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Abbreviations

Ar aryl

A Angstrém

BH/HA borrowing hydrogen/hydrogen autotransfer
Bn benzyl

Bu butyl

br broad

°C degree celsius

cod cis-1,5-cyclooctadiene
d doublet

o chemical shift (ppm)
equiv. equivalents

g gram

GC gas chromatography

h hours

Hz Hertz

coupling constant (Hz)

K Kelvin
multiplet
min minute
mL milliliter
mmol millimol
MS mass spectrometry
NMR nuclear magnetic resonance
q quartet
rt room temperature
s singlet
t triplet

puL microliter
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1. Summary/Zusammenfassung

1. Summary

Subject of the thesis are new iridium complexebiktad by anionic P,N- or P,N,P-ligands.
These complexes were used in homogeneous catdfysteermore, mechanistic studies were
performed to provide an insight into the catalgycles. Synthesis protocols for a multitude

of different product classes have been developed.

The iridium complexi, stabilized by a neutral P,N-ligand, reacts undaideonditions with
2-aminopyridines. By elimination of dipyridylaminiee new catalyst speci@a was formed,

which is more stable than catalyis{Scheme 1).

Scheme 1Detection of the active catalyst species.

Based on this finding eight new anionic P,N-ligaads the resulting iridium complexes were

synthesized (Scheme 2).

X~ | R?
Li< N
RPN
S
%\) 1 P\ 1
Ny
Hll\l N
R1‘P\R1 0.5 [IrOMe(cod)]»
-MeOH
R'= aryl or alkyl
R?=H, Me, CI
X=CHorN

Scheme 2Synthesis of iridium complexes stabilized by aigd?,N-ligands.

After optimization of the reaction conditions (seht, base, temperature and catalyst loading)
these catalysts were used in BH (borrowing hydrigtk (hydrogen autotransfer) reactions.
The selective monoalkylation of anilines with pripaalcohols was investigated. In

comparative experiments the superiority of the rdass of catalysts versus the original

1



1. Summary/Zusammenfassung

catalystl was clearly shown. Under mild reaction conditigi® °C) the selectivity profile

with respect to the monoalkylation has been preskrv

The catalytic protocol was subsequently extendethéoalkylation of aromatic diamines.
Therefore various diaminobenzenes were used agdratgss Also Dapsofie an important
drug in treatment of leprosy could be used asistannaterial. We succeeded in both
symmetric and unsymmetric monoalkylations of diasiliScheme 3). Due to the selectivity
profile of the catalyst regarding aromatic amiresp unprotected amino alcohols could be
used as alkylating reagents.

R2
H
HoN (= R\, _N/—= )
N R on el
R2”OH
0\\8/,0 R'=R2orRT# R2 \\,,

H,N NH 2.2 KOtBu, 48 h, 70 °C 1/\ NOR

2

Scheme 3Syntheses of symmetrically and unsymmetricallylalled diamines.

By the use of tridentate P,N,P-ligands, a novetslaf more stable catalysts compared to
complexes 2a-9a could be developed. Due to sealing the synthesector with a
semipermeable membrane, the retransfer of the db@u” hydrogen could be prevented and
H, is released. Dehydrogenation and condensatios stepnow possible instead of BH/HA.
By reacting secondary alcohols wjifamino alcohols, pyrroles were accessible (Scheme 4

OH 10a [10a]
H2N K[OtB]g H2N KOBu
+ -H HZO 'Hz
HO -H0

Scheme 4Pyrrole synthesis.

After adapting the synthesis protocol to this néasg of products the tolerance of functional
groups was tested. Diversely functionalized alcehwlere used. Under mild reaction
conditions (90 °C) and very low catalyst loading®wn to 0.03 mol% iridium), a large
number of novel pyrroles was accessible. Using phagocol 21 differently substitutedo-
pyrroles, 12 bicyclic pyrroles, symmetrically as Ilwas non-symmetrically substituted
oligopyrroles and thre@-aminopyrroles were synthesized. The catalyst ngssitate was

2



1. Summary/Zusammenfassung

identified by NMR experiments and X-ray structuralgsis to be an iridium trinydride. This
trinydride is formed under catalytic conditions ime 5, pathb), by treatment of the pre-

catalyst with alcohols (Scheme 5, pajtor in hydrogen atmosphere (Scheme 5, path

R R
path a
100 eq. 1-phenylethanol, 1 h, 90 °C
N™ =N -cyclooctane N™ =N
A A ' A
N° N 'NH path b Hl’\l N~ "NH
(,-pr)zp\||r/p(,-pr)2 catalytic conditions, 1 h (iF’r)ZP\||r/F’(iPr)2
FAN -cyclooctane RIAN
path c H H H
H,, 60 bar, 24 h, 25 °C
-cyclooctane
10a R < H y iridium trihydride

11a: R=CF;
Scheme 5Syntheses of the iridium trihydride

In the final part of the work, a catalytic pyridisgnthesis was developed (Scheme 6). In this
so far unknown heterocycle synthesis up to foufeddht substituents could be introduced
within a single reaction step. 2,6-, 2,5-, 2,4- &8-substituted pyridines were synthesized
selectively by using variously substituted primasy secondary alcohols angtamino

alcohols. Furthermore, both the synthesis of bicypyridines as well as the synthesis of

pyridines that bear chiral substituergpossible.

R2 [11a] g2 [11a]. R2 R2
1 . __NaOtBu _ l NaOtBu l |
1 1 \S N 1

R" "OH -H,0;-H, R -H, R! -H,0;-H, R

Scheme 6Pyridine synthesis.



1. Summary/Zusammenfassung

Zusammenfassung

Inhalt der vorliegenden Arbeit sind neue anioniséhbl- oder P,N,P-Ligand stabilisierte
Iridiumkomplexe, die in der homogenen Katalyse es®jzt werden. Weiterhin wurden
mechanistische Studien durchgefihrt, um einen Eibh die Katalysezyklen zu erhalten.

FUr eine Vielzahl unterschiedlicher Produktklasaeinden Synthesevorschriften entwickelt.

Der P,N-Neutralligand stabilisierte Iridiumkompléxreagiert unter basischen Bedingungen
mit 2-Aminopyridin. Unter Abspaltung von Dipyridytan bildet sich die neue
Katalysatorspezie®a, die stabiler als Katalysatérist (Schema 1).

Schema 1Entdeckung der aktiven KatalysatorspeZas

Ausgehend von dieser Erkenntnis wurden acht neismiaohe P,N-Liganden und die daraus

resultierenden Iridiumkomplex2a-9a synthetisiert (Schema 2).

X~ | R®
Li< N
L
M
%\) 1 P\ 1
X _ RZ «\eg R
Ny
Hll\l N
R1’P\R1 0.5 [IrOMe(cod)],
-MeOH
R'= aryl oder alkyl
R2=H, Me, CI
X =CH oder N

Schema 2 Synthese der anionischen P,N-Ligand stabilisidridiumkomplexe.

Nach Optimierung der Reaktionsbedingungen bezlgliotssungsmittel, Base und
Katalysatorbeladung wurden diese KatalysatorenHn(lBorrowing hydrogen)/HA (hydrogen
autotransfer) Reaktionen verwendet. Die selektivendalkylierung von Anilinen mit

primaren Alkoholen wurde untersucht. In Vergleiotgrimenten konnte die Kklare



1. Summary/Zusammenfassung

Uberlegenheit der neuen Katalysatorklass2a-489 gegeniber dem urspriinglichen
Katalysator 1 gezeigt werden. Unter milden Reaktionsbedingun@m°C) konnte das

Selektivitatsprofil beztglich der Monoalkylierunchalten werden.

Das Katalyseprotokoll wurde auf die Alkylierung vanomatischen Diaminen ausgeweitet.
Hierzu wurden verschiedene Diaminobenzole als Saesverwendet. Auch Dapsgnwas
ein wichtiges Medikament bei der Behandlung vonrhdpt, wurde als Edukt verwendet. Es
konnte sowohl die symmetrische als auch die unsyinmsobe Monoalkylierung der Diamine
gezeigt werden (Schema 3). Aufgrund des Selektpptafils des Katalysatorsystems
bezuglich aromatischer Amine konnten auch ungegthit Aminoalkohole als

Alkylierungsreagenzien verwendet werden.

R2
H
HoN (= R'. _N/= )
QNHz R'OH ~ @—NH
R2”OOH
O R'=R2 oder R! # R? \\ O

S
H,N NH, 2.2 KOtBu, 48 h, 70 °C 1/\ N R2

Schema 3Synthese von symmetrisch und unsymmetrisch alitglieDiaminen.

Durch die Verwendung von tridentaten P,N,P-Ligankennte eine neue Katalysatorklasse,
die eine hohere Stabilitat aBa-9a besitzt, entwickelt werden. Unter Verwendung einer
semipermeablen Membran wird der “geliehene” Wassknsicht zuriickiibertragen, sondern
als H abgegeben. Anstelle von BH/HA Reaktionen sind mehydrogenierungen und
Kondensationsreaktionen moglich. Damit sind Pyrealegehend von sekundaren Alkoholen

undp-Aminoalkoholen zugénglich (Schema 4).

OH [10a] [10a]
H2Nj/\ KOtBL H2N]/\ KOtBU

* -Hp H O 'Hz

[ j HO ‘ OH H0

Schema 4 Pyrrolsynthese.

Nach Anpassung des Syntheseprotokolls auf diese Reoduktklasse wurde die Toleranz
gegenuber funktionellen Gruppen getestet. Versehistdsubstituierte Alkohole wurden daftr
verwendet. Bei milden Reaktionsbedingungen (90 °Q)nd sehr  geringen

5



1. Summary/Zusammenfassung

Katalysatorbeladungen (0.03 mol% Iridium) war eidgelzahl neuer Pyrrolderivate
zuganglich. Mit Hilfe dieses Syntheseprotokolls kiwm 21 unterschiedlich substituiette-
Pyrrole, 12 bizyklische Pyrrole, symmetrisch alsclauunsymmetrisch substituierte
Oligopyrrole und dreip-Aminopyrrole synthetisiert werden. Die in der Kg&e aktive
Spezies wurde durch NMR-Experimente und Einkrigiatigenstrukturanalyse als
Iridiumtrihydridkomplex identifiziert. Dieser Iridimtrinydridkomplex bildet sich ausgehend
vom Pra-KatalysatorlQa 118 bei Umsetzung mit Alkoholen (Schema 5, Wag unter
Katalysebedingungen (Schema 5, Wygoder in einer Wasserstoffatmosphare (Schema 5,

Wegc).

R R
Weg a
100 &q. 1-Phenylethanol, 1 h, 90 °C
N™ N -Zyklooktan N™ =N
AL ' A A
l’\l N ITIH Weg b HI’\l N l\\lH
(,'pr)zp\||r/p(,'pr)2 Katalysebedingungen, 1 h (iPr)ZP\||r/P(iPr)2
EAN -Zyklooktan RIAN
Weg ¢ H H H
H,, 60 bar, 24 h, 25 °C
-Zyklooktan
10a: R = H y Iridiumtrihydrid
11a: R = CF,

Schema 5Synthese des Iridiumtrihydridkomplexes.

Im finalen Abschnitt der Arbeit wurde eine katadgihe Pyridinsynthese entwickelt. In dieser
bis dahin unbekannten Heterozyklensynthese korbigernu vier verschiedene Reste in einem
einzigen Reaktionsschritt eingefuhrt werden. Dariid@aus gelang es selektiv 2,6-, 2,5-, 2,4-
und 2,3-disubstituierte Pyridine ausgehend von tgubesten primaren oder sekundéaren
Alkoholen undy-Aminoalkoholen zu synthetisieren (Schema 6). Femvar sowohl die

Synthese von bizyklischen Pyridinen, als auch dyatig&se von Pyridinen die chirale

Substituenten tragen, moglich.

R2 [11a] R2 [11a]. R2 R2
j\ . _ NaOtBu l NaOtBu |
1 N 1

R" “OH -H0;-H, R H, R -H,0;-H, R

Schema 6 Pyridinsynthese.



2. Introductiol

2. Introduction

The technological level and the economic statuthefworld is highly dependent on fos
fuels such as ¢ (1000 barrels per secc), natural gas and cc!¥! This includes not only th
use as fuel but also secondary products made feimlpum. Due 1 the increasing demar
and the finite nature of fossil resources, a steadyease in price sults!® In addition to
these economic considerations, ecological aspdsts @ay a particularly important rol
Thus nature is seriously threatened by bhe extraction as well as the consumption of
gas and coal. To name just one of the problem&atarming is caused by the releast
carbon dioxide from burning fossil fue®®! To reverse or at least slow down this trend we
looking for new ancespecially sustainable resources. Biomass is wideligved to have tr
greatest chance of succd” It is formed in plants by photosynthesis using apfric
carbon dioxide, water and sunlid® However, the available biomass for chemical

agrothemical industries should not be in competitionhvidod and feed production. Thus
is limited to by-products of the food industry, wood waste, grassesagricultural residue
Especially wood waste consists mostly of unusedgesiible lignocellulse!® By fast
pyrolysis this can be transformed tc-called “pyrolysis oil”. Starting from pyrolysis ¢

alcohols, diols, and polyols are access'"®

Q}" anZn

renewable

Olefin Chemistry Chemicals < aicohol Chemistry
resources

De-Functionalisation

an2n+2 |

X/

X=CHorN

Figure 1. Fossil fuelsrersus renewable resourt

This highly oxidized feedstock with an oxygen caontef up to 60 wt% differs fundamenta

from oil-based starting material and is not convertible whth previously developed catal



2. Introductiol

systemd® The U.S. Department of Energy (DOE) has set theitiouk goal to achieve 10¢
of the basic chemical building blocks by 2020 angrne50% by 2050 from renewalt
resource! To hit this challenging target new catalyst systeéha either remove hydros
groups or ideally implement them directly into usebroduds are required. A promisir
concept utilizing alcohols is offered by the-called “borrowing hydrogen” or “hydroge
autotransfer” (BH/HA) mechanis™®*" Using homogeneous transition metal cataly
unreactive alcohols are transferred to reactiveonyl compounds. By condensation with
amine and I-transfer of the “borrowed” hydrogen, functionaliza&alines are received. Wa

is produced as the only -product (Figure 2

inactive H H overall conversion H H
R1><OH ______________________________ > 1/\'< ,R2
R N
i
J \ :
(. oxidation ) Catalyst ( reduction )
2
+ HZN/
. H i H
activated >
RVk\O R1J\\N,R2
v-H,0

Figure 2. Borrowing HydrogerHydrogen Autotransfeconcept (BH/HA)

Throwgh both invention of new catalyst systems and dp#tion of the reaction conditions
powerful synthesis concept arised, which enablesvddk under mild reaction conditiol
(70 °C) and low catalyst loadings. For this purpose, n- or bidentate phosgne

d"2*2 pidentate P,-ligancd** or NHC (N\-heterocycli-carbene) ligar*® stabilized

ligan
ruthenium or iridium complexes were used. The appibn of homogeneous catalysis
justified by its high product selectivity regardipgmary, secondary or even tertiary amir
By extending the BH/HA concept the “borrowed” hygenm could e released in elemen
form. In addition to useful hydrogen gas enerich products, namely imines or olefins, .
obtaine(*®!

A new class of iridium complexes, stabilized by -ligands was developed by Kempe ¢

[17,18]

co-workers By using the BH/H/ concept these iridium catalysts achieved a ¢

activity in selective monoalkylation reactions obmatic amines with alcoho Starting from



2. Introduction

these neutral P,N-ligand stabilized iridium complexa new class of anionic P,N-ligand
stabilized iridium complexes is developed withiistivork.

These are tested in the selective mono-alkylatibaleactivated aromatic amines such as
anilines or diaminobenzenes with alcohols. Furtlogema library of tridentate P,N,P-pincer
ligands and the corresponding iridium catalystssgrghesized. These are applied in a newly
developed dehydrogenative condensation (DC) reactsing primary or secondary alcohols
together with amino alcohols to form aromatic Nenetycles like pyrroles or pyridines. The
thereby used alcohols and amino alcohols could fecipally derived from renewable
recources. In the course of the reaction only mxnctby-products and useful hydrogen gas

are formed.

[1] P. TertzakianA Thousand Barrels a Second, McGraw-Hill, New York,2006

[2] N. Armaroli, V. BalzaniAngew. Chem. Int. Ed. 2007, 46, 52-66.

[3] IPCC, 2007 Climate Change 2007The Physical Science Basis. Contribution of
Working Group | to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Maig} K.B.
Averyt, M. Tignor and H.L. Miller (eds.)]. CambridgUniversity Press, Cambridge,
United Kingdom and New York, NY, USA.

[4] J.A. Kent inHandbook of Industrial Chemistry and Biotechnology, 12" ed. (Springer
Science+Business Media, New Yo#Q12, 1249-1322.

[5] Neil A. Campbell, Jane B. Reece Biologie, 8th ed.(Pearson Studium, Minchen,
2011, 251-278.

[6] D. L. Klass inBiomass for Renewable Energy, Fuels and Chemicals (Academic Press,
San Diego, CA1998.

[7] A.J.A. Watson, J. M. J. William&cience 201Q 329, 635-636.

[8] T. P. Vispute, H. Zhang, A. Sanna, R. Xiao,\&. Huber,Science 201Q 330, 1222-
1227.

[9] A. K. Mohanty, M. Misra, L.T. DrzalJ. Polym. Enbiron. 2002, 10, 19-26.

[10] R. Grigg, T. R. B. Mitchell, S. SutthivaiyakiN. Tongpenyai,). Chem. Soc. Chem.
Commun. 1981, 12, 611-612.

[11] Y. Watanabe, Y. Tsuji, Y. Ohsudigtrahedron Lett. 1981, 22, 2667-2670.

[12] D. Hollmann, A. Tillack, D. Michalik, R. Jactedl, M. Beller,Chem. Asian J. 2007, 2,
403-410.

[13] M. H.S. A. Hamid, J. M. J. William&hem. Commun. 2007, 7, 725-727.
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[14]
[16]

[17]
[18]

B. Blank, M. Madalska, R. Kemp&gdv. Synth. Catal. 2008 350, 749-758.

A. Prades, R. Corberan, M. Poyatos, E. Pétem. Eur. J. 2008 14, 11474-11479.
C. Gunanathan, Y. Ben-David, D. Milstefsience 2007, 317, 790-792.

B. Blank, S. Michlik, R. KempeAdv. Synth. Catal. 2009 351, 2903-2911.

B. Blank, S. Michlik, R. KempeChem. Eur. J. 2009 8, 3790-3799.
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3. Overview of Thesis Results

3. Overview of Thesis Results

This thesis contains 4 publications, which are gmésd in chapter 4-7.

3.1 New iridium catalysts for the efficient alkylaton of anilines by alcohols under mild

conditions

S. Michlik, R. KempeChem. Eur. J. 2010 16, 13193-13198.

Recently, our group reported a novel neutral Pgdrd stabilized iridium catalyst for the
selective mono-N-alkylation of aromatic amines witimary alcohols. It was found that only
by the use of 2-aminopyridines as educts low catahadings are possible. When aniline was
used as substrate, the catalyst loading had todyeased dramatically. NMR experiments
were carried out to get a deeper insight into tbésie. Under catalytic conditions the P-N

bond of the ligand is cleaved and dipyridylamineeiglaced by 2-aminopyridine.

-KCl _?IP :/

A new catalytically more active and stable spe@d®rmed. This reaction cannot take place
with anilines. With this finding, eight iridium cqutexes were synthesized based on eight new
anionic P,N-ligands. After optimizing the reactioonditions these iridium complexes were
utilized in selective mono-alkylation reactions ariline with primary alcohols using the
BH/HA methodology.

11



3. Overview of Thesis Results

X~ R?
o J |
vy
@
RP—ir
R' = alkyl or aryl R
R? = Me or Cl

X=CHorN
NH,
OH
©/ * EjA KOtBu, 70 °C, 24h

We succeeded in lowering the catalyst loading @& tbrmerly used neutral P,N-ligand

stabilized catalyst to about 1/6 by use of the “heatalyst class.

3.2 The iridium-catalyzed synthesis of symmetrical and unsymmetrically alkylated

diamines under mild reaction conditions

S. Michlik, T. Hille, R. KempeAdv. Synth. Catal. 2012 354, 847-862.

In the previous work, a new class of catalysts delective monoalkylation reactions of
anilines with primary alcohols was developed. Now were interested in evolving an
efficient synthetic procedure for the synthesisse€ondary amines starting from aromatic
diamines and alcohols. Due to the catalyst stgbiie succeeded in developing a synthesis

protocol for both symmetrically as well as unsynmcetly alkylated aromatic diamines.

N

OH N~ @/ R1\/H\— —R?

KOtBu, 70 °C, 24 h \ , NH

HoN /— R?
N\ / NH, +

R OH
o)

N7

0.0
27N N7
HN NH R NOH KOtBu, 70 °C, 24 h RN N R?
H H

2

Due to the mild reaction conditions (70 °C) a lavgeiety of functional groups was tolerated.
This methodology was further used for the symmeamad non-symmetric alkylation of
pharmacologically important 4-aminodiphenylsulfo@apson&). In this way 23 new
compounds could be synthesized.

12



3. Overview of Thesis Results

3.3 A sustainable catalytic pyrrole synthesis

S. Michlik, R. KempeNature Chem. 2013 5, 140-144.

A more stable iridium catalyst, stabilized by aémtate P,N,P-ligand had to be developed.
By suppressing the retransfer of the “borrowed’rogen, we succeeded in developing a new
sustainable pyrrole synthesis by dehydrogenativeleosation reactions based [@@amino

alcohols and secondary alcohols.

1 \/7/’"
R
R2 | 1
\/< "’,‘ ) R2 R
OH & ‘:j; _—
+
OH > ~ NH + 2 H2
NH, 1.1 eq. KOtBu, 24 h, 90 °C R3
R3J\( R4
R4

Many of the utilized starting materials can be dedi from renewable resources. This fits
perfectly into the concept of sustainable chemisiry addition, only water and two
equivalents of useful hydrogen gas are produceigr Aptimizing the reaction conditions and
the synthesis reactor 38 pyrroles could be syntbdsamong which 30 are previously
unknown compounds. Under a mild reaction tempegatfr90 °C and very low catalyst
loadings a plurality of functional groups, such dslorides, bromides, organometallic
moieties, olefins, amines, alcohols and heteroaticmavere tolerated. Furthermore, the

synthetic approach was expanded to fused pyrrolgmpyrroles ang-aminopyrroles.

3.4 Regioselectively functionalized pyridines fromenewable resources

S. Michlik, R. KempeAngew. Chem. accepted for publication.

Based on primary or secondary alcohols armmino alcohols a new pyridine synthesis
catalyzed by a P,N,P-stabilized iridium complex bagn developed. In the catalytic cycle
two equivalents of water and three equivalents lemental hydrogen are formed as by-
products. The substituents of the pyridine ring lsanntroduced regioselectively by choice of
the alcohols ang-amino alcohols. Based on this dehydrogenative eosation reaction 2,6-,

13



3. Overview of Thesis Results

2,5-, 2,4- and 2,3-disubstituted pyridines couldsiethesized. By using cyclic alcohols even
quadruply substituted, non-symmetric pyridines weasily accessible. Starting from natural

products such asmenthol on-carveol, pyridines that bear chiral substituemésaccessible.

CF,

A

~

HNT N NH
R3 (iPr)oP—  _—P(iPr) R3

R? R* S 2 4
j\ "o Aot NS R
ROH 1N~ R 1.1 eq. NaOtBu R N7 RS

The methodology gives rise to diversely and nonsaginically substituted pyridines. 26
examples were synthesized, among which 21 represamtpyridine derivatives. A large

variety of functional groups was tolerated.
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3. Overview of Thesis Results

3.5 Individual contribution to joint publications

The results presented in this thesis were obtainedollaboration with others and are
published, submitted or are to be submitted ascatdd below. In the following, the
contributions of all the co-authors to the pubiimas are specified. The asterisk denotes the

corresponding authors.

Chapter 4
This work was published in Chemistry-A Europeanrdali(Chem. Eur. J. 201Q 16, 13193-

13198) with the title"New iridium catalysts for the efficient alkylation of anilines by
alcohols under mild conditions”.
Authors: Stefan Michlik and Rhett Kempe*

| synthesized and characterized all ligands andpbexes presented in this work, achieved all
NMR and GC measurements and wrote the publicalsaielle Haas performed the X-Ray
analyses and solved the crystal structure. Prof Rbett Kempe supervised this work, was

involved in scientific discussions and the cormttf the manuscript.

Chapter 5

This work was published in Advanced Synthesis aathlgsis Adv. Synth. Catal. 2012 354,
847-862) with the title “The iridium-catalyzed synthesis of symmetrically and
unsymmetrically alkylated diamines under mild reacton conditions”.

Authors: Stefan Michlik, Toni Hille and Rhett Kempe

All catalytic studies were carried out by me ane plublication was also written by me. Toni
Hille helped with the development of the catalyirotocol in the course of his B. Sc. thesis.
Isabelle Haas performed the X-Ray analyses anaéddhe crystal structure. Prof. Dr. Rhett
Kempe supervised this work, was involved in scfantdiscussions and the correction of the

manuscript.

Chapter 6
This work was published in Nature ChemistiNaiure Chem. 2013 5, 140-144) with the title

“A sustainable catalytic pyrrole synthesis”
Authors: Stefan Michlik and Rhett Kempe*
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3. Overview of Thesis Results

| synthesized and characterized all compounds ptedein this work. | discovered and

established the synthetic protocol, achieved allRNBkhd GC measurements and wrote the
publication along with Prof. Dr. Rhett Kempe. Tabidauer performed the X-Ray analyses
and solved the crystal structures presented inttbi&. Prof. Dr. Rhett Kempe supervised this

work, was involved in scientific discussions andha correction of the manuscript.

Chapter 7

This work has been accepted for publication in Aveyedte ChemieAngew. Chem.) with the
title “Regioselectively functionalized pyridines from sutinable resources’.

Authors: Stefan Michlik and Rhett Kempe*

| synthesized and characterized all compounds ptedein this work. | discovered and
established the synthetic protocol, achieved allRNNMnd GC measurements and wrote the
publication. Prof. Dr. Rhett Kempe supervised thsrk, was involved in scientific

discussions and the correction of the manuscript.
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4. New iridium catalysts for the efficient alkylation of anilines by alcohols under mild

conditions

Stefan Michlik!® and Rhett Kemp#!

[a] Stefan Michlik, Prof. Dr. Rhett Kempe; Lehrstufiir Anorganische Chemie I,
Universitatsstrale 30, NW [, 95440 Bayreuth, GegmaRax: (+49) 921-55-2157,

e-mail: kempe@uni-bayreuth.de

Keywords: alcohols, alkylation, anilines, iridium, P,N-ligds
Published in: Chem. Eur. J. 201Q 16, 13193-13198.

Abstract: The synthesis of eight new iridium complexes cioirtg anionic P,N-ligands is

described. These complexes have been investigadedatalysts for amine alkylation
reactions, resulting in a highly active catalysttfee selective monoalkylation of anilines with
primary alcohols, under mild reaction conditionseaNy quantitative conversion was

observed at 70 °C with a catalyst loading as lo®W.85 mol% iridium.

4.1 Introduction

P,N-ligand stabilized iridium complexes are effitiecatalysts for selective CEN' and
C-c* coupling reactions involving the borrowing-hydroag@H)® or hydrogen-autotransfer

(HA)® catalysis protocol€!

_R'
R™OH R/\’T‘
oxidation ?
1] —| > [IH; 0]
l imine formation reduction
+ R'-NH, 1
RS0 - RSN

Scheme 1.The metal-complex catalyzed borrowing-hydrogen ymrbgen-autotransfer protocol to selectively
alkylate amines ([Ir] = iridium complex).
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4. New iridium catalysts for the efficient alkylati of anilines by alcohols under mild conditions

These protocols proceed for Ir-complex-catalyzednanalkylations as shown in Schefine
and have been developed into efficient synthetithows by (for instance) the groups of
Beller® Grigg® Fuijita*™® williams®* and Yud!? as well as by us:* The P,N-ligand-
based Ir catalyst system developed by us is edpecative in the alkylation of
aminopyridine%® and usually requires a stoichiometric amount ofebaBoth of these
observations were not fully understood by us andoe@ame interested in obtaining a more
detailed insight into how the catalyst operatesiwita BH/HA scenario. The observations

made led to a new class of catalysts that opevatgsefficiently under mild conditions.

4.2 Results and Discussion

Detection of the catalytically active species in amopyridine alkylation reactions: In
previous work, it has been shown that our cataystem is highly active in the alkylation of
2-aminopyridines with primary alcohdfs’ Therefore, 2-aminopyridine (1.0 equiv.), alcohol
(1.1 equiv.) and K@u were reacted, at 70 °C, in the presence ofrtlwathlyst (0.1 mol%;
Scheme 2). Under these conditions, N-(2-pyridyldy¢amine was isolated in a very good
yield of up to 93 %7

1
~ OH 0.1 mol% ~
A 11KOBW, 70°C. 24 H@
N” “NH, 020

Scheme 2Alkylation of aminopyridines under mild conditians

However, these mild reaction conditions could notpdy be transferred to the alkylation of
anilines. For these compounds it was necessarpd®ase the catalyst loading up to 0.6
mol% iridium to obtain comparable results. It waenduded that the presence of
aminopyridines may change the nature of the cataly/gR experiments were carried out to
investigate whether the catalyst reacts with thanapyridine substrate. Stoichiometric
amounts of 2-aminopyridine and KBu were added to catalyst under equivalent conditions
to the catalysis experiments (Scheme 3). In*{ReNMR spectrum (161 MHz, GOl,, 298

K) only one peak, ab = 94.9 ppm, was detected, which is shifted to @igheld in
comparison with the chemical shift of complexs = 110.4 ppm). This observation indicates
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4. New iridium catalysts for the efficient alkylati of anilines by alcohols under mild conditions

that complexl does react with 2-aminopyridine, in the presentca base, to form a new
compound. Independent synthesis of this new comghozomplex2a, through deprotonation
of PyHNP({Pr), (Py = pyridine) witnBuLi, followed by the addition of [{IrCl(cod)j] (cod =
1,5-cyclooctadiene), led @ain 80 % isolated yield (Scheme 4).

= =
< oo
N~ N N

|/

o+ @ KOtBu N Y ]
| ~ = N
>;P\—Ir—:_ N NH,  -KCl >;\ NN

Scheme 3The reaction of with 2-aminopyridine, in the presence of 80.
AN X

- A L
P SNH —BUE L SNTONTT L 472 [IrCicod)

\(FI’Y THF YIIDY

Scheme 4Synthesis ofa.

-LiCl

Crystals suitable for X-ray crystal structure asaywere obtained from a hexane solution.
The molecular structure o2a is shown in Figure 1. In compleRa, both the Irl-N1
(2.071(5) A), and the P1-N2 (1.659(5) A) bond Idwsgare slightly shorter than those in
complex1, which contains a neutral P,N-ligand (Ir1-N1 (2¢3) A), P1-N2 (1.730(3) A)),
because deprotonation of the amino group meanghbatlectron density is delocalized over
the P-N-C-N backbone. Similar observations havenlmeade by Woollins and co-workers for
platinum and palladium complexes stabilized by deprated 2-
(diphenylphosphinoamino)pyridine (dppal}. Seidel already succeeded in 1967 in
synthesizing a neutral nickel(ll) complex by usithg deprotonated dppap ligahd. It is
possible that if complexes likea are formed under the catalytic conditions withy&dked
aminopyridines, similar complexes may be formedchvanilines. However, no reaction of
complex1 with aniline in the presence of a base was obsdernvilium complexes likea,
that is, compounds stabilized by anionic P,N-ligandight be responsible for the enhanced
activity in alkylation reactions of aminopyridinesd might be a better class of catalyst than

complexes likel, namely, ones stabilized by neutral P,N-ligands.
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4. New iridium catalysts for the efficient alkylati of anilines by alcohols under mild conditions

Figure 1. Molecular structure oa. Selected bond length [A] and angles []: Ir1-NO7(5), Ir1-C1 2.109(6),
Ir1-C2 2.140(6), Ir1-C5 2.191(6), Ir1-C6 2.216(6)-P1 2.2806(15), C1-C2 1.402(9), C5-C6 1.381Fa);N2
1.659(5), N1-C9 1.405(7), P1-C14 1.835(6), N1-Ir-T57.0(2), N1-Ir1-C2 164.3(2), C1-Ir1-C2 38.5(RI1-
Ir1-C5 95.2(2), N1-Ir1-P1 79.23(14), N2-P1-Irl 185(19), N2-C9-N1 121.7(5).

To investigate the potential of this “novel” cladsir catalysts, a small library of ligands was
synthesized from different substituted 2-aminopyed and 2-aminopyrimidines by reacting

them with chlorodiisoproylphosphane or chlorodipfiphosphane in the presence of a base.

;R"=iPr;R?>=H
;R'=Ph;R?2=H
;R'=iPr;R?=H
;R"=Ph;R®=H
;R"=Pr;R®=CH,
; R"=Ph; R? = CHs
;R =iPr;R?=Cl
;R"=Ph;R?>=ClI

>\_
oNoO AN
0000ZZ00

X X X X X X X X

Iridium complexes based upon these ligands werthegized in two different ways. The first
was deprotonation of the corresponding ligand nBuLi, followed by the addition of

[{IrCl(cod)} ;] (0.5 equiv.). The resulting LiCl was filtered athd the solvent removed under
vacuum. The more elegant method was a one-stepesatof the complexes. For this, the

dissolved ligand was added to [{IrOMe(cog)}0.5 equiv.) and the complex was formed by
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4. New iridium catalysts for the efficient alkylati of anilines by alcohols under mild conditions

elimination of methanol in quantitative yield. liidn complexea-9a were synthesized and

characterized (Scheme 5).

R2
L
~ _L
‘ NN
M
%\) R1 P\R‘]
2 ,«8
R | Xy
—
NJ\I}IH 0.5 [IrOMe(cod)],
R1’P\R1 -MeOH
ligand 2-9

catalyst 2a-9a

Scheme 5Synthesis oRa-9a

Catalyst development:If catalyst systems based up@a9a are responsible for the high
efficiency of the alkylation reactions of aminogdiries they should do well in the alkylation
of anilines. Since catalyst efficiency depends ufim reaction conditions, these had to be
optimized for the new catalyst system. Catal®atwas used for the optimization of the

reaction conditions (Scheme 6).

NH . OH catalyst 2a HQ
KOtBu, 70 °C, 24 h ©/

Scheme 6The model reaction used for finding the optimum tieacconditions.

First of all, the influence of the solvent was detimed and various organic solvents were
tested. As can be seen from Table 1, diethyleneoglyimethyl ether (diglyme) appears to be
the most suitable solvent, because complete caoveand a very good yield (99 %) could
only be achieved by using this solvent (Table IyyeA5). When using THF, toluene or
dimethoxyethane (DME), the yields were substantidiwer (Table 1, entries A2-A4),
indicating an inhibitory influence of the solvent the reaction. It was also observed that the
yield of N-phenylbenzylamine remains the same ewvéth higher catalyst loadings.
Interestingly, when DMSO was used as the solvemtcanversion was observed (Table 1,
entry Al). Unfortunately, in all recent work thetalgst stock solution was in THE? even

for the solvent screenings. Since THF seems totidese our catalyst, all further stock

solutions were made in diglyme. Next, the influentéhe base was investigated to determine
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4. New iridium catalysts for the efficient alkylati of anilines by alcohols under mild conditions

whether the results obtained with K& could be improved upon. As can be seen in Thble

entries B1-B5, only some bases achieved a reasogabd.

Table 1. Screening of solvent, base and substrate/bage rati

. A g B g C
' Solvent Yield? | Base Yield”! | Substrate/Base  Yield®

1 | DMSO  nd. TKPO, 23 111 99

2 | THF 32 ' NaOH 10 1:1.0 72

3 |toluene 34 .~ KOH 9 1:07 68

4 | DME 50 . Na@Bu 25 . 1:05 45

5 |digyme 99 . Ka@Bu 99 ' 1:03 36

6 1:01 31

7 1:0 n.d.

[a] Reaction conditions: aniline (1.0 mmol), benzglcohol (1.1 mmol), catalysRa (0.4 mol%), base
(2.1 mmol), solvent (0.2 mL), 70 °C, 24 h; n.d. =t wetermined. [b] Yield determined by GC analysishw
dodecane as the internal standard. [c] Catalyskstolutions were made with the corresponding stilvigl]

Mean values after three runs.

However, the problem was that with all bases, ext&ftBu and KQBu (Table 1, entries
B4 and B5), simultaneous to the amine formatiore torresponding imine was also
observed. The better results achieved withtBiDcompared with NatBu are explained by
its excellent solubility in diglyme. The bases usedth the exception of K@u, were
generally very poorly soluble in diglyme, which tibuhave caused the incomplete

conversions.

After these optimizations, we were interested ®is¢he addition of stoichiometric amounts
of base was needed to allow complete conversiomhether catalytic quantities of base are
sufficient. Therefore, the influence of the subisiftaase ratio was investigated (Table 1,
entries C1-C7). The results shown in Table 1, est@1-C5, suggest that it is necessary to
use a substrate/base ratio of 1:1.1, because anthi$ case (Table 1, entry C1) it was
possible to obtain complete conversion and an &xdeyield (99 %) within 24 h. However,
at a base loading of only 10 mol%, it was possiblachieve a yield of 31 % (Table 1, entry
C5), which contradicts the aforementioned stoicldtio requirement for base. For this

reason, we investigated whether it is possibleritoglthe reaction to complete conversion by
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the use of 10 mol% of KBu. To this end, the reaction time was increastdr 48 h a yield

of 45 % and after 4 days a yield of 60 % were olgtdi To examine the reaction with catalyst
2a in detail, a kinetic experiment for the reactioh amiline with benzyl alcohol was
performed by utilizing continuous sampling by gdsomatography. As can be seen in
Figure 2, it is possible to come to complete cosieer and a very good yield (94 %) with
catalytic amounts of base. However, a very longtrea time €150 h) and a high catalyst
loading (2.0 mol% iridium) are needed to get tlasult. Since these reaction conditions are
unfavourable, it is reasonable to use an excebas# to accelerate the reaction and to reduce
the catalyst loading.

—=— benzyl alcohol
1 —e— aniline
100 - —4&— N-phenylbenzylamine

Composition [%]

L L SN L LA SN BN IR BN BN L B RLEN B L
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

time [h]

Figure 2. Time conversion plot for the reaction of anilingiwbenzyl alcohol« benzyl alcohol?: aniline;a: N-
phenylbenzylamine). Reaction conditions: aniliné {@mol), benzyl alcohol (4.4 mmol), catalyst (2 mol%),
diglyme (1 mL), K@Bu (0.4 mmol) and dodecane (1 mmol) as an intestzidard.

To determine whether the base is essential forirtiee hydrogenation step or for the
activation of the benzyl alcohol, imine hydrogeoatiexperiments were carried out with
different base loadings and by using N-benzylidghefyl)amine as the starting material to

get further insights into this reaction (Scheme 7).

©\ catalyst 2a ©\
/
N/\© KOtBu, 70 °C, 20 bar H,, 24 h ”/\©

Scheme 7The hydrogenation of benzylidene(phenyl)amine.
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As can be seen from Table 2, the excess of basetiseeded for the hydrogenation of the
imine, since even 10 mol% of base gives completevesion and excellent yield (95 %;
Table 2, entry 2). At higher base loadings thedy®@ N-phenylbenzylamine declines (Table
2, entries 3 and 4) and various byproducts areddrm

Table 2.Influence of base ratio on the hydrogenation ofzggdene(phenyl)amine.

Base [mol%] Conversion [%] Yield
1 0 10 9
2 10 100 95
3 50 100 90
4 110 100 70

[a] Reaction conditions: benzylidene(phenyl)amited (nmol), H (20 bar), catalysfa (0.4 mol%), diglyme
(0.2 mL), 70 °C, 24 h. [b] Yield determined by GGabysis with dodecane as the internal standard.

Additionally, the iridium complexe®a-9awere tested to determine what effect substituditon
the phosphorus and the amino skeleton has on Hwioe (Table 3). Evidently, all of the
catalysts containing phenyl substituents on thesphorus (Table 3, entries 2, 4, 6 and 8)
gave better results than those containing an igypsubstituent (Table 3, entries 1, 3, 5 and

7), although isopropyl was always favoured in cartier work!**

Table 3. Catalyst screening.

Catalyst Yield [%¥ Catalyst Yield [%¥
1 2a 47 5 6a 40
2 3a 61 6 7a 65
3 4a 36 7 8a 49
4 5a 41 8 9a 53

[a] Reaction conditions: aniline (1.0 mmol), benzgicohol (1.1 mmol), catalyst (0.05 mol%), K&
(2.1 mmol), diglyme (0.2 mL), 70 °C, 24 h. [b] Yiettbtermined by GC analysis with dodecane as tleznat

standard; mean values after three runs.

Moreover, it is noted that, by using 2-aminopyrasr(Table 3, entries 1 and 2, and 5-8) as the

amine skeleton, better activities were generallgeobed than if the corresponding 2-

aminopyrimidines (Tablg, entrie8 and 4) were used. The best catalyst for thistigac

seems to be cataly®a (Table3, entry6), which achieved a 65 % yield at a very low cghl

loading (0.05mol% iridium). The final screening was performedtbe catalyst loading to

find the minimum catalyst loading necessary to ehifull conversion and good yields
24
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(Table 4). As shown in Table 4, it was sufficieatuse a catalyst loading of 0.1 mol% to
obtain a very good yield (92 %) for this reactioralfle 4, entry 4). With catalysta, the
catalyst loading can be reduced to approximatebyat/the catalyst loading required when

using catalysi. If no catalyst is used a conversion of only 3s%lbserved (Table 4, entry 6).

Table 4. Catalyst loading!

Ir loading [%6] Yield [%} Ir loading [%6] Yield [%}"
1 0.4 99 4 0.1 92
2 0.3 99 5 0.05 65
3 0.2 99 6 0.0 3

[a] Reaction conditions: aniline (1.0 mmol), benaidohol (1.1 mmol), cataly$i, KOtBu (1.1 mmol), diglyme
(0.2 mL), 70 °C, 24 h. [b] Yield determined by GCabysis with dodecane as the internal standard; naelres

after three runs.

To confirm the results we achieved for the alkglatiof aniline with benzyl alcohol with
catalyst7a, different aniline derivatives were reacted withn@ary alcohols (Table 5). To
compare results, batches were made both with catédyand the original catalydtto show
the superiority of the new catalyst system. As banseen in Table 5, compléa is a
significantly better catalyst thdhn All products were obtained in very good to exeellyields
by using complexa. The catalyst loadings are very low and the reaationditions are very

mild in comparison with protocols previously deysd for this reactiofi:*?

Table 5. Catalytic N-alkylation of aniline derivatives wiitimary alcohol&”

H
2
Bk 2 Cat.10r 7a AR
rHL + HO” R R
P KOtBu, 70 °C, 24 h /

Catalyst Amine Product Yield [%}
loading Catalyst Catalyst
[mol%] 1 7a

H
1 0.1 © @N 38 92
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NH
3 0.05

NH,
4 0.2 \Q/

Cl NH
5 0.4 \©/
NH, ©/ \/© 48 91

75 98

1 L
1 L

.

54 98

L
Zf?
A

73 97

NH, H

N~
©/ 52 98

8 0.2

[a] Reaction conditions: amine (1.0 mmol), benzZgbhol (1.1 mmol), K@u (1.1 mmol), diglyme (0.2 mL),
70 °C, 24 h. [b] Yield determined by GC analysishwiodecane as the internal standard.

4.3 Conclusion

It was shown that our new catalyst system, based amionic P,N-ligands, is highly active
towards the alkylation of aniline with primary akads and far surpasses the original catalyst
(based upon a neutral P,N-ligand). Furthermorec#talysts are characterized by good long-
term stability, as confirmed by kinetic experimeptger more than five days. In addition,
ligands and complexes are easily accessible in gend yields. Further work is directed
towards the application of these catalysts to sgkecC-N and/or C-C coupling reactions
using the BH/HA protocol.
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4.4 Experimental Section

General considerations

All reactions were carried out in a dry argon dragen atmosphere using standard Schlenk
or glove box techniques. Halogenated solvents wleied over POs and non-halogenated
solvents were dried over sodium benzophenone Kegdterated solvents were ordered from
Cambridge Isotope Laboratories, vented, stored awelecular sieves and distilled. All
chemicals were purchased from commercial sourcésaypurity over 97 % and used without
further purification, with the exception of anilingvhich was distilled before use in the
screening reactions. NMR spectra were performed using an INOVA 400 MHz
spectrometer at 298 K. Chemical shifts are repartggpbm relative to the deuterated solvent.
Elemental analysis was carried out on a Vario etgareEL Ill. GC analyses were carried out
on an Agilent 6890N Network GC system equipped widn HP-5 column
(30 mx0.32umx0.25um).

General procedure for the screening reactions

In a pressure tube, the catalyst stock solutio® (20, 0.02 M) in diethyl glycol dimethyl
ether, aniline (1.0 mmol, 91 pL), benzyl alcoholl(tnmol, 114 uL), solvent (0.2 mL) and
base (1.1 mmol) were combined. The pressure tulsecleaed with a Teflon cap and stirred
at 70 °C for 24 h. The reaction mixture was codtedoom temperature and quenched by the
addition of water (2 mL). Then, diethyl ether (1Q)nand dodecane (1.0 mmol, 2gB, as an
internal standard) were added. After agitation,nalk fraction of the organic phase was
analyzed by GC analysis.

General procedure for ligand synthesis

Arylamine (1.0 equiv.) was dissolved in THF (70-180), triethylamine (1.0 equiv.) was
added and the solution was cooled to 0 °C. Thea, dbrresponding chlorophosphane
(1.0 equiv.) was added dropwise, with a syringee $blution was allowed to warm to room
temperature and stirred overnight at 50 °C. Theension was filtered through a glass filter
frit with a pad of Celite (4 cm) and washed withH:H he solvent was concentrati@d/acuo

yielding the corresponding ligands as white solids.

General procedure for complex synthesis

[{IrOMe(cod)},] (0.5 equiv.) was suspended in THF (5-25 mL) aunlbsequently a solution
of the corresponding ligand (1.0 equi2-9) in THF (5 mL) was added dropwise. A red
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solution was obtained and after 30 min the solvead removedn vacuo, affording dark red

solids in almost quantitative yields.

Synthesis of (5-Me)PyNHPP/(7)

5-Methyl-2-aminopyridine (10.0 mmol, 1.08 g) waspended in THF (70 mL), triethylamine
(10.0 mmol, 1.4mL) was added and the solution wesoled to 0°C. Then
chlorodiphenylphosphane (10.0 mmol, 1.83 mL) wadedddropwise, with a syringe. The
solution was allowed to warm to room temperature stirred for 4 d at room temperature
and 12 h at 50 °C. The suspension was filtered avglass filter frit with a pad of Celite
(4 cm) and washed with THF (50 mL). The solvent wasmovedin vacuo, yielding
compound? as a white solid (9.69 mmol, 97 %H NMR (400 MHz, CDCly, 298 K): 6 =
7.92 (s, 1 H), 7.50-7.43 (m, 4 H), 7.41-7.28 ()7 6.95 (d,J = 8.6 Hz, 1 H), 5.25 (s, 1 H),
2.19 ppm (s, 3 H**C NMR (100 MHz, CDCl,, 298 K):6 = 147.7, 139.6, 138.8, 131.2 (#,
= 20.9 Hz), 129.1, 128.5 (d,= 6.7 Hz), 123.9, 108.4 (d,= 15.0 Hz), 17.4 ppnT P NMR
(161 MHz, CDCl,, 298 K): 6 = 27.21 ppm;Elemental analysiscalcd (%) for GgHi/N2P:

C 73.96, H 5.86, N 9.58; found: C 73.88, H 5.69.[L.

Synthesis of [{(5-Me)PyNHPPBh}Ir(cod)] (7a)

[{IrOMe(cod)};] (1.2 mmol, 795 mg) was dissolved in THF (20 mljdaa solution of
compound? (2.4 mmol, 701 mg) dissolved in THF (5 mL) was seduently added dropwise.
A red solution was obtained and, after 30 min, sblvent was removeth vacuo and the
residue was recrystallized from hexane/THF (3:19ldyng red crystals (1.03 mmol, 86 %).
'H NMR (400 MHz, CDCly, 298 K):d = 7.59 (ddd,) = 10.8, 7.3, 1.7 Hz, 4 H), 7.41-7.36 (m,
6 H), 7.23 (s, 1 H), 7.04 (d1,= 8.9, 2.4 Hz, 1 H), 6.88 (d,= 8.9 Hz, 1 H), 4.94 (s, 2 H), 3.54
(s, 2 H), 2.25-2.19 (m, 4 H), 2.02 (s, 3 H), 2.0841(m, 4 H) ppm**C NMR (100 MHz,
CD.Cly, 298 K):0 = 143.8 (dJ = 2.7 Hz), 140.7 (d) = 2.9 Hz), 138.4 (d) = 0.6 Hz), 137.8
(d, J=0.5Hz), 132.5 (d) = 12.2 Hz), 130.5 (d) = 2.3 Hz), 128.8 (dJ = 10.3 Hz), 116.6,
116.4 (d,J = 0.5 Hz), 115.9 (dJ = 0.6 Hz), 95.32, 91.7 (dl = 13.4 Hz), 60.4, 33.5, 29.5,
17.3 ppm;**P NMR (161 MHz, CBCl,, 298 K): § = 72.54 ppm;Elemental analysiscalcd
(%) for GgHoglrN,P: C 52.78, H 4.77, N 4.73; found: C 52.83, H 41861.72.
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4.6 Supporting Information

Synthesis of PyNHPIPr), (2)

(L
N”NH
Y
Synthesized via literature methods with slight aéioins in order to improve the yiefd.
2-Aminopyridine (20.0 mmol, 1.88 g) was suspendedl®0 mL THF and triethylamine
(20.0 mmol, 2.8 mL) was added and the solution wesoled to 0°C. Then
chlorodiisopropylphosphin (20.0 mmol, 3.2 mL) wadded dropwise with a syringe. The
solution was allowed to warm to room temperaturd atirred over night at 50 °C. The
suspension was filtered over a glass filter fritwa pad of celite (4 cm) and washed with
50 mL of THF. The solvent was concentratadzacuo to 10 mL and left to crystallize at -
20 °C. The supernatant solution was decantedranddlid washed with 5 mL of cold hexane
and subsequently dried vacuo yielding PyNHPiPr), asa white solid (19.2 mmol = 96%).
'H NMR (400 MHz, GDs, 298 K):& = 8.18 (dddJ = 4.9, 1.8, 0.9 Hz, 1H), 7.27-7.23 (m,
1H), 7.10 (dddJ = 8.5, 7.2, 1.7 Hz, 1H), 6.37 (ddd,= 7.3, 7.1, 0.9 Hz, 1H), 4.86 (d,=
10.6 Hz, 1H), 1.47-1.36 (m, 2H), 0.96-0.82 (m, 126fm°C NMR (100 MHz, GDs,
298 K): 6 = 161.6 (dJ = 20.0 Hz), 148.7 (d] = 1.2 Hz), 137.3 (dJ = 2.3 Hz), 114.5, 108.6
(d, J = 18.6 Hz), 26.5 (d) = 11.6 Hz), 18.7 (d) = 20.4 Hz), 17.1 (dJ = 8.0 Hz) ppm3'P
NMR (161 MHz, GDs, 298 K):8 = 48.83 ppm.

Synthesis of [(PyNPiPr),)Ir(cod)] (2a)

PYHNP{Pr), (2) (2.0 mmol, 420 mg) was suspended in 20 mL THF|ezbto -30 °C and n-
BuLi (2.0 mmol, 1.6 M, 1.25 mL) was added dropwigigh a syringe. The reaction mixture
was stirred at -30 °C for 30 min and was then afldwo warm to room temperature and
stirred for 1h. Then the reaction mixture was adtted solution of [IrCl(cod}] (1.0 mmol,

671 mg) (with a flexible tube). The reaction mixduwas stirred for 30 min at room
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temperature before the solvent was remawveeacuo. The residue was suspended in diethyl
ether and filtered over a glass filter frit wittpad of celite (1 cm) and washed with 10 mL of
cold diethyl ether. Solvent was removedvacuo and the residue was recrystallized from
hexane affording dark red crystals (1.6 mmol, 80%)NMR (400 MHz, CRCl,, 298 K):5
=7.28 (dJ=6.3 Hz, 1H), 7.05 (d] = 7.0, 1.7 Hz, 1H), 6.80 (d,= 8.9 Hz, 1H), 5.84 (1] =
6.1 Hz, 1H), 4.64 (s, 2H), 3.85 (s, 2H), 2.27-2(20 4H), 2.15-2.09 (m, 2H), 2.05-1.99 (m,
2H), 1.85-1.78 (m, 2H) 1.17-1.09 (m, 12H) ppHiC NMR (100 MHz, CQCl,, 298 K):§ =
161.7, 148.5 (dJ = 1.2 Hz), 137.8 (dJ = 2.0 Hz), 114.6, 109.1 (d,= 18.9 Hz), 95.4, 26.9
(d, J = 11.1 Hz), 19.0 (dJ = 20.0 Hz), 17.42 (dJ = 8.1 Hz) ppm3'P NMR (161 MHz,
CD.Cl,, 298 K):6 = 94.95 ppmElemental analysiscalcd (%) for G/Hz.N.PIr: C 44.78, H
5.93, N 5.50; found: C 44.77, H 5.68, N 5.53.

Synthesis of PyNHPPh (3)

(L
N”NH
¢
Synthesized via literature methods with slight a@oins in order to improve the yiefd.
2-aminopyridine (20.0 mmol, 1.88 g) was suspended100 mL THF, triethylamine
(20.0 mmol, 2.8 mL) was added and the solution wemsoled to 0°C. Then
chlorodiphenylphosphine (20.0 mmol, 3.7 mL) was eatidiropwise with a syringe. The
solution was allowed to warm to room temperaturé @was stirred over night at 50 °C. The
suspension was filtered over a glass filter fritwa pad of celite (4 cm) and washed with
50 mL THF. The solvent was concenraiediacuo to 10 mL and left to crystallize at -20 °C.
The supernatant solution was decanted and the walshed with 5 mL of cold hexane and
subsequently drieth vacuo yielding PyNHPPh asa white solid (16.2 mmol = 81%]3H
NMR (400 MHz, CDC}, 298 K):5 = 8.10 (dJ = 4.2 Hz, 1H), 7.47 (ddl = 8.9, 5.7 Hz, 5H),
7.37 (dJ = 3.1 Hz, 6H), 7.04 (d] = 8.3 Hz, 1H), 6.71 (] = 6.0 Hz, 1H), 5.38 (d] = 7.3 Hz,
1H) ppm.**C NMR (100 MHz, CDC}4, 298 K):8 = 148.2 (dJ = 1.1 Hz), 138.02 (d] = 2.3
Hz), 131.5, 131.3, 129.4, 128.7 (b= 6.7 Hz), 115.2, 109.0 (d,= 15.3 Hz) ppm*'P NMR
(161 MHz, CDC}, 298 K):6 = 27.01 ppm.
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Synthesis of [PyNPPHr(cod)] (3a)

PyHNPPhR (3) (0.5 mmol, 139 mg) was suspended in 5 mL THF, abtde 30 °C and n-BuLi
(0.5 mmol, 1.6 M, 3131) was added dropwise with a syringe. The reactiorture was
stirred at -30 °C for 30 min and was then alloweevarm to room temperature and stirred for
1h. Then the reaction mixture was added to a swiubif [IrCl(cod)} (0.25 mmol, 166 mg)
(with a flexible tube). The reaction mixture wasrst for 30 min at room temperature before
the solvent was removedd vacuo. The residue was suspended in diethyl ether direatefi
over a glass filter frit with a pad of celite (1 keind washed with 10 mL of diethyl ether.
Solvent was removeth vacuo and the residue was recrystallized from THF:hexank3
affording dark red crystals (0.45 mmol, 90%).NMR (400 MHz, CDCly, 298 K):5 = 7.67-
7.56 (m, 4H), 7.42-7.30 (m, 6H), 7.17-7.08 (m, 2HP8 (d,J = 8.7 Hz, 1H), 5.99 (1) = 6.3
Hz, 1H), 5.02-4.63 (m, 2H), 3.79-3.34 (m, 2H), 2(83J = 8.0 Hz, 4H), 1.95 (d) = 8.6 Hz,
4H) ppm.**C NMR (100 MHz, CRCl,, 298 K):8 = 145.7 (dJ = 2.9 Hz), 138.5 (d) = 3.3
Hz), 138.1, 137.5, 132.5 (d,= 11.4 Hz), 130.6 (d] = 2.4 Hz), 128.9 (dJ = 10.4 Hz), 116.9
(d, J = 23.8 Hz), 107.3, 92.0 (d,= 12.3 Hz), 60.5, 33.5, 29.5 ppitP NMR (161 MHz,
CD.Cl,, 298 K):5 = 73.46 ppmElemental analysiscalcd (%) for G/H32N2PIr x 0.5 THF: C
52.84, H 4.93, N 4.56; found: C 53.03, H 4.83, BO4.

Synthesis of PymNHPIPr), (4)
fN

N//I\NH

Y
2-aminopyrimidine (8.0 mmol, 760 mg) was suspenohe@0 mL toluene and the solution
was cooled to -30 °C. Then n-BuLi (8.0 mmol, 1.6 340 mL) was added dropwise with a
syringe. The reaction mixture was stirred at -3¢éC30 min and was then allowed to warm
to room temperature and stirred for 2h. The reactitxture was cooled to -30 °C and

chlorodiisopropylphosphine (10.0 mmol, 1.6 mL) wadded dropwise with a syringe. The

solution was allowed to warm to room temperatum \@as stirred over night. The suspension
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was filtered over a glass filter frit with a pad odlite (4 cm) and washed with 50 mL of
toluene. Solvent was removéu vacuo yielding a white solid (6.5 mmol = 81%H NMR
(400 MHz, CDC4, 298 K):6 = 8.31 (d,J = 4.8 Hz, 2H), 6.59 () = 4.8 Hz, 1H), 5.14 (d] =
9.2 Hz, 1H), 1.27-1.18 (m, 2H), 1.10-1.04 (m, 12pgn.**C NMR (100 MHz, CDC}, 298
K): & = 158.08 (dJ = 1.5 Hz), 111.83 (s), 26.14 (d,= 13.4 Hz), 18.58 (d) = 20.5 Hz),
17.30 (d,J = 8.7 Hz) ppm>P NMR (161 MHz, CDC}, 298 K):$ = 49.49 ppmElemental
analysis calcd (%) for GoHigN3P: C 56.86, H 8.59, N 19.89; found: C 56.74, H 8.83
N 19.52.

Synthesis of [(PymNPiPr),)Ir(cod)] (4a)

[IrOMe(cod)} (0.25 mmol, 166 mg) was dissolved in 5 mL THF anbdsequently a solution
of PymHNP({Pr), (4) (0.5 mmol, 106 mg) in THF was added dropwise. & selution was
obtained and after 30 min the solvent was remawegicuo, the residue was recrystallized
from toluene:hexane = 1:1 yielding dark red cryst@l38 mmol, 75%)H NMR (400 MHz,
CD.,Cl,, 298 K):5 = 8.19 (td,J = 4.1, 2.2, 2.1 Hz, 1H), 7.54 (dd= 6.0, 2.6 Hz, 1H), 5.88
(dd,J = 6.0, 4.2 Hz, 1H), 4.53 (dl = 3.3 Hz, 2H), 3.91 (d) = 2.8 Hz, 2H), 2.32-2.20 (m,
4H), 2.18-2.08 (m, 2H), 2.08-1.99 (m, 2H), 1.866L(f, 2H), 1.20-1.10 (m, 12H) pprHC
NMR (100 MHz, CDCl,, 298 K):5 = 162.7, 155.4 (d] = 22.5 Hz), 103.8, 89.4 (d,= 11.1
Hz), 58.5, 34.3 (dJ = 2.5 Hz), 28.9 (dJ = 1.7 Hz), 28.4, 28.0, 17.7 (d,= 3.5 Hz), 17.2
ppm.**P NMR (161 MHz, CDCl,, 298 K):5 = 83.49 ppmElemental analysiscalcd (%) for
CigH20rN3P x 0.25 THF: C 43.17, H 5.91, N 7.95; found: C283H 6.05, N 7.80.

Synthesis of PymNHPPR(5)

(L
o

Synthesized via literature methods with slight @Boins in order to improve the yiefti2-
aminopyrimidine (20.0 mmol, 1.9 g) was suspended 100 mL THF, triethylamine

34



4. New iridium catalysts for the efficient alkylati of anilines by alcohols under mild conditions

(20.0 mmol, 2.8 mL) was added and the solution wesoled to 0°C. Then
chlorodiphenylphosphine (20.0 mmol, 3.7 mL) was eatidiropwise with a syringe. The
solution was allowed to warm to room temperaturd atirred over night at 50 °C. The
suspension was filtered over a glass filter fritma pad of celite (4 cm) and washed with
50 mL of THF. The solvent was concenratadvacuo to 10 mL and left to crystallize at -
20 °C. The supernatant solution was decantedranddlid washed with 5 mL of cold hexane
and subsequently dried vacuo yielding PymNHPPhasa white solid (15.2 mmol = 76%).
'H NMR (400 MHz, CDC}, 298 K):8 = 8.25 (d,J = 4.3 Hz, 2H), 7.47 (dd] = 5.6, 3.5 Hz,
4H), 7.36 (d,J = 1.9 Hz, 6H), 6.64 (td] = 4.8, 0.9 Hz, 1H), 6.12 (d,= 8.3 Hz, 1H) ppm‘3C
NMR (100 MHz, CDC}, 298 K): 6 = 148.3 (d,J = 1.1 Hz), 138.0 (dJ = 2.3 Hz), 131.5,
131.3, 129.4, 128.7 (d,= 6.7 Hz), 115.2, 109.0 (d,= 15.3 Hz) ppm>'P NMR (161 MHz,
CDCls, 298 K):6 = 26.90 ppm.

Synthesis of [([PymNPPB)Ir(cod)] (5a)

[IrOMe(cod)} (0.25 mmol, 166mg) was dissolved in 5 mL THF andsequently a solution
of PymHNPPA (5) (0.5 mmol, 140 mg) in THF was added dropwise. 4 selution was
obtained and after 30 min the solvent was remawedhcuo, affording a dark red solid in
quantitative yield*H NMR (400 MHz, CDCly, 298 K):8 = 8.31-8.25 (m, 1H), 7.69-7.59 (m,
5H), 7.47-7.37 (m, 6H), 6.01 (dd,= 5.8, 4.3 Hz, 1H), 4.80 (s, 2H), 3.71-3.64 (m),2224
(d, J = 8.2 Hz, 4H), 1.99 (dd] = 15.9, 7.5 Hz, 4H) ppnt’C NMR (100 MHz, CDCl,, 298
K): & = 162.8 (dJ = 3.9 Hz), 155.2 (dJ = 4.3 Hz), 132.2 (d) = 11.6 Hz), 130.4 (d] = 2.5
Hz), 128.5 (dJ = 10.7 Hz), 104.6, 61.5, 33.2, 29.0 ppf® NMR (161 MHz, CRQCl,, 298
K): 6 = 49.49 ppmElemental analysiscalcd (%) for GsH2sN3sPIr: C 49.81, H 4.35, N 7.26;
found: C 49.54, H 4.61, N 7.04.
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Synthesis of (5-Me)PyNHPPr), (6)

T
N” N
TY
5-methyl-2-aminopyridine (10.0 mmol, 1.08 g) wasmended in 70 mL THF, triethylamine
(10.0 mmol, 1.6 mL) was added and the solution wesoled to 0°C. Then
chlorodiisopropylphosphine (10.0 mmol, 1.6 mL) waded dropwise with a syringe. The
solution was allowed to warm to room temperaturd atirred over night at 50 °C. The
suspension was filtered over a glass filter fritwa pad of celite (4 cm) and washed with
50 mL of THF. The solvent was removadvacuo yielding (5-Me)PyNHPPr), as a white
solid (9.4 mmol = 94%)*H NMR (400 MHz, CDBCl,, 298 K):5 = 7.86 (s, 1H), 7.28 (dd,
= 9.2, 2.4 Hz, 1H), 7.01 (dd, = 8.4, 1.9 Hz, 1H), 4.57 (d] = 10.5 Hz, 1H), 2.18 (s, 3H),
1.81-1.73 (m, 2H), 1.11-1.01 (m, 12H) ppfC NMR (100 MHz, CCl,, 298 K):5 = 147.4,
138.6, 123.0, 108.3 (d,= 17.4 Hz), 26.4 (d) = 10.9 Hz), 18.7 (d) = 19.5 Hz), 17.4, 17.0
(d, J = 7.8 Hz) ppm3'P NMR (161 MHz, CDCl,, 298 K): 5 = 49.51 ppmElemental
analysis calcd (%) for GH2iN2P: C 64.26, H 9.44, N 12.49; found: C 64.09, H 9.R2
12.78.

Synthesis of [((5-Me)PyNRPr),)Ir(cod)] (6a)

[IrOMe(cod)k (0.25 mmol, 166 mg) was dissolved in 5 mL THF andsequently a solution
of (5-Me)PyHNP{Pr), (6) (0.5 mmol, 112 mg) dissolved in THF was added dise. A red
solution was obtained and after 30 min. the solvesd removedn vacuo, the residue was
recrystallized from hexane yielding dark red crissta.34 mmol, 68%)"H NMR (400 MHz,
CD.Cly, 298 K):6 = 7.07 (s, 1H), 6.94 (d,= 8.9 Hz, 1H), 6.76 (d) = 8.8 Hz, 1H), 4.65 (s,
2H), 3.83 (dJ = 1.7 Hz, 2H), 2.29-2.17 (m, 4H), 2.17-2.06 (m, 2R)2 (dd,J = 13.5, 7.5
Hz, 2H), 1.96 (s, 3H), 1.81 (dd,= 13.0, 6.4 Hz, 2H), 1.16 - 1.07 (m, 12H) ppriiC NMR
(100 MHz, CDBClI,, 298 K): 6 = 143.5 (dJ = 2.7 Hz), 139.9 (dJ = 2.7 Hz), 116.1, 115.9,
56.90, 34.3 (dJ = 2.5 Hz), 29.1 (s), 28.70 (s), 28.3 (s), 17.8Jd 3.3 Hz), 17.3 (s), 17.1
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ppm .3'P NMR (161 MHz, CQCl,, 298 K):8 = 94.09 ppmElemental analysis calcd (%)
for CyoHs2lrN,P: C 45.87, H 6.16, N 5.35; found: C 46.13, H 619%.51.

Synthesis of (5-Me)PyNHPPH(7)

5-methyl-2-aminopyridine (10.0 mmol, 1.08 g) wasmended in 70 mL THF, triethylamine
(10.0 mmol, 1.4mL) was added and the solution wesoled to 0°C. Then
chlorodiphenylphosphine (10.0 mmol, 1.83 mL) waslextl dropwise with a syringe. The
solution was allowed to warm to room temperature stirred for 4 d at room temperature
and 12h at 50 °C. The suspension was filtered avglass filter frit with a pad of celite (4
cm) and washed with 50 mL of THF. The solvent wamavedin vacuo, yielding (5-
Me)PyNHPPh as a white solid (9.69 mmol = 97%MH NMR (400 MHz, C}Cl,, 298 K): &

= 7.92 (s, 1H), 7.50-7.43 (m, 4H), 7.41 - 7.28 {i), 6.95 (d,J = 8.6 Hz, 1H), 5.25 (s, 1H),
2.19 (s, 3H), ppmt>C NMR (100 MHz, CDCly, 298 K):& = 147.7, 139.6, 138.8, 131.2 (,
= 20.9 Hz), 129.1, 128.5 (d,= 6.7 Hz), 123.9, 108.4 (d,= 15.0 Hz), 17.4 ppnt'P NMR
(161 MHz, CDCl,, 298 K):6 = 27.21 ppmElemental analysiscalcd (%) for GgHi17N2P: C
73.96, H 5.86, N 9.58; found: C 73.88, H 5.69, K19.

Synthesis of [((5-Me)PyNHPPR)Ir(cod)] (7a)

[IrOMe(cod)} (1.2 mmol, 795 mg) was dissolved in 20 mL THF anbdsequently a solution
of (5-Me-Py)NHPPh (7) (2.4 mmol, 701 mg) dissolved in THF was added dise. A red
solution was obtained and after 30 min. the solvesd removedn vacuo, the residue was
recrystallized from hexane:THF = 3:1 yielding regstals (1.03 mmol, 86%jH NMR (400
MHz, CD,Cl,, 298 K):6 = 7.59 (dddJ = 10.8, 7.3, 1.7 Hz, 4H), 7.41-7.36 (m, 6H), 7(83
1H), 7.04 (dtJ = 8.9, 2.4 Hz, 1H), 6.88 (d,= 8.9 Hz, 1H), 4.94 (s, 2H), 3.54 (s, 2H), 2.25-
2.19 (m, 4H), 2.02 (s, 3H), 2.04-1.94 (m, 4H) ppra. NMR (100 MHz, CRCl, 298 K):5 =

37



4. New iridium catalysts for the efficient alkylati of anilines by alcohols under mild conditions

143.8 (dJ = 2.7 Hz), 140.7 (d] = 2.9 Hz), 138.4 (d) = 0.6Hz), 137.8 (d] = 0.5 Hz), 132.5
(d,J =12.2 Hz), 130.5 (d] = 2.3 Hz), 128.8 (d) = 10.3 Hz), 116.6, 116.4 (d,= 0.5 Hz),
115.9 (d,J = 0.6 Hz), 95.32, 91.7 (d,= 13.4 Hz), 60.4, 33.5, 29.5, 17.3 ppik NMR (161
MHz, CD.Clp, 298 K): 6 = 72.54 ppmElemental analysiscalcd (%) for GgHaglrNoP: C
52.78,H 4.77, N 4.73; found: C 52.83, H 4.86, k4.

Synthesis of (5-Cl)PyNHPIPr), (8)

L

N NH

Y
5-chloro-2-aminopyridine (20.0 mmol, 2.57 g) waspgended in 120 mL THF, triethylamine
(20.0 mmol, 2.8 mL) was added and the solution wesoled to 0°C. Then
chlorodiisopropylphosphine (20.0 mmol, 3.2 mL) wadded dropwise with a syringe. The
solution was allowed to warm to room temperature atirred for 2 d at 50 °C. The
suspension was filtered on a glass filter frit wathpad of celite (4 cm) and washed with
50 mL of THF. The solvent was concenraiedvacuo to 10 mL and left to crystallize at
-20 °C. The supernatant solution was decantedthedsolid washed with 5 mL of cold
hexane and subsequently dried vacuo vyielding (5-CI)PyNHPPr), as a white solid
(18 mmol = 90%)*H NMR (400 MHz, CRCl,, 298 K):6 = 7.96 (d,J = 2.4 Hz, 1H), 7.40
(dd,J = 8.9, 2.6 Hz, 1H), 7.07 (dd,= 8.9, 2.1 Hz, 1H), 4.94 (d,= 8.4 Hz, 1H), 1.85-1.74
(m, 2H), 1.10-1.01 (m, 12H) ppr’C NMR (100 MHz, CQCl,, 298 K):8 = 160.1 (dJ =
20.2 Hz), 146.6, 137.6 (d,= 2.2 Hz), 121.3, 110.1 (d,= 18.6 Hz), 26.9 (dJ = 11.6 Hz),
19.0 (d,J = 21.1 Hz), 17.4 (d] = 7.7 Hz) ppm3'P NMR (161 MHz, CRCl,, 298 K):5 = 51.
65 ppm.Elemental analysiscalcd (%) for GiH1sN2PCl: C 53.99, H 7.41, N 11.45; found: C
53.65, H 7.07, N 11.60.

Synthesis of [((5-Cl)PyNPifPr),)Ir(cod)] (8a)
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[IrOMe(cod)} (0.3 mmol, 199 mg) was dissolved in 10 mL THF anbdsequently a solution
of (5-CI-Py)NHP{Pr), (8) (0.6 mmol, 147 mg) dissolved in THF was added disp. A red
solution was obtained and after 30 min the solwes$ removedn vacuo, the residue was
recrystallized from hexane:THF = 2:1 yielding regstals (0.53 mmol = 89%)YH NMR
(400 MHz, CDBCl,, 298 K):6 = 7.23 (dJ = 1.6 Hz, 1H), 7.00 (d) = 9.2 Hz, 1H), 6.79 (d]

= 9.4 Hz, 1H), 4.60 (d) = 2.7 Hz, 2H), 3.87 (d] = 2.7 Hz, 2H), 2.31-1.98 (m, 8H), 1.87-
1.77 (m, 2H), 1.16-1.06 (m, 12H) ppMC NMR (100 MHz, CRCly, 298 K):5 = 143.3 (dJ

= 2.6 Hz), 137.7, 117.3, (d,= 21.7 Hz), 89.5 (dJ = 11.1 Hz), 57.7, 24.3 (d, = 2.5 Hz),
29.0, 28.5 (dJ = 38.3 Hz), 17.4 (d] = 52.2 Hz) ppm>'P NMR (161 MHz, CDCly, 298 K):

6 = 95.57 ppmElemental analysiscalcd (%) for GgH2slrNoP: C 41.94 , H 5.37 , N 5.15;
found: C 42.32, H 5.11, N 5.02.

Synthesis of (5-Cl)PyNHPPh(9)

5-chloro-2-aminopyridine (20.0 mmol, 2.57 g) wasgended in 120 mL THF, triethylamine
(20.0 mmol, 2.8 mL) was added and the solution wesoled to 0°C. Then
chlorodiphenylphosphine (20.0 mmol, 3.7 mL) was eatidiropwise with a syringe. The
solution was allowed to warm to room temperaturel atirred for 2d at 50 °C. The
suspension was filtered on a glass filter frit wathpad of celite (4 cm) and washed with
50 mL of THF. Solvent was concenratedvacuo to 10 mL and left to crystallize at -20 °C.
The supernatant solution was decanted and the walshed with 5 mL of cold hexane and
subsequently drietth vacuo yielding (5-Cl)PyNHPPh as a white solid (18 mmol = 90%H
NMR (400 MHz, CQCl,, 298 K):8 = 7.94 (dJ = 2.1 Hz, 1H), 7.48-7.42 (m, 4H), 7.40-7.37
(m, 7H), 6.99 (ddJ = 8.9, 1.0 Hz, 1H), 5.61 (d,= 7.7 Hz, 1H) ppm**C NMR (100 MHz,
CD.Cl,, 298 K):56 = 146.9 (dJ = 0.8 Hz), 139.8 (d] = 11.9 Hz), 138.0 (d] = 1.9 Hz), 132.3
(d,J = 10.1 Hz), 131.9, 131.6, 129.9, 129.2J¢; 6.7 Hz), 110.4 (d) = 14.4 Hz) ppm.*'P
NMR (161 MHz, CDCl,, 298 K): 6 = 51.65 ppm.Elemental analysiscalcd (%) for
C17H14CINoP: C 65.29, H 4.51, N 8.96; found: C 65.03, H 4N3B.73.
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Synthesis of [((5-Cl)PyNPPB)Ir(cod)] (9a)

[[rOMe(cod)k (0.3 mmol, 199 mg) was dissolved in 10 mL THF aobsequently a solution
of (5-CI-Py)NHPPh (9) (2.4 mmol, 147 mg) dissolved in THF was added dise. A red
solution was obtained and after 30 min the solwess removedn vacuo, the residue was
recrystallized from hexane:THF = 3:1 yielding regstals (0.51 mmol = 85%}fH NMR
(400 MHz, CDCly, 298 K):5 = 7.60-7.55 (m, 4H), 7.42-7.38 (m, 7H), 7.10 (it 9.3, 2.4
Hz, 1H) 6.92 (dJ = 9.3 Hz, 1H), 4.89 (s, 2H), 3.60 (s, 2H), 2.2312(m, 4H), 2.01-1.96 (m,
4H) ppm.**C NMR (100 MHz, CQ}Cl,, 298 K):8 = 143.5 (dJ = 2.7 Hz), 138.6 (d) = 3.1
Hz), 137.6, 136.7, 132.5 (d,= 11.4 Hz), 130.8 8d] = 2.4 Hz), 128.9 (d] = 10.3 Hz), 117.8
(d, J = 23.0 Hz), 113.4, 92.3 (d,= 12.1 Hz), 61.2, 33.5 (d,= 3.1 Hz), 29.5 (dJ = 1.7 Hz)
ppm.**P NMR (161 MHz, CDCl,, 298 K):5 = 73.23 ppmElemental analysiscalcd (%) for
CosHasIrNoP: C 41.94, H 5.37, N 5.15; found: C 42.32, H 5N5B.02.

[1] D. B. Garagorria, K. Mereiterb, K. Kirchne€ollect. Czech. Chem. Commun. 2007,
72, 527-540

[2] S. M. Aucott, A. M. Z. Slawin, J. D. Woolling]. Chem. Soc. Dalton Trans. 200Q
2559-2575.

[3] U. Florke, H. J. Haupt, T. Kristallogt99Q 191, 295.
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Abstract: An iridium catalyst - stabilized by an anionic Fjand - was used for the
symmetric and unsymmetric monoalkylation gf m- and o-benzenediamines. Benzyl and
aliphatic alcohols were used as alkylating reage2fisderivatives were synthesized. 14 of
them are new compounds. Furthermore, the alkylatibthe pharmacological important
diamine Dapsohis described. 14 DapsBuderivatives were synthesized among them 9 new

compounds.

5.1 Introduction

The hydrogen autotransfer (= HA)or borrowing hydrogen (= B} type of reaction has
been received a lot of attention during the last fears? It is an efficient protocol for
selective C-N and C-C bond formation reacti6h§he state of the art mechanistic proposal
for both types of coupling reactions is shown ilm&uoe 1. The selective alkylation of amines
is an important but challenging reaction. It is ortant due to the significance of selectively
alkylated amines as bulk chemicals, intermedigbesrmaceuticals and agrochemicals. A
variety of classic but rather complicated bench tepctions are available, the rather
unselective alkylation with harmful alkyl halogeasd a variety of catalytic reaction with
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certain limitations in scop®. The amine alkylation via the BH/HA concept (discad by

Grigd® and Watanab®) involves readily available and green alcohols.

~_.R!
R™ OH R™ X
oxidation ?

M] l [MIH, — M

condensation reduction

+ R-XH 1

P 2 R
RTY h
© - H,0 R

X =N, C-H; [M] = transition metal complex
based of Ir or Ru, for instance

Scheme 1Selective C-N and C-C coupling reactions via th&HRA mechanism.

At the beginning, it was a rather unselective lieactequiring harsh conditions and has been
developed into a practical synthesis method byitfstance) the groups of Bell€Grigg >
Fujital*® williams 8% Yus™? and ud!® Very recently, we discovered a new class of
iridium catalysts, stabilized by anionic P,N-ligafid® It was shown that these catalysts are
significantly more active in the alkylation of anié derivatives as the originally (by us) used
neutral P,N-ligand complex¢¥! based on dipyridyl aminé¥! Applying mild condition in
these amine alkylation reactions is a challéfiggince we can work under mild conditions
with the new catalyst class we expected to increaketivity and functional group tolerance.
Here we report on the synthesis of symmetrically wmsymmetrically alkylated
benzenediamines and 4,4"-sulfonyldianiline (Dafi¥oiwith the protocol described here
appropriate derivatisation is possible. Most of siyatheses were carried out at 70 °C, very

mild conditions for amine alkylations using alcoi6i**!

5.2 Results and Discussion

Catalyst Synthesis and Structure

The synthesis of the applied Ir catalyst is a \@mgple two step procedure. In the first step
the protonated P,N-ligand is formed quantitative from commercially availaflenethyl-
pyridin-2-ylamine and chlorodiphenyl-phosphane withthylamine as base. In a second step
two equivalents oA react with one equivalent of [IrOMe(cog)jnder methanol elimination

to yield the catalysB also in nearly quantitative yields (Schemé&%.
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AN N° 0.5 IroMe(cod))2 NN

P > P—Ire".

Q @ -MeOH f N
B

Scheme 2Catalyst synthesis (nearly quantitative).

CatalystB was identified to be the most active catalystdoiline alkylations using benzyl
and aliphatic alcohol$®¥ Crystals ofB suitable for X-ray crystal structure analysis (fhe
were not available as we published the catalysthegis.) were obtained from a THF

solution. The molecular structure Bfis shown in Figure 1.

Figure 1. Molecular structure oB, selected bond length [A], and angles [*]:Ir1-ND72(5), Ir1-C1 2.112(6),
Ir1-C2 2.135(6), Ir1-C5 2.159(7), Ir1-C6 2.235(B}-P1 2.2634(18), P1-N2 1.655(6), P1-C21 1.820{d)C9
1.370(9), N2-C9 1.311(8); N1-Ir1-C1 157.7(2), N1-E2 163.5(2), N1-Ir1-C5 95.7(2), N1-Ir1-C6 99.3(RI\L-
Ir1-P1 78.65(15), N2-P1-C21 106.4(3), N2-C9-N1 828), N2-P1-Irl 106.3(2).

In complexB, both the Ir1-N1 [2.074(5) A], and the P1-N2 [196¢5) A] bond lengths are
shorter than the length of analogous bonds ineelaeutral P,N-ligand complex&& I This
indicates an delocalization of the anionic charfighe ligand over the interior P-N-C-N

ligand backbone.
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Synthesis of symmetrically alkylated benzenediamirge

To find out the ideal catalyst loading for the d#ékion of benzenediamines, the model system
benzene-1,4-diamine/benzyl alcohol was choseraritbe seen from Table 1 that a minimum
catalyst loading of 1 mol% Ir is sufficient to gan excellent yield of 99% of the favoured

dialkylated product.

Table 1.Screening of the catalyst loadiff.

2.2 HO
HoN @NHZ catalyst B
2.2 KOtBu, 48 h, 70 °C
dlglyme
[Mol% Ir] yield [%0]™ yield [%0]™ yield [%0]™
1 20 n.d. n.d. >909
2 15 n.d. n.d. >909
3 1.0 n.d. n.d. 99
4 0.8 25 12 66
5 05 46 12 43
6 0.3 48 13 40
7 0.2 57 11 29
8 0.1 51 12 14

[a] reaction conditions: 1.0 mmol benzene-1,4-di@en2.2 mmol benzyl alcohol, 0.4 mL diglyme, 70 48,h.
[b] yield determined by GC analysis with dodecaséngernal standard.

With less than 1 mol% catalyst loading the reacgats too slow in the given time. The
intermediates such as N-benzyl-benzene-1,4-diamniteN-benzyl-N'-benzylidene-benzene-
1,4-diamine were detected in certain amounts. Allkgh protocols using the catalyBtare
listed in Table 2. With benzyl alcohol as an alkigla agent excellent isolated yields could be
obtained in combination with p- and m-benzenedi@mirsing the optimized reaction
conditions (Table 22a, 2b). The catalyst loading had to be increased to Paniofor benzyl
alcohols bearing electron donating substituentbl€ra, 2d, 2e, 2g, 2h). Further increase of

the catalyst loading (2.5- 4 mol% Ir) was necessargpply aliphatic alcohols (Table 2},
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2k, 2m, 2n) as well as heteroaromatic alcohols (Tabl@@, In the methylation reaction an
excess of methanol had to be added to ensurertbhagk methanol is available due to the fact

that it is refluxing at the given reaction condit$o

Table 2. Synthesis of symmetrically alkylated benzenediasiwith primary alcoholé!

22 R7 OOH H j{
HoN = NH catalyst B RVN®NH
\_/ > 22 KOtBu, 48 h, 70 °C \__/
[Mol% Ir] alcohol product yield[%]

2a 1.0

@AOH @: ”

o
o

OH N
Cr
N

2c 4.0

2d 20

21 4.0
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OMe OMe

/©/\OH
29 20 Ve

OMe OMe

OH
2h 2.0 97
MeO

OMe
[l cl
2l 4.0 MeO @[ 42

2] 25 ASNOH é

/\/\/OH
okl 25 @\ 97

N
21 4.0 AOH @[ g 42

gg“

2m 3.0 CH3OH N y
HNONH
d]
2n 3.0 CH3OH @\ 9d
\N N/
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N\
20 4.0 CHOH @[ g2l [l
N/

2p 4.0 @_/OH WHQHW 72

[a] reaction conditions: 1.0 mmol benzenediaming r@mol primary alcohol, 2.2 mmol KBu, 0.4 mL
diglyme, 70 °C, 48 h. [b] isolated yield, [c] 11CG.° [d] 8.8 mmol alcohol. [e] 4.4 mmol alcohol, [flew

compound.

For the alkylation of o-benzenediamine, it was 8eaey to raise the catalyst loading up to 4.0
mol% Ir as well as the reaction temperature to X1QTable 2,2c, 2f, 2i, 2I, 20). o-
Benzenediamines may act as chelating ligands antpe® with the anionic P,N-ligand.
Furthermore, steric hindrance which played no molease of p- and m-benzenediamines is an
issue. However, under these conditions it was ptessd isolate the accordant products in (at

least) low yields.

Synthesis of unsymmetrically alkylated benzenediames

In reactions in which no complete conversion wakiea@d the unilateral monoalkylated
intermediate was detected as a by-product. Consdlgué was expected to synthesize this
intermediate selectively. To explore this optionmore detail, a kinetic experiment was
performed in which the composition of the reactmixture was monitored over time by gas
chromatography. The reaction of benzene-1,4-diamiitle two equivalents benzyl alcohol
was studied (Figure 2). This experiment clearlyvata that under this reaction conditions it
is impossible to isolate the monoalkylated diam@sea main product. At its concentration
maximum (after 14 hours) only 40% of N-benzyl-bererd,4-diamine is produced.
Furthermore, 24% N-benzyl-N"-benzylidene-benzedediamine and about 30% dialkylated
diamine were formed. By the use of two equivalaitthe diamine it was possible to isolate
N-benzyl-benzene-1,4-diamine (Table 3g, 76% yield) and N-benzyl-benzene-1,3-diamine
(Table 3,3b, 82% vyield) as the main products. In the synthes$idl-benzyl-benzene-1,2-
diamine (Table 33c, 91% vyield) the fourfold amount of the diamine hade used. Starting
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from these intermediates the second aminofuncibahdcbe alkylated with another alcohol to
get access to unsymmetrically alkylated diamines.

100
80 —
S
5 997 —&— benzyl alcohol
G N-benzyl-benzene-1,4-diamine
2 —A— N-benzyl-N'-benzylidene-benzene-1,4-diamine
g 409 —@— N,N'-dibenzyl-benzene-1,4-diamine
© —&— N,N'-dibenzylidene-benzene-1,4-diamine
20
04
| | | | | |
0 10 20 30 40 50
time [h]

Figure 2. Time conversion plot for the reaction of benzenkdiamine with benzyl alcohol. Reaction
conditions: 10.0 mmol benzene-1,4-diamine, 22.0 inpemzyl alcohol, 1 mol% cataly&, 5.0 mL diglyme,
22.0 mmol KQ@Bu, 2.5 mmol dodecane as internal standard.

Table 3. Synthesis of unsymmetricially alkylated benzeneitiges’®

HzN\_
NH R
Q 2 11 R”OOH H

or catalyst B Ph N@ N%-I
ph. N /= 1.1 KOtBu, 24 h, 70 °C
NN
[Mol% Ir] alcohol product yield[%df!

OH
3a 0.4 76
HN@NHZ
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~

OH
QL o
NH

3b 0.2
N
H 2
H
OH NQ
3c 2.0 EjA @[ 91
NH,
OMe
e
[e]
3d 1.0 MeO 85
HNONH
OMe
oy
e]
3¢? 1.0 MeO E? : 98
N N
H H
H
o o
[e] ]
3 20 MeO @[ 75¢
N
YL
OMe

3¢9 04 A _OH 70

3he 1.0 N0 (P @\ 95
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H
N
3l 20 AN OH @ hdi 67°
N/\O
H
3j® 15 89

CH5;OH
/
H

80"
~

HNON

3k 15 CH;OH EP /@
N N
H H

H
3l 2.0 CH;OH C:NQ g7icl [d]
N/

[a] reaction conditions: 1.0 mmol N-benzyl-benzeimine, 1.1 mmol primary alcohol, 1.1 mmol D,
0.4 mL diglyme, 70 °C, 24h. [b] isolated yie]d] 110 °C. [d] 2.2 mmol methanol. [e] new compound

The differently alkylated p- and m-benzenediamistasting from3a and3b (Table 3) can be
made at a moderate reaction temperature of 70éftively low catalyst loadings of
0.2 mol%-1.5 mol% Ir, and a reaction time of 2sigbod to very good yields. Both benzyl
alcohols (Table 33a, 3b, 3d, 3¢) as well as aliphatic alcohols (Table3g), 3h, 3j, 3k) are
applicable. If methanol is used as the alkylatie@gent it is again necessary to use an excess
due to the low boiling point of the alcohol (TalBle3j-1). To obtain satisfying yields with the
1,2-benzenediamines both, the catalyst loading taedtemperature, had to be increased
(Table 3,3c, 3f, 3i, 3I).

Synthesis of symmetrically and unsymmetrically alkiated Dapson® derivatives

The knowledge that has been collected with the hegis of symmetrically and
unsymmetrically mono-N-alkylated diaminobenzenesusth be applicable to the alkylations
of 4,4'-sulfonyldianiline, which is known under thieade name Daps8n Dapsofi is an
antibiotic effective medicament which finds applioa in the treatment of leprosy or

malaria™ However, strong resistance development has appeared
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Table 4.Synthesis of symmetrically alkylated 4,4'-sulfatighilines!®

O\\S//O 2.2 R7 O OH \\ 0
/©/ \©\ catalyst B
HN NH, 2:2KOtBu, 481,70 °C
mol% Ir alcohol roduct ield[og}’
p y
\\ //
OH
4a 1.0
OMe
401 2.0 %P

<
@
O ;

Cl

OH
4d® 25 /@A \\,, 76
; 0,

Cl

OH

4dl 25 \\ O 76

OCL

F5;C CF;
FsC OH
4d® 2.5 E 5 80

CF3

:

9

\\ //

de 25 CH:OH J©/ \Q 97!
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)

N\

0
4 25 HO™™ O SQ og®
L, .
H H

o0
S
49 25 HO™ """ /©/ \©\ 88
N N
H H

NH, o NH,
S

o ecw 0L
N
H

O
N
H

[a] reaction conditions: 1.0 mmol 4,4'-sulfonyldiare, 2.2 mmol primary alcohol, 2.2 mmol KBu, 0.4 mL
diglyme, 70 °C, 48h. [b] isolated yield. [c] 4.4 mhprimary alcohol. [d] 2.2 mmol NaBu, 110 °C. [e] new

compound.

As can be seen in Table 4 the suitable symmelyicalkylated derivatives of 4,4'-
sulfonyldianiline were obtained in good up to el@a yields. There is no significant
distinction detectable whether benzyl or aliphaticohols were used. We also succeeded in
using 3-amino-1-propanol to produce N,N'-(sulforig(h,1-phenylene))-bis(propane-1,3-
diamine) (Table 4,4h) in a one-step reaction without protecting theefraliphatic
aminofunction, because alkylation of aliphatic aesiiis rather slow with our cataly$t$! For
the synthesis of unsymmetrically alkylated 4,4%swldianiline a two-step synthesis must
occur analogously to the unsymmetric alkylatiorth&f diaminobenzenes. The first alkylation
step can be accomplished with isolated yield of 8af6l 86% for benzyl alcohol and
propanol, respectively (Table 5)Differently monoN-alkylated 4,4sulfonyldianiline
derivatives (Table 5, entriéx-5f) could be obtained in good to very good yieldsihBo
benzyl alcohols as well as aliphatic alcohols camsed under similar reaction conditions. Up
to now, these (differentlylN-alkylated Dapsoh derivatives were mostly unknown. Already
the first step is difficult to accomplish. Multiegi synthesis protocols including the
introduction of a protecting group as well as salvexidation and reduction steps are
necessary. For instance, in order to synthesiiz€rable 5) 4-amino-4nitrodiphenyl sulfide

is converted into the corresponding tosylamide tsnal p-toluenesulfonyl chloride in

pyridine.
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Table 5. Synthesis of unsymmetrically alkylated 4,4'-sujfiolianiline

\\ //

LI,

1.1 R OH

S
catalyst B Ph ©/ \©\ R
\\ O 1.1 KOtBu, 24 h, 70 °C kN N)
O |OW H H

[mol% Ir] alcohol product yield [%4}

OH
5a 0.6 ©A 0 @ 85

\\ //

5b 0.8 _~_OH \L ©/ @\ 86

5d9 1.0 Oﬂ > (P 73
F Q @

Cl

OH
5d[c] 2.0 /©/\ (P \\ // 88
c Q @
Cl

OH
5d[c] 2.0 /©/\ (P \\ // 88
c Q Q
Br

OH
SéC] 2_0 /©/\ \\ // 67
- 0,
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59 2.0 HO™ """ O SQ 7
N N

[a] reaction conditions: 1.0 mmol 4-((4-aminophésaylfonyl)-N-benzylaniline (Table 5, entry 1), 1.1l
primary alcohol, 1.1 mmol KBu, 0.4 mL diglyme, 70 °C, 24h. [b] isolated yield] new compound.

The amide is then alkylated withpropyl iodide in aqueous KOH and in a further gtegets
oxidized by HO, in acetic acid to (N-tosyln-propylamino)-4-nitrodiphenylsulfone.
Subsequently, the nitro group is reduced to the &mino function using hydrogen and Raney
nickel. In a final reaction step, the protectinguw has to be removed and gives 4-[(4-
aminophenyl)sulfonylN-propylaniline in an overall yield of 79%! The synthesis protocol
developed by us allows us to isolate prodiirin a yield of 86% in only one step.

R"™2__Ar
>—NH HN— R2—|v|e | N
R1:2 \_/ ; X

x\ A

CatalystB seems selective towards aromatic amines and &lipdiaines are alkylated much

Scheme 3Selectivity of catalysB.

slower as can be seen from Table 4, last entwya$t not possible to alkylate aliphatic amines
in detectable amounts, nor did arylamines reach w&condary alcohols, even at higher
temperatures of 130 °C and catalyst loadings up nwl% Ir (Scheme 3). Under the given
reaction conditions the secondary alcohol was caedenearly quantitatively into the

corresponding aldol condensation product.
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5.3 Conclusion

It could be shown that the catalyst system basednoanionic P,N-ligand stabilized iridium
complex is effectively applicable in momdalkylation reactions. The BH/HA concept is the
basis of these transformations and primary (beaagl aliphatic) alcohols as well as aromatic
amines (anilines) were used. Symmetrically and ommsgtrically monoN-alkylated
diaminobenzenes were synthesized and the methodolmuld be transferred to
pharmacological interesting 4-aminodiphenylsulfoi®apsoff) derivatives. Reactions
proceed under mild reaction conditions (mainly @) Which allowed a variety of functional
groups to be tolerated, among them also aliphatitnes. 23 new compounds were

synthesized.

5.4 Experimental Section

General considerations

All reactions were carried out in a dry argon dragen atmosphere using standard Schlenk
techniques or glove-box techniques. Halogenatedenstd were dried over,8s, and non-
halogenated solvents were dried over sodium bererapte ketyl. Deuterated solvents were
ordered from Cambridge Isotope Laboratories, vensgtdred over molecular sieves and
distilled. All chemicals were purchased from comanrsources with a purity of over 97%
and used without further purification. NMR specivare obtained using an INOVA 400 or
300 MHz spectrometer at 298 K. Chemical shifts esported in ppm relative to the
deuterated solvent. Elemental analysis was cawig#gdon a Vario elementar EUI. GC
analyses were carried out on an Agilent 6890N NeKv@C system equipped with an HP-5
column (30 mx0.322mx0.25um). GC/MS analyses were carried out on a Thermau$oc
GC/Trace DSQ system equipped with a HP-5MS colu8thnx0.32umx0.25um). X-ray
crystal structure analyses were performed with &E&TPDS Il equipped with an Oxford
Cryostream  low-temperature  unit. CCDC  833733htyvil.ccdc.cam.ac.uk/cgi-
bin/catreq.cgi contains the supplementary crysgadiphic data for this paper (compouBy
These data can be obtained free of charge fromCHmebridge Crystallographic Data Centre

via www.ccdc.cam.ac.uk/data_request/cif.
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General procedure for the synthesis of symmetricallalkylated diaminobenzenes

In a pressure tube cataly®t 0.4 mL diglyme, 1.0 mmol diaminobenzene, 2.2 mprahary
alcohol, 2.2 mmol K@u were combined. The pressure tube was closedaniteflorf cap
and the mixture stirred at 70 °C (110 °C for thepective alkylatedrtho-diaminobenzenes)
for 48 h. The reaction mixture was cooled to roemperature and quenched by addition of
2 mL of water. The organic phase was extractedethiimes with 30 mL of EO. The
combined organic phases were washed w&h20 mL of water, and dried over p&O..
Solvent was evaporated under vacuum and the resigige further purified by column

chromatography.

General procedure for the synthesis of non-symmetally alkylated diaminobenzenes

In a pressure tube the catalyst, 0.4 mL diglym@nimol monoN-alkylated diaminobenzene,
1.1 mmol primary alcohol, and 1.1 mmol K& were combined. The pressure tube was
closed with a Teflofi cap and the mixture stirred at 70 °C (110 °C fer tespective alkylated
mono-N-ortho-alkylated diaminobenzenes) for 24 h. The reaatiixture was cooled to room
temperature and quenched by addition of 2 mL ofewafhe organic phase was extracted
three times with 30 mL of ED. The combined organic phases were washed caitB0 mL

of water and dried over N8&0O,. Solvent was evaporated under vacuum and theuesigs

further purified by column chromatography.

General procedure for the synthesis of symmetricallalkylated dapsone derivatives

In a pressure tube the catalyst, 0.6 mL diglym®,nimol Dapsofi, 2.2 mmol primary
alcohol, and 2.2 mmol KiBu were combined. The pressure tube was closedawitaflor?
cap and the mixture stirred at 70 °C for 48 h. Tlaction mixture was cooled to room
temperature and quenched by addition of 2 mL ofewafhe organic phase was extracted
three times with 30 mL of ED. The combined organic phases were washed a&it20 mL

of water and dried over N80O,. Solvent was evaporated under vacuum and theuesics

further purified by column chromatography.

General procedure for the synthesis of non-symmetally alkylated dapsone derivatives

In a pressure tube the catalyst, 0.6 mL diglym8,mmol 4-((4-aminophenyl)sulfony)-
benzylaniline5a, 1.1 mmol primary alcohol, and 1.1 mmol KD were combined. The

pressure tube was closed with a Teflamap and the mixture stirred at 70 °C for 24 h. The
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reaction mixture was cooled to room temperatureqarahched by addition of 2 mL of water.
The organic phase was extracted three times witmi3®f ELO. The combined organic
phases were washed with. 20 mL of water and dried over p&0,. Solvent was evaporated

under vacuum and the residue was further purifieddbumn chromatography.

Synthesis of ligand A, (5-Me)PyNHPPh

2-Amino-5-methyl-pyridine (20.0 mmol, 2.16 g) wasispended in 150 mL of THF,
triethylamine (20.0 mmol, 2.8 mL) was added and $b&ition was cooled to 0 °C. Then
chlorodiphenylphosphane (20.0 mmol, 3.66 mL) wadedddropwise with a syringe. The
solution was allowed to warm to room temperaturé stirred overnight at room temperature
and for 1 d at 50 °C. The suspension was filteregl @ glass filter frit with a pad of celite
(4 cm) and washed three times with 30 mL of THFe Eblvent was removed under vacuum,
affording (5-Me)PyNHPPhas a white solid; yield: 19.8 mmol (99%H NMR (400 MHz,
CD.Cl,, 298 K):6 = 7.92 (s, 1 H), 7.50-7.43 (m, 4 H), 7.41-7.28 Tnt), 6.95 (dJ = 8.6
Hz, 1 H), 5.25 (s, 1 H), 2.19 (s, 3 H) ppHiC NMR (100 MHz, CBCl,, 298 K): 6 = 147.7,
139.6, 138.8, 131.2 (d,= 20.9 Hz), 129.1, 128.5 (d,= 6.7 Hz), 123.9, 108.4 (d,= 15.0
Hz), 17.4 ppm>P NMR (161 MHz, CRCl,, 298 K):6 = 27.21 ppm.

Synthesis of catalyst B, [((5-Me)PyNPPIr(cod)]

[IrOMe(cod)L (1.5 mmol, 994 mg) was dissolved in 20 mL of THRdasubsequently a
solution of (5-Me)-PyNHPPh (A) (3.0 mmol, 876 mg) dissolved in THF was added
dropwise. A red solution was obtained and aftem@® the solvent was removed under
vacuum. The residue was recrystallized from hexatie:= 3:1 affording red crystals; yield:
2.79 mmol (93%)*H NMR (400 MHz, CDCly, 298 K):6 = 7.59 (ddd,) = 10.8, 7.3, 1.7 Hz,
4 H), 7.41-7.36 (m, 6 H), 7.23 (s, 1 H), 7.04 (bt 8.9, 2.4 Hz, 1 H), 6.88 (d,= 8.9 Hz, 1
H), 4.94 (s, 2 H), 3.54 (s, 2 H), 2.25-2.19 (m, 4 H02 (s, 3 H), 2.04-1.94 (m, 4H) pphC
NMR (100 MHz, CRCl,, 298 K):6 = 143.8 (d,) = 2.7 Hz), 140.7 (d] = 2.9 Hz), 138.4 (dJ

= 0.6 Hz), 137.8 (dJ = 0.5 Hz), 132.5 (dJ = 12.2 Hz), 130.5 (d] = 2.3 Hz), 128.8 (d] =
10.3 Hz), 116.6, 116.4 (d,= 0.5 Hz), 115.9 (dJ = 0.6 Hz), 95.32, 91.7 (d, = 13.4 Hz),
60.4, 33.5, 29.5, 17 ppmiP NMR (161 MHz, CRCl,, 298 K):6 = 72.54 ppm.
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Synthesis of alkylated diaminobenzenes

N,N'"-Dibenzylbenzene-1,4-diamine (2a):From B (12.0 mg, 0.02 mmol), benzene-1,4-
diamine (261 mg, 2.0 mmol), benzyl alcohol (486 4.4 mmol), 80QuL diglyme, KO+-Bu
(497 mg, 4.4 mmol), 48 h at 70 °C. Purificationdntumn chromatography (pentane@t=
4:1). Yield: 570 mg (1.98 mmol, 99%H NMR (400 MHz, CDC}): 6 = 7.39-7.31 (m, 8 H),
7.28 (dddJ = 7.1, 2.0, 1,8 Hz, 2 H), 6.58 (s, 4 H), 4.2744), 3.63 (s br, 2 H) ppntiC
NMR (100 MHz, CDC}): 6 = 140.7, 140.0, 128.5, 127.6, 127.0, 114.6, 495.MS (70
eV, El):m/z (%) = 288 (38, M), 197 (34), 91 (100), 65 (10).

N,N’-Dibenzylbenzene-1,3-diamine (2b):From B (12.0 mg, 0.02 mmol), benzene-1,3-
diamine (261 mg, 2.0 mmol), benzyl alcohol (486 4.4 mmol), 80QuL diglyme, KO+-Bu
(497 mg, 4.4 mmol), 48 h at 70 °C. Purificationdntumn chromatography (pentane@t=
4:1). Yield: 542 mg (1.88 mmol, 94%H NMR (400 MHz, CDC}): § = 7.38-7.31 (m, 8 H),
7.30-7.25 (m, 2 H), 6.99 (§, = 7.9 Hz, 1 H), 6.07 (ddl = 7.9, 2.0 Hz, 2 H), 5.93 (§,= 2.0
Hz, 1 H), 4.28 (s, 4 H), 3.93 (s br, 2 H) ppriiC NMR (100 MHz, CDC}): ¢ = 149.3, 139.6,
130.0, 128.5, 127.5, 127.1, 103.0, 97.2, 48.3 gdd.(70 eV, El):m/z (%) = 288 (92, M),
197 (219), 91 (100), 65 (15).

N,N’-Dibenzylbenzene-1,2-diamine (2c):From B (24.0 mg, 0.04 mmol), benzene-1,2-
diamine (108 mg, 1.0 mmol), benzyl alcohol (228 2.2 mmol), 40QuL diglyme, KO+-Bu
(248 mg, 2.2 mmol), 48 h at 110 °C. Purificationdmumn chromatography (pentane@t=
20:1). Yield: 129 mg (0.45 mmol, 45%X NMR (400 MHz, CDC}): 6 = 7.40-7.32 (m, 8
H), 7.30-7.25 (m, 2 H), 6.75 (dddl= 29.7, 5.9, 3.6 Hz, 4 H), 4.32 (s, 4 H), 3.6b1(s2 H)
ppm.**C NMR (100 MHz, CDC}): § = 139.4, 137.1, 128.6, 127.8, 127.2, 139.4, 11488
ppmM.MS (70 eV, El):mVz (%) = 288 (22, M), 197 (25), 118 (24), 91 (24), 65 (16).

N,N’-Bis-(4-methylbenzyl)-benzene-1,4-diamine (2d):From B (12 mg, 0.02 mmol),
benzene-1,4-diamine (108 mg, 1.0 mmgdtolylmethanol (269 mg, 2.2 mmol), KGBu
(248 mg, 2.2 mmol), 48 h at 70 °C. Purificationdntumn chromatography (pentane@t=
4:1). Yield: 310 mg (0.98 mmol, 98%H NMR (400 MHz, CQ}Cl,): 6 = 7.24 (dJ = 8.1 Hz,
4 H), 7.13 (dJ=8.1 Hz, 4 H), 6.51 (s, 4 H), 4.19 (s, 4 H), 3(3br, 2 H), 3.71 (s, 6 H) ppm.
3¢ NMR (100 MHz, CDXCl,): 6 = 137.2, 129.6, 128.0, 115.0, 95.3, 49.5, 21.3.0¢& (70
eV, El):m/z(%) = 316 (4, M), 312 (93), 209 (100), 167 (19), 105 (60), 91 (33)
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N,N’-Bis-(4-methylbenzyl)-benzene-1,3-diamine (2e):From B (12 mg, 0.02 mmol),
benzene-1,3-diamine (108 mg, 1.0 mmgdtolylmethanol (269 mg, 2.2 mmol), KGBu
(248 mg, 2.2 mmol), 48 h at 70 °C. Purificationdntumn chromatography (pentane:EtOAc
= 4:1). Yield: 306 mg (0.96 mmol, 96%H NMR (400 MHz, CDC}): § = 7.29-7.23 (m, 4
H), 7.20-7.13 (m, 4 H), 7.00 (td= 8.0, 2.4 Hz, 1 H), 6.13 (d1,= 7.7, 2.2 Hz, 2 H), 6.02 (d,
J=2.2Hz, 1 H), 471 (s br, 2 H), 4.25 (s, 4 HB®(s, 6 H) ppm™*C NMR (100 MHz,
CDCl): 0 = 148.6, 136.9, 135.9, 130.0, 129.2, 127.7, 108814, 48.5, 21.1 ppnMS (70
eV, El): m/z (%) = 316 (26, M), 211 (18), 194 (5), 105 (100), 79 (2Bemental analysis
calcd. (%) for G;H24N2: C 83.50, H 7.64, N 8.85; found: C 83.54, H 7N%.89.

N,N’-Bis-(4-methylbenzyl)-benzene-1,2-diamine (2f): From B (12 mg, 0.02 mmol),
benzene-1,2-diamine (108 mg, 1.0 mmaghtolylmethanol (269 mg, 2.2 mmol), KGBu
(248 mg, 2.2 mmol), 48 h at 110 °C. Purificationdmpumn chromatography (pentane@&t=
20:1). Yield: 111 mg (0.35 mmol, 35%H NMR (300 MHz, CRCly): § = 7.32-7.25 (m, 4
H), 7.19-7.13 (m, 4 H), 6.75-6.58 (m, 4 H), 4.274(8$1), 3.67 (s br, 2 H), 2.33 (s, 6 H) ppm.
3C NMR (75 MHz, CDCly): 6 = 137.8, 137.4, 137.2, 129.7, 128.2, 119.6, 11488, 21.4
ppm. MS (70 eV, El):mVz (%) = 316 (11, M), 211 (75), 119 (30), 105 (100), 92 (11), 80
(26), 65 (13)Elemental analysiscalcd. (%) for GoH24N2: C 83.50, H 7.64, N 8.85; found: C
83.18, H 7.90, N 8.78.

N,N’-Bis-(4-Methoxybenzyl)-benzene-1,4-diamine (2g)From B (12 mg, 0.02 mmol),
benzene-1,4-diamine (108 mg, 1.0 mmol), (4-methbryyl)methanol (273L, 2.2 mmol),
KO-t-Bu (248 mg, 2.2 mmol), 48 h at 70 °C. Purificatithy column chromatography
(pentane:EtOAc = 2:1). Yield: 278 mg (0.80 mmol%§0*H NMR (400 MHz, CDC}): d =
7.30 (d,J = 8.4 Hz, 4 H), 6.86 (d] = 8.4 Hz, 4 H), 6.64 (s, 2 H), 4.2 (s, 4 H), 3(806 H)
ppm.**C NMR (100 MHz, CDC}): § = 158.9, 129.4, 115.9, 113.9, 94.7, 55.2, 49.8.0¢8
(70 eV, El):m/z (%) = 348 (2, M), 344 (100), 281 (11), 225 (71), 207 (25), 167)(2A21
(77), 77 (22).

N,N’-Bis-(4-methoxybenzyl)-benzene-1,3-diamine (2h)From B (12.0 mg, 0.02 mmol),
benzene-1,3-diamine (108 mg, 1.0 mmol), (4-methbryyl)methanol (2738L, 2.2 mmol),
600uL diglyme, KO+-Bu (248 mg, 2.2 mmol), 48 h at 70 °C. Purificatiby column
chromatography (pentane:EtOAc = 4:1). Yield: 338 (@5 mmol, 95%)H NMR (400
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MHz, CD,Cly): 6 = 7.26 (d,J = 8.4 Hz, 4 H), 6.90 () = 8.1 Hz, 1 H), 6.93-6.88 (m, 4 H),
6.00 (ddJ=7.7, 2.2 Hz, 2 H), 5.89 @,= 2.2 Hz, 1 H), 4.19 (s, 4 H), 3.96 (s br, 2 HY,&(s,

6 H) ppm.’*C NMR (100 MHz, CR}Cl,): 6 = 159.4, 150.0, 132.4, 130.3, 129.2, 114.4, 103.4,
97.7, 55.8, 48.1MS (70 eV, El):mVz (%) = 348 (8, M), 227 (4), 121 (100), 77 (13).

N,N’-Bis-(4-methoxybenzyl)-benzene-1,2-diamine (2i)From B (24.0 mg, 0.04 mmol),
benzene-1,2-diamine (108 mg, 1.0 mmol), (4-methbeyyl)-methanol (278L, 2.2 mmol),
600uL diglyme, KO+-Bu (248 mg, 2.2 mmol), 48 h at 110 °C. Purificatibg column
chromatography (pentane:EtOAc = 10:1). Yield: 14$ (@.42 mmol, 42%)'H NMR (300
MHz, CD,Cly): 6 = 7.35-7.28 (m, 4 H), 6.91-6.85 (m, 4 H), 6.765Q18, 4 H), 4.25 (s, 4 H),
3.79 (s, 6 H) ppm:>C NMR (75 MHz, CDCl,): 6 = 159.5, 137.8, 132.3, 129.5, 119.7, 114.4,
112.4, 55.8, 48.7 ppnMS (70 eV, El):mVz (%) = 348 (2, M), 344 (6), 295 (24), 227 (11),
217 (16), 202 (10), 167 (6), 121 (100), 91 (5Blemental analysis calcd. (%) for
Ca2H24N20,: C 75.83, H 6.94, N 8.04; found: C 75.78, H 782.98.

N,N'"-Dipentylbenzene-1,4-diamine (2j): From B (15 mg, 0.025 mmol), benzene-1,4-
diamine (108 mg, 1.0 mmol), 1-pentanol (289 2.2 mmol), KOt-Bu (248 mg, 2.2 mmol),
48 h at 70 °C. Purification by column chromatogsafipentane:EtOAc = 6:1). Yield: 215 mg
(0.86 mmol, 86%)*H NMR (400 MHz, CDC}): 6 = 6.67 (s, 4 H), 3.07 (s, 4 H), 1.63 (s,4 H),
1.39-1.34 (m, 8 H), 1.03-0.81 (m, 6 H) ppAC NMR (100 MHz, CDC}): § = 141.6, 114.9,
45.8, 30.1, 30.0, 23.2, 14.4 ppmS (70 eV, El);m/z (%) = 248 (35, M), 204 (6), 191 (100),
189 (10), 147 (6), 105 (10).

N,N’-Dipentylbenzene-1,3-diamine (2k): From B (15 mg, 0.025 mmol), benzene-1,3-
diamine (108 mg, 1.0 mmol), 1-pentanol (289 2.2 mmol), KOt-Bu (248 mg, 2.2 mmol),
48 h at 70 °C. Purification by column chromatogragpentane:EtOAc = 15:1). Yield: 241
mg (0.97 mmol, 97%)'H NMR (300 MHz, CDCl,): 6 = 6.95 (tJ = 8.1 Hz, 1 H), 5.99 (dd,
=7.9, 2.3 Hz, 2 H) 5.87 (§,= 2.2 Hz, 1 H), 3.56 (s br, 2 H), 3.10Jtz 7.2 Hz, 4 H), 1.70—
1.56 (m, 4 H), 1.47-1.37 (m, 8 H), 0.98 (m, 6 HMPP°C NMR (75 MHz, CDCly): 6 =
150.5, 130.3, 103.9, 97.3, 44.6, 30.0, 29.9, 2B4% ppm.MS (70 eV, El):m/z (%) = 248
(40, M"), 205 (5), 191 (100), 135 (10), 67 (10); Elemeatadlysis calcd. (%) for gHoeNo: C
77.36, H 11.36, N 11.28; found: C 77.37, H 11.36,IN\36.
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N,N’-Dipentylbenzene-1,2-diamine (2l): From B (24.0 mg, 0.04 mmol), benzene-1,2-
diamine (108 mg, 1.0 mmol), 1-pentanol (448 4.4 mmol), 40QuL diglyme, KO+-Bu (248
mg, 2.2 mmol), 48 h at 110 °C. Purification by eohlu chromatography (pentane:EtOAc =
10:1). Yield: 104 mg (0.42 mmol, 42%H NMR (300 MHz, CQCl,): 6 = 7.66-7.57 (m, 1
H), 7.38-7.26 (m, 1 H), 7.26—7.12 (m, 2 H), 4.1824m, 2 H), 2.88-2.77 (m, 2 H), 2.01 (s
br, 2 H), 2.07-1.96 (m, 4 H), 1.54-1.21 (m, 8 HYN(t,J = 7.5 Hz, 3 H), 0.90 (f] = 6.9 Hz,

3 H) ppm.**C NMR (75 MHz, CDCl,): § = 155.8, 135.8, 109.9, 44.1, 30.1, 29.6, 23.22 14.
ppm.MS (70 eV, El):m/z (%) = 248 (49, M), 191 (100), 135 (20), 121 (43), 119 (59), 95
(13), 55 (17)Elemental analysiscalcd. (%) for GgH2sN2: C 77.36, H 11.36, N 11.28; found:
C77.49,H11.52, N 11.25.

N,N’-Dimethylbenzene-1,4-diamine (2m): From B (18 mg, 0.03 mmol), benzene-1,4-
diamine (108 mg, 1.0 mmol), methanol (386 8.8 mmol), KOt-Bu (248 mg, 2.2 mmol), 48
h at 70 °C. Purification by column chromatograpipgrtane:BE0O = 1:4). Yield: 120 mg
(0.88 mmol, 88%)*H NMR (400 MHz, CCl,): 6 = 6.53 (s, 4 H), 3.34 (s br, 2 H), 2.76 (s, 6
H) ppm.**C NMR (100 MHz, CQCl,): 6 = 142.5, 114.4, 32.1 ppmS (70 eV, El):mVz (%)
=136 (88, M), 121 (100), 106 (10), 94 (15), 67 (19).

N,N’-Dimethylbenzene-1,3-diamine (2n):From B (18.0 mg, 0.03 mmol), benzene-1,3-
diamine (108 mg, 1.0 mmol), methanol (386 8.8 mmol), 40QuL diglyme, KO+-Bu (248
mg, 2.2 mmol), 48 h at 70 °C. Purification by colurchromatography (pentane:EtOAc =
2:3). Yield: 122 mg (0.90 mmol, 90%H NMR (400 MHz, CCl,): § = 6.94 (t,J = 8.1 Hz,

1 H), 5.97 (ddJ = 8.1, 2.2 Hz, 2 H), 5.85 (§,= 2.2 Hz, 1 H), 3.65 (s br, 2 H), 2.78 (s, 6 H)
ppm. °C NMR (100 MHz, CRCl,): § = 151.3, 130.2, 102.7, 96.6, 31.1 ppdS (70 eV,
El): m/z (%) = 136 (100, M), 106 (41), 94 (9), 77 (8), 67 (16).

N,N’-Dimethylbenzene-1,2-diamine (20):From B (24.0 mg, 0.04 mmol), benzene-1,2-
diamine (108 mg, 1.0 mmol), methanol (386 8.8 mmol), 40QuL diglyme, KO+-Bu (248
mg, 2.2 mmol), 48 h at 110 °C. Purification by eolu chromatography (pentane:EtOAc =
2:3). Yield: 112 mg (0.82 mmol, 82%H NMR (300 MHz, GD¢): d = 6.96 (dd,J = 5.7, 3.4
Hz, 2 H), 6.60 (dd) = 5.6, 3.5 Hz, 2 H), 2.76 (s br, 2 H), 2.42 (H)6ppm.**C NMR (75
MHz, CsDe): 0 = 139.1, 119.8, 111.1, 31.2 ppMS (70 eV, El):m/z (%) = 136 (100, M),
121 (48), 94 (100).
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N,N’-Bis(furan-2-ylmethyl)-benzene-1,3-diamine (2p): From B (24.0 mg, 0.04 mmol),
benzene-1,3-diamine (108 mg, 1.0 mmol), furan-2egiranol (19QuL, 4.4 mmol), 40QuL
diglyme, KO+1-Bu (248 mg, 2.2mmol), 48h at 70°C. Purificationy column
chromatography (pentanezEx 4:1). Yield: 193 mg (0.72 mmol, 72%H NMR (300 MHz,
CD.Cl,): 6 = 7.38 (ddJ = 1.8, 0.8 Hz, 2 H), 6.96 (8,= 7.9 Hz, 1 H), 6.34 (ddl = 3.2, 1.8
Hz, 2 H), 6.23 (ddJ = 3.2, 0.8 Hz, 2 H), 6.07 (dd,= 8.0, 2.2 Hz, 2 H), 5.98 #,= 2.2 Hz, 1
H), 4.27 (s, 4 H), 4.01 (s br, 2 H) ppfiC NMR (75 MHz, CDCly): 6 = 153.8, 149.4, 142.4,
130.4, 110.8, 107.3, 104.0, 98.2, 41.8 ppB. (70 eV, EI):m/z (%) = 268 (69, M), 239 (4),
225 (6), 187 (10), 159 86), 81 (10@lemental analysiscalcd. (%) for GgH16N2O,: C 71.62,
H 6.01, N 10.44.80; found: C 71.28, H 6.18, N 10.57

N-Benzylbenzene-1,4-diamine (3a)From B (71.0 mg, 0.12 mmol), benzene-1,4-diamine
(6.48 g, 60.0 mmol), benzyl alcohol (3.12 mL, 30 oh/m12 mL diglyme, KOBu (3.73 g,
33.0 mmol), 24 h at 70 °C. Purification by coluntramatography (pure D). Yield: 4.5g
(22.8 mmol, 76%)*H NMR (400 MHz, CDCly): § = 7.40-7.30 (m, 4 H), 7.29-7.23 (m, 1
H), 6.63-6.45 (m, 4 H), 4.26 (s, 2 H), 3.39 (sdH) ppm.**C NMR (100 MHz, CDQCly): ¢

= 141.7, 140.8, 138.8, 129.0, 128.0, 127.5, 11K14,9, 49.7 ppmMS (70 eV, EI):m/z (%)
=198 (39, M), 119 (3), 107 (100), 91 (15), 80 (13), 65 (10).

N-Benzylbenzene-1,3-diamine (3b)From B (35.0 mg, 0.06 mmol), benzene-1,3-diamine
(6.48 g, 60.0 mmol), benzyl alcohol (3.12 mL, 30 otyn10 mL diglyme, KO+Bu (3.73 g,
33.0 mmol), 24 h at 70 °C. Purification by columinramatography (pentaneex = 1:1).
Yield: 4.85 g (24.5 mmol, 82%)H NMR (400 MHz, CDQCl,): 6 = 7.45-7.36 (m, 4 H),
7.33-7.30 (m, 1 H), 6.96 ({,= 7.92, Hz, 1 H), 6.08 (d] = 7.0, 1.1 Hz, 2 H), 5.96 (s, 1 H),
4.32 (s, 2 H), 4.11 (s br, 1 H), 3.62 (s br, 2 Hp**C NMR (100 MHz, CBQCly): 6 = 150.0,
148.4, 140.5, 130.4, 129.0, 127.9, 127.5, 105.2,11(09.7, 48.5 ppnMS (70 eV, EIl):m/z
(%) = 198 (78, M), 195 (5), 180 (5), 121 (20), 91 (100), 80 (1®,B8).

N-Benzylbenzene-1,2-diamine (3c)From B (480uL, 0.006 mmol, 0.125 M in diglyme),
benzene-1,2-diamine (432 mg, 4.0 mmol), benzyl fadto(108uL, 1.0 mmol), 40QuL
diglyme, KO+{-Bu (124 mg, 1.1 mmol), 24h at 70°C. Purificationy column
chromatography (pure ). Yield: 180 mg (0.91 mmol, 91%)‘H NMR (300 MHz,
CD.Clp): 0 = 7.46-7.24 (m, 4 H), 7.32-7.25 (m, 1 H), 6.79086m, 2 H), 6.69-6.60 (m, 2
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H), 4.33 (s, 2 H), 3.77 (s br, 1 H), 3.39 (s biHRppm. **C NMR (75 MHz, CQCL): 6 =
140.3, 138.2, 135.0, 129.1, 128.2, 127.7, 120.9,211116.8, 112.4, 49.0.

N-Benzyl-N'-(4-methoxybenzyl)-benzene-1,4-diamine (3dfromB (6.0 mg, 0.01 mmol),
N-benzylbenzene-1,4-diamirda (198 mg, 1.0 mmol), (4-methoxyphenyl)-methanol7 B,
1.1 mmol), 40QuL diglyme, KO4-Bu (124 mg, 1.1 mmol), 24 h at 70 °C. Purificatibp
column chromatography (pentane:EtOAc = 10:1). Yie8d7 mg (0.85 mmol, 85%)H
NMR (300 MHz, CDC}): 6 = 7.30-7.11 (m, 8 H), 6.73 (d,= 8.4 Hz, 1 H), 6.48 (s br, 4 H),
4.13 (s br, 4 H), 4.09 (s br, 2 H), 3.66 (s, 3 i#Mm**C NMR (75 MHz, CDC}): § = 159.4,
141.4, 141.2, 140.9, 132.8, 129.3, 129.0, 128.1,5,2115.1, 114.4, 49.8, 49.2 pphiS (70
eV, El): vz (%) = 318 (10, M), 314 (64), 225 (52), 207 (100), 120 (26), 91 (3B) (47);
Elemental analysiscalcd. (%) for GiH2:N2O: C 79.21, H 6.96, N 8.80; found: C 79.12, H
6.87, N 8.93.

N-Benzyl-N'-(4-methoxybenzyl)-benzene-1,3-diamine (3effrom B (6.0 mg, 0.01 mmol),
N-benzylbenzene-1,3-diamif3 (198 mg, 1.0 mmol), (4-methoxyphenyl)-methanol/ 1.8,
1.1 mmol), 40QuL diglyme, KO4-Bu (124 mg, 1.1 mmol), 24 h at 70 °C. Purificatibp
column chromatography (pentane:EtOAc = 4:1). Yi@t2 mg (0.98 mmol, 98%3IH NMR
(400 MHz, CDC}): 6 = 7.39-7.31 (m, 5 H), 7.26 (d,= 8.1 Hz, 4 H), 7.00 () = 8.1 Hz, 1
H), 6.88 (dJ =8.4 Hz, 2 H), 6.10 (dd, = 8.01, 1.5 Hz, 2 H), 5.97 (s, 1 H), 4.30 (s, 2422
(s, 2 H), 3.81 (s, 3 H) ppntC NMR (100 MHz, CDC}): ¢ = 158.8, 131.2, 130.0, 128.9,
128.6, 127.6, 127.1, 113.9, 103.5, 97.7, 95.2,, %673, 48.4, 48.1 ppnMS (70 eV, El):m/z
(%) = 318 (18, M), 121 (100), 91 (34), 77 (10Elemental analysis calcd. (%) for
Co1H2oN20: C 79.21, H 6.96, N 8.80; found: C 79.56, H 61963.93.

N-Benzyl-N'-(4-methoxybenzyl)-benzene-1,2-diamine (3fFromB (12.0 mg, 0.02 mmol),
N-benzylbenzene-1,2-diamirge (198 mg, 1.0 mmol), (4-methoxyphenyl)-methanol7 1B,
1.1 mmol), 40QL diglyme, KO4-Bu (124 mg, 1.1 mmol), 24 h at 110 °C. Purification
column chromatography (pentane@®t= 8:1). Yield: 239 mg (0.75 mmol, 75%H NMR
(300 MHz, CDBCly): 6 = 7.47-7.25 (m, 7 H), 6.89 (d,= 8.8 Hz, 2 H), 6.80-6.65 (m, 4 H),
4.33 (s, 2 H), 4.26 (s, 2 H), 3.79 (s, 3 H), 3.3®1 1 H), 3.67 (s br, 1 H) ppiC NMR (75
MHz, CD,Cl,): 6 = 159.5, 140.3, 137.8, 132.2, 129.5, 129.1, 12823.7, 119.7, 114.4,
112.4, 55.8, 49.2, 48.7 ppMS (70 eV, El);m/z (%) = 318 (10, M), 227 (14), 197 (65), 180
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(5), 121 (100), 91 (79Elemental analysiscalcd. (%) for GH.oN,O: C 79.21, H 6.96, N
8.80; found: C 79.16, H 7.12, N 8.71.

N-Benzyl-N'-pentylbenzene-1,4-diamine (3g)From B (320uL, 0.004 mmol, 0.125 M in
diglyme), N-benzylbenzene-1,4-diaminga (198 mg, 1.0 mmol), 1-pentanol (120,
1.1 mmol), 20QuL diglyme, KO4-Bu (124 mg, 1.1 mmol), 24 h at 70 °C. Purificatibp
column chromatography (pentane®t= 4:1). Yield: 188 mg (0.70 mmol, 70%H NMR
(400 MHz, CDCly): 6 = 7.40-7.29 (m, 4 H), 7.25 (m, 1 H), 6.52Jc 5.1 Hz, 4 H), 4.25 (s,
2 H), 3.59 (s br, 2 H), 3.01 @,= 7.3 Hz, 2 H), 1.59-1.54 (m, 2 H), 1.38-1.34 {nt), 0.91
(t, J = 7.0, Hz, 3 H) ppm*C NMR (100 MHz, CQCl,): § = 140.7, 128.5, 127.6, 127.0,
114.9, 114.7, 49.6, 49.5, 45.5, 45.4, 29.4, 224%) ppm.MS (70 eV, El):m/z (%) = 268 (92,
M), 211 (24), 177 (100), 119 (11), 107 (30), 91 (&5 (8);Elemental analysiscalcd. (%)
for CigH24N2: C 80.55, H 9.01, N 10.44; found: C 80.50, H 9/84,0.49.

N-Benzyl-N'-pentylbenzene-1,3-diamine (3h): From B (6.0 mg, 0.01 mmol), N-
benzylbenzene-1,3-diamirgb (198 mg, 1.0 mmol), 1-pentanol (120, 1.1 mmol), 40Q.L
diglyme, KO+{-Bu (124 mg, 1.1 mmol), 24h at 70°C. Purificationy column
chromatography (pentanesEt = 10:1). Yield: 255 mg (0.95 mmol, 95%H NMR (400
MHz, CDCk): 6 = 7.43-7.33 (m, 4 H), 7.30-7.27 (m, 1 H), 7.03, ft¢t 8.1, 1.5 Hz, 1 H),
7.05-6.98 (m, 2 H), 5.99 (d,= 1.5 Hz, 1 H), 4.20 (s br, 2 H), 3.08 (i 7.1, 1.5 Hz, 2 H),
1.67-1.57 (m, 2 H), 1.42—-1.31 (m, 4 H), 0.93 (n)3ppm.**C NMR (100 MHz, CDCY): ¢

= 149.3, 148.7, 139.6, 130.0, 128.6, 127.5, 121/08,6, 103.4, 97.8, 48.4, 44.6, 29.3, 29.0,
22.5, 14.0 ppmMS (70 eV, El):m/z (%) = 268 (40, M), 211 (100), 197 (5), 133 (16), 91
(100); Elemental analysiscalcd. (%) for GgH24N2: C 80.55, H 9.01, N 10.44; found: C
80.52, H9.32, N 10.31.

N-Benzyl-N'-pentylbenzene-1,2-diamine (3i): From B (12.0 mg, 0.02 mmol), N-
benzylbenzene-1,2-diamirge (198 mg, 1.0 mmol), 1-pentanol (288, 2.2 mmol), 40Q.L
diglyme, KO+1-Bu (124 mg, 1.1 mmol), 24h at 110°C. Purificatidoy column
chromatography (pentane:EtOAc = 4:1). Yield: 179 (@d57 mmol, 67%)*H NMR (300
MHz, CD,Cly): 6 = 7.43-7.39 (m, 2 H), 7.38-7.33 (m, 2 H), 7.3157&, 1 H), 6.78-6.62
(m, 4 H), 4.32 (br s, 2 H), 3.68 (br s, 1 H), 3(®8s, 1 H), 3.09 (tJ=7.2Hz, 2 H), 1.71-
1.62 (m, 2 H), 1.45-1.34 (m, 4 H), 0.97-0.89 (nt})3ppm.*3C NMR (75 MHz, CD}Cly): ¢
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= 140.4, 138.3, 137.5, 129.0, 128.2, 127.7, 11118,2, 112.2, 111.9, 49.1, 45.0, 30.1, 23.2,
14.4 ppmMS (70 eV, El):mVz (%) = 268 (68, M), 264 (6), 177 (100), 121 (38), 119 (49), 91
(29); Elemental analysiscalcd. (%) for GgH24N2: C 80.55, H 9.01, N 10.44; found: C 79.21,
H 9.01, N 10.44.

N-Benzyl-N’-methylbenzene-1,4-diamine (3j):From B (640uL, 0.008 mmol, 0.125 M in
diglyme), N-benzylbenzene-1,4-diamineBa (198 mg, 1.0 mmol), methanol (82,
2.2 mmol), 20QuL diglyme, KO+4-Bu (124 mg, 1.1 mmol), 24 h at 70 °C. Purification
column chromatography (pentane@®t= 2:3). Yield: 190 mg (0.89 mmol, 89%H NMR
(400 MHz, CDBCly): 6 = 7.40-7.35 (m, 4 H), 7.28-7.23 (m, 1 H), 6.588Q#, 4 H), 4.26 (s,
2 H), 3.52 (s br, 2 H), 2.75 (s, 3 H) ppMC NMR (100 MHz, CDCly): 6 = 142.5, 140.7,
128.7, 127.8, 127.2, 114.8, 114.1, 93.6, 49.6, Pprd.MS (70 eV, El):m/z (%) = 212 (35,
M™),121 (100), 94 (8), 91 (20), 67 (5), 65 (10)Mlemental analysis calcd. (%) for
Ci14H16N2: C 79.21, H 7.60, N 13.20; found: C 78.83, H 71§9,3.24.

N-Benzyl-N'-methylbenzene-1,3-diamine (3k): From B (9.0 mg, 0.015 mmol), N-
benzylbenzene-1,3-diamingb (198 mg, 1.0 mmol), methanol (82, 2.2 mmol), 40QuL
diglyme, KO+{-Bu (124 mg, 1.1 mmol), 24h at 70°C. Purificationy column
chromatography (pentane:EtOAc = 5:1). Yield: 197 (A3 mmol, 93%)H NMR (400
MHz, CD:Cly): d = 7.41-7.31 (m, 4 H), 7.26 @,= 7.0 Hz, 1 H), 6.93 (t, 8.1 Hz, 1 H), 5.99
(td,J=7.3, 2.0 Hz, 2 H), 5.88 {,= 2.0 Hz, 1 H), 4.31 (s, 2 H), 3.86 (s br, 2 HY,2(s, 3 H)
ppm. °C NMR (100 MHz, CDCl,): 6 = 151.3, 150.0, 140.6, 130.3, 129.0, 128.0, 127.6,
103.1, 97.2, 95.8, 48.7, 31.0 ppMS (70 eV, El):m/z = (%): 212 (100, M), 198 (24), 180
(8), 135 (36), 105 (35), 94 (36), 91 (93), 65 (2E)emental analysis calcd. (%) for
Ci4sH16N2: C 79.21, H 7.60, N 13.20; found: C 79.20, H 7189,3.07.

N-Benzyl-N'"-methylbenzene-1,2-diamine (3l)FromB (24.0 mg, 0.04 mmol), benzene-1,2-
diamine (108 mg, 1.0 mmol), methanol (182 4.0 mmol), 40QiL diglyme, KO+1-Bu (124
mg, 1.1 mmol), 24 h at 110 °C. Purification by eolu chromatography (pentane:EtOAc =
20:1). Yield: 186 mg (0.87 mmol, 87%H NMR (300 MHz, CRCl,): 6 = 7.47-7.21 (m, 5
H), 6.86—6.61 (m, 4 H), 4.31 (s, 2 H), 3.52 (sH), 2.85 (s, 3 H) ppnt>C NMR (75 MHz,
CD.Clp): o = 140.3, 137.5, 129.1, 128.3, 127.7, 119.9, 11P12.0, 111.0, 49.1, 31.4 ppm.
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MS (70 eV, El):miz (%) = 212 (26, M), 133 (2), 121 (100), 94 (77), 91 (44), 77 (265, 6
(39).

Dapsorf derivatives

4,4-Sulfonylbis(N-benzylaniline) (4a): FromB (6.0 mg, 0.01 mmol), 44ulfonyldianiline
(248 mg, 1.0 mmol), benzyl alcohol (2gB, 2.2 mmol), 40Q.L diglyme, KO+-Bu (248 mg,

2.2 mmol), 48 h at 70 °C. Purification by columrramatography (pentane:EtOAc = 1:1).
Yield: 398 mg (0.93 mmol, 93%YH NMR (300 MHz, CDCly): d = 7.65-7.56 (m, 4 H),
7.39-7.23 (m, 10 H), 6.64—-6.55 (m, 4 H), 6.6Q)( 5.1 Hz, 2 H), 4.36 (d] = 5.6 Hz, 4 H)
ppm. °C NMR (75 MHz, CDCly): § = 152.0, 138.9, 130.8, 129.5, 129.3, 128.0, 127.9,
112.6, 48.0 ppmMS (70 eV, EI):m/z (%) = 428 (100, M), 273 (15), 181 (4), 91 (100), 65
(5).

4,4'-Sulfonylbis[N-(4-methoxybenzyl)aniline] (4b): B (12.0 mg, 0.02 mmol), 44
sulfonyldianiline (248 mg, 1.0 mmol), (4-methoxyplg§-methanol (274iL, 2.2 mmol), 400

puL diglyme, KO+-Bu (248 mg, 2.2 mmol), 48 h at 70 °C. Purificatidty column
chromatography (pentane:EtOAc = 1:1). Yield: 449 (@2 mmol, 92%)H NMR (300
MHz, CD,Cl,): 6 = 7.60 (d,J = 8.8 Hz, 4 H), 7.24 (dl = 8.2 Hz, 4 H), 6.87 (d] = 8.2 Hz, 4

H), 6.59 (d,J = 8.8 Hz, 4 H), 4.63 (1] = 5.1 Hz, 2 H), 4.28 (d] = 5.3 Hz, 4 H), 3.78 (s, 6 H)
ppm. °C NMR (75 MHz, CDCly): § = 159.7, 151.9, 130.7, 130.6, 129.4, 129.4, 129.2,
114.6, 112.5, 55.8, 47.5 ppMS (70 eV, El):m/z (%) = 488 (100, M), 366 (8), 333 (8), 303
(12), 211 (9), 167 (11), 121 (100), 181 (28), 7T)(%45 (10);Elemental analysiscalcd. (%)

for CgH2eN204S: C 68.83, H 5.78, N 5.73; found: C 68.45, H 6106&.34.

4,4'-Sulfonylbis[N-(4-chlorobenzyl)aniline] (4c): From B (12.0 mg, 0.02 mmol), 474
sulfonyldianiline (248 mg, 1.0 mmol), (4-chloroply@amethanol (316 mg, 2.2 mmol), 400
puL diglyme, KO+-Bu (248 mg, 2.2 mmol), 48 h at 70 °C. Purificatidty column
chromatography (pentane:EtOAc = 1:1). Yield: 306 (8g’6 mmol, 76%) NMR (300
MHz, CD,Cl,): 6 = 7.60 (d,J = 8.8 Hz, 4 H), 7.34-7.24 (m, 8 H), 6.58 {d 8.8 Hz, 4 H),
4.72, (t,J = 5.7 Hz, 2 H), 4.35 (d] = 5.8 Hz, 4 H) ppm™*C NMR (75 MHz, CB,Cl,): 6 =
151.4, 137.2, 135.1, 130.7, 129.2, 129.0, 128.8,3,.147.0 ppmMS (70 eV, El):nV/z (%) =
496 (43, M), 462 (35), 307 (6), 125 (100), 91 (2Tlemental analysiscalcd. (%) for
Ca6H22CIN20,S: C 62.78, H 4.46, N 5.63; found: C 62.57, H 41R@.51.
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4,4'-Sulfonylbis{N-[3,5-bis(trifluoromethyl)benzyl]aniline} (4d): From B (12.0 mg,
0.02 mmol), 4,4sulfonyldianiline (248 mg, 1.0 mmol), [3,5-bis{lmoromethyl)phenyl]-
methanol (537 mg, 2.2 mmol), 8QQ diglyme, KO+-Bu (248 mg, 2.2 mmol), 48 h at 70 °C.
Purification by column chromatography {B8tpentane = 2:1). Yield: 560 mg (0.80 mmol,
80%)."H NMR (300 MHz, DMSOd): 6 = 8.01 (s, 4 H), 7.96 (s, 2 H), 7.50 (s 8.8 Hz, 4
H), 7.28 (t,J = 6.2 Hz, 2 H), 6.66 (d] = 8.8 Hz, 4 H), 4.52 (d] = 5.9 Hz, 4 H) ppm*°C
NMR (75 MHz, DMSO¢e): 6 = 131.5, 143.3, 130.2 (d,= 33.0 Hz), 128.9, 128.6, 127.9,
125.2, 121.5, 111.7, 44.8 ppiiF NMR (282 MHz, DMSO¢): § = —61.75 ppmMS (70
eV, El): mz (%) = 700 (100, M), 409 (12), 366 (11), 227 (51Elemental analysiscalcd.
(%) for GgoH20F12N20,S: C 51.43, H 2.88, N 4.00; found: C 51.72, H 2193.93.

4,4-Sulfonylbis(N-methylaniline) (4e): From B (12.0mg, 0.02 mmol), 44
sulfonyldianiline (248 mg, 1.0 mmol), methanol (189 4.4 mmol), 60QL diglyme, KO-
Bu (248 mg, 2.2mmol), 48h at 70°C. Purificatidny column chromatography
(pentane:EtOAc = 1:1). Yield: 254 mg (0.97 mmol%97'*H NMR (400 MHz, CDCly): d =
7.63 (d,J = 8.7 Hz, 4 H) 6.56 (d) = 8.8 Hz, 4 H), 4.34 (s br, 2 H), 2.82 (s, 6 Hpp°C
NMR (100 MHz, CDQCIy): ¢ = 153.1, 130.3, 129.4, 111.9, 30.4 pgvi5 (70 eV, El):m/z
(%) = 276 (100, M), 211 (10), 197 (10), 154 (58), 122 (100), 106)(ZF (18), 65 (14).

4,4-Sulfonylbis(N-ethylaniline) (4f): From B (12.0 mg, 0.02 mmol), 44ulfonyldianiline
(248 mg, 1.0 mmol), ethanol (2pQ, 4.4 mmol), 60QL diglyme, KO+1-Bu (248 mg,
2.2 mmol), 48 h at 70 °C. Purification by columrramatography (pentane:EtOAc = 1:1).
Yield: 300 mg (0.98 mmol, 98%YH NMR (300 MHz, CDCly): d = 7.65-7.57 (m, 4 H),
6.59-6.52 (m, 4 H), 4.21 (3,= 4.1 Hz, 2 H), 3.16, (qd,= 7.2, 5.4 Hz, 4 H), 1.23 (§,= 7.2

Hz, 6 H) ppm.2*C NMR (75 MHz, CDCly): 6 = 151.9, 129.9, 129.1 111.8, 38.1, 17.6, 12.5
ppm.MS (70 eV, EI):mVz (%) = 304 (100, M), 299 (89), 276 (9), 262 (18), 248 (10), 168
(13), 136 (16), 123 (17), 105 (26), 65 (12).

4,4'-Sulfonylbis(N-pentylaniline) (4g): FromB (12.0 mg, 0.02 mmol), 4;4ulfonyldianiline
(248 mg, 1.0 mmol), 1l-pentanol (240, 2.2 mmol), 40QuL diglyme, KO+t-Bu (248 mg,
2.2 mmol), 48 h at 70 °C. Purification by colummramatography (pentane:EtOAc = 1:1).
Yield: 344 mg (0.88 mmol, 88%3H NMR (300 MHz, CDC}): 6 = 7.67 (dd,J = 8.8, 2.9 Hz,
4 H), 6.58 (ddJ = 8.8, 2.9 Hz, 4 H), 4.78 (s br, 2 H), 3.11 @d; 7.2, 29 Hz, 4 H), 1.71-
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1.51 (m, 4 H), 1.46-1.21 (m, 8 H), 1.00-0.81 (nk)&pm.**C NMR (75 MHz, CDC}): 6 =
151.1, 130.0, 129.1, 112.1, 43.6, 29.1, 28.7, 2234 ppmMS (70 eV, El):m/z (%) = 388
(100, M), 331 (100), 273 (8), 261 (12), 137 (26), 105 (24) (9);Elemental analysiscalcd.
(%) for GzH3:N20,S: C 68.00, H 8.30, N 7.21; found: C 67.87, H 8182,.05.

N,N’-[Sulfonylbis(4,1-phenylene)]bis(propane-1,3-diamiae) (4h): From B (36.0 mg,
0.06 mmol), 4,4sulfonyldianiline (496 mg, 2.0 mmol), 3-amino-lspanol (34QuL,

4.4 mmol), 60QL diglyme, NaOtBu (424 mg, 4.4 mmol), 48 h at 110 °C. Purification
column chromatography (MeOH#&t = 9 :1). Yield: 434 mg (1.2 mmol, 60%)H NMR
(300 MHz, DMSO¢ég): 6 = 7.49 (d,J = 8.8 Hz, 4 H), 6.6 (dJ = 7.0 Hz, 4 H), 4.80 (s br, 6
H), 3.38 (qJ = 7.0 Hz, 2 H), 2.68 (1] = 6.9 Hz, 2 H), 1.74-1.61 (m, 6 H), 1.09J% 6.9 Hz,

2 H) ppm.**C NMR (75 MHz, DMSOd): 6 = 175.6, 152.1, 128.5, 111.2, 37.3, 28.3, 25.0
ppm.MS (70 eV, El):mVz (%) = 362 (100, M), 305 (21), 287 (27), 273 (43), 261 (30), 132
(46), 105 (52), 57 (59Elemental analysiscalcd. (%) for GgH2eN4O,S: C 59.64, H 7.23, N
15.46; found: C 59.42, H 7.22, N 15.44.

4-[(4-Aminophenyl)sulfonyl]-N-benzylaniline (5a): From B (3.5 mg, 0.006 mmol), 474
sulfonyldianiline (496 mg, 2.0 mmol), benzyl alcot{@08uL, 1.0 mmol), 60QL diglyme,
KO-t-Bu (124 mg, 1.1 mmol), 24 h at 70 °C. Purificatithy column chromatography
(pentane:EtOAc = 1:1). Yield: 287 mg (0.85 mmol%§5'H NMR (300 MHz, CQ}Cl,): § =
7.64-7.57 (m, 4 H), 7.36—-7.23 (m, 5 H), 6.67-61574 H), 4.74 (t) = 4.7 Hz, 1 H), 4.36 (d,
J=5.6 Hz, 2 H), 4.18 (s br, 2 H) ppMC NMR (75 MHz, CDCl,): 6 = 152.0, 151.3, 138.9,
131.8, 130.5, 129.6, 129.5, 129.2, 128.0, 127.8,511112.5, 48.0 ppnMS (70 eV, El):m/z
(%) = 338 (100, M), 261 (6),183 (8), 140 (4), 91 (100), 65 (10).

4-[(4-Aminophenyl)sulfonyl]-N-propylaniline (5b): From B (4.7 mg, 0.008 mmol), 44
sulfonyldianiline (496 mg, 2.0 mmol), 1-propanob(r, 1.0 mmol), 60QiL diglyme, KO+-
Bu (124 mg, 1.1 mmol), 24h at 70°C. Purificatidoy column chromatography
(pentane:EtOAc = 1:1). Yield: 255 mg (0.86 mmol%§6'H NMR (300 MHz, CRCl,): 6 =
7.61 (dd,J = 8.8, 1.8 Hz, 4 H), 6.69-6.52 (m, 4 H), 4.27 (s1bH), 4.15 (s br, 2 H), 3.14—
3.05 (m, 2 H), 1.69-1.54 (m, 2 H), 0.97 (s 7.4, 1.9 Hz, 3 H) ppnt*C NMR (75 MHz,
CD.Cly): 0 =152.4,151.2,132.1, 129.7, 129.6, 129.5, 114113,2, 45.6, 22.9, 11.8 ppMS
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(70 eV, El):mVz (%) = 290 (41, M), 261 (100), 140 (8), 122 (8), 105 (32), 92 (&H,(30),
42 (20).

N-Benzyl-4-({4-[(4-fluorobenzyl)amino]phenyl}sulfony)- aniline (5c¢): From B (6.0 mg,
0.01 mmol), 4-[(4-aminophenyl)sulfonyl-benzylaniline 5a (338 mg, 1.0 mmol), (4-
fluorophenyl)-methanol (138L, 1.1 mmol), 40QuL diglyme, KO+-Bu (124 mg, 1.1 mmol),
24 h at 70 °C. Purification by column chromatogsafbtentane:EtOAc = 1:1). Yield: 326 mg
(0.73 mmol, 73%¥H NMR (300 MHz, CRCl,): 6 = 7.61 (d,J = 8.8 Hz, 4 H), 7.36-7.22 (m,
7 H), 7.12-6.97 (m, 2 H), 6.59 (d#i= 8.8, 2.3 Hz, 4 H), 4.70 @,= 4.7 Hz, 1 H), 4.64 (1] =
4.4 Hz, 1 H), 4.39-4.26 (m, 4 H) ppMC NMR (75 MHz, CCl,): 6 = 163.1 (dJ = 41.4
Hz), 159.9 ( dJ = 40.3 Hz), 157.2, 151.9, 151.8, 139.1, 135.2)(d,2.8 Hz), 133.4 = 2.8
Hz), 129.9 (dJ = 8.3 Hz), 129.0 (d) = 7.7 Hz),128.4, 127.1, 126.9, 115.2 Jd; 21.5 Hz),
115.3 (d,J = 21.5 Hz), 114.8, 111.5, 45.8, 45.1 {d= 15.5 Hz) ppmMS (70 eV, El):m/z
(%) = 446 (86, M), 291 (12), 273 (8), 109 (100), 91 (96), 65 Blemental analysiscalcd.
(%) for GaeH23FNLO,S: C 69.93, H 5.19, N 6.27; found: C 69.99, H 418®.27.

N-Benzyl-4-({4-[(4-chlorobenzyl)amino]phenyl}sulfony)- aniline (5d): From B (4.7 mg,
0.008 mmol), 4-[(4-aminophenyl)sulfonyl§-benzylaniline 5a (338 mg, 1.0 mmol)c, (4-
chlorophenyl)-methanol (158 mg, 1.1 mmol), 400diglyme, KO+4-Bu (124 mg, 1.1 mmol),
24 h at 70 °C. Purification by column chromatogragentane:EtOAc = 1:1). Yield: 407 mg
(0.88 mmol, 88%)'™H NMR (300 MHz, CRCl,): 6 = 7.60 (dd,J = 8.8, 1.8 Hz, 4 H), 7.36—
7.23 (m, 9 H), 6.58 (ddd,= 8.4, 6.5, 1.8 Hz, 4 H), 4.75 (s br, 2 H), 4.3834(m, 4 H) ppm.
13C NMR (75 MHz, CQCl,): ¢ = 152.0, 151.9, 151.7, 138.9, 137.6, 133.5, 13RQ.6,
129.5, 129.4, 129.3, 129.2, 128.0, 127.8, 112.8,5,148.0, 47.3 ppnMS (70 eV, El):m/z
(%) = 462 (61, M), 428 (29), 338 (8), 273 (11), 125 (46), 91 (1089, (7); Elemental
analysiscalcd. (%) for GeH23CIN2O,S: C 67.45, H 5.01, N 6.05; found: C 67.27, H 5180,
5.97.

N-Benzyl-4-({4-[(4-bromobenzyl)amino]phenyl}sulfony)- aniline (5e): From B (6.0 mg,
0.01 mmol), 4-((4-aminophenyl)sulfonyN-benzylaniline 5a (338 mg, 1.0 mmol), (4-
bromophenyl)-methanol (206 mg, 1.1 mmol), 4@0diglyme, KO+-Bu (124 mg, 1.1 mmol),
24 h at 70 °C. Purification by column chromatogragentane:EtOAc = 1:1). Yield: 344 mg
(0.68 mmol, 68%)H NMR (300 MHz, CRCly): § = 7.64-7.57 (m, 4 H), 7.49-7.44 (m, 2
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H), 7.34-7.31 (m, 4 H), 7.30-7.27 (m, 1 H), 7.21J& 8.2 Hz, 2 H), 6.63-6.54 (m, 4 H),
4.74 (s br, 2 H), 4.36 (d, = 5.6, 2 H), 4.32 (dJ = 5.9 Hz, 2 H) ppm™*C NMR (75 MHz,
CD.Cly): ¢ = 152.0, 151.7, 138.9, 138.2, 132.3, 131.1, 1302BR.6, 129.5, 129.3, 128.0,
127.9, 121.6, 112.7, 112.6, 87.9, 48.0, 47.4 pi®.(70 eV, El):m/z (%) = 508 (18, M),
462 (7), 428 (70), 273 (17), 169 (11), 91 (100),(85 Elemental analysiscalcd. (%) for
Co6H23BrNO,S: C 61.54, H 4.57, N 5.52; found: C 61.85, H 419%.41.

N-benzyl-4-{[4-(pentylamino)phenyl]sulfonyl}aniline (5f): FromB (6.0 mg, 0.01 mmol), 4-
[(4-aminophenyl)sulfonyIN-benzylaniline 5a (338 mg, 1.0 mmol), 1-pentanol (180,

1.1 mmol), 40QuL diglyme, KO4-Bu (124 mg, 1.1 mmol), 24 h at 70 °C. Purificatibp
column chromatography (pentane:Et©OA 1.5:1). Yield: 371 mg (0.91 mmol, 91%H
NMR (300 MHz, CBCl,): § = 7.60 (dd,J = 8.5, 2.1 Hz, 4 H), 7.36—7.30 (m, 4 H), 7.30-7.25
(m, 1 H), 6.57 (ddJ = 14.9, 8.5 Hz, 4 H), 4.73 4= 5.6 Hz, 1 H), 4.36 (d, 5.6 Hz, 2 H), 4.26
(t, J=5.7 Hz, 1 H), 3.11 (m, 2 H), 1.65-1.54 (m, 2 H}0-1.30 (m, 4 H), 0.95-0.87 (m, 3
H) ppm.**C NMR (75 MHz, CDCl,): § = 152.4, 151.9, 139.0, 131.0, 129.9, 129.5, 129.4,
129.3, 128.0, 127.8, 112.6, 112.1, 48.0, 43.9,, 204, 23.0, 14.3 ppnMS (70 eV, El):m/z
(%) = 408 (100, M), 351 (56), 263 (10), 196 (6), 183 (8), 140 (@5114), 91 (88), 65 (6);
Elemental analysiscalcd. (%) for G4H2sN2O,S: C 70.55, H 6.91, N 6.86; found: C 70.54, H
6.93, N 6.87.
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5. The iridium-catalyzed synthesis of symmetricalyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under
mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricalyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricalyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions

Frequency (MHz) 299.83 Nucleus 1H Solvent DICHLOROMETHANE-d2 ‘ Temperature (degree C) 23.000

@[NH\/\/\
NH Y

'TH-027-1h

<]
~
a

o o
o ~
a o

T

o
o
o

o
2l
a
T

o o
» ol
a =]
T I

©
>
o

o
w
a

Normalized Intensity
z ‘
w
o

o© o
) N
=} a
T TETY NI RTET] FNTRA T

o
-
3]

DICHLOROMETHANE-d2
'

o
N
o

o
o
a

f \
/ N
/A g J

o

~ o ) ©
® < = @
ISER @ 0

o
=3
S

~
=Y
—

[212

o
]
=1
o

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5 0
Chemical Shift (ppm)

Frequency (MHz) 75.40 Nucleus 13C Solvent DICHLOROMETHANE-d2 Temperature (degree C) 23.000

' TH-027-13c DICHLOROMETHANE-d2
1

@[NH\/\/\
NH YN

o
[
a
vl

o o o
» » wu
S a S

IRETERRETE FRRTI N

o
w
a

Normalized Intensity
o‘
w
o

o©
)
a

155.72
143.44
135.78
122.06
[ o160
—119.30
109.85
4413
30.32
30.13
L2961
—27.62
—23.18
2202
14.24

o
o
a

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)

85



5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed

mild reaction conditions

synthesis of symmetricallyd unsymmetrically alkylated diamines under
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5. The iridium-catalyzed synthesis of symmetricalyd unsymmetrically alkylated diamines under

mild reaction conditions

Frequency (MHz)

299.83

Nucleus

Solvent

BENZENE-d6

‘ Temperature (degree C) 23.000

WTH-OM-lh

o
w
o

0.25

o
]
o

Normalized Intensity
o
=
(4]

o
N
o

0.05

o

BENZENE-d|

[1.98

[2.00

<}
54

o

<
=
©

7.0

6.5

6.0

5.5

5.0 4.5
Chemical Shift (ppm)

4.0

35 3.0 25

2.0

Frequency (MHz)

75.40

Nucleus

13C

Solvent

BENZENE-d6

Temperature (degree C) 23.000

'TH-043-13c

Loy
=}

o
©

o
o

Normalized Intensity
o
(92

139.10

BENZENE-d6
v

119.79

111.09

NH
L
>

NH

1 Y
04 4 3

0.3 9

0.2 §

0.1 7

0 7 mm' M m‘mwwmm “mm‘ Mm'mm*
7\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

180 160 140 120 100 80 60 40 20

Chemical Shift (ppm)

88



5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions

Frequency (MHz) 399.81 Nucleus 1H Solvent DICHLOROMETHANE-d2 ‘ Temperature (degree C) 23.000

SMI-315-1h R

=
=]

O

o
©

o
©

e
u
3.68

o
o

~6.75

DICHLOROMETHANE-d2

Normalized Intensity
o
(53]

o o
w IS
vl

o
N

o
[

|

o
L

o o
= S
o -

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3
Chemical Shift (ppm)

Frequency (MHz) 100.54 Nucleus 13C Solvent DICHLOROMETHANE-d2 Temperature (degree C) 23.000

H N : N

SMI-315-13c

—129.01

"-127.88

ae

o
©

DICHLOROMETHANE-d2
'

105.15

~-104.11

o
©

48.47

99.68

o
S
130.41
~-127.52

o
o

Normalized Intensity
o
(92

I
IS

o

w
—149.96
140.51

g —14843
—72.42
—70.87
59.12

o
N}

o
[

3

TTRPETIRY AW Ld\ \ | W W T TR PP IVRCYL " " w
! A Li i b y ) ¥ oAt

160 152 144 136 128 120 112 104 96 88 80 72 64 56 48 40
Chemical Shift (ppm)

91



5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricalyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions

Frequency (MHz) 399.81 Nucleus 1H Solvent DICHLOROMETHANE-d2 ‘Temgeralure degree C) 23.000
TH-009-1h & & 2
T . ‘* “
< ~
7 2 NH NH
] !
0.20 |
1 8
) r
- S =
1 A >
] r
0.15 ] |
b |
2 ]
@ 4
S -
€ b DICHLOROMETHANE-d2 N
= B ~ ' /
o © /
. 5
§010 3
.10 ] I
5 ] <
=z 4
] / ‘/
0.05 |
4 V
0 |
© o © o o o o =
SO S S 4 = = S
2y - Sy = (S [
L B i e e o e e e e e e 0 L e e e 0 L e s
7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25
Chemical Shift (ppm)
Frequency (MHz) 100.54 Nucleus 13C Solvent DICHLOROMETHANE-d2 Temperature (degree C) 23.000
' TH-009-13c DICHLOROMETHANE-dZ
E \NH©\NH
0.45 7
0.40 5
0.35 1
] g
5050 : s
2 E N S g
[} ] n
£ ]
T 0251
L. o
© | ~ o
£ 3 ] 3 o S
[} | i d N ™
Z0.20 1 § B
0.15 7
0.10 1 Nf 2
] =]
E N3 3
] o
] q
0.05 g
L o L SRR R R R R EE R
152 144 136 128 120 112 104 96 88 80 72 64 56 48 40 32 24

Chemical Shift (ppm)

100



5. The iridium-catalyzed synthesis of symmetricalyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricalyd unsymmetrically alkylated diamines under
mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricalyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. Th

e iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricalyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricalyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under
mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricalyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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5. The iridium-catalyzed synthesis of symmetricallyd unsymmetrically alkylated diamines under

mild reaction conditions
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Abstract: The pyrrole heterocycle is a prominent chemicatiimend is found widely in
natural products, drugs, catalysts, and advanceadriais. Here we introduce a sustainable
iridium-catalyzed pyrrole synthesis in which secarydalcohols and amino alcohols are
deoxygenated and linked selectively via the foromatof C-N and C-C bonds. Two
equivalents of hydrogen gas are eliminated in th&se of the reaction, and alcohols based
entirely on renewable resources can be used agngtanaterials. The catalytic synthesis
protocol tolerates a large variety of functionabgps, which includes olefins, chlorides,
bromides, organometallic moieties, amines and hygdrgroups. We have developed a

catalyst that operates efficiently under mild coiodis.

6.1 Introduction

Dwindling reserves of crude oil and the resultimge increase of this and other fossil carbon
sources combined with environmental concerns haselted in a call for the use of
alternative, preferably renewable, resources. A&idm fuel, ultimately a wide variety of
chemical feedstocks are derived from fossil sourBemewable lignocellulosic materials are
indigestible and therefore not useful as food poteland can be processed to give alcohols
and polyolé.l] These rather highly oxidized hydrocarbons diffeastically in their chemical
nature from the cracking products of crude oil. §hnere is a high demand for new reactions
that utilize such oxidized hydrocarbons and conthesin into key chemicals.

Pyrroles are important compounds and present irymatural products, drugs, catalysts and
materials. Both the blood respiratory pigment haerd the green photosynthesis pigment
chlorophyll are biosynthesized from the pyrrole gmbilinogen? Atorvastatin, the
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6. A sustainable catalytic pyrrole synthesis

bioactive component of the best-selling drug bygdl, is a pyrrole derivative. Polypyrroles
are conducting polymers used in battéfleand solar celld. There are many classic

protocol$”! and catalytic transformatiofi€! for the synthesis of pyrroles.

a mechanism of the BH/HA reactions
-H,

_R!
R/\OH R/\>|(
H
oxidation | [M] ™ [M]H, | reduction
+ R'-XH, R
R/%O RAX'
condensation

X =N, C-H; [M] = transition metal catalyst,
for example Ir or Ru

b N-alkylation with amino alcohols

Ir cat.

HO NaOtBu
“—\  -HOH \
NH,

¢ Pyrrole synthesis via C-alkylation with amino alcohols

step 1
OH Ir cat., 0
H,>N KOtBu HoN
j/\ -Hy * j/\
HO HO
step 2 | -H,O
step 3
HNTN Ir cat., N|
§ KOtBu OH
-H,
pyrrole | -H,0

Figure 1. Alkylation reactions using amino alcohads.The mechanism of the BH/HA reactions (black ana:blu
schemes). The suppression of the reduction steg)(blwld give rise to imines or olefins. Catalystyrcling
can occur via hydrogen elimination (retd).SelectiveN-alkylation of aromatic amines catalyzed by aniinia
complex.c, Pyrrole synthesis: step 1, oxidation of the sdaoy alcohol via the liberation of Hstep 2, imine
formation; step 3, intramolecular C-C coupling tha loss of hydrogen and water followed by isonagiimn to

the pyrrole. (cat. = catalyst, Bu =t-butoxide)
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6. A sustainable catalytic pyrrole synthesis

The surge of catalytic protocols published recegtiyes proof of the vibrant activity in this
field.®?Y As a result of both the high demand for new reastithat utilize renewable
resources and the importance of pyrroles, a pyrsglghesis that fully or partially uses
renewable resources is a highly desirable goalh @ueaction would be especially attractive
in terms of applicability in organic synthesis (amdlustrial production) if it extented
significantly the scope of existing pyrrole synt®sThe known borrowing hydrogen (BH)
methodolog¥#??®, also called hydrogen autotransfer (K4) converts alcohols into imine or
olefin functionalities and reduces them into amimgsalkanes (Fig. 1a, black and blue
reactions).

Imines or olefins may be accessible if the finalugtion or hydrogenation step is suppressed
(Fig. 1a, black and red reactions) and the hydrogms (originating from the alcohol
substrates) are liberated. The selective linkagth@de imine and olefin functionalities can
lead to heteroaromatics. Coupling reactions withcomitant liberation of KHdeveloped by
the Milstein group has attracted considerable tittenrecentl?°>>4. These very useful
reactions can also involve condensation $t&{fs* but they have not been used to link
different alcohols via selective formations of Ca@d C-N bonds. The simultaneous use of
different alcohols is challenging because homodagphas to be avoided. In turn, many
classes of heteroaromatic compounds might be abtessnd unsymmetrically functionalized

molecules could be obtained.

6.2 Results and Discussion

Recently, we developed efficient catalysts for dfieylation of amine€>*® and novel C-C
coupling reactior” that relied on the BH/HA mechanism. The selegtiyiattern of our
catalysts tolerated the presence of aliphatic astifleThus, unprotected aliphatic amino
alcohols could be employed to alkylate aromatic resi (Fig. 1b). A catalytic pyrrole
synthesis becomes feasible if such catalysts dect@fink selectively secondary alcohols and
amino alcohols (Fig. 1c). The secondary alcohabxglized to a ketone, which undergoes
imine formation with the amino alcohol. Subsequenting closure can occur via iridium
catalyzed amino alcohol dehydrogenation and coradiems Two equivalents of water and
hydrogen are eliminated in the course of the reacfdehydrogenative condensations). To
identify a selective catalyst for this process weestigated thoroughly the reaction of 1-
phenyl-ethanol with 2-amino-1-butanol. The compouridethyl-5-phenyl-H-pyrrole
(pyrrolel, Fig. 1c) is formed in this reaction. The bestabat known to tolerate amino
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6. A sustainable catalytic pyrrole synthesis

alcohols (catalyst, Fig. 2a, leff®3% afforded only 10% conversion when a catalyst ilogd
of 0.01 mol% was applied. Chemically related catfsythat could provide more stability
because of stabilization by three-dentate ligdfldsvere thus investigated. The iridium
catalystll (Fig. 2a, middle and right) turned out to be thestbcatalyst and gave 63%
conversion under identical conditions. Catalysas a crystalline material can be handled in
air (for instance, for refilling, weighing) asit ot sensitive towards oxygen and moisture for
weeks. The optimization of the reaction conditiaentually led to an efficient pyrrole
synthesis protocol. (Details in the Supplementafgrimation and Supplementary Tables S1-
S8).

a Catalyst efficiency with 0.01 mol% catalyst loading

catalyst | catalyst Il ’\

O\K N>_
YOG
Y m ©

10% yield of pyrrole |

b Jridium trihydride synthesis from catalyst Il
Ph Ph

5 -
OH
~
NTONTONH 2 R—/ HII\IJ\N/)\ITIH
(iPr)zP\Ilr/P(iPr)z SN (iPr)2P\||r/P(iPr)2
/l \\ /o \\
o 2 R_/ H H

.

Figure 2. Catalyst desigra, Yields of pyrrolel using catalyst$ andll. The molecular structure of catalybt
was determined by X-ray crystal structure analgsght). b, Synthesis of the catalyst resting state by regcti
catalystll with an excess of alcohol. An iridium(lll) trihyide species is formed by oxidation of the alcolRol.

= alkyl or aryl substituent.

Having found a suitable catalyst and optimum reactionditions, we addressed the issues of
scope and functional group tolerance. Eight pysalere synthesized from different amino

alcohols (Table 11a-1h). These examples carry a phenyl substituent thiginates from the
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secondary alcohol. Additionally, 13 pyrroles weregared by varying the secondary alcohol
(Table 1,1i-1u). Here the benzyl substituent that stemms fronmia-3-phenylpropan-1-ol
was “kept constant”. By varying both parametersx 83 = 104 differenta-substituted
pyrroles should be accessible, which indicates/érsatility of this synthetic protocol. Of the
21 pyrroles we actually prepared, 13 have not begorted previously (Table 1, blue
entries). The synthesis protocol is characterizgé lvery broad functional group tolerance
(Table 1). AminesXc), olefins m), chlorides {p), bromides 1q), organometallic moieties
(1r) and hydroxyl groupsl{) remain unaffected. Catalyst loadings as low &8 0nol%
were sufficient for selected reactions listed irbl€al. All the reactions proceeded under
rather mild thermal conditions (90 °C). The metHodyg is also extendable taH2pyrroles
(Supplementary Table S10).

Table 1 Synthesis of 2,5-disubstituted pyrroles from selewy alcohols and amino alcohols.

cat. ll H

OH HO  NH, N
\ < 1.1eq. KOtBu R! R2
R1J\ ¥ R2 “2H, U
-2H,0

Catalystll R Isolated

Loading: yield [%)]

[Mol% Ir]

N
Ph R
W
la 0.05 -CH 80
1b 0.05 -GHs 93
1c 0.1 H 65
Q|
s~

1d 0.03 iso-propy! 89
le 0.05 -1-methylpropyl 88
1f 0.1 4so-butyl 69
19 0.2 -phenyl 86
1h 0.05 -benzyl 79

H
N
RUBn
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1i 0.03 -CH 84
1j 0.03 -GHo 76
1j 0.03 -GHo 76
1k 0.03 -GHi3 97
1l 0.05 -GHig 74
Im 0.1 WJ{ 77
1n 0.1 i-Pr 73
1o 0.05 -(GH4)-4-OMe 84
1p 0.05 -(GHy)-4-Cl 75
1q 0.2 -(GHy)-4-Br 75
1r 0.2 ~An 87
i
1s 0.5 -2-furanyl 42
1t 0.5 -2-thiophenyl 57
1lu 0.1 OH 70

)\/j\

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

As the C-alkylation step (Fig. 1c) can also take place ateondary aliphatic carbon atom,
this methodology allows for the synthesis of 2Bi&udbstituted pyrroles (Fig. 3). Cyclic
secondary alcohols afford bicyclic pyrroles. Nom¢he compounds listed in Fig. 3 have been
reported previously. These examples give furtherdesce of the potential of this
methodology to complement and augment the conwagltiorganic synthesis of pyrroles.
Starting from dioles, dipyrroles can be preparedy.(Ba). As intermediates that carry
hydroxyl group can be isolated in good yields (®€ahl 1u), a sequential generation of
differently substituted dipyrroles is possible (Fig). Such dipyrrole syntheses generate a
remarkable amount of hydrogen (four equivalent$le Synthesis of one mole of dipyrrole
proceeds with the concomitant generation of abodt lifers of H. Furthermore, a
combination of selective BH/HA chemistry and delogknative condensations is possible.
The alkylation of aryl amines using dioles giveserito the respectivBl-arylated amino

alcohol, which can then be linked selectively witiprotected amino alcohols.
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OH H H,N_ R’ Ir-cat. Il

N
/'R Rll
1 R HO Pt

-2H,0 ~-.R
H H H
N_ Bn Ph._N_ Bn CsHg_N.__Bn
CsHy
2a: 0.5 66% 2b: 0.1 63% 2c: 0.5 52%
H H
N R" N Bn
(L e
HN P n
H Rll= n=
N 2e: Me 0.1 78% 2i 1: 0.1 51%
\ / 2f: !Et 0.05 88:A 2k: 4: 0.05 T7%
2g:i-Pr 0.03 84% 2I: 8: 0.1 37%

2h: j-Bu 0.03 79%

2d: 0.5 56% 2i: Bn 0.05 80%

Figure 3. Synthesis of 2,3,5-trisubstituted pyrroles. Fragtedhat stem from the amino alcohol are shown in
red and those contributed by the secondary alcat®in black. Reaction conditions: THF, 90 °C, 24tdlic
numbers give the catalyst loadings in mol% (catdlysFig. 1d, right) and the bold numbers the isolatetts.

The products, amino pyrroles, were obtained in geyd isolated yields (Fig. 4b). The amine
functional group tolerance and the selectivityte €-C and C-N bond formation steps allow
access to these compounds. Mechanistically, weogept this stage a reaction sequence as
shown in Fig. 1c. Dehydrogenation of the secondieghol is significantly faster than that of
the amino alcohol. It affords a ketone, which ugdes a condensation reaction with the
amino alcohol to form an imine (Schiff base). Ineegent synthesis of this imine
intermediate and its treatment under catalytic ¢mms gave pyrrold (Supplementary Figs
S8 and S11). Alternatively, intermoleculBsalkylation of 1-phenyl-ethanol using protected
amino alcohols (with or without the liberation of)Hloes not proceed significantly under
catalytic conditions (Supplementary Figs S12 an®)SXinetic data indicate that the
intramolecularC-alkylation is fast in comparison to the oxidatiointhe secondary alcohol as
no imine intermediate was detected (Supplementagg B4 and S5). The mechanistic
proposal is also in accordance with an observatiaae by Ishii and co-workéfs They
reacted 2-aminoethanol and 2-(methylamino)etharithl three equivalents of propiophenone
and observed pyrrole formation in the presencendfidium catalyst and a base. The catalyst

resting state of our pyrrole synthesis is an indiwihydride complex (Figure 2b).
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a Sequential generation of oligopyrroles

R R
+ +
HO  NH, on OH NH; R
OH Ir-cat. Il Ir-cat. Il HN \
N KOtBu ¢S KOtBu N N
-2H, NH -2H, \
OH -2 H,0 K “2HO NH

3a:0.1 42% BN 3p:0.1 83%

b Combining BH/HA chemistry and Dehydrogenative Condensations

OH R3
+
—~ ) OH T/ <
NH, HO R NJ\ HO NH,
R1'—/\( Ir-cat. Il 1(\/ R2  Ircat Il \§_7/
(X KoBu | R _x __KOtBu __
X=CH, N -H20 T 2H,
-2 H,0 N
\ \R1
Bn Bn
Bn
HN
HN
HN— @ )
X C4Hg
HN._N
HN..
AN-pp Ph B
=
3c: 0.1 83% 3d:0.1 82% 3e: 0.1 87%

Figure 4. Pyrrole syntheses involving diolsa)(Synthesis of symmetric and unsymmetric dipyrrolgyg
Synthesis of aminopyrroles. Italic numbers give ¢tagalyst loading in mol% and bold numbers theaisal

yields. For the reaction conditions see Table 1.

It can be formed quantitatively (NMR experiment)feyacting catalyst with alcohols or H
(Supplementary Fig. S3). Its structure was alserdahed by X-ray single crystal structure
analysis (Supplementary Fig. S15). The role ofitideum catalyst is the oxidation of the two
alcohols and the base mediates the C-C couplindéswation step. In addition, the base
accelerates the alcohol oxidation. The base amwa®t optimized towards an efficient
pyrrole formation. In the absence of base esséntiabthing happens under catalytic
conditions; only iridium trihydride formation is served. If the catalyst loading is increased,

alcohol oxidation accompanied by, Hberation takes place (Supplementary Fig. S7)e Th
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somewhat lower vyields, for example fés and 1t (Table 1), result from a rather slow
dehydrogenation of the secondary alcohols. Undesetitircumstances homocoupling of the
amino alcohols becomes relevant (the formationyo&zine&®. Supplementary Fig. S10). In
the case oflu (Table 1), oxidation of the second alcohol functeind subsequent dipyrrole

formation lowers the yield.

6.3 Conclusion

We expect dehydrogenative condensations to becarrgegral part of what could be termed

the "new catalytic chemistry” that taps into thexhaustible renewable resources for the
synthesis of virtually any important organic compduSuch reactions are efficient in the
deoxygenation of alcohols, proceed with the evotutof hydrogen and afford diversely

substituted products by a series of selective @utse formations of C-C and C-N bonds. In

this paper demonstrate exemplarily how pyrroles rbay built up readily by formally

connecting an imine and an olefin. More heteroatanmatterns should now be within reach.

Methods

In a pressure tube (inner diameter 25.4 mm, le@gtB cm, volume 38 mL) a magnetic stir
bar, catalystl (3 to 50 pmol), THF (10 mL), secondary alcohol.2mol), amino alcohol
(20.0 mmol) and K@u (11.0 mmol) were combined in a dry nitrogen &pitere using
glove box techniques. The pressure tube was clasttda silicone tube (inner diameter
7 mm, outer diameter 10 mm, length 30 cm) useds®sra-permeable membrane (for details
see the Supplementary Information) and stirredOat®for 24 h. The reaction mixture was
cooled to room temperature and quenched by thdiaaddif 2 mL of water. The layers were
separated and the aqueous layer was extractedEwih(4 x 40 mL). The combined organic
layers were dried over MaQ, and concentrateth vacuo. The residue was purified by

column chromatography on silica gel.
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6.5 Supporting Information

General Considerations

All reactions were carried out in a dry argon dragen atmosphere using standard Schlenk
techniques or glove box techniques. Halogenatedestd were dried over,©s, and non-
halogenated solvents were dried over sodium berezapte ketyl. Deuterated solvents were
ordered from Cambridge Isotope Laboratories, venstdred over molecular sieves and
distilled. All chemicals were purchased from comanrsources with purity with over 97%
and used without further purification. NMR spectrare received using an INOVA 400 and
300 MHz spectrometer at 298 K or a BRUKER 300 Midedrometer at 300 K. Chemical
shifts are reported in ppm relative to the deugslatolvent. Elemental analyses were carried
out on a Vario elementar BILI. GC analyses were carried out on an Agilent 68Bi@ivork

GC system equipped with a HP-5 column (30 m x @.B82x 0.25 um). GC/MS analyses were
carried out on a Thermo Focus GC/Trace DSQ systgnpped with a HP-5MS column (30
m X 0.32 um x 0.25 um). X-ray crystal structurelgses were performed with a STOE-IPDS

Il equipped with an Oxford Cryostream low-temperatunit.

Screening Reactions

In a pressure tube catalyst, solvent, secondarghalc amino alcohol and base were

combined. The pressure tube was closed with a i%ftap or a semi-permeable membrane
and stirred for 24 h. The reaction mixture was eddb room temperature and quenched by
addition of 2 mL of water. Dodecane as internahdéad was added and after shaking, a small

fraction of the organic phase was analyzed by Gt.fdllowing reaction was investigated.

HN\

OH t. I, base
+ HO/\(\ cat. 1, =~
NH, -2H;
-2H,0

Supplementary Figure S1 Screening reaction of 1-phenylethanol with 2-a¥iirbutanol
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Supplementary Table S1Base screening

Base Yield [%0]
KOtBu 55
KOH 32
KN(SiMe3)

KOSiMe;

KsPOy

KH 47
K.CO;3

KOAc

NaOBu 37
NaNH, 25
NaOAc

NaCOs

LiH

Li'Bu 12
Mg(O(CzHs))> 0

Reaction conditions: 1.0 eq. 1-phenylethanol (1R} 1.1 eq. 2-amino-1-butanol (104 pL), 1.1 eq. b8 mL
THF, 1 mol% catalyst, 24 h, 110 °C (reaction tubes closed with Téllmaps). Yields determined by GC

analyses with dodecane as internal standard.

Supplementary Table S2 Solvent screening

Solvent Yield [%0]
THF 55
DME 54
toluene 41
hexane 49
DMSO 0
diglyme 45
dioxane 48

Reaction conditions: 1.0 eq. 1-phenylethanol (1P) 1.1 eq. 2-amino-1-butanol (104 pL), 1.1 eq.tRQ
3.0 mL solvent, 1 mol% catalykt24 h, 110 °C (reaction tubes closed with Tetloaps). Yields determined by

GC analyses with dodecane as internal standard.

130



6. A sustainable catalytic pyrrole synthesis

Supplementary Table S3 Amount of KGBu

Base amount according to secondary alcohol [eq.] eldY{Po]
3.0 8
2.0 19
1.1 55
1.0 53
0.5 32
without base 0

Reaction conditions: 1.0 eq. 1-phenylethanol (1P 1.1 eq. 2-amino-1-butanol (104 pL), 3.0 mL solyent
KO'Bu, 1 mol% catalyst, 24 h, 110 °C (reaction tubes closed with Teéll@aps). Yields determined by GC

analyses with dodecane as internal standard.

Supplementary Table S4 Alcohol ratio

Amino alcohol /secondary alcohol [eq.] Yield [%0]
3.0/1.0 34
2.0/1.0 51
1.1/1.0 55
1.0/1.0 54
1.0/1.1 56
1.0/2.0 72
1.0/3.0 7
1.0/ 4.0 77

Reaction conditions: 1.1 mmol KBu, 3.0 mL THF, 1 mol% cataly$t 24 h, 110 °C (reaction tubes closed with

Teflon® caps). Yields determined by GC analyses with dadeas internal standard.

Supplementary Table S5 Solvent amount

Solvent amount [mL] Yield [%)]
4.0 77
3.0 77
2.0 70
1.0 65
0.5 56
0.25 51
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Reaction conditions: 2.0 eq. 1-phenylethanol (24 |11.0 eq. 2-amino-1-butanol (96 uL) 1.leq. tBO,
1 mol% catalyst, 24 h, 110 °C (reaction tubes closed with Tetl@aps). Yields determined by GC analyses

with dodecane as internal standard.

Supplementary Table S6 Temperature screening

Temperature [ °C] oil bath Yield [%]
150 76

130 76

110 76

90 40

80 23

70 6

Reaction conditions: 2.0 eq. 1-phenylethanol (24)) |1.0 eq. 2-amino-1-butanol (96 pL) 1.1 eq. RO,
1 mol% catalyst, 24 h (reaction tubes closed with Teffonaps). Yields determined by GC analyses with

dodecane as internal standard.

Supplementary Table S7 Catalyst loading

Cat. loading [mol%)] Yield [%0]
2.0 65
1.0 75
0.6 79
0.4 78
0.2 77
0.1 76
0.05 68
0.01 36
0.005 10

Reaction conditions: 2.0 eq. 1-phenylethanol (24)) |11.0 eq. 2-amino-1-butanol (96 uL) 1,leq. tBO,
catalystl, 24 h, 110 °C (reaction tubes closed with Téllaaps). Yields determined by GC analyses with

dodecane as internal standard.
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Supplementary Table S8Iridium catalyst screening

Catalyst Yield [%]
| X
N
\fFI) _____ 10
N™ >N
P
[ N~ N 'NH 63

Y/i_m;"‘\m_)ﬁ:( 33

\Vj [IrOMe(cod)] 2

Vi [IrCl(cod)]. 3
Reaction conditions: 2.0 eq. 1-phenylethanol (2L4,r.0 eq. 2-amino-1-butanol (0.96 mL) 1.1eq.tRO (1.24
g), 0.01 mol% catalyst (1.0 mL, 0.001 M in THF), 10 THF, 24 h, 90 °C (reaction tubes closed withraise
permeable membrane, for more details pleseeSupplementary Figure S2). Yields determined by @&lyses

with dodecane as internal standard.
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Supplementary Figure S2 Reaction flask with a semi-permeable membrangsasd for the pyrrole syntheses.
A silicone tube (Rotilabo®) inner diameter 7 mm,tevudiameter 10 mm and 30 cm length was used as
membrane. A maximum reaction temperature of 90 &8 @etermined inside the reaction flask due teeagure

increase (1 bar overpressure) caused by the membran

There are a few reasons for using the semi-permmeakimbrane. 1. low boiling substrates
and 2. low boiling solvents which essentially meamsre solvent flexibility. Low boiling
solvents are especially attractive in the work-opcpdures since the solvent can be removed
easily (also in the presence of products with rakbvw boiling points). Furthermore, a rather
high throughput can be accomplished. One can easily60 flasks in a parallel fashion in a
rather small fume hood. As a minor drawback the igEMmeable membrane means
essentially adding a short rubber tube on top eféaction flask.
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Ligand and Complex Syntheses

R1
R‘l
! EtsN or BuLi _
LA v2 P : HN™ N~ “NH
HoN N NH, I|3 FI>
R'=H, Me, Ph Y)\ \(
X=C, N /K
R1
R1
\ 1
X X P
)l\ /)\ 0.5 [IrOMe(cod)], N™ N° 'NH
HN” "N~ NH AN A

it © =

Supplementary Figure S3 Ligand and complex syntheses

ENj\NH
Y

2-Aminopyridine (20.0 mmol, 1.88 g) was dissolvad 100 mL THF and triethylamine

Synthesis of PyNHPI[Pr),

(20.0 mmol, 2.8 mL) was added and the solution wesoled to 0°C. Then
chlorodiisopropylphosphine (20.0 mmol, 3.2 mL) vwaded drop wise with a syringe. The
solution was allowed to warm to room temperaturd atirred over night at 50 °C. The
suspension was filtered over a glass filter fritwa pad of celite (4 cm) and washed with
50 mL of THF. The solvent was concentratadzacuo to 10 mL and left to crystallize at -
20 °C. The supernatant solution was decanted anddld washed with 5 mL of cold hexane
and subsequently drieieh vacuo yielding PyNHP{Pr), as a colorless solid (19.2 mmol =
96%).'H NMR (400 MHz, GDs, 298 K):& = 8.18 (ddd,) = 4.9, 1.8, 0.9 Hz, 1H), 7.27-7.23
(m, 1H), 7.10 (dddJ = 8.5, 7.2, 1.7 Hz, 1H), 6.37 (dddi= 7.3, 7.1, 0.9 Hz, 1H), 4.86 (d=
10.6 Hz, 1H), 1.47-1.36 (m, 2H), 0.96-0.82 (m, 12M**C NMR (100 MHz, GDs, 298
K): 6 = 161.6 (dJ = 20.0 Hz), 148.7 (d] = 1.2 Hz), 137.3 (d]) = 2.3 Hz), 114.5, 108.6 (d,

= 18.6 Hz), 26.5 (dJ = 11.6 Hz), 18.7 (d) = 20.4 Hz), 17.1 (d) = 8.0 Hz) ppm3'P NMR
(161 MHz, GDe, 298 K):6 = 48.82 ppm.
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Synthesis of [(PyNPiPr)2)Ir(cod)] (Cat. I)

PYNHP{Pr) (2.0 mmol, 420 mg) was dissolved in 20 mL THF, edolo -30 °C and-BuLi
(2.0 mmol, 1.6 M, 1.25 mL) was added drop wise véitByringe. The reaction mixture was
stirred at -30 °C for 30 min and was then alloweevarm to room temperature and stirred for
1h. Then the reaction mixture was added to a swiudf [IrCl(cod)} (1.0 mmol, 671 mg)
(with a flexible tube). The reaction mixture wasrst for 30 min at room temperature before
the solvent was removead vacuo. The residue was suspended in diethyl ether drsatefi
over a glass filter frit with a pad of celite (1 xand washed with 10 mL of cold diethyl ether.
Solvent was removeith vacuo and the residue was recrystallized from hexar@rdifig dark
red crystals (1.6 mmol, 80%) NMR (400 MHz, GDe, 298 K):8 = 7.30 (d,J = 8.8 Hz,
1H), 7.20 (dJ = 6.4 Hz, 1H), 6.86-6.78 (m, 1H), 5.65t= 6.4 Hz, 1H), 4.49-4.41 (m, 2H),
3.78-3.72 (m, 2H), 2.19-2.06 (m, 4H), 1.96-1.78 @H), 1.61-1.48 (m, 2H), 1.23 (dd,=
13.9, 7.0 Hz, 6H), 1.07 (dd,= 13.9, 7.0 Hz, 6H) ppnt’C NMR (100 MHz, GDs, 298 K):5

= 145.5 (dJ = 2.9 Hz), 137.6 (dJ = 2.5 Hz), 117.7 (d) = 22.5 Hz,) 105.9, 88.3 (d,= 11.3
Hz), 56.14, 34.4, (d] = 2.3 Hz), 29.2 (dJ = 1.6 Hz), 28.57 (d]) = 38.9 Hz), 17.9 (d)= 3.5
Hz), 17.5 ppm>P NMR (161 MHz, GDs, 298 K):8 = 94.70 ppmElemental analysiscalcd
(%) for Go7H3drNoP: C 44.78, H 5.93, N 5.50; found: C 44.77, H 58&.53.

Synthesis of (4-Ph)Tr(NHP{Pr)2)2

Benzoguanamine (30.0 mmol, 5.61 g) was dissolved56 mL THF and triethylamine
(40.0 mmol, 2.8 mL) was added and the solution wesoled to 0°C. Then
chlorodiisopropylphosphine (60.0 mmol, 9.6 mL) waakled drop wise with a syringe. The
solution was allowed to warm to room temperaturd atirred over night at 50 °C. The

suspension was filtered over a glass filter fritwa pad of celite (4 cm) and washed with
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50 mL of THF. The solvent was concentraiediacuo, recrystallized in toluene yielding (4-
Ph)Tr(NHP{Pr)). as colorless crystals (12.06 g = 28.8 mmol = 96%4)NMR (300 MHz,
CD.Cly): 6 = 8.43-8.29 (m, 2H), 7.54-7.42 (m, 3H), 5.25 (s 2#), 1.99-1.82 (m, 4H), 1.16-
1.11 (m, 24H) ppm=C NMR (75 MHz, CDCly): 8 = 171.7, 170.4 (d) = 12.7 Hz), 137.4,
132.0, 128.9, 128.8, 26.8 (@= 14.4 Hz), 19.2 (d) = 21.0 Hz), 18.0 (d] = 9.3 Hz) ppm>'P
NMR (161 MHz, GDs, 298 K):5 = 52.69, 49.47 ppni'P NMR (161 MHz, GD, 353 K):5

= 54.33 ppm. Elemental analysis for C;3H3sNsP,: C 60.13, H 8.41, N 16.70; found: C
60.12, H 8.13, N 16.54.

Synthesis of [(4-Ph)Tr(NP{Pr)2)(NHP(iPr),)Ir(cod)] (Cat. II)

[IrOMe(cod)} (2.0 mmol, 1.32g) was dissolved in 40 mL THF andsequently a solution of
(4-Ph)Tr(NHP{Prk). (4.0 mmol, 1.67 g) dissolved in THF was added dvope. A red
solution was obtained. The solution was stirredr onvght at 50 °C. The solvent was removed
in vacuo, yielding a deep red solid in quantitative yietdl NMR (300 MHz, CRCl,): & =
8.37- 8.32 (m, 2H), 7.48-7.38 (m, 3H), 6.06 (s 1), 5.68-5.61 (m, 2H), 3.89 (s_br, 2H),
2.42-2.14 (m, 10H), 1.74-1.62 (m, 2H), 1.24-1.12, @4H) ppm-’C NMR (75 MHz,
CD.Cl,): 6 = 170.0 (t,J = 2.2 Hz), 137.9, 131.6, 130.7, 129.1, 128.7, 58700 (t,J = 3.3
Hz), 32.5, 28.5 (s_br), 18.0 (s_br), 16.9 ppR. NMR (161 MHz, GDs, 298 K):5 = 83.34,
83.11 ppm.Elemental analysis(%) for GoHaselrNsP, calcd: C 48.45, H 6.45, N 9.74; found:
C48.77,H 6.44, N 9.77.

Synthesis of Py(NHPIPr).)2

X
»
HN™ N NH
P P
)\ )\
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2,6-Diaminopyridine (30.0 mmol, 3.24 g) was dissalvin 150 mL THF and triethylamine
(40.0mmol, 2.8 mL) was added and the solution wesoled to 0°C. Then
chlorodiisopropylphosphine (60.0 mmol, 9.6 mL) waakled drop wise with a syringe. The
solution was allowed to warm to room temperaturd atirred over night at 50 °C. The
suspension was filtered over a glass filter fritwa pad of celite (4 cm) and washed with
50 mL of THF. The solvent was concentrai@dvacuo, recrystallized in hexane yielding
Py(NHP{Pr),). as colorless crystals (6.14g = 18.0 mmol = 60%).NMR (400 MHz,
CsDe): & = 7.20 (t,J = 7.9 Hz, 1H), 6.72 (dd] = 7.9, 1.8 Hz, 2H), 4.48 (d,= 9.6 Hz, 2H),
1.50-1.40 (m, 4H), 0.99-0.86 (m, 24 H) ppHC NMR (75 MHz, CQCl,, 298 K):8 = 159,6
(d,J =20.5 Hz), 140.1, 98.6 (d,= 18.2Hz), 26.9 (dJ = 11.6 Hz), 19.0 (d) = 19.9 Hz), 17.4
(d,J = 8.3 Hz) ppm3P NMR (161 MHz, GDs, 298 K):8 = 52.40, 49.32 ppm>P NMR
(161 MHz, GDs, 353 K):5 = 53.73 ppm.

Synthesis of [Py(NPiPr)2)(NHP(iPr),)Ir(cod)] (Cat. 11I)

[IrOMe(cod)k (1.0 mmol, 662 mg) was dissolved in 20 mL THF andsequently a solution
of Py(NHP({Pr))2 (2.0 mmol, 682 mg) dissolved in THF was added dvige. A red solution
was obtained. The solution was stirred over nighb@°C. The solvent was removeal
vacuo, yielding a deep red solid in quantitative yield. NMR (300 MHz, CDCly): § = 6.87
(tt, J = 7.9, 1.6 Hz, 1H), 5.77 (s_br, 2H), 5.64)& 4.1 Hz, 2 H), 4.84 (s_br, 1H), 3.65-3.76
(m, 2 H), 3.76-3.65 (m, 2H), 2.45-2.24 (m, 4H),2208 (m, 6H), 1.68-1.53 (m, 2 H), 1.26-
1.06 (m, 24 H) ppm>C NMR (75 MHz, CQCl,): & = 138.7(t,J = 2.2 Hz), 130.8, 51.9, 37.2
(t, J= 3.9 Hz), 32.5, 30.0 (8,= 16.5 Hz), 18.2(t) = 2.2 Hz), 16.8 ppnt'P NMR (161 MHz,
CsDs, 298 K): 6 = 90.58 ppmElemental analysis(%) for GsHa4lrNsP, calcd: C 46.86, H
6.92, N 6.56; found: C 46.98, H 6.89, N 6.42.
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Synthesis of (4-Me)Tr(NHP(Pr)2)2

6-Methyl-[1,3,5]triazine-2,4-diamine (30.0 mmol,/8.g) was dissolved in 150 mL THF and
triethylamine (40.0 mmol, 2.8 mL) was added and $bkition was cooled to 0 °C. Then
chlorodiisopropylphosphine (60.0 mmol, 9.6 mL) waakled drop wise with a syringe. The
solution was allowed to warm to room temperaturd atirred over night at 50 °C. The
suspension was filtered over a glass filter fritwa pad of celite (4 cm) and washed with
50 mL of THF. The solvent was concentraiediacuo, recrystallized in toluene yielding (4-
Me)Tr(NHP({Pr)), as white crystals (12.06g = 28.8 mmol = 969%).NMR (300 MHz,
CD.Cl,): 6 = 5.11 (s_br, 2H), 2.23 (s, 3H), 1.97-1.71 (m, 4HL7-0.97 (m, 24H) ppni>C
NMR (75 MHz, CDCl,): 6 = 176.3, 169.8 (d] = 13.2 Hz), 46.2, 26.6 (d,= 14.4 Hz), 19.0
(d,J = 21.0 Hz), 17.9 (dJ = 8.9 Hz) ppm3P NMR (161 MHz, GDs, 298 K): 6 = 52.13,
49.00 ppm.*'P NMR (161 MHz, GDs, 353 K):& = 53.33 ppm.Elemental analysis(%) for
Ci6H33NsP, caled: C 53.77, H 9.31, N 19.59; found: C 53.73.511, N 19.23.

Synthesis of [(4-Me)Tr(NP{Pr)2)(NHP(iPr),)Ir(cod)] (Cat. IV)

[IrOMe(cod)} (0.5 mmol, 332 mg) was dissolved in 40 mL THF anbdsequently a solution
of (4-Me)Tr(NHP{Pr)). (1.0 mmol, 357 mg) dissolved in THF was added dwige. A red
solution was obtained. The solution was stirredr avght at 50 °C. The solvent was removed
in vacuo, yielding a deep red solid in quantitative yietdl NMR (300 MHz, CBCl,): & =
6.87 (tt,J=7.9, 1.6 Hz, 1H), 5.77 (s_br, 2H), 5.64)t 4.1 Hz, 2 H), 4.84 (s_br, 1H), 3.65-
3.76 (m, 2 H), 3.76-3.65 (m, 2H), 2.45-2.24 (m, ABIR2-2.08 (m, 6H), 1.68-1.53 (m, 2 H),
1.26-1.06 (m, 24 H) ppntC NMR (75 MHz, CQCl,): & = 138.7, 130.8, 51.9, 37.2 (=
3.9 Hz), 32.5, 30.0 (1] = 16.5 Hz), 18.2(t) = 2.2 Hz), 16.8 ppniP NMR (161 MHz, GDs,
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298 K): 6 = 84.54, 83.67 ppmElemental analysis(%) for G4Ha4lrNsP, calcd: C 43.89, H
6.75, N 10.66; found: C 43.86, H 6.52, N 10.32.

Supplementary Table S9Reaction of 1-phenylethanol with various amingoabls

R
OH R Cat. Il
+ HO/\r - HN \
NH, 1.1 eq. KOtBu, 24h, 90°C X
R = aryl, alkyl
[mol% Cat. 1] Product Yield®
HN \
la 0.05 . 80%
HN \
1b 0.05 X 93%

1c 0.1 65%
HN \
1d 0.03 X 89%
HN \
le 0.05 X 88%
HN \
1f 0.1 X 69%
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1g 0.2 86%
oA
HN \
1h 0.05 O X 79%
[a] Isolated yield
HN \
=

la: 2-methyl-5-phenyl-H-pyrrole: Cat. 1l (0.5 mL, 0.005 mmol, 0.01 M in THF), 1-
phenyl-ethanol (2.4 mL, 20.0 mmol), 2-amino-prodaat (797 uL, 10.0 mmol), 10 mL THF,
KOtBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatitmy column chromatography
40:1>10:1 pentane:ED; Yield: 1.26 g = 8.0 mmol = 80% as colorlessadiH NMR (300
MHz, CD,Cl,): 6 = 8.24 (s_br, 1H), 7.45-7.41 (m, 2H), 7.37-7.30 2id), 7.19-7.12 (m, 1H),
6.39-6.36 (m, 1H), 5.94-5.90 (m, 1H), 2.32 (s, 3. *C NMR (75 MHz, CDCL): & =
133.5, 131.0, 129.7, 129.4, 126.1, 123.6, 108.6,7.L.3.4 ppmMS (70 eV, El); m/z (%):
157 (65, M), 156 (100), 104 (2), 77 (SElemental analysis(%) for C1H1iN calcd C 84.04,
H 7.05, N 8.91; found: C 84.20, H 7.34, N 8.88.

HN\
~

1b: 2-ethyl-5-phenyl-H-pyrrole: Cat. Il (0.5 mL, 0.005 mmol, 0.01 M in THF), 1-
phenylethanol (2.4 mL, 20.0 mmol), 2-amino-butaat¥960 pL, 10.0 mmol), 10 mL THF,
KOtBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatiop column chromatography 40:1
pentane: ED; Yield: 1.59 g = 9.3 mmol = 93% as colorless dsotH NMR (300 MHz,
CD.Cly): 6 = 8.23 (s_br, 1H), 7.46-7.42 (m, 2H), 7.38-7.31 &), 7.19-7.13 (m, 1H), 6.61-
6.38 (m, 1H), 5.97-5.93 (m, 1H), 2.68 (b= 7.6 Hz, 2H), 1.27 () = 7.6 Hz, 3H) ppm*C
NMR (75 MHz, CDQCl,): 6 = 136.3, 133.6, 130.8, 129.4, 126.1, 123.7, 1048l A, 14.1 ppm.
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MS (70 eV, El); m/z (%): 171 (38, I, 156 (100), 128 (8), 115 (6), 77 (Blemental
analysis(%) for GHisN calcd: C 84.17, H 7.65, N 8.18; found: C 84.337.609, N 8.10.

1c: 3-(5-phenyl-H-pyrrol-2-ylmethyl)-1 H-indole: Cat. 1l (1.0 mL, 0.01 mmol, 0.01 M in
THF), 1-phenylethanol (2.4 mL, 20.0 mmol), 2-amBw¢1H-indol-3-yl)-propan-1-ol (1.90 g,
10.0 mmol), 10 mL THF, K@Bu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatlmncolumn
chromatography 20:210:1 pentane:RD;Yield: 1.76 g = 6.5 mmol = 65% as colorless solid
'H NMR (300 MHz, CDCly): § = 8.24 (s_br, 1H), 8.16 (s_br, 1H), 7.57-7.53 (i), 7.41-
7.35 (m, 3H), 7.32-7.26 (m, 2H), 7.21-7.05 (m, 4Bl§4-6.41 (m, 1H), 6.10-6.07 (m, 1H),
4.16 (s, 2H) ppm:>C NMR (75 MHz, CDCl,): § = 137.1, 133.5, 133.3, 131.2, 129.3, 127.8,
126.1, 123.7, 123.0, 122.7, 120.0, 119.3, 114.1,7,1108.2, 106.6, 24.5 ppwilS (70 eV,
El); m/z (%): 272 (100, M, 270 (10), 167 (10), 136 (10), 117 (38), 77 Bkemental
analysis(%) for GgH1gN2 calcd: C 83.79, H 5.92, N 10.29; found: C 83.64.88, N 10.10.

HN\
\

1d: 2-isopropyl-5-phenyl-H-pyrrole: Cat. Il (0.3 mL, 0.003 mmol, 0.01 M in THF), 1-
phenylethanol (2.4 mL, 20.0 mmol), 2-amino-3-metbytan-1-ol (1.03 g, 10.0 mmol),
10 mL THF, KGBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatidoy column
chromatography 100:230:1 pentane:ED; Yield: 1.64 g = 8.9 mmol = 89% as colorless oil.
'H NMR (300 MHz, CDBCl,): & = 8.23 (s_br, 1H), 7.47-7.43 (m, 2H), 7.38-7.31, @Hl),
7.20-7.14 (m, 1H), 6.42-6.38 (m, 1H), 5.98- 5.94 {#H), 3.06-2.90 (m, 1H), 1.30 (4= 6.7
Hz, 6H) ppm:*C NMR (75 MHz, CQCl,): & = 141.0, 133.6, 130.7, 129.4, 126.1, 123.8,
106.4, 105.5, 27.8, 23.1 ppMS (70 eV, EIl); m/z (%): 185 (28, M, 170 (100), 153 (5), 115
(8), 77 (5).Elemental analysis(%) for GsHisN calcd: C 84.28, H 8.16, N 7.56; found: C
84.46, H 8.23, N 7.64.
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HN\
NS

le: 2-sec-butyl-5-phenyl-H-pyrrole: Cat. 1l (0.5 mL, 0.005 mmol, 0.01 M in THF), 1-
phenyl-ethanol (2.4 mL, 20.0 mmol), 2-amino-3-mégpgntan-1-ol (1.17 g, 10.0 mmol),
10 mL THF, KQBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatidoy column
chromatography 60:230:1 pentane:ED; Yield: 1.84 g = 7.9 mmol = 79% as colorless oil.
'H NMR (300 MHz, CRCL,): & = 8.39-8.00 (s_br, 1H), 7.47-7.43 (m, 2H), 7.3817(m,
2H), 7.20-7.13 (m, 1H), 6.43-6.39 (m, 1H), 5.98%(tn, 1H), 2.79-2.66 (m, 1H), 1.72- 1.56
(m, 2H), 1.30-1.27 (m, 3H), 0.96-0.89 (m, 3H) pp@.NMR (75 MHz, CDCl,): & = 139.9,
133.6, 130.5, 129.3, 126.1, 123.7, 106.4, 106.2,3.8, 20.5, 12.2 ppnMS (70 eV, El);
m/z (%): 199 (22, M), 184 (8), 170 (100), 168 (10), 115 (6), 77 Eemental analysis(%)
for C;4H17N calcd C 84.37, H 8.60, N 7.03; found: C 84.6.89, N 7.22.

HN\

1f: 2-isobutyl-5-phenyl-1H-pyrrole: Cat. 1l (1.0 mL, 0.01 mmol, 0.01 M in THF), 1-
phenyl-ethanol (2.4 mL, 20.0 mmol), 2-amino-4-méghgntan-1-ol (1.28 mL, 10.0 mmol),
10 mL THF, KQBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatiday column
chromatography 60:220:1 pentane:ED; Yield: 1.39 g = 6.9 mmol = 69% as colorless oil.
'H NMR (300 MHz, CBCl,): & = 8.19 (s_br, 1H), 7.47-7.42 (m, 2H), 7.38-7.31, @Hl),
7.19-7.13 (m, 1H), 6.43-6.39 (m, 1H), 5.96-5.93 {H), 2.50 (dJ = 7.0 Hz), 1.97-1.82 (m,
1H), 0.96 (d,J = 6.7 Hz, 6H) ppm**C NMR (75 MHz, CDCl,): & = 133.9, 133.6, 130.7,
129.4, 126.0, 123.6, 108.5, 106.6, 37.8, 29.8, ppm.MS (70 eV, EI); m/z (%): 199 (18,
M™), 156 (100), 115 (5), 77 (SElemental analysis(%) for G4H1/N calcd C 84.37, H 8.60,
N 7.03; found: C 84.46, H 8.50, N 7.00.
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19: 2,5-diphenyl-H-pyrrole: Cat. Il (2.0 mL, 0.02 mmol, 0.01 M in THF), 1-phenylethanol
(2.4 mL, 20.0 mmol), 2-amino-2-phenyl-ethanol (14710.0 mmol), 10 mL THF, KBu
(1.24 g, 11.0 mmol), 24 h at 90 °C. Purification bglumn chromatography 1635:1
hexane:EO; Yield: 1.88 g = 8.6 mmol = 86% as colorless dgofH NMR (300 MHz,
CD.Cly): 6 = 8.72 (s_br, 1H), 7.58-7.54 (m, 4H), 7.47-7.35 4H), 7.31-7.18 (m, 2H), 6.59
(d, J = 2.6 Hz, 2H) ppm™*C NMR (75 MHz, CDCl,): § = 133.0, 129.5, 127.3, 127.0, 124.2,
108.4 ppmMS (70 eV, EI); m/z (%): 219 (100, W, 216 (14), 114 (24), 109 (12), 77 (4).
Elemental analysis(%) for GgH13N calcd: C 87.64, H 5.98, N 6.39; found: C 87.2% .56,

N 6.59.

1h: 2-benzyl-5-phenyl-H-pyrrole: Cat. Il (0.5 mL, 0.005 mmol, 0.01 M in THF), 1-
phenyl-ethanol (2.4 mL, 20.0 mmol), 2-amino-3-pHemppan-1-ol (1.51 g, 10.0 mmol),
10 mL THF, KQBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatiday column
chromatography 40:25:1 pentane:gO; Yield: 1.84 g = 7.9 mmol = 79% as colorlessdoli
'H NMR (300 MHz, CBCl,): & = 8.18 (s_br, 1H), 7.42-7.39 (m, 2H), 7.35-7.3Q &Hl),
7.29-7.22 (m, 3H), 7.19-7.12 (m, 1H), 6.44-6.41 (iH), 6.03-6.00 (m, 1H), 4.02 (s, 2H)
ppm. °C NMR (75 MHz, CDQCl): & = 140.2, 133.4, 132.9, 129.3, 129.2, 129.1, 127.0,
126.3, 123.8, 109.0, 106.6, 34.7 ppgviS (70 eV, EI); m/z (%): 233 (84, M, 156 (100), 128
(15), 115 (8), 77 (6).Elemental analysis(%) for G;HisN calcd: C 87.52, H 6.48, N 6.00;
found:C 87.62, H 6.21, N 6.02.

Supplementary Table S10Reaction of 2-amino-3-phenyl-propan-1-ol withigas secondary alcohols

OH

, Ho Cat. Il
- HN
R NH, 1.1 eq. KO!Bu, 24h, 90°C \\
R= aryl, alkyl R
[mol% Cat. I1] Product Yield®
1i 0.03 84%
HN \
=
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1]

1k

1l

Im

1n

lo

1p

1q

0.03

HN \
~
0.03 HN—
~
0.05 HN {
NS
0.1
HN \
X ~
0.1
HN N
~
HN \

0.05 ~
o ‘

0.05 O NS
Cl

0.2 l ~
Br
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1r 0.2 @/&j@ 78%

SV
AN

Fe

N

/

s

1s 0.5

HN
\
NN
HN
oL
\
1t 0.5 HN 57%
s \
NN
\ /
HN \
NN
0
N
[ o
N
~

42%

1u 0.1 Wd_G 70%

J
H

AN

1lv 0.1 55%

[a] Isolated yield

1i: 2-benzyl-5-methyl-H-pyrrole: Cat. Il (0.3 mL, 0.003 mmol, 0.01 M in THF), propan-2-
ol (3.06 mL, 40.0 mmol), 2-amino-3-phenyl-propam1¢1.51 g, 10.0 mmol), 10 mL THF,
KOtBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatitmy column chromatography
60:1>20:1 pentane:EO; Yield: 1.43 g = 8.4 mmol = 85% as colorless 4. NMR (300
MHz, CD:Cl,): & = 7.59 (s_br, 1H), 7.34-7.27 (m, 2H), 7.25-7.19 &), 5.79 (tJ = 2.9 Hz,
1H), 5.74-5.70 (m, 1H), 3.90(s, 2H), 2.18 (s, 3P **C NMR (75 MHz, CDCly): & =
140.9, 129.8, 129.0, 127.4, 126.8, 106.9, 106.27,343.2 ppmMS (70 eV, El); m/z (%):
171 (100, M), 156 (72), 154 (18), 128 (8), 94 (100), 77 (Blemental analysis(%) for
Ci2H13N caled: C 84.17, H 7.65, N 8.18; found: C 84.207.8B6, N 8.42.
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HN\
~

1j: 2-benzyl-5-butyl-1H-pyrrole: Cat. Il (0.3 mL, 0.003 mmol, 0.01 M in THF), hexan-2-ol
(2.52 mL, 20.0 mmol), 2-amino-3-phenyl-propan-1{@l51 g, 10.0 mmol), 10 mL THF,
KOtBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatitmy column chromatography
40:1>30:1 pentane:E0; Yield: 1.62 g = 7.6 mmol = 76% as colorless ti. NMR (300
MHz, CD,Cl,): 6 = 7.61 (s_br, 1H), 7.36-7.28 (m, 2H), 7.27-7.19 8id), 5.83-5.79 (m, 1H),
5.78-5.75 (m, 1H), 3.92 (s, 2H), 2.55-2.49 (m, 2HKO-1.52 (m, 2H), 1.42-1.32 (m, 2H),
0.92 (t,J = 7.3 Hz, 3H) ppm**C NMR (75 MHz, C}CL,): & = 140.9, 132.7, 129.5, 129.1,
129.0, 126.7, 106.8, 105.2, 34.7, 32.5, 27.9, 2BA®@ ppmMS (70 eV, El); m/z (%): 213
(60, M"), 198 (20), 184 (100), 170 (35), 155 (10), 128 &) (4), 77 (6)Elemental analysis
(%) for CisH1gN calcd: C 84.46, H 8.98, N 6.57; found: C 84.19.B8 N 6.52.

HN\
~

1k: 2-benzyl-5-hexyl-H-pyrrole: Cat. Il (0.3 mL, 0.003 mmol, 0.01 M in THF), octan-2-ol
(3.1 mL, 20.0 mmol), 2-amino-3-phenyl-propan-1-d.50 g, 10.0 mmol), 10 mL THF,
KOtBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatitmy column chromatography
20:1>10:1 pentane:EO; Yield: 2.34 g = 9.7 mmol = 97% as colorless 4. NMR (300
MHz, CD:Cl,): & = 7.60 (s_br, 1H), 7.34-7.25 (m, 2H), 7.25-7.17 8id), 5.83-5.77 (m, 1H),
5.76-5.71 (m, 1H), 3.90 (s, 2H), 2.52-2.47 (m, 2HR9-1.52 (m, 2H), 1.33-1.28 (m, 6H),
0.90-0.87 (m, 3H) ppn°C NMR (75 MHz, C3Cl,): 6 = 140.9, 132.8, 129.5, 129.1, 126.7,
107.5, 106.8, 105.2, 34.7, 32.2, 30.3, 29.6, 2833, 14.4 ppmMS (70 eV, El); m/z (%):
241 (18, M), 170 (100), 167 (4), 93 (4), 91 (7), 80 (B)emental analysis(%) for G7Hz3N
calcd: C 84.59, H 9.60, N 5.80; found: C 84.28,.B69N 5.74.

HN\
NS
1l: 2-benzyl-5-nonyl-H-pyrrole: Cat. Il (0.5 mL, 0.005 mmol, 0.01 M in THF), undecan-2-
ol (4.16 mL, 20.0 mmol), 2-amino-3-phenyl-propam1¢1.51 g, 10.0 mmol), 10 mL THF,
KOtBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatitmy column chromatography
60:1>40:1 pentane:ED; Yield: 2.09 g = 7.4 mmol = 74% as colorless &il. NMR (300
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MHz, CD,Cl,): & = 7.60 (s_br, 1H), 7.34-7.26 (m, 2H), 7.25-7.17 8id), 5.81-5.77 (m, 1H),
5.76-5.73 (m, 1H), 3.91 (s, 2H), 2.52-2.47 (m, 2H§9-1.52(m, 2H), 1.32-1.27 (m, 12H),
0.92-0.87 (m, 3H) ppnt°C NMR (75 MHz, C}Cl,): 6 = 140.9, 132.8, 129.5, 129.1, 129.0,
126.7, 106.7, 105.2, 34.7, 32.5, 30.4, 30.1, 38000, 29.9, 28.3, 23.3, 14.5 ppMS (70 eV,
El); m/z (%): 283 (21, M), 184 (8), 170 (100), 156 (3), 106 (4), 91 (8), (8} Elemental
analysis (%) for GoH2oN calcd: C 84.75, H 10.31, N 4.94; found: C 84183,0.52, N 6.69.

HN\
X =~

1m: 2-benzyl-5-(4-methyl-pent-3-enyl)-H-pyrrole: Cat. Il (1.0 mL, 0.01 mmol, 0.01 M in
THF), 6-methyl-hept-5-en-2-ol (3.04 mL, 20.0 mmd&)amino-3-phenyl-propan-1-ol (1.51 g,
10.0 mmol), 10 mL THF, K@Bu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatlmncolumn
chromatography 70:240:1 pentane:ED; Yield: 1.84g = 7.7 mmol = 77% as colorless oil.
'H NMR (300 MHz, CBCl,): & = 7.64 (s_br, 1H), 7.34-7.27 (m, 2H), 7.25-7.17 @Hl),
5.81-5.78 (m, 1H), 5.77-5.73 (m, 1H), 5.20-5.10 (rHl), 3.90 (s, 2H), 2.53 (i = 7.3 Hz,
2H), 2.23 (qJ = 7.3 Hz, 2H), 1.66 (d] = 1.2 Hz, 3H), 1.54 (s, 3H) ppri’C NMR (75 MHz,
CD.Cl,): 8 = 140.9, 133.0, 132.5, 129.7, 129.1, 129.0, 12K28,4, 106.7, 105.4, 34.7, 28.9,
28.3, 26.0, 17.9 ppnMS (70 eV, EI); m/z (%): 239 (100, N| 224 (44), 184 (6), 170 (20),
148 (48), 133 (8), 94 (8), 91 (3Z&lemental analysis(%) for G7H.:N calcd: C 85.30, H
8.84, N 5.85; found: C 85.65, H 9.13, N 5.69.

HN\
=

1n: 2-benzyl-5-isopropyl-H-pyrrole: Cat. 1l (1.0 mL, 0.01 mmol, 0.01 M in THF), 3-
methyl-butan-2-ol (2.15 mL, 20.0 mmol), 2-amino43epyl-propan-1-ol (1.51 g, 10.0 mmol),
10 mL THF, KQBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatidoy column
chromatography 60:230:1 pentane:ED; Yield: 1.45 g = 7.3 mmol = 73% as colorless oil.
'H NMR (300 MHz, CDBCl,): 8 = 7.66 (s_br, 1H), 7.36-7.29 (m, 2H), 7.26-7.2Q @Hl),
5.82-5.75 (m, 2H), 3.93 (s, 2H), 2.91-2.77 (m, 1HP1 (d,J = 7.0 Hz, 6H) ppnt’C NMR
(75 MHz, CQCly): 6 = 140.9, 138.8, 129.5, 129.1, 129.0, 126.7, 10808.3, 34.7, 27.6,
23.1 ppm.MS (70 eV, El); m/z (%): 199 (52, M, 184 (100), 106 (16), 91 (26Elemental
analysis (%) for G4H17N calcd: C 84.37, H 8.60, N 7.03; found: C 84.16.B9, N 7.05.
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lo: 2-benzyl-5-(4-methoxy-phenyl)-H-pyrrole: Cat. II (0.5 mL, 0.005 mmol, 0.01 M in
THF), 1-(4-methoxy-phenyl)-ethanol (2.82 mL, 20.thol), 2-amino-3-phenyl-propan-1-ol
(12.51 g, 10.0 mmol), 10 mL THF, KBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatlopn
column chromatography 2035:1 pentane:RO; Yield: 2.22 g = 8.4 mmol = 84% as
colorless solid*H NMR (300 MHz, CDRCl,): & = 8.07 (s_br, 1H), 7.36-7.29 (m, 4H), 7.28-
7.19 (m, 3H), 6.90-6.85 (m, 2H), 6.31-6.26, (m, 16{P0-5.95 (m, 1H), 4.00 (s, 2H), 3.79 (s,
3H) ppm.**C NMR (75 MHz, CQCl): & = 158.6, 140.3, 132.1, 131.8, 129.1, 126.9, 126.4,
125.2, 114.7, 108.8, 105.4, 105.3, 55.8, 34.7 pd®.(70 eV, EI); m/z (%): 263 (100, W

248 (31), 219 (5), 186 (38), 143 (10), 102 (8),(8). Elemental analysis(%) for GgH;7NO
calcd: C 82.10, H 6.51, N 5.32; found: C 81.92,.6/6 N 5.01.

1p: 2-benzyl-5-(4-chloro-phenyl)-H-pyrrole: Cat. Il (0.5 mL, 0.005 mmol, 0.01 M in
THF), 1-(4-chloro-phenyl)-ethanol (2.67 mL, 20.0 ollp 2-amino-3-phenyl-propan-1-ol
(1.51 g, 10.0 mmol), 10 mL THF, KBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatlopn
column chromatography 40345:1 pentane:RO; Yield: 2.02 g = 7.5 mmol = 75% as
colorless solid*H NMR (300 MHz, CDRCl,): & = 8.14 (s_br, 1H), 7.37-7.20 (m, 9H), 6.44-
6.40 (m, 1H), 6.06-5.98 (m, 1H), 4.01 (s, 1H) ppr& NMR (75 MHz, CCl,): & = 140.0,
133.4, 131.9, 131.5, 130.6, 129.4, 129.2, 129.7,0225.0, 109.2, 107.2, 34.7 ppMiS (70
eV, El); m/z (%): 267 (100, K), 230 (5), 192 (22), 190 (82), 154 (18), 127 (1D1 (8), 77
(8). Elemental analysis(%) for G7H14CIN calcd: C 76.26, H 5.27, N 5.23; found: C 76.B6,
5.43, N5.21.
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19: 2-benzyl-5-(4-bromo-phenyl)-H-pyrrole: Cat. 1l (2.0 mL, 0.02 mmol, 0.01 M in
THF), 1-(4-bromo-phenyl)-ethanol (4.0 g, 20.0 mmd@)amino-3-phenyl-propan-1-ol (1.51
g, 10.0 mmol), 10 mL THF, KBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatiby
column chromatography 3035:1 pentane:EO; Yield: 2.35 g = 7.5 mmol = 75% as
colorless solid'H NMR (300 MHz, CDCly): & = 8.15 (s_br, 1H), 7.49-7.40 (m, 2H), 7.36-
7.21 (m, 7H), 6.47-6.38 (m, 1H), 6.05-5.99 (m, 1#)0 (s, 2H) ppm**C NMR (75 MHz,
CD.Cl,): 6 = 140.0, 133.5, 132.3, 130.6, 129.2, 129.1, 1272%.3, 123.8, 119.5, 109.3,
107.3, 34.7 ppmMS (70 eV, El); m/z (%): 311 (100), 234 (95), 202 1064 (77), 115 (27),
102 (22), 77 (17)Elemental analysis(%) for G/Hi14BrN calcd: C 65.40, H 4.52, N 4.49;
found C 65.54, H 4.60, N 4.52.

ARV

1r: 2-benzyl-5-ferrocenyl-1H-pyrrole: Cat. II (2.0 mL, 0.02 mmol, 0.01 M in THF), 1-
ferrocenyl-ethanol (4.6 g, 20.0 mmol) 2-amino-34pfigropan-1-ol (1.51 g, 10.0 mmol),
10 mL THF, KQBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatiday column
chromatography 40:220:1 pentane:ED; Yield: 2.67 g = 7.8 mmol = 78% deep red solid.
'H NMR (300 MHz, CBCl,): & = 7.84 (s_br, 1H), 7.37-7.31 (m, 2H), 7.27-7.21, GHl),
6.10-6.07 (m, 1H), 5.90-5.87 (m, 1H), 4.40- 4.39 @H), 4.20-4.19 (m, 2H), 4.02 (s, 5H),
3.98 (s_br, 2H) ppnC NMR (75 MHz, CQCl,): § = 140.6, 130.8, 129.5, 129.1, 129.0,
126.9, 108.1, 105.7, 80.0, 69.7, 68.3, 65.5, 34/®.pMS (70 eV, El); m/z (%): 341 (100,
M™), 275 (18), 250 (27), 218 (9), 171 (9), 121 () ,(5), 77 (3)Elemental analysis(%) for
CoiHigFeN caled: C 73.92, H 5.61, N 4.10; found: C 74H1%.77, N 4.04

o HN\\

\
1s: 2-benzyl-5-furan-2-yl-H-pyrrole: Cat. Il (5.0 mL, 0.05 mmol, 0.01 M in THF), 1-
furan-2-yl-ethanol (2.1 mL, 20.0 mmol), 2-amino-Bemyl-propan-1-ol (1.51 g, 10.0 mmol),
10 mL THF, KQBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatiday column
chromatography 20:215:1 pentane:ED; Yield: 930 mg = 4.2 mmol = 42% as yellow oil.

'H NMR (300 MHz, CBCly): & = 8.25 (s_br, 1H), 7.37-7.32 (m, 2H), 7.29-7.22 GHI),
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6.43 (dd,J = 3.4, 1.9 Hz, 1H), 6.36- 6.33 (m, 1H), 6.30 (dd&; 3.4, 0.7 Hz, 1H), 6.03-5.99
(m, 1H), 4.00 (s, 2H) ppm3C NMR (75 MHz, CQCly): & = 149.0, 140.6, 140.1, 132.3,
129.2, 129.1, 127.0, 123.8, 112.0, 108.6, 106.2,11B4.5 ppmMS (70 eV, El); m/z (%):
223 (100, M), 146 (100), 117 (7), 91 (14), 77 (Blemental analysis(%) for GsH1sNO
calcd: C 80.69, H 5.87, N 6.27; found: C 80.60,.845N 6.55

HN
S A )

\ /)
1t: 2-benzyl-5-thiophen-2-yl-H-pyrrole: Cat. Il (5.0 mL, 0.05 mmol, 0.01 M in THF), 1-
thiophen-2-yl-ethanol (2.56 mL, 20.0 mmol), 2-amBwphenyl-propan-1-ol (1.51 g,
10.0 mmol), 10 mL THF, K@Bu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatlmncolumn
chromatography 20:215:1 pentane:ED; Yield: 1.36 g = 5.7 mmol = 57% as colorless
solid. 'H NMR (300 MHz, CBCl,): & = 8.06 (s_br, 1H), 7.36-7.29 (m, 2H), 7.28-7.2Q (m
3H), 7.11 (dd,) = 5.1, 1.3 Hz, 1H), 7.00-6.94 (m, 2H), 6.31-6.88 (H), 5.99-5.96 (m, 1H),
3.99 (s, 2H) ppmt*C NMR (75 MHz, CQCl,): & = 140.0, 137.0, 132.6, 129.2, 129.1, 128.1,
127.0, 126.4, 122.7, 120.7, 108.9, 107.3, 34.6 pg&(70 eV, EI); m/z (%): 239 (89, W,
204 (6), 162 (100), 102 (6), 91 (Blemental analysis(%) for GsH13NS calcd: C 75.28, H
5.47, N 5.85; found: C 75.06, H 5.50, N 5.90.

HN
\
A

OH
1u: 4-(5-benzyl-H-pyrrol-2-yl)-butan-2-ol: Cat. II (1.0 mL, 0.01 mmol, 0.01 M in THF),
hexane-2,5-diol (2.36 g, 20.0 mmol), 2-amino-3-ptgmopan-1-ol (1.51 g, 10.0 mmol),
10 mL THF, KQBu (1.24 g, 10.0 mmol), 24 h at 90 °C. Purificatidoy column
chromatography 2:21:1 pentane:E0©; Yield: 1.60 g = 7.0 mmol = 70% as yellow diH
NMR (300 MHz, CRCly): & = 7.95 (br_s, 1H), 7.34-7.27 (m, 2H), 7.26-7.17 8H), 5.81-
5.74 (m, 2H), 3.90 (s, 2H), 3.83-3.73 (m, 1H), 2(8, J = 7.7, 2.5 Hz, 1H), 1.71-1.65 (m,
2H), 1.59 (br_s, 1H), 1.18 (d,= 6.4 Hz, 3H) ppm**C NMR (75 MHz, C}Cl,): 6 = 140.9,
132.0, 129.9, 129.1, 129.0, 126.7, 106.7, 105.4,,6®.4, 34.7, 24.6, 24.0 ppMS (70 eV,
El); m/z (%): 229 (56, M), 184 (100), 170 (75), 156 (6), 128 (5), 106 (H),(30), 80 (14),
65 (18).Elemental analysis(%) for GsHigNO calcd: C 78.56, H 8.35, N 6.11; found: C
78.78, H 8.64, N 5.89.
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N
[ o

1lv: 2,2-dimethyl-5-phenyl-H-pyrrole: Cat. 1l (1.0 mL, 0.01 mmol, 0.01 M in THF), 1-
phenylethanol (2.4 mL, 20.0 mmol), 2-amino-2-metpgdpan-1-ol (1.1 mL, 10.0 mmol),
10 mL THF, KQBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatiday column
chromatography 40:22:1 pentane:EO; Yield: 0.94 g = 5.5 mmol = 55% as colorless oil.
'H NMR (300 MHz, CDCly): 6 = 7.91-7.97 (m, 2H), 7.48-7.43 (m, 3H), 7.41Jd 5.0 Hz,
1H), 6.79 (dJ = 5.0 Hz, 1H), 1.38 (s, 6H) ppr’C NMR (75 MHz, CDCl,): 5 = 169.6,
153.0, 135.0, 130.6, 129.1, 128.1, 123.3, 80.0; PBm.MS (70 eV, EIl); m/z (%): 171 (81,
M™), 170 (100), 156 (37), 129 (12), 104 (18), 77 (Elgmental analysis(%) for CioH1aN
calcd: C 84.17, H 7.65, N 8.18; found: C 84.03,.887 N 8.61.

Supplementary Table S11 Reaction of 2-amino-3-phenyl-propan-1-ol with ieas secondary alcohols and

cyclic alcohols

H
OH . N g~
H.N. R
/\<H7H 2 Cat. I Rm/
* 1.1 eq KOtBu, 24h, 90° C g

[mol%Cat. 1] Product Yield®

H
N
2a 0.5 /\§\j/\© 66%
LK
N
2b 01 W O 63%

H
N
2c 0.5 \_/ 52%
H
N
2d 0.5 \_/ \ 56%

Iz
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H
N
2e 0.1 Oj/ 78%
H
N
of 0.05 C}\j/\ 88%
H
N
29 0.03 Oj/k 84%
H
N
2h 0.03 Of/ 79%
H
N
2i 0.05 Om 80%
H
N
7 0.1 O\m 51%
H
N
2k 0.05 @\m 7%
2| 0.1 37%

2T

[a] Isolated yield

H
N
T

2a: 5-benzyl-3-methyl-2-phenyl-H-pyrrole: Cat. 1l (0.5 mL, 0.005 mmol, 0.01 M in
THF), 1-phenyl-propan-1-ol (2.74 mL, 20.0 mmol)a&ino-3-phenyl-propan-1-ol (1.51 g,
10.0 mmol), 10 mL THF, K@Bu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatlmncolumn
chromatography 60:220:1 hexane:gO; Yield: 1.55 g = 6.2 mmol = 63% as colorlessdoli
'H NMR (300 MHz, CRCl,): & = 7.86 (s_br, 1H), 7.40-7.16 (m, 10H), 5.89.0d; 2.9 Hz,
1H), 3.97 (s, 2H), 2.23 (s, 3H) ppiC NMR (75 MHz, CDCl,): & = 140.3, 134.3, 131.3,
129.2,129.1, 127.7, 127.0, 126.3, 126.0, 116.9,31134.6, 12.9 ppnMS (70 eV, El); m/z
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(%): 247 (100, M), 232 (47), 170 (83), 128 (6), 115 (11), 77 @emental analysis(%) for
CigH17N calcd: C 87.41, H 6.93, N 5.66; found: C 87.317.81, N 6.03.

\H/ O

2b: 5-benzyl-2-ethyl-3-methyl-H-pyrrole: Cat. 1l (0.5 mL, 0.005 mmol, 0.01 M in THF),
pentan-3-ol (2.16 mL, 20.0 mmol), 2-amino-3-phepgdpan-1-ol (1.51 g, 10.0 mmol),
10 mL THF, KQBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatidoy column
chromatography 30:1 hexanei@t Yield: 1.31 g = 6.6 mmol = 66% as colorless 4.
NMR (300 MHz, CDCl,): & = 7.44 (s_br, 1H), 7.35-7.27 (m, 2H), 7.26-7.17 @H), 5.67
(d,J = 2.6 Hz, 1H), 3.87 (s, 2H), 2.50 (@~ 7.6 Hz, 2H), 1.97 (s, 3H), 1.12 &= 7.6 Hz,
3H) ppm.**C NMR (75 MHz, CQCl,): & = 129.1, 129.0, 128.3, 126.7, 113.6, 108.8, 34.7,
19.4, 14.9, 11.0 ppnMS (70 eV, El); m/z (%): 199 (82, N, 184 (100), 169 (25), 107 (9),
91 (25), 77 (8)Elemental analysis(%) for G4H17N calcd: C 84.37, H 8.60, N 7.03; found: C
84.18, H8.74,N 7.14

ZT

./

2c: 5-benzyl-2-butyl-3-propyl-1H-pyrrole: Cat. 1l (0.5 mL, 0.005 mmol, 0.01 M in THF),
nonan-5-ol (3.49 mL, 20.0 mmol), 2-amino-3-phensdgan-1-ol (1.51 g, 10.0 mmol), 10 mL
THF, KOtBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatioy column chromatography
60:1 pentane:EO; Yield: 1.33 g = 5.2 mmol = 52% as colorless . NMR (300 MHz,
CD,Cl,): & = 7.41 (s_br, 1H), 7.34-7.26 (m, 2H), 7.25-7.14 8H), 5.69 (d,J = 2.9 Hz, 1H),
3.88 (s, 2H), 2.49-2.43 (m, 2H), 2.33- 2.28 (m, 2Hp2-1.44 (m, 4H), 1.36-1.29 (m, 2H),
0.95-0.89 (m, 6H) ppn°C NMR (75 MHz, C3Cl,): 6 = 141.0, 129.1, 129.0, 128.4, 127.9,
126.7, 119.7, 107.4, 34.7, 33.3, 28.6, 25.9, 25331, 14.5, 14.3 ppmMS (70 eV, El); m/z
(%): 255 (31, M), 226 (9), 212 (100), 184 (12), 91 (16) ppEtemental analysis(%) for
CigH2sN caled: C 84.65, H 9.87, N 5.48; found: C 84.3310411, N 5.29.

H
N
T
N
H

2d:  2-(1H-indol-3-ylmethyl)- 1,5,6,7,8,9-hexahydro-cyclohep{b]pyrrole: Cat. Il
(5.0 mL, 0.05 mmol, 0.01 M in THF), cycloheptan@l4 mL, 20.0 mmol), 2-amino-3-(1H-
indol-3-yl)-propan-1-ol (1.90 g, 10.0 mmol), 10 nMiiHF, KOtBu (1.24 g, 11.0 mmol), 24 h

154



6. A sustainable catalytic pyrrole synthesis

at 90 °C. Purification by column chromatography1i2:1 pentane:EO; Yield: 1.49 g =
5.6 mmol = 56 % as colorless solftf NMR (300 MHz, CDCl,): & = 8.07 (s_br, 1H), 7.59-
7.53 (m, 1H), 7.46 (s_br, 1H), 7.40-7.36 (m, 1HP377.16 (m, 1H), 7.12-7.06 (m, 1H), 7.06-
7.03 (m, 1H), 5.74 (dJ = 2.9 Hz, 1H), 4.01 (s, 2H), 2.56-2.50 (M, 4HB1:1.74 (m, 2H),
1.67-1.60 (m, 4H) ppnt>C NMR (75 MHz, CDCly): & = 137.0, 129.3, 127.9, 127.0, 122.8,
122.5, 121.7, 119.8, 119.4, 114.8, 111.7, 108.%,330.1, 29.6, 29.0, 28.8, 24.0 ppktS
(70 eV, El); m/z (%): 264 (100, N, 263 (85), 235 (15), 221 (32), 148 (51), 130 (16)6
(23), 104 (22), 90 (6), 77 (8clemental analysis(%) for GgH2oN» calcd: C 81.78, H 7.63, N
10.60; found: C 82.12, H 7.95, N 10.49.

H
N
o

2e: 2-methyl-1,5,6,7,8,9-hexahydro-cycloheptajpyrrole: Cat. 1l (1.0 mL, 0.01 mmol,
0.01 M in THF), cycloheptanol (2.4 mL, 20.0 mmol2-amino-propan-1-ol (797 uL,
10.0 mmol), 10 mL THF, K@Bu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatlmncolumn
chromatography 20:1 hexane:@t Yield: 1.16 g = 7.8 mmol = 78% as colorless .
NMR (300 MHz, CRCly): & = 7.42 (s_br, 1H), 5.57 (d,= 2.93 Hz, 1H), 2.63-2.58 (m, 2H),
2.51-2.47 (m, 2H), 2.16 (s, 3H), 1.83-1.76 (m, 2HE9-1.62 (m, 4H) ppm>C NMR (75
MHz, CD,Cl,): 8 = 129.1, 123.3, 121.8, 108.5, 32.7, 30.2, 29.6),28B3.0 ppmMS (70 eV,
El); m/z (%): 149 (88, M), 148 (100), 134 (15), 120 (40), 107 (32), 94 () (11), 77 (8).
Elemental analysis(%) for GoHisN calcd: C 80.48, H 10.13, N 9.39; found: C 80.B5,

10.30, N 9.65.
H
N
eia

2f. 2-ethyl-1,5,6,7,8,9-hexahydro-cyclohepta]pyrrole: Cat. Il (0.5 mL, 0.005 mmol, 0.01
M in THF), cycloheptanol (2.4 mL, 20.0 mmol), 2-ammibutan-1-ol (960 pL, 10.0 mmol),
10 mL THF, KQBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatiday column
chromatography 40:220:1 pentane:ED; Yield: 1.44 g = 8.8 mmol = 88% as yellow di
NMR (300 MHz, CDBCl,): 6 = 7.45 (s_br, 1H), 5.58 (d,= 2.9 Hz, 1H), 2.63-2.59 (m, 2H),
2.55-2.47 (m, 4H), 1.81-1.75 (m, 2H), 1.68-1.61 @H), 1.18 (t,J = 7.6 Hz, 3H) ppm™C
NMR (75 MHz, CQCly): 6 = 130.1, 128.9, 121.6, 106.9, 32.6, 30.2, 29.60,288.9, 21.2,
14.3 ppm.MS (70 eV, El); m/z (%): 163 (50, M, 148 (100), 134 (26), 106 (10), 77 (8).
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Elemental analysis(%) for GjHi7N calcd: C 80.93, H 10.50, N 8.58; found: C 80.50,
10.87, N 8.83.
N
\
29: 2-isopropyl-1,5,6,7,8,9-hexahydro-cyclohepta]pyrrole: Cat. Il (0.3 mL, 0.003 mmol,
0.01 M in THF), cycloheptanol (2.4 mL, 20.0 mmd&}amino-3-methyl-butan-1-ol (1.1 mL,
10.0 mmol), 10 mL THF, K@Bu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatlmncolumn
chromatography 60240:1 pentane:E0; Yield: 1.49 g = 8.4 mmol = 84% as yellow di
NMR (300 MHz, CDBCl,): 6 = 7.47 (s_br, 1H), 5.63-5.54 (d= 2.9 Hz, 1H), 2.90-2.72 (m,
1H), 2.64-2.58 (m, 2H), 2.52-2.46 (m, 2H), 1.8341(/h, 2H), 1.70-1.61 (m, 4H), 1.20 {t=
6.7 Hz, 3H) ppmX»*C NMR (75 MHz, CCl,): & = 134.8, 128.7, 121.3, 105.6, 32.6, 30.1,
29.6, 29.0, 28.9, 27.4, 23.2 ppMS (70 eV, El); m/z (%): 177 (15, N, 162 (100), 106 (5),
77 (6).Elemental analysis(%) for G2H;1oN calcd: C 81.30, H 10.80, N 7.90; found: C 81.40,
H11.14, N 7.84.

N

\

2h: 2-sec-butyl-1,5,6,7,8,9-hexahydro-cycloheptapyrrole: Cat. 1l (0.3 mL, 0.003 mmol,
0.01 M in THF), cycloheptanol (2.4 mL, 20.0 mmd&}amino-3-methyl-pentan-1-ol (1.17 g,
10.0 mmol), 10 mL THF, K@u (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatlmncolumn
chromatography 60:240:1 pentane:ED; Yield: 1.52 g = 7.9 mmol = 79 % as colorless oll
'H NMR (300 MHz, CDCly): & = 7.43 (s_br, 1H), 5.57 (d,= 2.9 Hz, 1H), 2.63-2.58 (m,
2H), 2.58-2.45 (m, 3H), 1.82-1.73 (m, 2H), 1.6911(f, 4H), 1.59-1.41 (m, 2H), 1.17 @5
6.7 Hz, 3H), 0.89 (t) = 7.5 Hz, 3H) ppm>*C NMR (75 MHz, CQCl,): = 133.7, 128.6,
121.2, 106.2, 34.6, 32.6, 30.8, 30.1, 29.7, 29819,220.5, 12.3 ppnMS (70 eV, EIl); m/z
(%): 191 (10, M), 176 (7), 162 (100), 132 (4), 106 (3) 77 (B)emental analysis(%) for
Ci3H2iN caled: C 81.61, H 11.06, N 7.32; found: C 81H4,1.19, N 7.32.

N
30

2i: 2-benzyl-1,5,6,7,8,9-hexahydro-cyclohepth]pyrrole: Cat. 1l (0.5 mL, 0.005 mmol,
0.01 M in THF), cycloheptanol (2.4 mL, 20.0 mmd&}amino-3-phenyl-propan-1-ol (1.51 g,
10.0 mmol), 10 mL THF, K@u (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatlmncolumn

156



6. A sustainable catalytic pyrrole synthesis

chromatography 30:210:1 pentane:ED; Yield: 1.82 g = 8.0 mmol = 80% as colorless oil.
'H NMR (300 MHz, CBCl,): & = 7.40 (s_br, 1H), 7.34-7.27 (m, 2H), 7.26-7.17 @Hl),
5.65 (d,J = 2.9 Hz, 1H), 3.84 (s, 2H), 2.59-2.54 (m, 2HB122.47 (m, 2H), 1.79-1.74 (m,
2H), 1.67-1.61 (m, 4H) ppiiC NMR (75 MHz, CQCly): & = 141.0, 129.9, 129.1, 129.0,
126.8, 126.7, 121.8, 108.9, 34.6, 32.6, 30.1, 2286, 28.8 ppmMS (70 eV, El); m/z (%):
225 (100, M), 196 (28), 148 (20), 134 (30), 91 (40), 77 (1Blemental analysis(%) for
CieH19N calcd: C 85.28, H 8.50, N 6.22; found: C 85.24.1A1, N 6.40.

H
N
sie

2): 2-benzyl-1,5,6,7-tetrahydro-cyclopentdp|pyrrole: Cat. Il (1.0 mL, 0.01 mmol, 0.01 M
in THF), cyclopentanol (1.82 mL, 20.0 mmol), 2-am®-phenyl-propan-1-ol (1.51 g,
10.0 mmol), 10 mL THF, K@Bu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatlmncolumn
chromatography 30:220:1 pentane:ED; Yield: 999 mg = 5.1 mmol = 51% as colorless oil.
'H NMR (300 MHz, CBCl,): & = 7.53 (s_br, 1H), 7.35-7.26 (m, 2H), 7.26-7.16 GHl),
5.71 (d,J = 1.8 Hz, 1H), 3.90-3.88 (m, 4H), 2.39-2.31 (m,)2¥pm.*C NMR (75 MHz,
CD.Cly): 6 = 141.0, 135.9, 134.2, 129.1, 126.8, 126.7, 108564, 29.5, 26.1, 25.9 ppWlS
(70 eV, EI); m/z (%): 197 (93, M, 196 (100), 182 (10), 169 (25), 152 (5), 120 (4D6 (22),
91 (34), 85 (15), 77 (13Elemental analysis(%) for G4HisN calcd: C 85.24, H 7.66, N
7.10; found: C 85.55, H 7.79, N 6.97.

H
N
CHC

2k:  2-benzyl-5,6,7,8,9,10-hexahydro¥-cyclooctap]pyrrole:  Cat. I (0.5 mL,
0.005 mmol, 0.01 M in THF), cyclooctanol (2.64 n20.0 mmol), 2-amino-3-phenyl-propan-
1l-ol (1.51 g, 10.0 mmol), 10 mL THF, KBu (1.24 g, 11.0 mmol), 24 h at 90 °C.
Purification by column chromatography 4&820:1 pentane:ED; Yield: 1.85 g = 7.7 mmol

= 77% as colorless oitH NMR (300 MHz, CBCl,): § = 7.41 (s_br, 1H), 7.35-7.28 (m, 2H),
7.25- 7.18 (m, 3H), 5.66 (d,= 2.9 Hz, 1H), 3.89-3.88 (m, 2H), 2.63-2.59 (m)2Ri55-2.51
(m, 2H), 1.64-1.59 (m, 4H), 1.46-1.42 (m, 4H) ppi© NMR (75 MHz, CDCly): & = 141.1,
129.1, 129.0, 128.1, 127.7, 126.6, 119.5, 108.07,31.3, 30.3, 26.6, 26.3, 25.9, 25.5 ppm.
MS (70 eV, El); m/z (%): 239 (100, §, 210 (62), 196 (45), 148 (35), 118 (10), 91 (52).
Elemental analysis(%) for GeHioN calcd: C 85.30, H 8.84, N 5.85; found: C 85.663.82,

N 5.87.
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H
N

L/
21:  2-benzyl-5,6,7,8,9,10,11,12,13,14-decahydrb-tyclododecablpyrrole: Cat. 1l
(2.0 mL, 0.01 mmol, 0.01 M in THF), cyclododecan@.68 g, 20.0 mmol), 2-amino-3-
phenyl-propan-1-ol (1.51 g, 10.0 mmol), 10 mL TH&tBu (1.24 g, 11.0 mmol), 24 h at
90 °C. Purification by column chromatography 6840:1 hexane:RO; Yield: 1.1 g =
3.74 mmol = 37% as colorless softtt NMR (300 MHz, CDCly): & = 7.37 (s_br, 1H), 7.33-
7.26 (m, 2H), 7.25-7.15 (m, 3H), 5.68 M= 2.9 Hz, 1H), 3.88 (s, 2H), 2.51 = 6.9 Hz,
2H), 2.36 (tJ = 6.9 Hz, 2H), 1.63 (m, 4H), 1.41-1.32 (m, 8HR71.20 (m, 4H) ppm:>C
NMR (75 MHz, CBCly): & = 141.0, 129.4, 129.1, 129.0, 128.1, 126.7, 12005,0, 34.8,
29.6, 28.6, 25.4, 25.2, 25.1, 25.0, 23.0, 22.98,222.5 ppmMS (70 eV, El); m/z (%): 295
(100, M), 266 (7), 252 (14), 238 (12), 210 (30), 204 (3H)6 (40), 184 (38), 171 (40), 91
(40). Elemental analysis(%) for GiH29N calcd: C 85.37, H 9.89, N 4.74; found: C 85.11, H
10.11, N 4.91.

Supplementary Table S12 Reaction of hexane-2,5-diol with various amin@ohbls to symmetric and

unsymmetric bipyrroles

OH OH R Ir-cat. Il R
HO  NH, 2h —
-2 H,0
R Ir-cat. Il
R KOtBu R R
/ NH  OH
_ . Z NH HN\
HO NH2 -2 H2 _— =~
-2 H,0
[mol% Cat. 1] Product Yield®

3a 0.1 42%
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3b 0.1 HN—( 83%

[a] Isolated yield

3a: 1,2-bis(5-benzyl-H-pyrrol-2-yl)ethane: Cat. Il (1.0 mL, 0.01 mmol, 0.01 M in THF),
hexane-2,5-diol (1.18 g, 10.0 mmol), 2-amino-3-pigmopan-1-ol (6.04 g, 40.0 mmol),
20 mL THF, KQBu (2.48 g, 22.0 mmol), 24 h at 90 °C. Purificatiday column
chromatography 8:24:1 pentane:gO; Yield: 1.43 g = 4.2 mmol = 42% as colorless coli
'H NMR (300 MHz, CBCl,): 8 = 7.55 (s_br, 2H), 7.34-7.27 (m, 4H), 7.25-7.16 @Hl),
5.82-5.75 (m, 4H), 3.86 (s, 4H), 2.77 (s, 4H) ppi@. NMR (75 MHz, CDCl,): & = 140.7,
131.7, 130.0, 129.0, 126.8, 106.7, 105.8, 34.66 pBmM.MS (70 eV, El); m/z (%): 340 (2,
M), 325 (2), 249 (50), 183 (60), 170 (100), 156 (ZB) (30).Elemental analysis(%) for
Cao4H24N; caled: C 84.67, H 7.11, N 8.23; found: C 84.42.1H7, N 8.33.

HN
\
X

7

HN
3b: 2-benzyl-5-(2-(5-ethyl-H-pyrrol-2-yl)ethyl)-1 H-pyrrole: Cat. Il (1.0 mL, 0.01 mmol,
0.01 M in THF), 4-(5-benzylH-pyrrol-2-yl)-butan-2-ol (4.584 g, 20.0 mmol), 2-gro-1-
butanol (960 pL, 10.0 mmol), 10 mL THF, kK8u (1.24 g, 11.0 mmol), 24 h at 90 °C.
Purification by column chromatography 8%#:1 pentane:gO; Yield: 2.31 g = 8.3 mmol =
83% as yellow oil'H NMR (300 MHz, CDBCL,): & = 7.58 (s_br, 1H), 7.36-7.28 (m, 2H),
7.27-7.18 (m, 3H), 5.87-5.82 (m, 2H), 5.77-5.73 PH), 3.89 (s, 2H), 2.81 (s, 4H), 2.53 {q,
= 7.6 Hz, 2H), 1.20 (t) = 7.6 Hz, 3H) ppm**C NMR (75 MHz, CQCl,): 5 = 140.7, 133.4,
131.9, 130.7, 130.1, 129.1, 129.0, 126.8, 106.%,7,0L05.6, 104.4, 34.7, 28.7, 28.6, 21.3,
14.2 ppm.MS (70 eV, El); m/z (%): 278 (2, ), 186 (1), 170 (100), 108 (75), 93 (12).
Elemental analysis(%) for GgH2.N> calcd: C 81.97, H 7.97, N 10,06; found: C 81.83, H
8.25, N 10.17.

/
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Supplementary Table S13:Syntheses oN-protected amino alcohols

phenyl-propan-1-ol

and their conversion \githmino-3-

OH
NH 2 H
R1'_/Y 2 R cat. Il /ﬁ/N\)\Rz
K/X + R1L
Z HO  OH KOtBu X
X=CH, N
OH H
H R® H
(\/N\)\Rz + cat. Il N N\@/R3
140 1
R'C_x HO  NH,  1.1eq KOBu,24h,90°C R U_x ”
[mol% Cat. I1] Product Yield®
HN/\(OH
@ 92%
0.5
M@
NS
NH
3c 0.1 @ 83%
HN OH
@ 78%
0.5
W“&{@
S
NH
3d 0.3 @ 82%
HN/\LOH
N= ) 89%
0.3 N
HN—
N
87%
N. _NH
3e 0.3 \ ~
7

[a] Isolated yield
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—
.

1-(phenylamino)propan-2-ol: Cat. Il (0.4 mmol, 288 mg), aniline (7.28 mL, 80.0 mmol)
propane-1,2-diol (23.6 mL, 320.0 mmol), 60 mL THE)tBu (9.04 g, 80.0 mmol), 24 h at
110 °C. Purification by HV distillation (3.0x Fambar, 96 °C) 11.11g = 73.5 mmol = 92% as
colorless oil.*H NMR (300 MHz, CBCl,): & = 7.21-7.11 (m, 2H), 6.74-6.61 (m, 3H), 4.05
(s_br, 1H), 4.02-3.93 (m, 1H), 3.20 @ 12.6 Hz, 1H), 2.97 (dd,= 12.6, 8.6 Hz, 1H), 2.21
(s_br, 1H), 1.24 (dJ = 6.4 Hz, 3H) ppm™C NMR (75 MHz, CQCl,): § =149.1, 129.7,
118.0, 113.6, 66.9, 52.1, 21.3 ppm.

3c: 5-benzyl-2-methyl-N-phenyl-1H-pyrrol-3-amine: Gat. Il (1.0 mL, 0.01 mmol, 0.01 M
in THF), 1-phenylamino-propan-2-ol (3.02 g, 20.0 abm 2-amino-3-phenyl-propan-1-ol
(1.51 g, 10.0 mmol), 10 mL THF, KBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatimn
column chromatography 231:1 pentane:gO; Yield: 2.17 g = 8.3 mmol = 83% as deep red
oil. '"H NMR (300 MHz, CBCly): & = 7.51 (s_br, 1H), 7.40-7.30 (m, 2H), 7.30-7.21 Bid),
7.17-7.12 (m, 2H), 6.68-6.64 (m, 3H), 5.82 Jd; 2.9 Hz, 1H), 5.00 (s_br, 1H), 3.91 (s, 2H),
2.07 (s, 3H) ppm*C NMR (75 MHz, CDQCly): 6 = 149.2, 141.5, 129.6, 129.12, 129.10,
128.1, 126.9, 122.0, 121.8, 117.6, 113.5, 105.8,340.6 ppmMS (70 eV, El); m/z (%):
262 (12, M), 217 (8), 185 (100), 169 (60), 143 (16), 131 (125 (35), 104 (14), 91 (38), 77
(22). Elemental analysis(%) for GgHisN» calcd: C 82.41, H 6.92, N 10.68; found: C 82.22,

H6.71, N 10.73.

HN OH

1-(phenylamino)hexan-2-ol: Cat. Il (0.4 mmol, 288 mg), aniline (7.28 mL, 80.0 mmol),
hexane-1,2-diol (24.8 mL, 200.0 mmol), 40 mL THFQt#Bu (9.94 g, 88.0 mmol), 72 h at

110 °C. Purification by HV distillation ( 1.3 x T@nbar, 133 °C) 11.99g = 62 mmol = 78% as
colorless oil.*H NMR (300 MHz, CDBCl,): § = 7.19-7.11 (m, 2H), 6.72-6.60 (m, 3H), 4.04
(s_br, 1H), 3.80 (s_br, 1H), 3.24 (di= 12.6, 2.6 Hz, 1H), 2.97 (dd,= 12.6, 8.6Hz, 1H),
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1.95 (d,J = 1.9 Hz, 1H), 1.65-1.33 (m, 6H), 0.93 Jt= 6.7 Hz, 3H) ppm*C NMR (75
MHz, CD,Cl,): § = 149.2, 129.7, 118.0, 113.6, 70.9, 50.8, 35.4,28.3, 14.4 ppnMS (70
eV, EI); m/z (%): 193 (6, N), 118 (2), 106 (100), 93 (3), 77 (9).

HN
N

©/NH

3d: 5-benzyl-2-butyl-N-phenyl-1H-pyrrol-3-amine: Ca. Il (3.0 mL, 0.03 mmol, 0.01 M in
THF), 1-phenylamino-hexan-2-ol (3.86 g, 20.0 mm@amino-3-phenyl-propan-1-ol (1.51
g, 10.0 mmol), 10 mL THF, KBu (1.24 g, 11.0 mmol), 24 h at 90 °C. Purificatibn
column chromatography 834:1 pentane:EO; Yield: 2.49 g = 8.2 mmol = 82% as deep red
oil. *"H NMR (300 MHz, CBCl,): & = 7.51 (s_br, 1H), 7.36-7.30 (m, 2H), 7.27-7.20 8i),
7.15-7.08 (m, 2H), 6.67-6.63 (m, 3H), 5.79 Jd; 2.9 Hz, 1H), 4.96 (s_br, 1H), 3.91 (s, 2H),
2.48-2.42 (m, 2H), 1.51-1.43 (m, 2H), 0.87 Jt= 7.3 Hz, 3H) ppm™C NMR (75 MHz,
CD.Cly): 6 = 149.4, 140.5, 129.5, 129.08, 129.07, 128.1,Q,2126.8, 121.5, 117.5, 113.5,
105.7, 34.9, 32.4, 25.2, 23.0, 14.2 ppS (70 eV, EI); m/z (%): 304 (1, K, 261 (66), 244
(13), 169 (100), 115 (15), 91 (1mlemental analysis(%) for GiH24N, calcd: C 82.85, H
7.95, N 9.20; found: C 82.53, H 8.02, N 9.15.

HN OH
ol

\ /

\

1-(6-methylpyridin-2-ylamino)butan-2-ol: Cat. Il (0.3 mmol, 215 mg), 6-methylpyridin-2-
amine (10.8 g, 100.0 mmol) butane-1,2-diol (18.4 r@60.0 mmol), 60 mL THF, K{Bu
(12.4g, 110.0 mmol), 96 h at 110 °C. PurificatignHbV distillation (2.6x 1¢ mbar, 122 °C);
Yield: 16.0 g = 89.0 mmol = 89% as colorless 4i.NMR (300 MHz, CRCl,): & = 7.29
(dd,J = 8.3,7.2 Hz, 1H), 6.43 (d,= 7.2 Hz, 1H), 6.27 (d] = 8.3 Hz, 1H), 4.98 (s_br, 1H),
3.68-3.57 (m, 1H), 3.45-3.36 (m, 1H), 3.30-3.20 (tHl), 2.32 (s, 3H), 1.52-1.45 (m, 2H),
0.94 (t,J = 7.6 Hz, 3H) ppm*C NMR (75 MHz, CDCl,): § =159.3, 156.5, 138.4, 112.4,
105.6, 74.3, 49.3, 28.7, 24.2, 10.5 ppm.
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3e: N-(5-benzyl-2-ethyl-H-pyrrol-3-yl)-6-methylpyridin-2-amine: Cat. I (3.0 mL,
0.03 mmol, 0.01 M in THF), 1-(6-methyl-pyridin-2ahino)-butan-2-ol (3.60 g, 20.0 mmol),
2-amino-3-phenyl-propan-1-ol (1.51 g, 10.0 mmo0,mL THF, KQBu (1.24 g, 11.0 mmol),
24 h at 90 °C. Purification by column chromatogra@hl—>1:2 pentane:EO; Yield: 2.53 g
= 8.7 mmol = 87% as deep red dH NMR (300 MHz, CRCl,): § = 8.14 (s_br, 1H), 7.37-
7.21 (m, 6H), 6.46 (d] = 7.0 Hz, 1H), 6.30 (s_br, 1H), 6.27 @5 8.5 Hz, 1H), 5.83 (d] =
2.9 Hz, 1H), 3.94 (s, 2H), 2.49 (&~ 7.6 Hz, 2H), 2.34 (s, 3H), 1.11 {t= 7.6 Hz, 3H) ppm.
13C NMR (75 MHz, CDCly): & = 16.1, 157.2, 140.5, 138.3, 129.1, 129.0, 12828.3,
126.8, 119.3, 112.5, 105.9, 103.3, 34.8, 24.4,,1818 ppmMS (70 eV, El); m/z (%): 291
(42, M), 276 (50), 184 (100), 168 (35), 142 (30), 115)(3A (44).Elemental analysis(%o)
for CygH21N3 caled C 78.32, H 7.26, N 14.42; found: C 78.0&.817, N 13.61.

Supplementary Table S14Reaction of 1-phenylethanol with 1-amino-alcolw#itsubstituted pyrroles

OH R .
©)\ OH 1.1 eq. KOtBu, 24h, 90 °C N R

[mol% Cat. I1] Product Yield®
HN N
0.5 = 52%

[a] Isolated yield

HN\
~

4-ethyl-2-phenyl-1H-pyrrole: Cat. Il (5.0 mL, 0.05 mmol, 0.01 M in THF), 1-phenylethanol
(2.4 mL, 20.0 mmol) 1-aminobutan-2-ol (960 pL, 1tthol), 10 mL THF, KG@Bu (1.24 g,
11.0 mmol), 24 h at 90 °C. Purification by coluniwmamatography 10:1 pentanei@t Yield:
889 mg = 5.2 mmol = 52% as colorless soltd.NMR (300 MHz, CDCl,): & = 8.28 (s_br,
1H), 7.49-7.42 (m, 2H), 7.39-7.31 (m, 2H), 7.2257(in, 1H), 6.68-6.61 (m, 1H), 6.43-6.36
(m, 1H), 2.53 (qJ = 7.5 Hz, 2H), 1.22 (t] = 7.6 Hz, 3H) ppm-C NMR (75 MHz, CQCly):
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§ = 133.5, 132.1, 129.4, 128.6, 126.4, 124.0, 1180B,5, 20.7, 15.7 ppnMS (70 eV, EI);
miz (%): 171 (46), 156 (100), 128 (20), 115 (1®(I9).

N\
Ueh

N
2,5-diethylpyrazine: Cat. Il (71 mg, 0.1 mmol), 2-aminobutan-1-ol (3.8 mL, 4thol),
10 mL THF, KQBu (2.5 g, 22.0mmol), 24 h at 90°C. Purificatidoy column
chromatography 5:1 pentane;8t Yield: 0.54 g = 3.9 mmol = 19% as yellow diH NMR
(300 MHz, CDCl,): § = 8.33 (s, 2H), 2.77 (4, = 7.6 Hz, 4H), 1.27 (t) = 7.6 Hz, 6H) ppm.
3¢ NMR (75 MHz, CQCl): & = 156.2, 143.3, 28.7, 13.9 ppMS (70 eV, El); m/z (%):
136, (55, M), 135 (100), 121 (96), 108 (8), 94 (4), 80 (5),(6Y.

I

2-(1-phenylethylideneamino)butan-1-ol: acetophenone (35.0 mL, 300.0 mmol) (%)2-
aminobutan-1-ol (33.0 mL, 350.0 mmol), moleculaevsi A (40 g), 200 mL THF, 48 h
reflux. Purification by HV distillation (3.0 x 1¥) 52 °C); Yield: 53.5 g = 279.0 mmol = 93%
as colorless oifH NMR (300 MHz, CDCly): & = 7.60-7.54 (m, 2H), 7.41-7.21 (m, 3H), 4.09
(dd,J =7.7, 6.9 Hz, 0.31 H), 3.76 @,= 7.3 Hz, 0.65H), 3.32 (§ = 7.7 Hz, 0.69 H), 3.23-
3.16 (m, 0.35 H), 1.85 (s_br, 1H), 1.68-1.31 (m),5497-0.92 (m, 3H) ppmt>C NMR (75
MHz, CD,Cl,): 6 = 146.2, 128.5, 127.6, 126.4, 125.9, 71.2, 60949,227.2, 11.8 ppnMS
(70 eV, El); m/z (%): 190 (1), 176 (100), 160 (7835 (8), 132 (7), 114 (50), 105 (63), 91

(33), 77 (32).
N}
|

OH

2-(1-phenylpentylideneamino)butan-1-ol: valerophenone (20.0 mL, 120.0 mmol) ()2-
aminobutan-1-ol (19.0 mL, 200.0 mmol), moleculagvsi A (20 g), 200 mL THF, 48 h
reflux. Purification by HV distillation (3.8 x 18 110 °C); Yield: 21.5 g = 92.2 mmol = 76%
as colorless oil'H NMR (300 MHz, CDCl,): § = 7.59-7.45 (m, 2H), 7.41-7.11 (m, 3H),
4.07-4.02 (m, 0.28H), 3.76 @,= 7.4 Hz, 0.71H), 3.37-3.16 (m, 1H), 3.02-2.83 (H), 1.95
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(s_br, 1H), 1.89-1.76 (m, 2H), 1.71-1.56 (m, 1H56E1.35 (m, 1H), 1.30-1.10 (m, 4H), 0.98-
0.88 (m, 3H), 0.88-0.78 (m, 3H) ppfiC NMR (75 MHz, CDCL,): & = 145.8, 128.2, 127.5,
127.1, 126.5, 71.1, 61.0, 60.1, 42.3, 26.9, 23%53,111.7 ppmMS (70 eV, EI): m/z (%): 233
(1, M), 232 (1), 202 (11), 176 (100), 156 (6), 120 @5 (35), 91 (12), 77 (16).

©\N/\/OH

H
2-(phenylamino)ethanol: cat. 11(0.5 mmol, 359 mg), aniline (23.3 mL, 250.0 mmdhane-
1,2-diol (50.0 mL, 800.0 mmol), 200 mL THF, K&l (31.0 g, 275.0 mmol), 72 h at 110 °C.
Purification by HV distillation (2.3 x I8 107 °C); Yield: 10.95 g = 80.0 mmol = 32% as
colorless oil.'H NMR (300 MHz, CBRCly): § = 7.25-7.13 (m, 2H), 6.77-6.69 (m, 1H), 6.68-
6.61 (m, 2H), 4.08 (s_br, 1H), 3.77 Jt= 5.3 Hz, 2H), 3.25 () = 5.3 Hz, 2H), 2.44 (s_br,
1H) ppm.**C NMR (75 MHz, CQCly): & = 149.0, 129.7, 118.1, 113.6, 61.6, 46.6 pptS.
(70 eV, EI); m/z (%): 137 (25, M, 106 (100), 77 (20).
HO
HNYO
o)
<
tert-butyl-1-hydroxybutan-2-ylcarbamate: To 2-aminobutan-1-ol (18.9 mL, 200 mmol) in
500 mL water and 400 mL THF, MaOs (70.0 g, 660 mmol) was added. After cooling to
0 °C, di-tert-butyl-dicarbonate (45.0 g, 206 mmdigsolved in 100 mL THF was added drop
wise. The solution was allowed to warm to room terafure and stirred for further 4h. The
solution was extracted 4 times with,8t The combined organic phases were dried over
NaSOy, filtered and the solvent was removed by rotargpevation. Purification by HV
distillation (8.8 x 1¢ mbar, 99 °C); Yield: 36.5 g = 192 mmol = 96% asodelss oil.'H
NMR (300 MHz, CRCl,): & = 4.73 (s_br, 1H), 3.64-3.55 (m, 1H), 3.55-3.42 @H), 2.67
(s_br, 1H), 1.62-1.46 (m, 2H), 1.42 (s, 9H), 0.83 € 7.6 Hz, 3H) ppm-C NMR (75 MHz,
CD.Cl,): 6 = 157.1, 79.6, 65.6, 54.8, 28.7, 25.1, 10.9 ppm.

(5-methylcyclohexa-1,3-diene-1,3,5-triyl)tribenzene Cat. I (36 mg, 0.05 mmol), 1-
phenyl-1-ethanol (2.4 mL, 20.0 mmol), 10 mL THF, t80 (1.24 g, 11.0 mmol), 24 h at
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90 °C. Purification by column chromatography 10@éntane:BEO —->3:1 pentane:RO;
Yield: =527 mg = 1.6 mmol = 33% as colorless B1.NMR (300 MHz, CDCl,): & = 7.62-
7.24 (m, 15H), 6.79 (q] = 1.5 Hz, 1H)), 6.27 (d] = 1.5 Hz, 1H), 3.18 (ddl = 16.7, 1.5 Hz,
1H), 2.89 (ddJ = 16.7, 1.8 Hz, 1H), 1.64 (s, 3H) ppMC NMR (75 MHz, CBCly): & =
149.3, 1415, 141.2, 137.6, 136.5, 132.7, 129.9.012128.8, 128.0, 127.0, 126.7, 126.6,
126.4, 125.8, 121.9, 41.9, 40.9, 27.5 ppS (70 eV, El); m/z (%): 322 (100, W, 307 (80),
291 (14), 265 (8), 231 (24), 215 (31), 202 (12% 18), 115 (9), 105 (29), 91 (17), 77 (10).

Mechanistic Studies

Synthesis of [(4-Ph)Tr(NHP{Pr)2)2IrH 3]

I Hp, 60 bar, 2d P "

Cat. Il (1.0 mmol, 719 mg) was dissolved in 4 mL benzepeda stirred in a 60 bar,H
atmosphere at 25 °C for 2 days. An orange solwtias obtained. Crystals suitable for X-Ray
analysis were obtained from this solution. Duehi® high reactivity of this compound NMR-
analyses was done directly from the reaction smiutiH NMR (400 MHz, GDg): & = 8.42-
8.50 (m, 2H), 7.31-7.27 (m, 3H), 5.90 (s_br, 2H}3t1.37 (m, 4H), 1.08-0.99 (m, 24H), -
11.69 (dt,J = 18.3, 5.1 Hz, 2H), -18.04 (t1,= 14.6, 5.1 Hz, 1H) ppnt°’C NMR (100 MHz,
CsDe): 6 = 169.2 (tJ = 9.5 Hz), 168.4, 137.1, 132.2, 129.1, 129.0, 63038 (t,J = 16.2 Hz),
28.8, 26.2, 23.9, 19.5 (§, = 4.4 Hz), 18.8 ppmP NMR (161 MHz, GDs, 298 K): & =
108.05 (dt,J = 13.0, 6.7 Hz) ppmElemental analysis(%) for [C1H3sIrNsP2] x 0.4 GDsg
calcd: C 43.35, H 6.65, N 10.80; found: C 43.448.65, N 10.50.
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Supplementary Figure S:: Formation of the catalyst resting state, an umditrihydride complex. It can

formed quantitatively by reacting catalll with alcohols, t,or under catalytic conditior
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Supplementary Figure S4 Time conversion plot for the reaction of 1-phettydémol with 2-amino-butan-1-ol.
reaction conditions: 1-phenylethanol (2.4 mL, 20M@at), 2-amino-butan-1-ol (1.92 mL, 20.0 mmoRQtBu
(2.48 g, 22.0 mmol), call (57 mg, 0.08 mmol), 20 mL dioxane, 1.125 mL dodecaseinternal standard,

110 °C @. 2-ethyl-5-phenyl-H-pyrrole A 1-phenylethanolV acetophenone (5-methylcyclohexa-1,3-diene-
1,3,5-triyl)tribenzene.
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Supplementary Figure S5.Time conversion plot for the reaction of 1-pheriyéetol with 2-amino-butan-1-ol.
reaction conditions: 1-phenylethanol (4.8 mL, 40Mat), 2-amino-butan-1-ol (1.92 mL, 20.0 mmoKQOtBu
(2.48 g, 22.0 mmol), call (57 mg, 0.08 mmol), 20 mL dioxane, 1.125 mL dodecasenternal standard,

110 °C. ® 2-ethyl-5-phenyl-H-pyrrole A 1-phenylethanolV acetophenone (5-methylcyclohexa-1,3-diene-
1,3,5-triyl)tribenzene.
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Possible Reaction Pathways
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Supplementary Figure S6 Possible reaction pathways for the pyrrole sysithe
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OH 0.5 mol% cat. Il
KOtBu, 90 °C. 24 h ©)J\ + N O
v OC
10% 33%
O 41% O

Supplementary Figure S7 Dehydrogenation of 1-phenylethanol.

Without base 1-phenylethanol is converted into @aetnone and by catalystl, but with
base, 1-phenylethanol is converted to acetopheandeseveral additional aldol condensation
products (Supplementary Figure S7). Due to thist fdoe system 1-phenyl-1-
pentanol/valerophenone was used for further meshaninvestigations (Supplementary
Figure S9).
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HN\

4% by GC

HN\
=

0.05 mol% cat. Il, catalytic conditions_
Wi -Hp -Hy0O
hOu[ caf
T

97% by GC
HN \
=~
3% by GC

Supplementary Figure S8 Conversion of 2-(1-phenylethylideneamino)butaallto 2-ethyl-5-phenyl-H-
pyrrole.

Under catalytic conditions 2-(1-phenylethylideneambutan-1-ol is converted to 2-ethyl-5-
phenyl-H-pyrrole in excellent yield (Supplementary Figur®).Sf catalyst or base is used
exclusively only a very poor conversion of the imis observed. This fact clearly points out
that both catalyst and base in combination areluaebin the cyclisation reaction.

OH 0.5 mol% cat. Il 0]

KOtBu, 90 °C, 24 h
fast reaction
-H,
99%

Supplementary Figure S9 Dehydrogenation of 1-phenyl-1-pentanol to valéemwone under catalytic

conditions.

Dehydrogenation of 1-phenyl-1-pentanol is fast. &mdtandard reaction conditions the
secondary alcohol is completely converted to theresponding ketone within 24 h
(Supplementary Figure S9).
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(v
(\)
3 N
0.5 mol% cat. ", Catalytic Conditions/\[ /j\/ slow reaction
N

-3H, -2H,0
2%

HO NH,  HO  NH, .
W/ihOuf cat;
T
" 69 Basg

not detected
Supplementary Figure S10 Dehydrogenation and condensation reaction of Rwab-butanol to 2,5-

diethylpyrazine

In contrast the dehydrogenation and condensatiactiom of the amino alcohol to 2,5-
diethylpyrazine is very slow under the given reactconditions (90 °C), which was already

shown in our previous wor¥.(Supplementary Figure S10)

(@] N
. OH
+ HoN molecular sieve
OH THF, reflux

Cat. Il, 90 °C, 24h Cat. Il, 90 °C, 24h
-H,

A1

47% by GC 48% by GC
HN \
NS
Supplementary Figure S11 Pathway Al: reaction of valerophenone with 2+a¥il-butanol under

catalytic conditions (cat Il, 0.5 mol%).

Pathway A2: reaction of 2-(1-phenylpentylideneanitiutan-1-ol under

catalytic conditions (cat Il, 0.5 mol%).
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Regardless whether the reaction was started fromon&e and amino alcoholAg,
Supplementary Figure S11), or from the preformeldifSbase A2, Supplementary Figure
S11), nearly identical yields were obtained. Timdi¢ates that the imine formation is very
fast.

Reactions which contradict Pathway B

H
not detected

oH 0.5 % cat. Il OH H
90 °C, 24h
+ ~_-COH // = N

not detected
O

H
= N

\_ not detected

Supplementary Figure S12 Under -catalytic conditions no reaction of 1-phetiyanol with 2-
(phenylamino)ethanol is observed.

e OH

N
©)\/\L \BOC

not detected

OH 0.5 % cat. Il OH

90 °C, 24h < =

ZT

HO  NH i Boc

/
Boc

not detected

0]

P
©)K/\L “Boc

\_ not detected

Supplementary Figure S13 Under catalytic conditions no reaction of 1-pHetfyanol with tert-butyl-1-
hydroxybutan-2-ylcarbamate.

No p-alkylation between 1-phenylethanol and tié@rotected amino alcohol was observed,
regardless which protecting group was chosen (®opghtary Figure S12 and

Supplementary Figure S13). These experiments shatwnder the given reaction conditions
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the B-alkylation is very unlikely to be the first reamti step (pathway B, Supplementary
Figure S6) in the pyrrole syntheses.

Supplementary Figure S15Crystal Structure of [(4-Ph)Tr(NHIRr), )IrH3].
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis

Frequency (MHz) 299.83 Nucleus 1H Solvent DICHLOROMETHANE-d2 Temperature (degree C) 23.000
SMI-837-1h MO1()
o
ot
| S
1.0
0.9 HNTY
0.8
o071 MO5(s)
o
o
2
2706
g
£
2 8
N 05 3
<
£
o &
Z %2 Mo8(m) 5
M09(m) oa
Mi0Gr.s) Mo7(m) 4(m) Mo2(m)
— — N
0.3 s T Mo6(m) @ MO03(m)
~ lo ©
DICHLOROMETHANE-d2 <2 bl Iry
i ' Blei e 8%
02 5 s g8 550
@ 7 e
g bt
& P
3 /
0.1 H
0 1
- ~ o < ~
2 o @ N N
4 £ ) g
B A LA AL B B L B o A A e A REEAREREEES
8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 25 15
Chemical Shift (ppm)
Frequency (MHz) 75.40 [ Nucleus 13C Solvent DICHLOROMETHANE-d2 Temperature (degree C) 23.000
SMI-837-13c S
&
S
HNT
>
= DICHLOROMETHANE-d2
© V
c Q a
2 N P 3 3
£ < S< 28 @
N N S S o
=l — N
g g 3 g
N E N 3
= 8
£
o
z
Y
2
S
3 Y
Q<
g8
0 1 ) ) ” Laa Ll L s i LAy ¥ Gt b bl il Ll " o bbbl At L TN ey
;\HH‘HHUH\‘HH\HH‘HH\\\H‘\\H\\H\‘\H\\\H\‘HH\HH‘H\\\\H\‘\H\\\\\\‘H\\\H\\‘\\H\\\H‘\\H\HH‘HH\HH‘HH\HH‘HH\HH‘\H\\\H\‘HH\HH‘HH\HH‘HH\HH‘H
152 144 136 128 120 112 104 96

Chemical Shift (ppm)

191



6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis

Frequency (MHz) 299.83 Nucleus 1H Solvent DICHLOROMETHANE-d2 ‘Temperature (degree C) 23.000
SMI-790-1h MO4(m) MO1(s)
w9 o
R 3
NN ¥
I
/ W
| NH\
J‘ ~
j )
Cl
2z \
2 | Mo3(m)
2 ellls iy
E i (| I g
- Nl
7}
% 1 Mo2(m)
£ g
2 - 8¢
23 (L DICHLOROMETHANE-d2
sl '
8l
53
MO5(br. s.)
3 \
74 | |
v“__,_j& AJJ h ‘ | i
0 g g g g 7
= < i1 o 9
R L L o I o o BRI o i o L L L e L L B L o o o L o
9.0 7.5 7.0 6.0 . 4.5 4.0 35 3.0 2.0
Chemical Shift (ppm)
Frequency (MHz) 75.40 [ Nucleus 13C Solvent DICHLOROMETHANE-d2 Temperature (degree C) 23.000
SMI-790-13c 3
8 &
] $¥s
0.80 S8
B
0.75
0.70 NH\
=
0.65 O
Cl
0.60
0.55 8
> <
g 050 e -
g S g o DICHLOROMETHANE-GZ
- 045 T
s g
©
E 0.40
2
0.35
0.30
g 3
0.25 g 3
___ 3 8
0.20 i}
© | 9
9 &
0.15 8 ©
©
8
0.10 7
0.05 J
m A i .“”J ol i L " TN VRIS i m " T N " Lol
e b ol At ot 10l A i b M i
152 144 136 128 120 112 104 96 88 80 72 64 56 48 40 24

Chemical Shift (ppm)

197



6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis

Frequency (MHz) 300.13 ‘ Nucleus iH Solvent DICHLOROMETHANE-d2 Temperature (degree C) 27.000
SMI-961_010000fidMO7(m)
MO8(m) MO2(t) MOL(t)
o ® D~ @«
Q® H NNa o
N ddd o
l N |
E \
0.35 1 8
] o
0.30 1
1 8
- o
> ]
2 0.257
£ = Mos(m)
ke ]
2 ]
g 0207
£ ]
[} B [
=z ] |
0.15 7§ MO6(d)
] 8
1 o
— 2
0.10 1 2
] DICHLOROMETHANE-d2
4MO9(br. s.) !
0.05 1
I
B | I
AN |
0 1
8 3 5 8 8 =S 8 3
° a0 g - R
IR T R R e AR RN N R R AR S e R I AARRSERRR SRS
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0
Chemical Shift (ppm)
Frequency (MHz) 75.48 Nucleus 13C Solvent DICHLOROMETHANE-d2 ‘ Temperature (degree C) 27.000
0412kh6_0110008 &
L
[ H
0.80 4 N
E \ /
0.75 3
0.70 3
0.65 |
0.60
8
0.5575 ° o
> 3 )
8 e &
c 0.50 3 . 3 8
2 E = ~ g
IS El S S T
- 0453 7 Q
g “ I
€ 0.40 - 3
S 3
S E|
0.353
030 1
E © DICHLOROMETHANE-d2
0.25 3 3
= —
0.20 3 1
3 T
0.15 3
0.10 3
0.05 3 LUL
E : L..LJLL N
R AR R R R R L AR R LA LARRS L AARARRR AR R SRR RRA A RRAR R ARAN R RRAR AR LA R AR R R AR R LA AR AR RARAR IR RARARAR S
136 128 120 112 104 96 88 80 72 64 56 48 40 32 24 16

Chemical Shift (ppm)

207



6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis

Frequency (MHz) 299.83 Nucleus 1H Solvent DICHLOROMETHANE-d2 Temperature (degree C) 23.000

SMI-826-1h.esp MO3(s)
g
N

0.40

"
N
035 @J/

MO1(m)

0.30 —
Mo2(m)
MOS(m) -

MO4(m) <7

o
N
a

a
n < |
N

o~
©
o

o
N
o

60

Normalized Intensity

MO6(d)

o
s
o

D\CHLOROMETHANE*GZ

5.58
5.57

A®

0.10

i

23
ga
A R Ao

45 4.0 35 3.0 25 2.0 15
Chemical Shift (ppm)

0
[o.85

7.0 6.5

o]

Frequency (MHz) 75.40 [ Nucleus 13C Solvent DICHLOROMETHANE-d2 Temperature (degree C) 23.000

'SMI-826-13c.esp

28.92

0.85
0.80

0.75

2.66

0.70

H
N
ois

30.15

Normalized Intensity
ol of o
NS
S| o o

108.53

o

w

a
12.97

o
w
=]

o
N
a

DICHLOROMETHANE-d2

0.20

0.15

—121.82

0.10

—129.07
~123.28

0.05

.

v e g , Y

B L L L I L B L L L O L O R L O R N B S R N O R N AR NN RSN R E R RN R RS R
136 128 120 112 104 96 88 80 72 64 56 48 40 32 24
Chemical Shift (ppm)

209



6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis
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6. A sustainable catalytic pyrrole synthesis

Frequency (MHz) 299.83 Nucleus iH Solvent DICHLOROMETHANE-d2 ‘ Temperature (degree C) 23.000

SMI-946-1h MO3(m)

—

MO2(s) MOL(t)
o @
HO a3 2
|

—1.42

B
=
a
Tl
4@

o
N
S

o
[N
w

o
[N
N

o
[
iy

o
N
o

‘mmm
~

o

o

©

by
0.90

o
o
@

Normalized Intensity

o
o
3

o -
o
&

T A

o
o
a

o
o
B
vl

/

MO4( ‘JI’. s.)

;

o
o
@

=
=1
;N
g
»

o
o
]

59
1.57
TES2—

—14

DICHLOROMETHANE-d2 ff
' 5
| 4

M.

[ ©
® S 9 ~
S« S

o
o
=

o

.
|

[3.00

9.35

55 5.0 45 4.0 35 3.0 25 2.0
Chemical Shift (ppm)

1.0 0.5

=
3

Frequency (MHz) 75.40 Nucleus 13C Solvent DICHLOROMETHANE-d2 ‘ Temperature (degree C) 23.000

SMI-946-13c

28.69

1.0

HO Y™

HN__ O

hg

o
©

o
3

o
o

o
o

Normalized Intensity

©
IS

10.85

0.3

0.2 DICHLOROMETHANE-d2
'

25.05

<

0.1

—— —65.60

r— —79.66

———157.05

) | L w

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)

230



6. A sustainable catalytic pyrrole synthesis
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7. Regioselectively functionalized pyridines from &newable resources
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Abstract: The pyridine skeleton is an important structuraltimin life sciences. It can be
found in a multitude of drugs, herbicides, and faitgs. Herein we present a sustainable
iridium catalyzed pyridine synthesis. Primary oc@®dary alcohols undergo dehydrogenative
condensations withy-amino alcohols followed by a dehydrogenation/ariration step.
Three equivalents of hydrogen gas (and two equislef water) are eliminated in the course
of the reaction. The requiredamino alcohols can be made from renewable resswand
ammonia. The methodology gives rise to diversedgiaselectively and unsymmetrically
substituted pyridines. 26 examples were synthesa®dng which 21 are new pyridine

derivatives. A large variety of functional groupsolerated.

7.1 Introduction

Pyridines play an important role in life scienfégor instance, many thousands of drugs
contain the pyridine motif®? as well as many herbicides and fungicides. Furtbesm
polymers based on pyridines are used diverselyhémical industry>* With regard to the
importance of the pyridine moiety and the requisedbstitution of petroleum/coal-based
chemistry a pyridine synthesis using renewablewess would be an attractive goal. Such a
synthesis would be especially attractive and cduld significantly faster acceptance if it
allows accessing diversely functionalized pyridinbat are difficult to prepare applying

existing methods. Recently, the Beller grBypthe Milstein grouff® and our grouf”
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7. Regioselectively functionalized pyridines froemewable resources

developed sustainable catalytic pyrrole synthesesed on dehydrogenative condensation
(= DC) reactions (Scheme 1, upper part). Thesehsget are based on observations made by
the Ishii group. They reacted 2-aminoethanol om2tfylamino)ethanol with an access of
propiophenone and observed the formation of twogbyrderivatives in the presence of a

catalyst and a ba$@ Propiophenone is acting as an educt and,aceeptor.

OH
D R4 Ru-kat. Ry R’
2 - .
RlJ\/R + jo\( 2,0 /Z_ﬁ\ + H
OH _2H20 Rl N R4 2
Beller et al. + R°-NH, RS
OH OH Kat R? R3
R2 4 at.
RlJ\/ ¥ RSJ\(R 2H0 M * o2
2 Rl R4
NH, N
Michlik & Kempe Milstein et al.
R3 HO RS
R2 R Ir cat. R2 R4
j\ , HO NaOtBu j\
1 -H,0; -H S
R™ OH N7 RS 2T RN RS
3
Ir cat. ) R
N B R 2 4
TH0 M, N
H> 2 2 RSN RS

this work

Scheme 1Known relevant catalytic pyrrole syntheses andayrédine synthesis presented here.

7.2 Results and Discussion

Considering our pyrrole synthesis (Scheme 1, migdg) and by using-amino alcohols
(instead ofp-amino alcohols) a new [2+4] pyridine synthesis dmees reasonable and is
presented here. Primary or secondary alcoholssaet @ building block that reacts in the
initial step with y-amino alcohols via an iridium catalyzed dehydrage@ Schiff-base
reaction (Scheme 1, middle pdft)Mechanistic studies reveal a significantly slowaetino
alcohol oxidation which enables the selective imimenation. Subsequently, the remaining
OH-Group becomes dehydrogenated and olefin formati@ intramolecular ring closure and
water elimination is observéd Finally, aromatization via liberation of.Hakes place. During
the reaction, two equivalents of water and threevedents of hydrogen gas are eliminated
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(Scheme 1). Via the alcohol the substituents intjpos2 and 3 of the pyridine ring can be
addressed. The positions 4, 5 and 6 are deterntipetle substitution pattern of the amino

alcohol. In this way diversely substituted pyridoherivatives are accessible regioselectively.

Ph
Ph
0.5 mol% pre-catalyst A
OH + OH 1.1 NaOtBu & 1
THF N a
HN 90°C__130°C S
24h™" 24h
p-Tol 95% GC yield 1a p-Tol
CF3 CF3
’
Wk A
LT Y
2 /N 2 2 RY (iPr); VA (iPr)y
2 H H
H
trihnydride

pre-catalyst A

Scheme 2.Optimized reaction conditions (upper part) andnfation of the catalyst resting state (iridium
trinydride, bottom right).

The reaction of 3-phenyl-propanol with 3-aming-8slylpropan-1-ol was investigated
(Scheme 2, upper part) to find suitable condititmrsthe new pyridine synthesis. Starting
point regarding the catalyst optimization weredmplexes stabilized by P,N-ligands that can
use aliphatic amino alcohols as alkylating ageritsout alkylating them at the N atofii:°"!
Such a selectivity is a prerequisite for the apian as catalyst in our pyridine synthesis
since amino alcohols are educts. Pre-catalygfave the highest GC yield in the screening
reaction (Scheme 2, upper part). Details of thandyand complex syntheses are listed in the
Supporting Information (Sl). After optimizing theaction conditions (solvent, base, and
temperature, for details see Sl) 95% yieldlaf(Scheme 2, upper part) could be observed
with 0.5 mol% of pre-cataly#. After a reaction time of 24 h at 90 °C furthert24t 130 °C
are needed to obtain better yields. Beside fullveosion of the amino alcohol and the

formation of a considerable amount of the desirgddme; a substantial amount of non-
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cyclized imino/ketone intermediate (Scheme 1, botleft) is present after the first 24 hours.
The catalyst resting state was found to be anumdill)trinydride complex (Scheme 2,
bottom right). It can be made by reacting pre-gatalh with (for instance) alcohols at
temperatures above 70 °C or with ¢bcheme 2, lower part). The trihydride is preskmning
the whole catalytic reaction time as verified by RMspectroscopy and no noticeable
decomposition was observed. For the pyridine swahere-catalysh was used since the
trinydride is extremly air sensitive and so mordficlilt to handle. The trihydride is

guantitatively formed from pre-catalyAtin less than 30 min under catalytic conditions.

After optimization of the reaction conditions weptred the synthetic scope of the reaction.
Via the y-amino alcohol as well as the primary or the seaondlcohol diverse functional
groups can be introduced. Various substityt@anino alcohols were reacted with 3-phenyl-
propanol and aryl as well as alkyl substituted giyies (Table 11a-f) could be obtained in
mainly very good isolated yields. Subsequently, wged diverse primary alcohols. These
examples 1g-1q Table 1) carry a tolyl substituent in positioroRthe pyridine ring which
was brought in by the amino alcohol. Nine differpntnary alcohols were used among which
seven gave rise to new pyridine derivatives, marileg in Table 1. The lower yield for
productslj,k (Table 1) could be explained by the formatiorpblyl-(6-p-tolylpyridin-3-yl)-
methanamine 10, Table 1) as a by-product. It is formed by selfidensation of two

molecules of amino alcohol since the initial alclotwadation step is slow for these examples.

Table 1.Synthesized 2,4-; 2,5- and 2,6-disubstituted [yeis.

R3
1)01/R2 . R®  NH, pre-cat. A RA | X R
R Ho)\(kR5 -2 H0; -3 H, RIS NP RS
R4
pre-catA product yi€ld| pre-catA product yiéld
[mol%] [%] [Mol%] [%]

2
_/

DA®
N” O 90 | 1b 0.5 N” O 86

OA® DA®
1c 15 1d 05 NT O oL 92
O/

la 0.5
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L
le 15 61 | 1f 0.5 N CyHps 92

X
%
>
® |
1g 1.0 % 85 |1h 0.5 N 94
41C20
%
N
X X
IN/

Y

\

H
” |

1i 0.5 70 |11 1.0 N 45

lk 05 )\/\/% 63 |1 03 70

im 0.5 93 |1n 15 94

10 1.0 35 |1p 0.5 48
|\

1g 0.0 54 [1r 0.5 N 57

[b] [b]

Reaction conditions: 12.0 mmol alcohol, 3.0 mmolireamalcohol, 3.3 mmol NatBu, 10.0 mL THF, pre-
catalystA, 24 h/90 °C>24 h/130 °C. [a] isolated yield; [b] 24 h/90 °C. Tpgridines marked in blue have not

been reported yet.
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This side reaction can be “favoured” (35% isolagexdd) by adding no other alcohol leading
to 5-(aminomethyl)pyridinesl, Table 1). We could show that the new pyridinetisgais
works well with primary alcohols. Thus, an efficieatcess to 2,5-disubstituted pyridines was
given. If one uses 1-substituted ethanols 2,6-distwibed pyridines are in reach. Two
examples were synthesizetigr Table 1). However, lower isolated yields were obsd
since the corresponding cyclic imines or tetrahggirmlines were formed in a side reaction.
The unprotected positions 3, 4 and 5 of the pyeding allow a rather easy hydrogenation of
the via ring closure formed C-C double bond instefiberation of hydrogen. Furthermore,
2,4-disubstituted pyridines (Table 1p) are accessible if the appropriately substituted
amino alcohols are converted. (For the synthesiemfining 2,3-disubstituted pyridines see
2a-d, Table 2\vide infra) Due to the tolerance of many functional groupshsas chlorides,
amines, ethers, olefins, hetero-aromatics and orgatallic moieties (Table 1) a wide
applicability of the synthesis introduced herexpexted.

Table 2.Synthesis of bicyclic pyridines.

R2
R/ OH R?  NH, pre-cat. A R’ ‘ R
+ 4 R .

q Ho):?\R 2 H,0; -3 Hy SR
pre-catA product yi€ld  pre-catA product yidld
[mol%] [%0] [mol%] [%0]

N N
| |
2a 05 Q\/Nj 91 |2b 05 N7 70
N
A B
| B
2c 05 N 82 |2d 1.0 N 76
® O
2e 05 N~ 96 |2f 0.5 NG O 84
® Oni
29 1.0 N7 80 |2h 1.0 N O 84

Reaction conditions: 12.0 mmol cyclic alcohol, Bithol amino alcohol, 3.3 mmol NaBu, 10.0 mL THF, pre-

catalystA, 24 h/90 °C. The pyridines marked in blue haveb®s@n reported yet. [a] isolated yield.
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The methodology is especially strong regardingftimmation of unsymmetrically substituted
pyridines. Furthermore, the many first time madeidiges (marked blue examples in
Table 1) indicate that our method is extending ificantly the scope of existing pyridine
syntheses. Finally, we became interested in thmdbon of bicyclic pyridines starting from
cyclic alcohols. The optimization of the reactioonditions was carried out on the model
system 3-amino-propan-1/oycloheptanol. By using the optimized conditions¢yblic
pyridines were synthesized among them highly sulet examples2g, 2h, Table 2).
Furthermore, chiral bicyclic pyridines are accelgsgiarting from inexpensive chiral natural
products 2c¢,d, Table 2). The pyridine synthesis introduced hergustainable. Not just non-
toxic but a very useful by-product namely hydroggs is formed. Furthermore, the two
educts the alcohols and theamino alcohols can be obtained from renewableuress or
waste feedstock. Lignocellulosic materials are labé in giant amourt! they are
indigestible and can be (partially) processed ¢olabls or polyole§? They-amino alcohols
can be made from 1,3-dioles and ammonia using tireowing hydrogen or hydrogen
autotransfer methodolol$** or they are accessible from malonic acid, alcoholstajdes,

and ammoni&®

7.3 Conclusion

In summary, a new catalytic pyridine synthesis basn described. It allows accessing
diversely regioselectively substituted pyridinesl as especially strong in the synthesis of
unsymmetric substituted pyridines. A broad spectfnfunctional groups is tolerated. In
Dehydrogenative Condensation steps three equigwalehtH, are liberated per formed
pyridine. The required starting materials can béaioled from renewable resources with
ammonia being the nitrogen atom source. The syistimsthod is part of what can be called
the “New (Catalytic) Chemistry”, an access to \afty any important organic compound
from renewable resources. The broad scope of audipg synthesis could result in a faster
acceptance of this reaction and by doing so aldp tiee “New Chemistry” to a faster

breakthrough.
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7.5 Supporting Information

General Considerations

All reactions were carried out in a dry argon dragen atmosphere using standard Schlenk
techniques or glove box techniques. Halogenatedestd were dried over,®s, and non-
halogenated solvents were dried over sodium berezapte ketyl. Deuterated solvents were
ordered from Cambridge Isotope Laboratories, vengtdred over molecular sieves and
distilled. All chemicals were purchased from comandrsources with purity with over 95%
and used without further purification. NMR speatrare received using an INOVA 400 and
300 MHz spectrometer at 298 K. Chemical shifts seported in ppm relative to the
deuterated solvent. Elemental analyses were caougcdn a Vario elementar ELI. GC
analyses were carried out on an Agilent 6890N NekwaC system equipped with a HP-5
column (30 m x 0.32 um x 0.25 um). GC/MS analysesewcarried out on an Agilent
7890A/MSD 5975C system equipped with a HP-5MS col{8D m x 0.32 pm x 0.25 pum).

Screening Reactions

General screening procedure:n a pressure tube catalyst, solvent, alcoholnanaicohol
and base were combined. The pressure tube waslclogea semi-permeable membrane and
stirred for 24 h or 48 h. The reaction mixture wasled to room temperature and quenched
by addition of 2 mL of water. Decane as internaindard was added and after shaking, a
small fraction of the organic phase was analyzedd@fy. The following reaction was

investigated.

NH, N
WOH + HO/\/K@\ catalyst A . | N/

Table 1.Alcohol ratio

amino alcohol /secondary alcohol [eq.] yield [%0]
2.0/1.0 23
1.0/1.0 10
1.1/2.0 27
1.0/3.0 34
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1.0/4.0 44

Reaction conditions: 3-phenylpropan-1-ol, 3-amirp-®lylpropan-1-ol, 10.0 mL THF, 1.1eq K&,
0.5 mol% catalysA, 24 h, 90 °C (reaction tubes closed with silictuige). Yields determined by GC analyses

with decane as internal standard.

Table 2.Base screening

Base yield [%]
KO'Bu 44
KOH 48
NaOtBu 73

Reaction conditions: 4.0 eq. 3-phenylpropan-1-a@l4(gL), 1.0 eq. 3-amino-3-p-tolylpropan-1-ol (165 )mg
10.0 mL THF, 1.1 eq. base, 0.5 mol% catalys®4 h, 90 °C (reaction tubes closed with silictuige). Yields

determined by GC analyses with decane as intetaradiard.

Table 3. Amount of Na@Bu

base amount according to amino alcohol [eq.] Viedd
3.0 52
2.0 56
1.1 72
0.5 46
without base 0

Reaction conditions: 4.0 eq. 3-phenylpropan-1-a@l4(gL), 1.0 eq. 3-amino-3-p-tolylpropan-1-ol (165 )mg
10.0 mL THF, Na(Bu, 0.5 mol% catalysf\, 24 h, 90 °C (reaction tubes closed with silicdnie). Yields

determined by GC analyses with decane as intetawadiard.

Table 4. Temperature screening

temperature [ °C] yield [%]
24 h 90 °C 72
24 h 90 °C 77
24 h90°C+24h130°C 95

Reaction conditions: 4.0 eq. 3-phenylpropan-1-@4(gL), 1.0 eq. 3-amino-3-p-tolylpropan-1-ol (165 )mg
10.0 mL THF, Na@Bu, 0.5 mol% catalysf, (reaction tubes closed with silicone tube). Ysettbtermined by
GC analyses with decane as internal standard.
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Screening reactions forfusec pyridines:

OH OH

X
@ . 5 catalyst A |
H,N N

Table 5. Alcohol ratio

\
\

amino alcohol /cyclic alcohol [eg yield [%]
1.0/4.( 98
1.0/ 2. 97
1.0/ 1. 56

Reaction conditions: -phenylpropa-1-ol, 3-aminc-propani-ol, 10.0mL THF, 1.1 e. NaQBu, 0.t mol%
catalystA, 24 h, 90°C (reaction tubes closed with silicotube). Yields determined by GC analyses with de:

as internal standal

Figure 1. Reaction flask closed with a silicone tube ((R&@l®) inner diameter 7 mm, outer diameter 10

and 30cm length) as sel-permeable membrane was used for the pyridine syes

Synthesis of (~(4-CF3)-Ph) Tr(NHP(iPr),),
CFs

6-(4{Trifluoromethyl)phenyl-1,3,54riazine-2,4-diamine (30. mmol, 7.65 g) was dissolve
in 200mL THF and triethylamine (80 mmol, 11.(mL) was added and the solution v
cooled to (°C. Then chlorodiisopropylphosphine (6 mmol, 9.¢mL) was added dp wise
with a syringe. The solution was allowed to warmidom temperature and stirred over ni
at 50°C. The suspension was filtered over a glass fitiewith a pad of celite (4 cm) ar
washed with 5 mL of THF. The solvent was concentrain vacuo, recrystallized in toluen
yielding (4-(4-CFs)-Ph)Tr(NHPiPr),), as colorless crystals (13.6 g = z mmol = 93 %)'H
NMR (400 MHz, CL,Cl,): 6 = 8.51 (dJ=8.2 Hz, 2H), 7.71 ((J= 8.2 Hz, 2H), 5.21 (J =
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7.0 Hz, 2H), 2.00-1.80 (m, 4H), 1.15-1.08 (m, 24ipm.**C NMR (100 MHz, CDCl,): & =
170.5, 141.0, 133.1 (g, = 32.4 Hz), 129.3, 126.2, 125.7 @= 3.7 Hz), 123.5, 26.8 (d)
=14.0 Hz), 19.1 (dJ = 20.6 Hz), 18.0 (d] = 8.8 Hz) ppm3'P NMR (161 MHz, GDs, 298K)

6 = 57.08 ppmElemental analysis for CyyHz4F3NsP,: C 54.20, H 7.03, N 14.37; found: C
54.41, H 7.24, N 14.33.

Synthesis of [(4-(4-Ck)-Ph)Tr(NP(iPr)2)(NHP(iPr),)Ir(cod)] (Catalyst A)

CF;

[IrOMe(cod)} (2.0 mmol, 1.32g) was dissolved in 40 mL THF andsequently a solution of
(4-(4-CR)Ph)Tr(NHP({Pr)). (4.0 mmol, 1.95 g) dissolved in THF was added drige. A
red solution was obtained. The solution was stimedr night at 50 °C. The solvent was
removedin vacuo, yielding a deep red solid in quantitative yiefti NMR (400 MHz,
CD.Cl,): 6 = 8.49 (dJ = 8.2 Hz, 2H), 7.69 (d] = 8.2 Hz, 2H), 6.35 (s_br, 1H), 5.70-5.60 (m,
2H), 3.98-3.86 (m, 2H), 2.40-2.26 (m, 6H), 2.2282(fn, 4H), 1.75- 1.63 (m, 2H), 1.27-1.07
(m, 24H) ppmXC NMR (100 MHz, CRCL,): & = 168.7, 141.6, 132.9, 132.6, 130.7, 129.4,
129.1, 125.5 (q) = 3.7 Hz), 123.5, 55.6, 37.1, 32.5, 29.2 (s_®)P4s_br), 28.1 (s_br), 27.8
(s_br), 18.2 (s_br), 17.8 (s_br), 16.9 (s_br) pptR. NMR (161 MHz, GDs, 298 K): & =
85.70, 84.55 ppm’F NMR (376 MHz, GDg, 298 K): & = -63.45 ppmElemental analysis
(%) for GgoHasF3lrNsP, calcd:C 45.79, H 5.76, N 8.90; found: C 45.99, H 5.918.811.

Pyridine products
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la: (5-benzyl-2-p-tolylpyridine): Catalyst A (1.5 mL, 0.015 mmol, 0.01 M in THF), 3-
phenylpropan-1-ol (1.63 mL, 12.0 mmol), 3-amino-8fylpropan-1-ol (495 mg, 3.0 mmol),
10 mL THF, NaCBu (317 mg 3.3 mmol), 24h at 90224h at 130 °C. Purification by
column chromatography 20:1 pentane@® 10:1 pentane:ED; Yield: 700 mg = 3.6 mmol
= 90% as colorless solidd NMR (400 MHz, CBCl,): & = 8.55 (s, 1H), 7.91 (dd, = 8.4,
2.5 Hz, 2H), 7.66 (d) = 7.8 Hz, 1H), 7.54 (ddl = 8.0, 2.2 Hz, 1H), 7.40-7.19 (m, 7H), 4.01
(s, 2H), 2.41 (s, 3H) ppnt*C NMR (100 MHz, CDQCly): & = 155.7, 150.4, 140.9, 139.4,
137.5, 137.0, 135.4, 129.9, 129.4, 129.2, 127.6,9,2120.2, 39.2, 21.5 ppmS (70 eV,
El); m/z (%): 259 (100, M), 244 (5), 215 (6), 182 (7), 115 (15), 91 (Blemental analysis
(%) for Gi7H1oN calcd C 87.99, H 6.61, N 5.40; found: C 88.1%.B6, N 5.45.

1b: 5-benzyl-2-phenylpyridine: Catalyst A (0.9 mL, 0.009 mmol, 0.01 M in THF), 3-
phenylpropan-1-ol (1.63 mL, 12.0 mmol), 3-aminofg&pylpropan-1-ol (453 mg, 3.0 mmol),
10 mL THF, NaCBu (317 mg, 3.3 mmol), 24h at 90224h at 130 °C. Purification by
column chromatography 10:1 pentane@tYield: 632 mg = 2.58 mmol = 86% as colorless
solid.'H NMR (300 MHz, CRCl,): § = 8.56-8.60 (m, 1H), 8.04-8.00 (m, 2H), 7.71-7(6Y
1H), 7.69 (ddJ = 8.2, 2.3 Hz, 1H), 7.51-7.40 (m, 3H), 7.37-7.8Q @H), 7.28-7.21 (m, 3H),
4.03 (s, 3H) ppmC NMR (75 MHz, CDCly): § = 155.6, 150.5, 140.8, 139.8, 137.5, 135.8,
129.4, 129.2,129.1, 127.2, 126.9, 120.5, 39.2 pp& (70 eV, El); m/z (%): 245 (100, W,
215 (6), 202 (7), 168 (10), 141 (12), 115 (20), 12®), 91 (6), 77 (4).

DA®

®

T
Cl

1c: 5-benzyl-2-(4-chlorophenyl)pyridine: Catalyst A (4.5 mL, 0.045 mmol, 0.01 M in
THF), 3-phenylpropan-1-ol (1.63 mL, 12.0 mmol), r&tao-3-(4-chlorophenyl)propan-1-ol
(555 mg, 3.0 mmol), 10 mL THF, N&8u (317 mg, 3.3 mmol), 24h at 90-2€24h at 130 °C.
Purification by column chromatography 10:1 pentB€ Yield: 635 mg = 2.58 mmol =
86% as yellow oil'H NMR (400 MHz, CRCl,): § = 8.56 (ddJ = 2.3, 0.8 Hz, 1H), 7.97 (d,
J=9.0 Hz, 2H), 7.65 (d] = 8.2 Hz, 1H), 7.56 (dd] = 8.2, 2.3 Hz, 1H), 7.44 (d,= 9.0 Hz,
2H), 7.35-7.31 (m, 2H), 7.28-7.21 (m, 3H), 4.012d) ppm.>*C NMR (100 MHz, CRCly):

d = 154.4, 150.6, 140.7, 138.3, 137.7, 136.1, 1389,4, 129.3, 129.2, 128.5, 127.0, 120.4,
39.2 ppmMS (70 eV, El); m/z (%): 279 (100, W, 244 (12), 215 (13), 202 (13), 139 (20),
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121 (15), 115 (16), 91 (15klemental analysis(%) for G/HigN calcd C 77.28, H 5.04, N
5.01; found: C 77.03, H 4.70, N 5.04.

1d: 5-benzyl-2-(3,4-dimethoxyphenyl)pyridine: Catayst A (1.5 mL, 0.015 mmol, 0.01 M
in THF), 3-phenylpropan-1-ol (1.63 mL, 12.0 mmol), 3-amino-3-(3,4-
dimethoxyphenyl)propan-1-ol (633 mg, 3.0 mmol), D THF, NaOBu (317 mg,
3.3 mmol), 24h at 90 *€24h at 130 °C. Purification by column chromatogsaghl
pentane:BED-> 1:2 pentane:EO; Yield: 842 mg = 2.76 mmol = 92% as colorlessdsdH
NMR (400 MHz, CDCly): 6 = 8.52 (dJ = 2.3 Hz, 1H), 7.66 (d] = 2.0 Hz, 1H), 7.64 (d] =
8.2 Hz, 1H), 7.53-7.50 (m, 3H),7.34-7.29 (m, 2HR7¢7.19 (m, 3H), 6.94 (d] = 8.6 Hz,
1H), 4.00 (s, 2H), 3.92 (s, 3H), 3.88 (s, 3H) ppia. NMR (100 MHz, CRCl,): & = 155.3,
150.6, 150.2, 150.0, 141.0, 137.5, 135.1, 132.8,412129.2, 126.9, 119.9, 119.5, 111.8,
110.5, 56.4, 39.2, 31.2 ppMS (70 eV, EIl); m/z (%): 305 (100, W, 290 (26), 274 (24), 262
(20), 259 (23), 218 (24), 91 (2®lemental analysis(%) for G7H1gN calcd C 78.66, H 6.27,
N 4.59; found: C 78.57, H 6.37, N 4.59.

le: 5-benzyl-2,3-bipyridine: Catalyst A (4.5 mL, 0.045 mmol, 0.01 M in THF), 3-
phenylpropan-1-ol (1.63 mL, 12.0 mmol), 3-aminop§+{din-3-yl)propan-1-ol (456 mg,
3.0 mmol), 10 mL THF, NaBu (317 mg, 3.3 mmol), 24h at 902€ 24h at 130 °C.
Purification by column chromatography puret Yield: 450 mg = 1.83 mmol = 61% as
colorless solid'H NMR (300 MHz, CDCl,): & = 9.20-9.16 (m, 1H), 8.62-8.58 (m, 2H),
8.32-8.28 (m, 1H), 7.72-7.69 (m, 1H), 7.40-7.36 (Hl), 7.35-7.29 (m, 2H), 7.27-7.20 (m,
3H), 4.03 (s, 3H) ppn>C NMR (75 MHz, CDCly): § = 153.2, 150.7, 150.2, 148.6, 140.6,
137.7, 136.6, 135.1, 134.4, 129.4, 129.2, 127.8,00220.7, 39.2 ppnMS (70 eV, El); m/z
(%): 246 (100), 218 (10), 169 (7), 141 (10), 115)(P1 (10), 65 (5)Elemental analysis(%)
for C;7H14N caled C 82.90, H 5.73, N 11.37; found: C 83.1&.84, N 11.50.
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O/\(j\/\/\/\/\/\
g
N

1f: 5-benzyl-2-undecylpyridine: Catalyst A (1.5 mL, 0.015 mmol, 0.01 M in THF), 3-
phenylpropan-1-ol (1.63 mL, 12.0 mmol), 3-aminad#&can-1-ol (687 mg, 3.0 mmol),
10 mL THF, NaCBu (317 mg, 3.3 mmol), 24h at 902€24h at 130 °C. Purification by
column chromatography 15:1 pentangE 10:1 pentane:ED Yield: 892 mg = 2.76 mmol
= 92% as yellow oil'H NMR (400 MHz, CRCl,): § = 8.38 (d,J = 2.3 Hz, 1H), 7.38 (dd] =
8.2, 2.3 Hz, 1H), 7.32-7.27 (m, 2H), 7.24-7.18 8H), 7.06 (dJ = 7.8 Hz, 1H), 3.93 (s, 2H),
2.74-2.70 (m, 2H), 1.70-1.66 (m, 2H), 1.34-1.27 {6H), 0.91-0.87 (m, 3H) ppm’C NMR
(100 MHz, CBCly): 8 = 161.0, 149.9, 141.2, 136.9, 134.1, 129.3, 1226,8, 122.8, 39.2,
38.5, 32.5, 30.5, 30.3, 30.22, 30.18, 30.1, 30909,223.3, 14.5 ppmMS (70 eV, EIl); m/z
(%): 323 (3, M), 308 (1), 294 (2), 280 (2), 266 (2), 252 (2), 238 224 (3), 219 (10), 196
(18), 183 (100), 106 (10), 91 (8xlemental analysis(%) for G/HigN calcd C 85.39, H
10.28, N 4.33; found: C 85.01, H 10.62, N 4.50.

X

7

N

1g9: 5-methyl-2-p-tolylpyridine: Catalyst A (1.5 mL, 0.015 mmol, 0.01 M in THF), 1-
propanol (897 pL, 12.0 mmol), 3-amino-3-p-tolylpaopl-ol (495 mg, 3.0 mmol), 10 mL
THF, NaOBu (317 mg, 3.3 mmol), 24h at 90-2€24h at 130 °C. Purification by column
chromatography 10:1 pentanefBt Yield: 467 mg = 2.55 mmol = 85% as colorlessdsoH
NMR (300 MHz, CBCl,): 8 = 8.50-8.47 (m, 1H), 7.93-7.88 (m, 2H), 7.66-7(61, 1H),
7.58-7.52 (m, 1H), 7.31-7.25 (m, 2H), 2.41 (s, 3BB6 (s, 3H) ppm**C NMR (75 MHz,
CD.Cly): & = 154.9, 150.5, 139.1, 137.7, 132.0, 129.9, 12K19,9, 21.5, 18.4 ppnMS (70
eV, El); m/z (%): 183 (100, K), 167 (20), 153 (4), 128 (4), 115 (10), 91 (8),(65

N

b7

N

1h: 5-hexyl-2-p-tolylpyridine: Catalyst A (1.5 mL, 0.015 mmol, 0.01 M in THF), 1-octanol
(1.88 mL, 12.0 mmol), 3-amino-3-p-tolylpropan-1-6495 mg, 3.0 mmol), 10 mL THF,
NaOBu (317 mg, 3.3 mmol), 24h at 902€ 24h at 130 °C. Purification by column
chromatography 10:1 pentane®t Yield: 714 mg = 2.82 mmol = 94% as colorlessdsdH
NMR (300 MHz, CRCl,): & = 8.48 (d,J = 1.8 Hz, 1H), 7.94-7.86 (m, 2H), 7.69-7.62 (m,
1H), 7.60-7.52 (m, 1H), 7.31-7.23 (m, 2H), 2.682(®n, 2H), 2.40 (s, 3H), 1.71-1.58 (m,
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2H), 1.45-1.26 (m, 6H), 0.97-0.83 (m, 3H) ppC NMR (75 MHz, CDCly): § = 155.1,
150.2, 139.1, 137.2, 137.0, 136.9, 129.9, 126.6,0,83.2, 32.2, 31.7, 29.4, 23.2, 21.5, 14.4
ppm.MS (70 eV, El); m/z (%): 253 (50, &, 196 (10), 182 (100), 167 (8), 155 (12), 129 (6),
115 (6).Elemental analysis(%) for GigH23N calcd C 85.32, H 9.15, N 5.53; found: C 85.28,
H9.17, N 5.60.

Ha1Ca0~

7

N

1i: 5-icosyl-2-p-tolylpyridine: Catalyst A (4.5 mL, 0.045 mmol, 0.01 M in THF), docosan-
1-ol (1.96 g, 6.0 mmol), 3-amino-3-p-tolylproparell{495 mg, 3.0 mmol), 10 mL THF,
NaOBu (317 mg, 3.3 mmol), 24h at 902C 24h at 130 °C. Purification by column
chromatography pure toluene. Yield: 943 mg = 2.1anm70% as colorless solidH NMR
(300 MHz, CRXCly): & = 8.47 (dJ = 1.5 Hz, 1H), 7.92-7.85 (m, 2H), 7.68-7.61 (m,)1H58-
7.51 (m, 1H), 7.30-7.22 (m, 2H), 2.68-2.58 (m, 2PIB9 (s, 3H), 1.74-1.54 (m, 2H), 1.27-
1.26 (m, 34H), 0.90-0.86 (m, 3H) ppMC NMR (75 MHz, CRCl,): 6 = 155.1, 150.2, 139.1,
137.2, 137.0, 136.9, 129.9, 126.9, 120.0, 41.2,3®.5, 31.8, 31.5, 30.7, 30.3, 30.2, 30.0,
29.9, 29.8, 27.4, 23.3, 21.5, 14.5 ppvt (70 eV, El); m/z (%): 449 (20, N, 434 (2), 420
(7), 406 (10), 392 (10), 378 (14), 364 (14), 356)(1B36 (16), 322 (14), 308 (13), 294 (12),
280 (10), 266 (10), 252 (12), 238 (10), 224 (7)9 210), 196 (95), 183 (100), 167 (6), 155
(14), 57 (14) Elemental analysis(%) for Gs,Hs;N calcd C 85.46, H 11.43, N 3.11; found: C
85.44, H11.12, N 3.03.

\

1j: 5-cyclohexyl-2-p-tolylpyridine: Catalyst A (3.0 mL, 0.03 mmol, 0.01 M in THF), 2-
cyclohexylethanol (1.67 mL, 12.0 mmol), 3-amino-3afylpropan-1-ol (495 mg, 3.0 mmol),
10 mL THF, NaCBu (317 mg, 3.3 mmol), 24h at 902€24h at 130 °C. Purification by
column chromatography 15:1 pentanetYield: 339 mg = 1.35 mmol = 45% as colorless
solid. '"H NMR (300 MHz, CDCly): & = 8.51 (d,J = 2.0 Hz, 1H), 7.93-7.86 (m, 2H), 7.69-
7.62(m, 1H), 7.61-7.54 (m, 1H), 7.31-7.23 (m, 2R)%5-2.50 (m, 1H), 2.40 (s, 3H), 1.97-
1.83 (m, 4H), 1.82-1.74 (m, 1H), 1.55-1.39 (m, 4HB9-1.26 (m, 1H) ppm>C NMR (75
MHz, CD,Cl): & = 155.3, 129.2, 131.8, 129.1, 137.2, 135.3, 1228,9, 120.1, 42.3, 34.7,
27.3, 26.6, 21.5 ppmMS (70 eV, El); m/z (%): 251 (100), 208 (75), 195 (2032 (30), 115
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(6), 91 (6).Elemental analysis(%) for GgH.:N calcd C 86.01, H 8.42, N 5.57; found: C
86.09, H 8.15, N 5.67.

\

1k: 5-(6-methylhept-5-en-2-yl)-2-p-tolylpyridine: Catalyst A (1.5 mL, 0.015 mmol, 0.01
M in THF), 2,7-dimethyloct-6-en-1-ol (2.19 mL, 121imol), 3-amino-3-p-tolylpropan-1-ol
(495 mg, 3.0 mmol), 10 mL THF, N&8u (317 mg, 3.3 mmol), 24h at 902 24h at
130 °C. Purification by column chromatography 1@é&ntane:BED. Yield: 527 mg =
1.89 mmol = 63% as colorless oiH NMR (300 MHz, CDCly): & = 8.49 (d,J = 2.1 Hz),
7.95-7.88 (m, 2H), 7.71-7.65 (m, 1H), 7.60-7.54 (1), 7.32-7.25 (m, 2H), 5.16-5.08 (m,
1H), 2.85-2.72 (m, 1H), 2.41 (s, 3H), 2.00-1.89 2H), 1.72-1.64 (m, 5H), 1.54 (s, 3H), 1.30
(d, J = 7.0 Hz, 3H) ppm**C NMR (75 MHz, CDCl,): § = 155.4, 149.6, 141.5, 139.2, 137.2,
135.4, 132.3, 129.9, 127.0, 124.7, 120.1, 38.8,36.6, 26.0, 22.5, 21.5, 18.0 ppwhS (70
eV, El); m/z (%): 279 (18, N), 264 (10), 236 (8), 222 (14), 210 (100), 196 (1a®B3 (12),
169 (6), 128 (7)Elemental analysis(%) for GoHz2sN calcd C 85.97, H 9.02, N 5.01; found:
C 86.30, H 9.20, N 5.34.

1I: 5-phenyl-2-p-tolylpyridine: Catalyst A (0.9 mL, 0.009 mmol, 0.01 M in THF), 2-
phenylethanol (1.46 mL, 12.0 mmol), 3-amino-3-pAmopan-1-ol (495 mg, 3.0 mmol),
10 mL THF, NaCBu (317 mg, 3.3 mmol), 24h at 90-2€24h at 130 °C. Purification by
column chromatography 20:1 pentangEtYield: 478 mg = 1.95 mmol = 65% as colorless
solid. '"H NMR (300 MHz, CBCl,): 6 = 8.92 (ddJ = 2.5, 0.7 Hz, 1H), 8.02-7.93 (m, 3H),
7.82 (dd,J = 8.4, 0.7 Hz, 1H), 7.70-7.64 (m, 2H), 7.55-7.46 RH), 7.46-7.38 (m, 1H), 7.35-
7.29 (m, 2H), 2.42. (s, 3H) ppmC NMR (75 MHz, CQCl,): & = 156.4, 148.5, 139.7,
138.3, 136.7, 135.4, 135.0, 130.0, 129.6, 128.3,4,2127.1, 120.3, 21.6 ppwlS (70 eV,
El); m/z (%): 245 (100, M), 202 (6), 123 (6), 102 (5).
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1m: 5-(3,4-dimethoxyphenyl)-2-p-tolylpyridine: Catdyst A (1.5 mL, 0.015 mmol, 0.01 M
in THF), 2-(3,4-dimethoxyphenyl)ethanol (1.64 g,d&mol), 3-amino-3-p-tolylpropan-1-ol
(495 mg, 3.0 mmol), 10 mL THF, N&8u (317 mg, 3.3 mmol), 24h at 902C 24h at
130 °C. Purification by column chromatography 11iCEpentane> pure E3O. Yield: 851
mg = 2.79 mmol = 93% as colorless sdlitl NMR (300 MHz, CBCl,): & = 8.90-8.86 (m,
1H), 7.99-7.95 (m, 2H), 7.92 (dd,= 8.4, 2.5 Hz, 1H), 7.79 (dd,= 8.4, 0.7 Hz, 1H), 7.33-
7.28 (m, 2H), 7.24-7.19 (m, 1H), 7.16 (= 2.1 Hz, 1H), 6.99 (dJ = 8.2 Hz, 1H), 3.92 (s,
3H), 3.89 (s, 3H), 2.41 (s, 3H) ppMC NMR (75 MHz, CDQCl,): 6 = 155.9, 150.2, 150.0,
148.2, 139.6, 136.7, 135.0, 134.9, 131.0, 130.8,01220.2, 119.8, 112.5, 110.8, 56.5, 56.4,
21.5 ppmMS (70 eV, El); m/z (%): 305 (100, W, 290 (16), 262 (40), 218 (12), 204 (5), 153
(12), 115 (5), 91 (5)Elemental analysis(%) for GeH1sNO, calcd C 78.66, H 6.27, N 4.59;
found: C 78.98, H 6.54, N 4.62.

1n: 5-(pyridin-3-ylmethyl)-2-p-tolylpyridine: Catal yst A (4.5 mL, 0.045 mmol, 0.01 M in
THF), 3-(pyridin-3-yl)propan-1-ol (1.55 mL, 12.0 natlh, 3-amino-3-p-tolylpropan-1-ol (495
mg, 3.0 mmol), 10 mL THF, NdBu (317 mg, 3.3 mmol), 24h at 90-2€24h at 130 °C.
Purification by column chromatography pure@® 1:1 EtO:acetone. Yield: 733 mg =
2.82 mmol = 94% as colorless soltét NMR (300 MHz, CDBCl,): 6 = 8.53 (dd,J = 5.0, 1.8
Hz, 2H), 8.46 (ddJ = 5.0, 1.8 Hz, 1H), 7.92-7.87 (m, 2H), 7.67Jd&; 8.2 Hz, 1H), 7.56-7.49
(m, 2H), 7.31-7.19 (m, 3H), 4.01 (s, 2H), 2.393d) ppm.**C NMR (75 MHz, CQCly): 6 =
156.0, 150.7, 150.3, 148.5, 139.5, 137.5, 136.8,.613136.2, 134.2, 129.9, 127.0, 124.0,
120.3, 36.4, 21.5 ppnMS (70 eV, EI); m/z (%): 260 (100, N, 232 (5), 217 (4), 182 (7),
167 (5), 142 (5), 115 (8), 65 (Hlemental analysis(%) for GgHigN» calcd C 83.04, H 6.19,
N 10.76; found: C 83.13, H 6.12, N 10.72.
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1o: p-tolyl(6-p-tolylpyridin-3-yl)methanamine: Catalyst A (3.0 mL, 0.03 mmol, 0.01 M in
THF), 3-amino-3-p-tolylpropan-1-ol (990 mg, 6.0 mindl0 mL THF, NaCBu (317 mg,
3.3 mmol), 24h at 90 °€ 24h at 130 °C. Purification by column chromatqima pure
EtOAc. Yield: 300 mg = 1.05 mmol = 35% as colorlestid. '"H NMR (300 MHz, CDCly):

5 =8.66 (d,J = 2.3 Hz, 1H), 7.91-7.86 (m, 2H), 7.76-7.71 (1A%6 (dd,J = 7.3, 0.9 Hz,
1H), 7.33-7.24 (m, 4H), 7.17-7.12 (m, 2H), 5.251(d), 2.39 (s, 3H), 2.32 (s, 3H), 1.77 (s_br,
2H) ppm.**C NMR (75 MHz, CQCl,): & = 156.3, 149.0, 142.8, 140.1, 139.4, 137.5, 136.9,
135.6, 129.9, 129.8, 127.2, 127.1, 120.1, 57.R,211.3 ppmMS (70 eV, El); m/z (%): 288
(20, M"), 271 (40), 207 (8), 197 (48), 170 (100), 141 (B0 (38), 91 (24), 77 (10), 65 (11).
Elemental analysis(%) for GgHi6N, calcd C 83.30, H 6.99, N 9.71; found: C 83.19,.B67

N 9.43.

1p: 2-(4-methoxyphenyl)-4-p-tolylpyridine: Catalyst A (3.0 mL, 0.03 mmol, 0.01 M in
THF), 1-(4-methoxyphenyl)ethanol (1.69 mL, 12.0 mima3-amino-3-p-tolylpropan-1-ol
(495 mg, 3.0 mmol), 10 mL THF, N&8u (317 mg, 3.3 mmol), 24h at 902C24h at 130
°C. Purification by column chromatography purglEtYield: 396 mg = 1.44 mmol = 48% as
colorless solid’H NMR (400 MHz, CDBCL,): & = 8.64 (ddJ = 5.1, 0.8 Hz, 1H), 8.08-8.01
(m, 2H), 7.92-7.89 (m, 1H), 7.66-7.60 (m, 2H), 7(d@,J = 5.1, 1.8 Hz, 1H), 7.36-7.30 (m,
2H), 7.05-6.98 (m, 2H), 3.87 (s, 3H), 2.42 (s, 3)n.°C NMR (100 MHz, CRCl,): § =
161.2, 157.9, 150.5, 149.4, 139.8, 136.2, 132.6,31328.7, 127.4, 119.9, 117.9, 114.6, 55.9,
21.5 ppmMS (70 eV, El); m/z (%): 275 (100, W, 260(22), 232 (15), 217 (10), 189 (4), 138
(6), 115 (8).Elemental analysis(%) for GgH17NO calcd C 82.88, H 6.22, N 5.09; found: C
82.90, H 6.35, N 5.10.

252



7. Regioselectively functionalized pyridines froemewable resources

1q: 2-ferrocenyl-6-p-tolylpyridine: Catalyst A (1.5 mL, 0.015 mmol, 0.01 M in THF), 1-
ferrocenyl-ethanol (2.76 g, 12.0 mmol), 3-amino-8lylpropan-1-ol (495 mg, 3.0 mmol),
10.0 mL THF, Na®Bu (317 mg, 3.3 mmol), 24 h at 90 °C. Purificatityy column
chromatography 60:1 pentanefBtYield: 571 mg = 1.62 mmol = 54% as orange sofitl.
NMR (400 MHz, CDCly): 5 = 8.02 (dJ = 8.2 Hz, 2H), 7.65 (t] = 7.8 Hz, 1H), 7.54 (ddl =
7.81, 0.8 Hz, 1H), 7.35 (dd,= 7.8, 0.8 Hz, 1H), 7.31, (d,= 7.8 Hz, 2H), 5.03-5.02 (m, 2H),
4.42-4.41 (m, 2H), 4.06 (s, 6H), 2.43 (s, 3H) ppia. NMR (100 MHz, CRCl,): § = 159.3,
156.7, 139.4, 137.4, 137.1, 129.8, 127.2, 118.7,21184.9, 70.3, 70.1, 68.0, 21.6 ppvS
(70 eV, El); m/z (%): 353 (100), 288 (26), 231 (B),7 (8), 191 (6), 177 (8), 121 (8), 56 (6).
Elemental analysis(%) for G7HioN calcd C 74.80, H 5.42, N 3.97; found: C 74.615.B3,
N 3.96.

7

1r: 2-isopropyl-6-p-tolylpyridine: Catalyst A (1.5 mL, 0.015 mmol, 0.01 M in THF), 3-
methylbutan-2-ol (1.08 mL, 12.0 mmol), 3-amino-3gpylpropan-1-ol (495 mg, 3.0 mmol),
10 mL THF, NaCBu (317 mg, 3.3mmol), 24 h at 90 °C. Purificatitty column
chromatography 10:1 pentanefBtYield: 361 mg = 1.71 mmol = 57% as colorless Bil.
NMR (400 MHz, CDCIly): 6 = 7.97-7.92 (m, 2H), 7.68-7.63 (m, 1H), 7.53 (d& 7.8, 0.8
Hz, 1H), 7.30-7.25 (m, 2H), 7.10 (@3= 7.8 Hz, 1H), 3.16-3.04 (m, 1H), 2.40 (s, 3HB4L(d,

J = 7.0 Hz, 6H) ppm**C NMR (100 MHz, CBCl,): § = 167.5, 156.6, 139.3, 137.6, 137.5,
129.8, 127.2, 119.3, 117.7, 37.0, 22.9, 21.5 pli8.(70 eV, El); m/z (%): 211 (30), 196
(100), 183 (40), 168 (15), 154 (8), 128 (8), 116)(BP1 (9), 77 (8).

X

~

N
2a: 5,6,7,8,9-pentahydro-cycloheptépyridine: Catalyst A (0.9 mL, 0.009 mmol, 0.01 M
in THF), cycloheptanol (725 pL, 6.0 mmol), 3-amibgropanol (229 uL, 3.0 mmol), 10 mL
THF, NaOBu (317 mg, 3.3 mmol), 24h at 90 °C. Purification dolumn chromatography
10:1 pentane:E0. Yield: 401 mg = 2.73 mmol = 91% as colorless il NMR (300 MHz,
CD.Cl,): 6 =8.23 (ddJ = 4.7, 1.5 Hz, 1H), 7.36 (dd,= 7.6, 1.5 Hz, 1H), 6.99 (dd,= 7.6,
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4.7 Hz, 1H) 3.03-2.99 (m, 2H), 2.78-2.74 (m, 2HRQE1.83 (M, 2H), 1.69-1.63 (M, 4H) ppm.
3C NMR (75 MHz, CQClp): & = 163.9, 146.6, 138.6, 136.6, 121.6, 40.0, 3533],328.6,
27.1 ppmMS (70 eV, EI); m/z (%): 147 (80, K, 132 (40), 118 (100), 104 (8), 91 (8), 77

@Ej
~

2b: 5,7,8-Trihydro-(N-methyl-azabicyclo[3.2.1]octa)b]pyridine: Catalyst A (1.5 mL,
0.015 mmol, 0.01M in THF), tropin (845 mg, 6.0 minoB-amino-1-propanol (229 L,
3.0 mmol), 10 mL THF, NaBu (317 mg, 3.3 mmol), 24 h at 90 °C. Purificattmncolumn
chromatography 3:1 ED:MeOH:; Yield: 365 mg = 2.1 mmol = 70% as orande ‘81 NMR
(300 MHz, CDCL,): 6 = 8.32 (ddJ = 4.7, 1.8 Hz, 1H), 7.26 (dd,= 7.6, 1.8 Hz, 1H), 7.05-
6.98 (m, 1H), 3.80 (dJ = 5.6 Hz, 1H), 3.52-3.44 (m, 1H), 3.24 (db>= 17.9, 5.6 Hz, 1H),
2.52 (d,J = 17.9 Hz, 1H), 2.32 (s, 3H), 2.27-2.17 (m, 2H),6t1.68 (m, 1H), 1.61-1.53 (m,
1H) ppm.**C NMR (75 MHz, CQCl,): & = 155.0, 148.0, 136.9, 133.9, 121.5, 63.8, 59.1,
37.6, 37.1, 35.0, 29.7 ppriIS (70 eV, El); m/z (%): 174 (15, K, 145 (100), 118 (8), 104
(4), 82 (6).Elemental analysis(%) for GH14N> calcd C 75.82, H 8.10, N 16.08; found: C
75.85, H 8.25, N 16.25.

| SN

=

2c:  (5R)-8-isopropyl-5-methyl-5,6,7,8-tetrahydroqunoline:  Catalyst A (1.5 mL,
0.015 mmol, 0.01 M in THF),-menthol (1.87 g, 12.0 mmol), 3-amino-1-propan@g2iL,
3.0 mmol), 10 mL THF, NaBu (317 mg, 3.3 mmol), 24h at 90 °C. Purification dolumn
chromatography 20:1 pentane@t Yield: 465 mg = 2.46 mmol = 82% as colorless il
NMR (300 MHz, CDBCl,): 8 = 8.39-8.32 (m, 1H), 7.55-7.35 (m, 1H), 7.08-6(86 1H),
3.01-2.67 (m, 3H), 2.05-1.86 (m, 1H), 1.86-1.65 @hl), 1.65-1.35 (m, 1H), 1.29-1.22 (m,
3H), 1.07-0.99 (m, 3H), 0.71-0.55 (m, 3H) ppH'C NMR (75 MHz, CDCl,): § = 160.2,
160.0, 147.1, 146.9, 138.6, 136.5, 134.6, 121.1,.27.2, 46.8, 33.4, 33.1, 31.8, 30.8, 30.3,
29.0, 23.3, 21.9, 21.7, 21.2, 21.1, 18.6, 17.3] ppm.MS (70 eV, EIl); m/z (%): 189 (24,
M™Y), 174 (22), 147 (95), 146 (100), 144 (16), 132)(@®0 (55), 117 (20), 91 (6), 77 (10).
Elemental analysis(%) for GsHigN calcd C 82.48, H 10.12, N 7.40; found: C 82.41,
9.98, N 7.630ptical rotation [a] 2= -5.4° (0.1) (c = 1; CHCLy).
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7. Regioselectively functionalized pyridines froemewable resources

2d: (5R)-8-methyl-5-(prop-1-en-2-yl)-5,6,7,8-tetrafjidroquinoline: Catalyst A (3.0 mL,
0.03 mmol, 0.01 M in THF), (5S)-2-methyl-5-(propeh-2-yl)cyclohexanol (1.85 g,
12.0 mmol), 3-amino-1-propanol (228 puL, 3.0 mmal) mL THF, NaCBu (317 mg,
3.3 mmol), 24h at 90 °C. Purification by column amatography 3:1 pentane;Bt Yield:
426 mg = 2.28 mmol = 76% as colorless Bi.NMR (300 MHz, CDCl,): & = 8.37 (ddd,) =
4.7, 1.8, 0.9 Hz, 1H), 7.29 (dddl= 7.8, 1.8, 0.9 Hz, 1H), 7.02 (dd#>= 7.8, 4.6, 0.7 Hz, 1H),
4.95-4.92 (m, 1H), 4.69-4.66 (m, 1H), 3.61-3.52 (), 3.02-2.87 (m, 1H), 2.17-2.04 (m,
1H), 1.99-1.87 (m, 1H), 1.8-1.71 (m, 1H), 1.61 (dd; 1.5, 0.9 Hz, 3H), 1.60-1.45 (m, 1H),
1.35 (d,J = 1.4 Hz, 3H) ppm**C NMR (75 MHz, CDCl,): 5 = 162.0, 148.7, 147.6, 136.9,
133.5, 121.3, 114.4, 48.3, 36.7, 30.6, 26.9, 21926 ppm.MS (70 eV, El); m/z (%): 187
(20), 172 (30), 158 (25), 144 (100), 130 (42), 11%), 91 (5), 77 (10)Elemental analysis
(%) for CiaH17N calcd C 83.37, H 9.15, N 7.48; found: C 83.459HM4, N 7.67 Optical
rotation [a] 2= +51.6° & 0.1) (c = 1; CHCLy).

| X

N

2e:.  2-p-tolyl-5,6,7,8,9-pentahydro-cycloheptéfpyridine:  Catalyst A (1.5 mL,
0.015 mmol, 0.01 M in THF), cycloheptanol (723 6L mmol), 3-amino-3-p-tolylpropan-1-
ol (495 mg, 3.0 mmol), 10 mL THF, N&&u (317 mg, 3.3 mmol), 24h at 90 °C. Purification
by column chromatography 40:1 pentanglEtYield: 683 mg = 2.88 mmol = 96% as
colorless solid*H NMR (400 MHz, CDBCL,): & = 7.91 (d,J = 8.2 Hz, 2H), 7.47-7.40 (m,
2H), 7.26 (dJ = 8.20 Hz, 2H), 3.13-3.08 (m, 2H), 2.83-2.78 (1H)22.40 (s, 3H), 1.95-1.87
(m, 2H), 1.76-1.65 (m, 4H) ppm>C NMR (100 MHz, CRCl,): 6 = 163.5, 154.0, 138.8,
137.6, 137.4, 137.0, 129.8, 126.9, 117.7, 40.3%,38.2, 28.8, 27.3, 21.5 ppmlS (70 eV,
El); m/z (%): 237 (100, M), 222 (16), 208 (40), 183 (6), 91 (®lemental analysis(%) for
Ci17H1oN calcd C 86.03, H 8.07, N 5.90; found: C 85.918.Bi1, N 5.95.
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7. Regioselectively functionalized pyridines froemewable resources

2f.  2-p-Tolyl-5,7,8-trihydro-(N-methyl-azabicyclo[3.2.Jocta)[b]pyridine: Catalyst A
(2.4 mL, 0.024 mmol, 0.01 M in THF), tropin (845 n&0 mmol), 3-amino-3-p-tolylpropan-
1-ol (495 mg, 3.0 mmol), 10.0 mL THF, N#D (317 mg, 3.3 mmol), 24 h at 90 °C.
Purification by column chromatography 10:2&MeOH> 3:1 E;O:MeOH,; Yield: 665 mg
= 2.52 mmol = 84% as yellow ofiH NMR (400 MHz, CRCl,): 5 = 7.86 (dJ = 8.2 Hz, 2H),
7.47 (d,J = 8.2 Hz, 1H), 7.32 (d) = 7.8 Hz, 1H), 7.25 (d) = 7.8 Hz, 2H), 3.85 (d] = 5.9
Hz, 1H), 3.53 (tJ = 6.1 Hz, 1H), 3.31 (ddl = 17.6, 5.1 Hz, 1H), 2.59 (d,= 17.6 Hz, 1H),
2.39 (s, 3H), 2.36 (s, 3H), 2.32-2.20 (m,2H), 2(62 2H) ppm.**C NMR (100 MHz,
CD.Clp): 6 = 155.5, 154.6, 139.1, 137.4, 135.3, 134.8, 12828,0, 118.0, 63.7, 59.2, 37.9,
37.1, 35.1, 29.8, 21.5 ppS (70 eV, EI); m/z (%): 264 (15, &, 235 (100), 222 (3), 219
(5), 208 (5), 117 (15Elemental analysis(%) for G7HioN calcd C 81.78, H 7.63, N 10.60;
found: C 81.51, H 7.92, N 10.46.

\

29: 3-methyl-2-p-tolyl-5,6,7,8,9-pentahydro-cyclohga[b]pyridine: Catalyst A (3.0 mL,
0.03 mmol, 0.01 M in THF), cycloheptanol (725 pLQ é&mol), 3-amino-2-methyl-3-p-
tolylpropan-1-ol (534 mg, 3.0 mmol), 10 mL THF, N8O (317 mg, 3.3 mmol), 24h at
90 °C. Purification by column chromatography 10:&énfane: BO. Yield: 655 mg =
2.61 mmol = 87% as colorless solfti NMR (300 MHz, CDCl,): & = 7.47-7.38 (m, 2H),
7.30-7.22 (m, 3H), 3.07-3.03 (m, 2H), 2.82-2.77 §H), 2.43 (s, 3H), 2.30 (s, 3H), 1.94-1.88
(m, 2H), 1.75-1.68 (m, 4H) ppnt’C NMR (75 MHz, CQCl,): & = 160.7, 155.1, 139.6,
138.8, 137.7, 136.8, 129.5, 129.1, 128.1, 39.33,38.2, 28.9, 27.5, 21.5, 19.8 ppMiS (70
eV, El); m/z (%): 251 (45, V), 234 (4), 222 (5), 194 (3), 115 (3), 91 (4), B}. Elemental
analysis(%) for GgH21N calcd C 86.01, H 8.42, N 5.57; found: C 86.28.1H2, N 5.68.

2h:2-p-tolyl-2-methyl-5,7,8-trihydro-N-methyl-azabicyclo[3.2.1]octap]pyridine:

Catalyst A (3.0 mL, 0.03 mmol, 0.01M in THF), tropin (845 m@,0 mmol), 3-amino-2-
methyl-3-p-tolylpropan-1-ol (537 mg, 3.0 mmol), il THF, NaOBu (317 mg, 3.3 mmol),
24 h at 90 °C. Purification by column chromatogra@hl EtO:MeOH; Yield: 700 mg =
2.52 mmol = 84% as orange diH NMR (300 MHz, CDBCly): 6 = 7.41-7.35 (m, 2H), 7.27-
7.21 (m, 2H), 7.16 (s, 1H), 3.83 @= 5.9 Hz, 1H), 3.55-3.48 (m, 1H), 3.25 (dd; 17.6, 5.0
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7. Regioselectively functionalized pyridines froemewable resources

Hz, 1H), 2.52 (dJ = 17.6 Hz, 1H), 2.40 (s, 3H), 2.37 (s, 3H), 2.4312(m, 1H), 2.28 (s, 3H),
2.26-2.20 (m, 1H), 1.80-1.73 (m, 1H), 1.66-1.56 (i) ppm.**C NMR (100 MHz,
CD.Cly): & = 156.8, 151.6, 138.7, 137.8, 136.5, 135.0, 12829,1, 128.4, 63.5, 59.1, 37.1,
37.0, 35.1, 29.8, 21.5, 20.0 ppMS (70 eV, EI); m/z (%): 278 (10, N, 249 (100), 222 (5),
117 (13), 91 (4)Elemental analysis(%) for GgH»:N, calcd C 81.97, H 7.97, N 10.06;
found: C 82.11, H 8.33, N 10.23.

Mechanistic Studies

Synthesis of [(4-(4-CE)-Ph)Tr(NHP(iPr)2)2lrH 3]

CF;4 CF3;
B AL C
| H, 60 bar, 24 h
| / |
P----lr----P --—Ir----R
AR Hadt< O
31P NMR (161 MHz, THF-dg): 31P NMR (161 MHz, THF-dg):
5= 83.09, 82.40 ppm. 8=108.25 (d, J = 12.5 Hz) ppm.

Catalyst A (0.1 mmol, 78 mg) was dissolved in 1 mL THg-ahd stirred in a 60 bar,H
atmosphere at 25 °C for 24 h. An orange solutios alatained. Due to the high reactivity of

this compound NMR-analyses was done directly froenreaction solution.
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Frequency (MHz) 399.81 Nucleus 1H Solvent DICHLOROMETHANE-d2 ‘ Temperature (degree C) 25.000
SMI-1052-1h.esp MO04(d) MDml(s)
I
MO5(dd) MO3(m) 3
= = 2
1 MO7(d) 2
1.0 9 ~ ~
B 0
E I
] ~
B ©
1 &
0.9 7 iy
0.8 1
El ©
— N
0.7 7 b
Py E
2706 1
Q 1
= 3 MOo2(m)
° El MO6(d) N
5 - ©
N 05 9 3 ~
] ] ~
1S -
= ]
g 1
0.4 1
3 © ®
] © &
] 08(dd) T|w 8 7
4 M H
— = NS
0.3 3 © 0o 'S
] 0005
= o ®© <
E It
] ~
02 1 e
Wg DICHLOROMETHANE—GZ
E ' l l A _J T
O 1 0 Pl < 0~ @D
o 3 5 3
i & o8 g
L e e e e L s e e 5 L. e e e e e
8.5 8.0 7. 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35
Chemical Shift (ppm)
Frequency (MHz) 100.54 Nucleus 13C Solvent DICHLOROMETHANE-d2 ‘ Temperature (degree C) 25.000
SMI-1052-13¢ 3
<
&
| S
1.0 g
0.9 7
= a3
] oD DICHLOROMETHANE-d2
E o J
E 8o
0.8 1
4 [}
1 @
E 5
] Q
S
0.7 §
2 E g
B =
2706 @
Q |
E E 3 3
] S g
5 0% ] 8 8
£ = > ©
S ] 7 S
= ]
0.4 1
0.3 |
E g |9
] =] ©
E < 7.5
— o |w
0.2 7 2 ]
3 £ al |7
El \
0.1 4

T T T e e e e
160 152 144 136 128 120 112 104 96
Chemical Shift (ppm)

263



7. Regioselectively functionalized pyridines froemewable resources

Frequency (MHz) 399.81 Nucleus 1H Solvent DICHLOROMETHANE-d2 ‘ Temperature (degree C) 25.000
SMI-1049-1h.esp MO?(S)
MOIZ(S)
MO1(s)
o ®
So®
Foo
S
0.20 | MOS(m)
] Mo6(m)
B MO7(m)
i al s
] MO08(d) ~
] n Mo4(d)
> ] MOg(d) 2
3 0.15 2 >
c i Yo
o] ~ I
2 i g I @
£ 4 10| 0 ©
= N g
2 ~
N ] o
= N
£ ] gl as8lr
5 Tl g
Z 0.10 4 o
] M10(d) °
i n 3
1 o3 | B
o o
] = T
. 3
0.05 T
] - DICHLOROMETHANE-d2
| L
: ) JU J L 1 Wk T
0
1 © o ® o< ® o~
S = b =9 & s @
¥ [ g 0 Ta7
L B B e L . e e o e B B |
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0
Chemical Shift (ppm)
Frequency (MHz) 100.54 Nucleus 13C Solvent DICHLOROMETHANE-d2 ‘ Temperature (degree C) 25.000
SMI-1049-13c DICHLOROMETHANE-d2
< 83 @
N R @
3 SS9 o 8
- I~ @
<
4 b=
0.55 3 [
E 3 g g
] ) (2] / ]
— < @ =g
0.50 4 N < z”
] ) o ]
El = o
0.45 9
0.40 4
N
20357
2 3
£ 3
st E
£0307 " g
® E 3 3 E]
£ 3 o 0
TR 3 g
Z 0257 8
3 b 3
El P o
0.20 7 k] 9
E a
] =]
3 ©
0.15 9
0.10 9
0.05 4 NM

168 160 152 144 136 128

120 112 104

Chemical Shift (ppm)

264
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources

Frequency (MHz)

Normalized Intensity

399.81

‘ Nucleus

1H

Solvent

DICHLOROMETHANE-d2 ‘ Temperature (degree C) 25.000

o

w

o
TR

o
)
al

o
N
o

o
[N
;]

o o
) [
& 1)

R

o

SMI-1050-1h.esp

MO8(d)

o
@
~

o
o
~

L L

7.46

MO7

e

7.44 ]
7.43

741

MO6(d)

E}

7.27
7.25

DICHLOROMETHANE-d2 I

Mo!

83
O

2.40 1

z
3
5y
E)

—3.09 1

Mo4(m)

312

2.82
—2.79

Mo2(m)

192

1.93

_

v e

~
)

©
<
—
=]

©
®
i

[}

= o~ o
= — S

o)
)
<~

(]

[2.14

8.0 7

.5

7.0

6.0

5.5

6.5

15

5.0 4.5
Chemical Shift (ppm)

4.0 35 3.0 25 2.0

Frequency (MHz)

Normalized Intensity

100.54

Nucleus

i
@

Solvent

DICHLOROMETHANE-d2 [ Temperature (degree C) 25.000

o
fo2}
o
Im

o
D
o

o
3
a

o
a
o

I
IS
o

o 1N
w >
a )

ol

o
w
<]

o
N
a

o o o
[ [ N}
S o o
TN FEPTRIY PRI

o
o
(5]

SMI-1050-13c

163.54

154.02

138.84

137.62

~-136.96

—129.78
—126.93

117.68

"

—35.47

—33.18
—28.81

27.30

DICHLOROMETHANE-d2 2

1.50

—

" Y NI it

104

168 160

152

144

136

128

120

112

Chemical Shift (ppm)

283



7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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7. Regioselectively functionalized pyridines froemewable resources
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