mixture. Thetonexwas extracted
with CHxClI, (3 x 30 mL) and the combined organic extracts veeied over NaSQy and concentrated in vacuo.
The residual materials were purified by column amatography using hexane/EtOAc = 12~96% gradiegive

1q as a white solid (2.2 g, 67%).

N,N'-((9H-Fluorene-9,9-diyl)bis(2-fluoro-4,1-phenyéne))bis(N-butyl-2-methylacrylamide) (1q).
2 CL S
%N w*ﬁ

Bu Bu

Rf 0.20 (hexane/EtOAc = 3/1). White solid (2.2 §%5. Mp = 81 °C.

'H NMR (CDCk, 400 MHz)5 7.80 (d,J = 7.3 Hz, 2H), 7.30-7.45 (m, 6H), 6.87-7.06 (m, 6#B8 (bs, 2H), 4.98
(bs, 2H), 3.66 (t) = 7.8 Hz, 4H), 1.79 (bs, 4H), 1.44-1.50 (#H), 1.26-1.34 (m, 6H), 0.86-0.90 (BH).

13C NMR (CDCE, 100 MHz):5 171.8, 158.8 (d) = 247.0 Hz), 149.4 , 146.5 (d= 6.6 Hz), 140.3, 140.0, 129.3
(d,J=11.5 Hz), 128.3, 128.1, 128.0, 125.8, 124.11(d,1.9 Hz), 120.5 (d) = 7.6 Hz), 118.3, 116.1 (d,= 22.9
Hz), 64.4, 49.0, 29.7, 20.0, 18.6, 13.8.

IR (ATR): 1655 s, 1629 s, 1507 s, 1449 m, 1392 46, §.

HRMS (FAB+, [M+H]): Calcd for GiH42FN20, 633.3214, Found 633.3286.

Procedure for the preparation of 1r.
0
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To a mixture of 3-amino-4-fluorophenol (2.5 g, 2thoi) in DMF (30 mL), TBSCI (3.6 g, 24 mmol) and bhaizole
(2.0 g. 30 mmol) were added. The reaction mixtuas stirred for 12 h at rt. The organic layer wasaeted with

Hex/EtOAc = 5/1 (50 mL x 5) and dried overJS&u. All volatiles were removed in vacuo. The obtairvedde



materials were used without further purificatiorcyfation and methylation were followed based ondkeeral
procedure to givé3 @.2 g, 62%).

To a mixture ofS3in DMF (60 mL), CsF (9.0 g, 60 mmol) was added #re mixture was stirred for 1 h at rt.
Then, 4-nitrophenyl trifluoromethane sulfonate (@6ol, 4.0 g) and BCOs (3.2 g, 25 mmol) were added to the
mixture and stirred for 12 h at rt..8 (ca. 20 mL) was then added, and the organic layer extracted with
Hex/EtOAc = 5/1 (50 mL x 5) and the combined orgamitracts were dried over p&Ou. After filtration through

a silica pad, all volatiles were removed in vaaugive the corresponding triflate.

To a mixture of the triflate (355 mg, 1.0 mmol)teiuene (5 mL) indoline (143 mg, 1.2 mmol), Pd(OCA()1.2
mg, 50umol), CsCO; (650 mg, 2.0 mmol), and BINAP (47 mg, idiol) were added and the mixture was refluxed
for 12 h. The organic layer was extracted by,Ckl(10 mL x 3) and dried over MaQu. All volatiles were removed
in vacuo. The crude materials were purified by soiichlomatography (hexane/EtOAc = 88:12~4:96) \@ ¢
(230 mg, 72%).

(E)-N-(2-Fluoro-5-(indolin-1-yl)phenyl)-N,2-dimethylbut-2-enamide (1r).

Qe

Rf 0.56 (hexane/EtOAc = 1/1). Pale orange oil (28f) 72%).

H NMR (CDCk, 400 MHz):6 7.20 (dJ = 6.4 Hz, 1-H), 7.02-7.14 (m, 3H), 6.96-6.98 (ih{), 6.93 (dJ= 7.8

Hz, 1H), 6.78-6.81 (m, 1H), 5.84 (@)= 7.0, 1.6 Hz, 1H), 3.89 (8,= 8.0 Hz, 2H), 3.31 (s, 3H), 3.15 {t= 8.0

Hz, 2H), 1.68 (s, 3H), 1.56 (dd~= 6.9, 0.9 Hz, 3H).

13C NMR (CDCk, 100 MHz):5 173.5, 151.8 (d] = 242.2 Hz), 146.8, 140.7, 132.8 ¢k 13.4 Hz), 132.3, 131.0,
130.1,127.1,125.2, 119.3, 118.3, 117.6)(d,7.2 Hz), 116.8 (d] = 21.0 Hz), 107.4, 52.4, 36.9, 28.1, 13.7, 13.5.
IR (ATR): 1642 w, 1602 w, 1508m, 913 m, 771 m, 844

HRMS (EI): Calcd for GoH21FN2O 324.1638, Found 324.1642.

Procedure for the preparation of 1s.

O
CI)H/\
F NaH NEt; NaH F
Mel _ cat. Pd/C _ cat. DMAP _ Mel O
H2N/©:N02 under Hy \T/Q:T)H/\

1s

To a suspension of NaH (60% dispersion in Paréiffind, 2.7 g, 68 mmol) in dry DMF (80 mL), a sdhlu of 4-
fluoro-3-nitroaniline (4.7 g, 30 mmol) in dry DMR@ mL) was added dropwise at 0°C and the resultingure
was stirred for 30 min at rt. Mel (5.7 mL, 68 mmafs then added dropwise to the solution at 0 Wstirred for
4 h. After addition of HO (40 mL) to quench the reaction, the organic layas extracted with Hex:EtOAc = 4:1
(50 mL x 5) and dried over N&Qu. All volatiles were removed in vacuo to give dilmgated product quantitatively.

This material was used without further purification



To the mixture of 4-fluoro-N,N-dimethyl-3-nitroairie in MeOH (50 mL), 10% palladium on carbon (30§, 12.8
mmol) was added and stirred at room temperaturéZdr under hydrogen atmosphere (1 atm). Aftawfithin to
remove the palladium, the reaction mixture was eafrated in vacuo to give 4-fluoro-N1,N1-dimethyikhene-
1,3-diamine quantitatively. The obtained anilinesvianctionalized based on the typical reaction ¢ to give
1s(950mg, 13% over 4 steps).

(E)-N-(5-(Dimethylamino)-2-fluorophenyl)-N,2-dimethylbut-2-enamide (1s).

Rf 0.40 (hexane/EtOAc = 1/1). Pale orange oil (9% 130)/0K(\

'H NMR (CDCk, 400 MHz):6 6.95 (ddJ = 9.4 Hz, 1H), 6.53-6.57 (m, 1H), 6.40 (dds 3.2 Hz, 1H), 5.74 (qq,
J=6.9, 1.7 Hz, 1H), 3.27 (s, 3H), 2.89 (s, 6H), 1(643H), 1.49 (dg) = 6.9, 0.9 Hz, 3H).

13C NMR (CDCb, 150 MHz):5 173.67, 150.57 (d} = 237.2 Hz), 147.55, 132.5 (@= 13.2 Hz), 132.4, 129.0,
116.4 (dJ=21.3 Hz), 112.64, 112.1 (d= 6.3 Hz), 40.98, 36.86, 13.62, 13.28.

IR (ATR): 1638 m, 1607 m, 1514 s, 1350 m, 1227 41, ih

HRMS (EI): Calcd for GaH1sFN2O 250.1481, Found 250.1481.

Procedure for the preparation of 1t

F
O LSS
—»
TBSO N)H/\ then )H/\

| KoCO3

s3 Mel
S3can be obtained according to the proceduréiforo the mixture 063 (340 mg, 1.0 mmol) DMF (10 mL), CsF
(450 mg, 3.0 mmol) was added and the mixture weedtfor 1 h at rt. Then ¥CO; (380 mg, 3.0 mmol) and Mel
(250 ummol, 3.0 mmol) was added and stirred for 3 h.aAfter addition of HO (20 mL), the organic layer was
extracted with Hex:EtOAc = 4:1 (20 mL x 4) and drizver NaSQy. The solution was concentrated in vacuo. The
obtained crude materials were purified by columioiatography (hexane/EtOAc = 88:12~4:96) to div€223
mg, 94%).

(E)-N-(2-Fuoro-5-methoxyphenyl)-N,2-dimethylbut-2-@amide (1t).

F
L 8
Rf 0.51 (hexane/EtOAc = 1/1). Colorless oil (223, 1949%6).
IH NMR (CDCk, 400 MHz):8 7.01 (ddJ = 9.4 Hz, 1H), 6.73-6.77 (m, 1H), 6.64 (dds 3.1 Hz, 1H), 5.70 (qq,
J=6.9, 1.4 Hz, 1H), 3.76 (s, 3H), 3.27 (s, 3H), 1($63H), 1.49 (dgJ = 6.9, 0.9 Hz, 3H).

13C NMR (CDCk, 100 MHz):$ 173.6, 155.7 (d] = 1.9 Hz), 151.8 (d] = 239.3 Hz), 133.1 (dl = 13.4 Hz),
132.1, 129.6, 116.6 (d,= 22.0 Hz), 114.0, 113.3 (d= 7.7 Hz) , 55.8, 36.9, 13.6, 13.4.



IR (ATR): 1663 m, 1639 m, 1605 m, 1507 s, 1211 682Lm.
HRMS (EI): Calcd for GaH1sFNO2 237.1165, Found 237.1167.

Procedure for the preparation of 1u
KI R
1. BH3 THF N)kﬂ/
m*c'
cat. DMAP

K2CO3, MeCN
Diflufenican reflux

To a solution of Diflufenican (789 mg, 2.0 mmol)TiF (50 mL), BH*THF (6.0 mL, 6.0 mmol) was added and
the mixture was stirred at 60 °C for 16 h. HCI@gM, 20 mL) was then added and the mixture waestiat 60 °C
for 12 h. After neutralization with NMDH agq., the organic layer was extracted withbChl (30 mL x 5) and dried
over NaSQu. After filtration through a silica pad, the filteawas concentrated in vacuo. This crude materal w
used for the subsequent step without further madtion.

To the mixture of the crude material (300 mg) in,CH (20 mL), KxCOs (150 mg, 1.2 mmol), DMAP (30 mg, 250
ummol), and methacryloyl chloride (12Q., 1.2 mmol) were added and the mixture was refiufa 12 h. All
volatiles were removed in vacuo. The obtained crusgerials were purified by column chlomatography
(hexane/EtOACc = 92:8~36:64) to gite as a white solid (223 mg, 62%).

N-(2,4-Dfluorophenyl)-N-((2-(3-(trifluoromethyl)phenoxy)pyridin-3-yl)methyl)yl)methyl)
methacrylamide (1u).

Rf 0.15 (hexane/EtOAc = 4/1). White solid (223 r63%). Mp = 163 °C.

H NMR (CDCk, 400 MHz):8 8.05 (ddJ = 2.1 Hz, 1H), 7.92 (d] = 6.9 Hz, 1H), 7.40-7.47 (m, 2H), 6.98-7.10
(m, 8H), 6.76-6.80 (M, 2H), 4.97-5.11 (m, 4H), 1(843H).

13C NMR (CDCB, 100 MHz):6 172.3, 160.5, 153.7, 146.7, 140.6, 139.7, 13®@G6,2, 129.9, 124.3, 121.2, 120.4,
119.5, 119.1, 117.8, 111.9, 111.6, 105.2, 105.8,71@416.6, 20.0.

1%F NMR (CDCB, 375 MHz):5 -63.4, -116.8. [Perfluorobenzene (-163.0 ppm) usesl as an internal standard.]
IR (ATR): 1509 m, 1425 m, 1325 s, 1243 m, 1167 &®7lm

HRMS (FAB+, [M+H']): Calcd for GaH1gFsN20O2 449.1210, Found 449.1292.



V. Optimization Studies

10 mol% NHC-HCI

2.0 eq. K3POy4
toluene (1 mL)

CL X
N~ ~O

0.2 mmol 5h, 160 °C A
Entry NHC A (GC yield) SM (GC yield) note
1 IMXyMe 32% 67%
2 IOMeMe 68% 28%
3 INMe,Me 33% 51%
4 IOMeNVe2 0% >95%
5 IXyMe 0% >95%
6 ICy 33% 58%
7 I-2Ad 10% 67%
8 IMes 0% >95%
9 IMesMe 0% >95%
10 IPr 0% >95%
11 TPT 6% 77%
12 IOMe 25% 71%
13 |OMeMe >95% (100%) 0% with CsF instead of K3POy4
14 IOMeMe 20% 48% with CsOAc instead of K3PO4
15 IOMeMe 51% 22% with Cs,COj instead of K3PO,
16 [OMeMe 59% 0% with K,COj3 instead of K3PO,
17 IOMeMe 0% 73% with NaOAc instead of K3PO,
18 [OMeMe 27% 30% with DBU instead of KsPO,4

* The yield in parentheses refers to an isolated yield.

= . >—<_ .
NN /®/NVN\©\
MeO cl OMe R cl R
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MezN NMe2
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IOMeMe: R = OMe
INMe,Me: R = NMe,

T\ 4 ;_: +
/®/N\7N\©\ N N
MeO TOTf OMe cl
IXyME

|OMeNM82

VI. Typical Procedure for N-Heterocyclic Carbene-Caalyzed Concerted Nucleophilic Aromatic

Substitution of Aryl Fluorides Bearing a,8-Unsaturated Amides
F
L
NJ\K
I
1

1 (0.20 mmol) L6<HCI (6.8 mg, 0.020 mmol), CsF (65.0 mg, 0.4 mnaolyl toluene (1.00 mL) were added to a 5

mL screw-capped vial in a glovebox filled with wiggen, and the resulting mixture was stirred at X&@or 5 h

10 mol% L6-HCI

2.0 eq. CsF
toluene (1 mL)
5h, 160 °C

X
T
N 6]
|
2



followed by cooling to rt. The mixture was purifiegt column chlomatography (hexane/EtOAc = 9344:56) to
give 2.

1,3-Dimethylquinolin-2(1H)-one (2a) [CAS: 55539-88].

LT

T @]

Rf 0.29 (hexane/EtOAc = 2/1). White solid (34.5 h§0%).
'H NMR (CDCk, 400 MHz):6 7.55 (s, 1H), 7.49-7.53 (m, 2H), 7.33 §d5 8.7 Hz, 1H), 7.19-7.23 (m, 1H), 3.75
(s, 3H), 2.27 (dJ = 1.4 Hz, 3H).
13C NMR (CDCE, 100 MHz):5 162.9, 139.0, 135.6, 130.0, 129.2, 127.8, 1220,7, 113.9, 29.7, 17.8.
HRMS (FAB+, [M+H']): Calcd for G7H12NO 174.0841, Found 174.0919

1,3-Dimethyl-7-(trifluoromethyl)quinolin-2(1H)-one (2b).

o
F5C N~ 0

I
Rf 0.12 (hexane/EtOAc = 2/1). White solid (42.2 r8§%). Mp = 159 °C.

IH NMR (CDCl, 400 MHz):8 7.57-7.62 (m, 3H), 7.45 (dd = 8.0, 1.1 Hz, 1H), 3.79 (s, 3H), 2.30 {5 0.9 Hz,
3H).

13C NMR (CDCk, 100 MHz):8 162.6, 138.7, 134.7, 132.9, 131.1Jd; 32.4 Hz), 128.4, 123.9 (d= 271.2 Hz),
123.0, 118.4 (¢] = 3.4 Hz), 111.0 (q¢] = 3.8 Hz), 29.9, 17.9.

IR (ATR): 1646 s, 1632 s, 1607 s, 1296 m, 12321631s, 1106 s, 1082 s, 988 s.

HRMS (FAB+, [M+H]): Calcd for GoH11FsNO 242.0714, Found 242.0794.

Methyl 1,3-dimethyl-2-oxo-1,2-dihydroquinoline-7-caboxylate (2c¢) [CAS: 813425-16-0].

X
/O IT] o)

O
Rf 0.48 (hexane/EtOAc = 1/1). White solid (42.6 88%). Mp = 168 °C

IH NMR (CDCl, 400 MHz):8 8.03 (s, 1H), 7.86 (dd,= 8.2, 1.4 Hz, 1H), 7.56 (8,= 8.5 Hz, 2H), 3.98 (s, 3H),
3.80 (s, 3H), 2.29 (dl = 0.9 Hz, 3H).

15C NMR (CDCk, 100 MHz):5 166.6, 162.7, 138.7, 134.8, 132.9, 130.3, 1224,0, 122.6, 115.4, 52.5, 29.9,
18.0.

HRMS (EI): Calcd for GH1sNO; 231.0893, Found 231.0891.

1,3-Dimethyl-2-o0x0-1,2-dihydroquinoline-6-carbonitile (2d).

I
N O



Rf 0.50 (hexane/EtOAc = 3/1). White solid (37.7 8§%). Mp = 192 °C.

'H NMR (CDCk, 400 MHz):6 7.82 (dJJ= 1.8 Hz, 1H), 7.73 (dd] = 8.7, 1.8 Hz, 1H), 7.55 (s, 1H), 7.40 (&5
8.7 Hz, 1H), 3.76 (s, 3H), 2.29 (s, 3H).

13C NMR (CDC%, 100 MHz):5 162.6, 141.6, 134.4, 132.5, 132.1, 131.9, 120.8,5, 114.8, 105.4, 30.0, 17.8.
IR (ATR):2359 m, 2341 m, 1757 m, 1372 m, 1240 €961, 914 m, 746 m.

HRMS (FAB+, [M+H]): Calcd for G2H11N20 199.0793, Found 199.0868.

7-Chloro-1,3-dimethylquinolin-2(1H)-one (2e).

e
Cl N O

I
Rf 0.28 (hexane/EtOAc = 5/1). White solid (39.8 8§%). Mp = 176 °C.

H NMR (CDCl, 400 MHz):5 7.51 (s, 1H), 7.42 (d = 8.2 Hz, 1H), 7.33 (d] = 1.8 Hz, 1H), 7.18 (dd} = 8.2,
1.8 Hz, 1H), 3.71 (s, 3H), 2.25 (@z= 0.9 Hz, 3H).

13C NMR (CDCk, 100 MHz):8 162.7, 139.8, 135. 2, 135.0, 130.3, 128.8, 12019,1, 114.0, 29.8, 17.8.

IR (ATR): 1650 s, 1590 s, 1499 m, 1366 m, 1228 @921m, 763 m.

HRMS (FAB+, [M+H]): Calcd for GiH1:CINO 208.0451, Found 208.0525.

6-Bromo-1,3-dimethylquinolin-2(1H)-one (2f).

Brm
T o
Rf 0.19 (hexane/EtOAc = 3/1). White solid (56.4 r8§%). Mp = 165 °C.
'H NMR (CDCk, 400 MHz):6 7.63 (dJ= 1.8 Hz, 1H), 7.58 (dd] = 9.2, 1.8 Hz, 1H), 7.46 (s, 1H), 7.21 (&5
9.2 Hz, 1H), 3.72 (s, 3H), 2.27 (@= 1.4 Hz, 3H).
13C NMR (CDCB, 100 MHz):5 162.5, 138.0, 134.3, 131.9, 131.6, 129.9, 12213,6, 114.7, 29.8, 17.8.
IR (ATR): 2362 w, 1649 s, 1628 m, 1216 w, 806 w.

HRMS (EI): Calcd for @H10BrNO 250.9946, Found 250.9944.

6-lodo-1,3-dimethylquinolin-2(1H)-one (29).

Ol
T o
Rf 0.30 (hexane/EtOAc = 3/1). White solid (55.0 r88%). Mp = 165 °C.
'H NMR (CDCb, 400 MHz):6 7.81 (dJJ= 1.8 Hz, 1H), 7.74 (dd] = 8.7, 1.8 Hz, 1H), 7.44 (s, 1H), 7.09 (o5
8.7 Hz, 1H), 3.71 (s, 3H), 2.26 (@= 0.9 Hz, 3H)
13C NMR (CDCB, 100 MHz):5 162.5, 138.6, 137.6, 136.0, 134.2, 131.4, 12213,9, 84.8, 29.7, 17.8.
IR (ATR):1644 s, 1619 s, 1582 s, 1407 m, 1214 m921rh, 905 m, 817 m.

HRMS (EI): Calcd for @GiH10INO 298.9807, Found 298.9808.



1,3,7-Trimethylquinolin-2(1H)-one (2h).

O

’Tl (@]

Rf 0.29 (hexane/EtOAc = 2/1). White solid (36.3 8@%). Mp = 127 °C.
H NMR (CDCk, 400 MHz):6 7.51 (s, 1H), 7.38 (d= 7.8 Hz, 1H), 7.13 (s, 1H), 7.04 (dbi= 7.8, 0.9 Hz, 1H),
3.73 (s, 3H), 2.49 (s, 3H), 2.25 (s, 3H).
13C NMR (CDCB, 100 MHz):5 163.1, 139.7, 139.1, 135.5, 128.7, 127.6, 123.8,5, 114.1, 29.6, 22.1, 17.7.
IR (ATR):1643 s, 1599 s, 1561 w, 1371 w, 1233 w.
HRMS (FAB+, [M+H']): Calcd for G2H1aNO 188.0997, Found 188.0995.

7-(3,5-Dimethoxyphenyl)-1,3-dimethylquinolin-2(1H)ene (2i).

Rf 0.19 (hexane/EtOAc = 3/1). White solid (56.9 r88%). Mp = 188 °C.

H NMR (CD.Clz, 400 MHz):8 7.52-7.55 (m2H), 7.45 (s, 1H), 7.40 (dd,= 8.0, 1.6 Hz, 1H), 6.76 (d,= 2.1
Hz, 2H), 6.50 (tJ = 2.1 Hz, 1H), 3.86 (s, 6H), 3.77 (s, 3H), 2.26Jd, 0.9 Hz, 3H)

3C NMR (CDCE, 100 MHz):5 163.0, 161.1, 142.8, 142.3, 139.3, 135.2, 13®,0,2121.2, 120.0, 112.4, 105.8,
99.4,55.4,29.7,17.8.

IR (ATR): 1644 m, 1588 s, 1559 m, 1455 m, 1418 #93lm, 1154 s.

HRMS (EI): Calcd for GgH1oNO3 309.1365, Found 309.1360.

1,3,4-Trimethyl-1,6-naphthyridin-2(1H)-one (2j).

N X

A
|

= 'Tl o
Rf 0.31 (hexane/EtOAc = 1/1). White solid (31.2 r88%). Mp = 148 °C.
'H NMR (CDCk, 400 MHz):5 8.98 (s, 1H), 8.58 (d= 6 .0 Hz, 1H), 7.18 (d] = 6.0 Hz, 1H), 3.70 (s, 3H), 2.53
(s, 3H), 2.29 (s, 3H).
13C NMR (CDCE, 100 MHz):5 162.4, 148.7, 147.2, 143.2, 140.0, 128.7, 11708,0, 29.5, 14.6, 13.6.
IR (ATR):2362 w, 1639 s, 1617 m, 1586 s, 1363 w8 &6

HRMS (EI): Calcd for @H12N20 188.0950, Found 188.0952.

1,1,5-Trimethyl-1,2-dihydro-4H-pyrrolo[3,2,1-ijJqui nolin-4-one (2k).



AN
O

Rf 0.29 (hexane/EtOAc = 1/1). White solid (38.5 8§%). Mp = 199 °C.

H NMR (CDCk, 400 MHz):6 7.59 (d,J = 0.9 Hz, 1H), 7.34 (dd}, = 7.8, 0.9 Hz, 1H), 7.22 (dd,= 7.8, 0.9 Hz,
1H), 7.15 (tJ = 7.8 Hz, 1H), 4.20 (s, 2H), 2.29 @5 1.4 Hz, 3H), 1.46 (s, 6H).

13C NMR (CDCB, 100 MHz):5 161.4, 140.1, 139.3, 133.8, 132.5, 123.1, 1229,2, 117.7, 61.7, 41.5, 29.2,
17.5.

IR (ATR): 1642 s, 1606 s, 1574 m, 1479 m, 10248, 8, 762 s.

HRMS (FAB+, [M+H']): Calcd for G4H16NO 214.1154, Found 214.1156.

1,3,4-Trimethylquinolin-2(1H)-one (2I) [CAS: 10590645-4].

X

ITI O

Rf 0.48 (hexane/EtOAc = 3/1). White solid (160 r8g%). Mp = 108 °C.

'H NMR (CDCk, 400 MHz):8 7.75 (ddJ = 7.8, 1.4 Hz, 1H), 7.49-7.54 (m, 1H), 7.34 -7(BV 1H), 7.25 (td,) =
7.6, 1.2 Hz, 1H), 3.75 (s, 3H), 2.47 (s, 3H), 2A80BH).

13C NMR (CDCB, 100 MHz):5 162.4, 140.8, 138.2, 129.1, 127.1, 124.8, 128,58, 114.1, 29.8, 15.3, 13.9.
HRMS (FAB+, [M+H]): Calcd for G2H1aNO 188.0997, Found 188.0993.

5-Methyl-1,2,3,5-tetrahydro-4H-cyclopenta[c]quinoln-4-one (2m) [CAS: 28924-39-2].

X

ITI @

Rf 0.24 (hexane/EtOAc = 2/1). White solid (32.7 r@§%). Mp = 121 °C.

H NMR (CD,Cl, 400 MHZ):8 7.51-7.56 (m, 2H), 7.39 (d,= 8.2 Hz, 1H), 7.22-7.26 (m, 1H), 3.69 (s, 3HLA.
(t,J= 7.6 Hz, 2H), 2.91 (] = 7.6 Hz, 2H), 2.18 (quind = 7.6 Hz, 2H).

13C NMR (CDCB, 100 MHz):5 161.1, 150.0, 139.9, 133.2, 129.5, 125.4, 121186, 114.4, 32.2, 31.3, 29.2,
22.6.

HRMS (El): Calcd for @H13NO 199.0997, Found 199.0998.

5-Methyl-7,8,9,10-tetrahydrophenanthridin-6(5H)-one(2n) [CAS: 52850-98-3].



X
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Rf 0.28 (hexane/EtOAc = 2/1). White solid (41.7 r88§%). Mp = 103 °C.

'H NMR (CD,Cl, 400 MHz):8 7.72 (ddJ = 8.0, 1.6 Hz, 1H), 7.48-7.53 (m, 1H), 7.36 (de; 8.2, 0.9 Hz, 1H),
7.23 (tdJ=7.7, 1.1 Hz, 1H), 3.69 (s, 3H), 2.84-2.87 (m)2M58-2.62 (m, 2H), 1.76-1.89 (m, 4H).

13C NMR (CDCB, 150 MHz):5 162.2, 141.7, 138.2, 129.0, 128.6, 123.6, 1227,3, 114.1, 29.5, 25.5, 24.7,
22.02, 22.00.

HRMS (EI): Calcd for @aH1sNO 213.1154, Found 213.1155.

5-Methyl-7,8,9,10-tetrahydro-7,10-methanophenanthdin-6(5H)-one (20).

X
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Rf 0.35 (hexane/EtOAc = 1/1). White solid (160 r84%). Mp = 137 °C.

IH NMR (CD:Cl,, 400 MHz):8 7.70 (ddJ = 7.8, 1.4 Hz, 1H), 7.49-7.54 (m, 1H), 7.37J¢ 8.7 Hz, 1H), 7.22-
7.26 (m, 1H), 3.78 (d] = 1.8 Hz, 1H), 3.68 (s, 3H), 3.62 @@= 1.4 Hz, 1H), 1.93-2.03 (m, 2H), 1.73 (dt; 6.3,
2.2 Hz, 1H), 1.52 (dtJ = 8.9, 1.6 Hz, 1H), 1.09-1.30 (m, 1H).

13C NMR (CDCB, 100 MHz):5 159.5, 154.3, 140.0, 135.7, 129.5, 124.6, 121.7,6, 114.8, 48.6, 42.0, 41.1,
29.3, 26.5, 25.6.

IR (ATR):1638 s, 1583 m, 1501 s, 1366 m, 1302 nd, §,6742 s.

HRMS (EI): Calcd for @GsH1sNO 225.1154, Found 225.1150.

L
N~ O

1-Benzyl-3-methylquinolin-2(1H)-one (2p).

Rf 0.28 (hexane/EtOAc = 3/1). White solid (47.0 r8g4%). Mp = 92 °C.

IH NMR (CD:Clz, 400 MHz):8 7.64 (s, 1H), 7.53 (dd,= 7.6, 1.6 Hz, 1H), 7.15-7.39 (m, 8H), 5.55 (s)2M27
(d,J=1.4 Hz, 3H).

13C NMR (CDCE, 100 MHz):5 163.1, 138.5, 136.5, 136.3, 130.0, 129.3, 1287,9, 127.2, 126.6, 122.1, 121.0,
114.8, 46.3, 17.8.

IR (ATR): 2362 w, 1647 s, 1596 s, 1454 w, 1229 88 &, 749 m, 729 w.

HRMS (FAB+, [M+H']): Calcd for G/H16NO 250.1232, Found 250.1234.

6,6'-(9H-Fluorene-9,9-diyl)bis(1-butyl-3-methylquirolin-2(1H)-one) (2q).
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Rf 0.42 (hexane/EtOAc = 1/1). White solid (81.3 r6§%). Mp = 140 °C.

'H NMR (CDCk, 400 MHz)8 7.81 (d,J = 7.3 Hz, 2H), 7.35-7.43 (m, 8H), 7.30 (s 7.4, 1.4 Hz, 4H), 7.22 (d,
J= 9.2 Hz, 2H), 4.24 () = 8.0 Hz, 4H), 2.19 (d] = 0.9 Hz, 6H), 1.66-1.73 (m, 4H), 1.41-1.50 (m, 46197 (t,
J= 7.6 Hz, 6H).

13C NMR (CDCE, 100 MHz):5 162.5, 150.8, 140.0, 139.0, 137.2, 135.7, 13@9,4, 127.9, 127.9, 126.9, 125.9,
120.8, 120.5, 114.2, 64.1, 42.5, 29.6, 20.3, 11363.

IR (ATR): 1648 s, 1627 m, 1599 m, 1567 m, 913 nf) 34

HRMS (FAB+, [M+H']): Calcd for GiH41N-02 593.3168, Found 593.3177.

7-(Indolin-1-yl)-1,3,4-trimethylquinolin-2(1H)-one (2r).

X

N ITI @)

Rf 0.17 (hexane/EtOAc = 2/1). White solid (46.2 11§%). Mp = 164 °C.

!4 NMR (CDCk, 400 MHz):5 7.69 (d,J = 8.2 Hz, 1H), 7.30 (d] = 8.2 Hz, 1H), 7.23 (dd] = 7.3, 0.9 Hz, 1H),
7.12-7.16 (m, 2H), 7.08 (d,= 2.3 Hz, 1H), 6.84 (td] = 7.3, 0.9 Hz, 1H), 4.08 (§,= 8.2 Hz, 2H), 3.73 (s, 3H),
3.19 (t,J= 8.2 Hz, 2H), 2.44 (s, 3H), 2.27 (s, 3H).

13C NMR (CDC%, 100 MHz):5 162.9, 145.9, 144.8, 140.8, 139.6, 131.7, 1223,7, 125.3, 123.8, 119.9, 115.4,
111.7,108.7,100.9, 52.1, 29.8, 28.1, 15.2, 13.6.

IR (ATR): 1644 m, 1588 s, 1559 m, 1455 m, 1418 #93lm, 1154 s.

HRMS (EI): Calcd for GoH20N20 304.1576, Found 304.1574.

7-(Dimethylamino)-1,3,4-trimethylquinolin-2(1H)-one (2s).

X
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Rf 0.33 (CHCI2/EtOAC = 4/1). White solid (32.7 mg, 71%). Mp = 125.
IH NMR (CDCk, 400 MHz):8 7.59 (d,J = 9.2 Hz, 1H), 6.68 (ddl = 9.2, 2.7 Hz, 1H), 6.41 (d,= 2.7 Hz, 1H),
3.72 (s, 3H), 3.08 (s, 6H), 2.40 (s, 3H), 2.243(4)
13C NMR (CDCB, 100 MHz):5 163.1, 150.9, 141.1, 139.9, 125.7, 121.6, 1103,8, 95.5, 40.4, 29.7, 15.2,
13.5.



IR (ATR): 1735 m, 1648 m, 1591 s, 1372 m, 1238285lm, 1156 m, 1043 m.
HRMS (EI): Calcd for @4H1eN20 230.1419, Found 230.1418.

7-Methoxy-1,3,4-trimethylquinolin-2(1H)-one (2t).

X
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Rf 0.28 (hexane/EtOAc = 3/1). White solid (33.8 111§%). Mp = 118 °C.

H NMR (CDCk, 400 MHZz):8 7.66 (d,J = 8.7 Hz, 1H), 6.84 (dd] = 8.7, 2.3 Hz, 1H), 6.79 (d,= 2.3 Hz, 1H),
3.92 (s, 3H), 3.72 (s, 3H), 2.43 (s, 3H), 2.263(8).

13C NMR (CDCE, 100 MHz):5 162.9, 160.4, 140.8, 139.8, 126.2, 124.1, 1198,9, 98.6, 55.5, 29.9, 15.4,
13.6.

IR (ATR): 1631 s, 1591 s, 1451 w, 1319 m, 123842, in.

HRMS (EI): Calcd for GsH1sNO; 217.1103, Found 217.1104.

6-Fluoro-3-methyl-1-((2-(3-(trifluoromethyl)phenoxy)pyridin-3-yl)methyl)quinolin-2(1H)-one (2u).

Rf 0.35 (hexane/EtOAc = 2/1). White solid (80.4 84%). Mp = 171 °C.

H NMR (CD:Cl, 400 MHz):8 8.01 (gJ = 2.1 Hz, 1H), 7.60 (1) = 7.6 Hz, 2H), 7.52 (d] = 7.8 Hz, 2H), 7.45
(d,J= 8.7 Hz, 1H), 7.20-7.27 (m, 3H), 7.15 (ftk 8.7, 2.7 Hz, 1H), 6.92 (dd,= 7.6, 4.8 Hz, 1H), 5.65 (s, 2H),
2.29 (d,J= 1.4 Hz, 3H).

13C NMR (CDCB, 100 MHz):8 162.7, 159.9, 159.1, 156.7, 153.8, 146.1, 1333,51, 135.48, 134.65, 134.64,
132.6, 132.2,131.9, 131.6, 130.2, 127.7, 125.8,8,222.3, 121.9, 121.8, 121.7, 121.61, 121.57,5@ 119.9,
119.6, 118.6, 118.52, 118.48, 118.45, 117.4, 1112,9, 115.8, 113.2, 113.0, 41.0, 17.8.

1%F NMR (CDCB, 375 MHz):5 -63.6, -122.1.

Perfluorobenzene (-163.0 ppm) was used as an altstandard.

IR (ATR):1652 m, 1425 s, 1324 s, 1240 s, 1165 2p1rh.

HRMS (FAB+, [M+H']): Calcd for GsH17FsN20O, 429.1148, Found 429.1227.



VIII. Procedure for a Gram Scale Reaction

©:F o) 10 mol% L6-HCI ©\/I
NJ\’/ 2.0 eq. CsF N o
| toluene |

1a 7.8 mmol (1.5 g) 24 h, reflux 2a 92% (1.25g)
la (1.5 g, 7.8 mmol)l.6+HCI (530 mg, 78Qumol), CsF (2.5 g, 15.6 mmol) and toluene (40 mL)envadded to a
100 mL two-necked round bottom flask with a reficondenser under nitrogen, and the resulting mixiueie
refluxed for 24 h followed by cooling to rt. Afteddition of HO (20 mL), the mixture was extracted with §Hp
(20 mL x 3) and dried over MaQu. The mixture was purified by column chromatograghgxane/EtOAc =

93:7—44:56) to give2a as a pale yellow solid (1.25 g, 92%).

VIII. Computational details

Calculations were performed with the Gaussian 009jGorogranf® Geometry optimizations and frequency
calculations for all reported structures were panfed using M06-2X with the 6-31+G* basis set forkG;,0, N,
and F. PCM*>2 solvent effects were incorporated for all caldolag with toluene as the solvent. Each reported
minimum has zero imaginary frequency and each ittanstate (TS) structure has only one imaginaggdiency.
From TSs, reaction paths were traced by the intrirsaction coordinate (IRC) meth$cP*to obtain the energy-
minimum geometries. Energy changes were shownédydh of Gibbs free energiés< 298.15 K andP = 1 atm).
Electronic structures and properties were analymethe Natural Bond Orbitals (NB&8)version 3.3 method at
the M06-2X level of theory.

VIII-1l. M0-2X/6-31+G* optimized energies for calculated structures in Figure 4a
structure E (a.u) H (a.u.) G° (a.u.) Im. Freq.
Int 1 -1650.965922 | -1650.964978 -1651.068879 -
TS -1650.932258 | -1650.931314-1651.033331] 426.38i
Int 2 -1650.987685 | -1650.986741-1651.087796 -




VIII-1l. Cartesian coordinates of the M0-2X/6-31+G* optimized geometries
- Intl

C 0.24328800 -0.45800500 0.08914400
N 1.31300700 -0.91029300 0.86033100
C 0.85186200 -1.32150000 2.12597400
C -0.47827200 -1.14409300 2.16211000
N -0.88881600 -0.60276500 0.90709800
C 2.63436600 -1.09525600 0.37384400
C -2.15004900 -0.98846600 0.35222400
C -3.33079300 -0.42515400 0.83704800
C -4.55778500 -0.82890400 0.33848000
C -4.62355600 -1.79464600 -0.66933200
C -3.44750900 -2.35980200 -1.16155700
C -2.22006500 -1.95836300 -0.63937700
C 3.43235800 -0.00331400 0.05876600
C 4.72812500 -0.18434000 -0.41979000
C 5.23384600 -1.47612200 -0.56756700
C 4.43552900 -2.57714600 -0.24578200
C 3.14134900 -2.38575300 0.20668500
0 -5.87002100 -2.11814400 -1.10362600
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.97724400
.48047200
.32158800
.31376500
.78926300
.24851200
.20377900
.33852900
.24521000
.44329300
.75057800
.09830400
.55433700
.66280700
.31368300
.11690600
.42785900
.27156100
.48222700
.46945000
.30266800
.02782100
.32482800
.84712900
.51036500
.45455300
.03943300
.57800100
.51764100
. 88030400
.25373500
.28183600
.64392000
.40271900
.00983400
.66510800
.46368800
.48545700
.10936400
.77710000
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.09260000
.76173700
.67391300
.03158800
.78471700
.14175600
.17163600
.43665900
.09660400
.37412400
.83180500
.99984800
.82147200
.46127900
.29058800
.49042600
.37661000
.33492600
.40345400
.11165600
.38934400
.99360300
.68332200
.57120800
.23662800
.77193800
.19321300
.05535000
.04262100
.07050000
.11148000
.01316200
.89016700
.03844800
.75184200
.84561600
.32500600
.60796600
.14975600
.27770400

-2.
-1.
-1.
-1.
-1.
-3.
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-1.
-1.
.179001600

-3.
-2.
-1.
-0.
-2.
-1.
-1.
-1.
-3.
-3.
-2.

12538800
02378800
36381500
17047500
87311400
18224800
.15260100
.21231100
.13433600
.30560300
.16773600
.47963500
.78043500
.78825700
.50049600

.20113300
.93008000

.60559200
.70980900
93906300
02454400

.66599100
.37176300
.44008600
03125700
33522700
79287300
49215100
16214800
71314800
65635100
20309400
86294800
67511700
97815100
.91234100
.36671200
.77523600
.31915800
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-3.
-2.
.40863000
. 81490900
.32391700
.58472600
.29508300
-1.
-1.
-2.
.95951100

60544300
01449800

45953100
93012100
25580800

.95611200
.32384200
.01724000
.74109700
.67192100
.97665100
.89012200
.34880700
.40153800
.03723700
.76290100
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.00574300
. 80406800
.26003100
.18188200
.91986800
.32169800
.12743100
.26147000
.54495900
.96579100
.13660600
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0.25564200

.37901800
.03350400
.31733900
. 78966000
.71192900
.17864300
.90785400
.24682900
.87034600
.14346700
.79392800
.54299100
.85283600
.31938800
.47443400
.17768100
.17992500
.84521600
.57155600
.45639100
.27491600
.86057500
.98820400

-0.79691800

.49271500
.72523100
.78286100
.58252000
.12261900
.33499200
.51422800
.26792000
.85415900
.69636200
.93166000
.48309600
.15521700
.47194000
.11140100
.43442700
.55064700
.09037400
.20262100
.46924300
.54803300
.19014500
.64513500

-0.13069800

Q.
Q.
Q.
Q.

-0.

()

22472800
79653000
81833300
25550700
14088100

.00595200
.86543400
.60759700
.50294700
.35084100
.08727700
.76718600
.41322000
.86481000
.78382900
.42161300
.67414800
.80280500
.30753200
.42765800
.56421000
.34723700
.76878700
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.61456900
.37594800
.68986800
.34042700
. 74589500
.78845300
.82782300
.80549500
.23277900
.29967200
.59352300
.41273200
.82937000
.60566900
.21360300
.16760000

5.48410900

.85876800

2.51210100

.37119200
.86553500
.85807500
.63753400
.06149700
.38922300
.25544600
. 80609400
.06786200
.81193600
.17082100
.74640100
.80497200
.70803200
.57553900
.62871100
. 80406000
.03977000
.07708300
.74943900

N PO ©O R, MNP W WN
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.70471100
.31113900
.33627400
. 75044000
.55672100
.68071600
.92499900
.99516200
.82708400
.60424600
.05962700
.05019700
.38409800
.16276500
.57417600
.22575100
.34960600
.34055500
.92669700
.75756900
.71184300
.18561600
.12425000
.45327600
.59032200
.82211700
.04735900
. 82884000
.12655200
.43352200
. 88788000
.28037400
.15160500
.39833200
.05797300
.39661200
.12826500
.67756600
.96395200

R R ® R N W W R R
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PN

.38230800
.42305100
.17639700
.10601000
.02050900
.92265700
.10227200
.32035200
.41332000
.22111700
.91046000
.71320600
.25143000
.21271300
.74506100
.75284400
.13464300
.77262100
.12605700
.73321100
.75709900
.76454400
.47586900
.15140000
.97695400
.95021000
.81046200
.33083200
.30500500
.73874900
.16011100
.93900800
.83927900
.69664300
.82145600
.22880300
.62062400
.26853100
.45293500
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«Int2

0O O 0o 0O 0o 0O 0o 0o o0 o o060 2 0o 60 2

.68848800
.60867600
.25590800
.92341500
.88180200
.69289600

0.08654000

.17150200
.79480100
.56508700
.98059400
.53564900
.35821200
.91658900
.23471400
.00467000
.44646900
.11890200
.12561500
.44693600
.16686600
.56398500
.24712400

.23319900
.58204900
.81379500
.38617600
.23467900
.62831000

-0.96447500

-1.
-3.
-3.
.75352400
.32828500
.34589800
.58738800
.17232000
.52013600
.30191600
.71238100
.45700100
.05740500
.54698300
.43750600
.81907400

74846500
05369800
05801800

.06152800
.66136500
.34345400
.09953400
.54956300
.80384600

0.03129700

®© © © ©o

()

.14448400

.45797600

.53277600
.26905100
.04300900
.21036600
. 24001400
.14140100
.02199000
.99550100
.89224200

.85812500
.67209400

.41951000
.31901900
.13717000
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.27505700
.07823800
.45214000
.07023900
.11563700
. 86024600
.62371200
.66765000
.86555300
.35735800
.15613100
.28207000
.40583800
.30075900
.07519100
.04076300
.06043700
.12214400
.31697600
.69060500
.02138800
.66928600
.55513000
.88652800
.13846100
.75970100
.62668300
.03572700
.22954000
.16702700
.50371000
.06073800
.12736000
.90743600
.41701300
.28739400
.80363700
.69256300
.06244900
.04808000

-0.
-0.
-0.

Q.
.49475400
.94464900
.17339100
.43673700
.93223000
.21639700
.64171900
.69896400
.54054700
.02865100
.67101800
.83205900
.32213700
.50807300
.30529700
.43112400
.58505800
.30143100
.06657700
.64528600
.78533500
.47532500
.09207600
.15287400
.40759700
.42098800
.70366900
.92292000
.76998800
.84346400
.32594600
.52801600
.89829600
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05984300
32968800
21949000
76686600

4.97819700
4.79215000
5.22117700

P N P O N W W RO

1
-

.01634100
.12167400
.69201800
.11662600
.24756600
.34845300
.64227900
.59756200
.69502400
.50170200
.71747300
.80239900
.91338900
.20631100
.40627400
.29659800
.99681000
.67567000
.09932000
.91958000
.86885300
-1.

1.

1.
-2.
-1.
.02631100
.93126800
.24755800
.15246400
.08785800
.30912100
.70991500
.02303400
.94788500
.43335000
.49184900
.11753100
.77262300
.45126900

68710600
69592400
36912200
17108200
85296000
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.58855700
.39701000
.01247900
.21671800
.79207300
.27680800
.57417200
.29653200
.53253900
.23510100
.11450200
.99448800

.60024500

3.70084500

.26449300
.23226800
.13993200
.43950200
.81239500
.01559800
.14754500
.83179000
.43705200
.02770200

o N P DM R

=

.77324100
.05387300
.40925200
.45470600
.67683000
.25699800
.36831400
.10041400
.84727400
.62454300
.03323600
.20460700



VIII-IV. M0-2X/def2-TZVPP optimized energies for calculated structures in Figure 4a

structure E (a.u) H (a.u.) G° (a.u.) Im. Freq.
Int 1 -1651.576870 | -1651.575926| -1651.678936 -
TS -1651.542380 -1651.541436-1651.637218  437.43i
Int 2 -1651.604942 -1651.603998-1651.706712 -

VIII-V. Cartesian coordinates of the M0-2X/def2-TZVPP optimized geometries

- Intl

0O O 0o 0o 0o 0O 0O 60O 60O 2 0o 0 2

0.09222400
1.18239400
0.76596500

-0.54970400

-0.99765000
2.47183300

-2.31769400

-3.41174700

-4.69405400

-4.90602400

-3.81764500

-2.53415400
3.57358100
4.84727300

-0.46933400

.98970000
.47506400
.25773300
.62654800
.16464700
.87883400
.23244700
.51137800
.43485600
.08370600
.80585200
.53029000
.72999100

0.00547300

® ®© ®© © o v P O

.69750400
.95179200
.06298000
.87029900
.13867000
.38875600
.95886800
.52704900
.49660800
.07177800
.61806300
.68630500
.16335200
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.01253700
.90110200
.64681200
.19624100
.44821800
. 20500400
.34894600
.12444000
.97322100
.54310400
.38276700
.08576100
.16814800
.53188500
.30939700
.51555800
.60694800
.48751100
.73043200
.79893700
.97226400
-3.
-5.
-3.
-1.
.43574500
.68815600
.05034000
.78296500
.95659600
.52401900
.11221300
.52266700
.25251500
.18659800
.06946800
.77692500
.74780700
.29121500
.00189000

24473600
55100900
95191100
68528300

.55850600
.18474800
.99302800
.63446100
.55524000
.81313600
.17232200
.11988400
.97009900
.42287300
.35887300
.73995800
.17154400
.43256700
.75333900
.85249900
.50301900
.04335200
.93727900
.30045000
.21257300
.49488800
.01709500
.80541700
.30559300
.13939800
.22507500
.82191200
.47611700
.24670900
.56186800
.55845500
.46419800
.08592900
.49492700
.11461800
.07888400
.30767900
.09623200
.54810000

-0.94052300
-1.50917900
-0.97021100
-0.86308900
-1.90445100
-1.53251200
-1.00770200
-1.21025900
-1.79507700
-3.10128200
-2.04683100
-3.16441900
-0.96047900
1.18506700
0.38923300
1.06780500
2.41046800
3.08650000
2.42656900
1.09923300
0.45961400
1.74122000
0.96381100
-1.86350400
-1.06700300

1.52450200

0.61399200
-2.37009600
-1.40844100
-2.82992000
-2.05136600
-1.63278600

0.03061400
-1.06756500
-1.61863100
-1.73738700
-1.06528200
-3.83597300
-3.52096200
-2.92289500
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1.60839500

0.16329300

0.33415600
-2.38113700
-2.55308100
-0.55378400
.62089900
.73708300
.31705400
.44708800

1.21221000
-1.48747300
-1.92310800
-2.31171200
-0.96267700

NN R R

0.25575300
1.37867100
1.03235700

4.27709400
4.88292300
5.09441500
3.21302800
2.59755700
1.76828500
1.57728300
-2.06774900
-2.85777300
-1.32549900
-2.49477800
-1.53483700
-0.60853100
-2.17629200
-2.02915900

-0.79665300
-1.49245200
-2.72424900

-1.28043700
-2.10220200
-0.34502000
.52642800
.92656400
.13058000
.92395000
.90606300
.42578700
.27771600
.75722200
.17955900
.56329800
.86226400
.99401900

W N W W W w NN NN DN

-0.12833400
0.22866900
0.80146600
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.31851900
.79010900
.71173900
.17887900
.90813000
.24702000
.87052300
.14365500
.79413700
.54249200
.85236300
.31927500
.47461200
.17781900
.18011200
.84533000
.57155700
.45660000
.27616100
.85811700
.98703000
.60793900
.36202000
.69026600
.33728500
. 74840000
.79229600
.83256300
.80936900
.23039400
.29796900
.59179400
.41315000
.82953600
.60589700
.21382100
.16686800

5.48336600

.85915300

-2

-2.
-0.

Q.
-1.

.78143100
.58150700
.12370800
.33418200
.51063900
.26489200
.85467500
.69976000
.93429600
.48071500
.15391500
.47538400
.11834600
.44012500
.55171400
.09452800
.20778300
.46619900
.54754900
.18936400
.64046100
.70346200
.30281300
.33787800
. 74996400
.55930200
.68444500
.93149400
.00350200
.83435400
.60852300
.06405000
-0.
Q.
.16896800

04427100
38917600

57894200
21975800
35379700
35117800

B R ® P N W W R R

1
N

-1.
1.
1.

-2.

.82237500
.25795600
.13769300
.00699300
.86373000
.60496000
.50369200
.34874500
.08438000
.76818500
.41325400
.86345800
.78028900
.41718300
.67583400
.80305400
.30683800
.42881900
.56396300
.34881100
.76873800
.38839200
.43132800
.18356500
.10078500
.01424200
.91468500
.09597400
.31802500
.41295900
.21893300
.90846900
.71024300
.24674000
.20907200

74009100
75280100
13288500
76814000
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- Int2

.51243800
.37093600
.86551900
.85863800
.63642700
.06276900
.38993300
.25730500
.80381400
.06653300
.81008400
.17171800
.74846700
.67982200
.82346300
.58013200
.63471300
. 80860200
.03783700
.07530600
.74742000
.68706800
.60629700
.25773100
.92682400
.88196800
.69531200
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.93501500
.76466200
.71548300
.18964600
.12419300
.45174700
.58409100
.82029100
.05008500
.82085900
.12175100
.43774600
.87571100
.25680300
.18308000
.40038900
.06520700
.40721500
.13685300
.67639800
.96490600
.23084300
.57976900
.81148500
.38232700
.23447700
.62470800

.11998800
.73431700
.75871000
.76156300
.47700000
.15644900
.97795500
.94938600
.81149200
.33154600
.30614700
.73539300
.00839700
.00356800
.77505200
.68596600
.81361100
.22796000
.62296700
.27525000
.46020100
.06730200
.66992100
.34807200
.10186100
.55399100
.81145600
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-0.06224200

.99390300
.56177800
.78893300
.15649800
.36892200
.50189400
.89428300
.18722100
.10488900
.71182400
.40372700
.07925000
.41152800
.02530500
.30323300
.98124100
.34627600
.30106000
.31170700
.06354900
.00855700
.97382300
.99169300
.58957600
.80596700
.03190800

-0.92856700

-1.
-3.
-3.
-1.
-1.

75447500
05894400
04290800
72065800
41282400

.24013000
.34464300
.13358600
.28670300
.18982000
.65834700
.66252800
.34892000
.80136300
.56969700
.86760800
.23523300
.13487900
.54740700
.27953200
.48719200
.04472400
.22931700
.48216200
.95471300
.23166100

0.03846900

0.23603500
0.46492000
0.39759800
0.14622300
Q.
%]
1

1

%]

01709700

.17025300
.16052600
.17467400
.20787200
.77556800
.78980200
.93125100
.68917000
.47374200
.38967000
.14666700
.30627900
.66943000
.80227900
.06358300
.22888700
.26635600
.55524500
.60238200
.70371000
.59926500
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.32770200
.14649700
.31990800
.53891100
.56459100
.37499300
.18397800
.18966600
.17534300
.51345800
5.
.08471500
.59847300
.94812900
.79574700
.40580200
.97164300
.21197200
.49080800
.17386200
.59720800
.04132100
.46290900
.00797600
.00005200
.69813200
.27448500
.29783500
.37909800
.41188600
.28628900
.67607300
.71702800
.37346500
.51128600
.09935400
.20855300
.96477400
. 78786900

40051600
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.60730500
.74886900
.62997400
.16166100
.79679300
.91356800
.35215700
.20744600
-0.
.83886100
.52437200
.34097200
.30313100
.25166100
.89886500
.43745800
.15532800
.39963800
.21001100
.17979100
.26090400
.38977400
.86918200
.12442000
.23292200
.64780500
.80397800
.82786300
.71682600
.30891600
.69520400
. 86490800
.41308700
.15252300
.16876300
.42558300
.88810800
.05377000
.12490900

00961900

1
()
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e

.89697200
.71344900
.77287300
.06482600
.29679200
.24227600
.92586700
.67323500
.89744400
.92619200
.53586100
.56662400
.82954700
.40713100
.29381100
.86502400
.66914800
.41886500
.64459000
.04840700
.16936400
.39538000
.10645600
.89011200
.00997200
.26799700
.35300600
.45476100
.97392600
.50524700
.59638400
.874411600
.29732400
.44446500
.74037700
.14103400
.53030700
.05726500
.59576100



VIII-VI. M0-2X/6-31+G* optimized energies for calculated structures in Figure 4b

-2.54595800
-2.29921000
-1.29144800

-3.82468000
-4.38008400
-5.01908100

1.32000400
-0.33262100
0.96456000

structure E (a.u.) H(a.u.) G° (a.u.) HOMO

Int3 L6 41360.702250 | -1360.701306 -1360.802041| -0.14781
Int3_L8 -1131.720573 -1131.7196291131.806679 -0.15614
Int3_L5 -1282.122082 | -1282.1211381282.214857| -0.15691
Int3 L9 -1053.140711| -1053.139767-1053.220287| -0.16487

VIII-VII. Cartesian coordinates of the optimized geometries and energies in Figure 4b

+Int3_L6

0o OO 0O 0O 2 0O 0 2 0O 0O 0O 0
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Chapter 3

The research reported in this thesis focused oddlhielopment new reactions using new rhodium csislyr a
new NHC catalyst to solve several problems relatedcross-coupling rections and nucleophilic aromati
substitution reactions.

In Chapter 1, rhodium-catalyzed aryla-tion of naidec C(sp2)-H bonds using aryl carbamates as itylatang
reagent was described. The key to success is thefus bis(NHC) complex of rhodium(l) as the casglyvhich
facilitates activation of inert C(sp2)-O bonds iylacarbamates. This readily generated rhodium isgesnabled
activation of inert C(sp2)-O bonds in the abserfca strong base, allowing for the use of a syntladifi useful
directing group in C-H/C-O coupling.

In Chapter 2, rhodium-catalyzed two transformatioharyl carbamates using alcohol were describee:. i©the
reductive cleavage of the C-O bond usiRgOH as a reductant. The other is the alkynylataction of aryl
carbamates using propargyl alcohol as an alkymgatagent. Unlike previously reported methodsgi$invigX
and TMDSO, the rhodium-catalyzed reductive cleavalggates carbonyl groups, alkenes and heterodionrags,
such as carbazole and pyridine. Similarly, theafggropargyl alcohols allows the inert C-O bondyaldation to
be compatible with a range of functional groupghsas ketones, esters and amides, which are indimepaith
previously reported cross-couplings using organattetinucleophiles. This alkynylation method enahbilee use
of a carbamate directing group as a handle forsyimthesis of functionalized aromatic alkynes, wtselve as
useful building blocks in organic synthesis.

In Chapter 3, the first catalytic concerted nucldbp aromatic substitution forming C-C bond, in ish a
catalytically generated carbanion displaces theriiie¢ group on the aromatic ring, was describee dd¢ncerted
nature of the transition state allows electron-aof fluorides to be cyclized in a catalytic manr&nce this method
does not rely on the use of strong bases or transitetals, it is possible to synthesize quinolior2 derivatives
bearing a diverse range of functional groups inclgdodides and bromides. DFT calculations confintigat this
catalytic cyclization proceeds in a concerted marineaddition, the formation of aifse-Cg bond in the transition
state results in a significant stereoelectronierauttion with the antibonding orbital of the,&&F bond, which

stabilizes the transition state for this concengtlization process.
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