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Abstract

A nickel-based catalytic system for the anti-carbometallative cyclisations of
alkynamides to arylboronic acids is described. The reactions proceed using catalytic
nickel and (rac)-Ph-PHOX, to provide alkenylnickel species which can undergo
reversible E/Z-isomerisation, followed by cyclisation onto an N-tosylamide to give

2,3,4-trisubstituted pyrroles.
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Pyrroles are of widespread chemical significance, being present in numerous
biologically active natural products. This methodology was used to generate a series
of multisubstituted pyrroles and perform concise syntheses of BODIPY derivative and

pyrrolyl propionic acid.

(0]

|
A PPh, N
|| Ph Ar2
-Ph-PHOX (5 mol%
O .+ AB(OH), 22 PR Z_g\
)]\ Ni(OAC),-4H,0 (5 mol%) R

N R TFE, 80°C,24h 'Iﬂ
':'s Ts
25 examples



Contents

DECIATATION ...t I
ACKNOWIEBAGIMENTS ...t et e st e s be e be e sbe e steesreenbeenee e Il
F AN o] o] €3/ LA o] T SO STSPSR i
ADSEFACT ... \Y
LO70] 01 =] o 1 1 PR A\
L INEFOTUCTION ...ttt bbb 1
1.1 Nickel-Catalysed Nucleophilic AAditions ..........cceeveiiieiieiieceeee e 1
1.2 Nickel-Catalysed Carbometallations of AIKYNES........cccccveiieeiievierie e 4
1.3 Nickel-Catalysed Carbometallative Cyclisations of Alkynyl Electrophile ........................... 7
1.4 Nickel-Catalysed anti-Carbometallative Cyclisations of Alkynyl Electrophile.................. 10

2. RESUIt aNd DISCUSSION ......uviiiiiiiiiiieieer et 14
2.1 Synthesis of Pyrroles by Nickel-Catalysed Arylative Cyclisations of Alkynamides........... 14
N 1 = T Lo I @ o 1T € TSR 14
2.1.2 Preparation Of SUDSTIALES........cccueiiieieie ettt 16
2.1.3 OPLIMISALION .....vieiieiec ettt e te et e st e st e esaeesaeeseeessseeseesnaessneenns 16
2.1.4 Variation of BOrONIC ACIH .....cc.eeiuiiuieiiiieierieeieseeeeee et 18
2.1.5 SUDSEFATE SCOPE ....oveeutiieeiieieeitete sttt b ettt ettt bbb ennes 20
2.1.6 Proposed MECHANISIM .........oiiiiiiiie ettt st e be e st 21

B AN o] o] Loz 1 o] o OSSR TUSR USRS 22
2.2.1 Towards the Synthesis of Lamellarin D Trimethyl Ether.......c.ccccovveviiieiivieviec, 22
2.2.2 Towards the Synthesis of NiNgalin B.........ccccoieviieiiiiiicicse e 25
2.2.3 Towards the Synthesis of BODIPY DerivatiVes .........cccccveveeiiieciierie e 27
2.2.4 Synthesis of N-Alkyl Diphenyl Pyrrolyl Propionic ACid..........ccccecevivieninieninceee, 27

B o] o] U1 o] o PSPPSR 28
24 FULUFE WOEK .ttt ettt sttt et e bt st e et e e bt e s et e s ateenbeenneesaeas 29

3L EXPEIIMENTAL ... e 29
3.1 General INTOrMATION ....c..oveiiiiiieeeee ettt e 29
3.2 Preparation Of SUDSIIALES.........cooieiiiriicie ettt eente e sneas 30
3.3 Nickel-Catalyzed Synthesis of Pyrroles: General Procedure A .........cocoeeveevenvinecieenennnen. 33
3.3 FUrther TransformMationS ........c.ccoeererierieieee ettt s 40
BiDIIOGIapNY ... s 44
AN 0] 0 1< T 1 SR 46

Vi



1. Introduction

1.1 Nickel-Catalysed Nucleophilic Additions

Using organometallics to perform nucleophilic additions is very common in organic
syntheses. The Grignard reaction is a well-known example which utilises organic
magnesium halides to react with an aldehyde or ketone to form a secondary or tertiary
alcohol (Scheme 1.1). In this reaction, a carbonyl group is attacked by a Grignard

reagent as a nucleophile to generate a new carbon-carbon bond.

o] R2MgBr OH
R1J\H RKKRZ
o] R3MgBr OH

- 14\ 3
R R2 RR2 R

Scheme 1.1: Addition of Grignard Reagents to Carbonyl Groups

The Barbier reaction with an organozinc reagent is another example and has been
widely used. Compared to Grignard reaction, the Barbier reaction is a one-pot
synthesis, and it is unnecessary to prepare the organometallic reagent separately. Also,
milder reaction conditions are often possible. For example, Scheme 1.2 shows that the

reagent is able to run the reaction in water at room temperature.?

Br o Zn H OH
X
H%/ * JJ\/\ \)\/\
H Me THF/aq. NH,CI Me

25%

Scheme 1.2: Zinc-Mediated Coupling of Propargylic Bromides

Some first row transition-metal catalysts have also been used in nucleophilic additions,
such as cobalt? and copper®. In 2005, Yorimitsu and co-workers# developed a nickel-
catalysed alkylation of trialkylboranes 2 to aldehydes 1 to produce various secondary
alcohols 3 (Scheme 1.3). The reaction afforded the desired alcohols in generally good
yields. The alkylations tolerated aldehydes with cyclohexane, ketone or ester
functionalities to form the corresponding alcohols 3a-3c in 62-82% yields, and some
examples of aryl aldehydes are also tolerated, including sterically hindered 2-
methylbenzaldehyde and electron-rich 4-anisaldehyde, which underwent alkylation to
generate 3d and 3e in 83% and 81% yields.



Ni(cod), (5 mol%)
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Scheme 1.3: Ni-Catalysed Alkylation of Aldehydes with Trialkylboranes

The catalytic cycle for this reaction was proposed (Schemel.4). First, a nickel(0)
species coordinates with the aldehyde 1 to give ,2-coordinated complex 4 or its
resonance form 5, which can undergo a transmetallation of Et:B 2 to give the
intermediate 6. Then reductive elimination occurs, thus regenerating the nickel(0)
species and forming the alcohol 3 which is protonated upon work-up.

OH RCHO
PN 1
R Et Ni®
3
o o
e T
o) R” H R H
PN 4 5
R r;u"
6 Et
Et;B

Scheme 1.4: Proposed Catalytic Cycle for the Ni-catalysed Alkylation.

In the same year, Shirakawa and co-workers® published a method of nickel-catalysed
addition of organoboronates to aldehydes, and the scope was based on various
arylboronates 7 reacting with hexanal or benzaldehyde 8 (Scheme 1.5). The
addition of arylboronate which contained electron-donating or -withdrawing
groups at the para-position to hexanal gave in high yields (9a-9c). Also, it was

discovered that the reactions of benzaldehyde to the same arylboronates were



obtained in 88% and 90% yields (9e and 9f). The styryl group was also tested,
and the corresponding allylic alcohol 9d was furnished in good yield. According
to the results of compounds 9c and 9f, the reaction was chemoselective for
aldehydes in the presence of ketones. Furthermore, the compatibility of
organoboronates compares favourably to other more nucleophilic

organometallics, such as Grignard reagents, for electrophilic functional groups.

Ni(cod), (5 mol%)

/O o 4-octyne (20 mol%) OH
R'-B + )j\ H,O (1.0 equiv) J\
H 2

R 1,4-dioxane R? R?
7 8 80°C,12h 9
(1.2 equiv)
OH OH OH
CsHyq CsHyq CsHyq
(e]
Me MeO
9a 9b Me 9c¢
0 0, 20
96% OH 80% OH 82% OH
| Ph Ph Ph
(0]
Ph MeO
9d 9e Me of
70% 88% 90%

Scheme 1.5: Ni-Catalysed Addition of Organoboronates to Aldehydes.

An early study of nickel(Il) catalysed addition was published by Bao and co-
workers in 2008.6 In the paper, nickel(Il) catalysts was used for addition
reactions of arylboronic acids to aryl aldehydes. In contrast to nickel(0) catalysts,
nickel(Il) are cheap and easy handle. Moreover, it also be the first example that
using boronic acids as electrophiles in nickel-catalysed addition to a ketone.
Because boronic acids are easily prepared and commercially available, this method is

more attractive than using boronate esters.



Ni(CIO,),-6H,0 (5mol %)

+ Ar'B(OH), K3P0O4-H,0 (1.5 equiv) )\
Ar H " toluene/IPA = 5:1 Ar Ar'
10 (1.5 equiv) 80°C,7-14 h 12
OH OH OH
Me MeO
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OH OH OH
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Scheme 1.6: Ni Salt-Catalyzed Arylation of Aryl Aldehydes with Arylboronic Acids

In the substrate scope (Scheme 1.6), the addition of phenylboronic acid to
benzaldehyde showed great reactivity to give benzhydrol 12a in 89% yield, but
electron-rich aldehydes showed lower conversions and decreased yields of 12b
and 12c¢ (35% and 62% respectively), some arylboronic acid variations were also
tested, such as electron-donating and -withdrawing groups at the para-position of
arylboronic acid, and the corresponding diarylmethanols 12d-12f were obtained in

good yields.
1.2 Nickel-Catalysed Carbometallations of Alkynes

The additions of organometallics to alkynes has been widely used for generating highly
substituted alkenes in different methods.” In general, the organometallic reagent 13
coordinates with an alkyne 14 and then inserts into the triple bond to form a metal-
carbon bond and a carbon-carbon bond, where the two new bonds are formed on the
same side of the resulting carbon-carbon double bond 15. Then the alkenylmetal 16
intermediate can easily react with an electrophile to give tetrasubstituted alkenes
(Scheme 1.7).

R*-[M] ®

3 3
N y 13 R . M) E R . E
R' R? R! R?
15 16

Scheme 1.7: Additions of Organometallics Across Alkynes

The key step for controlling the geometric chemistry is the migratory insertion.
Commonly, a regioisomeric mixture of products is given by the addition of



unsymmetrical alkynes (Scheme 1.8). In order to avoid undesirable products,

regiocontrol is needed, and therefore significant research focuses on controlling this

issue.
R3—[M] R M] M] R3
R!'———R? >—<_ + >—<_
R! R2 R! R2

Scheme 1.8: Mixtures of Products from Low Regiocontrol Reaction.

More research has shown that varying the metal reagents can give high regioselectivity.
Utilising stoichiometric organometallic reagent, such as Mg, Li or Cu,® to undergo
these transformations has been well-studied, and a growing number of transition-metal

catalyst systems are ever developing.®

An early example of nickel-catalysed carbometallations of alkynes was reported by
Suginome and co-workers.'? The report showed a range of alkynylboranes react with
alkynes to form the corresponding addition product in good vyields and high

regioselectivity.

The substrate scope (Scheme 1.9) was based on addition of silyl-substituted
alkynylborane 17 with aryl or alkyl alkynes 18. In the first example, reaction of 4-
octyne was showed an excellent yield to form the corresponding alkynylboration
product 19a in 92%. Under the same condition, reaction of dibenzylacetylene afforded
the compound 19b in lower yield. Furthermore, different unsymmetrical 1-aryl-1-
alkynes showed good reactivity giving rise to the product 19¢-19f in 51-71% vyields.
Most of the entries showed 90% desirable product, and high regioselectivity is

achieved in this reaction.
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Scheme 1.9: Ni-Catalysed Alkynylboration of Alkynes with 18

In 2011, Krische and co-workers'! reported an example of nickel-catalysed
hydroxymethylation of alkynes 20 with formaldehyde, and it was a new method for
synthesising trisubstituted allylic alcohols (Scheme 1.10). The addition of 1-phenyl-1-
butyne to formaldehyde produced alkene 21a in 81% yield. Then, different electron-
donating and -withdrawing group at the para-position (21b and 21c) were showed in
good yields, but increasing the steric hindrance at the meta- or ortho-position resulted
in lower yields (21d and 21e). Aromatic heterocycles were also able to effectively
activate in this reaction (21f). In general, the scope of the reaction was good where the

desired product was provided with >95% regioselectivity.

Ni(cod), (10 mol%)

Me
PCy; (10 mol%) Me oH
| | . (CH,0), Cs,C03 (20 mol%) |
4.0 equiv H,0 (5 mol%)
R ¢ quiv) toluene, 75 °C R
20 21
Me Me Me
OH OH OH
Me MeO
21a81% 21b 65% 21c 77%
Me Me Me
OH OH | OH
~
\_s
Me
OMe
21d 52% 21e 50% 21f 60%

Scheme 1.10: Ni-Catalysed Hydrohydroxymethylation of Alkyne 20



Krische and co-workers exploited the proposed mechanism to illustrate the
stoichiometric reaction (Sheme 1.11). First of all, nickel catalysts underwent oxidative
coupling to alkyne 20 and formaldehyde to generate nickeladihydrofurans 22,
followed by reacting with excess formaldehyde and forming metallacycles 23. Then a
p-hydride elimination occurred to furnish conjugated enones 24. Finally, formate

esters 25 were cleaved upon isolation to give the resulting alkene 21.

L
Ni(PCy)L \(«
Me
jﬁ_l\oc:Ho
I \ r}m_

R hlm_n
CPy, R PCy3

24

Scheme 1.11: Proposed Catalytic Cycle for Ni-Catalysed Alkyne Hydrohydroxymethylation
1.3 Nickel-Catalysed Carbometallative Cyclisations of Alkynyl Electrophile

Carbometallative cyclisation is a reaction which combines carbometallation and
intramolecular cyclisation in a chemical transformation, and the inseparable
intermediate is the key intermediate of the reaction. As example showed in Scheme
1.12, after the migratory insertion, alkenylmetal species 28 is formed by addition of
organometallics 27 to alkynes 26. Then, cyclisation occurs spontaneously, so that the
alkenylmetal species can cyclise onto the electrophile to generate the cyclic compound
29.

Scheme 1.12: Carbometallative Cyclisation of Alkynyl Electrophile.

Because cyclisation is followed by addition sequentially in the same pot and same

process, this reaction is a domino reaction. The main advantages of domino reactions

7



include reduction of reaction time and work required by combining several reactions,

as well as the complex products that can be made in the overall sequence.

In 1996, Montgomery and Savchenko®? published research of nickel-catalysed
carbometallative cyclisations of alkynyl enones. First, a cyclisation of alkyne 30 with
alkene species form the cyclic alkenylmetal intermediates 31. The intermediates are
trapped by the organozinc reagents to complete transmetallation, and substituted

alkenes 32 are produced after reductive elimination (Scheme 1.13).

R! R!
R'—= — -
R? / Ni(cod), L/';“ ZnR%, R3
L
o) R2 o) R2
30 31 32

Scheme 1.13: Proposed Mechanism for Ni-Catalysed Carbometallative Cyclisations

The scope of the alkylative cyclisations was extended to include products containing
cyclic tri- or tetrasubstituted alkenes (Scheme 1.14). Acyclic non-enolisable enones 33
were tested with aryl-, alkenyl- and alkyl-substituted organozinc reagents 34 to form
the corresponding product 35 in 51-82%. Comparing compound 35e and 35f, the
specific form of diastereomers could be selectively produced by different substrate and

organozinc combinations.

o)
Ph | R'
2
Z 0 R
23 Ni(cod), (5 mol%) /R
* THF, 0 °C Ph
R2,Zn or R?ZnCl
34 35
o) Me 0 Bu 0 Ph
Y VA YV
Ph Ph Ph
35a 35b 35¢
82% 51% 61%
[o) 0 Bu 0 Ph
) H ) Ph /) Bu
Ph Ph Ph
35d 35e 35f
59% 68% 38%

Scheme 1.14: Ni-Catalysed Alkylative Cyclisation



In the same paper, another carbometallative cyclisation pathway was also
demonstrated. Instead of alkylative cyclisation, reductive cyclisations occurred in the
presence of PPhs ligand (Scheme 1.15). The terminal alkyne showed high reactivity in
the reductive cyclisation to generate terminal alkene 36, but lower yields were obtained

when internal alkynes were used to form trisubstituted alkenes (36b and 36c).

o

Ph | R

Z o) H
Ni(cod), (5 mol%) R
33 PPh; (25 mol%) /
. THF, 0 °C Ph
BuyZn or BuzZnCl
_______________________________________________________________ 6
o H o) H o H
/ H / Ph / Bu
Ph Ph Ph
36a 36b 36¢c
92% 47% 58%

Scheme 1.15: Ni-Catalysed Reductive Cyclisation

The proposed mechanism of this cyclisation showed that nickelcycle 37 is a common
intermediate for both alkylative cyclisation and reductive cyclisation (Schemel.16). In
the absence of PPhs ligands, reductive elimination was followed by transmetallation
between nickel and zinc to furnish tetrasubstituted alkene products 35. On the other
hand, when the PPhs ligands were added, g-hydride elimination occurred before
reductive elimination, and trisubstituted alkenes 36 were produced. Montgomery
speculated that intermediate 38 was more electron-rich when the excess PPhz was
present, and therefore p-hydride elimination was favoured. Alternatively, the PPhs
ligand causes a higher steric hindrance to form alkyl and alkenyl group in opposite

orientation in intermediate 38, thus preventing reductive elimination.
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Scheme 1.16: Proposed Two Pathways for Alkylative and Reductive Cyclisations
1.4 Nickel-Catalysed anti-Carbometallative Cyclisations of Alkynyl Electrophile

As discussed in the previous section, the additions of organometallics to alkynes
undergo the migratory insertion to give substituted alkenes. In this transformation, syn-
addition products are common because migratory insertion from two new bonds on the
same side, but a few examples of anti-addition could be found in recent reports. It was

proposed that an E/Z-isomerisation occur to give the anti-addition products.

An early example of nickel-catalysed anti-carbometallation of alkynes was published
by Suginome and Yamamoto.!* In the paper (Scheme 1.17), chloroboryl
homopropargylic ethers 39 underwent trans-alkynylboration with a range of alkynes

40 to given the corresponding products 40 in remarkable yields.

i-Pr,N i-PraN R2
L SnBug Ni(cod), (2 mol%) B
B~a PPh, (8 mol%) 07 NF
o R + | |
= - A\
1 toluene, 80 °C R1
R R3 R3
39 40 M
i-ProN Et i Pr2N\ Ph i-ProN Ph
B B B
07 N= 07 N= 07 N=
Ph Ph Ph Ph
#a 41b 41c
93% 99% 89%

Scheme 1.17: Ni-Catalysed trans-Alkynylboration of Alkynes
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The proposed mechanism for the trans-alkynylboration was presumed as shown in
Scheme 1.18. First, nickel coordinates with the alkyne 39, followed by oxidative
addition of the B-Cl bond to form the intermediate 42. After migratory insertion, a
postulated reversible E/Z-isomerisation occured which the steric repulsion between
PPhs ligands and the diisopropylamino group drove cis- to tans-alkenylnickel species
43. Finally, the nickel species underwent transmetallation with organotin reagents 40
to generate intermediate 44, followed by reductive elimination to regenerate nickel

catalysts and to give the product 41.

-Pr  _i-Pr

*j/\ J\I/RZ
i D

-~ R? IPI’\N/IPI'

j)\)—<
sn—cl j \ L,=PPhg

/\

r—\

Ni

\
Jeies

j-P

"\ // Pr
/ i-Pr
o~ B R2 N~
\\\—/
5 -
R n
trans-43 cis-43

Scheme 1.18: Proposed Catalytic Cycle for Ni-Catalysed trans-Alkynylboration

In 2006, Lam group!* developed the first example of nickel-catalysed anti-
carbometallative cyclisations of alkynes (Scheme 1.19). After the migratory insertion
of the alkynes 45, a syn-carbometallation intermediate 46 is impossible to cyclise due
to geometric constraints. On the contrary, After the reversible E/Z-isomerisation, an
anti-carbometallation intermediate 47 shows correct geometry for cyclisation to

furnish the cyclic product 48.

11
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Scheme 1.19: Carbometallative Cyclisation of Alkynyl Electrophiles

In light of these results, the methodology was explored and wildely used in organic
synthesis. The first scope showed cyclisations of diverse arylboronic acid to alkynone
49 (Scheme 1.20), and cyclic product 50a-50c were obtained in 70-89% vyields and
high enantioselectivities. In addition, variation of the alkynones were tested, resulting

in the desired product 50d and 50e.
O
~

PPh, N

0]
(10 mol%) Ph '\;Ae
Ni(OAc),-4H,0 (10 mol%) T AR
MeCN/2-MeTHF (3:2) B
80 °C, 16 h 50 OH

50c

504 OMe 50e

34%, 97%ee 78%, 86%ee

Scheme 1.20: Ni-Catalysed anti-Carbometallative Cyclisation of Cyclic 1,3-Diketones

Moreover, substrates containing alkynes tethered to a cyclohexa-1,3-dienone 51 were
also highly effective to form the corresponding product (52a and 52b) in outstanding
yields and enantioselectivities (Scheme 1.21). Finally, changing the substituent at the
quaternary centre to alkyne 52c was also possible.

12



o)
I
Ar! PPh, N
/ (10 mol%) Ph
R o Ni(OAc), 4H,0 (10 mol%)
51 MeCN/2-MeTHF (3:2)
80°C, 16 h

52a 52b 52c
75%, 93%ee 90%, 91%ee 20%, 69%ee

Scheme 1.21: Ni-Catalysed anti-Carbometallative Cyclisation of Alkynyl Cyclohexa-1,3-dienones

Some other useful reports form the Lam group, such as nickel-catalysed intramolecular
allylic alkenylations® and nickel-catalysed desymmetrisations®®. In Scheme 1.22, a
range of allylic phosphates 53 underwent allylic alkenylations with various
arylboronic acid to give six-membered ring products 54a-54d in acceptable yields and

excellent enantioselectivities.

Me Me

Ar' o

(10 mol%) +-Bu Ar'
X OPO(OEY), Ni(OAC),4H,0 (10 mol%)

53 * TFE, 100 °C, 24 h

Ar?B(OH) (2.0 equiv)

/ /
Ph Ph
| N Me | N
Ph STs S Ts
Me
54a 54b 54c¢ 54d
65%, 97% ee 66%, 97%ee 64%, 96%ee 47%, 98%ee

Scheme 1.22: Ni-Catalysed anti-Carbometallative Cyclisation of 1,6-enynes

Also, malonate esters were investigated to synthesise chiral cyclopent-2-enone, and
the scope of this reaction with respect to the alkynyl malonate 55 was then explored in
desymmetrisations with arylboronic acid (Scheme 1.23). This gave cyclopent-2-

enones 56 in generally good yields (73-92%) and remarkable enantioselectivities.
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F3CH,CO OCH,CF,
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56¢
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Scheme 1.23: Ni-Catalysed anti-Carbometallative Cyclisation of Alkynyl Malonate

Overall, while nickel-catalysed anti-carbometallative cyclisation have been used in a
few of synthesises, it has not been well explored. This methodology would achieve a
wide range of alkynyl electrophiles to form important cyclic structural in a single

transformation.
2. Result and Discussion

2.1 Synthesis of Pyrroles by Nickel-Catalysed Arylative Cyclisations of
Alkynamides

2.1.1 Aims and Objective

Based on the examples discussed in the previous section, some reports*-1¢ of nickel-
catalysed anti-carbometallative cyclisations have been published, and a few types of
alkynyl electrophiles have been developed to form various carbo- and heterocyclic
products. However, amides have not yet been investigated in this reaction. Amides are
rarely used in common nucleophilic additions due to their low electrophilicity and
reactivity. Nevertheless, the successful utilisation of amides could provide a range of
multisubstituted pyrroles (Scheme 2.1).
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Scheme 2.1: Proposed Synthesis of Pyrroles

Pyrroles are common heterocycles which have been found from much of the World’s
flora and fauna.l’ Due to their characteristic planar and electron rich properties,
pyrroles have showed high reactivity in many biological contexts and as a result
scientists have increased their research into biological or synthetic studies. Many
useful products containing pyrrole have been isolated and identified from natural
sources, moreover a growing number of total syntheses have been explored. Some
examples as shown in Figure 2.1, storniamide A was isolated in 1996, and it was
confirmed to have antibiotic activity against Gram-positive bacteria.*® Also, the first
total synthesis was reported in 1999 by the Boger group.'® Lycogarubin C was another
representative example which was found in 1994, and it was classified as
chromopyrrolic acid (CPA) and exhibited inhibition of protein kinases as well as
topoisomerase 1.2° Furthermore, rigidin E is active inhibitor of against calmodulin
brain phosphodiesterase,?* and atorvastatin has been used as inhibition of HMG-CoA
reductase (HMGR).??
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Figure 2.1: Natural Products Containing Multisubstituted Pyrroles
2.1.2 Preparation of Substrates

It was decided to use the propynylamide 57a for the reaction optimisation and
substrates was synthesised according to literature procedures?*-2°. The method for the
synthesis of substrate 57a began with the commercially available propynylamine S1
which underwent tosylation to form protected propynylamine S2. Through a
Sonogashira coupling reaction, the phenylpropynyl amine S3a was successfully
generated. Then acetylation formed the alkynamides 57a in good yields. A range of
substrates could be made undergoing same pathway by manipulation of Sonogashira

coupling reactions and acetylation to give a selection of alternative alkynamides?2°.

Phl (1.5 equiv) Ph Ph
TsCl (0.95 equiv) Cul (10 mol%) NaH (2.0 equiv)
| | Et;N (2.4 equiv) | | PdCl,(PPhg), (5 mol%) | | PhCOCI (1.2 equiv) | | o
—_— —_—
CH,Cl, Et3N (2.0 equiv) THF, RT, 20 h )]\
NH, 0°C-RT 18h NHTs  DMF 40°C.2h NHTs N “Ph
S1 S2 S3a Ts 57a
92% 79% 66%

Scheme 2.2: Substrates 57a Synthesis
2.1.3 Optimisation

Based on the previous report from the Lam group,** which had resulted in the
development of a nickel-catalysed system for the arylative cyclisations, it was decided
to use similar conditions in this reaction (Table 2.1). The investigations began with

reaction of alkynamide 57a to PhB(OH). giving pyrrole 60aa, which was conducted
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in the presence of Ni(OAc)2-4H20 (10 mol%) in 2,2,2-trifluoroethanol (TFE) at 80 °C.
However, these reactions were unsuccessful at producing the desired product 60aa.
Then, a screen of P,N-ligands (10 mol%) was undertaken (entries 2-13). Entries 2-7
showed that the reactions were not completed in after 16 h. Therefore, the reaction
time was increased to 24 h with achiral ligand L1, which gave 60aa in 27% vyield as
determined by *H NMR analysis, but the starting material 57a still remained (entry 8).
Pleasingly, chiral phosphinooxazolines L2—-L6 were examined (entries 9-13), and (R)-
Ph-PHOX (L2) gave 60aa in 90% NMR yield with no starting material remaining
(entry 9). Finally, diphosphine ligand dppp (L7) was also tested, but no better result

was found.

Table 2.1: Evaluation of reaction conditions?

| | Ph Ph
o ligand (10 mol%)
)j\ Ni(OAC),4H,0 (10 mol%) /- \
N pp + PhB(OH), > Ph
A (2.0 equiv) TFE, 80 °C, th l}l
Ts Ts
57a 60aa

Ligands

QY QY IIIII Me g
@ |
o PPh, N PPh, N P
2 L3 R=iPr & % Bu \/\/
L4 R=tBu L6

Entry Ligand Time Yield of 57a[%]®  Yield of 60aa [%]°
1 - 24 >95 <5
2 L1 16 85 <5
3 L2 16 39 32
4 L3 16 19 52
5 L4 16 9 60
6 L5 16 86 <5
7 L6 16 20 54
8 L1 24 33 27
9 L2 24 - 90
10 L3 24 18 52
11 L4 24 13 70
12 L5 24 10 63
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13 L6 24 11 52
14 L7 24 19 29

? Reactions were conducted with 0.05 mmol of 57aa. ° Determined by *H NMR analysis
using 1,4-dimethoxybenzene as an internal standard.

With optimised conditions in hand, the reaction was extended on a 0.3 mmole scale,
and resulting pyrrole 60aa was generated in 91% vyield [Scheme 2.3, Eq. (1)]. Instead
of using (R)-Ph-PHOX ligand, the racemic version was used which showed an
excellent yield (93%) and the catalyst loading could be lowered to 5 mol% [Eq. (2)].

| | PPh, N Ph Ph
)O]\ (R)-L2 (10 mol%)Ph / \
+ PhB(OH), - Ph 1)

N Ph (2.0 equiv)  Ni(OAC),-4H,0 (10 mol%) N
Ts TFE, 80 °C,24 h Ts
57a 60aa
91%
Ph I6)
|
| | PP, N Ph Ph
)OJ\ rac-L2 (5 mol%) Ph m\
N~ Spn *+ PhB(OH), > N~ Ph o (@F
) (2.0 equiv)  Ni(OAc),4H,0 (5 mol%) )
Ts TFE, 80°C, 24 h Ts
57a 60aa

93%

Scheme 2.3: Reaction Scale-up and Decrease of Catalyst Loading
9Reaction carried out by S. M. Gillbard.

2.1.4 Variation of Boronic Acid

With the optimised reaction conditions in hand, we turned our attention to
investigating the scope of boronic acid, and pyrroles 60ab-60al were obtained in
generally good yields from alkynyamide 57a (Scheme 2.4). The scope included para-
(60ab), meta- (60ac and 60ad), and ortho-substituted (60ae) phenylboronic acids with
different electron-donating group. Also, disubstituted phenylboronic acids with methyl
(60ah), halide (60ag), or alkoxy groups (60af and 60ag) were tolerated. Furthermore,
2-naphthylboronic acid (60ai) and various heteroarylboronic acids were possible,
including 5-indolylboronic acid (60aj), 3-furanylboronic acid (60ak), and 3-
thienylboronic acid (60al).
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Ph 0
I
| | PPh, N Ar Ph
(0]
)j\ rac-L2 (5 mol%) Ph Z_g\
N b+ AB(OH), _ N Ph
) (2.0 equiv)  Ni(OAc),'4H50 (5 mol%) )
Ts TFE,80°C,24 h Ts
57a 60ab-60al
Me OMe Br
F
Ph Ph Ph Ph
l}l Ph l}l Ph ,}‘ Ph I}l Ph
Ts Ts Ts Ts
60ab 77% 60ac 78% 60ad 90% 60ae 84%
MeO Cl Me
MeO i-PrO Me
Ph Ph Ph
N Ph N Ph N Ph
| | |
Ts Ts Ts
60af 67% H 60ag 72% 60ah 63%
N
CO \ 07N\ STN
Ph Ph — Ph — Ph
N Ph N Ph N Ph N Ph
| | | |
Ts Ts Ts Ts
60ai 70% 60aj 73%° 60ak 55% 60al 90%

Scheme 2.4: Scope of Boronic Acids®

9 Reactions were conducted with 0.30 mmol of 57a in TFE (3 mL). Yields are of isolated

products. ® Reaction carried out by S. M. Gillbard.

Unfortunately, no reaction occurred using alkylboronic acids or alkenylboronic acid

(Scheme 2.5), such as methyl (60am), cyclopropyl (60an), and styryl boronic acids

(60a0). 4-Cyanophenylboronic acid, which contains a strong electron-withdrawing

group at the para-position, was also tested, but only trace of pyrrole 60ap was detected

by 'H NMR analysis.
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| | PPh, N R Ph
(e}
rac-L2 (5 mol%) Ph / \ Ph
N ph * RB(OH), - >3 —> N
A (2.0 equiv)  Ni(OAc);-4H,0 (5 mol%) |
Ts TFE, 80 °C, 24 h Ts
57a 60am-60ap
Cl
NC
Me Ph Ph p— Ph Ph
I;l Ph I}l Ph I;l Ph ,}‘ Ph
Ts Ts Ts Ts
60am N.R. 60an N.R. 60ao N.R. 60ap trace

Scheme 2.5: Scope of Boronic Acids Not Work?®
9 Reactions were conducted with 0.30 mmol of 57a in TFE (3 mL).

By growing crystals of pyrrole 60af that were suitable for X-ray analysis, the structures

of the pyrroles were confirmed (figure 2.2).

Figure 2.2: X-Ray Structures of 60af’
@X-ray crystallography carried out by Dr W. Lewis

2.1.5 Substrate Scope

The investigations of substrate scope carried out by Simone Gillbard, and the research
was based on a range of alkynamides 57a-57n with PhB(OH)2 to give trisubstituted
pyrroles 60aa-60na. The reaction is compatible with alkyne substituent containing
phenyl group (60aa), different electron-donating (60ba and 60da) or halide (60ca and
60ea) substituted benzenes, and a 2-thienyl group (60fa). Instead of the benzoyl group
of the amide, para-substituted benzenes (60ga and 60ha) were tried in good yield. N-
Acyl groups with alkyl substituents are also possible, such as methyl (60ia), n-butyl
(60ja), cyclopropyl (60ka), or cyclohexyl (60la) group. Pleasingly, the reaction was
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not only effective with aromatic groups at the alkyne, the conversion of 1,3-enyne

group gave pyrrole 60ma in 99% yield, and the TMS group (60na) was also tolerated.

R’ o}
I 1
| | PPh, N Ph R
)O]\ rac-L2 (5 mol%) Ph / \
N Rz + PhB(OH), - —— N R2
) (2.0 equiv)  Ni(OAc),-4H,0 (5 mol%) )
Ts TFE,80°C, 24 h Ts
57a-57n 60aa—60na
____________________________ e
Me
Ph Ph Ph Ph Ph
U I I S
,,q Ph ,}l Ph ,}l Ph ,,q Ph
Ts Ts Ts Ts
60aa 93%P 60ba R = OMe, 54%” 60da 90%” 60ea 95%°

60ca R =Cl, 92%"

\ N Ph Ph Ph Ph
Ph S — Z_g\
(P~ ¥ i
R |
'}‘ Ts Ts
Ts 60ga R = OMe, 78%°  60ia R = Me, 75%
60fa 46%" 60ha R = Cl, 93%P 60ja R =n-Bu, 92%"

60ka R = cyclopropyl, 70%”
60la R = cyclohexyl, 54%"

Me
Ph — Ph T™MS
SRS
N Ph N Ph
Ts Ts
60ma 99%° 60na 48%°

Scheme 2.6: Scope of alkynamides?
? Reactions were conducted with 0.30 mmol of 57a-57n in TFE (3 mL). Yields are of isolated
products. ® Reaction carried out by S. M. Gillbard. ¢ Determined by *H NMR analysis using
1,4-dimethoxybenzene as an internal standard.

2.1.6 Proposed Mechanism

The proposed catalytic cycle of anti-carbometallative cyclisation of alkynamide is
shown in Scheme 2.7. Transmetallation of ArB(OH)2 with the nickel complex formed
an arylnickel species 61, which was followed by carbonickelation of the alkyne 57 and
forming (E)-58. Although (E)-58 cannot cyclise onto the amide because of geometric
constraints, after the reversible E/Z-isomerisation, (Z)-58 shows correct geometry for
attacking carboxyl group to furnish nickel alkoxide 60. Incorporating a tosyl group

into alkynamide was expected to increase the reactivity of this nucleophilic addition
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due to electron-withdrawing property of tosyl group. Finally, dehygration

regenerates the nickel species and provides the 2,3,4-trisubstituted pyrrole 60.

Ni(OAc), 4H,0

lLigand

N . )
Z:&RZ
N
|

ONi(OR)L,

59
Ts R = Ac, H, CH,CF,

\

ArB(OH),

L,Ni(OR),
& ROB(OH),

+(RO)Ni—Ar

61 R
M .
M.

|
Ni(OR)L,, 1
Ni(OR)L, O Ar
x J RO 0
R NT OR? )]\
' = N~ R?
Ar Ts = ,
(2)-58 Ts (£)-58

of 59

Scheme 2.7: Proposed Catalytic Cycle of Ni-Catalysed Arylative Cyclisations of Alkynamides

2.2 Application

Pyrroles are useful building blocks in many synthetic applications. To illustrate the

synthetic utility of this reaction, the methodology was applied to the preparation of

natural products or useful materials.

2.2.1 Towards the Synthesis of Lamellarin D Trimethyl Ether

The earliest attempt to apply this methodology was in the synthesis of lamellarins,

which exhibit a wide range of useful biological activities, and more than 50 lamellarins

have been invented.?® One of the most prominent member in lamellarins family is

lamellarin o 20-Sulfate, which was investigated to use for HIV-1 integrase inhibitor?’.

Because most lamellarins contain a tri- or tetra-substituted pyrrole core (Scheme 2.3),

it gave us high interest and intention for synthesis lamellarins by anti-carbometallative

cyclisation. We start the first strategy with lamellarin D. According to some studies,

lamellarin D is highly effective against multidrug resistance (MDR) cancer cell?8, and

its first total synthesis was published by lwao and co-workers in 1997%.
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OR'
lamellarin H (R= R: =H) lamellarin N (R =H, R' = Me)
lamellarin D trimethyl ether (R =R'= Me) lamellarin G trimethyl ether (R = R!= Me)
lamellarin D (R=H, R"=Me)
HO OH
O O HO OH
]\
N ~CO,Me 7\
oﬁ) N CO,Me
|
R? R?
lamellarin O [R2 = p-OMe(CgH,)] lamellarin Q [R3 = H]
lamellarin P [R2 = p-OMe-0-OH(CgH3)] lamellarin R [R® = p-OH(CgH,)]

Figure 2.3: Representative Members in Lamellarin Family

Retrosynthetically, we envisioned intermediate 62 could be converted into lamellarin
D trimethyl ether by Friedel-Crafts cyclisation onto the diethyl acetal. Intermediate 62
is formed by deprotection and alkylation of lactone 63, which could be obtained from
carboxylic acid 64. We proposed accessing the carboxylic group of 64 by a Vilsmeier-
Haack reaction of pyrrole 65 and a subsequent oxidation. Pyrrole 65 would be
generated through an anti-carbometallative cyclisation of alkynamide 66 with boronic
acid 67.

Lamellarin D Trimethyl Ether

B(OH),

Scheme 2.8: Retrosynthetic Analysis for the Synthesis of Lamellarin D Trimethyl Ether
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The preparation of boronic acid 67 was synthesised according to a literature procedure
(Scheme 2.9).3° The synthesis started from commercially available 3,4-
dimethoxyphenol 68 which underwent MOM-protection to form the protecting phenol
69, followed by bromination with NBS to give bromobenzene 70. Finally, boronic acid

67 was made by borylation of the aryl lithium reagent.

OH OMOM OMOM OMOM

MOMCI Br B(OCHs), (HO),B

DIPEA NBS n-Buli

—_— —_— —_—
CH,Cl, DMF -78°C-1t, 3 h
OMe 0°C-rt,17h OMe rt, 16 h OMe OMe
OMe OMe OMe OMe
68 69 70 67
64% 83% 50%

Scheme 2.9: Boronic Acid 67 Synthesis

Unfortunately, anti-carbometallative cyclisation as the key step in the total synthesis
of lamellarins did not occur in the reaction of alkynamide 66 with boronic acid 67
(Scheme 2.10 Eqg. 1). In an attempt to understand the reactivity of boronic acid 67, an
effort was made to verify that once the desired pyrrole 71 was obtained, the anti-
carbometallative cyclisation of alkynamide 57a could be conducted (Eq. 2). However,
the reaction did not afford the pyrrole 71, and the alkynamide 57a was decomposed.
In addition, the cyclisation of phenylboronic acid to alkynamide 66 was also tested,
and the resulting pyrrole 72 was obtained in 99 % yield. Based on these results, the
boronic acid with sterically hindering ortho-substitution affect the reaction, and did
not generate the desirable product. Further studies towards the synthesis of lamellarin
D trimethyl ether were concluded by Simone Gillbard, and will not be described here.
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Scheme 2.10: Attempted Cyclisation of Alkynamide 66 to Boronic Acid 67
9Reaction carried out by S. M. Gillbard.

|
PPh, N

rac-L2 (5 mol%) Ph

OMOM

Ni(OAC),-4HLO (5 mol%)
TFE, 80°C, 24 h

|
PPh, N

rac-L2 (3 mol%) Ph

Ni(OAC),-4H,0 (5 mol%)
TFE, 80°C, 24 h

|
PPh, N

rac-L2 (5 mol%) Ph

Ni(OAC),4H,0 (5 mol%)
TFE, 80°C, 24 h

2.2.2 Towards the Synthesis of Ningalin B

Some ningalins were discovered and showed bioactive characteristic, and ningalin B

has been used as nontoxic MDR modulators®. Also, ningalin derivative were

developed to be used for cancer chemotherapy®2. Due to the bioactive utilities, ningalin

B analogues have been particularly attractive target molecules for many research

groups.

The retrosynthetic analysis showed in Scheme 2.11. The intermediate 73 was

previously converted into ningalin B, The pyrrole 73 might be made through anti-

carbometallative cyclisation of alkynamide 74 with boronic acid 75 and followed by

detosylation.
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Scheme 2.11: Retrosynthetic Analysis for the Synthesis of Ningalin B

The motivation of the synthesis of ningalin B came from examples like those

B(OH),

OMe

depicted

in Scheme 2.12. The cyclisation of substrate 570 failed under the standard conditions

because the methyl oxalyl group was cleaved during the reaction. Changing the solvent

to THF and increasing the catalyst loading to 20 mol% successfully gave pyrrole 60oa

in 35% yield (Eqg.1). Furthermore, increasing the temperature to 120 °C gave a higher

yield, and none of side product was obtained (Eg.2).
Ph

f .

0 L N| Ph Ph Ph Ph
N)H‘/OMe 2 / \ on __ OMe
I rac-L2 (20 mol%)Ph ©

> N + N
570 Ni(OAG),-4H,0 (20 mol%) | 0 | OHO
N THF, 24 h Ts Ts
PhB(OH), (2.0 equiv) 600a
at80°C: 35% 38% 1
at120 °C:  73% 0% (2

Scheme 2.12: anti-Carbometallative Cyclisation of the Alkynamid 570"
9Reaction carried out by S. M. Gillbard.

Regrettably, the anti-carbometallative cyclisation of alkynamide 74 to boroni

was unsuccessful, with only a trace of pyrrole 76 was detected by *H NMR

cacid 75

analysis,

and the starting material 74 was decomposed (Scheme 2.13). This problem might result

from the high temperature used, but no further optimisation in this reaction was carried

out.
OMe
MeO o} MeQ, OMe
B(OH), \
PPh, N MeO OMe
. (20mol %)  Ph
| l o OMe Ni(OAGC),4H,0 (20 mol %) /\ OMe
THF, 120 °C, 24 h N
OMe OMe | 0
74 N 75 76 Ts
Ts (o] trace

Scheme 2.13: Attempted Cyclisation of Alkynamide 74 to Boronic Acid 75
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2.2.3 Towards the Synthesis of BODIPY Derivatives

Boron-dipyrromethene (BODIPY) is a type of fluorescent dyes which has been
reported using in bioanalytical and diagnostic applications®*. Because of their
favourable physical and chemical characteristics, the synthetic access to BODIPY dyes

are attractive.

In the previous synthesis (See Section 2.1.3), pyrrole 60aa was successfully made in
93% yield, which could undergo detosylation with KOH in MeOH/THF (1:1) at 70 °C
to give pyrrole 77 in >99% vyield. Pyrrole 77 has previously been converted into
BODIPY derivative 78% (Scheme 2.14).

Ph
Ph Ph on o Ph Ph
X
Z_g\ KOH (5.5 equiv) 7\ ref.35  pp—< N ph
N TPh ————— pp ——> N\_N_ N
\ MeOH:THF (1:1) N ~g~
Ts 70°C, 17 h H el % b
60aa 77 >99% 78

Scheme 2.14: Synthesis of Precursors to BODIPY Derivatives
2.2.4 Synthesis of N-Alkyl Diphenyl Pyrrolyl Propionic Acid

Nonsteroidal antiinflammatory drugs (NSAID) are widely used agents, which have
received a lot of attention in recent years. Dannhardt and Lehr * published a report
showed that N-alkyl diphenyl pyrrolyl acetic and propionic acids were strong inhibitor
of in vitro of cyclooxygenase (COX) and 5-lipoxygenase. We attempted to start this
synthesis from pyrrole 60ia which could be efficiently made by the methodology that
has discussed previously (See Section 2.1.5). N-Deprotection of pyrrole 60ia formed
the free NH-pyrrole without purification which was alkylated to give pyrrole 79 in
56% yield over two steps. Then, a 1,4-addition with methyl acrylate gave ester 80 in
modest yield. Finally, the ester 80 was hydrolysed by KOH to give propionic acid 81
in 85% yield (Scheme 2.15).

/\
Ph ph 1. KOH (5.5 equiv) Ph Ph MeO,C™ Ph oh o o
MeOH:THF (1:1) (1.5 equiv)
70°C, 16 h BF;.Et,0 (0.56 equiv) 10% aq. KOH
/ \ —_— > / \ e e e MeO,C / \ +> HO,C / \
N Me 2. n-HexBr (1.1 equiv) N Me  CH,Cly, RT, 3h N Me EtOH,85°C,1h N Me
| n-BuyNBr (0.5 equiv) | | |
Ts 50% aq. NaOH n-Hex n-Hex n-Hex
60ia Et,0,50 °C, 24 h 79 56% 80 20% 31 85%

Scheme 2.15: Formal Synthesis of N-Alkyl Diphenyl Pyrrolyl Propionic Acid
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2.3 Conclusion

In summary, an extensive evaluation of the anti-carbometallative cyclisation of N-
tosyl alkynamides has been described, and the reversible E/Z isomerisation of
alkenylnickel species as a key step enable cyclisation to take place. This reaction was
the first example of nickel-catalysed arylative cyclisations of amides to form pyrroles
(Scheme 2.16).

(0] NiL, (cat.)
)j\ rac-Ph-PHOX 1\
_— R
R Ar?B(OH), N
Ts Ts
57 60

N R i
) A2 Ts 'I's ONiL,
Ts

(E)-58 (Z2)-58 59

Scheme 2.16: Proposed Synthesis of Pyrroles

As the result, a new method of synthesis 2,3,4-trisubstituted pyrroles was developed.
A wide range of alkynamides and various arylboronic acids were employed to form

the corresponding pyrroles in 46-99% yield (Scheme 2.17).

)

|
A PPh, N
Ar? Ar'

|| Ph

_Ph-PHOX (5 mol%
Q4+ AB(OH), — (6 mot®) Z_g\
)I\ Ni(OAc),-4H,0 (5 mol%) R

N R TFE, 80 °C, 24 h N

25 examples
Scheme 2.17: Ni-Catalysed Arylative Cyclisations of Alkynamides

Finally, to illustrate the synthetic utility of this reaction, the methodology was applied

to the synthesis of precursors to BODIPY derivatives and biologically active pyrroles.

Ph

Ph Ph Ph Ph Ph Ph
X

Z_g\ KOH (5.5 equiv) 7\ ref.35  pp—y( N__pp
N e I ———— ph > N\ N N~

) MeOH:THF (1:1) N ~B”

Ts 70°C,17h H b £k Ph
60aa 77 >99% 78
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Scheme 2.18: Applications of Ni-Catalysed Arylative Cyclisations

2.4 Future Work

While many useful compounds have been successful made by the anti-
carbometallative cyclisation, there is still no conclusive knowledge about the
reversible E/Z isomerisation as a key step in this reaction. In order to improve the
understanding, further experimental and theoretical studies are necessary. For example,
detailed analysis of stoichiometric reactions of alkynes with well-defined arylnickel

complexes could shed some light on the key steps of this reaction.

Also, development of formal synthesis of useful compounds is a key goal for the
project. The retrosynthesis to making lamellarin D needs to be redesigned which
should avoid using a sterically hindering boronic acid, and further optimisations for
the cyclisation of making precursors to ningalin B are required. Other applications of
natural products containing 2,3,4-trisubstituted pyrroles structure would be of great

interest.
3. Experimental

3.1 General Information

All air-sensitive reactions were carried out under an inert atmosphere using oven-dried
apparatus. 2,2,2-Trifluoroethanol (TFE) was purchased from Alfa Aesar and degassed
before use using a stream of argon gas (20 min). All commercially available reagents
were used as received unless otherwise stated. Petroleum ether refers to Sigma-Aldrich
product 24587 (petroleum ether boiling point 40-60 °C). Thin layer chromatography
(TLC) was performed on Merck DF-Alufoilien 60F254 0.2 mm precoated plates.
Compounds were visualized by exposure to UV light or by dipping the plates into
solutions of potassium permanganate or vanillin followed by gentle heating. Flash
column chromatography was carried out using silica gel (Fisher Scientific 60 A
particle size 35-70 micron or Fluorochem 60 A particle size 40-63 micron). Melting

points were recorded on a Gallenkamp melting point apparatus and are uncorrected.
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The solvent of recrystallisation is reported in parentheses. Infrared (IR) spectra were
recorded on Bruker platinum alpha FTIR spectrometer on the neat compound using
the attenuated total refraction technique. NMR spectra were acquired on Bruker
Ascend 400 spectrometers. *H and *C NMR spectra were referenced to external
tetramethylsilane via the residual protonated solvent (*H) or the solvent itself (*3C).
All chemical shifts are reported in parts per million (ppm). For CDCls, the shifts are
referenced to 7.26 ppm for 1H NMR spectroscopy and 77.16 ppm for 3C NMR
spectroscopy. Coupling constants (J) are quoted to the nearest 0.1 Hz. Assignments
were made using the DEPT sequence with secondary pulses at 90° and 135°. High-
resolution mass spectra were recorded using the electrospray ionisation (ESI)
technique. X-ray diffraction data were collected at 120 K on an Agilent SuperNova

diffractometer using CuK, radiation.
3.2 Preparation of Substrates

Preparation of Substrate 57a

Ph Ph

Phl (1.5 equiv)
Cul (10 mol%) | | NaH (2.0 equiv) | |
| | PACI,(PPh;), (5 mol%) PhCOCI (1.2 equiv) o)
EtsN (2.0 equiv) THF, RT, 20 h
NHTs  DMF, 40°C,2h NHTs N" “Ph
Ts
S2 S3a 57a

Ph 4-Methyl-N-(3-phenylprop-2-yn-1-yl)benzenesulfonamide (S3a).>* To a
Il stirred solution of PdCI,(PPhs), (842 mg, 1.20 mmol) and Cul (457 mg, 2.40

nHTs - mmol) in DMF (30 mL) was added freshly degassed EtsN (6.7 mL, 48.1
mmol) and iodobenzene (4.0 mL, 35.9 mmol) under a nitrogen atmosphere. A solution
of 4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide® (5.00 g, 23.9 mmol) in DMF
(20 mL) was added and the resulting solution was stirred at 40 °C for 3 h. The reaction
was quenched with 50% brine (500 mL) and extracted with EtOAc (3 x 250 mL). The
combined organic layers were washed with saturated aqueous NaHCO3 solution (2 x
500 mL), dried (MgSOs), filtered and concentrated in vacuo. The residue was purified
by column chromatography (10% to 20% EtOAc/petroleum ether) to give the title
compound as a brown solid (5.54 g, 81%). The analytical data were consistent with

those reported previously.?
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Ph N-(3-Phenylprop-2-yn-1-yl)-N-tosylbenzamide (57a).2° A solution of N-
([ tosyl propargyl amine S3a%* (1.50 g, 5.26 mmol) in THF (20 mL) was

N~ Pn added dropwise to an ice-cooled suspension of NaH (60% dispersion in

Ts

mineral oil, 250 mg, 10.4 mmol) in THF (25 mL). The resulting solution
was warmed to room temperature and stirred for ca. 1 h. Benzoyl chloride (0.73 mL,
6.28 mmol) was added dropwise and the resulting solution was stirred at room
temperature for 20 h. The reaction was quenched with brine (60 mL) and extracted
with EtOAc (2 x 120 mL). The combined organic layers were washed with brine (60
mL), dried (MgSOg), filtered and concentrated in vacuo. The residue was purified by
column chromatography (5% to 20% EtOAc/petroleum ether) to give the title
compound as a dark brown solid (1.34 g, 66%). The analytical data were consistent

with those reported previously.?

N-(3-Phenylprop-2-yn-1-yl)-N-tosylacetamide (57i)

| | o NaH (2.0 equiv) | | o
* CI)J\Me THF, RT, 20 h )J\
S3a (1.2 equiv) 57i

A solution of the N-tosyl propargyl amine S3a (500 mg, 1.75 mmol) in THF (7 mL)
was added dropwise to an ice-cooled suspension of NaH (60% dispersion in mineral
oil, 84.0 mg, 3.50 mmol) in THF (8 mL). The resulting solution was warmed to room
temperature and stirred for ca. 1 h. Acetyl chloride (0.15 mL, 2.10 mmol) was added
dropwise and the resulting solution was stirred at room temperature for 20 h. The
reaction was quenched with brine (20 mL) and extracted with EtOAc (2 x 40 mL). The
combined organic layers were washed with brine (20 mL), dried (MgSQa), filtered and
concentrated in vacuo. The residue was purified by column chromatography (5% to
20% EtOAc/petroleum ether) to give the title compound as a pale yellow solid (529
mg, 92). Rf = 0.43 (35% EtOAc/petroleum ether); m.p. 94-96 °C (Et20); IR 2989, 1706
(C=0), 1345, 1243, 1158, 1085, 1043 864, 813, 754 cm™*; *H NMR (400 MHz, CDCls)
5 8.01-7.94 (2H, m, ArH), 7.37-7.29 (7H, m, ArH), 4.90 (2H, s, CHy), 2.41 (3H, s,
ArCHs), 2.37 (3H, s, ArCHs); 3C NMR (101 MHz, CDCls) § 169.6 (C), 145.2 (C),
136.4 (C), 131.9 (2 x CH), 129.9 (2 x CH), 128.8 (CH), 128.4 (2 x CH), 128.3 (2 x
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CH), 122.3 (C), 84.3 (C), 83.8 (C), 36.5 (CHz), 24.8 (CH3), 21.8 (CH3); HRMS (ESI)
Exact mass calculated for [C1sH17NO3SNa]™ [M+Na]*: 350.0821, measured 350.0818.

Preparation of Substrate 57a

T™S ™S
TMS(?I (2 equiv) | | NaH (2.2 equiv) | |
| | n-BuLi (1.8 mol%) PhCOCI (1.3 equiv) 1)
THF THF, RT, 20 h PR
NHTs  -78°C-RT,2h NHTs N7 e
Ts
S2 S3n 57n

™S 4-Methyl-N-(3-(trimethylsilyl)prop-2-yn-1-yl)benzenesulfonamide (S3n).
I To stirred a solution of 4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide®

nHTs (1.0 g, 4.80 mmol) in THF (10 mL) was added dropwise n-BuLi (3.5 mL, 8.64
mmol) under a nitrogen atmosphere at -78 °C. The reaction mixture was warmed to 0
°C and stirred for 1 h. TMSCI (1.2ml, 9.60 mmol) was added and the resulting solution
was warmed to room temperature and stirred for 1 h. The reaction was quenched with
water (100 mL) and extracted with Et.O (3 x 50 mL). The combined organic layers
were washed with brine (100 mL) and water (100 mL), dried (MgSQ.), filtered and
concentrated in vacuo. The residue was purified by column chromatography (10% to
30% EtOAc/petroleum ether) to give the title compound as a white solid (474 mg,
35%). The analytical data were consistent with those reported previously.*’

TMs N-tosyl-N-(3-(trimethylsilyl)prop-2-yn-1-yl)benzamide ~ (57n). A
I 0 solution of N-tosyl propargyl amine S3n (450 mg, 1.60 mmol) in THF (7

N“ P mL) was added dropwise to an ice-cooled suspension of NaH (60%
Ts

dispersion in mineral oil, 142 mg, 3.56 mmol) in THF (8 mL). The resulting
solution was warmed to room temperature and stirred for ca. 1 h. Benzoyl chloride
(0.25 mL, 2.13 mmol) was added dropwise and the resulting solution was stirred at
room temperature for 20 h. The reaction was quenched with brine (20 mL) and
extracted with EtOAc (2 x 40 mL). The combined organic layers were washed with
brine (20 mL), dried (MgSOQa), filtered and concentrated in vacuo. The residue was
purified by column chromatography (5% to 20% EtOAc/petroleum ether) to give the
title compound as a white solid (479 mg, 78%). Rs = 0.42 (35% EtOAc/petroleum
ether); m.p. 101-102 °C (Et20); IR 2952, 1693 (C=0), 1342, 1319, 1248, 1167, 1145,
1070, 1013, 838, 716 cm™; *H NMR (400 MHz, CDCls) & 8.02-7.90 (2H, m, ArH),
7.55-7.44 (3H, m, ArH), 7.36 (2H, ddd, J = 8.5, 6.7, 1.5 Hz, ArH), 7.29 (2H, d, J =
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8.1 Hz, ArH), 4.58 (2H, s, CH2), 2.42 (3H, s, ArCHs3), 0.14 (9H, s, SiCHa); 3C NMR
(101 MHz, CDCl3) § 170.5 (C), 145.0 (C), 135.7 (C), 134.1(C), 131.7 (CHy), 129.3 (2
x CH), 129.1 (2 x CH), 128.4 (2 x CH), 127.7 (2 x CH), 100.0 (C), 90.4 (C), 38.8
(CH2), 21.7 (CH3), -0.3 (3 x CHz); HRMS (ESI) Exact mass calculated for
[C20H2sNNaOsSSi]" [M+Na]*: 408.1060, found 408.1063.

3.3 Nickel-Catalyzed Synthesis of Pyrroles: General Procedure A

R!

O
|| o PPh, NI
)j\ Ar R
2 Ph
';l R rac-L2 (5 mol%) ﬁ\
Ts R2

Ni(OAC),-4H,0 (5 mol%) N
57 TFE, 80°C, 24 h |
N

ArB(OH), (2.0 equiv)

An oven-dried microwave vial fitted with a stirrer bar was charged with the appropriate
substrate 57 (0.30 mmol), arylboronic acid (0.60 mmol), Ni(OAc)2-4H20 (3.7 mg,
0.015 mmol) and rac-L2 (6.1 mg, 0.015 mmol). The vial was capped with a crimp cap
PTFE seal and evacuated and back filled with argon (3 cycles). TFE (3 mL) which had
been freshly degassed (using a stream of argon for 20 min) was added, the septum was
sealed with PTFE tape, and the contents were stirred at room temperature for 10 min
and then at 80 °C for 24 h. The reaction was cooled to room temperature, quenched
with 50% brine (10 mL) and extracted with EtOAc (5 x 10 mL). (Extraction of the
aqueous layer 5 times using EtOAc is essential for high yields.) The combined organic
layers were dried (MgSO.), filtered and concentrated in vacuo. The residue was
purified by column chromatography using EtOAc/petroleum ether to give the pyrrole
60.

ph. Ph 2,3,4-Triphenyl-1-tosyl-1H-pyrrole (60aa). The title compound was
mph prepared according to General Procedure A, using propargyl amide 57a
T (117 mg, 0.30 mmol) and phenylboronic acid (73.2 mg, 0.60 mmol), and
purified by column chromatography (5% to 15% EtOAc/petroleum ether) to give a
white solid (125 mg, 93%). Rs = 0.57 (40% EtOAc/petroleum ether); m.p. 193-194 °C
(Et20); IR 3138, 3059, 2922, 1597, 1365, 1192, 1168, 1101, 1071, 731 cm™*; *H NMR
(400 MHz, CDCl3) 6 7.64 (1H, s, ArH), 7.32-7.28 (2H, m, ArH), 7.26-7.19 (4H, m,

ArH), 7.19-7.11 (6H, m, ArH), 7.09-6.99 (5H, m, ArH), 6.90-6.83 (2H, m, ArH), 2.38
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(3H, s, CH3); *C NMR (101 MHz, CDCl3) § 144.9 (C), 135.9 (C), 133.9 (C), 133.5
(C), 132.8 (2 x CH), 132.3 (C), 130.6 (2 x CH), 130.3 (C), 129.6 (2 x CH), 128.6 (2 x
CH), 128.4 (3 x CH), 127.84 (C), 127.79 (2 x CH), 127.7 (2 x CH), 127.3 (2 x CH),
127.1 (C), 126.8 (CH), 126.5 (CH), 120.0 (CH), 21.8 (CH3); HRMS (ESI) Exact mass
calculated for [C29H23NO2SNa]* [M+Na]*: 472.1374, found: 472.1335.

ph. ph 2-Methyl-3,4-diphenyl-1-tosyl-1H-pyrrole (60ia). The title compound
/ \ v Was prepared according to General Procedure A, using propargyl amide
l 57i (98.2 mg, 0.30 mmol) and phenylboronic acid (73.2 mg, 0.60 mmol),
and purified by column chromatography (5% to 15% EtOAc/petroleum ether) to give
a white solid (87.5 mg, 75%). Rf = 0.66 (35% EtOAc/petroleum ether); IR 3057, 2921,
1597, 1359, 1308, 1173, 1158, 1092, 784, 700 cm™; *H NMR (400 MHz, CDCl3) §
7.84-7.79 (2H, m, ArH), 7.52 (1H, s, ArH), 7.39-7.28 (5H, m, ArH), 7.24-7.18 (3H,
m, ArH), 7.15-7.06 (4H, m, ArH), 2.46 (3H, s, CHs), 2.31 (3H, s, CH3); *C NMR
(101 MHz, CDCl3) 6 145.1 (C), 136.3 (C), 134.2 (C), 133.8 (C), 130.6 (2 x CH), 130.2
(2 x CH), 128.28 (4 x CH), 128.2 (2 x CH), 128.1 (C), 127.3 (2 x CH), 127.2 (C),
126.9 (CH), 126.7 (CH), 126.5 (C), 118.8 (CH), 21.8 (CHs), 11.9 (CHs); HRMS (ESI)
Exact mass calculated for [C24H21NO2SNa]* [M+Na]*: 410.1185, found 410.1180.

P TMs  2,4-Diphenyl-1-tosyl-3-(trimethylsilyl)-1H-pyrrole (60na). The title

/ \ -, compound was prepared according to General Procedure A, using

N
|

Ts propargyl amide 57n (115.7 mg, 0.30 mmol) and phenylboronic acid
(73.2 mg, 0.60 mmol), and purified by column chromatography (5% to 15%
EtOAc/petroleum ether) to give a white solid. Rt = 0.76 (35% EtOAc/petroleum ether);
IR 3213, 2925, 1441, 1351, 1169, 1089, 838, 758, 695, 664 cm™; *H NMR (400 MHz,
CDCls) & 7.52 (1H, s, ArH), 7.43-7.40 (4H, m, ArH), 7.33-7.24 (5H, m, ArH), 7.18-
7.13 (5H, m, ArH), 2.42 (3H, s, ArCHjs), -0.31 (9H, s, SiCH3). 3C NMR (101 MHz,
CDCls) 6 144.7 (C), 140.4 (C), 136.9 (C), 136.0 (C), 133.3 (C), 132.8 (2 x CH), 132.6
(C), 129.6 (2 x CH), 129.51 (2 x CH), 128.8 (CH), 128.1 (2 x CH), 127.7 (2 x CH),
127.2 (CH), 127.1 (2 x CH), 123.0 (C), 120.9 (C), 21.8 (CHs), 0.8 (3 x CH3). HRMS
(ESI) Exact mass calculated for [CasH27NNaO2SSi]* [M+Na]*: 468.1424, found
468.1417.
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Me 2,3-Diphenyl-4-(4-methylphenyl)-1-tosyl-1H-pyrrole (60ab). The

title compound was prepared according to General Procedure A, using

) \Ph propargyl amide 1a (117 mg, 0.30 mmol) and 4-methylphenylboronic

1 " acid (81.6 mg, 0.60 mmol), and purified by column chromatography

(15% EtOAc/petroleum ether) to give a white solid (106 mg, 77%).

R =0.42 (35% EtOAc/petroleum ether); m.p. 185-187 °C (Et20); IR 3066, 2920, 1368,

1186, 1169, 1099, 1075, 772, 698, 668 cm™; *H NMR (400 MHz, CDCls) 6 7.62 (1H,

s, ArH), 7.32-7.26 (3H, m, ArH), 7.18-7.12 (5H, m, ArH), 7.86-7.00 (8H, m, ArH),

6.91-6.84 (2H, m, ArH), 2.38 (3H, s, CH3), 2.32 (3H, s, CH3); *C NMR (101 MHz,

CDCl3) & 144.8 (C), 136.5 (C), 135.9 (C), 133.6 (C), 132.8 (2 x CH), 132.2 (C), 130.9

(C), 130.6 (2 x CH), 130.4 (C), 129.6 (2 x CH), 129.1 (2 x CH), 128.4 (2 x CH), 128.3

(CH), 127.9 (C), 127.8 (2 x CH), 127.7 (2 x CH), 127.3 (2 x CH), 127.1 (C), 126.5

(CH), 119.8 (CH), 21.8 (CHg), 21.3 (CH3); HRMS (ESI) Exact mass calculated for
[C30H2sNO2SNa]* [M+Na]*: 486.1498, found: 486.1493.

OMe 4-(3-Methoxyphenyl)-2,3-diphenyl-1-tosyl-1H-pyrrole (60ac). The

title compound was prepared according to General Procedure A, using
Ph

I\
N~ Ph methoxyphenylboronic acid (91.2 mg, 0.60 mmol), and purified by

|
Ts

propargyl amide la (117 mg, 030 mmol) and 3-

column chromatography (5% to 15% EtOAc/petroleum ether) to give
a white solid (112 mg, 78%). Rt = 0.42 (35% EtOAc/petroleum ether); m.p. 144-146
°C (Et20); IR 3135, 3063, 3011, 2949, 1599, 1375, 1171, 1094, 1067, 1034 cm™; H
NMR (400 MHz, CDCl3) 8 7.69 (1H, s, ArH), 7.34-7.26 (3H, m, ArH), 7.20-7.12 (5H,
m, ArH), 7.09-7.01 (5H, m, ArH), 6.95-6.89 (2H, m, ArH), 6.85-6.81 (1H, m, ArH),
6.79-6.74 (1H, m, ArH), 6.70-6.65 (1H, m, ArH ), 3.60 (3H, s, OCHj3), 2.39 (3H, s,
ArCHs); C NMR (101 MHz, CDCls) § 159.4 (C), 144.9 (C), 135.8 (C), 135.1 (C),
133.6 (C), 132.7 (2 x CH), 132.3 (C), 130.6 (2 x CH), 130.3 (C), 129.6 (2 x CH), 129.3
(CH), 128.4 (CH), 127.9 (C), 127.8 (2 x CH), 127.7 (2 x CH), 127.3 (2 x CH), 126.9
(C), 126.6 (CH), 120.8 (CH), 120.0 (CH), 113.6 (CH), 113.1 (CH), 55.1 (CH3), 21.8
(CHz3); HRMS (ESI) Exact mass calculated for [CaoH2sNOsSNa]* [M+Na]*: 502.1447,
found: 502.1448.
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Br 4-(3-Bromophenyl)-2,3-diphenyl-1-tosyl-1H-pyrrole (60ad). The

title compound was prepared according to General Procedure A, using
Ph

I\
N P acid (120.5 mg, 0.60 mmol), and purified by column chromatography

" (5% to 15% EtOAc/petroleum ether) to give a white solid (133 mg,
90%). Rr=0.42 (35% EtOAc/petroleum ether); m.p. 177-178 °C (Et20); IR 3145, 3040,
2924, 1594, 1366, 1188, 1170, 1101, 1067, 788 cm™; *H NMR (400 MHz, CDCls) §
7.66 (1H, s, ArH), 7.41 (1H, t, J = 1.8 Hz, ArH), 7.35-7.26 (3H, m, ArH), 7.25-7.23
(1H, m, ArH), 7.20-7.12 (4H, m, ArH), 7.11-6.97 (7H, m, ArH), 6.90-6.82 (2H, m,
ArH), 2.38 (3H, s, CHs); *C NMR (101 MHz, CDCls) § 145.0 (C), 136.1 (C), 135.7
(C), 133.0 (C), 132.7 (2 x CH), 132.4 (C), 131.3 (CH), 130.5 (2 x CH), 130.1 (C),
129.79 (CH), 129.76 (CH), 129.6 (2 x CH), 128.5 (CH), 127.9 (2 x CH), 127.7 (2 x
CH), 127.6 (C), 127.4 (2 x CH), 127.2 (CH), 126.7 (CH), 125.5 (C), 122.4 (C), 120.2
(CH), 21.8 (CHs); HRMS (ESI) Exact mass calculated for [C29H22BrNO2SNa]*
[M+Na]": 550.0447, found: 550.0441.

propargyl amide 1a (117 mg, 0.30 mmol) and 3-bromophenylboronic

4-(2-Fluorophenyl)-2,3-diphenyl-1-tosyl-1H-pyrrole (60ae). The

Ph title compound was prepared according to General Procedure A, using

/N\ o Propargyl amide 1a (117 mg, 0.30 mmol) and 2-fluorophenylboronic

fs acid (84.0 mg, 0.60 mmol), and purified by column chromatography

(5% to 15% EtOAc/petroleum ether) to give a white solid (118 mg, 84%). R = 0.42

(40% EtOAc/petroleum ether); m.p. 171-173 °C (Et.0); IR 3166, 3055, 2923, 1370,

1170, 1105, 1068, 780, 752, 699 cm™*; *H NMR (400 MHz, CDCl3) 6 7.88 (1H, d, J =

1.8 Hz, ArH), 7.48-7.40 (3H, m, ArH), 7.37-7.25 (5H, m, ArH), 7.23-7.04 (8H, m,

ArH), 7.01-6.90 (2H, m, ArH), 2.51 (3H, s, CHas); *C NMR (101 MHz, CDCls) §

160.15 (d, Jc-F = 247.3 Hz, C), 144.9 (C), 135.7 (C), 133.6 (C), 132.8 (2 x CH), 131.8

(C), 131.7 (d, Jc-Fr = 3.4 Hz, CH), 130.2 (C), 130.1 (2 x CH), 129.6 (2 x CH), 128.6 (d,

Jcr=8.1Hz, CH), 128.4 (CH), 127.8 (2 x CH), 127.7 (2 x CH), 127.3 (2 x CH), 126.5

(CH), 123.8 (d, Jcr= 3.7 Hz, CH), 122.1 (d, Jcr= 5.4 Hz, CH), 121.6 (d, Jcr=14.4

Hz, C), 120.1 (C), 115.8 (d, Jc-r = 22.3 Hz, CH), 21.8 (CHj3) (one carbon signal merged

with others); °F NMR (376 MHz, CDCls) § —114.3 (s); HRMS (ESI) Exact mass
calculated for [C29H22FNO2SNa]* [M+Na]*: 490.1247, found: 490.1236.
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MeO 4-(3,4-Dimethoxyphenyl)-2,3-diphenyl-1-tosyl-1H-pyrrole
MeO (60af). The title compound was prepared according to General
Procedure A, using propargyl amide 1a (117 mg, 0.30 mmol) and

/N\ Ph 3,4-dimethoxyphenylboronic acid (109.2 mg, 0.60 mmol), and

|
Ts

purified by column chromatography (5% to 15%
EtOAc/petroleum ether) to give a white solid (103 mg, 67%). Rs = 0.60 (35%
EtOAc/petroleum ether); m.p. 152-154 °C (Et.0O); IR 3122, 3053, 2998, 2928, 2834,
1505, 1374, 1168, 1108, 762 cm™; *H NMR (400 MHz, CDCl3) & 7.65 (1H, s, ArH),
7.35-7.28 (3H, m, ArH), 7.20-7.14 (4H, m, ArH), 7.09-7.02 (5H, m, ArH), 6.96-6.91
(2H, m, ArH), 6.89-6.84 (1H, m, ArH), 6.83-6.78 (1H, m, ArH), 6.56 (1H, d, J=2.0
Hz, ArH), 3.88 (3H, s, OCH3), 3.55 (3H, s, OCHs), 2.40 (3H, s, ArCH3); **C NMR
(101 MHz, CDCls) 6 148.5 (C), 147.9 (C), 144.8 (C), 135.8 (C), 133.7 (C), 132.7 (2 x
CH), 132.2 (C), 130.7 (2 x CH), 130.3 (C), 129.5 (2 x CH), 128.3 (CH), 127.9 (C),
127.8 (2 x CH), 127.6 (2 x CH), 127.3 (2 x CH), 126.7 (C), 126.5 (CH), 126.4 (C),
120.4 (CH), 119.2 (CH), 112.0 (CH), 111.1 (CH), 55.9 (CHz3), 55.5 (CHz), 21.7 (CHa);
HRMS (ESI) Exact mass calculated for [C31H27NOsSNa]™ [M+Na]*: 532.1553, found:
532.1545.

cl 4-(4-Chloro-3-isopropoxyphenyl)-2,3-diphenyl-1-tosyl-1H-
Pro pyrrole (60ag). The title compound was prepared according to
General Procedure A, using propargyl amide 1a (117 mg, 0.30
n~ Ph - mmol) and 3-chloro-4-isopropoxyphenylboronic acid (128.7 mg,
0.60 mmol), and purified by column chromatography (5% to
15% EtOAc/petroleum ether) to give a brown oil (117 mg, 72%). Rt = 0.42 (40%
EtOAc/petroleum ether); IR 3060, 2978, 2929, 1490, 1369, 1170, 1102, 907, 728, 696
cm™’; TH NMR (400 MHz, CDCl3) § 7.62 (1H, s, ArH), 7.35-7.25 (4H, m, ArH), 7.21-
7.12 (4H, m, ArH), 7.05 (5H, m, ArH), 6.94-6.85 (3H, m, ArH), 6.82-6.75 (1H, m,
ArH), 4.52 (1H, sept, J = 6.1 Hz, (CH3)CH), 2.39 (3H, s, ArCH3), 1.37 (6H, d, J =
6.1 Hz, (CH3)2CH); C NMR (101 MHz, CDCl3) § 152.6 (C), 144.9 (C), 135.7 (C),
133.2 (C), 132.7 (2 x CH), 132.3 (C), 130.5 (2 x CH), 130.2 (CH), 129.6 (2 x CH),
128.4 (CH), 127.9 (2 x CH), 127.8 (CH), 127.67 (C), 127.65 (2 x CH), 127.34 (C),
127.30 (2 x CH), 126.6 (CH), 125.6 (C), 123.9 (C), 119.6 (CH), 115.6 (CH), 72.1 (CH),
22.2 (2 x CH3), 21.8 (CH3) (one carbon signal merged with others); HRMS (ESI) Exact
mass calculated for [C32H2sCINO3SNa]™ [M+Na]*: 564.1371, found: 564.1376.
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Me 4-(3,5-Dimethylphenyl)-2,3-diphenyl-1-tosyl-1H-pyrrole
(60ah). The title compound was prepared according to General
Procedure A, using propargyl amide 1a (117 mg, 0.30 mmol) and

/ \

N Ph 3,5-dimethylphenylboronic acid (90.0 mg, 0.60 mmol), and
Ts

purified by column chromatography (5% to 15%
EtOAc/petroleum ether) to give a white solid (90.9 mg, 63%). Rt = 0.60 (40%
EtOAc/petroleum ether); m.p. 148-150 °C (Et20); IR 3140, 3053, 2919, 1596, 1369,
1189, 1169, 1096, 769, 690 cm™*; *H NMR (400 MHz, CDCls) 7.64 (1H, s, ArH), 7.32-
7.28 (2H, m, ArH), 7.28-7.24 (1H, m, ArH), 7.20-7.11 (4H, m, ArH), 7.07-7.00 (5H,
m, ArH), 6.92-6.84 (3H, m, ArH), 6.79 (2H, s, ArH), 2.38 (3H, s, CH3), 2.20 (6H, s,
2 x CH3); ®*C NMR (101 MHz, CDCls) § 144.8 (C), 137.7 (2 x C), 135.9 (C), 133.6
(C), 132.8 (2 x CH), 132.1(C), 130.6 (2 x CH), 130.4 (C), 129.6 (2 x CH), 128.5 (CH),
128.3 (CH), 128.0 (C), 127.7 (2 x CH), 127.6 (2 x CH), 127.3 (2 x CH), 127.2 (C),
126.43 (CH), 126.40 (2 x CH), 120.0 (CH), 21.8 (CHs3), 21.4 (2 x CH3) (one carbon
signal merged with others); HRMS (ESI) Exact mass calculated for [C31H27NO2SNa]*
[M+Na]": 500.1655, found: 500.1647.

Slow evaporation of a solution of 60ah in CDCl3z gave crystals that were suitable for

X-ray crystallography:

Ph

/ \

I

Ts

3ah
CCDC 1861043

Ph

4-(Naphthalen-2-yl)-2,3-diphenyl-1-tosyl-1H-pyrrole  (60ai).
CO The title compound was prepared according to General Procedure

7 \Ph A, using propargyl amide la (117 mg, 0.30 mmol) and 2-
N~ ~Ph naphthylboronic acid (103.0 mg, 0.60 mmol), and purified by

|
Ts

column chromatography (5% to 15% EtOAc/petroleum ether) to
give a white solid (104 mg, 70%). R¢ = 0.42 (40% EtOAc/petroleum ether); m.p. 203-
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205 °C (Et.0); IR 3145, 3063, 2919, 1596, 1369, 1188, 1170, 1099, 1070, 770 cm™;
'H NMR (400 MHz, CDCls3) § 7.81-7.75 (2H, m, ArH), 7.73-7.65 (3H, m, ArH), 7.46-
7.41 (2H, m, ArH), 7.36-7.27 (3H, m, ArH), 7.25-7.12 (5H, m, ArH), 7.10-6.99 (5H,
m, ArH), 6.95-6.87 (2H, m, ArH), 2.39 (3H, s, CHzs); *C NMR (101 MHz, CDCls) §
1449 (C), 135.8 (C), 133.6 (C), 133.5(C), 132.8 (2 x CH), 132.4 (C), 131.4 (C), 130.6
(2 x CH), 130.3 (C), 129.6 (2 x CH), 128.4 (CH), 128.0 (CH), 127.91 (C), 127.85 (2
x CH), 127.8 (CH), 127.73 (2 x CH), 127.70 (CH), 127.3 (2 x CH), 127.1 (CH), 127.0
(CH), 126.6 (CH), 126.1 (CH), 125.8 (CH), 120.3 (CH), 21.8 (CHz) (two carbon signal
merged with others); HRMS (ESI) Exact mass calculated for [CssH2sNO2SNa]*
[M+Na]": 522.1498, found: 522.1502.

o\ 4-(Furan-3-yl)-2,3-diphenyl-1-tosyl-1H-pyrrole (60ak). The title

— Ph

/\

N
Ts (67.1 mg, 0.60 mmol), and purified by column chromatography (5% to

15% EtOAc/petroleum ether) to give a white solid (73.0 mg, 55%). R = 0.61 (35%
EtOAc/petroleum ether); m.p. 202-203 °C (Et20); IR 3149, 2923, 1364, 1171, 1097,
1060, 760, 695, 666, 589 cm™; *H NMR (400 MHz, CDCls) § 7.62 (1H, s, ArH), 7.32
(1H, t, J = 1.7 Hz, ArH), 7.30-7.26 (2H, m, ArH), 7.25-7.21 (1H, m, ArH), 7.17-7.10
(7H, m, ArH), 7.04-6.98 (4H, m, ArH), 6.95 (1H, t, J = 1.2 Hz, ArH), 6.35 (1H, dd, J
=1.9,0.9 Hz, ArH), 2.38 (3H, s, CH3);}3C NMR (101 MHz, CDCl3) § 144.9 (C), 142.7
(CH), 139.3 (CH), 135.8 (C), 133.8 (C), 132.6 (C), 132.5 (2 x CH), 130.6 (2 x CH),
130.1 (C), 129.6 (2 x CH), 128.3 (CH), 128.04 (C), 128.00 (2 x CH), 127.6 (2 x CH),
127.3 (2 x CH), 127.1 (CH), 119.0 (CH), 118.6 (C), 118.3 (C), 109.9 (CH), 21.8 (CH3);
HRMS (ESI) Exact mass calculated for [C27H2:NO3SNa]* [M+Na]*: 462.1134, found:
462.1126.

compound was prepared according to General Procedure C, using

ph propargyl amide la (117 mg, 0.30 mmol) and 3-furanylboronic acid

s\ 2,3-Diphenyl-4-(3-thienyl)-1-tosyl-1H-pyrrole (60al). The title
— P compound was prepared according to General Procedure A, using
/N\ pn propargyl amide la (117 mg, 0.30 mmol) and 3-thienylboronic acid

T (76.8 mg, 0.60 mmol), and purified by column chromatography (5% to

15% EtOAc/petroleum ether) to give a white solid (123 mg, 90%). Rs = 0.42 (40%
EtOAc/petroleum ether); m.p. 193-195 °C (Et.0O); IR 3134, 3062, 2924, 1366, 1189,
1168, 1088, 1074, 1030, 764 cm™; 'H NMR (400 MHz, CDCl3) & 7.79 (1H, s, ArH),
7.42-7.28 (5H, m, ArH), 7.25-7.19 (6H, m, ArH), 7.12-7.04 (5H, m, ArH), 6.91 (1H,
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dd, J = 2.9, 1.4 Hz, ArH), 2.47 (3H, s, CH3); *C NMR (101 MHz, CDCls) & 144.9
(C), 135.8 (C), 134.0 (C), 133.8 (C), 132.6 (2 x CH), 132.4 (C), 130.6 (2 x CH), 130.1
(C), 129.6 (2 x CH), 128.3 (CH), 128.0 (C), 127.9 (2 x CH), 127.6 (2 x CH), 127.5
(CH), 127.2 (2 x CH), 126.9 (CH), 125.2 (CH), 122.2 (C), 121.2 (CH), 119.5 (CH),
21.8 (CHs); HRMS (ESI) Exact mass calculated for [C27H2:NO2S;Na]” [M+Na]*:
478.0906, found: 478.012.

3.3 Further Transformations

Preparation of Boronic Acid 67

OMOM OMOM OMOM

MOMCI Br B(OCHj3), (HO),B
___DIPEA NBS n-BuLi
—_— —_—
CH ,Cl, DMF -78°C-RT, 3h
OMe 0°C-RT, 17 h OMe RT, 16 h OMe OMe
OMe OMe OMe
69 70 67

oMOM 1,2-dimethoxy-4-(methoxymethoxy)benzene (69).>° To stirred a
solution of 3,4-dimethoxyphenol (1.0 g, 6.50 mmol) in CH2Cl> (12 mL)
was added dropwise MOMCI (0.75 mL, 9.75 mmol) under a nitrogen

OMe
OMe

atmosphere at 0 °C. The resulting solution was warmed to room temperature and
stirred for 17 h. The reaction was quenched with 1% aqueous HCI (20 mL), and the
combined organic layers were washed with saturated NaHCO3 (100 mL) and brine
(100 mL), dried (MgSOs.), filtered and concentrated in vacuo. The residue was purified
by column chromatography (10% EtOAc/petroleum ether) to give the title compound
as a colourless oil (821 mg, 64%). The analytical data were consistent with those

reported previously.®®

OMOM 1-bromo-4,5-dimethoxy-2-(methoxymethoxy)benzene (70).% To a
i} stirred solution of the protecting phenol 69 (500 mg, 2.50 mmol) in

OMe one DMF (7.5 mL) was added dropwise NBS (493 mg, 2.77 mmol) in DMF
(2.5 mL) under a nitrogen atmosphere in the dark at 0 °C. The resulting solution was
14 h in the dark. The reaction was quenched with water (20 mL) and extracted with
Et2O (3 x 40 mL). The combined organic layers were dried (MgSO.), filtered and
concentrated in vacuo. The residue was purified by column chromatography (20%
EtOAc/petroleum ether) to give the title compound as a reddish brown solid (577 mg,

83%). The analytical data were consistent with those reported previously.*
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OMOM [4,5-dimethoxy-2-(methoxymethoxy)phenyl]boronic acid (67).
o %0 To stirred a solution of bromobenzene 70 (300 mg, 1.08 mmol) in

OMo M THE (4 mL) was added dropwise n-BuLi (0.87 mL, 2.17 mmol)
under a nitrogen atmosphere at -78 °C, the reaction mixture was stirred for 1 h.
Trimethyl borate (0.19 ml, 1.62 mmol) was added, and the resulting solution was
stirred for 1 h, followed by warming to room temperature and stirred for an additional
1 h. The reaction was quenched with saturated NH4Cl (20 mL), acidified to pH =3
with HCI, and extracted with CH2Cl> (3 x 50 mL). The combined organic layers were
washed with water (2 x 40 mL) and brine (40mL), dried (NazSO.), filtered and
concentrated in vacuo. to give the title compound as a brown solid (131 mg, 50%). The
compound was unstable and used for the next reaction without further purification.

The analytical data were consistent with those reported previously. 8
2,3,4-Triphenyl-1H-pyrrole (77)

Ph Ph

Zj\ Ph Ph

/ \ KOH (5.5 equiv

N Ph ( . )’ m\ph
) MeOH:THF (1:1) N
Ts 70°C,17h H

60aa 77

A mixture of pyrrole 60aa (150 mg, 0.33 mmol) and KOH (103 mg, 1.84 mmol) in
THF:MeOH (1:1, 15.6 mL) was stirred at 70 °C for 17 h. The mixture was cooled to
room temperature and quenched with water (10 mL) followed by addition of 1 M
aqueous HCI solution (1.8 mL). The resulting mixture was extracted with Et20 (3 x
10 mL). The combined organic layers were washed with brine (10 mL), dried
(MgSO0sa), filtered and concentrated in vacuo to leave the title compound as a purple
solid (100 mg, >99%) that required no further purification. R = 0.46 (20%
EtOAc/petroleum ether); IR 3422, 3408, 2922, 2853, 1601, 1483, 1069, 766, 749, 692
cm™; *H NMR (400 MHz, CDCls) § 8.32 (1H, br s, NH), 7.33-7.21 (15H, m, ArH),
7.05 (1H, d, J = 2.8 Hz, ArH); 3C NMR (101 MHz, CDCl3) § 135.7 (2 x C), 133.1
(C),131.1 (2 x CH), 129.7 (C), 128.6 (2 x CH), 128.5 (2 x CH), 128.3 (2 x CH), 128.2
(2 x CH), 127.3 (2 x CH), 126.7 (CH), 126.2 (CH), 126.0 (C), 125.7 (CH), 120.7 (C),
117 (CH); HRMS (ESI) Exact mass calculated for [C2HisN]* [M+H]": 296.1434,

found 296.1433. The analytical data were consistent with those reported previously.®®

Synthesis of N-alkyl Diphenyl Pyrrolyl Propionic Acid
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/\
Ph Ph  1.KOH (5.5 equiv) Ph h MeO,C Ph Ph Ph Ph

P .

MeOH:THF (1:1) o E(:g;)q;gf) "

70°C,16 h . -00 equiv. 10% aq. KOH

/N _roeteh )\ BReER0@Sea o ¢ [\ _10%aaKOH _ I\

N Me 2. n-HexBr (1.1 equiv) N Me  CH,CI,, RT, 3h N Me EtOH, 85°C,1h N Me

| n-BuyNBr (0.5 equiv) | | |
Ts 50% aq. NaOH n-Hex n-Hex n-Hex

60ia Et,0,50°C, 24 h 79 56% 80 20% 81 85%

Ph ph 1-Hexyl-2-methyl-3,4-diphenyl-1H-pyrrole (79). A mixture of pyrrole
U\Me 60ia (332 mg, 0.83 mmol) and KOH (256 mg, 4.57 mmol) in THF:MeOH
AHex (1:1, 33 mL) was stirred at 70 °C for 16 h. The mixture was cooled to
room temperature and quenched with water (20 mL), followed by addition of 1 M
aqueous HCI solution (4.6 mL). The resulting mixture was extracted with Et20 (3 x
20 mL). The combined organic layers were washed with brine (20 mL), dried
(MgSOg), filtered and concentrated in vacuo. The crude material (168 mg) was
dissolved in Et,O (4.2 mL), and n-BusNBr (134 mg, 0.42 mmol), 1-hexyl bromide
(151 mg, 0.90 mmol), and 50% aqueous NaOH solution (2.1 mL) was added. The
mixture was stirred at 50 °C for 24 h, cooled to room temperature, and diluted with
water (20 mL). The mixture was extracted with Et.O (3 x 20 mL), and the combined
organic layers were washed with brine (20 mL), dried (MgSO.), filtered and
concentrated in vacuo. The residue was purified by column chromatography on neutral
alumina (0 to 1% EtOAc/n-pentane) to give the title compound as a colorless oil (148
mg, 56%). Rt = 0.62 (20% EtOAc/petroleum ether); IR 2927, 2856, 1601, 1537, 1390,
1204, 1181, 764, 738, 697 cm™*; *H NMR (400 MHz, CDCl3) § 7.34-7.30 (2H, m,
ArH), 7.25-7.10 (8H, m, ArH), 6.80 (1H, s, ArH), 3.90-3.86 (2H, m, NCH>), 2.26 (3H,
s, ArCHg), 1.87-1.79 (2H, m, NCH2CH), 1.47-1.33 (6H, m, (CH2)3CHa), 0.97-0.92
(3H, m, CH2CHj3); 3C NMR (101 MHz, CDCls) & 136.7 (C), 136.2 (C), 130.7 (2 x
CH), 128.11 (2 x CH), 128.08 (2 x CH), 128.06 (2 x CH), 126.6 (C), 125.6 (CH),
125.1 (CH), 122.8 (C), 120.4 (C), 118.2 (CH), 47.2 (CHy), 31.6 (CH>), 31.4 (CH>),
26.7 (CHy), 22.7 (CHy), 14.2 (CHa), 10.6 (CH3); HRMS (ESI) Exact mass calculated
for [CasH27NNa]* [M+Na]*: 318.2216, found 318.2209. This compound has been

described previously but no characterisation data were reported.

o o Methyl 3-(1-hexyl-5-methyl-3,4-diphenyl-1H-pyrrol-2-
Meozcﬂ/MMe yDpropanoate (80). A solution of pyrrole 79 (230 mg, 0.72
) tex mmol) in CH2Cl> (3 mL) was added methyl acrylate (98 puL, 1.09

mmol) and BF3.Et.O (50 pL, 0.40 mmol). The mixture was stirred at room temperature
for 3 h and diluted water (10 mL). The resulting mixture was extracted with diethyl

ether (3 x 10 mL). The combined organic layers were washed with brine (10 mL),
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dried (MgSOsa), filtered and concentrated in vacuo. The residue was purified by column
chromatography on neutral alumina (0 to 2.5% EtOAc/n-pentane) to give the title
compound as a pale yellow oil (64 mg, 20%). Rf=0.52 (20% EtOAc/petroleum ether);
IR 2927, 1734 (C=0), 1602, 1437, 1365, 1273, 1156, 910, 767, 700 cm™; 'H NMR
(400 MHz, CDCl3) 6 7.24-7.11 (6H, m, ArH), 7.09-7.04 (4H, m, ArH), 3.89-3.85 (2H,
m, NCH>), 3.64 (3H, s, OCH3), 3.04-2.99 (2H, m, CH.CH>CO:Me), 2.51-2.46 (2H,
m, CH2CH.CO:Me), 2.31 (3H, s, ArCHs), 1.80-1.72 (2H, m, NCH2CH>), 1.46-1.35
(6H, m, (CH2)3CHs), 0.96-0.92 (3H, m, CH,CHz); **C NMR (101 MHz, CDCls) &
173.2 (C), 136.5(C), 136.4 (C), 130.5 (2 x CH), 130.4 (2 x CH), 128.0 (2 x CH), 127.8
(2 x CH), 126.6 (C), 125.5 (CH), 125.1 (CH), 124.8 (C), 121.2 (C), 121.0 (C), 51.8
(CHs), 44.3 (CHy), 35.3 (CH), 31.7 (CH2), 31.6 (CH2), 26.9 (CH2), 22.7 (CH), 20.4
(CH2), 14.1 (CHg), 11.0 (CHz); HRMS (ESI) Exact mass calculated for
[C27H3sNO2Na]* [M+Na]*: 426.2404, found 426.2399.

Ph Ph 3-(1-Hexyl-5-methyl-3,4-diphenyl-1H-pyrrol-2-yl)propanoic
HO,C /N\ ve acid (81). A mixture of pyrrole 80 (64 mg, 0.72 mmol) in EtOH
hHex (2.30 mL) was added 10% aqueous KOH (800 pL, 1.43 mmol).
The mixture was refluxed for 1 h. After cooling the solution was poured into 5%
aqueous NaCl (10 ml). The resulting mixture was acidified to pH = 4 using H3PO4 and
extracted Et20 (3 x 10 mL). The combined organic layers were washed with brine (10
mL), dried (MgSOa,), filtered and concentrated in vacuo. to give the title compound as
a brown oil (52.9 mg, 85%). Rt = 0.30 (30% EtOAc/petroleum ether); IR 2926, 1705
(C=0), 1602, 1415, 1366, 1280, 910, 766, 699, 612 cm™*; *H NMR (400 MHz, CDCls)
& 7.44-7.03 (10H, m, ArH), 3.88-3.84 (2H, m, NCH»), 3.04-3.00 (2H, m,
CH2CH2COzH), 2.54-2.50 (2H, m, CH,CH2>CO.H), 2.30 (3H, s, ArCHs), 1.79-1.72
(2H, m, NCH,CH?>), 1.46-1.33 (6H, m, (CH2)3CH3), 0.95-0.91 (3H, m, CH>CH3); $3C
NMR (101 MHz, CDCl3) § 178.7 (C), 136.5 (C), 136.3 (C), 130.5 (2 x CH), 130.4 (2
x CH), 128.1 (2 x CH), 127.8 (2 x CH), 126.2 (C), 125.6 (CH), 125.1 (CH), 124.9 (C),
121.4(C), 121.0 (C), 44.3 (CH2), 35.2 (CH), 31.8 (CH?2), 31.6 (CHy), 26.9 (CH2), 22.7
(CH2), 20.2 (CH2), 14.1 (CHs), 11.0 (CHs); HRMS (ESI) Exact mass calculated for
[Co6H31NO2Na]* [M+Na]*: 412.2247, found 412.2244.
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The synthesis of multisubstituted pyrroles by the nickel-catalyzed
reaction of N-tosyl alkynamides with arylboronic acids is reported.
These reactions are triggered by alkyne arylnickelation, followed by
cyclization of the resulting alkenylnickel species onto the amide.
The reversible E/Z isomerization of the alkenylnickel species is
critical for cyclization. This method was applied to the synthesis of
pyrroles that are precursors to BODIPY derivatives and a biologically
active compound.

Pyrroles are common heterocycles that appear in natural products,
pharmaceuticals,” dyes,” and organic materials.* Representative
pyrrole-containing natural products include lamellarin D> and
lycogarubin C,” whereas drugs that contain a pyrrole include
sunitinib® and atorvastatin® (Fig. 1). In view of their importance,
numerous strategies to prepare pyrroles have been developed.'*

We'? and others™ have recently described nickel-catalyzed
anti-carbometallative cyclizations of alkynyl electrophiles that
give various carbo- and heterocyclic products. Although these
reactions utilized several types of electrophiles,">"® amides
have yet to be described, which is perhaps unsurprising given
their relatively low electrophilicity. Nevertheless, the successful
use of amides could provide a versatile synthesis of multi-
substituted pyrroles, as shown in Scheme 1. Nickel-catalyzed
addition of an arylboronic acid to the alkynamide 1 would give
alkenylnickel species (E)-2. Although the alkenylnickel moiety
of (E)-2 cannot cyclize onto the amide because of geometric
constraints, reversible E/Z isomerization of (E)-2 would provide
(2)-2, the alkenylnickel moiety of which can now attack the
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dures, full spectroscopic data for new compounds, and crystallographic data
for 3ah. CCDC 1861043. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/c8cc06649c
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Synthesis of multisubstituted pyrroles by
nickel-catalyzed arylative cyclizations of
N-tosyl alkynamidesT
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©and Hon Wai Lam
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Fig. 1 Representative pyrrole-containing natural products and drugs.
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Ts s
(E)-2 (2)-2 4

Scheme 1 Proposed synthesis of pyrroles.

amide to give nickel alkoxide 4. Incorporating an electron-
withdrawing N-tosyl group into 1 was expected to increase the
reactivity of the amide carbonyl to favor this nucleophilic
addition. Protonation of 4, followed by elimination of water,
would then provide a 2,3,4-trisubstituted pyrrole 3.

Our investigations began with the reaction of alkynamide 1a
with PhB(OH), to give pyrrole 3aa, which was conducted in the
presence of Ni(OAc),-4H,0 (10 mol%) in 2,2,2-trifluoroethanol
(TFE) at 80 °C for 24 h (Table 1, entry 1). However, 3aa was not
detected in this reaction. Next, various P,N-ligands (10 mol%)
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Table 1 Evaluation of reaction conditions?

| | Ph Ph
[e] ligand (10 mol%)
Jj\ Ni(OAC),4H,0 (10 mol%) 7\
N pn * PhBOH ——————— Ph
h (2.0 equiv) TFE, 80 °C, 24 h N
Ts Ts
1a 3aa

Ligands

PR G Q\VJ < R%J

Phyp PPh, N\e PPh, N / Fe PPh, N
L1 Lz Ph gR=ipr R Ls L6 R=tBu BY
L4 R=tBu

Entry Ligand Yield of 1a” [%)] Yield of 3aa” [%]

1 — >95 <5

2 L1 33 27

3 L2 — 90

4 L3 18 52

5 L4 13 70

6 L5 10 63

7 L6 11 52

“ Reactions were conducted with 0.05 mmol of 1a. ? Determined by
'H NMR analysis using 1,4-dimethoxybenzene as an internal standard.

were added (entries 2-7). The achiral ligand L1 gave 3aa in 27%
yield as determined by 'H NMR analysis, but significant
quantities of 1a remained (entry 2). Chiral phosphinooxazolines
L2-L6 were then examined (entries 3-7) and of these, (R)-Ph-PHOX

Table 2 Scope of alkynamides?

R o
1
Il PPh, N Ph R
j\ rac-L2 (5 mol%) Ph Z_g\
NO SRz + PhBOHp — =2 TR N R
| (2.0 equiv)  Ni(OAc),-4H,0 (5 mol%) |
Ts TFE,80°C,24h Ts
1a-1m 3aa-3ma
R
Me
Ph Ph Ph Ph
N Ph N Ph y oh
Ts Ts Ts

3ba R =OMe, 54%" 3da 90%

3ca R=Cl, 92%

A
Ph Ph \ S Ph Ph
F
I\ I\ I\
N Ph N Ph N
| | | R
Ts Ts Ts
3ea 95% 3fa 46% 3ga R =0OMe, 78%
3ha R=Cl, 93%
Me
Ph Ph Ph —
M
54 s
,}‘ R ';( Ph
Ts Ts

3ia R=Me, 75%

3ja R=n-Bu, 92%

3ka R = cyclopropyl, 70%
3la R = cyclohexyl, 54%°

3ma 99%

¢ Reactions were conducted with 0.30 mmol of 1a-1m in TFE (3 mL).
Yields are of isolated products. ” An acyclic tetrasubstituted alkene was
also isolated in 23% yield (see ESI). ¢ Conducted at 120 °C.
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(L2) gave 3aa in 90% NMR yield with no starting material
remaining (entry 3).

With an effective ligand identified, the scope of the alkyna-
mide was surveyed in reactions with PhB(OH), (Table 2). Here,
racemic L2 was used and satisfactory results were obtained using
a reduced catalyst loading of 5 mol%. These experiments gave
pyrroles 3aa-3ma in 46-99% yield."* Regarding the alkyne sub-
stituent, the reaction is compatible with a phenyl group (3aa),
various para- (3ba and 3ca), meta- (3da), and ortho-substituted
phenyl groups (3ea), and a 2-thienyl group (3fa). Replacement of
the benzoyl group of the amide with various para-substituted
benzoyl groups is also possible (3ga and 3ha"®). N-Acyl groups
with alkyl substituents are also tolerated. For example, pyrroles
containing methyl (3ia), n-butyl (3ja), cyclopropyl (3ka), or cyclo-
hexyl (3la) groups were formed in 54-92% yield, although for 3la,
increasing the temperature to 120 °C was required for high
conversion. The process is not limited to aromatic groups at the
alkyne, as shown by the reaction of 1,3-enyne 1m to give pyrrole
3ma in 99% yield. However, a substrate containing a methyl
group on the alkyne only gave a complex mixture of products.
Furthermore, the N-tosyl group is important for reactivity, as
N-aryl alkynamides failed to cyclize.

Ph

I o
bon N| Ph Ph Ph Ph
N )H(OMe 2 / \ on _ oMe
+s 3 rac-L2 (20 mol%)Ph N e . .
n Ni(OAC),-4H,0 (20 mol%) ) o | OHO
N THF, temp, 24 h Ts Ts
PhB(OH), (2.0 equiv) 3na 5na
at80°C:  35% 38% 1)
at120°C:  73% 0% )

The cyclization of carbomethoxy-containing substrate 1n
failed under the standard conditions, and led only to decom-
position by cleavage of the methyl oxalyl group. However,
changing the solvent to THF and increasing the catalyst loading
to 20 mol% successfully gave pyrrole 3na in 35% yield, along
with 3-pyrroline 5na in 38% yield (eqn (1)). Increasing the
temperature to 120 °C improved the yield of 3na to 73%, and
none of 5na was observed (eqn (2)).

Pleasingly, this process is compatible with various(hetero)-
arylboronic acids, and pyrroles 3ab-3aj were obtained in 63-90%
yield from alkynyamide 1a (Table 3). The scope includes para- (3ab),
meta- (3ac and 3ad), ortho- (3ae), and disubstituted phenylboronic
acids (3af-3ah) with methyl (3ab and 3ah), halide (3ad, 3ae, and
3ag), or alkoxy groups (3ac, 3af, and 3ag). 2-Naphthylboronic
acid (3ai) and various heteroarylboronic acids that include
5-indolylboronic acid (3aj), 3-furanylboronic acid (3ak), and
3-thienylboronic acid (3al) are also tolerated. No reaction was
observed when 4-pyridinylboronic acid, methylboronic acid, or
cyclopropylboronic acid were used.

To illustrate its utility, this methodology was applied to the
preparation of pyrroles that have been used in the synthesis of
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) derivatives
(Scheme 2).2%>¢ Removal of the tosyl group from 3aa with KOH
in MeOH/TFH (1:1) at 70 °C gave pyrrole 6 in >99% yield,
which has previously been converted into BODIPY derivative
7."® Alternatively, treatment of 3aa with POCl; in DMF at 100 °C

This journal is © The Royal Society of Chemistry 2018
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Table 3 Scope of boronic acids?

Ph O,
|
| | PPh, N Ar, Ph
i I\
)]\ rac-L2 (5 mol%) Ph
N~ Sph + ABOH), — N~ ~Ph
| (2.0 equiv)  Ni(OAc),-4H,0 (5 mol%) )
Ts TFE, 80 °C, 24 h Ts
1a 3ab-3al
Me OMe Br
% Ph Ph
l}l Ph l;l Ph l;l Ph
Ts Ts Ts
3ab 77% 3ac 78% 3ad 90%
MeO Cl
F MeO i-PrO
Ph Ph Ph
l;l Ph ’?‘ Ph ’;‘ Ph
Ts Ts Ts
3ae 84% 3af 67% 3ag 72%
e C "
Me O
Ph Ph Ph
l}l Ph ,;‘ Ph l;l Ph
Ts Ts Ts
3ah 63% 3ai 70% 3aj 73%
07N STN
= Ph = Ph
,;‘ Ph 'I‘ Ph
Ts Ts
3ak 55% 3al 90%

“ Reactions were conducted with 0.30 mmol of 1a in TFE (3 mL). Yields
are of isolated products.

in a microwave reactor resulted in formylation with concomi-
tant removal of the tosyl group to give pyrrole 8, which has been
used in the synthesis of BODIPY derivative 9."

In a further application, removal of the tosyl group of 3ia with
KOH was followed by immediate alkylation with n-hexyl bromide as
described previously to give pyrrole 10 in 56% yield over two steps
(Scheme 3)."” Pyrrole 10 was previously converted in two steps into
11, a known inhibitor of bovine cyclooxygenase and 5-lipoxygenase.'”

In conclusion, we have developed a synthesis of diverse 2,3,4-
trisubstituted pyrroles by the nickel-catalyzed reaction of N-tosyl
alkynamides with arylboronic acids. These reactions rely upon

Ph
Ph Ph oh - Ph Ph
AN
Z_g\ KOH (5.5 equiv) 7\ ref. 15 ph—( N pp
N Ph ——————— ™ N\_N. Nz
\ MeOH:THF (1:1) N ~g~
Ts 70°C,17h H Ph FF  Ph
3aa 6 >99% 7
Ph - Ph Ph
N
POCI; (3.0 equiv) M ef. 15 pp \\ N e
OHC Ph > No LN

DMF, 100 °C, 3 h N
(microwave) H PH FI \F bh
8 95%

Scheme 2 Synthesis of precursors to BODIPY derivatives.
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Ph Ph  1.KOH (5.5 equiv) Ph Ph Ph Ph
MeOH:THF (1:1)
]\ 70°C, 16 h ]\ ref. 17 HOLC \
N~ Me 2 nHexBr (1.1 equiv) N~ Me N7 Me
| n-BugNBr (0.5 equiv) | |
Ts 50% aq. NaOH n-Hex n-Hex
3ia Et,0, 50 °C, 24 h 10 56% 11

(bovine cyclooxygenase and
5-lipoxygenase inhibitor)

Scheme 3 Formal synthesis of bovine cyclooxygenase and 5-lipoxygenase
inhibitor 11.

the reversible E/Z isomerization of alkenylnickel species as a
key step to enable cyclization to take place. This method was
applied to the synthesis of pyrroles that are precursors to BODIPY
derivatives, as well as an inhibitor of bovine cyclooxygenase and
5-lipoxygenase.'®
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