— e e . OH NH, j\

6H Discodermolide

OMe MeO\J4\//f\/;

Hydrogen Transfer Annulations Y
Formmg Heterocycles .- ’

Maytansine

2lide

Samuel John Thompson

YOH

Dong Group — UT Austin
© OH © Wednesday — October 7t, 2015

Epothilone A:R=H . .
Epothilons B : R = Ms Literature Review

Pironetin

0O OR!

6Ac

OH OBz

OH
Taxnl ' R1=H RZ2= Ar R3=Ph




This review brought to you by

Angewandte
Minireviews

A. Nandakumar, E. Balaraman et al.

International Edition: DOI: 10.1002/anie. 201503247
German Edition:  DOI: 10.1002/ange. 201503247

Transition-Metal-Catalyzed Hydrogen-Transfer
Annulations: Access to Heterocyclic Scaffolds
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The ability of hydrogen-transfer transition-metal catalysts, which en-
able increasingly rapid access to important structural scaffolds from
simplesirtng maerial s d 0 aplehora o resarch fforis onthe

of seaffolds.

d are

benign and hxgh[\‘

atom-economical as they release of water and hydrogen as by-product
and utilize renewable feedstock alcohols as starting materials. Recent
advances in this field with respect to the annulations of alcohols with

tlic scaffolds, are highlighted herein.

1. Introduction
4.1 Scope and Organization of Review

Heterocycles constitute the largest and most diverse
family of organic compounds and have been mostly identified
by their profound application in synthetic biology and
materials science."! The extent to which they can be uilized
in these endeavors depends on the selective and efficient
synthetic methods for their synthesis from simple, and
abundant starting materials. Hence, the development of an
efficient strategy for the construction of heterocycles is a key
‘motivation in contemporary science.

In the past few decades. the transition-metal-catalyzed
hydrogen-transer strategy has attracted much interest from

various nucleophilic partners, thus leading o the formation of hetero-

transfer strategy involves utilization of
the initially extracted hydrogen gas for
the hydrogenation of an intermediate
(derived from the reaction of the
dehydrogenated precursor with nucle-
ophilic partn Istep of the
reaction, thus leading 10 the net release of water as the only
by-product.’d Despite reports on several transition-metal
catlyzed Cu. N, 0, A, 1) ydrogen-ranster reacton

-, Ir-, and rare examples of Fe-based catalytic systems have
sho‘m excellent activity and selectivity in hydrogen-transfer
annulations to deliver heterocyclic compounds. In 2010,
Yamaguchi etal. reported a review article focusing on the
construction of nitrogen-based heterocycles by transition-
metal-catalyzed hydrogen-transfer annulations” In recent
years, this field has evolved in terms of catalyst and ligand
design. and reaction wndmm thus taking the place of
conventional synthetic
helming amount of ttenton. In th s respe . there is need
for a feview articl focused on the potential of catalytic

)in the

the synthetic and I Transfer of H
plays a crucial role in activating the substrate for further
transformation through C-X (C. N, and O) bond-forming
nmulations withthe Hheration of LG and . The hydrogen-
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annulation strategies for the formation of
hslzrncy:llc scaffolds. Herein we highlight recent advance-
ments in hydrogen-transfer annulations of alcohols with
various nucleaphilic partners, thus leading to the formation
of heterocyclic scaffolds. This review material is organized
into four different categories: a) N-alkylation of amines by
alcohols, b) dehydrogenative amide formation from amines
and alcohols, ¢) oxidative cyclization of alcohols, and d) an-
nulation of unsaturated systems.

+.2. N-Alkylation of Amines by Alcohols

Catalytic N-alkylation of amines is a promising atom-
economical and eco-benign approach for the selective con-
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Cp*Ir Complex-Catalyzed Hydrogen Transfer Reactions Directed toward
Environmentally Benign Organic Synthesis

Ken-ichi Fujita, Ryohei Y amaguchi*
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E-mal
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Abstract: Catalytic activity of Cpt! Hmvde(eslcmadhydmgm

The sanmy of organoiridium complexes wes advnta-

trandfer pes of reactions
Thefirstis Opy al

peaure in acetone) catdyzed by [CpIrCL1K,CO, and both

ncesiie catytc sy, avay el moves e o
950 has been obtained in the oxidation of 1-phenylethanol

secondistheN-aikylation of amineswith acohols, A R rowtoane
cadytcsysem oonssing of [C11C1JK.COu for e Nyl
tion of primary amineswith alconos| selopen. Synthesis
of indoles and 1234«levavydroqumhn5 it
alkylation of amino awmwsa\as/mnssm nitrogen heterocycles

s the oxdative axition reaeion, which i one of the
most fundamental and important process in organo-
metallic chemistry, hes been studied using Vaskals com-
p\e( 1CI(CO)(PPhy) 2

ery of ahighly effiGent oavays [Ir(cod)(PW;)(w)lPFs-
for hydrogenation of olefin by Crabtree et

Thereafter, anumber of iridium-catalyzed hydrogenalm
systems including enantiosslective reactions have been
disclosed.* In recent years,ricium complexes were found
10 be effective as catelysts for hydrosilylation carbon-

lyzedby aCprIr
regio- and chemoselective transter hycrogenation of quinolines. An

carbon®” and bond formation, hy-
drogen (ransfa rea::tlon‘“ lunalmanzanen of CH

efficient method for the transfer
Iyzed by [CI1CIJHOIOs s 2 propena asaycogen surce

has been jariely of 1.2.3 d-tetrahydroquinoline deiva:
ives can b ynesize by s mahod. Thés resus o the
Cp*lir_ complexes can be useful caalyss for hydrogen transter

bonds 13
attracting cme alot of interest. Most m these interesting
reactions were achieved using low-valent iridium com-
plexes coordinated with olefin, CO, halogen, or phospho-
[IrCl(cod)],) as a catalyst precursor.

g
organic synthesis.
1 Introdudion
2 Hydrogen Transfer Oxidation of Primary and Secondary
Alcohols (Oppenauer-Type Oxidation)
3 MAlgialno AminsuiihAlenols
4 Synthesisof N-Heterocyic C:
41 Tiramaleodar N Hetwbcydizaionof Aino Alcohols
42 Intemoleuor N Heteronylizaion of Primary Amies
with
5 Tianste Fycrogenaion o Quinlines
nclusion
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1 Introduction

In the field of homogeneous catalytic organic synthesis,
relatively little attention have been paid to the uilization
of iridium as catalyst for a long time, while its family
member, rhodium and cobalt, have seen extensive use as
catlyssinclucing industial proceses! This diference

e pmamaved dea that organciricium complexes we
100 stable to be used & catalysis for organic synthesis.
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On the other hand, a trivalent iridium complex bearing
e-pentamethylcyclopentadienyl  (Cp*)  ligand,
[GoI1Cll (Rigure 1), sanother wel-known szble.com
plex of iridium. The first synthesis of [Cp*IrCl,], was re-
ported by Maitliset al. in 1969, At first, [Cp*IrCl.], was
prepared by the reaction of IrClyxH,O with hexamethy!
Dewar benzene, 1+ however, aconvenient preparation by
11ClyxH,0
enewasreported ater. 1> Now we can purchase it from the
reagent market. The chemistry of Cp* Ir complex has been
mainly focused on the stoichiometric reactions, and their
ability toward C-H bond activation of hydrocarbon mole-
Bergmanetal. How-
ever, catalytic utilizations of Cp*Ir complexes have been
relatively unexplored. Only a few examples of Cp*Ir
complex-catalyzed reactions for organic synthess other
then simple hydrogenation reactions had been reported
‘when we started our investigation in 199,425
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Two Major Catalyst Metals

Other metals are used, but are not as widely explored

Cu, Ni, Zn, Pd, Fe, BRh, & more



Hydrogen-Transfer Reaction TEXAS
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» Transfer of H, between a substrate (H-donor) to an H-acceptor:
= (Oxidation of alcohols or amines
= Reduction of ketones or imines

= |nspiration comes from Oppenhauer Oxidation / Meerwein-Ponndorf-
Verley Reduction (hydride transfer)

M
OhH 0O 00 0O OH
)\ " ’lL L | : ' i /lK ’ ’k
R TR? “H* \"R? R' TR?
R?
excess in excess in
reduction oxidation

» Used Industrially to make morphine, codeine, progesterone, etc
= Ran on ton scales for production of chemicals



H-Transfer with Catalysis

0 R
R1)<R2 + RONH, Ao ;l:z + H0
dehYdr%%e”atiOnE L] E hydrogenation
eoitiation [TMH,] redt?cition
0 R

ARz T e

H,NR®  H,0

TEXAS

The University of Texas at Austin
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Traditional synthetic strategies

 Amine alkylation (halides)
* Reductive amination
o S5\2displacement
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Heterocylic Bond Disconnection

Diazonamide A
©“ L)
H

C7a-N disconnection )
f C3-C3a disconnection

oy — o

7 H

©\A @(

C2-N disconnection C2-C3 disconnection

sigmatropic rearrangemet




HETEROCYCLES IN ORGANIC CHEMISTRY

A HETEROCYCLE IN ORGANIC CHEMISTRY IS A RING OF CONNECTED ATOMS, WHERE ONE OR MORE OF THE ATOMS IN THE RING ARE ELEMENTS DIFFERENT FROM CARBON.
HETEROCYCLES WITH OXYGEN, NITROGEN, AND SULFUR ARE THE MOST PREVALENT; SELENIUM, BORON, SILICON, ARSENIC & PHOSPHORUS CAN ALSO BE INCORPORATED.

. OXYGEN-BASED HETEROCYCLES

. NITROGEN-BASED HETEROCYCLES

“:4}1 SULFUR-BASED HETEROCYCLES

Q MULTIPLE HETEROATOM HETEROCYCLES

ETHYLENE OXIDE TETRAHYDROFURAN FURAN TETRAHYDROPYRAN 4H-PYRAN 1,4-DIOXANE ETHYLENE IMINE PYRROLIDINE
Oxirane Oxolane Oxole Oxane 4H-0Oxine p-Dioxane Aziridine Azolidine
CH,0 C,H,0 CHO CH,0 CHO CH.0, CH.N CHN
PYRROLE IMIDAZOLE PYRAZOLE TRIAZOLE PIPERIDINE PYRIDINE PYRIMIDINE PYRIDAZINE
Azole 1,3-diozole 1,2-diazole 1,2, 4-triazole Azinane Azine 1,3-diazine 1,2-diazine
CHN CH.N, CHN, CH,N, CH N CH.N CH,N, CHN,

'/y’ N\, f/%( _\ :,\VK B \ ,::f';' 2 ."\\\\1:
%';‘ j’ g / \ %'h \‘e‘ ‘ : § N
\\ ) ) | 4 > ) ( { )y
PYRAZINE ETHYLENE SULFIDE TETHAHYDRUTHIUPHENE THIOPHENE TETRAHY[]RUTHIUPYRAN UXAZULE THIAZOLE MORPHOLINE
1,4-diazine Thiirane Thiolane Thiole Thiane 1,3-0xazole 1,3-thiazole Tetrahydro-1,4-oxazine
CHN, CH,S CHS C.H.S C.H.:S C,H,NO CH.NS C,HNO

© COMPOUND INTEREST 2014 - WWW.COMPOUNDCHEM.COM
Shared under a Creative Commons Attribution-NonCommercial-NoDerivatives licence.
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Overview

= Synthesis of N-Heterocycles
1. N-alkylation of amines by alcohols
2. Dehydrogenative amide formation from amines and alcohols
3. Oxidative cyclization of alcohols
4. Annulation of unsaturated systems (alkene/alkyne)

= Synthesis of O-/ S-Heterocycles
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N-Alkylation of Amines

=  Usually performed with alkyl halides

= Difficult to control and predict reactivity
= Via amide reduction a

= Toxic and expensive wastes

.R3
j)j—' 3 [TV v H H,O
R'” "R? et R‘J<R2 ’
: (TM]
dehydr%gienatlonC hydrogenation
or or
oxidation [TMH,] reduction
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N-Alkylation of Amines

=  Usually performed with alkyl halides
= Difficult to control and predict reactivity
= Via amide reduction a

o) _R®
K i H H,0O

- 3 -

R! R2 R NH2 R1J<R2 2

= Toxic and expensive wastes R v
i hydrogenation
oxidation K [TMH,] E red:;tion

2
R!” “R2 f\ R1J'\R2

HNR®  H0

(T™M]

» First example of N-alkylation cyclization by Grigg in 1981

[RhH{PPha}4]
R. OH (Bmol%) . .
NTT boiing 1.4-dioxans ['}') Side: Methanol as alkylation reagent
R
16, R= B (62%) [y Smob RIHEPN) >
N -~ N
H Methanol, reflux, 4 h Me
5 mol %) i \
OoH + NH ( -
HO™ Lo boiling 14-dioxane N
Bn
1b (31 %)

10:1 ratio of diol/famine

Grigg. J. Chem. Soc. Chem. Commun. 1981, 611.




Modern N-Alkylation through H-Transfer TEXAS

¥

so:

e

WP

=

The University of Texas at Austin

Jump ahead to 2009 — Williams et al. published very mild conditions

R~NH, 2.5 mol % [Ru{p-cymene)Chl,

5 5.0 mot % DPEphos
Hot 10 mol % EtzN R“NO
H(;"D toluene, reflux, 24 h 37
38
Ph._..Ph Ph.__Ph
P P
SR
progduct cm;:;;ﬁf”“
»
Ph- wij 100
(78) |
8
N 94
{74} 9
Narell
(85}
10
MeON 100G
s €70
c— 3 NS 100 i
Q;{j 61 12
\\
Foc (60)
i3

» Bidentate ligand suppresses ester formation

O

M r

R O

o Cyclic amine ring sizes = 5, 6, and 7

Sy

v
P hfm

e s

Ph-N )

Ph

-0

50
33)
81

{72}
100

(82
77

{63}
100

(69)
87

{72)

100
{63)

« Aryl and aliphatic amines

Watson et al. JACS 2009, 131, 1760.




Modern N-Alkylation through H-Transfer TEXAS

The University of Texas at Austin

= [nsight into mechanism o
o . LR
= Does imine formation form at metal center? " 56 Cl
2 RNH, R”™CH
HD,. H/D )JC
P;XE;H Ph N 2 RNH,Cl R0
51 HN/\(lj 53 O HN T OH
—  48% D incorperation H/}\R L,Ru’ H.¢ F
Ru cat H Y 57 H
H H (see Scheme 3) H/D_ H/ID
Ph/v‘OH PhXN LR M . L,R A
il U\ R n U\
52 i\/O N™ 0
54
C13 labeled 31% D incorporation H;}\R HH R
62 58
.r’H -~
In our case, L"?U‘H L"TU‘H
This is N2 iminium complex  r—n_ R Ox_R
or via enamine T Yss
81 H , H
w
\ LaRU (
60
RQ
Y R'NH, j\

Watson et al. JACS 2009, 131, 1760.




Modern N-Alkylation through H-Transfer TEXAS

The University of Texas at Austin

= Enyong expaned in 2014 this reaction to lower temperatures

G O
NHB(K, NH, Q\ NHBoc
HO [2CC, CHoCly
HRu{p-cymene)Clol,] i e B ‘(
1

{3 mol %) 8 °Ciord, overnight
OH 2 3 (6 mol %) . { ( gn
HO/\H};A\/ + R%-NH; 1BUOK N TEAJCH,CL, (50:50),
R? = aliphatic {2 equiv relative to ligand} R? o A0 mins, it
55 °C, 24 h,ZBA M.S. 4 (99 %) @N N, JUHCOs @N i Ni, CR,CO0r
=, H 2
3 2
Enyong et al. JOC 2014, 79, 7553. 3 - decomposes above -20 °C
= Used for benzodiazepine core (show how normally made?)
» |solated intermediates 6 and 7
HRu{p-cymene)Cly}o}
(5 mol %) -
2
R = OH HzNj/R Xantphos (S mol %) (I}LRQ
1 * o o
= NH, HO toluene, 160 °C, 12-16 h Cheap starting
: Jl(39 -89 %) materials
Hy+ HOJ
'/‘:, R2 K* H,
oy
s = N = N ————— 2
wagﬁ - =4 : H @jR
F N, oH A, O \'
5 H; ) Hy + H,0

Taddei et al. Eur. J. Org. 2015, 2015, 1068.




Hydroaminoalkylation TEXAS

The University of Texas at Austin

»  Krische — hydroaminoalkylation
» Branch selective
» Anti-diastereoselectivity

H.
,RU‘CO)(PP?}:;)S

H R'"  OH Cl R TsN
™ -~ 5 mol% TsCl, DMAP
CI/ RU(CO)(PP%}:;)S ey k/\/NHZ e - /\/O
%\E _ COH Bmol%)  TsCh DMAP = | dCypp {6 mol%) DCM, 25 °C :

R NH; dCypp (5 mol %) CH,Cly, 25 °C i R? f:lg*f 0{2:; f;?r) g2
toluene, 110 °C, 48 h R ta-1f 2a : da-4f
14 (63-75 %) {300 mol%) {100 mot%}
1a, R'=R2=H 1, R'=Me, R°=H  1g¢, R'= (CHyCHCMe,, RE=H
14, R'=H, R2=Me e R'=H R?=cHex t, R'=H,R?=4tetrahydropyrany!
Me
RN MeTsN Me TsN
/\”)J w .
Me Me Me
MN-Ts-d4a, 75% Yield® 4b, 67% Yield 4c, T0% Yield
=201 dr {X-ray) 4:% dr 31 dr

M-Chz-da, 72% Yield”
TsN TaN TaN
\Me
O

4d. 73% Yield® 4e, 70% Yieid 4f, 63% Yield
=201 dr =201 dr =201 dr

Krische et al. JACS 2015, 137, 1798.




Modern N-Alkylation through H-Transfer TEXAS
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= |r-catalyzed formation of indoles, tetrahydroquinolines, and benzapines

RZ

O cat. [cpircizly
Rq@jb <2005 Qﬁ( 68-99% yield
, cai. [Cp*irCi .
m e m 58-96% yield

n=1,2

= They found that this catalyst with 2-propanol could be used to reduce
nitrobenzene to analine (their own unpublished results)

[C{)kl FClQ]z

OH (5.0 mol% /1) = N
KoCO3 (10 mol%) | | .
=No, 2-propanol N
3 120 °C, 40 h 2 (69%)

Fujita & Yamaguchi. Org. Lett. 2002, 4, 2691.




Modern N-Alkylation through H-Transfer

2 BnNH,

HO

2BnNH, + ]/

HO

:[NHW HO
NHR'

HO

RQ

L,

{Cp’

NaHCOq {5 mol %)

TEXAS

The University of Texas at Austin

&

Madsen used Cp*Ir complex to synthesize piperazines

¥Chls] (0.5 mol %)

foluene or water

II

16 (64~ ?O{} %)

A 1T h

Additionally, through 1,2-diols and a primary amine

- Cp
4 new C-N bonds, neat conditions g TENR
) HY N
cl;p / O‘}\ H2 \Q \.;{\
I _R' R H 4 "OH
N N
0.5% [Cp*IrCl,], R ~ H, R H\/
Hoj 2.5% NaHCO; E j RN R
2
HO 160 °C, 6 h 1
94% R/\OH {Ejp* ?p*
3 W r\
OH R/““N\’H“gR . j :\f 'OHQ
1% [Cp*IrCl,], H [ R T2 ?? ‘(.ﬂ R
R 3% NaHCO; |BPN R T~ e R HN~R
_— j/ — [ ]/ R%NﬁR‘HZ HQO
H,O BnN 140 °C
140 °C, 15 h H 15h
R = Me: 63% DET Study
R =Ph: 90% Aldehyde does not leave catalyst

Madsen. Eur. J. Org. Chem. 2012, 2012, 6752.




Creating better Ir catalysts TEXAS

The University of Texas at Austin

=  Synthetic Challenge: use agueous ammonia as N-source, however [Ru] and
[Ir] catalysts have poor solubility in agueous conditions

)é ./_lz*

"“NH
3 R/\ H / 3
et 2X° e NH3 in water /\)\N
W2 [Cp*IrXply + NHs(aq) NHa(aq) + or Water-Soluble Cp*Ir Catalyst or
§r~~~-w
HaN" N NF OH Multiple N-Alkylation of R!
NHs 2 I Aqueous Ammonia NH
1 X = Cl {94%) R "R2 R2
2 X = Br (91%) 2
3X=1 (87%)
» Sealed vessel OH
= Works with stoichiometric NH; & scalable NHg(aq) + HO/\/\)\/\/\OH
9
= (Can be recycled
catalyst 3 (5.0 mol% Ir) CO
140 °C, 24 h ji
= Tolerated open air in later report for other amines Y = 85%
P R G P R
. HO~ A 18 (’2—3 mol /{}) N Fh N-"%
Ph” TNH, >
HO Jp HO, reflux, 24 h
under air
n=123 20 (74-94 %)

Fujita & Yamaguchi. JACS 2010, 132, 15108.
Adv. Synth. Catal. 2011, 353, 1161.




Creating better Ir catalysts TEXAS

The University of Texas at Austin

Me
1Y B {3 mol%) .
Me 23 RCHO {4; 1.1 equiv) TR /

NH. CSA (1 motth) . >
i . h 3) HCO,H (2 equiv} NT major SOH 1} BuOK (1.1 equiv) Ph 7 .

- 23 [ (Cp™iCI 0.5 equi
oo oM T @ @[ ) (CP)Cick] 0.5 equiv) P \‘}"‘""*{\cz

2a PPh, Mea(H, ?E"{, 16 h Q
" s ! s @%S*o B
Me Me
O U O
N N S N Br . -
@ @ = P,O-ligand found to facilitate C3-
© 7o 7o alkylation of piperidines with Ir

cfsft?g:?/osz:ﬁa cfsfrz;;/; 23 cfsff?z?;/; 14 » Ru cat. Has no CS_a|ky|a’[ion
Me Mo = Ru(cymene) or Cp*Ir catalysts
ﬁj/\@ Sae also faile
) o A = Have much larger table with
cisitrans 2:3 cisftrans 2.3 cisftrans 2:3

unsubstituted diols

1) B (5 mol%j, 18 h
2) PhCHO (4; 1.1 equiv)
CSA (1 moi%), 20 h
NH,

 3HCOH @ equiv), 2h e

HO Me "OH foluene, 150 °C
50 %

O
C

x@Q

2a 3e

43% yield 5% yteid
{isolated) {isolated)

dr 1:1 Bruneau et al. ACIE 2012, 51, 8876.




Dehydrogenative Amide Formation TEXAS
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= Dehydrogenative amide formation from alcohols and amines

Applicable for Amide/peptide bonds

Usual formation occurs through activation of acid derivatives or acid/base
rearrangement reactions

Development of acceptorless dehydrogenative amide formation with
liberation of H, as byproduct = gas extrusion (capture) drives reaction

H H — i
H 2
R1)<OH + RQN: > R N’R + 2H2T
H H
. [TM]
dehydrogenation H dehydrogenation
or =T -H, or
oxidation [TM] oxidation
H reN- OH
/g \H H
R1 O -~ = )( ,RQ
R N

hemiaminal




Dehydrogenative Amide Formation

= 2004 - Benzo-fused five, size, and seven membered lactams

H{Cp*RhCl}s]
2y OH (5-10.5 mol %) S
R 4 -  R'-p o
2N, KoCO5 (10 mol %) SN
acetone, 100 °C, 20-30 h H
=123 27 (46-97 %)

&b

TEXAS

The University of Texas at Austin

= When using other solvents, major product is cyclized amines (not amide) — showing

acetone is key for hydrogen accepting

Fujita & Yamaguchi. Org. Lett. 2004, 6, 2785.
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Dehydrogenative Amide Formation

= Mechanism

. _OH
[Cp*RhCL), + 671,23
NH

2

lbase
o bt O
H
Py Q QL
\ NH, H
- Rl S B E
o HZ

Fujita & Yamaguchi. Org. Lett. 2004, 6, 2785.




Dehydrogenative Amide Formation

2004 - Benzo-fused five, size, and seven membered lactams

HCp*RhChyl,]

CH ~ o 7
R’““E“ U (5-10.5mol %) Rq““":” = o
T NHE KECO3 (';D mol {%)) 4 N
acetone, 100 °C, 20-30 h H
=123 27 (46-97 %)

&

TEXAS
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= When using other solvents, major product is cyclized amines (not amide) — showing

acetone is key for hydrogen accepting

Fujita & Yamaguchi. Org. Lett. 2004, 6, 2785.

2007 — Milstein developed a general amidation strategy via a PNN pincer complex

/7 H
0
OH q\ g 0 ﬁ gt

2k ’ 8
N < co s
Catalyst ,1

H
NH, N
NN N0H ©/ 8 ©/ m/\/\ -
@]

Milstein et al. Science 2007, 317, 790.




Dehydrogenative Amide Formation TEXAS

The University of Texas at Austin

(b) (@) ¢
OH OH
,J\ e R/LNAR
R O R H
1l-|—|3 1] 4,
Y
O RCHzNHz
A
_____ wo-csom RE NTTR
RJLO,«.R N

Milstein et al. Science 2007, 317, 790.

= Relevance for heterocycles, when -amino alcohols with R = H, Me = cyclic dipeptides

“NH _ptBu,
_Ru
Il\:it Co R
R 2 Q
28 (1 moi %) HNJ\f
2 HN Ao ) N - NH
1,4-dioxane, 135 °C, 18 h, Ar O
-4 H, R

29 (64-99 %)
Milstein et al. ACIE 2011, 50, 12240.




Search of General Catalysts TEXAS
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= Madsen - 2010
» Wanted to find general stable catalysts for amide formation
= Designed NHC-Ru complexes - all showed great reactivity

PCy;S
i <
Rz
’ NF:\N o1 [u
o 30 or 31 or 32 ‘ N [RuCl{cod)] P Y ~ipr ;’Pr“'o
HoNT T ne13 i n(&)s(} N N, RSl [
23 LU i \Q{A{‘Ci PrNoN~ipr
TR n=3 Cl ) Ci
30 85%  49% PCy, HBF,, KOtBu PCys, KOBU KOtBu
31 68% 53 % 30 34 32
32 80% 48 %
. Madsen et al. Eur. J. Chem. 2010, 16, 6820.
» Hong - 2014 - Cyclic imide strategy

[RUH(PPhy)4] (5 mol %)
. ®
Pr X ~Pr
r N ‘\N f@ o
\umm/ By :

1 R
R OH R 34 (5 mot %)
+ NC-R » N
R2 OH NaH {20 mol %) R3

e benzene, 80 °C, 18 h 0(5??86%) Nltrlle aCtS as
[Ru] [Ru-H,] I N-source and H-acceptor
R - Hy Ry

o o o

R R’ a3 R!
ﬂo + RS NHy HoR_RI N—
R2 R? M e RS
35 36 OH 37 38 OH Hong et al. Org. Lett. 2014, 16, 4404,




Oxidative Cyclization of Alcohols

=  Substrate does not accept hydrogen

_|—|2

¢

H [TM]  [TM]-H;

R1

[TM]

TEXAS
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&

S W M

= Great for quinoline, pyrrole, pyridine, etc...

= Employing very general conditions, could be easy to synthesize new

ligands using these procedures




Annulation by Oxidative Cyclization TEXAS
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= Quinoline synthesis = One-pot procedure from 1,3 diols & analines
» Screened Lewis Acids to help electrophilic cyclization

5% RuClyxH0O
(01« S
+
PN, HOCR 5% MgBryOBY, AR
Entry X R R’ Product Yield®
1 H H H m 20%
o
N
2 H H Me @(\j\ 32%°
-
N
3 H H n-Hex BN 30%
-
N nHex
4 H Me H m 47%
e
N
5 H n-Bu  H N nBu 48%
S®]
N
6 H Ph H R Ph 31%
L
N
7 »-Cl Me H c! 46%

5% RuClaxH,0

EN HO/‘IR 10% PBig 2R
X!/ & NH; HO” R 5% MgBry OFt; xmw
Entry X R R’ Product Yield®
16 0-Cl

17

18

Me H N 43%
-
N
Ci
N 54%
L
i
e
P

N

Madsen et al. Org. Biomol. Chem. 2011, 9, 610.
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Pyrazine and Pyridine Synthesis

= Milstein pyrazine synthesis — using PNP ligands instead of PNN
» Bulky PNP ligands release aldehyde which undergoes condensation with

amine
- == s = 1
- S O
3\ ==, NH PR —N H
N H N I N
Y /PIBUE i ] RU\ Ra,
_Ru R R 7 col B ico
o) P co //1“ ) ﬂ\‘ ¥ Cl
1 on BY se(imow) |N7 NS | ¢
2 HyN toluene, 165°C, 24 h =N —H, Kﬁ“ 2 3
2 H,, —2 Hy0 i il

80 {35-53%
{ } Milstein et al. ACIE 2011, 50, 12240.

= Milstein pyridine synthesis
= Cyclic and acyclic secondary alcohols could be used
= C-Nand C-C bond formation

N -
A
f{}H . HOY 51 (0.5m0|%}: 2\\
RT” "NH, R2 KOtBu (1 equiv) RN VR2
toluene/THF {4:1}
reflux, 24 h 52 (24-80 %)

Milstein et al. Chem. Commun. 2013, 49, 6632.




Pyrrole Synthesis
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= Highly substituted pyrrole synthesis — 3-component annulation

= Ketone / amine / vicinal diols

IRuCH{p-cymenel]; {1 mol%:}
xaniphos {2 mol%)

#BuOK (20 mol%),
t-amyt alcochol {ImL}

o,
130°C, 16h 5 Vield 1%

- OH
RTJK/R + R3..NH2 +R4/l\.rR5

R* = aryl atkyt; OH
R? =N, O, P substituents:
1 2 3

=

>’NH NH NH
"y " T )
Ph L_rn
5a, 82 b, 70 5¢, 83

LA AN Sos ey,
PH i /A
Ph ﬂ on f O\ = E L

5d K,F’h + 5d' K,F’h e, 63 5f, 78 k/%
(5d:5d" = 95:4), 810 J
MeO MeQ MeQ Fh
s S T
Ph N Ph™"Ny” Ph
N
L_Pn L_#h
5g, 82 5h, 62 5i, 63
PhO, PhQ,
pral
= Y Dad
MeO 3 N N
55, 42 5k, 74 K/Ph 51, 60 i\/f’h

R
oW  [RuClyp-cymene)l, (1 moi%), M
xantphos (2 mol%)
R + NH - R1 Rﬂ-
. an ?’J\/ t R“/‘\/ #-BUOK (20 moid%), N
N 3 OH f-amyl alcochol {(1mL}y 8, Yield [%]°
130°C, 16h
I .
8 o O
Ph™ 7 PR Ph~">p” Ph N~ Ph
H
ba, 65 gb, 71 66,73
Ph Ph Ph
NH )/"NH )"NH
PR~ Ph Ny Ph~">n7 Ph
H H H
8d, 51 be, 73 6f, 60
Me( PhO Ph
IL lﬂ ., A
Ph Ph NO PR PRy
H 69 59i~| H H
{6g:6g’ = 97:3), 63° 6h, 41/ 6i, 72
Fh \N /
ph\ﬂ 7oA
N N Ph
H H
6j, 68 6k, 72

Beller et al. JACS 2013, 135, 11384.




Pyrrole Synthesis

o)

Ph)l\/Ph My B SR

Stopped reaction after 3 hours 1m (0.5mol) 2a(0.75mol)  3a' (1 mmol)
t-BUOK (20 mol%),

[RuCly(p-cymene)], (1 mol%),
xantphos (2 mol%)

major product
Ph D

toluene (1mL)
130 °C, 3h

Ph H/D = 81/19 Ph

Ph
NN HN/\/Ph ﬂ n
| ph === Ph Ph H/D = 80/20

7c 7c' ¥ K/Ph K/Ph

7a1 7a2
N J

n Yleld(4a1 +432' ) 12 A)
I\ /\/N

K/Ph

7a3, 0%

|
Ph/\/ N\/\OD
7b1, 0% 7b2, 0% 7d1, 0% (Eq. 1)

&

Standard H H
2a + 33 —onditions _ o AN A~opt pr™NXg (B, 2)

7b3, 0% 7d2, 0%

TEXAS
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Beller et al. JACS 2013, 135, 11384.




Pyrrole Synthesis

Path a: hydrogen-transferring N H alkylation
R? R®

li

@)
L _R2RONH,| g
R4 2
in-situ -2H,
‘condensaﬂon
l /| o
5
c NH 4 R
R3 » J\r
“ 30H
R2
R1 \N
c' R3 -H,
— | J
S1

S

-HzO R! N
R3
Path b: hydrogen-transfernng C-H alkylation
-H,O RZ RS
82 g —» m 4
RN o RE NH A
R3
Path c: tautomerization N-H alkylatlon
R2 HO RS
R
-H20 /7\ j\R4
R3 D3
Path d: tautomerization C-H alkylation
-H,0 R2 RS R2 RS
S2 4 i
RSN ot 88 R7NHITR
R®pa RF

TEXAS

The University of Texas at Austin

&

4-7
-H,0

Beller et al. JACS 2013, 135, 11384.




Pyrrole Synthesis

= Pyrrole synthesis

TEXAS

The University of Texas at Austin

= Renewable secondary alcohols -1,2-amino alcohols (from amino acids)

= Water/air stable catalyst

c Step 1
OH Ir cat., o
H,N KO-t-Bu H,N
-H, +
HO HO
Step 2 l""zo
Step 3
Ir cat N|
HN N
\ KO-t-Bu OH
NS -
_H2
Pyrrole | -H,0

Catalyst | Q Catalyst Il
N >\ -
P

AN ,\1>_N\ >\

10% yield of pyrrole | 63% yield of pyrrole |

b
Ph Ph
W*\N by
OH
AN . H,NJ\N/J\?,H
. | | . .
(i-Pr),P—__ r— P(-Pr), —_— (i-Pr),P—__ I|r/ P(-Pr),
1\ O .\\
H |\H
H

Michlik & Kempe. Nat. Chem. 2013, 5, 140.
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Pyrrole Synthesis

= Pyrrole synthesis
» Water/air stable catalyst — very low catalyst loadings

Table1 | Synthesis of 2,5-disubstituted pyrroles from 9 1R = Me 0.03 84
secondary alcohols and amino alcohols.
10 1jR=n-Bu 0.03 76
OH HO  NH, P C_at.lg(,j - H -
\ < .1 equiv. KO-t-Bu 1 1k R = n-hexyl 0.03 97
RlJ\ ’ R2 —2H, U
—2H,0 1 12 11 R = n-nonyl 0.05 74
Entry Product Catalyst loading  Yield 13 ImR :\KW 0.1 77
(mol%) (%)
1 [1aR = Me 0.05 80 14 1nR = j-Pr 0.1 73
2 1b R = Et 0.05 93 15 H 10 R = 4-MeOPh 0.05 75
H 16 R\Q/ Bn | 1p R = 4-Cl-Ph 0.05 84
N
3 DR 0.1 65 17 1q R = 4-Br-Ph 0.2 75
H 18 1rR :6%@ 0.2 87
Ph. N _R
4 \@/ 1dR = i-Pr 0.03 89
5 1le R =1-methylpropyl 0.05 88 i 1s R = 2-furany| bs 2
6 1R = i-Bu 01 69 20 1t R = 2-thiophenyl 0.5 57
OH
7 1gR=Ph 0.2 86 21 1uR :)\/V 0.1 70
8 1h R =Bn 0.05 79 B

Reaction conditions: THF, 90 °C, 24 hours.

Michlik & Kempe. Nat. Chem. 2013, 5, 140.
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Pyrrole Synthesis

= 2,3,5-Pyrrole synthesis

Table 2 | Synthesis of 2,3,5-trisubstituted pyrroles.

OH « Ircat. Il i
H,N R ' N .|
H 2 Ko-t-Bu - R R
R H + T» ' \ /
LR HO D2HO  Sepe
2
Entry Product Catalyst loading Yield (%) Entry Product Catalyst loading Yield (%)
(mol%) (mol%)
H
1 /\5_/7/ 05 66 5 2R =Me O 78
2a
6 2fR" = Et 0.05 88
H
H 7 R 0.03 84
P 2g R" = i-Pr .
2b 8 2h R" =i-Bu 0.03 79
H 9 2iR"=B 0.05 80
CH, N _gn L~ "
3 W 05 52
CH, 2
. 10 2in=1 0.1 51
N H
NH N__Bn
4 \ /Y 05 56 1 W 2kn=4 0.05 77
n
2d 12 2ln=8 0.1 37

Fragments that stem from the amino alcohol are shown in red and those contributed by the secondary alcohol are in black. Reaction conditions: THF, 90 °C, 24 hours.

Michlik & Kempe. Nat. Chem. 2013, 5, 140.




Pyrrole Synthesis

Dipyrrole and aminopyrrole syntheses
= High H, production
= Useful for densely functionalized heterocycles

TEXAS
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&b

R
+ +
HO  NH, HO  NH,
OH 0.1 mol% Ir cat. I, OH 0.1 mol% Ir cat. II,
KO-t-Bu X KO-t-Bu
—2H, \ MK —2H,
OH ~2H,0 . —2H0
OH R3
+ + Bn Bn Bn
HO  R? HN HN { HN {
M2 0.1 mol% Ir cat. II, o 9H o1 mol% Ir cat. II \§_7/ X ) CHX N
4179
Rl_/\( KO-t-Bu N o _KOt-Bu _ HN. N
(X —>_H20 Rl_:/Y _2H2 HN HN< HN< o, | X
X =CH, N X —2H,0 7N\ _
AN | 3c 83% 3d 82% 3e 87% |

Michlik & Kempe. Nat. Chem. 2013, 5, 140.




Indole Formation TEXAS
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» Beller — Analine & epoxide
= TsOH — necessary for epoxide opening and electrophilic cyclization

[Rus(CO) ;2] (1 Mol %) -
R1E S . o@ dpf@mot%) gl TN
= NH, p-TsOH {10 mol %) ZN

; o H i
1.4-dioxane, 150 °C. 22 h 56 (4385 %) Amine must be unprotected

1 PhiNH, -indole anion important
HO N\
@ 0 CL 0 s RQ I)
PhNH, H,0
n Tethered amino/a|coho| Beller et al. Chem. Eur. J. 2014, 20, 1818.

HO™ “Ph (5 equiv)
HCp™IrClg}y] (2.5 mol %)

OH )
@\/\J KOH (0.2-2 equiv) @\j @_\_/K\
NH 110°C, 24 b, Ny

2

) 58
******************************************** + ratio of
| KOH {equiv) '+ 58 and 59
N—. .
Ph 0.2 ; 50:50
! | 20 to hBB(78%)
N N™ Me
H H
80, 74% 81, 71%

Keep et al. Org. Lett. 2007, 9, 3299.




Unsaturated Systems in Annulations TEXAS
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Redox isomerization of propargy! alcohols makes sensitive unsaturated
carbonyl compounds

R 0
i 1
( — <OH [IndRu(PPha),Cl} (3 mol %) (PEB-}— R
! NHRZ CSA (5 mol %) N
R? = Ts, SO,Ph OTH), (3 mol %) R?
o-Ns, Boc THF, reflux 72 (68-92%)
ind f!‘}d\
1] @ EERE R
Ll RumL = AT e
s Ci 3
| i
mq ® Ind NHRE
LRU-— S L-Ru---0 | H* Trost et al. JACS 2008, 130, 16502.
‘-—’L .4/, + E I (
Rﬁw(ﬂ -~ H R/I\\() n Y
H H 71

Advanced piperidine intermediates

. . . oH [Cp*Ru(NCCH;)4]PFg __
Cationic [Rh] R1HN\/// . (5 mot %) . ®? N-R
S THE, 80 °C, 15 h —/
2 75 (34-87%)
l in sf.itu enamine I” H,0
ormation
jf e RN R?
R'HN- R?
73 74

De'rien et al. Chem. Commun. 2012, 48, 6589.
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= Synthesis of N-Heterocycles
1. N-alkylation of amines by alcohols
2. Dehydrogenative amide formation from amines and alcohols

3. Oxidative cyclization of alcohols
4. Annulation of unsaturated systems (alkene/alkyne)

= Synthesis of O-/ S-Heterocycles



O/S-Heterocycle Formation

= (Oxidative Cyclization of Alcohols to Lactones
= Annulation of diols to lactones

= H, as only byproduct
PiBu,
={ H]
inﬁl;t&lB’H

/KH/\/OH 78 (0 33 ol %) O
R n toluene, reflux, Ar
n=12 AR

79 (72-90%)

= (Chemo- & Enantioselective Lactonization
= Noyori H-transfer catalyst

TEXAS

The University of Texas at Austin

&

Milstein et al. OM 2011, 30, 5716.

= Normal synthesis - keto aldehydes are very sensitive moieties

0O
) asymmetric transfer
hydrogenation catalyst O
& OH R
1,2 acetone R 12

22 examples, up to 98% vyield and 96% ee

V Dong et al. JACS 2013, 135, 5553.




TEXAS

The University of Texas at Austin

&

O/S-Heterocycle Formation

= (Oxidative Cyclization of Alcohols to Lactones
= Annulation of diols to lactones

= H, as only byproduct
PiBu,
={ H]
inﬁl;t&lB’H

/KH/\/OH 78 (0 33 ol %) O
R n toluene, reflux, Ar
R a

=12

79 (72-90%) Milstein et al. OM 2011, 30, 5716.

= (Chemo- & Enantioselective Lactonization
= Noyori H-transfer catalyst

O
(@)
J—K/\/OH Ru-H catalyst - Q
R r
R
4 8
ﬂ +Hy - "Hy" T OH Compound 6 is prone to aldols,
OH " OH " need in low concentration
= = 2 =
R/\/\/OH T psgEsgd === 2
5 6 R

V Dong et al. JACS 2013, 135, 5553.




Chiral Lactones continued TEXAS
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a-exo-Methylene y-butyrolactones — present in 10% of natural products

Ir-TMBTP (5 mol%)

BocO O OH g oy (5 mol%)  Steps \)L S B

H‘)‘\OM R THF-MeCN (1:1, 0.5 M) Ph
80 °C, 48-72 Hrs 2
57-90% Yield R = p-BrPh

82-95% ee 89% Yield, 10:1 dr NO,
R = (CHy),Ph Ir(TMBTP)

93% Yield, 5:1 dr

Krische et al. JACS 134, 11100.
Spirolactones — from C-C coupling followed by lactonization

1
0 RusCO)i @mol%) o RES
R o R27NRS CioHisCOM (10mol %) { 0
mexylene (1.0 ) R 0
140°C, 20 h 93 (51-99%)
Furans — from redox-triggered C-C coupling of diols
Ar A
/ [RUCO)pl 2mol %) gt OH\ Me o
Me PCys(12mol %) ! @ / g_Me
. CioH1sCOM (12 mal %) _Rr2" X0 ui—lz() | R:z
1 RIOH mexylene, 130 °C. 4 94 (70-99%) 95 (40-77%)

OH Krische et al. ACIE 53, 3232.




O/S-Heterocycle Formation TEXAS
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=  Knoevenagel-type condensation to form chromanes & thiochromanes
= Qlefin intermediate captures [Ir]-H instead of nitrile

CN CN
o 2 - 3 RS
R R Conditions AorB R0
R3 85
Conditions A; Conditions B:
{{IrCp*Clhl (2.5 mol %) Hir{cod)Ci},] (2.5 mol %)
Cs,C04 (0.2 equiv) PPhy (10 mol %)

14-dioxane, 110°C, MW Cs,C0; (0.2 equiv)
1.4-dioxane, 110 °C, MW

Cossy et al. Eur. J. Org. Chem. 2012, 2012, 4453,

= Active methylene condensation
= BQ is H-acceptor

HIrCp™Chly] (2.5 mol %)

p-benzoguinone (1.1 equiv) R
Cs,C0; {1.5 equi
dR 2003 (1.5 equiv) @”\&EWG
X EWG 1,4-dioxane, 20 h, 110°C X
86

X=0,8

EWG = CN, CO,#Bu, CON(Me)Ph, (40-98%)
CeHép‘*NOZ

Cossy et al. Org. Lett. 2013, 15, 3876.
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» H-Transfer annulations are a pretty mild way to synthesize
heterocycles

= Although the substrates are not always the most trivial for these
reactions, they can still be cheaper/easier to synthesize than trying to
densely functionalize pyrroles, pyridines, etc

= | think this strategy is a great way to rethink organic synthesis and how
to approach synthetic problems




Questions

1. Predict the product.

OH 5 mol% [Ru(p-cymene)Cl,]>
5 mol% Xantphos
2 NH> PhMe, 160 °C, 12 h
Me 46% yield
5 mol% RuH,(PPh3),
iPrey X - iPr
\=/ ©Br (5mol%)

OH
HO/Y\/ o NC/\/Ph

Ph 20 mol% NaH
benzene, 80 °C, 18 h
51% yield

OH cl

1.H
2 N—l?__u\‘—P(tBu)2

Soy
+
NH»

PhMe/THF, KOtBu (1 equiv.)
reflux, 24 h
(2 equiv.) 71% yield

N7

2. Predict the mechanism.

OH 5 mol% [Cp*IrCl,],
+ HO” Ph
NH 2.5 mol% KOH

2 .
(5 equiv.) 110 °C, N,
78% yield

3. Predict the mechanism.

TEXAS
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Ph

Iz

Me

5 mol% RUCI3'XH20
Me 10 mol% PBug
Ho/j/
NH,
2 HO 5 mol% MgBry OEt,

Cl mesitylene, reflux, 16 h

43% yield

Cl



Questions 1

OH

NH,
Me

HO/\K\/OH +

Ph

©\AOH
NH,

TEXAS
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&

5 mol% [Ru(p-cymene)Cl,],

NH Me
Me /\/\ OH 5 mol% Xantphos 5
NH> PhMe, 160 °C, 12 h N
46% yield Me H

5 mol% RUHz(PPh3)4
iPr\N/%I\G?/iPr
\—/ ©Br (5 molo) Ph

Ph

\
iLO

20 mol% NaH
benzene, 80 °C, 18 h
51% yield

H
~ N—RU\_P(tBU)Z
OH CI" €O 6.5 moloe)

+ > ~
PhMe/THF, KOtBu (1 equiv.) NT

reflux, 24 h
71% vyield
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Question 2

= d
Ph
OH 5 mol% [Cp*IrCl,],
+ HO” “Ph > \
NH» . 2.5 mol% KOH N
(5 equiv.) 110 °C, N, H
78% vyield
STARY
OM OH
= +
NH, 2 NH,
ICp*IF} | base
9w
N
: @U”
O\/\’ O‘*[Cp*zr] R7N0 + [CpHirkH
[Cp*Ir}-H
) - \/
base
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Question 2

= Doebner-von Miller Quinoline Synthesis

5 mol% RuClzxH,O Me

©\ HOTME 10 mol% PBugy A

+

NH; HO 5 mol% MgBr,-OEt, N
Cl mesitylene, reflux, 16 h Cl

43% vield

o S T~ L

Y
\

HO 24
HZO
x NH, CL& [Ru S xR
HQ*HzO

Mg\05

<EH OH
Me ) J Me [O]
< n
oN b
Cl H H

H Cl

Madsen et al. Org. Biomol. Chem. 2011, 9, 610.




