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Kapitel 1: Zusammenfassung

1 Zusammenfassung

Inhalt der vorliegenden Arbeit sind nachhaltige, katalytische Synthesemethoden wichtiger
Verbindungsklassen ausgehend von Alkoholen als nachhaltige Ressource. Der Schlussel fir alle
vorgestellten Reaktionen ist der Einsatz von Ubergangsmetallkomplexen (basierend auf Ir, Co und Mn),
die durch PNsP-Pincerliganden stabilisiert werden (Abbildung 1). Diese Liganden basieren auf
kommerziell erhaltlichen Triazin-Grundkdrpern, wodurch eine Bibliothek verschieden substituierter

Liganden einfach zuganglich ist.

R! R R!
N| SN N| SN N| SN
PR Ao o
(R?),P—Ir—P(R?), (Rz)zP—fg P(R?), (R%),P—Mn—P(R?),

£ c T oc’ | g

Abbildung 1. Strukturen von Ubergangsmetallkomplexen, die in dieser Arbeit Verwendung finden.

Diese Komplexe sind imstande, Borrowing Hydrogen / Hydrogen Autotransfer (BH/HA) Reaktionen
und/oder Akzeptorfreie Dehydrierende Kondensationen (ADC) zu katalysieren. Von der Arbeitsgruppe
Kempe wurden kirzlich Methoden zur Synthese verschiedener aromatischer N-Heterocyclen aus
Alkoholen basierend auf dem ADC-Konzept entwickelt. Im Rahmen der vorliegenden Arbeit wurde

eine nachhaltige Mehrkomponentensynthese von Pyrimidinen erarbeitet (Schema 1).

Dreikomponentenreaktion:

. R4
Prakatalysator
OH OH R* Base A
+ L + /§ _— = N™N
R R3  HoN"  NH ~3H, ) J\/L s
R? -2H,0 R R
R2
Konsekutive Vierkomponentenreaktion:
___________________ . R*
It \ Prakatalysator
OH OH  iOH RY | A A
IO U U G N
R R? | "R®  H,N"  NH: -3H, "
-------------------- ~3H,0 R R?
Zugabe nach p-Alkylierung 5
R
Iridium-katalysierte Version Mangan-katalysierte Version
- Entwicklugg der Rea{(tigq - Erste mangankatalysierte Synthese
- 38 verschiedene Pyrimidine aromatischer N-Heterocyclen ausgehend
- Ausbeuten isolierter Produkte von bis zu 93 % von Alkoholen
- Hohe Sufnstr atbreite - Erste mangankatalysierte B-Alkylierung
- 1-2 Mol-% [ir] Ar von Alkoholen
)§ - Ausbeuten isolierter Produkte von bis zu 78 %
)NL /"t - 25 Beispiele =
H'Tl 'Tj \'Tl - 2-5 Mol-% [Mn] N)%N
(i-Pr),P——Ir—P(i-Pr), PPN
Prakatalysator: Prakatalysator: HN N/ NH
_ = | | I
w (1-Pr)oP—Mn—P(i-Pr),
OC/ ’ 'I//Br
Ar = 4-CF3-(CeHa)- (e]0]

Schema 1. Mehrkomponentensynthese von Pyrimidinen ausgehend von Alkoholen und Amidinen.
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Die vorgestellte Synthese kombiniert BH/HA und ADC-Reaktionen, um teilweise oder vollstandig
substituierte Pyrimidine aus bis zu drei Alkoholen und einem Amidin (oder Guanidin) zu erhalten. Diese
Synthese wurde unter Benutzung eines PNsP-Ligand-stabilisierten Iridiumkomplexes, der von der
Arbeitsgruppe  Kempe entwickelt wurde, entdeckt und ausgearbeitet. Fir verschiedene
Substitutionsmuster wurden jeweils die besten Reaktionsbedingungen ermittelt, was die Synthese von
insgesamt 38 verschiedenen Pyrimidinen in isolierten Ausbeuten von bis zu 93 % erlaubte.

Ein noch nachhaltigerer Ansatz stellt der Ersatz von teuren und seltenen Edelmetallen durch breit
verfiighare und giinstige Basismetalle wie Cobalt dar. Um dieser weiteren Anforderung fiir eine
nachhaltigere Chemie nachzukommen, wurde als nédchstes eine Cobalt-katalysierte C-C-
Knupfungsreaktion durch a-Alkylierung von Acetamiden und tert-Butylacetat durch Alkohole
basierend auf dem BH/HA Konzept entwickelt (Schema 2). Diese Reaktionen konnten bisher nur durch
den Einsatz von Edelmetallkatalysatoren realisiert werden. Aus einer Bibliothek von PNP Ligand-
stabilisierten Cobaltkomplexen wurde fiir beide Reaktionen jeweils ein aktiver Prékatalysator
identifiziert. Diese Bibliothek erlaubte es auRerdem, auf anspruchsvolle Substrate durch die gezielte
Auswabhl eines anderen geeigneten Prakatalysators zu reagieren. Neben der Synthese von insgesamt 22
Beispielen fur die Alkylierung von Amiden bzw. 12 fiir die von Estern wurde anhand von
Folgereaktionen der synthetische Nutzen der auf diese Art und Weise erhaltenen Verbindungen

aufgezeigt. Im Rahmen dieses Projekts wurden insgesamt 40 Produkte hergestelit.

Cobalt-katalysierte C-Alkylierung von unaktivierten Amiden und Estern mit Alkoholen:
[Co] (2.5 Mol-%)

OH 0 ) o} C
t-BuOK (1.2 &q) [Co] .
2 2 R
R +)J\N’R THF, 100°C R1/\)J\N’R I A
3 3 NN
R 20h R JRpe
~
oH o [Co] (5 Mol-%) o (R,,;-'E Eo E;"R,,)
® - 5a W P 2
L )J\ /k t-BuOK (1.5 &q) 1&/[]\ J\ +H,0 -\
R o Toluol, 80 °C R ¢} cl Cl
4h

Synthetischer Nutzen von Amid-Alkylierungsprodukten:

o R*-Li (3 4q) o
RV\)J\N/\ oder R™AoRe
o DIBAL-H (3 &q)
THF, - 78 °C

Schema 2. Oben: Cobalt-katalysierte Alkylierung von Acetamiden und tert-Butylacetat durch
Alkohole. Unten: Synthetischer Nutzen von Alkylierungsprodukten durch Synthese
von Ketonen und Aldehyden.
Die vorher genannten Cobalt-Komplexe waren allerdings nicht in der Lage, ADC-Reaktionen zu
katalysieren. Erst im Jahr 2016 wurde das Potential von Mangan, dem dritthdufigsten Metall im
Erdmantel, fir (De-)Hydrierreaktionen erkannt. In dieser Arbeit wurde die zuvor beschriebene
Pyrimidinsynthese mit einem PNsP-Ligand stabilisierten Mangankomplex und damit eine der ersten

Mangan-katalysierten Synthesen aromatischer N-Heterocyclen ausgehend von Alkoholen erarbeitet.
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Der Mangankomplex

war imstande, sowohl die Dreikomponenten- als auch die konsekutive

Vierkomponentensynthese, welche auf einer vorangeschalteten B-Alkylierungsreaktion zwischen zwei

Alkoholen beruht, zu katalysieren (siehe Schema 1). Auch eine Mangan-katalysierte Knlipfungsreaktion

zwischen zwei Alkoholen war bisher nicht bekannt. Die dhnliche Reaktivitat (bezogen auf die Art der

Reaktion) des Mangankatalysators im Vergleich zu dem Iridiumkatalysator fir beide einzelnen

Reaktionen lasst den Schluss zu, dass Mangan das Potential hat, Iridium oder andere Edelmetalle in

solchen Reaktionen zu ersetzen (Abbildung 2).

Dreikomponentensynthese (ausgewéhite Beispiele):

H, Ph Ph
N” N N/gN N/gN n=1: [Mn]: 73 %
ALK | | O 78 %
Ph = PMP = PMP Z PMP '

Ph ) n=2: [Mn]: 78 %
n [Irl: 88 %

[Mn] 62 % [Mn]: 75 %

[|I'] 73 % [|I’]Z 80 %

Reaktionsbedingungen: [Ir]: 1 Mol-% Prakatalysator, t-BuOK or KOH (0.7-1.1 &q) tert-amyl Alkohol, 24 h

Rickfluss
[Mn]: 2 Mol-% Prékatalysator, t-BuOK (1.1-1.5 &q) 1,4-Dioxan, 24 h Ruckfluss

Konsekutive Vierkomponentensynthese (ausgewdéhite Beispiele):

Ph Ph Ph Ph
N|)§N N|)§N N|)§N N|)§N
Ph/g/\ PMP Ph/\/\ PMP Ph/H/\ PMP W\PMP
Me Et n-Pr n-Pr
[Mn]: 51 % [Mn]: 57 % [Mn]: 55 % [Mn]: 70 %
n: 74.% (: 69 % I 72% n: 73%

Reaktionsbedingungen: [Ir]: 1-2 Mol-% Prakatalysator, {-BuOK (2.0 &q) tert-amyl Alkohol/1,4-Dioxan,

Abbildung 2.

4 + 24 h Ruckfluss
[Mn]: 5 Mol-% Prakatalysator, t-BuOK (2.0 &q) 1,4-Dioxan, 5 + 20 h Ruckfluss

Vergleich von Ausbeuten ausgewahlter Pyrimidine, die durch Iridium- oder
Mangankatalysierte Akzeptorfreie Dehydrierende Kondensation ausgehend von
Alkoholen und Amidinen (bzw. Guanidin) zugénglich sind. Bezlglich der
Farbgebung, siehe Schema 1. Isolierte Ausbeuten sind gezeigt.
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2 Summary

The scope of the present work includes sustainable catalytic synthetic methods of important classes of
compounds starting from alcohols as a renewable resource. The key for all the reactions presented is the
use of transition metal complexes (based on Ir, Co and Mn) stabilized by PNsP pincer ligands (Figure 1).
These ligands are based on commercially available triazine cores, from which a library of differently

substituted ligands is accessible.

R! R R'
N|)§N Nl)§ N N|)§N
T o s
(R?)P—Ir—P(R), (R?),P—Co—P(R?), (R?),p—Mn—P(R?),

2

& c’ c oc” | "Br
o co

Figure 1. Structures of transition-metal complexes used within this thesis.

These complexes can catalyze Borrowing Hydrogen / Hydrogen Autotransfer (BH/HA) reactions and/or
Acceptor-free Dehydrogenative Condensations (ADC). The Kempe group recently reported methods for
the synthesis of diverse aromatic N-heterocycles from alcohols based on the ADC concept. Within this
work, a sustainable multicomponent pyrimidine synthesis from alcohols and amidines was developed
(Scheme 1).

Three-component reaction:

R4
pre-catalyst
OH OH R* Aed A
N NN
R R®  H,N" SNH ~3H, J\/L
R' R®
RZ -2 H20
RZ
Consecutive four-component reaction
___________________ R*
I N pre-catalyst
OH OH  iOH R base N)sN
1J\ L, il s A “3H |
R RZ "R HoN" SNH 3H; TN a3
-------------------- -3 H,0 R R
Addition after p-alkylation )
R
Iridium-catalyzed version Manganese-catalyzed version
- Development of the reaction - First manganese catalyzed synthesis of
- 38' d/fferept pyrimidines aromatic N-heterocycles from alcohols
- Yields of isolated products of up to 93 % - First manganese-catalyzed f-alkylation
- Broad substrate scope between two alcohols
)
- 1-2mol % [Ir] Ar - Yields of isolated products of up to 78 %
N )QN - 25 examples
)l\ )\ - 2-5mol % [Mn] Ph
HN™ "N >N
. I | I N” N
(i-Pr),P——Ir—P(i-Pr), )|\ )\
Pre-catalyst: Pre-catalyst: HN N/ NH
_— S | | |
W:} (/'-Pr)2F>—I\ITnu—P(i-Pr)2
Ar = 4-CF3-(CgH,)- OC. L B

Scheme 1. Multicomponent synthesis of pyrimidines from alcohols and amidines.
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The synthesis presented combines BH/HA and ADC reactions to obtain partially or fully substituted
pyrimidines from up to three alcohols and an amidine (or guanidine). This synthesis was discovered and
elaborated using a PNsP ligand-stabilized iridium complex developed by the Kempe group. After
identification of the ideal reaction conditions for different substitution patterns, 38 different pyrimidines
were synthesized in isolated yields of up to 93 %.

An even more sustainable approach is the replacement of precious and rare noble metals in such
reactions by broadly available and cheap base metals such as cobalt. To comply with this requisition for
a more sustainable chemistry, a cobalt-catalyzed C-C bond formation reaction was elaborated next. It is
based on the a-alkylation of acetamides and tert-butyl acetate with alcohols, according to the BH/HA
concept (Scheme 2). These reactions have only been realized so far using noble metal catalysts. An
active pre-catalyst for each of the two reactions was identified from a library of PNP ligand-stabilized
cobalt complexes. This library also allowed a response to challenging substrates by choosing another
suitable pre-catalyst. In addition to the synthesis of 22 examples of the alkylation of amides and 12
examples of the alkylation of esters, the synthetic use of compounds synthesized by this method was
demonstrated by follow-up reactions. A total of 40 products was synthesized within this project.

Cobalt-catalyzed C-alkylation of unactivated amides and esters with alcohols:

Co] (2.5 mol %)
OH o] [ o) [Co]
1J N )J\ R? t-BuOK (1.2 eq) 1/\)J\ R +H,0 R
R N THF, 100 °C R N A
v - 1
. HN" N7 O NH
OH o [Co] (5 mol %) o o CI: L
~  t-BuOK (1.5 eq) J\ (R)P——Co—P(R),
J o Jes L +HO :
R’ A 0 toluene, 80 °C R1Vk0 cr \CI

4h

Synthetic use of amide alkylation products:

o R*Li (3 eq) o
R1VJ\N/\ o RV\)J\R“/H
o DIBAL-H (3 eq)
THF, - 78 °C

Scheme 2. Top: Cobalt-catalyzed alkylation of acetamides and tert-butyl acetate by alcohols.
Bottom: Synthetic use of alkylation products by synthesis of ketones and aldehydes.
However, the cobalt complexes mentioned previously could not catalyze ADC reactions. The potential
of manganese, the third most abundant metal in the earth’s crust, for (de-)hydrogenation reactions was
only discovered recently in 2016. The pyrimidine synthesis described earlier was elaborated using a
PNsP ligand-stabilized manganese complex and the reaction represents one of the first manganese-
catalyzed syntheses of aromatic N-heterocycles from alcohols. The manganese complex could catalyze
both the three-component and the consecutive four-component synthesis, which is based on a preceding
B-alkylation reaction between two alcohols. In addition, a manganese-catalyzed bond formation between

two alcohols has not been reported before. The similar reactivity (regarding the type of reaction) of the
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manganese catalyst compared to the iridium catalyst for both distinct reactions suggests that manganese

has the potential to replace iridium or other noble metals in such reactions (Figure 2).

Three-component synthesis (selected examples):

H, Ph Ph

)N'\\/NK i NN = Mni73 %

Ir: 789

Ph™ N PP %PMP > pmP [Ir: 78 %

Ph ) n=2: [Mn]: 78 %

n [iF: 88 %
[Mn] 62 % [Mn]: 75 %
iF 73 % [Ir]: 80 %

Reaction conditions: [Ir]: 1 mol % pre-catalyst, {-BuOK or KOH (0.7-1.5 eq) tert-amyl alcohol, 24 h reflux
[Mn]: 2 mol % pre-catalyst, t-BuOK (1.1-1.5 eq), 1,4-dioxane, 24 h reflux

Consecutive four-component synthesis (selected examples):

Ph Ph Ph Ph
N|)§N N|)§N Nl)QN N|*\N
Ph/\% PMP Ph/\/\ PMP FJh/HVk PMP W\PMP
Me Et n-Pr n-Pr
[Mn]: 51 % [Mn]: 57 % [Mn]: 55 % [Mn]: 70 %
I 74% [: 69 % 0 72% n: 73%

Reaction conditions: [Ir]: 1-2 mol % pre-catalyst, {-BuOK (2.0 eq), tert-amyl alcohol/1,4-dioxane,
4 + 24 h reflux
[Mn]: 5 mol % pre-catalyst, t-BuOK (2.0 eq), 1,4-dioxane, 5 + 20 h reflux

Figure 2.  Comparison of yields for selected pyrimidines, which can be synthesized by iridium-
or manganese-catalyzed Acceptor-free Dehydrogenative Condensation starting from
alcohols and amidines (or guanidines, respectively). See Scheme 1 for coloring.
Isolated yields are shown.
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3 Introduction
3.1 Motivation

The decreasing capacity of limited crude oil resources and environmental concerns have made a rethink
of established methods of producing chemicals important.! This fact may conform to the public’s general
low opinion of chemicals and chemical companies. However, one should recall that the production of
chemical compounds is not only the basis of our high standard of living, but also the basis of the earth’s
human population.2 Many approaches are used to render manufacturing processes as effective as
possible, such as using so-called Verbund (combination) sites, where the stream of products, waste and
energy are closely connected to each other, for example, one facility can use the side products of another
process.® In order to make the manufacturing process more sustainable on a molecular level, the concept
of green chemistry arose in the late 1990s, which can be applied to all industry sectors.* In the course of
this concept, twelve principles were introduced by Anastas and Warner in 1998 (Table 1).°> These are
supposed to provide a framework for the design of chemical reactions and processes.

Table 1. The twelve principles of green chemistry.®

1. Prevent waste 7. Use of renewable feedstock

2. Atom economy 8. Reduce derivatives

3. Less hazardous synthesis 9. Catalysis

4. Design of safer chemicals 10. Degradation

5. Safe solvents and auxiliaries 11. Real-time analysis for pollution prevention

6. Energy efficiency 12. Inherent safer chemistry for accident prevention

Catalysis, as one principle, is a key technology which can help to render the production of chemicals
more environmentally benign and to assist the discovery of “green” methods for the synthesis of
chemical compounds. In fact, catalysis can be seen as a basis for many other green chemistry principles.
This thesis focuses on sustainable synthesis with alcohols using transition metal complexes as catalysts.
Alcohols are very promising resources, since they can be obtained from indigestible and abundantly
available lignocellulosic biomass,® which does not compete with the food chain (principle #7). This
biomass can be catalytically converted into pyrolysis oil, from which alcohols and polyols can be
obtained.” However, these compounds are drastically different from oil-derived materials due to their
high oxygen content. On the one hand, alcohols are comparably unreactive, which can be seen as an
advantage regarding principle #4, on the other hand, they need to be activated to be used in organic
synthesis.® Scheme 3 gives a general overview of conventional (A) and alcohol-derived reagents (B-D)
that can be used for C-C or C-N bond formations. Alcohols are typically activated by conversion of the

hydroxyl group into a leaving group (Scheme 3, B) or by oxidation (C). Bond formations that rely on
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these methods are, therefore, accompanied by large amounts of waste, for example, by displacement of
the leaving group or by using stoichiometric amounts of oxidants. Thus, the development of catalytic
methods that allow converting alcohols directly into important classes of chemicals (Scheme 3, D) has
emerged as a very important field of research.® In addition, the development of alcohol conversion
reactions has the potential to advance the discovery of novel reactions, enhance existing synthetic
concepts or lead to the discovery unique reactivity profiles. The Borrowing Hydrogen or Hydrogen
Autotransfer (BH/HA) concept is a key method to accomplish alcohol activation in a sustainable or
green manner by means of catalysis. The methodology permits the substitution of a hydroxyl group to
create a new C-N or C-C bond in a redox-neutral fashion with water as the sole by-product. A related
concept is Acceptor-free Dehydrogenative Condensation (ADC), which allows unsaturated compounds
to be obtained from alcohols with the liberation of hydrogen and water as the by-products. Notably,
these methods comply with several of the green chemistry principles denoted in Table 1. In addition to
the use of abundantly available alcohols, the reactions are usually accompanied by low by-product
formation and proceed with high atom economy. The BH/HA and ADC concepts are discussed in more

detail in the next chapters with a focus on transformations related to the scope of this thesis.

Conventional reagents:

Displacement of a leaving group, for example, halides

A
Nu™ o+ Hal” R! — N
Hal: Halide (CI, Br, I)

Alcohol-derived reagents:

Displacement of a leaving group derived from an alcohol

B
N+ Qo ——  wR - (o

leaving group (e.g. OTs, OTf, OMs) (waste)

Condensation with a carbonyl compound after stoichiometric oxidation of an alcohol

(o3 PN Waste 2
" " + 2 1 + B — 7 1
MY o7 R (reduced oxidant) Nu B
TOxidation l Reduction
HO™ R N R Waste

(oxidized reductant)

General methods described in this thesis:

D

— N~ R' +H,0

N HO™ R catalyst

—_— NUZ OR! +H,0 + H,

Scheme 3. Methods for bond formations using conventional reagents (A), alcohol-derived
reagents by displacement of leaving groups (B) or by a two-step oxidation and
reduction sequence (C), and general catalytic methods using alcohols as reported in this
thesis (D). Nu = A suitable nucleophile, e.g. an amine or a deprotonated CH-acidic
compound;

10
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3.2 Borrowing Hydrogen / Hydrogen Autotransfer

The Borrowing Hydrogen / Hydrogen Autotransfer concept was pioneered by Watanabe®® and Grigg!!
in 1981. The mechanism (Scheme 4) involves a transition-metal complex as catalyst that is used to
dehydrogenate an alcohol to the corresponding carbonyl compound (ketone or aldehyde) and the
hydrogen is temporarily transferred to the metal complex. The more reactive carbonyl compound can
be attacked by a nucleophile (e.g. an amine or the anion of a CH-acidic compound) and an unsaturated
compound is obtained after elimination of water. The hydrogenation of the unsaturated intermediate by
the catalyst with the hydrogen obtained from the initial dehydrogenation step closes the catalytic cycle
and yields the corresponding saturated alkylation product. Typically, this type of reaction involves the
use of noble metals that are also used for hydrogenation reactions. The catalysts used are based, in most
cases, on iridium or ruthenium. The alkylation of amines and CH-acidic compounds by alcohols
provides access to important compounds by selective C-N and C-C bond formations.*?

Borrowing Hydrogen / Hydrogen Autotransfer concept:

(overall (overall
EWG t f ti t f ti 3
R1 >N < fransformation) R ofl ..fransformation) RISNR
H
Catalyst Catalyst
Catalyst-H, Catalyst-H,
EWG-CHjs / base HyoN—-R?
R1/\/EW - R']/%O _— > R1/§Nl
- H,O - H,O

Scheme 4. The Borrowing Hydrogen / Hydrogen Autotransfer concept exemplified for the
alkylation of amines with alcohols and the alkylation of CH-acidic compounds with
alcohols. EWG: Electron-withdrawing group.

Reactions of interest for this work that rely on the BH/HA concept are exemplarily shown in the next

chapters.

3.3 Alpha-alkylation of amides and esters

Amides and esters are valuable intermediates or products in chemical research as well as in the industry.
Simple amides and esters are easily accessible and even used as solvents. The alkylation of such
substrates with alcohols is an elegant method to obtain the corresponding high-value alkylation products.
Prior to this work, alpha alkylation of amides and esters has only been achieved using noble metal
catalysts. Amides have a low CH-acidic nature and their alkylation requires relatively harsh reaction
conditions. Prominent examples include the alkylation of cyclic and therefore activated substrates such

as 2-indanone,®® 4-hydroxy-2-quinolones and quinolin-4(1H)-one'* (Scheme 5, top). Alkylation of

11
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unactivated amides has been achieved by the groups of Ryu®® and Huang® (Scheme 5, bottom) and all

reactions relied on the use of ruthenium or iridium complexes as catalysts.

Madsen and co-workers

RuCl; * x H,0 (2 mol %)
PPh3 (4 mol %)

m NaOH (10 mol %)
o + ) (e}
N HOER 110°C, 20 h

H

—H,0

Iz

Grigg and co-workers

OH OH

[IrCp*Cl,), (2.5 mol %)
A KOH (20 mol %) A R
m i LA 110°C, 48 h
X~ S0 —H,0 X~ S0
X =NMe, NH X =NMe, NH

Ryu and co-workers

RUHCI(CO)(PPh); (3 mol %)

0 bpy (6 mol %) or L1 (10 mol %) e}
2 t-BuOK (1.3 eq) 2
R SOH * )I\N’R \ R1/\)J\N’R /"N TN
' toluene or neat, 140 °C ) i
N N~NH
L1

3 3
B 18h B
7H20

Huang and co-workers

o [Ir] (2 mol %) 0

t-BuOK (2.0 eq) [Ir] N .
2 2
R on *+ )LN,R R1/\)J\N,R B HCl
‘s toluene, 120 °C i HN N NH
R 15h R | | |
(t-Bu)ZP—llr—P(t-Bu)z
- H0 COE
o [Ir] (0.5 mol %) 1)
t-BuOK (1.2 eq) [ir
R? R?
R"SOH * )J\N’ . RV\)LN'
|'Q3 toluene, 80 °C F|{3 ] |
12h X N—/Ir\—P(t-Bu)z
- Hzo H CI

Scheme 5. Alkylation of activated and unactivated amides with alcohols using noble metal
catalysts.
Alkylation of esters with alcohols (Scheme 6) is a more difficult reaction since side-reactions such as
transesterification with the alcohols employed are expected under basic reaction conditions. Ishii and
co-workers reported on the base-free alkylation of activated tert-butyl 2-cyanoacetate!’ and on the
alkylation of tert-butyl acetate® with alcohols using t-BuOK as the base and t-BuOH as solvent in order
to exclude any transesterification products. The reaction with the highest substrate scope was reported
by the Huang group (Scheme 6, bottom).® Notably, many different esters underwent selective alkylation

with alcohols in combination with a NCP ligand-stabilized iridium complex.
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Ishii and co-workers

[IrCl(cod)], (0.5 mol %)

(0]
PPh; (20 mol %) J\ +H,0
B R' o}
p-xylene, 130 °C
15h CN
[IrCl(cod)], (5 mol %)
PPh; (15 mol %) o
t-BuOK (2.0 e /b
( :4) R1/\)J\O +H,0
t-BuOH, 100 °C
15 h
[Ir] (0.5-2.0 mol %)
{-BUuOK or t-BuOLi o [ir]
(1.5-2.0 eq) VJ\ R3
1 -
toluene, 60 °C R & o = (I)
12 h R N i—P(t-Bu),
+H,0 H CI

Scheme 6.  Alkylation of activated and unactivated esters with alcohols using noble metal catalysts.

3.4

Acceptor-free Dehydrogenative Condensation

A concept related to BH/HA reactions is Acceptor-free Dehydrogenative Condensation (ADC).%° As

with the BH/HA concept, alcohol activation takes place by transition-metal catalyzed dehydrogenation

and the carbonyl compound can undergo a condensation reaction to give an unsaturated product

(Scheme 7).

Acceptor-free Dehydrogenative Condensation:

Catalyst
H H,!
Catalyst-H,

EWG—CHj3 / base

- Hzo

D> (O
- N PL | TR R'OOH
H
aromatic products
Catalyst
‘ HZTH
‘ Catalyst-H,
H,N—R? p
R1/\/EW R1/§N’ RS0

Scheme 7. Acceptor-free Dehydrogenative Condensation (ADC) to obtain unsaturated products
from alcohols under release of molecular H,. Cyclisation of unsaturated products may
be used to obtain aromatic products. EWG: Electron-withdrawing group.

However, the catalytic cycle is closed by release of molecular hydrogen from the metal hydride complex,

which allows unsaturated compounds like olefins or imines to be obtained since the reduction of the

unsaturated compound is suppressed. The extrusion of dihydrogen out of the reaction mixture is the

driving force for the thermodynamically disfavored reaction. When this reaction is combined with a
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subsequent cyclisation reaction of the unsaturated compound, aromatic compounds can be obtained by
this method.

ADC reactions have recently gained much attention when they were shown to be a very elegant method
to construct privileged motifs such as aromatic N-heterocycles.?! The first few examples on the synthesis
of pyrroles from alcohols via this method were reported by the groups of Beller,?? Milstein,? Saito,?*
and Kempe?! (Scheme 8). The synthetic approach by Kempe and Milstein is based on the selective
coupling of an alcohol with an 1,2-amino alcohol. A similar strategy was pursued by the Saito group
starting from a ketone and an 1,2-amino alcohol. The Beller group used a conceptually similar approach
and reported a ruthenium catalyzed three-component reaction using a ketone, an amine and a 1,2-

dialcohol for the construction of the corresponding pyrroles in a selective manner.

Groups of Kempe, Milstein, Saito:

RZ R®
2 3
Rl HO R [ir] or [Ru] M
+ _
1 4
RTOOH  H,NT R =isy REONT R
-2H,0 H
(Saito: Ketone)
Beller & co-workers:
RZ HO.__R? RZ R
[Ru]
P -
RS0  NH, HO™ R3 -2 H, RTONTTR
R2 -3 H,0 R2
Kempe & Michlik Milstein & co-workers Saito & co-workers Beller & co-workers
Ph
Cy Cy
Y P
% I
HNT NN Pixd
| I | N N CI N ’
(i-Pr)oP——Ir—P(i-Pr), | | P(Ph), P(Ph),
P = A
L (Xantphos)
w [RuCl,(p-cymene)],
THF, 90 °C toluene, reflux neat, 165 °C tert-amyl alcohol, 130 °C
t-BuOK (1.1 eq) t-BuOK (0.5 eq) t-BuOK (0.1 eq) t-BuOK (0.2 eq)
0.03-0.1 mol % [Ir] 0.5 mol % [Ru] 0.25 mol % [Ru] 2 mol % [Ru]

Scheme 8.  ADC-based syntheses of pyrroles from alcohols by iridium or ruthenium catalyzed C-C

and C-N bond formation, used (pre-)catalysts and reaction conditions. Cy: Cyclohexyl;
Inspired by these synthetic concepts, further syntheses of aromatic N-heterocycles from alcohols or
alcohol intermediates were reported soon after. Starting from a secondary alcohol and a 1,3-amino
alcohol, the synthesis of pyridines catalyzed by iridium or ruthenium complexes becomes feasible and
was reported by the groups of Kempe? and Milstein?® (Scheme 9). The Kempe group also reported on
the synthesis of benzimidazoles and quinoxalines starting from 1,2-phenylenediamine derivatives and a
primary alcohol or a 1,2-dialcohol, respectively (Scheme 10, top).2” An elegant access to the indole
motif was reported by the Beller group (Scheme 10, middle).?® The synthesis involves the aminolysis of

an epoxide catalyzed by a lewis acid as the first step. In the second step, the resulting 1,2-amino alcohol
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becomes dehydrogenated by a ruthenium catalyst and subsequently undergoes C-C bond formation to
construct the indole 5-ring. The Zhang group reported on the construction of arylquinazolines from 2-
aminobenzyl alcohols and aromatic nitriles (Scheme 10, bottom).2° The reaction involves nucleophilic
attack of the aromatic amine at the nitrile carbon and subsequent dehydrogenation of the alcohol
followed by a condensation that affords the corresponding quinazoline.

Groups of Kempe and Milstein:

[Ir], t-BuONa (1.1 eq)

R® or RS

Ri ) Ho)\/[R4 [Ru], +-BuOK (1.0 eq) . A =
R2”OOH H,N” "R® :g:io DN N
[Ru] (0.5 mol %) . [Ir] (0.05-1.5 mol %) Ar
: SN
\" HN/“\N)§N

| ! |
(i-Pr),P——Ir—P(i-Pr),

\
S
—

Ar = 4-CF3-(CgHy)-

Scheme 9. Synthesis of pyridines from alcohols and 1,3-amino alcohols catalyzed by ruthenium
(Milstein & co-workers) or iridium (Kempe & Michlik) complexes.

Kempe & co-workers:
[Ir] (1.4 mol %)

N N
. HO > R2 t-BuOK (1.4 eq) R1L X \>7R2 [Ir] N
diglyme, 110°C, 24 h W N |
o NH2 —2H;-H0 H Hl}l N \'Tl
10 j- —Ir—~p(j-
B HO. R® [I] (0.06-0.1 mol %) , | PP PP,
HO” “R2  THF,90°C,24h O NZ O R?
-2H,-2H,0
Beller & co-workers:
3
R3 R
= NH2 R2 *H2*H20 = H

Two-step protocol: 1) Aminolysis: [Zn(OTf),] (2 mol %), 1 h, neat, rt
2) Ruz(CO)45 (1 mol %), dppf (3 mol %), p-TsOH (10 mol %), 1,4-dioxane,

150 °C, 22 h
Zhang & co-workers:
Ru3(CO)4, (1 mol %)
R Xantphos (3 mol %) r
R ", Ne-R? R+ \
= NH t-BuOK (50 mol %) = N/)\RZ
2 tert-amyl alcohol, 130 °C

- H, - H,0

Scheme 10. Further examples of the synthesis of N-heterocycles by Acceptor-free Dehydrogenative
Condensation. Dppf: 1,1'-Bis(diphenylphosphino)ferrocene.

The work within this thesis will demonstrate, that a combination of BH/HA and ADC reactions can also

be used for the synthesis of highly substituted pyrimidines from alcohols and amidines or guanidines.®
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3.5 Base-metal catalyzed BH/HA and ADC reactions

Despite the advantages of BH/HA and ADC reactions, such as the use of alcohols as sustainable
resources, high atom-economy, low formation of by-products and formation of H; as a valuable by-
product, the use of precious metals may limit the use of these reactions in terms of economy and ecology.
Thus, the replacement of these metals by non-precious base metals, such as iron, cobalt and manganese,

is a highly desirable goal.

Amine alkylation with alcohols is among the most investigated BH/HA-type reactions and considerable
progress has been achieved in the base-metal catalyzed versions by the groups of Zhang,® Beller,*
Kempe,® Kirchner,** Zhao,® Feringa and Barta,®® and Wills.*’ Complexes of iron, cobalt and
manganese, stabilized by PNP ligands as well as Knoelker-type iron complexes are used to accomplish

amine alkylation reactions (Scheme 11).

1
RI-NH . OH Catalyst R‘N/\Rz +H,0
2 L
R2 Solvent, additives H

Catalysts: A

NH
®
H o NIJQN (i-Pr);
| BArF, (\
S5 R N 5o
Cy,P—Co—PCy, (i-Pr),P—Co—P(j-Pr), <
™S cl cl PP
Zhang and co-workers Kempe and co-workers Beller and co-workers
oN NT HN NH
(i-Pr),P——Co—P(i-Pr), (I-Pr)zP—Fe—P(/-Pr)z
v | "Br
X H
CcO
X =Clor -CH,-TMS
Kirchner and co-workers
F TMS F TMS F
e- e- e-
H oc 1 CO OC CO
CO CO
Zhao and co-workers  Feringa and Barta Wills and co-workers

Scheme 11. Overview of selected base metal complexes used as catalysts for amine alkylation with
alcohols.
Base metal catalyzed BH/HA versions for the construction of C-C bonds are less explored and the most
prominent reports demonstrate the a-alkylation of ketones with alcohols (Scheme 12). Darcel and co-
workers used a Knoelker-type iron complex to achieve the alkylation of aromatic ketones in moderate

to good isolated yields.*® The Beller group used a manganese complex stabilized by a PNP pincer ligand
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for the same reaction and an extended substrate scope.®® Zhang and co-workers also reported the
alkylation of ketones with alcohols using a cationic PNP cobalt complex.* The Kempe group used a
PNsP ligand-stabilized cobalt complex to achieve the alkylation of secondary alcohols with primary
alcohols.** Reported in this thesis is that well-defined transition metal complexes of earth-abundant
cobalt are active catalysts for both the alkylation of amides and esters.*? Prior to this work, the alkylation
of these substrate classes has only been reported using noble metal catalysts (see section 3.3).

o OH Catalyst o
_—
R1k . kR1 Solvent, additives Ar)J\/\ rt THO
(or alcohol) (or alcohol)
Catalysts: @

T™S (\P(i-Pr)z H ©

P = \;:o | «CO ! BAr",

| TMS HN—Mn—CO (\N/}
Fe-co B’ | Cy,P—Co—PCy,
oc | P(i-Pr)
co 2 ™S
Darcel and co-workers Beller and co-workers Zhang and co-workers
(Synthesis of ketones) (Synthesis of ketones) (Synthesis of ketones)
Ar
)\ Kempe and co-workers
N™ N (Synthesis of alcohols)
M
HN™ "N° NH Ar = 4-CF5-(CgHa)-
(i-Pr)2P—?9—P(i-Pr)2
cl cl

Scheme 12. Alkylation of unactivated ketones or alcohols with primary alcohols catalyzed by base-
metal complexes.
Reports on ADC reactions catalyzed by base-metal complexes are also rare. The Zhang group used their
PNP ligand-stabilized cationic cobalt complex, which can catalyze the alkylation of amines (Scheme 11)
and ketones (Scheme 12), for the synthesis of imines from alcohols and amines accompanied by the

release of H, (Scheme 13).%3

OH Catalyst
B ———

1
1_ + R\ &\ 2 + HZO + H2
=Rk k Solvent, additives N™ R

R2

®
H o X X
: BAI, | |
Y S R
Cy,P—Co—PCy, (t-Bu),P—Mn—P(t-Bu), (i-Pr)zP—NTn,,TP(i-Pr)Z
™S OC” co OCNCE
Zhang and co-workers Milstein and co-workers Kirchner and co-workers

Scheme 13. Overview of selected base-metal complexes used as catalysts for Acceptor-free
Dehydrogenative Condensation of amines with alcohols to form imines.
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The different selectivity (imine or amine) was obtained by variation of the reaction conditions. It took
until the year 2016 to demonstrate that well-defined manganese complexes are very promising
candidates as catalysts for ADC reactions. The Milstein group first reported on the use of a manganese
dicarbonyl complex stabilized by a de-aromatized pyridine based PNP ligand for the synthesis of imines
from amines and alcohols.** The Kirchner group soon reported a structurally similar complex, which
can catalyze the same transformation.>*® As it will be shown within a later chapter in this thesis, such
manganese complexes can be applied for the construction of N-heterocycles from alcohols and it will
be demonstrated that they show similar reactivity as noble iridium catalysts with regard to the type of

chemical transformation conducted.*
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4 Overview of thesis results
4.1 Synopsis

This thesis consists of three different projects that feature the conversion of alcohols into important
organic compounds. The reactions presented are based on the use of PNsP ligand-stabilized iridium,
cobalt and manganese complexes. These complexes are used for Borrowing Hydrogen / Hydrogen
Autotransfer reactions and — in part — for Acceptor-free Dehydrogenative Condensations. The ligands
used in this work were prepared on a gram scale by the reaction of commercially available triazine

diamines with the corresponding phosphine chloride, mediated by triethylamine as a base (Scheme 14).

1 1

NN ) NEt; (4.0 eq) NN
| + (R%),P-Cl (2.1 eq) |
pZ ° pZ
)\N)\NHZ THF, 60 °C HN)\N)\NH

(R2),P P(R),

HoN

Scheme 14. Synthesis of PNsP ligands, starting from triazine diamines.

The reaction of the PNsP ligand with a suitable metal precursor allows the straightforward synthesis of

the corresponding complexes (Scheme 15).

R! R R R
N)*N metal precursor N™SN N N N)%N
HN)l\N/ NH HN)l\N SN HN)l\N/ NH HN)I\N/)\NH
(R2)P PR?), (RAP—Ir—P(RY,  (RAP—Co—PRY, (RAP—Mn—P(R2),
@/:/ cr c ocC CO’Br
(from 0.5 [Ir(OMe)(cod)],) (from CoCl,) (from Mn(CO)sBr)

dearomatized ligand by
elimination of methanol

Scheme 15. Synthesis of PNP ligand-stabilized complexes of the transition metals iridium, cobalt
and manganese.

4.1.1 A Sustainable Multicomponent Pyrimidine Synthesis

A multicomponent pyrimidine synthesis was discovered (Scheme 16) and optimized (Table 2) based on
the syntheses of aromatic N-heterocycles from alcohols described recently. At the outset, an iridium-
catalyzed two-component reaction between a symmetric 1,3-diol and an amidine was investigated
(Scheme 16, top), which gave the expected pyrimidine product in reasonable yields. When
unsymmetrical 1,3-diols were used in this reaction, a mixture of three differently substituted pyrimidine
products was obtained (Scheme 16, bottom). This result suggested that a retro-aldol reaction takes place
under the reaction conditions. It was then envisioned that the 1,3-diol could be replaced by a secondary

and a primary alcohol. The two alcohols are dehydrogenated by the iridium catalyst and the
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corresponding carbonyl compounds can undergo a base-mediated aldol condensation reaction to give an

a,B-unsaturated ketone, which can react with the amidine to yield the pyrimidine.

X
OH OH Ph [ir] N
+ BuOK NN
. Ph Ph Ph
OH OH Ph £BUOK PY

+ P — . N)§N + NN N)§N
@@ T @@ -0 - @
Scheme 16. Reaction discovery by investigation of the reaction between 1,3-dialcohols and
benzamidine catalyzed by an iridium complex (e.g. [Ir]-A, Table 2).

The reaction between 1-phenylethanol, benzyl alcohol and benzamidine (Table 2, top) was used as a
model system and common reaction parameters were optimized. The screening of a library of iridium
complexes identified pre-catalyst [Ir]-A (Table 2) as the most active for this transformation.

Table 2. Pre-catalyst screening for the iridium-catalyzed pyrimidine synthesis. Yields were
determined by GC with dodecane as the internal standard.

Ph
[Ir] (0.5 mol %)
OH OH Ph ) Pe
L.v. #-BuOK (1.1 eq) NN
Ph Ph  H,N"SNH  tert-amyl alcohol PN
reflux, 20 h Ph Ph
2eq 2eq 1eq ~2H,0-3H,
i Complex R X Yield
X \i [Ir]-A 4-CF3-(CsHs)- N 83 %
HN™ "N N [Ir]-B Ph N 79 %
(i-Pr),P——Ir—P(i-Pr),
[Ir]-C Me N 75 %

@/,j [Ir]-D H CH 64 %

@ [Ir]-E - - 45 %

N™ SN

[IrCl(cod)]2 43 %

[Ir(OMe)(cod)]2 37 %

This three-component reaction was used to identify the general substrate scope of the reaction (see
Table 3 for selected examples). Sixteen examples were synthesized according to this three-component
protocol, starting from 1-substituted ethanol derivatives and another primary alcohol. The reaction
tolerated a broad range of typical functional groups and heterocyclic motifs. Notably, the application of
guanidine was tolerated and allowed the synthesis of the corresponding 2-aminopyrimidine.

Furthermore, two core-pyrimidines of the drug Rosuvastatin were synthesized using the reaction
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presented. The B-alkylation product of a secondary alcohol with a primary alcohol was identified as a

side product in this reaction. This observation was leveraged in a later stage of the synthesis.

Table 3. Three-component synthesis of pyrimidines from alcohols and amidines or guanidines
catalyzed by an iridium complex. Yields of isolated products are shown.

[Ir]-A (1 mol %) RS
OH OH R3 KOH (0.7 eq) PY
L+ O K NN
R' R2 H,N™ ~NH tert-amyl alcohol /K)\
24 h reflux R R?
20eq 20eq 1.0 eq ~3H, —2H,0 16 examples
selected examples:
Ph Ph Ph )N\Hz
) 1 O
/@MPh S Z>pr S | Ph PMPMPh
P \
R N
R=H:88 % 84 % 70 % 73 %2
R = OMe: 86 %

R=Cl83% = W 1o '

A
Ph |
)\ : N| =N
N”SN i
' _
| :
PMPMn—pentyl '
" F
87 % ! R=NHy 63 %

HO™

R = NHMe: 55 %?

@ corresponding guanidine hydrochloride with 1 additional equiv of base used
b 1.1 equiv of secondary alcohol used

The next transformation to be investigated within this project was whether secondary alcohols with a
substituent in the p-position can also be employed in this reaction (Table 4, top). The alkylation of a
secondary carbon atom by means of BH/HA or ADC methods is known to be a more difficult procedure.
The application of these compounds would allow the synthesis of fully substituted pyrimidines by the
three-component protocol. After optimization of the reaction conditions, the synthesis of pyrimidines
via alkylation of a methylene group was successful. The best yields were obtained when t-BuOK was
used as a base and the amount was increased to 1.5 equiv. Since no saturated -alkylation side product
was observed during the reaction, the amount of primary alcohol could be lowered from 2.0 to 1.1 equiv.
With these conditions, fully substituted pyrimidines were synthesized in isolated yields of up to 88 %
(Table 4). The use of two primary alcohols, of which one contributes the C2 fragment to the pyrimidine
core, allowed a different substitution pattern (2,4,5-trisubstituted pyrimidines) to be obtained. For the

latter reaction, the best yield was obtained when KOH was used as a base.
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Table 4. Synthesis of pyrimidines from alcohols with alkylation of methylene carbon atoms.
Yields of isolated products are shown.

[Ir-A (1 mol %) R*
OH OH RY  KOH or t-BuOK (1.5 eq) )§
N” SN
+ +
R1& I\R3 H,N” SNH  tert-amyl alcohol I
: N 53
" R2 24 h reflux R R
A *3H2,*2H20 ‘\\ _/RZ
2.0 eq 1.1eq 1.0 eq 8 examples
selected examples:
Ph Ph Ph Ph
le\N N Ay N Ay le\N
Z >pup n—Bu/H/\ PMP  H S H N
-P Ph PMP
n i N cl
71 % 83 % 75 %

n=1:78 % (0.7 mol %)
n =2:88 % (0.7 mol %)
n=6:73%

All observations made in the syntheses described previously were then used to develop a consecutive

four-component pyrimidine synthesis from three alcohols and an amidine or guanidine (Table 5).

Table 5. Synthesis of tetrasubstituted pyrimidines from three alcohols and an amidine or
guanidine by a consecutive four-component-synthesis. Yields of isolated products are

shown.
addition after 4 h 14 examples
I in tert-amyl alcohol ___ [Ir]-A (1-2 mol %) [~
OH OH OH R* t-BuOK (2.0 eq) A
N

RVKJ'kRzJ’Ek * A

R? H,N™ SNH 1,4-dioxane |
........................ - 24 h reflux R’ R3
~3H,, - 3H,0 »

2.0eq 2.2eq 1.1eq 1.0eq
yield (mol % cat.)

selected examples:

PMP Me NH, Ph
Oy @, !
Ph/H/kPh Ph/H/\PMP PN O PMP WPMP
n-Pr n-Pr n-Pr n-Pr
66 % (1.5) 69 % (1.5) 59 % (1.5)° 75 % (1.0)
Ph Ph Ph Ph
O 1 1
cl
Ph)\/LPh PN PMP Ph/HVK@/ ph%
Me -P P
n-rr n-rr N/
Cy
69 % (1.5) 79 % (1.5) 61% (1.5) 57 % (1.5)

@ corresponding guanidine hydrochloride with 1 additional equiv of base used
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Firstly, a secondary alcohol and a primary alcohol were reacted under the typical reaction conditions for
4 hours to give the B-alkylation product which occurred as a side product in the three-component
synthesis. Afterwards, another primary alcohol and an amidine (guanidine) were added to the reaction.
After further optimization of the base amount and solvent, the substrate scope was explored. Fourteen
differently substituted pyrimidines were synthesized by varying each reactant. A total of 38 different
pyrimidine products were synthesized within this project.

4.1.2 General and Mild Cobalt-Catalyzed C-Alkylation of Amides and Esters with
Alcohols

An even more sustainable approach for BH/HA and ADC reactions would be the replacement of rare
noble metals with metals occurring abundantly. Cobalt-complexes have been reported for key steps of
the BH/HA concept (like hydrogenation and dehydrogenation). The Kempe group also reported cobalt
complexes, stabilized by PNP ligands, as active catalysts for the hydrogenation of C=0 bonds and for
the alkylation of amines with alcohols.

Further applications of these complexes were investigated within this work, leading to the first base
metal-catalyzed alkylation of unactivated amides and esters with alcohols. Cobalt complex [Co]-1c
(5 mol-%, Table 6) was used and typical reaction parameters, such as solvent, base, base amount and
temperature, were optimized for both the alkylation of amides and esters to establish the best reaction
conditions. Subsequently, the library of PNP ligand-stabilized cobalt complexes (Table 6) was tested to

find the most active pre-catalyst for each reaction (Table 7).

Table 6. PNP ligand-stabilized cobalt dichloride complexes used to identify the best reaction

conditions.
Complex R! R? X
[Co]-1a H i-Pr N
[Co]-1b Me i-Pr N
R [Co]-1c Ph i-Pr N
X Xx [Co]-1d 4-CF3-(CgHa)- i-Pr N
NN [Co]-1e CsHs-NH- i-Pr N
(R2),P—Co—P(R?), [Co0]-1f Me Cy N
ol % [Co]-1g H i-Pr CH
[Co]-1h Me i-Pr CH
[Co]-1i H Ph CH

With the optimized conditions in hand, the substrate scope for the alkylation of amides with alcohols
was explored using [Co]-1e because it is cheaper than [Co]-1f and performed equally. Many typical
functional groups and motifs (e.g. aromatic, heteroaromatic and aliphatic moieties) were tolerated for
the amide alkylation with alcohols (Table 8). A very intriguing finding was that when t-BuONa instead

of t-BuOK was used, the reaction tolerated chlorine-substituted phenyl moieties, whereas de-
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chlorination occurred under the standard conditions. Regarding problematic substrates, such as alcohols
with strongly coordinating pyridine moieties, a more stable pre-catalyst ([Co]-1f) was chosen from the
library, which permitted the corresponding products to be obtained in good to high yields.

Table 7. Pre-catalyst screening for C-alkylation of amides and esters with alcohols. Yields were
determined by GC with dodecane as the internal standard.

Pre-catalyst

t-BuOK (1.2 eq)
+ o
Ph” OH ANMez THF, 100 °C, 20 h Ph/\)J\NMez +H0

Pre-catalyst

(@) J\ t-BuOK (1.5 eq) O
+ o toluene, 70 °C, 20 h -
Ph” > OH )ko ph/\)j\o +HyO

1eq 2 eq
[Co] Pre-catalyst _ Yield [%]
Amide Ester
[Col-1a 7 3
[Co]-1b 49 42
[Co]-1c o5 6
[Co]-1d M 0
[Co]-1e 69 42
[Co]-1f 74 i
[Col-1g 0 o
[Co]-1h 0 o4
[Co]-1i 0
CoCl2 0

The best results were obtained with tertiary amides and a secondary amide required harsher reaction
conditions. A total of 22 different amides were synthesized in isolated yields of up to 93 %. Next, the
alkykation of tert-butyl acetate with alcohols was investigated (Table 9, top). This reaction turned out
to be more difficult, as esters are prone to undergo side reactions, such as self-condensation or
transesterification, which diminishes the yield. After the optimization of reaction conditions, the peak
of product yield was obtained when the amount of tert-butyl acetate was adjusted to 4 equiv with respect
to the alcohol with toluene as the solvent. However, a decrease in yield was noted when the reaction
was run in neat tert-butyl acetate. Having pinpointed the best reaction conditions and an active
precatalyst ([Co]-1d, Table 7), twelve compounds were synthesized using this method (see Table 9 for
selected examples). Reaction monitoring by GC and GC-MS indicated that tert-butyl acetate undergoes
transesterification with the alcohol used and the reaction equilibrium is shifted towards the C-alkylated
tert-butyl ester by transesterification with t-BuOH/t-BuOK. This reaction is restricted to tert-butyl
acetate due to the reaction conditions applied (t-BuOK as the base). As with the alkylation of amides,

the base had to be changed to t-BuONa for chlorine substituents to be tolerated.
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Table 8. Cobalt-catalyzed C-alkylation of acetamides with alcohols. Yields of isolated products

are shown.
[Co]-1e (2.5 mol %)
jOH )CJ)\ = t-BuOK (1.2 eq) \)?\ R3
1 + . > 1 - + H O
R N THF, 100 °C, 24 h R N 2
R2 R?
1.0eq 2.0eq (22 examples)

selected examples:

(0] OMe O O O
Ph/\)J\NMeZ (j/\)L NMe, /@/\)J\NMez @/\)J\ NMe,
/
Cl N

83 % 89 % 76 % 81 %
(t-BuONa as a base) (5 mol % [Co]-1f)
(0] (0] (0] (0]
v/\)LNMez NMe2 v/\)kN/\ Ph/\)J\D
_o
81 % 93 % 85 % 66 %

Table 9. Cobalt-catalyzed C-alkylation of tert-butyl acetate with alcohols. Yields of isolated
products are shown.

[Co]-1d (5 mol %)

OH o (@)
K -BuOK (1.5 eq) K
J )J\ J\ ‘ /\)J\ < +HyO
1 + 1 2
R o toluene, 80 °C, 4 h R o
1.0 eq 4.0 eq (12 examples)

selected examples:

o/'\ o/'\ OJ\ o/'\
\ _
O 63 %

70 % 55 % N 48 %

(0) 0 phwo

cl 2% MeO 77 % 58 %
(t-BuONa as a base)

In order to show the applicability of the amide alkylation products, some alkylated morpholino amides
were reacted with organolithium compounds to yield the corresponding ketones or with DIBAL-H to
give the aldehyde (Table 10). The amide starting material used was prepared on a 5 and 10 mmol scale

and no variation in yield was detected, suggesting the reaction can be scaled up to some degree.
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Table 10. Derivatization of amide substrates. Yields of isolated products are shown.

o R'-Li (2.5-3 eq) or o}

DIBAL-H (1.15-1.30 eq)

o o} o
PMP/\)J\n-Bu PMP/\)J\p-ToI PMP/\)J\ENj
92 % 90 % 81% 7
o} o} o
n-Bu PMP/\)J\H PMP/\)J\H
90 % 95 % 73%

4.1.3 Manganese-Catalyzed Multicomponent Synthesis of Pyrimidines from Alcohols

and Amidines

The cobalt complexes mentioned earlier were tested for the pyrimidine synthesis described in section
4.1.1 and no activity in this typical ADC-reaction was observed. However, manganese(l) complexes
stabilized by pincer ligands have recently been reported for hydrogenation, BH/HA and ADC reactions
by the groups of Beller, Milstein and Kempe. Thus, their potential in the synthesis of N-heterocycles
from alcohols was explored. Using a library of PNP ligand-stabilized manganese complexes, developed
by the Kempe group, a base metal-catalyzed version of the multicomponent pyrimidine synthesis from
alcohols was elaborated (Table 11, top). After screening of common reaction parameters and
identification of the best pre-catalyst ([Mn]-B, Table 11), the scope and limitations of the manganese-

catalyzed version were explored.

Table 11.  Pre-catalyst screening of manganese complexes for the three-component pyrimidine
synthesis. Yields were determined by GC analysis with dodecane as the internal

standard.
[Mn] (2 mol %) Ph
OH OH Ph +-BuOK (1.1 eq) N)%N
L I N |
Ph Ph HoN NH 1,4-dioxane /K/k
120 °C, 20 h Ph Ph
2.0 eq 2.0 eq 1.0 eq ~2H,0-3H,
Complex R X Yield
[Mn]-A Me N 83 %
R
Py [Mn]-B Ph N 96 %
)XI\ \)X\ [Mn]-C 4-CF3-(CeHa)- N 85 %
HN™ “N™ “NH [Mn]-D H N 92 %
(FPOP— PP \vnl-E CsHs-NH- N 89 %
Br' | co
co [Mn]-F H CH 48%
[Mn]-G Me CH 54%
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The three-component synthesis (Table 12) tolerated several aromatic (e.g. phenyl moieties with different

substituents as well as heterocyclic motifs) and aliphatic moieties.

Table 12.

component reaction. Isolated yields are shown.

Selected examples of pyrimidines synthesized by manganese-catalyzed three-

R3
[Mn]-B (2 mol %) )\
OH OH R® t-BuOK (1.1 eq) X
+ k + /& N| N
RVK R2 H,oN NH 1,4-dioxane, reflux, 20 h RVK/LRZ
-2H,0-3H,
1.5eq 1.5eq 1.0 eq 13 examples
selected examples:
O O O O
|
Ph/v‘\PMP S ] Z > pump B Z > pup WPMP
\ -
79 % 73 % 73 % 70 %
_24-disubstitution: _______________________
N™ =N NN N N)*N

: | i |

il = i

:PMPMH ! V/KAPMP
i H :

5 44 % 50 % ; 57 %2 62 %?

@ guanidine hydrochloride with 1 additional equiv of base used

An approach towards 2,4-disubstituted pyrimidines was also elaborated within this work. This
substitution pattern turned out to be challenging, since it relies on the use of ethanol and another primary
alcohol, or methanol in combination with a secondary alcohol. The former version (using ethanol) gave
the corresponding product in 50 % (vs. 44 % from methanol) isolated yield.

The next step was to explore the scope of the reaction when secondary alcohols are employed
(Table 13, top). It should be noted, that the cobalt-catalyzed amide and ester alkylation described in
section 4.1.2 allowed no methylene carbon atoms to be connected on either side of the reactants (only
acetamides, tert-butyl acetate and primary alcohols were tolerated). The manganese-catalyzed protocol
allowed the alkylation of secondary carbon atoms and the yields of some products were comparable
with the iridium-catalyzed version (Table 13). Finally, the manganese-complex ([Mn]-B) was used in
the consecutive four-component synthesis (Table 14, top). Exemplarily, six compounds were
synthesized using this synthetic protocol. Even low-boiling alcohols (methanol, ethanol) could be used
in the first B-alkylation reaction. The scope and comparison with the iridium-catalyzed version — if

applicable — is shown in Table 14.
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Table 13.  Selected examples of pyrimidines synthesized by manganese-catalyzed
multicomponent reaction. Comparison of yields with the iridium-catalyzed version is
shown for selected compounds that have been synthesized in both projects. Yields of
isolated products are shown.

R4
[Mn]-B (2 mol %) )\
OH OH R* t-BuOK (1.5 eq) NN
+ +
RV\ kR3 HZN/&NH 1,4-dioxane, reflux, 20 h R1MR3
R2 - 2 Hzo - 3 H2 R2
1.5eq 1.1eq 1.0eq (6 examples)
selected examples and comparison with iridium-catalyzed version:
n=1: [Mn]: 73 %
N™N [IF:" 78 % (0.7 mol %) N™N
l [Mn]: 75 %

A Spmp N=2: [Mn]: 78 %

PMP [ir]: 80 % (1 mol %
;88 % (0.7 mol %) fin 6 (1 mol %)

4

In

Conditions for [Ir]: tert-amyl alcohol, t-BuOK or KOH (1.5 eq), 24 h reflux.

Table 14.  Tetrasubstituted pyrimidines synthesized by the manganese-catalyzed consecutive
four-component synthesis and comparison with the iridium catalyzed version for
compounds that have been prepared in both projects. Yields of isolated products are

shown.
R4
Mn]-B (5 mol 9
OH OH i OH R* [t_Bl]JOK( (2"509 /")) N)*N
SR NV ) G N e |
R’ RZ 1 "R® H,N7 SNH! 1,4-dioxane, reflux, 20 h RA\[/kRs
2.0 eq 22eq illeq 10eq ! —3H0-3H, R2
addition after 5 h
in 1,4-dioxane
Ph Ph Ph
N|)§N N|)§N le\N
Ph/%PMP th\PMP Ph/S/\PMP
Me Et n-Pr
[Mn]: 51 % [Mn]: 57 % [Mn]: 55 %
I 74 % [Ir: 69 % I 72%
N X X
1 O O
Ph" N SPMP  Ph” N PMP W\PMP
n-Pr
Ph
[Mn]: 63 % [Mn]: 56 % [Mn]: 70 %
[Irl: 73%

Conditions for [Ir]: 1-2 mol % pre-catalyst, 2.0 eq t-BuOK, 1,4-dioxane, reflux
addition of remaining starting material after 4 h in tert-amyl
alcohol, 24 h reflux




Chapter 4: Overview of thesis results

In summary, one of the first manganese-catalyzed syntheses of N-heterocycles from alcohols via the
ADC-concept was elaborated within this project. Furthermore, an unprecedented manganese-catalyzed
version of the B-alkylation (via HA/BH) between two alcohols and subsequent ADC-reactions allowed

the synthesis of tetrasubstituted pyrimidines in a consecutive manner.
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4.2 Individual contributions to joint publications

The results presented in this thesis were obtained in collaboration with others and were published as
indicated below. In the following, the contributions of all co-authors and contributors to the publications

are specified. The asterisk denotes the corresponding author.
Chapter 5

This work was published in Journal of the American Chemical Society (J. Am. Chem. Soc. 2015, 137,
12804-12807) with the title "A Sustainable Multicomponent Pyrimidine Synthesis".

Authors: Nicklas Deibl, Kevin Ament and Rhett Kempe*

| synthesized and characterized all compounds presented in the final version of the manuscript. Kevin
Ament was involved in an early stage of the design of the reaction during his B.Sc thesis and a master
module. Thomas Dietel and Mikhail Butovskii performed the X-ray analysis and solved the crystal
structure of compound 6f in the manuscript. Rainer Schobert commented on the manuscript. Rhett

Kempe supervised this work and co-wrote the manuscript with me.
Chapter 6

This work was published in Journal of the American Chemical Society (J. Am. Chem. Soc. 2016, 138,
10786-10789) with the title "General and Mild Cobalt-Catalyzed C-Alkylation of Unactivated
Amides and Esters with Alcohols".

Authors: Nicklas Deibl and Rhett Kempe*

I conceived the concept, performed the synthetic experiments and analyzed the spectroscopic data.
Robin Fertig helped with purification of some compounds during a master module. Rhett Kempe

supervised this work and co-wrote the manuscript with me.
Chapter 7

This work was published in Angewandte Chemie International Edition (Angew. Chem. Int. Ed. 2017,
56, 1663-1666) with the title "Manganese-Catalyzed Multicomponent Synthesis of Pyrimidines

from Alcohols and Amidines".
Authors: Nicklas Deibl and Rhett Kempe*

I conceived the concept, performed the synthetic experiments and analyzed the spectroscopic data.
Franziska Frielingsdorf helped with screening of reaction conditions during a B.Sc practical course.
Rhett Kempe supervised this work and co-wrote the manuscript with me. | translated the manuscript for

publication in the German version of Angewandte Chemie.
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ABSTRACT: Since alcohols are accessible from indiges-
tible biomass (lignocellulose), the development of novel
preferentially catalytic reactions in which alcohols are
converted into important classes of fine chemicals is a
central topic of sustainable synthesis. Multicomponent
reactions are especially attractive in organic chemistry as
they allow the synthesis of large libraries of diversely
functionalized products in a short time when run in a
combinatorial fashion. Herein, we report a novel,
regioselective, iridium-catalyzed multicomponent synthesis
of pyrimidines from amidines and up to three (different)
alcohols. This reaction proceeds via a sequence of
condensation and dehydrogenation steps which give rise
to selective C—C and C—N bond formations. While the
condensation steps deoxygenate the alcohol components,
the dehydrogenations lead to aromatization. Two equiv of
hydrogen and water are liberated in the course of the
reactions. PN;P—Ir—pincer complexes, recently developed
in our laboratory, catalyze this sustainable multicomponent
process most efficiently. A total of 38 different pyrimidines
were synthesized in isolated yields of up to 93%. Strong
points of the new protocol are its regioselectivity and thus
the immediate access to pyrimidines that are highly and
unsymmetrically decorated with alkyl or aryl substituents.
The combination of this novel protocol with established
methods for converting alcohols to nitriles now allows to
selectively assemble pyrimidines from four alcohol building
blocks and 2 equiv of ammonia.

windling fossil carbon resources and environmental

concerns associated with their use call for alternative
ways to produce fine chemicals. Out of the available biomass,
lignocellulose is especially attractive since it is abundantly
available' and food chain competition is negligible. Since
lignocellulose can be catalytically processed to alcohols,” the
development of novel catalytic reactions convertingglcohols into
important classes of compounds is highly desirable.” Aromatic N-
heterocyclic compounds have a wide range of applications and
also feature prominently in medicinal chemistry." Recently, a
sustainable 2-component synthesis of pyrroles from alcohols has
been reported by the groups of Milstein, Saito, and us (Scheme 1,
top).”>° Diversely functionalized pyridines have been synthe-
sized similarly.” In parallel, Beller and coworkers disclosed a 3-
component pyrrole synthesis using the same conceptual
approach (Scheme 1, middle).” These alcohol-to-heterocycle
reactions proceed via a combination of dehydrogenation and
condensation (acceptor-less dehydrogenative condensation) and
represent a novel and sustainable approach to construct C—C

v ACS Publications  ©2015 American Chemical Society

Scheme 1. Recently Introduced Syntheses of Aromatic N-
Heterocycles from Alcohols (Top and Middle) and the
Pyrimidine Synthesis Described Here (Bottom)

2-component (Kempe, Milstein, Saito)

R? 3 R R3
% HOIR cat. [ir] or [Ru] —
R‘ + >
G —2H,0 RIS PR
OH 2 “2H, N

3-component (Beller)

R? HO. R® RZ R?
cat. [Ru]
R + NHp + are o il N i
o 2° HO” R4 -3 H,0 R N R’
-2H; RS
2 NH; R'
R'OH - L

multi-component
this work

-4 H equiv \ R

OH OH cat. [Ir] NJ§N

o~ e i

and C—N multiple bonds.” Condensation steps deoxygenate the
alcohols and dehydrogenation allows aromatization. Multi-
component reactions'’ are especially attractive among the
transition-metal-mediated or -catalyzed syntheses of aromatic
N-heterocycles.'' Large libraries of diversely substituted
products can be synthesized without constructing sophisticated
educts. We became interested in developing a 4-component
reaction where amidines and three (different) alcohol
components are selectively connected to pyrimidines (Scheme
1, bottom). Based on the already known catalytic methodology
to synthesize nitriles from alcohols,'” the selective assembly of
pyrimidines just from alcohols and ammonia (Scheme I,
bottom) becomes feasible.

Herein, we report on a novel iridium-catalyzed multi-
component pyrimidine synthesis. Alcohols and 1 equiv of an
amidine are selectively linked via C—C and C—N bond formation
steps. Two equiv of hydrogen and water are liberated in the
course of this sustainable reaction. The synthesis protocol is
especially useful with regard to the formation of diversely and
selectively arylated and/or alkylated pyrimidines.

Initially, we investigated the 3-component reaction of 1-
substituted ethanol derivatives with primary alcohols (Table 1,
top). The two alcohols get oxidized by the Ir catalyst with release
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DOI:10.1021/jacs.5b09510
J. Am. Chem. Soc. 2015, 137, 12804—12807
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Table 1. Catalyst Screening”

Precatalyst
{0.5 mol%) Ph
t+-BuCK (1.1 eq.)
OH OH Ph tert-amyl alcohol NTEN
Ph/k * Ph +H2N ANH reflux (20 h) /M\/l\
~2H, ~2H,0 Ph Ph
1a 2a 3a 4a
entry precatalyst yield (%)"
1 A 83
2 B 79
3 C 75
4 D 64
5 E 45
6 0.5 [I:CI(COD)], 43
7 0.5 [Ir(OMe) (COD)], 37
R
X)‘\‘X A X=
| B:X=
HN/I\N/I'§ N C:X=
D:X=

(PP P —I—P(Pr),

“Reaction conditions: 1-Phenyl ethanol (2 mmol), benzyl alcohol (2
mmol), benzamidine (1 mmol), +-BuOK (1.1 mmol), tert-amyl alcohol
(3 mL), catalyst (0.005 mmol}, 20 h reflux under inert atmosphere.
"Yield was determined by GC with dodecane as internal standard.
COD = 1,5-Cyclooctadiene, Me = methyl, Ph = phenyl, i-Pr =
isopropyl, Bu = butyl.

of dihydrogen. A subsequent base-mediated aldol condensation
may afford an a,f-unsaturated ketone intermediate, which in turn
could react with the amidine.” The C-alkylation by alcohols'
(borrowing hydrogen or hydrogen autotransfer concept)
represents a frequently used C—C bond formation strategy,
but to date there are only a few reactions described where the
unsaturated primary product is directly used as a reaction
intermediate (e.g, for 1,4-addition of a nucleophile)."* We
recently extended the p-alkylation concept to methyl-N-
heteroarenes.'> The optimal conditions (solvent, base, and
catalyst) for the 3-component reaction were identified by
thoroughly investigating the reaction of 1-phenylethanol, benzyl
alcohol, and benzamidine (Table 1). For instance, we found that
the reaction should be run with KOH or t-BuOK as the base in
tert-amyl alcohol under reflux (screening details in Supporting
Information). Precatalysts A and B (Table 1, entries 1, 2) gave
the highest yield of 2,3,5-triphenylpyrimidine (4a) in the
screening reaction. Based on the convenience of “F NMR
spectroscopy, catalyst A was selected. A substrate ratio of 2 equiv
of each alcohol with respect to the amidine was found to give the
highest yield of pyrimidine. Noticed side-reactions were self-
condensation of the secondary alcohol (upon oxidation) and
irreversible reduction of the conjugated C=C double bond of
the unsaturated ketone. However, the amidine reacts preferably
with a less-substituted a,f-unsaturated ketone compared to an
unsaturated ketone which is derived from multiple alkylations.
When the reaction was run with 0.5 equiv KOH (w/r to the
amidine), complete conversion of the alcohols was observed for
the screening reaction. A catalyst loading of 1 mol % with respect
to the amidine (0.25 mol % with respect to alcohols) was chosen
to allow for a broad range of alcohols. Having pinpointed these
optimal conditions, we then addressed the scope of possible
substrates for this 3-component reaction (Table 2, compounds
4a—p). Variation of the secondary alcohol led to compounds
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Table 2. Synthesis of Tri-Substituted Pyrimidines via 3-
Component Reaction”

Catalyst A (1 mol%) RS
KOH (0.7 equiv) )\
CH . OLH . ,Fi tert-amyl alcohol NN
. R HNTSNH reflux (24 hy RN 2
2H,0 b
1 2 3 ~2H, 4, yield
Ph 4a:R'=Ph, 88 % Ph
)% 4b: R' = 4-MeO-CgH, (PMP), 86 % N
NN 4c¢: R = 4-Cl-CgH, 83 % NN
Rvk/kph 4d: R' = 4-F-CgH, 63 % = > pyp
4e: R' = 2-thienyl, 70 % 4g, 53 %
4f R = 3-pyridyl, 84 %
Ph
2 - 9
N/gN ::1 ‘RRZ gﬁ%:éih:;f;léas % fp
| N =-Ch- N o
pmp/k?l\az 4j: R? = n-pentyl, 87 % NTEN
3 M\Ph
4k: R = NHj,, 73 %° Ph
NN 41: R? = 4-Cl-CgH,-, 68 % an, 77 %
[ 4m: R® = 4-n-Bu-CgH,-, 82 %
A T e Ee

| 40: R® = NH,, 63 %
/@/V\/ 4p: R? = NHMe, 56 %<
F

“Reaction conditions: Secondary alcohol (2 mmol), primary alcohol
(2 mmol), amidine (1 mmol), KOH (0.7 mmol), catalyst A (0.01
mmol), tert-amyl alcohol (3 mL), 24 h reflux under inert atmosphere.
PMP = para-methoxyphenyl. bYields of isolated products. “additional
1.0 equiv KOH to trap HCI from guanidine hydrochloride. 1 equiv
of secondary alcohol.

4a—g (Table 2). Aryl chlorides, heterocycles like pyridine and
thiophene, as well as olefins were tolerated. Very good isolated
yield was obtained for most pyrimidine products. Compound 4g
(olefinic functional group) was isolated in lower yield since
alkylation can occur on the primary and secondary carbon atom.
No reduction of the double bond was observed (GC-MS
analysis). The primary alcohol was then varied to introduce
branched (4h, Cy = cyclohexyl) or linear aliphatic moieties (4i,j)
in again very good isolated yields. Last, the amidine moiety was
varied, The use of guanidine (as the hydrochloride along with an
additional equiv of KOH) gave the pyrimidine 4k, and
gratifyingly no N-alkylation of the amino function was observed
under the reaction conditions used. Substituents (n-butyl,
methoxy, chloride) at the phenyl ring of benzamidine gave rise
to the products 4l-n. The application of 1-(4-fluorophenyl)-
ethanol, isobutanol, and guanidine or methyl guanidine hydro-
chloride afforded the core pyrimidines 40 and 4p of the drug
rosuvastatin, which acts as a HMG-CoA reductase inhibitor and
is used to treat high cholesterol levels. In this case, the amount of
secondary alcohol could be lowered to 1.1 equiv since no
saturated f-alkylation product was observed. After having
addressed the 2,4,6-substitution, we became interested in
employing secondary alcohols carrying a substituent at the f-
position. The significantly more challenging alkylation of a
secondary carbon atom gives access to fully substituted
pyrimidines. An optimization of the substrate ratio in the
reaction between cycloheptanol, para-methoxybenzyl alcohol
and benzamidine, which afforded pyrimidine 5b (Table 3),
indicated that the amount of primary alcohol can be lowered
from 2.0 to 1.1 equiv. When a secondary carbon atom is alkylated,

DOI:10.1021/jacs.5b09510
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Table 3. Synthesis of Pyrimidines via Alkylation of Methylene
Groups”

Catalyst A 4

R
H -BuCK (1.5 equiv)
J\ + (a" . j’; tert-amyl alcohol N/AN
R S, N
LR R HNTSNH  reflux (24 h) R1J\)\R3
~2H,0 LR
1 2 3 —2H, :

5, yield® (mol% cat )

Ph

X X
NTSN NTSN
P 5a:n=1, 78 % (0.7) |
PMP 5b:n=2, 88 % (0.7} n-Bu PMP
5¢: n=6, 73 % (1.0) nPr

5d, 71 % (1.0)

n

With KOH {1.5 equiv) as base for R'=H:

Ph
Py Se: R?=Ph, R® = PMP, 80 % (1.0)
’\| =N 5f: R2 = Ph, R® = 3-pyridyl, 83 % (1.0)
" ~p3  5g: R?=PMP, R®=Ph, 80 % (1.0)
R? 5h: R? = PMP, R® = 4-CI-CgH4 75 % (1.0)

“Reaction conditions: Secondary alcohol (2 mmol), primary alcohol
(1.1 mmol), amidine (1 mmol,), +BuOK (1.5 mmol), catalyst A
(0.007-0.010 mmol), tert-amyl alcohol (3 mL), 24 h reflux under inert
atmosphere. KOH (1.5 mmol) was used for 2,4,5-substituted
pyrimidines. “Yields of isolated products.

reduction of the @,f-unsaturated ketone is significantly slower as
the C=C bond is less accessible for the Ir catalyst. With these
optimal conditions established, we prepared pyrimidines with a
fused carbocycle (Table 3, Sa—c) from cyclic alcohols and 5d
from nonan-S-ol. 2,4,5-substituted pyrimidines (Se—h) were
obtained by employing two primary alcohols of which one
contributes the C-2 fragment to the pyrimidine core. For this
reaction, the use of KOH was found to be superior compared to t-
BuOK, and most of the examples were isolated in very good
yields.

Based on the efficient and selective alkylation of a secondary
carbon atoms (synthesis of Sa—h, Table 3), a consecutive 4-
component reaction becomes feasible. In the first step, the
“secondary carbon atom” is formed by selective ff-alkylation of
the methyl group of 1-substituted ethanol derivatives (Table 4,
top, left). Addition of a third alcohol and the amidine building
block can give rise to fully substituted pyrimidines. Since this
synthesis features four starting materials and four catalyst
operations (three oxidations, one reduction), suitable reaction
conditions had to be found. The reaction between 1-phenyl-
ethanol, 1-propanol, and the later addition of benzamidine and
benzyl alcohol was chosen as the model reaction. We found that
the f-alkylation reaction proceeds within <4 h if 1,4-dioxane and
+-BuOK were used as solvent and base, respectively.

The optimal ratio for the f-alkylation reaction was 1 equiv of
secondary alcohol and 1.1 equiv of primary alcohol. The
complete conversion of the secondary alcohol is important,
because its reaction with the later added third alcohol component
would lead to S-unsubstituted pyrimidines and thus to a product
mixture. It should be noted, that the f-alkylation reaction can be
run in either a pressurized tube or an open system (reflux
condenser). In no case, a product with a C=C bond was
observed (GC-MS monitoring). Next, the addition of a solution
of benzamidine and benzyl alcohol was investigated, and tert-
amyl alcohol (2 mL/mmol amidine) turned out to be optimal as
the solvent. A base screening indicated, that -BuOK is most
efficient, as is catalyst A in 1—2 mol % loading. With these

Table 4. Synthesis of Tetra-Substituted Pyrimidines by a
Consecutive 4-Component Reaction”

add t-AmOH

1.4-dioxane reflux, open ;E
ﬂ . OLH %ﬂ_ OH system, 24h WS ano
1 2 catalyst 1
R R 125°C, 4 h RH\ R Y2M2
1 2 R2 "
i on R
' + :
' LR‘ H?N’l*NH: .
L2l 3__.! 6, yiekd® (mol% cat.)
PMP Me NH,
W W oy
Ph’YLPh Ph)ﬁ%LPMP Ph’K%\PMP
n-Pr n-Pr n-Pr
6a, 66 % (1.5) 6b, 69 % (1.5)° B¢, 59 % (1.0)°
N’gN NN
I
R)\/Aph Ph’l\fkpm
n-Pr I~ S R
6d: R=Ph, 88 % (1.0) % (molecular R e o
6e: R =4-Cl-CgHy-, 55 % (2.0) /= structure g R = EL 32 % (1.0)
6f: R = Cyclopropyl, 75 % (1.0) of 6f) 6 R= -C‘Hz-Cy‘ 789% (1.5)
Ph Ph Ph
PN A

N N“SN N

N

PMPW Pn)l\fl\n W\PMP
n-Pr j n-Pr n-Pr
“Reaction conditions: Secondary alcohol (2 mmol), primary alcohol
(2.2 mmol), +BuOK (2.0 mmol), catalyst A (0.01—0.02 mmol), 1,4-
dioxane (1-2 mL), 4 h at 125 °C (oil bath). Then addition of
remaining starting materials: primary alcohol (1.1 mmol), amidine (1.0
mmol) in fert-amyl alcohol (2 mL), 24 h reflux under inert
atmosphere. "Yields of isolated products. Cy = cyclohexyl.
“Corresponding amidine or guanidine hydrochloride (respectively)
along with 1 additional equiv of -BuOK was used.

reaction conditions in hand, we started exploring the substrate
scope of the consecutive 4-component reaction (Table 4). First,
the “N—C—N” substituent was varied. Aryl (6a), alkyl (6b), and
an amino function (6c, from guanidine) can be introduced in this
position. Second, the substituent at the 4-position was varied by
employing different 1-substituted ethanol derivatives which, in
addition to this substituent, contribute two carbon atoms to the
pyrimidine ring (for numbering, see Table 4, top right). Aromatic
(6d,e) as well as aliphatic substituents (6f) were tolerated. Third,
different primary alcohols were used in the first reaction as a
source of the respective residues at the S-position (6g—j).
Notably, the use of methanol gave rise to a primary quasi-
benzylic functional group at the pyrimidine in 5-position which is
interesting for further functionalization reactions. Fourth, the
remaining substituent at C-6, which is introduced with the
primary alcohol added last, was varied. Aliphatic (6k) and
(hetero)aromatic (61—n) substituents can be introduced. Based
on the examples listed in Table 4 and the modular synthesis
concept of the consecutive 4-component reaction, a virtual
library of more than 300 compounds (5 X 4 X 4 X 4-doublings)
has been created.

In summary, we introduced a novel sustainable multi-
component pyrimidine synthesis. Alcohols and amidines can
be assembled in 3- or consecutive 4-component reactions. The
selective C—C and C—N bond formations proceed with the

DOI:10.1021/jacs.5b09510
J. Am. Chem. Soc. 2015, 137, 1280412807
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liberation of 2 equiv of dihydrogen (acceptor-less dehydrogen-
ation) and the elimination of water (condensation). Unsym-
metrically and fully substituted pyrimidines are accessible. The
synthesis protocol is especially useful in forming selectively
alkylated and/or arylated pyrimidines. The synthesis of 4-(4-
fluorophenyl)-6-isopropylpyrimidin-2-amine underlines the ap-
plicability of the novel reactions to the synthesis of important
pharmaceuticals. The Ir catalyst used and the optimized reaction
conditions allow the presence of a wide range of typical organic
functional groups.
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1 General Considerations

Air- and moisture sensitive reactions were carried out under nitrogen or argon atmosphere
using standard Schlenk techniques or a glove box. Dry solvents were obtained from a solvent
purification system (activated alumina cartridges) or purchased from Acros. Chemicals were
purchased from commercial vendors and used without purification if not noted otherwise.
NMR-Spectra were collected on Varian INOVA 300 (300 MHz for *H, 75 MHz for 3C) or
Bruker Avance 111 HD 500 (500 MHz for *H, 125 MHz for 3C) instruments. Chemical shifts
are reported in ppm relative to the residual solvent signal (CDCls: 7.26 ppm (*H), 77.16 ppm
(13C)). Coupling constants (J) are reported in Hz (coupling patterns: d = doublet, t = triplet, q
= quartet, sxt = sextet, spt = septet, m = multiplet). GC analyses were carried out on an
Agilent 6890N Network GC system equipped with a HP-5 column (30 m x 0.32 mm x 0.25
um) and GC-MS analyses on an Agilent 7890A GC system equipped with a HP-5MS column
(30 m x 0.32 mm x 0.25 pum) and a 5975C inert MSD detector (El, 70 eV). Flash column
chromatography was conducted on Macherey-Nagel silica gel 60 (40-63 um particle size).
Elemental analysis was performed on an Elementar Vario El 11l Instrument. X-Ray analysis
was performed on a Stoe IPDS-II diffractometer [A(Mo-Ka)= 0.71073 A] equipped with an
Oxford Cryostream low temperature unit. Structure solution and refinement were
accomplished with SIR971,* SHELXL-201322 and WinGX3.3

All compounds were characterized by 'H and C NMR analysis. Spectroscopic data of
known compounds were compared with literature data and new compounds were further
characterized by elemental analysis.

Purification/preparation of chemicals: t-BuOK was dried at 70 °C for 3 days under high
vacuum and stored in a glove box. KOH was purchased from Sigma-Aldrich (puriss. p.a.,
Reag. Ph. Eur., >85%,) and pestled inside a glove box to give a fine powder. Tert-amyl
alcohol (t-AmOH) was purchased from Acros and stored over molecular sieves inside a glove
box. Benzamidine was purchased as the hydrochloride hydrate. All amidine salts were
extracted (CH2Cl2 vs. 1 M ag. NaOH) and dried under high vacuum prior to use.

All used ligands and catalysts were prepared as reported previously by our group.*

2 General procedures (GP) for the synthesis of pyrimidines from
alcohols and amidines
2.1 Three-component-reaction with alkylation of a methyl group (GP-1)

Amidine (1.0 eq.), KOH (0.7 eq.), secondary alcohol (2.0 eq.), primary alcohol (2.0 eg.) and
catalyst (0.01 eqg, 1 mol%, from 0.01 m stock solution in t-AmOH) were mixed in t-AmOH
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(3 mL/mmol amidine total volume) using a nitrogen-filled glove box and heated to reflux for
24 h under inert atmosphere in an open system. The reaction was cooled, quenched with water
(1 mL) and extracted with ethyl acetate (3 x 20 mL). The crude reaction mixture was analyzed
by GC-MS and after drying and evaporation of solvent the remainder was subjected to flash
column chromatography on silica gel.

2.2 Three-component-reaction with alkylation of a methylene group (GP-2)

Amidine (1.0 eq.), t-BuOK (unless noted otherwise) (1.5 eq.), secondary alcohol (2.0 eq.),
primary alcohol (1.1 eqg.) and catalyst (0.7-1.0 mol%, from 0.01 m stock solution in t-AmOH)
were mixed in t-AmOH (3 mL/mmol amidine total volume) using a nitrogen-filled glove box
and heated to reflux for 24 h under inert atmosphere in an open system. The reaction was
cooled, quenched with water (1 mL) and extracted with ethyl acetate (3 x 20 mL). The crude
reaction mixture was analyzed by GC-MS and after drying and evaporation of solvent the
remainder was subjected to flash column chromatography on silica gel.

2.3 Consecutive four-component-reaction (GP-3)

A pressure tube (Ace pressure tube, 38 mL volume) was charged with a magnetic stirring bar,
secondary alcohol (2.0 eq.), primary alcohol (2.2 eq.), t-BuOK (2.0 eq.) catalyst A (as a
0.01 m stock solution in 1,4-dioxane, 1.0-2.0 mL depending on catalyst loading) under an
inert atmosphere (glove-box). The tube was closed with a Teflon® cap and immersed into a
pre-heated oil bath (125 °C). After 4 hours the reaction was cooled and amidine (1.0 eq.),
primary alcohol (1.1 eq.) and t-AmOH (2 mL) were added under inert atmosphere (glove
box). The mixture was heated to reflux under inert atmosphere in an open system for 24 h.
The reaction was cooled, quenched with water (1 mL) and extracted with ethyl acetate (3 x 20
mL). The crude reaction mixture was analyzed by GC-MS and after drying and evaporation of
solvent the remainder was subjected to flash column chromatography on silica gel.

Alternative procedure (GP-4): A two-necked Schlenk tube was charged with a magnetic
stirring bar, secondary alcohol (2.0 eq.), primary alcohol (2.2 eq.), t-BuOK (2.0 eq.) and
catalyst A (as a 0.01 m stock solution in 1,4-dioxane) using a glove box. The tube was sealed,
taken out of the glove box and a reflux condenser was attached under argon stream. The
mixture was heated to a gentle reflux for three hours under inert atmosphere in an open
system to give the B-alkylation product. After cooling, a solution of amidine (1.0 eq.), primary
alcohol (1.1 eq.) in t-AmOH (2 mL/mmol amidine) was added by syringe and the reaction
mixture was heated to reflux for further 24 h. Work-up was conducted as described above.
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3 Screening reactions

In order to identify the ideal reaction conditions the following reactions were investigated (on
0.5 or 1 mmol scale):

3-component-reaction:
solvent

base Ph
OH OH Ph catalyst N)§N

+ k + ,& - |

Ph Ph H,oN NH -2H,0 Z
_oH Ph Ph
R 2 R
; R =H or n-Pr
4-component-reaction:
solvent
base add: BnOH, benzamidine | (R = n-Pr)
/OKH OH catalyst OH additional solvent

+

Ph H - H,0 Ph/\ —-2H,0
R -2H,

General screening procedure:

3-Component-reaction. In a nitrogen-filled glove box a glass tube (38 mL volume) was
charged with a magnetic stirring bar, base, solvent, catalyst (as a 0.01 M stock solution in the
appropriate solvent), secondary alcohol (1-phenyl ethanol or 1-phenyl propanol), primary
alcohol (benzyl alcohol) and benzamidine. Starting point for substrate ratio: amidine (1 eq.):
alcohols (2 eq.). The glass tube was connected to a pressure equalizer (bubble counter). The
mixture was heated to a gentle reflux for 20 h using a pre-heated oil bath (125 °C). After
cooling and addition of water (1 mL) and dodecane (GC-standard) the mixture was extracted
with ethyl acetate (25 mL) and a small amount of the organic phase was analyzed by GC.

4-Component-reaction. In a nitrogen-filled glove box a pressure tube (Ace pressure tube, 38
mL) was charged with a magnetic stirring bar, base, solvent, catalyst (1 mol%, 1 mL from a
0.01 m stock solution in the appropriate solvent), 1-phenyl ethanol (2.0 mmol), 1-propanol
(2.2 mmol) and tightly sealed with a Teflon® cap. The tube was immersed into a pre-heated
oil bath (125 °C) for 4 h and then cooled to RT. Benzyl alcohol, benzamidine and additional
solvent were added inside a glove-box and a pressure equalizer (bubble counter) was attached.
The reaction mixture was heated to reflux for 20 h. Work-up as described above.
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Table S 1. Solvent screening.

Entry Solvent R(of 2° alc.) Yield [%)]
1 tert-amyl alcohol H 73
2 toluene H 58
3 1,4-dioxane H 65
4 diglyme H 72
5 tert-amyl alcohol n-Pr 56
6 toluene n-Pr 45
7 1,4-dioxane n-Pr 53
8 diglyme n-Pr 44

Reaction conditions: t-BuOK (1.1 eq.), 0.5 mol% catalyst A, 3 mL solvent/mmol

amidine.

Table S 2. Catalyst screening.

)R: Catalyst R! RZ X
XI\X A 4CFg(CgHy)- i-Pr N
. HNJ\NgN B Ph i-Pr N
(R P—h—pRy, © M N
! © H iPr CH
UF 0srOMeNcODY, G osmrohcoom, '
Entry Catalyst R (of 2° alc.) Yield [%]
1 A H 83
2 B H 79
4 C H 75
5 D H 64
6 E H 45
7 F H 37
8 G H 43
9 A n-Pr 64
10 B n-Pr 63
12 C n-Pr 44
13 D n-Pr 6

Reaction conditions: 0.5 mol% catalyst, 3 mL t-AmOH/mmol amidine; R = H: t-BuOK
(1.1 eq.), R=n-Pr: t-BuOK (1.5 eq.).
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Table S 3. Base screening

Entry Base (1.1 eq.) R (of 2° alc.) Yield [%]
1 t-BuOLi H 20
2 t-BuONa H 58
3 t-BuOK H 86
4 KOH H 93
5 Cs2CO3 H 22
6 KHMDS H 70

Reaction conditions: 0.5 mol% catalyst A, 3 mL t-AmOH/mmol amidine.

Table S 4. Base amount screening

Entry Base amount (eq. KOH) R(of 2° alc.) Yield [%]
1 None H 0

2 0.10 H 37
3 0.20 H 36
4 0.50 H 93
5 11 H 100
6 15 H 94
7 2.0 H 93
8 0.75 n-Pr 18
9 11 n-Pr 69
10 15 n-Pr 68
11 1.7 n-Pr 73
12 2.0 n-Pr 75

Reaction conditions: 0.5 mol% catalyst A, 3 mL t-AmOH/mmol amidine.

Table S 5. Screening of substrate-ratio for the 3-component-reaction with alkylation of a methyl group

Entry Amidine : 2° Alc: 1° Alc R(of 2° alc.) Yield [%)]
1 1.0:2.0:1.1 H 74
2 1.0:15:1.1 H 72
3 1.0:11:15 H 89
4 1.0:11:20 H 96
5 1.0:2.0:20 H 99
6 1.0:11:1.1 H 72
7 1.0:2.0:15 H 90

Reaction conditions: 0.5 mol% catalyst A, 3 mL t-AmOH/mmol amidine, KOH (1.1 eq.).

46



Chapter 5: A Sustainable Multicomponent Pyrimidine Synthesis

Table S 6. Comparison of bases and base amounts of selected products where alkylation of a secondary alcohol
was involved.

Entry Product Conditions Isolated yield [%]
1 e 15 eq. t-BUOK 78
2 @'%PW 1.5 eq. KOH 70
3 1.1 eq. KOH 55
4 T 1.5 eq. t-BuOK 71
NN
|
5 n—pent/H/kPMP 1.1 €q. KOH 56
n-Pr
6 1 1.5 eq. t-BUOK 88
g
7 ° PMP 1.5 eq. KOH 79
Ph
8 A 1.5 eq. t-BUOK 75
|
9 %PMP 1.5 eq. KOH 80
Ph
10 T 1.5 eq. t-BUOK 70
N” SN
|
11 \)\S-pyridyl 15 €g. KOH 83

Reaction conditions: Sec. alcohol (2.0 mmol), prim. alcohol (1.1 mmol), benzamidine
(2.0 mmol), catalyst A (0.7-1 mol%), base, t-AmOH (3 mL), 24 h reflux under inert

atmosphere, open system.

Screenings concerning the 4-component reaction

Table S 7. Screening of catalyst loading for the -alkylation reaction for quantitative conversion within 4 hours.

Catalyst amount [mol %] Conversion of 1-phenylethanol
0.4 89 %

0.6 guantitative

0.8 guantitative

1.0 guantitative

Reaction conditions: 1-Phenylethanol (2 mmol), 1-propanol (2.2 mmol), t-BuOK (0.55
mmol), catalyst A in t-AmOH (3 mL) were heated for 4 h at 130 °C oil bath temperature
(sealed tube).
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Table S 8. Solvent/base screening for the p-alkylation reaction.

Entry Solvent Base Conversion of 1-phenylethanol
1 t-AmOH KOH 91 %

2 t-AmOH t-BuOK 94 %

3 1,4-dioxane KOH 87 %

4 1,4-dioxane t-BuOK guantitative

Reaction conditions: 1-Phenylethanol (1 mmol), 1-propanol (1.1 mmol), base (1.1
mmol), catalyst A (0.5 mol%) in solvent (1 mL) were heated for 4 h at 125 °C oil bath

temperature.

Table S 9. Screening of solvent in which remaining starting material is added (4-component-reaction)

Entry  Solvent Yield
1 tert-amyl alcohol 55 %
2 1,4-dioxane 46 %

Reaction conditions: 1-Phenyl ethanol (2.0 mmol), 1-propanol (2.2 mmol), t-BuOK (2.0
mmol), and catalyst A (1 mol%) in 1,4-dioxane (1 mL) were heated in a pressure tube for
3 h. After cooling, benzyl alcohol (1.1 mmol) and benzamidine (1.0 mmol) were added
as a solution in the mentioned solvent (2 mL). 20 h reflux under inert atmosphere in an

open system.

Table S 10. Screening of the base amount for the 4-component reaction.

Entry Base amount (t-BuOK) w/r to amidine  Yield
1 1.3 56 %
2 15 77 %
3 1.7 74 %
4 2.0 89 %
5 2.2 77 %

Reaction conditions: 2 mmol 1-phenylethanol, 2.2 mmol 1-propanol, t-BuOK in t-
AmMOH (2 mL) were heated in a sealed tube for 4 h at 130 °C oil bath temperature. Then
addition of 1.0 mmol benzamidine and 2.0 mmol benzyl alcohol, 20 h reflux under inert

atmosphere in an open system.
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Table S 11. Screening of primary alcohol amount for the 4-component-reaction

Entry Equivalents 1° Alcohol Yield
1 11 89 %
2 1.3 73 %
3 15 76 %
4 1.7 71 %
5 2.0 68 %

Reaction conditions: 1-Phenyl ethanol (2.0 mmol), 1-propanol (2.2 mmol), t-BuOK (2.0
mmol), and catalyst A (1 mol%) in 1,4-dioxane (1 mL) were heated in a pressure tube for
2 h. After cooling, benzamidine (1.0 mmol), benzyl alcohol (1.1-2.0 mmol) and t-AmOH

(2 mL) were added. 20 h reflux under inert atmosphere in an open system.

NH

N + 1-phenyl ethanol >
H (2 mmol) Catalyst A (1 mol%)
t-BuOK (1.1 mmol) no pyrimidine
t-AmOH (3 mL) product

NH Me 24 h reflux

N + BnOH (2 mmol) ——

H
(1 mmol)

Scheme S 1. Control experiment to rule out a mechanism which involves sequential N-alkylation followed by
C-C/C-N bond formation
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4 Reaction details

Reaction without glove-box technique and precautions with reagents (preparation of 6i):

This reaction was run with chemicals (base and alcohols) which have been stored under air in
the laboratory. Benzamidine was extracted from the hydrochloride hydrate (CH2Clz vs. 1m
NaOH) and dried under vacuum. Catalyst A was weighed under air. Dry solvents were used,
however (t-AmOH (99%) has been stored over molecular sieve and dry 1,4-dioxane from
Acros was used).

An oven-dried 25 mL Schlenk tube was cooled under a low stream of argon and charged with
a magnetic stirring bar. The solid materials were transferred with argon stream turned off [t-
BuOK (224 mg, 2 mmol) and catalyst A (8 mg, 0.01 mmol)]. Afterwards, the tube was purged
with argon and the liquid materials were added under low argon stream [1-phenyl ethanol
(242 pL, 2.0 mmol), 1-propanol (165 pL, 2.2 mmol) and 1,4-dioxane (1 mL)]. A reflux
condenser was attached under argon stream and the top of the condenser was connected to a
pressure equalizer (bubble counter). The reaction mixture was heated to a gentle reflux for 3 h
45 min. Afterwards, the reaction was cooled (low argon stream), the reflux condenser was
removed to inject a solution of benzamidine (120 mg, 1 mmol), 4-methoxybenzyl alcohol
(136 pL) in tert-Amyl alcohol (2 mL). The reflux condenser was re-attached and the reaction
mixture was heated to reflux for further 24 h. Work-up was conducted as mentioned in the
general procedure. Column chromatography (pentane/diethyl ether 20:1 — 30:1) yielded the
title compound 6i (208 mg, 0.547 mmol, 55 %) as a white solid.

3-component-reaction (10 mmol scale, preparation of 5a):

Under dry N2 atmosphere (glove box) an oven-dried 50 mL Schlenk tube was charged with a
magnetic stirring bar, cycloheptanol (20 mmol, 2.40 mL), 4-methoxybenzyl alcohol (11 mmol
1.36 mL), benzamidine (10 mmol, 1.20 g), catalyst A (55 mg, 0.7 mmol, 0.7 mol%) and tert-
amyl alcohol (20 mL). The tube was sealed, taken out of the glove box and a reflux condenser
was attached under argon stream. A pressure equalizer (bubble counter) was connected to the
top outlet of the condenser and the reaction mixture was heated to reflux for 24 h. Within few
minutes of heating the color of the reaction mixture turned from red to yellow. After cooling,
the reaction was quenched with water (20 mL) and extracted with ethyl acetate (3x 100 mL).
The combined organic phase was dried over Na>SOs, concentrated by rotary evaporation and
subjected to column chromatography (column dimensions: height 23 cm, diameter 4 cm,
packed with pentane). Gradient elution (pentane/diethyl ether, 25:1 — 20:1) gave the title
compound 5a (2.55 g, 7.72 mmol, 77%) as a white solid. (1 mmol scale: 78 %)
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Consecutive 4-component-reaction (10 mmol scale, preparation of 6i):

Under dry N2 atmosphere (glove box) an oven-dried 100 mL two-necked round-bottom flask
with gas inlet was charged with a magnetic stir bar, 1-phenyl ethanol (20 mmol, 2.42 mL), 1-
propanol (22 mmol, 1.65 mL), t-BuOK (20 mmol, 2.24 g), catalyst A (0.1 mmol, 79 mg) and
1,4-dioxane (10 mL). One neck of the flask was sealed with a rubber septum and the other
was sealed with a glass stopper. After the flask was removed from the glove box, a reflux
condenser was attached under a stream of argon. After 3.5 h a small amount of the reaction
mixture was analyzed by GC analysis which showed complete consumption of 1-phenyl
ethanol. After cooling (low argon stream), a mixture of benzamidine (10 mmol, 1.20 g) and 4-
methoxybenzyl alcohol (11 mmol, 1.36 mL) in tert-amyl alcohol (20 mL) was added by
syringe through the rubber septum leading to a dark reaction mixture. The reaction was heated
to reflux for further 24 h. After cooling, the reaction was quenched with water (20 mL) and
extracted with ethyl acetate (3x 100 mL). The combined organic phase was dried over
Na,SOs4, concentrated by rotary evaporation and subjected to column chromatography
(column dimensions: diameter 4 cm, height 23 cm, packed with pentane). Gradient elution
(pentane/diethyl ether, 40:1 to remove excess B-alkylation product, then pentane/diethyl ether
30:1) gave the title compound 6i (2.35 g, 6.18 mmol, 62 %) as a white solid. (1 mmol scale:
72 %)

Comments on substrate SCope:

1) For the consecutive 4-component reaction, the isolation via column chromatography can be
difficult if the polarity of the B-alkylation product (1st step) is similar to that of the final
product. Here, recrystallization is an alternative as shown for 6f.

2) The order in which the substituents are introduced can result in higher polarity differences.
For example, compound 6i can prepared from 1-phenyl ethanol, 1-propanol and para-
methoxybenzyl alcohol or from 1-(para-methoxyphenyl)-ethanol, 1-propanol and benzyl
alcohol. In the latter case, the p-alkylation product had a similar polarity as the pyrimidine
product and was difficult to separate.

3) It is more efficient for this reaction if sensitive functional groups are introduced in the last
step and not via p-alkylation.
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5 Characterization data of pyrimidine derivatives

3-Component-Reaction (all substrates were prepared according to GP-1 unless noted
otherwise)

2,4,6-triphenylpyrimidine (4a)

Ph

Ch
th\Ph
1 mmol scale. Purification by column chromatography (pentane/diethyl ether, 60:1). Yield
271 mg (0.880 mmol, 88 %) white solid.

'H NMR (300 MHz, CDCls) § = 8.67 - 8.82 (m, 2 H), 8.21 - 8.38 (m, 4 H), 8.03 (s, 1 H), 7.45
- 7.66 (m, 9 H) ppm.

13C NMR (75 MHz, CDCls) & = 164.9, 164.6, 138.3, 137.7, 130.9, 130.8, 129.1, 128.61,
128.58, 127.5, 110.4 ppm.

4-(4-methoxyphenyl)-2,6-diphenylpyrimidine (4b)

Ph

O
PMPMPh

1 mmol scale, 1 mol% catalyst A. Purification by column chromatography (pentane/diethyl
ether, 20:1). Yield: 289 mg (0.855 mmol, 86 %) white solid.

Yield with t-BuOK (1.1 eq.): 84%
'H NMR (500 MHz, CDCls) § = 8.68 - 8.78 (m, 2 H), 8.23 - 8.35 (m, 4 H), 7.96 (s, 1 H), 7.48
-7.61(m,6H),7.03-7.11 (m, 2 H), 3.91 (s, 3 H) ppm.

13C NMR (125 MHz, CDCls) & = 164.6, 164.3, 162.0, 138.4, 137.8, 130.8, 130.7, 130.1,
129.0, 128.9, 128.6, 128.5, 127.4, 114.4, 109.5, 55.5 ppm.

Elemental analysis (%) for C23H24N20 calcd: C 80.20, H 7.02, N 8.13; found: C 80.22, H
7.05,N7.91
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4-(4-chlorophenyl)-2,6-diphenylpyrimidine (4c)

Ph
Cl
Cl
1 mmol scale. Purification by column chromatography (pentane/diethyl ether, 50:1). Yield:

282 mg (0.825 mmol, 83 %) white solid.

Yield with t-BuOK (1.1 eq.): 72 %
'H NMR (500 MHz, CDCl3) & = 8.65 - 8.75 (m, 2 H), 8.27 - 8.32 (m, 2 H), 8.22 - 8.27 (m, 2
H), 7.98 (s, 1 H), 7.47 - 7.62 (m, 8 H) ppm.

13C NMR (125 MHz, CDCls) & = 165.1, 164.7, 163.6, 138.1, 137.5, 137.1, 136.1, 131.0
130.9, 129.3, 129.1, 128.7, 128.61, 128.60, 127.4, 110.1 ppm.

Elemental analysis (%) for C22H1sCIN> calcd: C 77.08, H 4.41, N 8.17; found: C 77.16, H
4.48, N 8.04

4-(4-fluorophenyl)-6-(4-methoxyphenyl)-2-phenylpyrimidine (4d)

1 mmol scale. Purification by column chromatography (pentane/diethyl ether, 60:1). Yield:
201 mg (0.617 mmol, 62 %) white solid.

IH NMR (500 MHz, CDCls) & = 8.68 - 8.76 (m, 2 H), 8.22 - 8.34 (m, 4 H), 7.95 (s, 1 H), 7.49
-7.63 (m, 6 H), 7.18 - 7.30 (M, 2 H) ppm.

13C NMR (125 MHz, CDCls) & = 165.7, 165.0, 164.6, 163.7, 138.2, 137.6, 133.79, 133.77,
131.0, 130.9, 129.5, 129.4, 129.1, 128.60, 128.59, 127.4, 116.2, 116.0, 110.0 ppm.

2,4-diphenyl-6-(thiophen-2-yl)pyrimidine (4e)

Purification by column chromatography (pentane/diethyl ether, 50:1). Yield: 221 mg (0.704
mmol, 70 %) off-white solid.
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IH NMR (500 MHz, CDCls) & = 8.63 - 8.73 (m, 2 H), 8.23 - 8.32 (m, 2 H), 7.93 (dd, J=3.81,
1.07 Hz, 1 H), 7.86 (s, 1 H), 7.48 - 7.61 (m, 7 H), 7.21 (dd, J=5.04, 3.81 Hz, 1 H) ppm.

13C NMR (125 MHz, CDCls) & = 164.7, 164.6, 159.8, 143.5, 137.9, 137.5, 131.0, 130.9,
129.9, 129.1, 128.6, 128.5, 127.4, 127.2, 108.6 ppm.

Elemental analysis (%) for C20H14N2S calcd: C 76.40, H 4.49, N 8.91; found: C 76.28, H
4.58, N 8.93

2,4-diphenyl-6-(pyridin-3-yl)pyrimidine (4f)

1 mmol scale. Purification by column chromatography (pentane/ethyl acetate, 7:3). Yield: 260
mg (0.841 mmol, 84 %) white solid.

'H NMR (500 MHz, CDCl3) & = 9.47 (s, 1 H), 8.79 (d, J=3.66 Hz, 1 H), 8.68 - 8.75 (m, 2 H),
8.61 (dt, J=7.93, 1.98 Hz, 1 H), 8.26 - 8.34 (m, 2 H), 8.04 (s, 1 H), 7.53 - 7.61 (m, 6 H), 7.51
(dd, J=7.78, 4.73 Hz, 1 H) ppm.

13C NMR (125 MHz, CDCls) § = 165.2, 164.8, 162.5, 151.6, 148.7, 137.8, 137.2, 134.8,
133.2,131.1, 130.9, 129.0, 128.6, 128.5, 127.3, 123.8, 110.3 ppm.

Elemental analysis (%) for C2:H1sN3 calcd: C 81.53, H 4.89, N 13.58; found: C 81.48, H 5.11,
N 13.54

4-(4-methoxyphenyl)-6-(4-methylpent-3-en-1-yl)-2-phenylpyrimidine (4g)

h

o
X IV

1 mmol scale, purification by column chromatography (pentane/diethyl ether, 30:1). Yield:
182 mg (0.529 mmol, 53 %) white solid.

Yield with t-BuOK (1.1 eq.): 49 %

IH NMR (500 MHz, CDCls) & = 8.60 - 8.67 (m, 2 H), 8.20 - 8.26 (m, 2 H), 7.48 - 7.58 (m, 3
H), 7.40 (s, 1 H), 7.03 - 7.09 (m, 2 H), 5.23 - 5.31 (m, 1 H), 3.92 (s, 3 H), 2.91 (t, J=7.63 Hz,
2 H), 2.59 (q, J=7.32 Hz, 2 H), 1.73 (s, 3 H), 1.65 (s, 3 H) ppm.
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13C NMR (125 MHz, CDCls) & = 170.8, 164.2, 163.2, 161.9, 138.6, 132.9, 130.4, 130.0,
128.8, 128.5, 123.3, 114.3, 112.8, 55.5, 38.4, 27.4, 25.8, 17.9 ppm.

Elemental analysis (%) for C23sH24N20 calcd: C 80.20, H 7.02 N 8.13; found: C 80.21, H 7.09,
N 7.80

4-cyclohexyl-6-(4-methoxyphenyl)-2-phenylpyrimidine (4h)

1 mmol scale. Purification by column chromatography (pentane/diethyl ether, 25:1). Yield:
321 mg (0.932 mmol, 93 %) white solid.

Yield with t-BuOK (1.1 eq.): 84 %

IH NMR (300 MHz, CDCl3) & = 8.58 - 8.69 (m, 2 H), 8.16 - 8.26 (m, 2 H), 7.45 - 7.57 (m, 3
H), 7.39 (s, 1 H), 7.00 - 7.08 (m, 2 H), 3.89 (s, 3 H), 2.78 (tt, J=11.79, 3.47 Hz, 1 H), 2.04 -
2.11 (m, 2 H), 1.93 (dt, J=13.12, 3.20 Hz, 2 H), 1.78 - 1.85 (m, 1 H), 1.69 (qd, J=12.51, 3.05
Hz, 2 H), 1.48 (qt, J=12.82, 3.36 Hz, 2 H), 1.37 (it, J=12.66, 3.51 Hz, 1 H) ppm.

13C NMR (125 MHz, CDCls) § = 175.2, 164.0, 163.4, 161.8, 138.7, 130.3, 130.2, 128.8,
128.5, 114.2, 111.0, 55.5, 46.4, 32.3, 26.5, 26.2 ppm.

Elemental analysis (%) for C23H24N20 calcd: C 80.20, H 7.02, N 8.13; found: C 80.22, H
7.05,N7.91

4-(cyclohexylmethyl)-6-(4-methoxyphenyl)-2-phenylpyrimidine (4i)
Ph
PMP~ N
1 mmol scale. Purification by column chromatography (pentane/diethyl ether, 25:1). Yield:
308 mg (0.860 mmol, 86 %) white solid.
Yield with t-BuOK (1.1 eq.): 79 %

'H NMR (500 MHz, CDCls) & = 8.52 - 8.66 (m, 2 H), 8.15 - 8.25 (m, 2 H), 7.43 - 7.57 (m, 3
H), 7.34 (s, 1 H), 6.99 - 7.09 (m, 2 H), 3.90 (s, 3 H), 2.73 (d, J=7.17 Hz, 2 H), 1.86 - 2.02 (m,
1H),1.60-183(m,5H),1.14-1.36 (m, 3H),0.98 - 1.14 (m, 2 H) ppm.
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13C NMR (125 MHz, CDCls) § = 170.4, 164.3, 163.1, 161.9, 138.7, 130.4, 128.8, 128.53,
128.49, 114.3, 113.5, 55.6, 46.3, 38.1, 33.4, 26.6, 26.4 ppm.

Elemental analysis (%) for CosH26N2O calcd: C 80.41, H 7.31, N 7.81; found: C 80.47, H
7.32,N7.71

4-(4-methoxyphenyl)-6-pentyl-2-phenylpyrimidine (4j)

Ph
O
PMP/K/\/\/\

1 mmol scale. Purification by column chromatography (pentane/diethyl ether, 25:1). Yield:
288 mg (0.867 mmol, 87 %) white solid.

Yield with t-BuOK (1.1 eq.): 80 %

IH NMR (500 MHz, CDCls) & = 8.54 - 8.66 (m, 2 H), 8.17 - 8.26 (m, 2 H), 7.44 - 7.57 (m, 3
H), 7.39 (s, 1 H), 6.98 - 7.09 (m, 2 H), 3.89 (s, 3 H), 2.79 - 2.91 (m, 2 H), 1.82 - 1.91 (m, 2
H), 1.36 - 1.48 (m, 4 H), 0.89 - 0.98 (m, 3 H) ppm.

13C NMR (75 MHz, CDCls) & = 171.5, 164.2, 163.3, 161.9, 138.6, 130.4, 128.8, 128.5, 128.4,
114.3, 112.6, 55.5, 38.4, 31.7, 28.7, 22.7, 14.2 ppm.

Elemental analysis (%) for C2H24N2O calcd: C 79.48, H 7.28, N 8.43; found: C 79.27,
H7.35, N 8.11

4-(4-methoxyphenyl)-6-phenylpyrimidin-2-amine (4k)

H>

N™ N

|
th PMP

Purification by column chromatography (pentane/MTBE, 2:1 — 1.5:1). Yield: 197 mg (0.730
mmol, 73 %) white solid.

H NMR (500 MHz, CDCl3) & = 8.01 - 8.08 (m, 4 H), 7.45 - 7.54 (m, 3 H), 7.42 (s, 1 H), 6.98
-7.04 (m, 2 H), 5.18 (br. s., 2 H), 3.88 (s, 3 H) ppm.

13C NMR (125 MHz, CDCls) 6 = 166.1, 165.8, 163.7, 161.8, 138.1, 130.5, 130.3, 128.9,
128.8, 127.2, 114.2, 103.7, 55.6 ppm.
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2-(4-chlorophenyl)-4-(4-methoxyphenyl)-6-phenylpyrimidine (41)
PMP
N
72\
o~y
Ph
1 mmol scale. Purification by column chromatography (pentane/diethyl ether, 40:1). Yield:

253 mg (0.680 mmol, 68 %) white solid.

IH NMR (500 MHz, CDCls) § = 8.57 - 8.72 (m, 2 H), 8.16 - 8.31 (m, 4 H), 7.89 - 7.93 (m, 1
H), 7.51 - 7.59 (m, 3 H), 7.46 - 7.51 (m, 2 H), 7.01 - 7.09 (m, 2 H), 3.90 (s, 3 H) ppm.

13C NMR (125 MHz, CDCls) & = 164.6, 164.3, 163.5, 162.1, 137.6, 136.9, 136.8, 130.9,
129.9, 129.8, 129.0, 128.9, 128.7, 127.3, 114.4, 109.6, 55.6 ppm.

2-(4-butylphenyl)-4-(4-methoxyphenyl)-6-phenylpyrimidine (4m)

PMP
N
-

Ph

1 mmol scale. Purification by column chromatography (pentane/diethyl ether, 40:1). Yield:
324 mg (0.822 mmol, 82 %) highly viscous colorless oil.

IH NMR (500 MHz, CDCls) § = 8.57 - 8.71 (m, 2 H), 8.20 - 8.36 (m, 4 H), 7.93 (s, 1 H), 7.48
-7.63 (m, 3 H), 7.35 (d, J=8.54 Hz, 2 H), 6.98 - 7.12 (M, 2 H), 3.91 (s, 3 H), 2.67 - 2.78 (m, 2
H), 1.63 - 1.72 (m, 2 H), 1.41 (dg, J=15.03, 7.40 Hz, 2 H), 0.96 (t, J=7.32 Hz, 3 H) ppm.

13C NMR (125 MHz, CDCls) & = 164.6, 164.5, 164.2, 162.0, 145.8, 138.0, 136.0, 130.7,
130.2, 129.0, 128.9, 128.7, 128.5, 127.4, 114.3, 109.2, 55.5, 35.8, 33.7, 22.5, 14.1 ppm.

Elemental analysis (%) for C27H26N2O calcd: C 82.20, H 6.64, N, 7.10; found: C 82.43, H
6.72, N 6.98

2-(4-methoxyphenyl)-4,6-diphenylpyrimidine (4n)

PMP

N™ SN

|
PhV\Ph

1 mmol scale. Purification by column chromatography (pentane/diethyl ether, 40:1). Yield:
259 mg (0.766 mmol, 77 %) white solid.

'H NMR (500 MHz, CDCls) = 8.64 - 8.75 (m, 2 H), 8.23 - 8.35 (m, 4 H), 7.96 (s, 1 H), 7.48
-7.62 (m, 6 H),7.00-7.11 (m, 2 H), 3.91 (s, 3 H) ppm.
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13C NMR (125 MHz, CDCls) & = 164.8, 164.4, 162.0, 137.8, 131.1, 130.8, 130.3, 129.0,
127.4, 113.9, 109.8, 55.5 ppm.

Elemental analysis (%) for C23H1sN2O calcd: C 81.63, H 5.36, N 8.28; found: C 81.54, H
5.46, N 8.18

4-(4-fluorophenyl)-6-isopropylpyrimidin-2-amine (40)

For this reaction 2.1 mmol KOH were used (1.1 eq + 1.0 eq. to trap HCI from guanidine
hydrochloride). 1 mmol scale, purification by column chromatography (pentane/diethyl ether,
6/4). Yield: 146 mg (0.632 mmol, 63 %) white solid.

'H NMR (500 MHz, CDCl3) § = 7.93 - 8.02 (m, 2 H), 7.08 - 7.17 (m, 2 H), 6.87 (s, 1 H), 5.23
(br.s., 2 H), 2.86 (spt, J=6.90 Hz, 1 H), 1.29 (d, J=6.90 Hz, 6 H) ppm.

13C NMR (125 MHz, CDCls) § = 117.9, 165.3, 164.6, 163.4, 134.09, 134.06, 129.2, 115.9,
115.7, 104.4, 36.3, 21.87, 21.86 ppm.

Alternative procedure: 1-(4-fluorophenyl)-ethanol (1.10 mmol), isobutanol (2.00 mmol),
guanidine hydrochloride (1.00 mmol), KOH (1.70 mmol), catalyst A (0.01 mmol), tert-amyl
alcohol (3 mL) were heated to reflux for 24 h under inert atmosphere in an open system. GC-
FID analysis showed the same response factor for the product relative to an internal standard.
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4-(4-fluorophenyl)-6-isopropyl-N-methylpyrimidin-2-amine (4p)

NHMe

N™ >N

This compound was prepared with a different substrate ratio from methyl guanidine
hydrochloride (1 mmol), 1-(4-fluorophenyl)ethanol (1.1 mmol), isobutanol (2.0 mmol), KOH
(2.7 mmol), catalyst A (0.01 mmol) in tert-amyl alcohol (3 mL) under reflux for 24 h.
Purification by column chromatography (pentane/diethyl ether, 9:1). Yield: 140 mg (0.571
mmol, 57 %) white solid.

Synthesis according to GP-1 with 2.1 eq. KOH (to trap HCI from the hydrochloride) gave the
title compound in 55 % isolated yield.

H NMR (300 MHz, CDCl3) § = 7.98 - 8.10 (m, 2 H), 7.07 - 7.19 (m, 2 H), 6.81 (s, 1 H), 5.20
(d, J=4.69 Hz, 1 H), 3.06 (d, J=5.27 Hz, 3 H), 2.85 (spt, J=7.0 Hz, 1 H), 1.29 (d, J=7.0 Hz, 6
H) ppm.

13C NMR (75 MHz, CDCl3) 6 = 177.4, 165.9, 163.8, 163.4, 162.6, 134.4, 129.1, 129.0, 115.8,
115.5, 103.0, 36.3, 28.5, 21.9 ppm.
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3-Component-Reaction (alkylation of methylene groups)

4-(4-methoxyphenyl)-2-phenyl-6,7,8,9-tetrahydro-5H-cyclohepta[d] pyrimidine (5a)

X
i
G/\PMP

Synthesis according to GP-2. 1 mmol scale, 0.7 mol% catalyst A. Purification by column
chromatography (pentane/diethyl ether, 30:1 — 20:1). Yield: 257 mg (0.779 mmol, 78 %)
white solid.

IH NMR (500 MHz, CDCls) & = 8.49 (dd, J=7.78, 1.68 Hz, 2 H), 7.50 - 7.64 (m, 2 H), 7.35 -
7.52 (M, 3 H), 6.93 - 7.10 (m, 2 H), 3.88 (s, 3 H), 3.08 - 3.23 (m, 2 H), 2.83 - 3.00 (m, 2 H),
1.89 - 2.01 (m, 2 H), 1.78 - 1.89 (m, 2 H), 1.65 - 1.78 (m, 2 H) ppm.

13C NMR (125 MHz, CDCls) § = 172.8, 164.0, 161.1, 160.3, 138.3, 131.8, 130.9, 130.3,
130.1, 128.5, 128.2, 113.8, 55.5, 39.5, 32.4, 29.3, 27.9, 26.3 ppm.

Elemental analysis (%) for C22H22N2O calcd: C 79.97, H 6.71, N 8.48; found: C 79.77, H
6.75, N 8.30

4-(4-methoxyphenyl)-2-phenyl-5,6,7,8,9,10-hexahydrocycloocta[d] pyrimidine (5b)

Ph

N)§N

|
PMP

Synthesis according to GP-2. 1 mmol scale, 0.7 mol% catalyst A. Purification by column
chromatography (pentane/diethyl ether, 20:1). Yield: 302 mg (0.878 mmol, 88 %) white solid.

'H NMR (500 MHz, CDCls) § = 8.49 (dd, J=7.78, 1.68 Hz, 7 H), 7.49 - 7.63 (m, 2 H), 7.38 -
7.49 (m, 3 H), 6.95 - 7.05 (m, 2 H), 3.88 (s, 3 H), 2.98 - 3.11 (m, 2 H), 2.82 - 2.94 (m, 2 H),
1.93 (quin, J=6.03 Hz, 5 H), 1.58 - 1.71 (m, 2 H), 1.39 - 1.56 (m, 4 H) ppm.

13C NMR (125 MHz, CDCls) & = 170.8, 165.2, 161.6, 160.1, 138.4, 132.2, 130.4, 130.0,
128.7,128.5, 128.2, 113.7, 55.5, 35.1, 31.5, 30.5, 26.7, 26.4, 26.0 ppm.

Elemental analysis (%) for C23H24N20 calcd: C 80.20, H 7.02; N 8.13; found: C 80.22, H
6.92, N 8.15
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4-(4-methoxyphenyl)-2-phenyl-5,6,7,8,9,10,11,12,13,14-decahydrocyclododeca[d] pyrimidine
(5¢)

Ph

O

“ > PMP

Synthesis according to GP-2. 1 mmol scale, 1 mol% catalyst A. Purification by column
chromatography (pentane/diethyl ether, 25:1 — 20:1). Yield: 292 mg (0.730 mmol, 73 %)
white solid.

'H NMR (500 MHz, CDCl3) & = 8.43 - 8.55 (m, 2 H), 7.50 - 7.57 (m, 2 H), 7.40 - 7.48 (m, 3
H), 6.97 - 7.04 (m, 2 H), 3.88 (s, 3 H), 2.92 (t, J=7.71 Hz, 2 H), 2.82 (t, J=7.70 Hz, 2 H), 2.00
-2.13(m, 2 H), 1.36 - 1.60 (m, 12 H), 1.29 (g, J=1.00 Hz, 2 H) ppm.

13C NMR (125 MHz, CDCls) § = 170.1, 166.2, 161.0, 160.0, 138.4, 132.7, 130.1, 130.0,
129.0, 128.4, 128.2, 113.8, 55.5, 32.3, 28.2, 27.8, 27.0, 26.9, 26.1, 25.91, 25.88, 23.30, 23.28

ppm.

Elemental analysis (%) for Co7H32N20O calcd: C 80.96, H 8.05, N 6.99; found: C 80.63, H
8.15, N 6.49

4-butyl-6-(4-methoxyphenyl)-2-phenyl-5-propylpyrimidine (5d)

Synthesis according to GP-2. 1 mmol scale, 1 mol% catalyst A. Purification by column
chromatography (pentane/diethyl ether, 40:1 — 30:1). Yield: 254 mg (0.706 mmol, 71 %)
colorless oil which solidified upon standing.

IH NMR (300 MHz, CDCl3) & = 8.38 - 8.59 (m, 2 H), 7.49 - 7.58 (m, 2 H), 7.40 - 7.49 (m, 3
H), 6.97 - 7.06 (M, 2 H), 3.89 (s, 3 H), 2.82 - 2.95 (m, 2 H), 2.63 - 2.75 (m, 2 H), 1.82 - 1.96
(m, 2 H), 1.41 - 1.60 (m, 4 H), 1.02 (t, J=7.32 Hz, 3 H), 0.89 (t, J=7.30 Hz, 3 H) ppm.

13C NMR (75 MHz, CDCls) & = 169.8, 165.5, 161.0, 160.0, 138.4, 132.4, 130.3, 130.0, 128.4,
128.2,113.7, 110.1, 55.5, 34.5, 31.1, 30.2, 24.0, 23.0, 14.4, 14.3 ppm.

Elemental analysis (%) for C2sH2sN2O calcd: C 79.96, H 7.83, N 7.77; found: C 79.98, H
7.94, N 7.56
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4-(4-methoxyphenyl)-2,5-diphenylpyrimidine (5e)

PMP

Synthesis according to GP-2. KOH (1.5 eq.) was used as the base. 1 mmol scale, 1 mol%
catalyst A. Purification by column chromatography (pentane/diethyl ether, 20:1 — 10:1).
Yield: 270 mg (0.799 mmol, 80 %) white solid.

Yield with t-BuOK: 75 %

IH NMR (500 MHz, CDCls) & = 8.74 (s, 1 H), 8.54 - 8.62 (m, 2 H), 7.47 - 7.59 (m, 5 H), 7.33
- 7.42 (m, 3 H), 7.27 - 7.32 (m, 2 H), 6.79 - 6.86 (m, 2 H), 3.82 (s, 3 H) ppm.

13C NMR (125 MHz, CDCls) & = 163.2, 162.9, 160.8, 158.8, 137.8, 137.2, 131.8, 130.7,
130.4, 130.3, 129.4, 129.0, 128.7, 128.4, 128.0, 113.7, 55.4 ppm.

Elemental analysis (%) for C23H1gN2O calcd: C 81.63; H 5.36; N 8.28; found: C 81.76, H
5.36, N 8.30

2,5-diphenyl-4-(pyridin-3-yl)pyrimidine (5f)

Synthesis according to GP-2. KOH (1.5 eq.) was used as the base. 1 mmol scale, 1 mol%
catalyst A. Purification by column chromatography (pentane/diethyl ether, 1:1). Yield: 255
mg (0.825 mmol, 83 %) white solid.

Yield with t-BuOK: 70 %

IH NMR (500 MHz, CDCls) & = 8.85 - 8.88 (m, 1 H), 8.83 (s, 1 H), 8.57 - 8.64 (m, 3 H), 7.88
(dt, J=7.93, 1.98 Hz, 1 H), 7.52 - 7.58 (m, 3 H), 7.38 - 7.44 (m, 3 H), 7.25 - 7.31 (m, 3 H)
ppm.

13C NMR (125 MHz, CDCls) & = 163.7, 160.7, 159.1, 151.0, 150.3, 137.31, 137.29, 135.9,
133.8, 131.2, 131.1, 129.4, 129.2, 128.8, 128.5, 128.4, 123.0 ppm.

Elemental analysis (%) for Co1HisN3 calcd: C 81.53; H 4.89; N 13.58; found: C 81.23, H
4.93, N 13.36
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5-(4-methoxyphenyl)-2,4-diphenylpyrimidine (59)
Ph
O

> pn

PMP

Synthesis according to GP-2. KOH (1.5 eq.) was used as the base. 1 mmol scale, 1 mol%
catalyst A. Purification by column chromatography (pentane/diethyl ether, 30:1 — 20:1).
Yield: 271 mg (0.802 mmol, 80 %) white solid.

IH NMR (500 MHz, CDCl3) 5 = 8.78 (s, 1 H), 8.58 (m, 2 H), 7.59 (m, 2 H), 7.46 - 7.55 (m, 3
H), 7.29 - 7.41 (m, 3 H), 7.14 - 7.21 (m, 2 H), 6.85 - 6.92 (M, 2 H), 3.83 (s, 3 H) ppm.

13C NMR (125 MHz, CDCls) & = 163.3, 163.0, 159.6, 158.8, 138.2, 137.7, 130.7, 130.63,
130.58, 130.1, 129.4, 128.9, 128.7, 128.34, 128.25, 114.4, 55.4 ppm.

Elemental analysis (%) for C23H1sN2O calcd: C 81.63, H 5.36, N 8.28; found: C 81.63, H
5.41, N 8.06

4-(4-chlorophenyl)-5-(4-methoxyphenyl)-2-phenylpyrimidine (5h)

PMP
Cl

Synthesis according to GP-2. KOH (1.5 eq.) was used as the base. 1 mmol scale, 1 mol%
catalyst A. Purification by column chromatography (pentane/diethyl ether, 20:1). Yield: 279
mg (0.750 mmol, 75 %) white solid.

'H NMR (500 MHz, CDCl3) & = 8.74 - 8.80 (m, 1 H), 8.51 - 8.59 (m, 2 H), 7.47 - 7.56 (m, 5
H), 7.27 - 7.33 (m, 2 H), 7.13 - 7.20 (m, 2 H), 6.88 - 6.94 (m, 2 H), 3.84 (s, 3 H) ppm.

13C NMR (125 MHz, CDCls) & = 163.1, 162.1, 159.7, 158.9, 137.5, 136.7, 135.7, 131.4,
130.8, 130.6, 130.5, 128.7, 128.55, 128.48, 128.3, 114.6, 55.4 ppm.

Elemental analysis (%) for C23sH17CIN20O calcd: C 74.09, H 4.60, N 7.51; found: C 73.89, H
4.81, N 7.27
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4-Component-Reaction

2-(4-methoxyphenyl)-4,6-diphenyl-5-propylpyrimidine (6a)

Synthesis according to GP-3. 1 mmol scale, 1.5 mol% catalyst A. Purification by column
chromatography (pentane/diethyl ether, 30:1). Yield: 249 mg (0.655 mg, 66 %) white solid.

'H NMR (300 MHz, CDCls) & = 8.43 - 8.56 (m, 2 H), 7.60 - 7.68 (m, 4 H), 7.42 - 7.57 (m, 6
H), 6.91 - 7.00 (m, 2 H), 3.86 (s, 3 H), 2.72 - 2.83 (m, 2 H), 1.07 - 1.24 (m, 2 H), 0.56 (t,
J=7.32 Hz, 3 H) ppm.

13C NMR (75 MHz, CDCls) & = 167.3, 161.7, 161.1, 140.0, 130.7, 130.0, 128.9, 128.8, 128.4,
127.6, 113.8, 55.5, 30.4, 23.4, 14.1 ppm.

Elemental analysis (%) for C2sH24N20 calcd: C 82.07, H 6.36, N 7.36; found: C 81.80, H
6.64, N 7.06

4-(4-methoxyphenyl)-2-methyl-6-phenyl-5-propylpyrimidine (6b)

Me
o
Ph/ﬁ\PMP

Synthesis according to GP-3. 1 mmol scale, 1.5 mol% catalyst A. Acetamidine hydrochloride
along with 1 eq. t-BuOK was added in the last step. Purification by column chromatography
(pentane/ethyl acetate, 4:1). Yield: 220 mg (0.691 mmol, 69 %) colorless viscous oil which
solidified upon standing.

IH NMR (300 MHz, CDCls) § = 7.34 - 7.56 (m, 7 H), 6.98 (d, J=8.79 Hz, 2 H), 3.82 (s, 3 H),
2.75 (s, 3 H), 2.68 (5, 2 H), 1.13 (sxt, J=7.50 Hz, 2 H), 0.54 (t, J=7.32 Hz, 3 H) ppm.

13C NMR (75 MHz, CDCls) 6 = 167.2, 166.8, 164.4, 160.0, 139.5, 131.8, 129.9, 128.6, 128.4,
127.2, 113.8, 55.3, 30.1, 25.9, 23.1, 13.9 ppm.

Elemental analysis (%) for C2:H22N20 calcd: C 79.21, H 6.96, N 8.80; found: C 78.80, H
6.87, N 8.62
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4-(4-methoxyphenyl)-6-phenyl-5-propylpyrimidin-2-amine (6c)

4

Ha

L

|
Ph/ﬁ\PMP

Synthesis according to GP-3. 1 mmol scale, 1 mol% catalyst A. Guanidine hydrochloride
along with 1 eq. t-BuOK was added in the last step. Purification by column chromatography
(pentane/ethyl acetate 1:1). Yield: 188 mg (0.589 mmol, 59 %) pale yellow solid.

H NMR (300 MHz, CDCl3) § = 7.33 - 7.54 (m, 7 H), 6.92 - 7.02 (m, 2 H), 5.40 (s, 2 H), 3.85
(s, 3H),2.43-2.58 (m, 2 H), 1.08 (s, 2 H), 0.52 (t, J=7.32 Hz, 3 H) ppm.

13C NMR (75 MHz, CDCls) & = 168.6, 168.3, 160.5, 160.0, 139.7, 132.12, 132.07, 129.7,
128.5, 128.4, 128.2, 120.5, 113.8, 55.4, 29.8, 23.7, 14.0 ppm.

Elemental analysis (%) for C20H2:N3O calcd: C 75.21, H 6.63, N 13.16; found: C 74.98, H
6.77, N 12.76

2,4,6-triphenyl-5-propylpyrimidine (6d)

1
O
Ph/ﬁ\Ph

Synthesis according to GP-3. 1 mmol scale, 1 mol% catalyst A. Purification by column
chromatography (pentane/ diethyl ether, 50:1 — 40:1). Yield: 288 mg (0.822 mmol, 82 %)
white solid.

IH NMR (300 MHz, CDCls) & = 8.45 - 8.65 (m, 2 H), 7.59 - 7.75 (m, 4 H), 7.41 - 7.58 (m, 9
H), 2.70 - 2.89 (m, 2 H), 1.18 (dd, J=15.82, 7.61 Hz, 2 H), 0.58 (t, J=7.32 Hz, 3 H) ppm.

13C NMR (125 MHz, CDCls) & = 167.4, 161.3, 139.8, 138.0, 130.4, 128.93, 128.89, 128.5,
128.4, 30.5, 23.3, 14.0 ppm.

Elemental analysis (%) for C2sH22N> calcd: C 85.68, H 6.33, N 7.99; found: C 85.64, H 6.60,
N 7.92
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4-(4-chlorophenyl)-2,6-diphenyl-5-propylpyrimidine (6e)

Ph
Ch
“ ph
cl

Synthesis according to GP-3. 1 mmol scale, 2 mol% catalyst A. Purification by column
chromatography (pentane/diethyl ether, 60:1). Yield: 210 mg (0.547 mmol, 55 %) white solid.

IH NMR (300 MHz, CDCls) & = 8.43 - 8.65 (m, 2 H), 7.57 - 7.71 (m, 4 H), 7.40 - 7.57 (m, 8
H), 2.71 - 2.86 (M, 2 H), 1.12 - 1.23 (m, 2 H), 0.59 (t, J=7.32 Hz, 3 H) ppm.

13C NMR (75 MHz, CDCls) § = 167.7, 166.2, 161.4, 139.6, 138.2, 130.5, 130.4, 129.0, 128.9,
128.8, 128.5, 128.38, 128.35, 30.4, 23.4, 14.1 ppm.

Elemental analysis (%) for C2sH21CIN2 calcd: C 78.01, H 5.50, N 7.28; found: C 78.05, H
553,N7.24

4-cyclopropyl-2,6-diphenyl-5-propylpyrimidine (6f)

Synthesis according to GP-3. 1 mmol scale, 1 mol% catalyst A. Purification by column
chromatography (pentane/diethyl ether, 100:1). Yield: 252 mg (0.802 mmol, 80 %) colorless
crystals suitable for X-ray analysis upon evaporation.

'H NMR (300 MHz, CDCls3) 8 =8.37 - 8.51 (m, 2 H), 7.35 - 7.60 (m, 8 H), 2.71 - 2.84 (m, 2
H), 2.16 - 2.31 (m, 1 H), 1.56 - 1.73 (m, 2 H), 1.37 - 1.45 (m, 2 H), 1.06 - 1.16 (m, 2 H), 0.89
(t, J=7.32 Hz, 3 H) ppm.

13C NMR (125 MHz, CDCls) 6= 170.1, 165.1, 160.9, 140.0, 138.4, 130.1, 128.9, 128.6,
128.4,128.3, 128.15, 128.12, 30.1, 24.0, 14.3, 13.7, 11.3 ppm.

Elemental analysis (%) for C22H22N> calcd: C 84.04, H 7.05, N 8.91; found: C 83.94, H 7.02,
N 8.81
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4-(4-methoxyphenyl)-5-methyl-2,6-diphenylpyrimidine (69)

Synthesis according to GP-3. 1 mmol scale, 1 mol% catalyst A. Purification by column
chromatography (pentane/diethyl ether, 40:1 — 20:1). Yield: 259 mg (0.736 mmol, 74 %)
white solid.

IH NMR (300 MHz, CDCls) & = 8.48 - 8.66 (m, 2 H), 7.68 - 7.84 (m, 4 H), 7.38 - 7.60 (m, 6
H), 6.97 - 7.13 (m, 2 H), 3.90 (s, 3 H), 2.42 (s, 3 H) ppm.

13C NMR (75 MHz, CDCls) & = 166.9, 166.4, 161.4, 160.5, 139.4, 138.1, 131.6, 131.1, 130.2,
129.5, 129.1, 128.4, 128.3, 128.2, 126.1, 122.9, 113.7, 55.4, 18.1 ppm.

Elemental analysis (%) for C2sH20N20O calcd: C 81.79, H 5.72, N 7.95; found: C 81.12, H
6.13,N7.74

5-ethyl-4-(4-methoxyphenyl)-2,6-diphenylpyrimidine (6h)

X
Ch
Ph/%\PMP

Synthesis according to GP-3. 1 mmol scale, 1.5 mol% catalyst A. Purification by column
chromatography (pentane/ diethyl ether, 40:1 — 30:1). Yield: 251 mg (0.686 mmol, 69 %)
white solid.

IH NMR (500 MHz, CDCls) & = 8.46 - 8.59 (m, 2 H), 7.58 - 7.71 (m, 4 H), 7.37 - 7.56 (m, 6
H), 6.97 - 7.12 (m, 2 H), 3.90 (s, 3 H), 2.88 (g, J=7.63 Hz, 2 H), 0.80 (t, J=7.48 Hz, 3 H) ppm.

13C NMR (125 MHz, CDCls) & = 167.3, 166.7, 161.3, 160.3, 139.9, 138.0, 132.2, 130.4,
130.3, 129.8, 128.9, 128.8, 128.5, 128.4, 113.9, 55.5, 21.8, 14.6 ppm.

Elemental analysis (%) for CosH22N2O calcd: C 81.94, H 6.05, N 7.64; found: C 81.72, H
6.19, N 7.58
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4-(4-methoxyphenyl)-2,6-diphenyl-5-propylpyrimidine (6i)

Synthesis according to GP-3. 1 mmol scale, 1 mol% catalyst A. Purification by column
chromatography (pentane/ diethyl ether, 40:1 — 20:1) Yield: 274 mg (0.721 mmol, 72 %)
white solid.

'H NMR (300 MHz, CDCls) & = 8.49 - 8.63 (m, 2 H), 7.60 - 7.73 (m, 4 H), 7.38 - 7.58 (m, 6
H), 6.99 - 7.11 (m, 2 H), 3.90 (s, 3 H), 2.76 - 2.92 (m, 2 H), 1.10 - 1.26 (m, 2 H), 0.59 (t,
J=7.32 Hz, 3 H) ppm.

13C NMR (75 MHz, CDCls) § = 167.4, 166.9, 161.2, 160.2, 139.9, 138.0, 132.3, 130.5, 130.3,
128.9, 128.8, 128.4, 128.34, 128.27, 113.9, 55.5, 30.5, 23.2, 14.1 ppm.

Elemental analysis (%) for C2sH24N20 calcd: C 82.07, H 6.36, N 7.36; found: C 82.08, H
6.49, N 7.26

5-(2-cyclohexylethyl)-4-(4-methoxyphenyl)-2,6-diphenylpyrimidine (6j)

Synthesis according to GP-3. 1 mmol scale, 1.5 mol% catalyst A. Purification by column
chromatography (pentane/ diethyl ether, 30:1) Yield: 353 mg (0.788 mmol, 79 %) white solid.
'H NMR (300 MHz, CDCl3) & = 8.47 - 8.62 (m, 2 H), 7.59 - 7.72 (m, 4 H), 7.37 - 7.56 (m, 6
H), 6.96 - 7.11 (m, 2 H), 3.90 (s, 3 H), 2.74 - 2.94 (m, 2 H), 1.51 (d, J=9.37 Hz, 3 H), 1.21 -
1.37 (m, 2 H), 0.93 - 1.14 (m, 5 H), 0.85 (td, J=6.88, 3.22 Hz, 1 H), 0.43 - 0.64 (m, 2 H) ppm.

13C NMR (75 MHz, CDCls) § = 166.8, 160.2, 139.8, 138.0, 132.2, 130.5, 130.3, 128.9, 128.8,
128.44, 128.40, 128.3, 113.8, 55.5, 37.5, 37.4, 32.8, 26.5, 26.2, 25.8 ppm.

Elemental analysis (%) for Cz:H32N20O calcd: C 83.00, H 7.19, N 6.24; found: C 82.55, H
7.20, N 6.33.
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4-cyclohexyl-6-(4-methoxyphenyl)-2-phenyl-5-propylpyrimidine (6k)

Ph
o

Synthesis according to GP-3. 1 mmol scale, 1.5 mol% catalyst A. Purification by column
chromatography (pentane/diethyl ether, 40:1). Yield: 254 mg (0.657 mmol, 66 %) white solid.

IH NMR (500 MHz, CDCls) & = 8.48 - 8.57 (m, 2 H), 7.49 - 7.55 (m, 2 H), 7.40 - 7.48 (m, 3
H), 6.97 - 7.04 (m, 2 H), 3.89 (s, 3 H), 2.88 - 2.99 (m, 1 H), 2.62 - 2.72 (m, 2 H), 1.87 - 2.01
(m, 4 H), 1.81 (d, J=9.00 Hz, 3 H), 1.35 - 1.57 (m, 5 H), 0.90 (t, J=7.32 Hz, 3 H) ppm.

13C NMR (125 MHz, CDCls) 6 = 173.3, 165.8, 161.0 160.0, 138.6, 132.7, 130.3, 130.0, 128.4,
128.2,127.5, 113.7, 55.5, 42.1, 32.5, 30.0, 26.7, 26.2, 24.8, 14.4 ppm.

Elemental analysis (%) for C2sH3oN20 calcd: C 80.79, H 7.82, N 7.25; found: C 80.43, H
7.83,N7.19

4-(3-chlorophenyl)-2,6-diphenyl-5-propylpyrimidine (61)

Synthesis according to GP-3. 1 mmol scale, 1.5 mol% catalyst A. Purification by column
chromatography (pentane/diethyl ether, 80:1 — 60:1). Yield: 234 mg (0.608 mmol, 61 %)
viscous colorless oil which solidified upon standing.

'H NMR (500 MHz, CDCls3) 8 =8.34 - 8.47 (m, 2 H), 7.44 - 7.58 (m, 3 H), 7.23 - 7.42 (m, 9
H), 2.57 - 2.70 (m, 2 H), 0.96 - 1.11 (m, 2 H), 0.45 (t, J=7.32 Hz, 3 H) ppm.

13C NMR (125 MHz, CDCls) & = 167.7, 165.9, 161.4, 141.4, 139.5, 137.6, 134.4, 130.5,
129.7, 129.1, 128.98, 128.97, 128.8, 128.48, 128.45, 128.37, 128.3, 127.0, 30.3, 23.3, 14.0

ppm.

Elemental analysis (%) for C2sH21CIN> calcd: C 78.01, H 5.50, N 7.28; found: C 77.81, H
5.59, N 6.98
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2,4-diphenyl-5-propyl-6-(pyridin-3-yl)pyrimidine (6m)

Synthesis according to GP-3. 1 mmol scale. 1.5 mol% catalyst A. Purification by column
chromatography (pentane/diethyl ether, 1:1). Yield: 199 mg (0.566 mmol, 57 %) white solid.

'H NMR (300 MHz, CDCl3) 8= 8.94 (s, 2 H), 8.74 (s, 2 H), 8.47 - 8.58 (m, 2 H), 8.01 (dt,
J=7.76,1.98 Hz, 1 H), 7.60 - 7.70 (m, 4 H), 7.40 - 7.57 (m, 14 H), 2.75 - 2.87 (m, 2 H), 1.09 -
1.28 (m, 2 H), 0.59 (t, J=7.32 Hz, 3 H) ppm.

13C NMR (75 MHz, CDCls) § = 167.9, 164.3, 161.6, 150.0, 149.7, 139.4, 137.6, 136.5, 135.6,
130.6, 129.1, 128.9, 128.8, 128.58, 128.55, 128.4, 123.4, 30.4, 23.5, 14.0 ppm.

Elemental analysis (%) for C24H21N3 caled: C 82.02, H 6.02, N 11.96; found: C 81.83, H 5.91,
N 11.93

4-cyclopropyl-6-(4-methoxyphenyl)-2-phenyl-5-propylpyrimidine (6n)

X
i@
&PMP

Synthesis according to GP-3. 1 mmol scale, 1 mol% catalyst A. Purification by column
chromatography (pentane/diethyl ether, 40:1). Yield: 250 mg (0.726 mmol, 73 %) white solid.

IH NMR (300 MHz, CDCls) & = 8.38 - 8.52 (m, 8 H), 7.35 - 7.58 (m, 5 H), 6.96 - 7.07 (m, 2
H), 3.88 (s, 1 H), 2.74 - 2.88 (m, 2 H), 2.16 - 2.30 (m, 2 H), 1.57 - 1.74 (m, 4 H), 1.35 - 1.44
(M, 2 H), 1.05 - 1.15 (m, 2 H), 0.92 (t, J=7.32 Hz, 3 H) ppm.

13C NMR (75 MHz, CDCls) 8 = 170.0, 164.6, 160.8, 160.0, 138.5, 132.4, 130.4, 130.0, 128.3,
128.1, 128.0, 113.7, 55.5, 30.2, 24.0, 14.4, 13.7, 11.2 ppm.

Elemental analysis (%) for C23H24N20 calcd: C 80.20, H 7.02; N 8.13; found: C 80.34, H
7.13,N 8.29
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6 NMR-Spectra

3-component-reaction, Me alkylation
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3-component-reaction, CH,-alkylation
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Consecutive 4-component-reaction
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ABSTRACT: The borrowing hydrogen or hydrogen
autotransfer methodology is an elegant and sustainable
or green concept to construct carbon—carbon bonds. In
this concept, alcohols, which can be obtained from barely
used and indigestible biomass, such as lignocellulose, are
employed as alkylating reagents. An especially challenging
alkylation is that of unactivated esters and amides. Only
noble metal catalysts based on iridium and ruthenium have
been used to accomplish these reactions. Herein, we report
on the first base metal-catalyzed a-alkylation of unactivated
amides and esters by alcohols. Cobalt complexes stabilized
with pincer ligands, recently developed in our laboratory,
catalyze these reactions very efficiently. The precatalysts
can be synthesized easily from commercially available
starting materials on a multigram scale and are self-
activating under the basic reaction conditions. This Co
catalyst class is also able to mediate alkylation reactions of
both esters and amides. In addition, we apply the
methodology to synthesize ketones and to convert
alcohols into aldehydes elongated by two carbon atoms.

F or the construction of carbon—carbon bonds, a-alkylation
of carbonyl compounds is a fundamental method." In the
course of such a transformation, a base is used to deprotonate
the carbonyl compound, and the anion is trapped with a
reactant which bears a leaving group, such as a halide. The
borrowing hydrogen (BH) or hydrogen autotransfer (HA)
concept is an elegant and operationally easy method for C—C
bond formation using alcohols as the electrophile.” Alcohols are
especially appealing building blocks, since they can be obtained
from indigestible, abundantly available and barely used biomass,
such as lignocellulose.” A transition-metal complex is used to
oxidize the alcohols to the corresponding carbonyl compounds,
and a subsequent condensation reaction with a CH-acidic
compound yields an unsaturated intermediate that is reduced
by the catalyst with the hydrogen obtained from the oxidation
step. Only water is released in these reactions, rendering them
green or sustainable apart from the use of alcohols as an
alkylating agent. Derivatives of carboxylic acids, such as esters
and amides, are valuable intermediates and products both in
industry and academia. An elegant approach to modify ordinary
and broadly available amides and esters is the a-alkylation by
alcohols. Here, even solvents commonly used and other amides
and esters can be converted into more sophisticated and
valuable products. However, alkylations of these substrate
classes have proved to be challenging. Amides have a

v ACS Publications  © 2016 American Chemical Society

comparably low CH-acidic nature due to resonance stabiliza-
tion, and esters can readily undergo side reactions. To date,
both a-alkylations of activated* and unactivated® amides and of
activated” and unactivated’ esters with alcohols have only been
reported using iridium or ruthenium catalysts (Scheme 1).

Scheme 1. Recent Methods for the Alkylation of Unactivated
Amides and Esters with Alcohols and the Work Using Co
Catalysts, Stabilized by PN,P Ligands, Described Herein”

Alkylation of unactivated esters: Ishii & coworkers 2009 (Ir)

Huang & coworkers 2015 (Ir)

o]
Catalyst, base ‘
L-aalysl, basé R/\)LOR +H,0

Alkylation of unactivated amides: Huang & coworkers 2013 (Ir)

Ryu & coworkers 2013 (Ru)

(o]
R/\)‘LN,R +H,0
e

o
fon ¢ AR Catalystbase
N

This work: i
First base metal catalyzed =N
alkylation of unactivated /l /)\
esters and amides "“ N 'T‘H ®): 0-tBu, NR,
(RY;P—Co—P(R?), '
4=
o c ¢ o}
J

R7OH * )L® {-BUOK R/\)L® +H0

“R' = 4-CF,-C4H,, NH-C;H,, methyl; R* = i-Pr, cyclohexyl.

The substitution of noble metals by earth-abundant and
inexpensive base metals is a key challenge in transition-metal-
mediated catalysis. Cobalt complexes have recently been
reported as catalysts in key reaction steps of the BH/HA
concept, such as hydro%enation (olefins,” ketones,” carboxylic
acids,' ? nitriles,"" esters,'> CO,'?) and dehydrogenation”. Our
group recently reported C-alkylations based on BH/HA'® and
on the sustainable syntheses of N-heterocycles based on PN P-
stabilized Ir complexes.”*'® Using the same ligand class, we also
reported on the first Co-catalyzed alkylation of aromatic amines
by alcohols.'” Related PN,P-pincer ligands were introduced by
Haupt and coworkers'® and the broad applicability of this
ligand class was demonstrated by Kirchner and coworkers."”
Herein, we report on the first a-alkylation of unactivated
amides and esters by alcohols applying base metal catalysts.
Cobalt complexes stabilized with PN;P ligands (Scheme 1,
bottom) are efficient catalysts for both reactions. The
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precatalysts can be synthesized in two steps in almost
quantitative yield beginning with commercially available
starting materials on a gram scale and become activated
under the basic reaction conditions.”'”* In addition, we
describe the application of the alkylation of amides to
synthesize unsymmetrically substituted ketones and to convert
alcohols into aldehydes, which are extended by two carbon
atoms.

The reaction between benzyl alcohol (2a) and N,N-
dimethylacetamide (3a) to give Sa was thoroughly investigated
to find broadly applicable reaction conditions for the Co-
catalyzed amide alkylation proposed (Tables 1 and 2). Starting

Table 1. Co Complexes Used Herein to Identify the Best
Reaction Conditions”

Complex R R* X
1a H i-Pr N
R! ;
)\ 1b Me i-Pr N
)Xl\ \/i 1 Ph iPr N
Hrr ril TH 1d 4-CF;-CgH, i-Pr N
(R?),P—Co—P(R?), 1e NH-C,H; i-Pr N
cf ¢ of Me ¢y N
1 g H iPr CH
Me i-Pr  CH
1 H Ph  CH

“Cy = cyclohexyl.

Table 2. Catalyst Screening for Amide and Ester Alkylation

g R
Ph”  OH Me)L® for reaction Ph + HO
2a X = NMe; (3a) SZZ’}‘Z)"‘);‘;’;L X = NMe; (5a) @
X =O-tBu (4) X = O-tBu (6a) °
1eq 2eq
yield [%]¢
entry [Co] precatalyst Sa 6a
1 la 7 13
2 1b 49 43
3 1c 25 S0
4 1d 41 60
S le 69 42
6 1f 74 45
7 1g 0 3l
8 1h 0 24
9 1i 0 0
10 CoCl, 0 0

“Benzyl alcohol (1 mmol), N,N-dimethylacetamide (2 mmol), t-BuOK
(1.2 mmol), THF (4 mL), [Co] (0.025 mmol), 20 h at 100 °C (oil
bath temperature). “Benzyl alcohol (1 mmol), tert-butyl acetate (2
mmol), toluene (1 mL), [Co] (0.02 mmol), 20 h at 70 °C (oil bath
temperature). “Determined by GC with dodecane as an internal
standard.

with catalyst 1c (Table 1, S mol %), common reaction
parameters, such as solvent, base, base amount, substrate ratio,
and temperature, were investigated (see the SI). Afterward, a
screening of the Co complexes 1a—i (2.5 mol %) was applied in
the synthesis of the model compound Sa (Table 2). While
precatalysts 1la—d (entries 1—4) gave unsatisfying yields, le and

113

1f (entries S and 6) gave the highest yields of the alkylation
product. Alcohol conversion was quantitative for both
precatalysts. Complex 1le is less expensive (i-Pr moieties of
the P atom), possesses very good solubility in THF or dioxane
at RT, and is, therefore, very convenient to handle as a stock
solution. Thus, le was selected eventually. Most interestingly,
1g—i, which are based on a pyridine core, and CoCl, failed to
catalyze the reaction (entries 7—10). In summary, the reaction
can be conducted with 2.5 mol % 1e in THF at 100 °C (closed
system) with 1.2 equiv -BuOK as the base and a 2-fold excess
of amide with respect to the alcohol. Notably, these conditions
are milder than those for the Ir-catalyzed approach reported by
Huang and coworkers (toluene, 120 °C, 2 equiv base, 2 mol %
Ir).”* Mechanistic investigations of the model reaction (Table
2) indicate that alcohol oxidation is rate-limiting and reduction
of the double bond is comparably fast. The key to a selective
reaction is a low concentration of the unsaturated intermediate
(N,N-dimethylcinnamamide) since it undergoes multiple side
reactions with educts and products (see SI for details). The
metal base (metal-to-Co ratio 2:1) is used to activate the
dichloro complexes via double deprotonation of the ligand and
removal of chloro ligands (salt elimination).” The double
deprotonation option is a unique feature of the ligand class
used herein. Taking note of these optimized conditions, we
started to explore the substrate scope of the amide alkylation
(Table 3). The screening product Sa was isolated in 83% yield.
Methyl substituents in the ortho, meta, and para-positions of the

Table 3. Product Scope for Amide Alkylation
1e (2.5 mol%)

OH o) 0
+-BuOK (1.2 eq)
B R — R +H0
. )L’.‘ THF, 100 °C R/\)L'?‘ :
R 24h R
2 (1.0eq) 3 (2.0eq) 5, yield

]

NMe;, NMe; NMe;
7 5a,83% Me 5b, 85 % 5c,81%
o o o
©\/\)LNMe2 NMe, ©\/\)‘\NMe2
Me 5d, 80 % ‘ 5e, 78 % OMe 5f, 89 %

o] o (]
/@/\)LNM% /@/\)LNMGZ @/\)LNMeZ
MeO 86 % Cl 5h, 76 %° N~ 5i, 70 %°

1
3

~
@

o o) o
Ej/\)LNMe2 \(\‘):\)LNMeZ O/\)‘\NMez
NT5,81%° 5k, 91% 51,93 %
° ° T o
NMe, Ph/\/\)k NMe, ©/\)(R
5m, 81% 5n,86% !
.................................................... ! 50 R = NHMe, 55 % (5 mol%)’
o 65:R=Ph, 84% 5p: R = NEt,, 76 % (5 mol%)

5t: R = 4-OMe-(CgH,)-, 81 % 5q: R = 1-pyrrolidinyl, 66 %
5u: R = -(CHy),-Ph, 82 o%d 5r: R = 1- piperidinyl, 77 %
L0 svr= >+ es%e

“Alcohol (1 mmol), amide (2 mmol), t-BuOK (1.2 mmol), 1e (0.025
mmol), and THF (4 mL) were heated for 24 h at 100 °C (oil bath) in
a closed system. Yields are of isolated products. “+-BuONa was used as
a base. “1f (5 mol %) was used. “10 mmol scale. “S mmol scale./1,4-
dioxane, 120 °C, 1.5 equiv t-BuOK.

DOI: 10.1021/jacs.6b06448
J. Am. Chem. Soc. 2016, 138, 10786—10789
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phenyl ring furnished 5b—d in again very good yields (80—
85%, respectively), and application of l-naphthyl methanol
gave Se in 78% yield. Methoxy-substituted benzyl alcohols gave
the corresponding products in excellent yields (89% and 86%
for 5f and Sg, respectively). When 4-chlorobenzyl alcohol was
subjected to the reaction conditions, partial dechlorination was
observed by GC analysis, and the products were inseparable by
column chromatography. However, the change to -BuONa
(instead of t-BuOK) under otherwise identical reaction
conditions furnished Sh as the only product in 76% isolated
yield. 3- and 4-pyridine methanol also proved to be challenging
alcohols, and low conversions were obtained under the
standard conditions. However, with the diverse Co-complex
library as a toolbox, the application of 1f with higher catalyst
loading (5 mol %) gave the alkylation products 5i in acceptable
70% and 5j in good 81% yield. When aliphatic (branched and
linear) alcohols were used in this reaction (products Sk—n), the
highest yields of up to 93% were obtained. In order to C-
alkylate a secondary amide, the reaction conditions had to be
adjusted, and 50 was obtained in 55% yield when the reaction
was run in 1,4-dioxane at 120 °C with 1.5 equiv t-BuOK and 5
mol % le. Further variation of the amide moiety gave Sp—r in
good yields (66—77%, respectively) and the very interesting N-
morpholino amides Ss—v (vide infra) in very good yields, even
on a higher scale (10 mmol, >2 g for 5tu). The latter
compounds exhibit a similar reactivity to Weinreb amides (R-
CO-N(Me)OMe) which failed to react.

Taking note of the good performance of the Co catalysts for
the amide alkylation, we focused on acetates as the coupling
partner (Table 4, top). The reaction between benzyl alcohol

Table 4. Product Scope for Ester Alkylation”
1d (5 mol%)

OH 0 . t-BuOK (15eq)
R) + )LO/'\ —_—

Toluene, 80 °C

[0}
R/\)LOIQ +H,0

2 (1.0eq) 4 (40eq) 4h 6, yield
) J\ o ,k o ,‘\
0™ o 0"
6a,70% 8b, 68 % 6c,76 %
Me
0 ,‘\ o J\ o /k
o o o
Ve 64,63 % | secan e 6,77 %
o) J\ 0 ) o )
o /k /I\
o ‘ 0 = 0
@\A)k &J/\)k B
OMe gg, 70 % 6h, 55 % N™ i 48%
o) ,‘\ o ,'\ o /k
/@A)LO ~ WO Ph/\/\)l\o <
cl 6j, 72 %" F 6k, 82 % 61,58 %

“Alcohol (1 mmol), tert-butyl acetate (4 mmol), +BuOK (1.5 mmol),
toluene (1 mL), 1d (5 mol %), 4 h at 80 °C (oil bath). Yields are of
isolated products. "+ BuONa was used as a base.

and tert-butyl acetate was investigated to find suitable reaction
conditions (Table 1, synthesis of 6a; see the SI for details). A
catalyst screening identified precatalyst 1d (entry 4) to be the
most active for this transformation. The peak of product yield
was obtained when the amount of tert-butyl acetate (4) was
increased to four equiv. When the reaction was conducted in
neat fert-butyl acetate, the yield dropped. In summary, the

reaction should be run in toluene at 80 °C with 1.5 equiv of -
BuOK, four equiv of tert-butyl acetate and complex 1d (S mol
%). tert-Butyl acetate undergoes fast transesterification, and the
equilibrium is shifted to the alkylated tert-butyl esters 6 with the
consumption of the primary alcohol (see SI for details). Having
pinpointed the reaction conditions, we explored the substrate
scope of this reaction (Table 4). The application of benzyl and
methylbenzyl alcohols and 1-naphthyl methanol gave the ester
alkylation products 6a—e in 63—76% isolated vyields,
respectively. The use of electron-rich methoxybenzyl alcohols
furnished the corresponding products in good yields as well
(77% and 70% for 6fg, respectively). The application of
methanol bearing heteroaromatic substituents (furyl, pyridyl)
also gave the C-alkylation products, albeit in lower yields (55%
for 6h and 48% for 6i). In order to obtain the chlorine-
substituted product 6j free of side products (72% yield), t-
BuONa had to be used as the base (+-BuOK: 48% isolated
yield). The use of 4-fluorobenzyl alcohol gave an excellent yield
(6k, 82%). Ester 61 could be obtained in 58% yield using 3-
phenyl-1-propanol.

Finally, we became interested in exploring the applicability of
amide alkylation products synthesized via Co catalysis to
expand the scope of the BA/HA methodology'**° (Table ).

Table 5. Derivatization of Amide Substrates”

o R-Li o
or DIBAL-H
R/\)LN/\ THF, -78 °C R/\)LR" H

5t,u,v K_,,O

7a-f, yield

0 0 0
PMF‘/\)Ln-Bu PMF'/\)kp-ToI PMP ‘ Na
e
7a,92 % 7b, 90 % 7c, 81%
o} o} o}
n-Bu F'MP/\)LH Ph/\/\)LH
7d, 90 % 7e,95% 7,73%

“THE, — 78 °C, R"-Li (2.5-3 equiv) or diisopropylaluminum hydride
(DIBAL-H, 1.15—1.30 equiv), 1 h reaction time. Yields are of isolated
products. PMP = para-methoxyphenyl, p-Tol = para-tolyl, Bu = butyl.

N-morpholino amides 5t—v were converted into the corre-
sponding ketones 7a—d using alkyl and aryl Li reagents, and
only monoaddition was observed (as opposed to esters). The
reaction of 5t and Su with diisobutyl aluminumhydride
(DIBAL-H) at —78 °C gave aldehydes 7e and 7f in 95% and
73% yields, respectively.

In summary, we report on the first base metal-catalyzed C-
alkylation of unactivated amides and esters by alcohols. The
reaction is catalyzed most efficiently by PNP-stabilized Co
complexes developed in our laboratory. These catalysts are easy
to synthesize on a large scale from commercially available
starting materials. The catalysts are self-activating under the
reaction conditions needed to accomplish the alkylations. The
method is characterized by mild reaction conditions and good
functional group tolerance. A key to a broad substrate scope is
also the library of easily accessible PN;P-Co catalysts. Amide
alkylation products were obtained in up to 93% isolated yields
with catalyst loadings nearly the same as those reported for Ir,
but under milder reaction conditions and applying less base.
The demanding ester alkylation reaction gave the correspond-
ing products in moderate to good yields. So far, different
catalyst classes have been applied to a-alkylate amides and
esters. Finally, further transformations of the amide alkylation

DOI: 10.1021/jacs.6b06448
J. Am. Chem. Soc. 2016, 138, 10786-10789
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products into compounds with other functional groups
(ketone, aldehyde) showcase the value of the products obtained
by this method. Eight novel compounds out of 40 examples
have been synthesized.
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1 General Methods

Air- and moisture sensitive reactions were carried out under nitrogen or argon atmosphere
using standard Schlenk techniques or a glove box. Dry solvents were obtained from a solvent
purification system (activated alumina cartridges) or purchased from Acros. Chemicals were
purchased from commercial vendors and used without purification if not noted otherwise.
NMR-Spectra were collected at ambient temperature (23 °C) on Varian INOVA 300 (300
MHz for *H, 75 MHz for **C) or Bruker Avance 11l HD 500 (500 MHz for 'H, 126 (125.76)
MHz for 3C) instruments. Chemical shifts are reported in ppm relative to the residual solvent
signal (CDCls: 7.26 ppm (H), 77.16 ppm (C)). Coupling constants (J) are reported in Hz
(coupling patterns: d = doublet, t = triplet, g = quartet, sxt = sextet, spt = septet, m =
multiplet). GC analyses were carried out on an Agilent 6890N Network GC system equipped
with a HP-5 column (30 m x 0.32 mm x 0.25 pum) or on an Agilent 6850 GC system equipped
with a Optimal7 column (30 m x 0.32mm x 25um). GC-MS analyses were carried out on an
Agilent 7890A GC system equipped with a HP-5MS column (30 m x 0.32 mm x 0.25 pm)
and a 5975C inert MSD detector. Flash column chromatography was conducted on Macherey-
Nagel silica gel 60 (40-63 um particle size). Elemental analysis was performed on an
Elementar Vario El 11l Instrument. High resolution mass spectra (HRMS) were obtained from
a Thermo Fisher Scientific Q-Exactive (Orbitrap) instrument in ESI+ mode.

MTBE = Methyl tert-butyl ether.
DIBAL-H = Diisopropylaluminum hydride.

t-BuOK was dried under high vacuum at 70 °C and stored in a glove box.

The identity and purity of all compounds was characterized by *H and *3C NMR spectroscopy
and GC-MS. Unknown compounds were further characterized by HRMS or elemental
analysis. Ambiguous NMR spectra were confirmed by two-dimensional methods.

Compounds 5i, 5m, 5v, 6e, 6g, 7a, 7c, 7d were previously not described in the literature.

Ligands! and Co-complexes? were prepared according to methods previously reported by our
group. Representative procedures are also given below.

2 General procedures

Typical procedure for ligand preparation: Under inert gas atmosphere a round-bottom
flask with gas inlet was charged with a magnetic stirring bar and a solution of the
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corresponding triazine or pyridine diamine (1 eq) in abs. THF (~0.1 m). The solution was
cooled to 0 °C and the corresponding chlorophosphine (2.1 eq) was added dropwise by
syringe through a septum maintaining a positive inert gas pressure. Afterwards triethylamine
(4 eq) was added dropwise by syringe. The flask was sealed and the reaction was warmed to
room temperature and then heated to 60 °C overnight. After cooling, triethyl
ammoniumchloride was allowed to settle and the organic phase was isolated by filtration. The
salt cake was washed with THF once and the combined organic phases were concentrated and
dried under high vacuum giving the PNP ligand. In most cases no further purification was
required. Otherwise, the ligands can be recrystallized in a small amount of hot toluene.

Co-complex preparation. Under inert gas atmosphere (glove box) a Schlenk tube was
charged with a magnetic stirring bar and a suspension of CoCl: (1 eq) in THF (~0.12 m). The
PNP-ligand (1 eq) was dissolved in THF (~0.12 m) and added to the stirred suspension of
CoCl> in one portion leading to an instant color change. The Schlenk tube was sealed,
removed from the glove box and heated to 60 °C overnight.

Complexes 1e, 1f were isolated upon concentration in vacuo. Complex 1d precipitated from
the reaction mixture and the solvent was concentrated to half volume, the organic phase was
removed and the remainder was dried under high vacuum.

Amide alkylation (1 mmol scale). Using a glove box (dry N2 atmosphere), an oven dried 10
mL top screw vial was charged with a magnetic stirring bar, t-BuOK (1.2 mmol, 134.4 mg,
1.2 eq), alcohol (1 mmol, 1.0 eq), catalyst 1e (1 mL from a 0.025 m stock solution in THF,
0.025 mmol, 2.5 mol%), amide (2 mmol, 2.0 eq) and THF (3.0 mL). The vial was sealed,
removed from the glove box and the reaction mixture was heated to 100 °C (oil bath
temperature) for 24 h. The reaction mixture was quenched with water (1 mL) and extracted
with diethyl ether (3x 10 mL). The organic phase was analyzed with GC and GC-MS to
monitor consumption of alcohol and product formation. The combined organic phases were
dried over Na>SQj, evaporated and the amide product was purified using a small column of
silica gel and pentane/ethyl acetate as the eluent.

As shown for product 5t, the reaction gives the same yields when run on higher scale (10
mmol).

Version without pre-synthesized complex (1 mmol scale reaction): In an analogous manner as
described above, a 10 mL top screw vial was charged with a magnetic stirring bar and CoCl>
(0.025 mmol, 3.25 mg, 2.5 mol%). A solution of the corresponding ligand (0.025 mmol, 9.96
mg) in THF (1 mL) was added. After stirring for 2 min, a deep purple solution was obtained.
Afterwards, the remaining components were added and the reaction was conducted and
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subjected to work up as described above. Amide 5a was isolated in 81 % yield (143 mg, 0.808
mmol).

Ester alkylation. Using a glove box (dry N2 atmosphere), an oven dried glass tube (38 mL
volume) was charged with a magnetic stirring bar, t-BuOK (1.5 mmol, 168 mg, 1.5 eq),
alcohol (1 mmol, 1.0 eq), catalyst 1d (31 mg, 0.05 mmol, 5 mol%), tert-butyl acetate (4
mmol, 4.0 eq) and toluene (1 mL). The tube was sealed with a teflon cap, removed from the
glove box and the reaction mixture was heated to 80 °C (oil bath temperature) for 4 h. The
reaction mixture was quenched with water (1 mL) and extracted with diethyl ether (3x 10
mL). The organic phase was analyzed with GC and GC-MS to monitor consumption of
alcohol and product formation. The combined organic phases were dried over Na>SOa,
evaporated and the ester product was purified using flash column chromatography.

Note: Since the reaction mixture gets viscous during the reaction, efficient stirring is
necessary. Therefore, a reaction tube with higher diameter is beneficial.

3 Screening reactions

In order to find the optimal reaction conditions for ester and amide alkylation, the following
reactions were investigated.

amide alkylation:

OH [Co] catalyst o
(0] base Me
. )J\N’ Me solvent ’Tj
I\I/I temperature Me
e substrate ratio 5a
2a 3a

ester alkylation:

[Co] catalyst 0

OH
o base /k
. )k /k\ solvent o
O temperature
6a
2a 4

substrate ratio

Typical screening procedure: Using a nitrogen-filled glove box, a 10 mL top-screw vial was
charged with a magnetic stirring bar, the corresponding starting materials, base, catalyst and
solvent. The vial was sealed, removed from the glove box and the reaction mixture was
immersed into a pre-heated oil bath. Afterwards, the reaction was cooled, water (1 mL),
diethyl ether (5 mL) and dodecane (GC-standard) were added. After shaking, an aliquot of the
organic phase was analyzed by GC-FID to determine the yield based on the internal standard
method. For further details, see the table footnotes.

For catalyst screening, see article.
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3.1 Amide alkylation

Table S 1. Solvent Screening

Entry Solvent Yield (GC)
1 THF 71%
2 1,4-dioxane 58 %
3 toluene 52 %
4 tert-amyl alcohol 48 %
5 Diglyme 57 %

Reaction Conditions: N,N'-Dimethylacetamide (2 mmol), benzyl alcohol (1 mmol),
precatalyst 1c¢ (0.05 mmol, 5 mol%), t-BuOK (1.0 mmol), solvent (2 mL), pressure tube, 100
°C oil bath, 19 h reaction time.

Table S 2. Base Screening

Entry Base Yield (GC)
1 t-BuOL.i 28 %

2 t-BuONa 63 %

3 t-BuOK 65 %

4 KOH 0%

5 KH 45 %

6 Cs2CO3 0%

7 KHMDS 23%

Reaction Conditions: N,N'-Dimethylacetamide (2 mmol), benzyl alcohol (1 mmol),
precatalyst 1c¢ (0.05 mmol, 5 mol%), base (1.0 mmol), THF (2 mL), pressure tube, 100 °C oil
bath, 19 h reaction time.
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Table S 3. Base Amount Screening

Entry Base amount [eq.] Yield (GC)
1 0.1 0%

2 0.2 0%

3 0.5 25%

4 1.0 55 %

5 1.2 66 %

6 15 65 %

7 1.7 69 %

8 2.0 69 %

Reaction Conditions: N,N'-Dimethylacetamide (2 mmol), benzyl alcohol (1 mmol),
precatalyst 1c (0.05 mmol, 5 mol%), t-BuOK (0.1-2.0 mmol), THF (3 mL), pressure tube,
100 °C oil bath, 19 h reaction time.

Table S 4. Screening of substrate ratio

Entry Me;NAc : BnOH ratio Yield (GC)
1 10:1.0 58 %
2 15:1.0 64 %
3 20:1.0 68 %
4 10:15 39 %
5 1.0:20 35 %

Reaction Conditions: N,N'-Dimethylacetamide (1-2 mmol), benzyl alcohol (1-2 mmol),
precatalyst 1c (0.05 mmol, 5 mol%), t-BuOK (1.2 mmol), THF (2 mL), pressure tube, 100 °C
oil bath, 19 h reaction time.

Table S 5. Temperature Screening

Entry Temperature Yield (GC)
1 60 °C 40 %
2 80 °C 65 %
3 100 °C 67 %

Reaction Conditions: N,N'-Dimethylacetamide (2 mmol), benzyl alcohol (1 mmol),
precatalyst 1c (0.05 mmol, 5 mol%), t-BuOK (1.2 mmol), THF (2 mL), pressure tube, 100 °C
oil bath, 19 h reaction time.
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3.2 Ester Alkylation

Table S 6. Solvent Screening

Entry Solvent Yield (GC)
1 THF 24 %

2 Toluene 40 %

3 tert-amyl alcohol 8 %

4 1,4-dioxane 27 %

5 Diglyme 13%

Reaction Conditions: tert-butyl acetate (2.0 mmol), benzyl alcohol (1.0 mmol), solvent (2
mL), t-BuOK (1 mmol), precatalyst 1c (0.05 mmol, 5 mol%), 80 °C oil bath, sealed tube, 20 h

Table S 7. Base Screening

Entry Base (1.0 eq.) Yield (GC)
1 t-BuOLi n/d

2 t-BuONa 37 %

3 t-BuOK 38 %

4 KOH n/d

5 KH 18 %

6 Cs2COs n/d

7 KHMDS 15 %

Reaction Conditions: tert-butyl acetate (2.0 mmol), benzyl alcohol (1.0 mmol), toluene (2
mL), base (1 mmol), precatalyst 1¢ (0.05 mmol, 5 mol%), 70 °C, sealed tube, 20 h
n/d = not detected
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Table S 8. Base Amount Screening

Entry Base amount (eq) Yield (GC)
1 0.10 n/d

2 0.20 n/d

3 0.50 15 %

4 1.00 43 %

5 1.20 53 %

6 1.50 60 %

7 1.70 57 %

8 2.00 53 %

Reaction Conditions: tert-butyl acetate (2.0 mmol), benzyl alcohol (1.0 mmol), toluene (2
mL), t-BuOK (0.1-2.0 mmol), precatalyst 1c (0.05 mmol, 5 mol%), 70 °C, sealed tube, 20 h
n/d = not detected

Table S 9. Screening of substrate ratio

Entry t-BuOAc/BnOH ratio Yield (GC)
1 20:1.0 55 %
2 40:1.0 90 %
3 6.0:1.0 90 %
4 Neat ester (1.5 mL) 52 %

Reaction Conditions: tert-butyl acetate (2.0-1.0 mmol), benzyl alcohol (1.5-1.0 mmol),
toluene (2 mL), t-BuOK (1.5 mmol), precatalyst 1d (0.05 mmol, 5 mol%), 70 °C, sealed tube,
20 h.

(Screening with optimized catalyst 1d)

The reaction can be run within a temperature range of 70-100 °C without high variations in
yield (Table S 10). 80 °C was chosen eventually to account for a broad scope.

Table S 10. Screening of temperature

Entry Temperature Isolated yield of 6a
1 70 °C 70 %
2 100 °C 71 %

Reaction Conditions: tert-butyl acetate (4 mmol), benzyl alcohol (1 mmol), toluene (1 mL), t-
BuOK (1.5 mmol), precatalyst 1d (0.05 mmol, 5 mol%), 70 °C, sealed tube, 4 h.

The reaction was found to be complete in 4 hours. For the following products, the isolated
yields were compared for different reaction times (4 h vs. 12 h) and catalyst loadings (3 mol%
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vs. 5 mol%,). No significant variations were detected and 4 h reaction time was chosen
eventually (Table S 11).

Table S 11. Comparison of reaction conditions.

Entry Product Conditions Isolated yield
1 i e cat. 1d (5 mol%), 4 68 %
O
2 W cat. 1d (3 mol%), 12h 69 %
Me

3 i Lo cat.1d (5 mol%), 4 77 %
O
4 W cat. 1d (3 mol%), 12h 68 %
MeO
(6]
5 cat. 1d (5 mol%), 4 h 58 %
AP (5 mol%) 6
6 cat. 1d (3 mol%), 12 h 56 %
7
8

i Joo cat.1d (5 mol%), 4h 82 %
0
W cat. 1d (3 mol%), 12h 75 %
F
Reaction Conditions: tert-butyl acetate (4 mmol), alcohol (1 mmol), toluene (1 mL), t-BuOK
(1.5 mmol), precatalyst 1d (3 or 5 mol%), 80 °C oil bath, sealed tube, 4 or 12 h.
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3.3 Mechanistic Investigations

3.3.1 Amide alkylation

3.3.1.1 Synthesis of N, N-dimethylcinnamamide

In order to obtain deeper mechanistic insight into the alkylation reaction, we first prepared
N,N-dimethylcinnamamide (S-1, Scheme S 1, see also synthesis section) which is believed to
be a central intermediate in the catalytic cycle.

-BuOK (1.2 eq)
o (added last) o

_—
Hoo )]\NMez THF PhM NMe,

O
M
0°C-->RT-->A

1.98 eq 1.00 eq N,N-dimethylcinnamamide
(DCA) s-1

Ph

Scheme S 1. Preparation of N,N-dimethylcinnamamide.

During preparation, we noticed formation of the di-amide S-2 (Scheme S 2), which is derived
from 1,4-addition of N,N-dimethylacetamide to DCA. S-2 was obtained exclusively when
benzaldehyde was added dropwise to the anion of N,N-dimethylacetamide (prepared from
N,N-dimethylacetamide and t-BuOK in THF, Scheme S 2).

NMe,
o O t-BuOK 1.2 eq) o 0 o}
X, . x, wewee ) R —
Ph” “H NMe, THF Ph NMe, Ph NMe,
1eq 1eq 0°C-->RT
(added last) S-1 (DCA) S-2

Scheme S 2. Attempted synthesis of N,N-dimethylcinnamamide.

The crude reaction mixture of all prepared amide substrates was analyzed by GC and in
general only low amounts of side-products occurred. This result suggested that the
concentration of unsaturated intermediate [DCA (S-1) for the model reaction] in the reaction
mixture must be low (see also Figure S 2 for a typical gas-chromatogram after reaction end).

3.3.1.2 Time-conversion-plot for the model reaction (amide alkylation)
The time-conversion-plot of the model-reaction of the amide alkylation reaction is depicted in

Figure S 1. Yields and conversions were obtained by reaction monitoring by GC with
dodecane as internal standard.
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Figure S 1. Time-conversion plot of the amide alkylation reaction.
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Figure S 2. Gas-chromatograms of the model reaction at reaction start and reaction end.
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The following conclusions were drawn:

e No induction period was observed

e No N,N-dimethylcinnamamide intermediate was detected during the reaction which
means the oxidation of alcohol is rate-determining and reduction proceeds relatively
fast.

¢ No significant amount of side-products was observed.

e Alcohol conversion and product formation correlate.

3.3.1.3 Investigation of the oxidation step

For an Ir-catalyst, the transfer hydrogenation between benzyl alcohol and 3,3-dimethylbut-1-
ene is described in the literature as the only mechanistic work. When this reaction was
conducted with the cobalt catalyst, no significant conversion of benzyl alcohol was observed
with or without base (Scheme S 3).

1e (2.5 mol%) GC & GC-MS analysis:
THF, 100 °C
BnOH + /ﬁ< ————  BnOH + PhCHO
base-free
100 % not
1 mmol 1.5 mmol 18h remaining detected

1e (2.5 mol%)

THF, 100 °C
BnOH  + /ﬁ< _— BnOH +  PhCHO
t-BuOK (5 mol%) 729 not
1 mmol 1.5 mmol 18h remaining detected
1e (2.5 mol%)
THF, 100 °C
BnOH + /\K Y BnOH +  PhCHO
t-BuOK (100 mol%) 80 % not
1 mmol 1.5 mmol 18 h remaining detected

Scheme S 3. Investigation of transfer hydrogenation.

3.3.1.4 Concerted oxidation/reduction

When the reaction between the proposed intermediate N,N-dimethylcinnamamide and benzyl
alcohol under catalytic conditions was monitored, another side-product accumulated in
significant amount. The product was identified by GC-MS as the 1,4-addition product
between the intermediate N,N-dimethylcinnamamide and the hydrogenation product. This
observation further supports the assumption that the reduction of the «,B-unsaturated
intermediate proceeds before competition reactions take place since only very low amounts of
this side-product are seen in the catalytic reaction (cf. the gas-chromatogram in Figure S 3
with Figure S 4).
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1e (2.5 mol%)

OH 0 t-BuOK (1.2 eq) o Ph O
. A
Ph) Ph/\)J\ NMe, THE Me,N NMe,
100 °C
1.5 eq 1.0 eq s-3 Ph

Scheme S 4. Attempted transfer hydrogenation between benzyl alcohol and intermediate.
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Figure S 3. Gas-chromatogram of the reaction depicted in Scheme S 4 after 1.5 h.

Comparison with catalytic reaction:
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Figure S 4. Gas-chromatogram of the model reaction after 1.5 h.

Possible 1,4-addition products were prepared independently to verify GC-measurements
(Scheme S 5).
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o)
t-BuOK (1.2 eq)
o 0 THF, 80 °C Me,N 0
+ _— >
Ph/\)J\NMe2 )LNMeZ 10h Ph NMe,

S-1

GC-MS: Same retention time and
mass-spectrum as in the catalytic
experiment.

Verified by HRMS

o o £-BUOK (1.2 eq) O
L N __THR.80C _ py NMe,
Ph” XX NMe, Ph NMe, 10 h o
Ph NMe,
S-2

GC-MS: Same retention time and
mass-spectrum as in the catalytic
experiment.

Verified by HRMS
Scheme S 5. Control experiments to verify possible 1,4-addition side-products.

3.3.1.5 Hydrogenation experiments

DCA (S-1) was subjected to hydrogenation under catalytic conditions. If hydrogen
equivalents are not obtained from the rate-limiting alcohol oxidation, but from molecular
hydrogen, it was envisioned that fast reduction would limit 1,4-addition side-reactions.

1e (2.5 mol%)

/\)OL t-BuOK /\)OL
_—
Ph™ ™ NMe, THF (2.5 mL) Ph NMe,
0.25 mmol H, (25 bar) 5a
S-1
Conditions: 80 °C, 5 mol% t-BuOK, 4 h: 30 % conversion, 20 % yield

(1)

(2) 80 °C, 120 mol% t-BuOK, 4 h: 100 % conversion, 41 % yield
(3) 80 °C, 50 mol% t-BuOK, 4 h: 100 % conversion, 61 % yield
(4) 40 °C, 50 mol% t-BuOK, 4 h: 100 % conversion, 42 % yield
(5) 80 °C, 50 mol% t-BuOK, 1 h: 100 % conversion, 60 % yield
(6) 80 °C, 50 mol% t-BuOK, 0.5 h: 100 % conversion, 57 % yield

(determined by GC with
dodecane as internal standard)

Scheme S 6. Hydrogenation experiments.

Hydrogenation proceeded even within 30 min (entry 6 in Scheme S 6) and the 1,4-addition
product was not obtained.

3.3.1.6 Syntheses

N,N-dimethylcinnamamide (S-1)

NM82

Ph N0

To a stirred solution of benzaldehyde (98.9 mmol, 10 mL, 1.98 eq) and N,N-
dimethylacetamide (50.0 mmol, 4.65 mL, 1.00 eq) in THF (200 mL) was added t-BuOK (60
mmol, 6.72 g, 1.2 eq) in portions at 0 °C. The reaction mixture was warmed to rt and heated

130



Chapter 6: General and Mild Cobalt-Catalyzed C-Alkylation of Unactivated Amides and Esters with Alcohols

to reflux for 1 hour. After cooling, water was added until a clear solution was obtained. The
reaction mixture was then concentrated and partitioned between water (50 mL) and CH2Cl>
(100 mL). After separation of the phases, the aqueous phase was extracted with CH2Cl> (2x
100 mL). The combined organic phase was dried over Na>SOa, concentrated and purified by
column chromatography (silica gel, pentane/ethyl acetate 1:1 — 1:2) to give the title
compound as a crystalline white solid (2.98 g, 17.0 mmol, 34 %).

!H NMR (500 MHz, CDCl3) § = 7.67 (d, J=15.26 Hz, 1 H), 7.50 - 7.55 (m, 2 H), 7.31 - 7.40
(m, 3 H), 6.89 (d, J=15.26 Hz, 1 H), 3.17 (s, 3 H), 3.07 (s, 3 H) ppm.

13C NMR (126 MHz, CDCls3) § = 166.8, 142.5, 135.5, 129.7, 128.9, 127.9, 117.5, 37.6, 36.1
ppm.

MS (El, 70 eV) m/z: 175.1 (M%), 131.1, 103.1, 77.1, 51.1.

The spectroscopic data correspond with those reported in the literature.®

Note: When the reactants were added in a different order (N,N-dimethylacetamide, t-BuOK,
then dropwise addition of benzaldehyde (1 eq)), the corresponding 1,4-addition product S-2
was obtained as monitored by GC-MS (m/z 262.1).

Confirmation of 1,4-addition products:
2-benzyl-N*,N*,N° N°-tetramethyl-3-phenylpentanediamide
0]
Ph”” NMe,
(@)
Ph NMe,
Under nitrogen atmosphere (glove box), N,N-dimethylcinnamamide (0.5 mmol, 87.5 mg, 1
eq), N,N-dimethyl-3-phenylpropanamide (0.75 mmol, 133 mg, 1.5 eq), t-BuOK (67 mg, 0.6
mmol, 1.2 eq) and THF (3 mL) were mixed in a 10 mL vial. The vial was sealed and the
reaction mixture was heated with a 80 °C oil bath for 10.5 h. The reaction was quenched with
water (2 mL) and extracted with ethyl acetate (3x 10 mL) and concentrated. The crude
product was analyzed by GC-MS and LC-HRMS. The above 1,4-addition product was
observed at the same retention time as in the catalytic reaction and the identity was further
confirmed by HRMS.
GC-MS (El, 70 eV) m/z: 352.2 (M*), 308.2, 266.1, 216.1, 176.1, 131.1, 115.1, 103.1, 91.1,
72.1.
HRMS (ESI+): m/z calcd. for [C22H28N202 + H]* 353.22235; found: 353.22134.
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N?,N%,N° N°-tetramethyl-3-phenylpentanediamide

O
MeZN)E%\)?\
Ph NMe,

Under nitrogen atmosphere (glove box), N,N-dimethylcinnamamide (0.5 mmol, 87.5 mg, 1
eq), N,N-dimethylacetamide (1 mmol, 93 pL, 2 eq), t-BuOK (67 mg, 0.6 mmol, 1.2 eq) and
THF (3 mL) were mixed in a 10 mL vial. The vial was sealed and the reaction mixture was
heated with a 80 °C oil bath for 10.5 h. The reaction was quenched with water (2 mL) and
extracted with ethyl acetate (3x 10 mL) and concentrated. The crude product was analyzed by
GC-MS and LC-HRMS. The above 1,4-addition product was observed at the same retention
time as in the catalytic reaction and the identity was further confirmed by HRMS.

GC-MS (El, 70 eV) m/z: 262.1 (M*), 218.1, 190.1, 176.1, 131.0, 103.0, 87.1, 72.0.

HRMS (ESI+): m/z calcd. for [C1sH22N202 + H]* 263.17540; found: 263.17462.

3.3.2 Ester alkylation

3.3.2.1 Reaction monitoring

The reaction of the ester alkylation (model reaction) was monitored by GC with dodecane as
internal standard (Scheme S 7 and Figure S 5).

Modei-reaction:

1d (5 mol%) o)
vt BuOK +BUOK (1.5 eq) _ /V\
A o .
toluene, 80 °C
2a (1 0 GQ) 4 (4.0eq) 6a
“ ,
(0] detected directly .
PR after addition of alf ~ GC (t=0) : BnOAc: 35 %
0" >Ph  starting materials BnOH: 38 %

Scheme S 7. Model reaction for ester alkylation and outcome of analysis of the reaction directly after addition of
starting materials.

An aliquot (500 pL from a 2 mmol scale reaction) was removed from the reaction mixture
immediately after addition of tert-butyl acetate. The aliquot was quenched with water and
extracted with diethyl ether.

GC-FID and GC-MS analysis of the t = 0 min reaction sample showed a significant amount of
benzyl acetate which was confirmed by GC-MS and by comparison of the retention time of an
authentic sample.

This result indicates that transesterification products undergo resolution by alcohol exchange
with t-BuOH followed by consumption of the primary alcohol in the catalytic alkylation
reaction. The catalytic reaction gives one single product after 1-4 h.
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Figure S 5. Time-conversion plot for the catalytic ester alkylation (model reaction).
3.3.2.2 Control reactions

The corresponding transesterification products were subjected to the reaction conditions to
prove the shift towards the tert-butyl ester.

1d (5 mol%)

(0] 0 (0]
t-BuOK (1.5 eq) /'\
0 2 e moknsen
Ph o)J\ )ko toluene, 80 °C Ph/\)ko
(1 mmol) (4 mmol) 4h
o .
(obtained from transesterification 6a (79 % GC-yield)
of t-BuOAc with BnOH) only product

1d (5 mol%)

o T t-BuOK (1.5 eq) o /!\
Ph/\)Lo/\Ph * )ko/k 2 g

toluene, 80 °C
(1 mmol) (4 mmol) 4h

(obtained from transesterification
of C-alkylation product with BnOH)

6a (65 % GC-yield)
only product

Scheme S 8. Control reactions of transesterification products under catalytic conditions.

Both benzyl acetate and benzyl 3-phenylpropanoate were converted into the alkylated tert-
butyl ester 6a under catalytic conditions (Scheme S 8). Conversion was quantitative and no
other side-products were observed by GC analysis.
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4 Characterization data

4.1 Amide alkylation products

N,N-dimethyl-3-phenylpropanamide (5a)

o

Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1.5). Yield: 147
mg (0.830 mmol, 83 %) colorless oil.

'H NMR (500 MHz, CDCl3) 6 = 7.25 - 7.31 (m, 2 H), 7.17 - 7.24 (m, 3 H), 3.00-2.94 (m, 8
H, overlapping signals of NMe and CH>), 2.58 - 2.64 (m, 2 H) ppm.

13C NMR (126 MHz, CDCl3) 6 = 172.3, 141.6, 128.5, 126.2, 37.2, 35.4, 31.5 ppm.

MS (El, 70 eV) m/z: 177.2 (M¥), 131.1, 105.1, 91.1, 72.1.

The spectroscopic data correspond to those reported in the literature.*

N,N-dimethyl-3-(p-tolyl)propanamide (5b)

O

Me

Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1). Yield: 163 mg
(0.853 mmol, 85 %) colorless oil.

'H NMR (500 MHz, CDCl3) 6 = 7.05 - 7.16 (m, 4 H), 2.87 - 2.98 (m, 8 H, overlapping
signals of NMez and CH2), 2.54 - 2.64 (m, 2 H), 2.31 (s, 3 H) ppm.

13C NMR (126 MHz, CDCl3) & = 172.3, 138.5, 135.6, 129.2, 128.4, 37.2, 35.6, 35.5, 31.0,
21.1 ppm.

MS (El, 70 eV) m/z: 191.1 (M¥), 147.1, 131.0, 118.1, 105.1, 91.1, 72.1.

The spectroscopic data correspond to those reported in the literature.*

N,N-dimethyl-3-(m-tolyl)propanamide (5c)

o

Me
Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1). Yield: 154 mg
(0.806 mmol, 81 %) colorless oil.
'H NMR (500 MHz, CDCls3) 6 = 7.13 - 7.21 (m, 1 H), 6.99 - 7.07 (m, 3 H), 2.89 - 2.99 (m, 8
H overlapping signals of NMez and CHy), 2.56 - 2.65 (m, 2 H), 2.33 (s, 3 H) ppm.
13C NMR (126 MHz, CDCl3) 6 = 172.3, 141.5, 138.1, 129.3, 128.5, 126.9, 125.5, 37.2, 35.5,
31.4,21.5 ppm.
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MS (El, 70 eV) m/z: 191.2 (M*), 147.1, 131.1, 119.1, 105.1, 91.1, 72.1.
The spectroscopic data correspond to those reported in the literature.*

N,N-dimethyl-3-(o-tolyl)propanamide (5d)

o

Me

Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1). Yield: 153 mg
(0.801 mmol, 80 %) colorless oil.

'H NMR (500 MHz, CDCl3) 6 = 7.06 - 7.21 (m, 5 H), 2.89 - 3.00 (m, 8 H, overlapping
signals of NMe; and CHy), 2.53 - 2.60 (m, 2 H), 2.33 (s, 3 H) ppm.

13C NMR (126 MHz, CDCl3) 6 = 172.4, 140.0, 136.1, 130.4, 128.9, 126.4, 126.2, 37.2, 35.5,
34.0, 28.8, 19.4 ppm.

MS (El, 70 eV) m/z: 191.1 (M¥), 176.1, 162.1, 147.1, 119.1, 105.1, 91.1, 72.0.

The spectroscopic data correspond to those reported in the literature.*

N,N-dimethyl-3-(naphthalen-1-yl)propanamide (5e)

0]

O NMe,

Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1). Yield: 176 mg
(0.775 mmol, 78 %) colorless viscous oil.

'H NMR (500 MHz, CDCls3) 6 = 8.03 - 8.09 (m, 1 H), 7.86 (dd, J=8.39, 1.07 Hz, 1 H), 7.73
(d, J=7.63 Hz, 1 H), 7.45 - 7.55 (m, 2 H), 7.35 - 7.43 (m, 2 H), 3.42 - 3.48 (m, 2 H), 2.96 (s, 3
H), 2.85 (s, 3 H), 2.70 - 2.77 (m, 2 H) ppm.

13C NMR (126 MHz, CDCls) & = 172.4, 137.8, 134.0, 131.8, 129.0, 127.1, 126.3, 126.2,
125.8, 123.7, 37.2, 35.6, 34.7, 28.6 ppm.

MS (El, 70 eV) m/z: 227.1 (M"), 183.1, 154.1, 141.1, 128.1, 115.1, 86.0, 72.0.

HRMS (ESI+) m/z [C1sH17NO + H]* calcd. 228.13829, found 228.13771

The spectroscopic data correspond to those reported in the literature.®

3-(2-methoxyphenyl)-N,N-dimethylpropanamide (5f)

O

OMe

Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1.5). Yield: 184
mg (0.889 mmol, 89 %) colorless oil.
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IH NMR (500 MHz, CDCls3) 6 =7.15 - 7.22 (m, 2 H), 6.87 (td, J=7.40, 1.07 Hz, 1 H), 6.84 (d,
J=8.24 Hz, 1 H), 3.82 (s, 3 H), 2.90 - 2.97 (m, 8 H, overlapping signals of NMe and CH>),
2.54 -2.61 (m, 2 H) ppm.

13C NMR (126 MHz, CDCl3) 6 = 172.9, 157.6, 130.3, 129.8, 127.5, 120.6, 110.3, 55.3, 37.2,
35.4, 33.8, 26.8 ppm.

MS (El, 70 eV) m/z: 207.1 (M*), 192.1, 176.1, 161.1, 150.1, 134.1, 121.1, 105.1, 91.1, 72.1,
65.1.

The spectroscopic data correspond to those reported in the literature.*

3-(4-methoxyphenyl)-N,N-dimethylpropanamide (5g)

(0]

/©/\)‘\NM62
MeO

Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1—1:1.5). Yield:
177 mg (0.855 mmol, 86 %) colorless oil.

!H NMR (500 MHz, CDCl3) & = 7.07 - 7.17 (m, 2 H), 6.76 - 6.85 (m, 2 H), 3.76 (s, 3 H),
2.91-2.88 (m, 8 H, overlapping signals of NMe; and CH2), 2.50 - 2.62 (m, 2 H) ppm.

13C NMR (126 MHz, CDCls) & =172.3, 158.0, 133.6, 129.4, 113.9, 55.3, 37.2, 36.0, 35.4,
30.5 ppm.

MS (El, 70 eV) m/z: 224.1 (M"), 183.2, 154.2, 140.1, 121.1, 100.1, 87.1, 79.1, 72.1, 55.1.

The spectroscopic data correspond to those reported in the literature.*

3-(4-chlorophenyl)-N,N-dimethylpropanamide (5h)

0O

/©/\)‘\ NMe;,
Cl

Variation from the general procedure: t-BuONa (1.2 mmol) was used as base instead of t-
BuOK. Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1 — 1:2).
Yield: 160 mg (0.758 mmol, 76 %) colorless oil.

'H NMR (500 MHz, CDCl3) 6 = 7.20 - 7.25 (m, 2 H), 7.12 - 7.16 (m, 2 H), 2.89 - 2.96 (m, 8
H, overlapping signals of CH2 and NMe), 2.54 - 2.60 (m, 2 H) ppm.

13C NMR (126 MHz, CDCls) § = 171.9, 140.1, 131.9, 129.9, 128.6, 37.2, 35.5, 35.1, 30.7
ppm.

MS (El, 70 eV) m/z: 211.1 (M), 167.0, 138.0, 131.0, 125.0, 103.0, 86.1, 72.0, 58.0.

The spectroscopic data correspond to those reported in the literature.*
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N,N-dimethyl-3-(pyridin-4-yl)propanamide (5i)

O

| X NM82
N~

Variation from the general procedure: Catalyst 1f (5 mol%) was used. Purification by column
chromatography (silica gel, CH2Clo/MeOH, 100:5). Yield: 125 mg (0.702 mmol, 70 %)
yellow oil.

'H NMR (500 MHz, CDCl3) 6 = 8.46 (d, J=4.88 Hz, 2 H), 7.13 (d, J=5.80 Hz, 2 H), 2.96-
2.91 (m, 8 H, overlapping signals of NMe and CHz), 2.60 (t, J=7.78 Hz, 2 H) ppm.

13C NMR (126 MHz, CDCl3s) 6 = 171.3, 150.7, 149.8, 124.0, 37.2, 35.6, 33.8, 30.5 ppm.

MS (El, 70 eV) m/z: 178.1 (M™), 134.4, 106.1, 72.1.

HRMS (ESI+) m/z [C10H14N20 + H]* calcd. 179.11789, found 179.11739

N,N-dimethyl-3-(pyridin-3-yl)propanamide (5j)
(0]

X NM82

bz

N
Variation from the general procedure: Catalyst 1f (5 mol%) was used. Purification by column

chromatography (silica gel, CH2Clo/MeOH, 100:5). Yield: 144 mg (0.809 mmol, 81 %)
colorless oil.

'H NMR (500 MHz, CDCls) 6 =8.46 (s, 1 H), 8.42 (d, J=4.27 Hz, 1 H), 7.54 (d, J=7.93 Hz, 1
H), 7.18 (dd, J=7.93, 4.88 Hz, 1 H), 2.98-2.91 (m, 8 H, overlapping signals of NMe, and
CH>), 2.59 (t, J=7.63 Hz, 2 H) ppm.

13C NMR (126 MHz, CDCls) 6 = 171.5, 150.0, 147.7, 136.9, 136.2, 123.4, 37.2, 35.6, 34.7,
28.4 ppm.

MS (El, 70 eV) m/z: 177.1 (M¥), 135.1, 106.1, 92.0, 72.0.

The spectroscopic data correspond to those reported in the literature.®

N,N-dimethyloctanamide (5k)
O
/\/\/\)LNMe2
Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1). Yield: 156 mg
(0.912 mmol, 91 %) colorless oil.
'H NMR (500 MHz, CDCl3) 8 = 3.00 (s, 3 H), 2.94 (s, 3 H), 2.26 - 2.34 (m, 2 H), 1.57 - 1.67
(m, 2 H), 1.20 - 1.38 (m, 8 H), 0.82 - 0.91 (m, 3 H) ppm.
13C NMR (126 MHz, CDCls) 6 = 173.4, 37.4, 35.5, 33.6, 31.9, 29.6, 29.3, 25.4, 22.8, 14.2
ppm.
MS (El): m/z 171.2 (M"), 142.1, 128.1, 114.1, 100.1, 87.1, 72.1, 57.1.
The spectroscopic data correspond to those reported in the literature.®
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3-cyclohexyl-N,N-dimethylpropanamide (5I)

O

Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1). Yield: 170 mg
(0.929 mmol, 93 %) colorless oil.

'H NMR (500 MHz, CDCl3z) 6 =2.98 (s, 3 H), 2.91 (s, 3 H), 2.25-2.32 (m, 2 H), 1.57 - 1.74
(m,5H), 1.44 - 1.54 (m, 2 H), 1.04 - 1.29 (m, 4 H), 0.81 - 0.95 (m, 2 H) ppm.

13C NMR (126 MHz, CDCls) 6 = 173.6, 37.6, 37.4, 35.5, 33.2, 32.7, 31.0, 26.7, 26.4 ppm.
MS (El, 70 eV): m/z 183.2 (M"), 154.2, 140.1, 121.1, 100.1, 87.1, 72.1, 55.1.

The spectroscopic data correspond to those reported in the literature.*

3-cyclopropyl-N,N-dimethylpropanamide (5m)

O

V/\)J\NMez

Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1). Yield: 114 mg
(0.809 mmol, 81 %) colorless oil.

IH NMR (500 MHz, CDCls) § = 3.00 (s, 3 H), 2.92 (s, 3 H), 2.35 - 2.44 (m, 2 H), 1.48 - 1.54
(m,2H),0.66-0.75 (m, 1 H), 0.37 - 0.42 (m, 2 H), 0.00 - 0.05 (m, 2 H) ppm.

13C NMR (126 MHz, CDCl3) 6 = 173.2, 37.4, 35.4, 33.5, 10.8, 4.6 ppm.

MS (El, 70 eV) m/z 141.2 (M"), 126.1, 113.1, 98.1, 87.1, 72.1, 55.1.

HRMS (ESI+) m/z [CsH1sNO +H]* calcd. 142.12264, found 142.12217.

N,N-dimethyl-5-phenylpentanamide (5n)

O

@wNMez

Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1—1:1.5). Yield:
176 mg (0.857 mmol, 86 %) colorless oil.

'H NMR (500 MHz, CDCl3) 6 =7.24-7.30 (m, 2 H), 7.14 - 7.21 (m, 3 H), 2.98 (s, 3 H), 2.94
(s, 3 H), 2.65 (t, J=7.02 Hz, 2 H), 2.30 - 2.36 (m, 2 H), 1.63 - 1.74 (m, 4 H) ppm.

13C NMR (126 MHz, CDCls) & = 173.0, 142.5, 128.5, 128.4, 125.8, 37.4, 35.9, 35.5, 33.3,
31.4, 25.0 ppm.

MS (El, 70 eV) m/z: 205.2 (M*), 117.1, 100.1, 87.1, 72.1.

The spectroscopic data correspond to those reported in the literature.*
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N-methyl-3-phenylpropanamide (50)
0

Ph/\)LNHMe

Purification by column chromatography (pentane/ethyl acetate, 1:2 — 1:3). Yield: 89 mg
(0.546 mmol, 55 %) crystalline white solid.

IH NMR (500 MHz, CDCl3) & = 7.27 - 7.31 (m, 2 H), 7.17 - 7.23 (m, 3 H), 5.40 (br. s., 1 H),
2.97 (t, J=7.32 Hz, 2 H), 2.77 (d, J=4.88 Hz, 3 H), 2.47 (t, J=7.93 Hz, 2 H) ppm.

13C NMR (126 MHz, CDCl3) 6 = 172.8, 141.1, 128.7, 128.5, 126.4, 38.6, 31.9, 26.4 ppm.

MS (El, 70 eV) m/z: 163.1 (M%), 133.1, 105.1, 91.1, 77.1, 65.1, 58.1, 51.1.

The spectroscopic data correspond to those reported in the literature.*

N,N-diethyl-3-phenylpropanamide (5p)
O

NN

\
Variation from the general procedure: 5 mol% of catalyst 1d was used. Purification by
column chromatography (pentane/ethyl acetate, 1:1.5). Yield: 156 mg (0.761 mmol, 76 %)
colorless oil.
'H NMR (500 MHz, CDCls) 8 = 7.15 - 7.32 (m, 5 H), 3.38 (q, J=7.12 Hz, 2 H), 3.22 (q,
J=7.02 Hz, 2 H), 2.96 - 3.01 (m, 2 H), 2.56 - 2.62 (m, 2 H), 1.10 (td, J=7.17, 4.58 Hz, 6 H)
ppm.
13C NMR (126 MHz, CDCl3) 6 = 171.4, 141.8, 128.60, 128.59, 126.2, 42.0, 40.3, 35.3, 31.8,
14.4,13.2 ppm.
MS (El, 70 eV) m/z: 205.2 (M"), 176.1, 133.1, 120.1, 105.1, 91.1, 72.1, 58.1.
The spectroscopic data correspond to those reported in the literature.*

3-phenyl-1-(pyrrolidin-1-yl)propan-1-one (5q)

O

Ph/\)J\N
O

Purification by column chromatography (pentane/ethyl acetate, 1:2). Yield: 133 mg (0.655
mmol, 66 %) colorless oil.

'H NMR (500 MHz, CDCl3) 6 = 7.27 - 7.31 (m, 2 H), 7.17 - 7.25 (m, 3 H), 3.47 (t, J=6.87
Hz, 2 H), 3.29 (t, J=6.71 Hz, 2 H), 2.96 - 3.02 (m, 2 H), 2.54 - 2.59 (m, 2 H), 1.85-1.92 (m, 2
H), 1.79 - 1.85 (m, 2 H) ppm.

13C NMR (126 MHz, CDCls) 6 = 170.9, 141.6, 128.5, 126.1, 46.6, 45.7, 36.8, 31.3, 26.1, 24.4
ppm.

MS (El, 70 eV) m/z: 203.2 (M"), 112.1,91.1, 70.1, 55.1.

The spectroscopic data correspond to those reported in the literature.’
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3-phenyl-1-(piperidin-1-yl)propan-1-one (5r)
(0]

Ph/\)J\ N
9

Purification by column chromatography (pentane/ethyl acetate, 1:1). Yield: 167 mg (0.770
mmol, 77 %) colorless oil.

'H NMR (500 MHz, CDCls) 6 = 7.27 - 7.34 (m, 2 H), 7.18 - 7.27 (m, 3 H), 3.57 (t, J=5.80
Hz, 2 H), 3.34 (t, J=5.49 Hz, 2 H), 2.98 (t, J=7.63 Hz, 2 H), 2.63 (t, J=8.24 Hz, 2 H), 1.59 -
1.66 (m, 2 H), 1.50 - 1.58 (m, 2 H), 1.43 - 1.50 (m, 2 H) ppm.

13C NMR (126 MHz, CDCls) 6 = 170.5, 141.5, 128.53, 128.50, 126.1, 46.7, 42.8, 35.3, 31.7,
26.4, 25.6, 24.6 ppm.

MS (El, 70 eV) m/z: 217.2 (M"), 126.1, 112.1, 105.1, 91.1, 84.1, 77.1, 69.1, 56.1.

The spectroscopic data correspond to those reported in the literature.*

1-morpholino-3-phenylpropan-1-one (5s)

SRee

Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1—1:3). Yield:
183 mg (0.836 mmol, 84 %) colorless oil which solidified upon standing (pale yellow solid).
'H NMR (500 MHz, CDCls3) 6 =7.25 - 7.31 (m, 2 H), 7.17 - 7.22 (m, 3 H), 3.57 - 3.64 (m, 4
H), 3.47 - 3.53 (m, 2 H), 3.31 - 3.38 (m, 2 H), 2.94 - 3.00 (m, 2 H), 2.57 - 2.64 (m, 2 H) ppm.
13C NMR (126 MHz, CDCl3z) 6 = 170.9, 141.1, 128.6, 128.5, 126.4, 126.3, 67.0, 66.5, 46.0,
42.0, 34.9, 31.5 ppm.

MS (El, 70 eV) m/z: 219.2 (M"), 128.1, 105.1, 91.1, 77.1, 57.1.

The spectroscopic data correspond to those reported in the literature.*

3-(4-methoxyphenyl)-1-morpholinopropan-1-one (5t)

(0]
o0
MeO o

Representative procedure for 10 mmol scale reaction: Using a glove box, a pressure tube
(Ace pressure tube, 38 mL volume) was charged with a magnetic stirring bar, 4-acetyl
morpholine (20 mmol, 2.30 mL, 2.0 eq), t-BuOK (12.0 mmol, 1.34 g, 1.2 eq), 4-
methoxybenzyl alcohol (10 mmol, 1.24 mL, 1.0 eq), catalyst 1d (0.250 mmol, 132 mg, 2.5
mol%) and THF (10 mL). The tube was sealed with a Teflon cap and immersed into a 100 °C
oil bath outside the glove box for 24 hours. After cooling, the reaction mixture was quenched
with half-saturated aqueous NaCl solution (10 mL) and extracted with diethyl ether (3x 100
mL). The combined organic phase was dried over Na,SO4 and concentrated. The crude
product was nearby pure as judged by *H NMR analysis and was purified using a small pad (5
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cm height) of silica gel eluting with pentane/ethyl acetate, 1:2 to give the product as a
colorless oil (2.01 g, 8.06 mmol, 81 %).

The reaction gave the same yields on a 1 and 5 mmol scale.

'H NMR (500 MHz, CDCl3) § =7.08 - 7.17 (m, 2 H), 6.79 - 6.87 (m, 2 H), 3.78 (s, 3 H), 3.58
- 3.67 (m, 4 H), 3.50 - 3.57 (m, 2 H), 3.31 - 3.40 (m, 2 H), 2.87 - 2.95 (m, 2 H), 2.53 - 2.62
(m, 2 H) ppm.

13C NMR (126 MHz, CDCl3) 6 = 171.1, 158.2, 133.2, 129.5, 114.1, 67.0, 66.6, 55.4, 46.1,
42.0, 35.2, 30.7 ppm.

MS (El, 70 eV) m/z: 249.2 (M%), 161.1, 134.1, 121.1, 108.1, 86.1, 70.1, 57.1.

The spectroscopic data correspond to those reported in the literature.”

1-morpholino-5-phenylpentan-1-one (5u)

O

©/\/\)k,\,/\
(0]

10 mmol scale. Purification by column chromatography (pentane/ethyl acetate, 6:4 — 1:1).
Yield: 2.02 g (8.17 mmol, 82 %) colorless oil.
'H NMR (500 MHz, CDCl3) 6 =7.21 - 7.25 (m, 2 H), 7.12 - 7.19 (m, 3 H), 3.55 - 3.66 (m, 6
H), 3.35-3.42 (m, 2 H), 2.58 - 2.67 (m, 2 H), 2.24 - 2.34 (m, 2 H), 1.60 - 1.71 (m, 4 H) ppm.
13C NMR (126 MHz, CDCls) 6 =171.7, 142.3, 128.5, 125.9, 67.1, 66.8, 46.1, 42.0, 35.8, 33.1,
31.2, 25.0 ppm.
MS (El, 70 eV) m/z: 247.2 (M"), 156.1, 142.1, 129.1, 117.1, 104.1, 91.1, 70.1, 57.2.
The spectroscopic data correspond to those reported in the literature.®

3-cyclopropyl-1-morpholinopropan-1-one (5v)

V/\ALO

5 mmol scale. Purification by column chromatography (pentane/ethyl acetate, 1:1). Yield: 780
mg (4.26 mmol, 85 %) colorless oil.

'H NMR (500 MHz, CDCls) 6 = 3.64 - 3.70 (m, 1 H), 3.58 - 3.63 (m, 1 H), 3.46 - 3.52 (m, 1
H), 2.38 - 2.45 (m, 1 H), 1.49 - 1.57 (m, 1 H), 0.67 - 0.77 (m, 1 H), 0.41 - 0.46 (m, 1 H), 0.03
-0.08 (m, 2 H) ppm.

13C NMR (126 MHz, CDCl3) § =171.9, 67.1, 66.8, 46.2, 42.0, 33.2, 30.6, 10.8, 4.7 ppm.

MS (El, 70 eV) m/z: 183.1 (M"), 168.1, 154.1, 140.1, 129.1, 114.1, 97.1, 86.1, 70.1, 57.1.
HRMS (ESI+): m/z [C10H17NO2 + H]" calcd. 184.13321, found 184.13268.
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4.2 Ester alkylation products

tert-butyl 3-phenylpropanoate (6a)

©/\)?\OJ\\\

Purification by column chromatography (silica gel, pentane/diethyl ether, 50:1). Yield: 145
mg (0.704 mmol, 70 %) colorless oil.

'H NMR (500 MHz, CDCls) 6 = 7.16 - 7.23 (m, 2 H), 7.08 - 7.15 (m, 3 H), 2.83 (t, J=7.78
Hz, 2 H), 2.43 - 2.49 (m, 2 H), 1.34 (s, 9 H) ppm.

13C NMR (126 MHz, CDCls) 6 = 172.4, 140.9, 128.50, 128.45, 126.2, 80.4, 37.2, 31.3, 28.2
ppm.

MS (El, 70 eV) m/z: 206.1 (M¥), 150.1, 133.1, 104.1, 91.1, 77.1, 57.1.

The spectroscopic data correspond to those reported in the literature.®

tert-butyl 3-(p-tolyl)propanoate (6b)

(0] /k
o
Me

Purification by column chromatography (silica gel, pentane/diethyl ether, 50:1). Yield: 149
mg (0.677 mmol, 68 %) colorless oil.

'H NMR (500 MHz, CDCls) = 7.11 (s, 4 H), 2.89 (t, J=7.63 Hz, 2 H), 2.53 (t, J=8.24 Hz, 2
H), 2.33 (s, 3 H), 1.44 (s, 9 H) ppm.

13C NMR (126 MHz, CDCls) & = 172.5, 137.8, 135.6, 129.2, 128.3, 80.4, 37.4, 30.8, 28.2,
21.1 ppm.

MS (El, 70 eV) m/z;: 220.2 (M"), 164.1, 147.1, 118.1, 105.1,91.1, 77.1, 65.1, 57.1

The spectroscopic data correspond to those reported in the literature.®

tert-butyl 3-(m-tolyl)propanoate (6c)

O /'\
@/\)‘\O
Me

Purification by column chromatography (silica gel, pentane/diethyl ether, 50:1). Yield: 168
mg (0.764 mmol, 76 %) colorless oil.

'H NMR (500 MHz, CDCls) & = 7.19 (t, J=7.48 Hz, 1 H), 6.99 - 7.06 (m, 3 H), 2.90 {t,
J=7.93 Hz, 2 H), 2.52 - 2.58 (m, 2 H), 2.34 (s, 3 H), 1.45 (s, 9 H) ppm.

13C NMR (126 MHz, CDCls) 6 = 172.4, 140.8, 138.0, 129.3, 128.4, 126.9, 125.4, 80.4, 37.2,
31.2,28.2, 21.5 ppm.

MS (El, 70 eV) m/z: 220.2 (M"), 164.1, 147.1, 118.1, 105.1,91.1, 77.1, 65.1, 57.2.
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The spectroscopic data correspond to those reported in the literature.®

tert-butyl 3-(o-tolyl)propanoate (6d)

(@) /k
©\/\)J\C
Me

Purification by column chromatography (silica gel, pentane/diethyl ether, 50:1). Yield: 138
mg (0.626 mmol, 63 %) colorless oil.

'H NMR (500 MHz, CDCls3) 6 = 7.06 - 7.19 (m, 4 H), 2.86 - 2.96 (m, 3 H), 2.48 - 2.55 (m, 2
H), 2.34 (s, 3 H), 1.45 (s, 9 H) ppm.

13C NMR (126 MHz, CDCls) & = 172.56, 139.0, 136.1, 130.3, 128.6, 126.4, 126.1, 80.5, 35.9,
28.6, 28.2, 19.4 ppm.

MS (El, 70 eV) m/z: 220.2 (M), 164.1, 147.1, 119.1, 105.1, 91.1, 77.1, 65.1, 57.1.

The spectroscopic data correspond to those reported in the literature.®

tert-butyl 3-(naphthalen-1-yl)propanoate (6e)

Ok
e

Purification by column chromatography (silica gel, pentane/diethyl ether, 50:1). Yield: 161
mg (0.629 mmol, 63 %) colorless oil.

'H NMR (500 MHz, CDCls) 6 =8.06 (d, J=8.54 Hz, 1 H), 7.87 (d, J=7.93 Hz, 1 H), 7.74 (d,
J=7.93 Hz, 1 H), 7.46 - 7.57 (m, 2 H), 7.34 - 7.44 (m, 2 H), 3.35 - 3.44 (m, 2 H), 2.65 - 2.73
(m, 2 H),1.42-1.51 (m, 9 H) ppm.

13C NMR (126 MHz, CDCls) & = 172.5, 136.9, 134.0, 131.8, 128.9, 127.1, 126.1, 126.0,
125.7, 123.6, 80.6, 36.5, 28.4, 28.2 ppm.

MS (El, 70 eV) m/z: 256.1 (M), 200.1, 183.1, 153.1, 141.1, 128.1, 115.0, 77.0, 57.1.
Elemental analysis (%) for C17H200> calcd. C 79.65, H 7.86; found: C 79.55, H 7.68.

tert-butyl 3-(4-methoxyphenyl)propanoate (6f)

O L
/©/\)J\O
MeO

Purification by column chromatography (silica gel, pentane/diethyl ether, 30:1). Yield: 181
mg (0.767 mmol, 77 %) colorless oil.

'H NMR (300 MHz, CDCl3) 6 =7.12 (d, J=8.20 Hz, 2 H), 6.82 (d, J=8.20 Hz, 2 H), 3.78 (s, 3
H), 2.85 (t, J=8.20 Hz, 2 H), 2.50 (t, J=7.61 Hz, 2 H), 1.42 (s, 9 H) ppm.

13C NMR (75 MHz, CDCl3) 8 = 172.5, 133.0, 129.4, 113.9, 80.4, 55.4, 37.5, 30.4, 28.2 ppm.
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MS (El, 70 eV) m/z: 236.1 (M*), 180.1, 163.1, 137.0, 121.1, 91.1, 77.0, 57.1.
The spectroscopic data correspond to those reported in the literature.

tert-butyl 3-(2-methoxyphenyl)propanoate (6g)

J\\
WO
OMe

Purification by column chromatography (silica gel, pentane/diethyl ether, 40:1). Yield: 165
mg (0.699 mmol, 70 %) colorless oil.

'H NMR (500 MHz, CDCl3)  =7.10 - 7.24 (m, 2 H), 6.78 - 6.93 (m, 2 H), 3.83 (s, 3 H), 2.84
-2.96 (m, 2 H), 2.46 - 2.58 (m, 2 H), 1.43 (s, 9 H) ppm.

13C NMR (126 MHz, CDCls) 6 = 172.9, 157.6, 130.0, 129.2, 127.5, 120.4, 110.3, 80.1, 55.3,
35.5, 28.2, 26.3 ppm.

MS (El, 70 eV) m/z: 236.1 (M¥), 180.1, 163.0, 134.1, 121.1, 105.1, 91.1, 77.0, 65.1, 57.1.
Elemental analysis (%) for C14H2003 calcd. C 71.16, H 8.53; found: C 71.08, H 8.82.

Due to low polarity of the compound, no ESI+ HRMS could be obtained.

tert-butyl 3-(furan-2-yl)propanoate (6h)

O
wo/b
\ |

Purification by column chromatography (silica gel, pentane/diethyl ether, 50:1). Yield: 107
mg (0.546 mmol, 55 %) colorless oil.

'H NMR (500 MHz, CDCls) & = 7.29 (dd, J=1.83, 0.92 Hz, 1 H), 6.27 (dd, J=3.05, 1.83 Hz, 1
H), 6.00 (dd, J=3.36, 0.92 Hz, 1 H), 2.92 (t, J=7.63 Hz, 1 H), 2.53 - 2.59 (m, 2 H), 1.43 (s, 9
H) ppm.

13C NMR (126 MHz, CDCls) § = 172.0, 154.6, 141.2, 110.3, 105.3, 80.6, 34.0, 28.2, 23.8
ppm.

MS (El, 70 eV) m/z: 196.1 (M*), 140.0, 123.0, 94.0, 81.0, 65.1, 57.1.

The spectroscopic data correspond to those reported in the literature.®

tert-butyl 3-(pyridin-3-yl)propanoate (6i)

OJ\\
L~
N

Purification by column chromatography (silica gel, pentane/diethyl ether, 50:1). Yield: 100
mg (0.483 mmol, 48 %) colorless oil.

H NMR (500 MHz, CDCI®) § = 8.35 - 8.53 (m, 2 H), 7.50 (dt, J=7.63, 1.83 Hz, 1 H), 7.18
(dd, J=7.78, 4.73 Hz, 1 H), 2.88 (t, J=7.63 Hz, 2 H), 2.53 (t, J=7.48 Hz, 2 H), 1.38 (s, 9 H)
ppm.
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13C NMR (126 MHz, CDCl3) § = 171.8, 150.0, 147.8, 136.1, 136.0, 123.4, 80.8, 36.6, 28.3,
28.1 ppm.

MS (El, 70 eV) m/z: 207.1 (M%), 192.1, 162.1, 151.0, 134.0, 106.1, 92.0, 78.0, 65.1, 57.1.

The spectroscopic data correspond to those reported in the literature.!!

tert-butyl 3-(4-chlorophenyl)propanoate (6j)

o k
o
Cl

Variation from the general procedure: t-BuONa (1.5 equiv) was used as the base. Purification
by column chromatography (pentane/diethyl ether, 50:1). Yield: 174 mg (0.723 mmol, 72 %)
colorless oil.

'H NMR (300 MHz, CDCl3) 6 = 7.21 - 7.31 (m, 2 H), 7.08 - 7.20 (m, 2 H), 2.78 - 2.96 (m, 2
H), 2.46 - 2.62 (m, 2 H), 1.43 (s, 9 H) ppm.

13C NMR (126 MHz, CDCls) & = 172.1, 139.4, 132.0, 129.8, 128.6, 80.6, 37.0, 30.6, 28.2
ppm.

MS (El, 70 eV) m/z: 240.1 (M"), 225.0, 207.0, 184.0, 167.0, 149.0, 138.0, 125.0, 112.0,
103.1, 89.0, 77.0, 57.1

The spectroscopic data correspond to those reported in the literature.®

tert-butyl 3-(4-fluorophenyl)propanoate (6k)

/©/\)?\o/'\\

2 mL toluene were used. Purification by column chromatography (silica gel, pentane/diethyl
ether, 50:1). Yield: 184 mg (0.821 mmol, 82 %) colorless oil.

'H NMR (500 MHz, CDCls) & = 7.15 (dd, J=8.39, 5.34 Hz, 2 H), 6.96 (t, J=8.70 Hz, 2 H),
2.88 (t, J=7.63 Hz, 2 H), 2.51 (t, J=7.78 Hz, 2 H), 1.41 (s, 9 H) ppm.

13C NMR (126 MHz, CDCl3) & = 172.2, 162.5, 160.6, 136.54*, 136.51*, 129.9* 129.8%*,
115.3*, 115.2*, 80.6, 37.3, 30.5, 28.2 ppm.

*13C-19F coupling is observed.

MS (El, 70 eV) m/z: 224.1 (M¥), 168.1, 151.1, 122.1, 109.1, 103.1, 96.1, 83.1, 77.1, 57.1.

The spectroscopic data correspond to those reported in the literature.®

tert-butyl 5-phenylpentanoate (61)

©/\/\)?\O/'\\\

Purification by column chromatography (silica gel, pentane/diethyl ether, 50:1). Yield: 135
mg (0.576 mmol, 58 %) colorless oil.
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When conducted at 100 °C (oil bath), the reaction gave the same isolated yield.

IH NMR (500 MHz, CDCl3) 6 = 7.15 - 7.25 (m, 10 H), 7.05 - 7.14 (m, 3 H), 2.50 - 2.59 (m, 2
H), 2.12 - 2.20 (m, 2 H), 1.56 (dt, J=7.32, 3.66 Hz, 4 H), 1.36 (s, 9 H) ppm.

13C NMR (126 MHz, CDCl3) & = 173.2, 142.2, 128.5, 128.4, 125.9, 80.1, 35.8, 35.5, 31.0,
28.2, 24.9 ppm.

MS (El, 70 eV) m/z: 234.1 (M*), 178.1, 161.1, 117.1, 104.1, 91.1, 77.1, 65.0, 57.1.

The spectroscopic data correspond to those reported in the literature.®

4.3 Follow-up products

1-(4-methoxyphenyl)heptan-3-one (7a)

Q n-BulLi Q
/©/\)‘\N/\ THF, -78 °C /@/\)&/\/
(0]
MeO 5t MeO 7a

To a solution of amide 5t (255 mg, 1.02 mmol, 1 eq) in abs. THF (5 mL) was added n-BuL.i
(1.6 m in hexane, 3 mmol, 3 equiv, 1.88 mL) dropwise at —78 °C. After 3 h and 3 h 40 min
aliquots of n-BuLi (0.5 mmol and 0.3 mmol, respectively) were added in addition. After 4 h
20 min overall reaction time the reaction was quenched with aqueous acetic acid (30 %, 5
mL), warmed to rt and extracted with diethyl ether (3x 30 mL). The combined organic phase
was dried over NaxSO4 and concentrated. Purification by column chromatography (silica gel,
pentane/diethyl ether, 6:1) gave ketone 7a as a colorless oil ( 207 mg, 0.941 mmol, 92 %).

'H NMR (300 MHz, CDCl3) 6 =7.03 - 7.15 (m, 2 H), 6.76 - 6.89 (m, 2 H), 3.78 (s, 3 H), 2.78
-2.90 (m, 2 H), 2.63 - 2.76 (m, 2 H), 2.37 (t, J=7.32 Hz, 2 H), 1.44 - 1.61 (m, 2 H), 1.28 (dq,
J=14.86, 7.35 Hz, 2 H), 0.88 (t, J=7.32 Hz, 3 H) ppm.

13C NMR (75 MHz, CDCl3) § = 210.7, 158.0, 133.3, 129.3, 114.0, 55.4, 44.7, 42.9, 29.1,
26.0, 22.4, 14.0 ppm

MS (El, 70 eV) m/z: 220.1 (M¥), 163.1, 135.1, 121.0, 108.0, 91.1, 85.0, 77.0, 57.1.

HRMS (ESI+): m/z [C14aH2002 + H]" calcd. 221.15361, found 221.15303.

3-(4-methoxyphenyl)-1-(pyridin-2-yl)propan-1-one (7b)

Q p-Tol-Li Q
M N /\ THF, -78 °C
(0]
MeO 5t MeO 7b Me

To a solution of para-tolyl lithium (241 mg, 2.46 mmol, 3 eq.) in abs. THF (8 mL) was added
a solution of 3-(4-methoxyphenyl)-1-morpholinopropan-1-one (204 mg, 0.819 mmol, 1 eq.) in
abs. THF (3 mL) dropwise by syringe at —78 °C. The reaction mixture was stirred for 1 hour
and was then quenched by the addition of aqueous acetic acid (30%, 5 mL). The reaction
mixture was warmed to rt and extracted with MTBE (3x 30 mL). The combined organic phase
was dried over Na;SO4 and concentrated. Column chromatography (pentane/diethyl ether,
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9:1) gave the title compound as a colorless oil which solidified upon standing (187 mg, 0.736
mmol, 90 %).

'H NMR (500 MHz, CDCl3) & = 7.79 (d, J=8.24 Hz, 2 H), 7.14 - 7.23 (m, 2 H), 7.05 - 7.13
(m, 2 H), 6.72 - 6.81 (m, 2 H), 3.71 (s, 3 H), 3.11 - 3.23 (m, 2 H), 2.89 - 2.97 (m, 2 H), 2.33
(s, 3H) ppm.

13C NMR (126 MHz, CDCls) & = 199.1, 158.0, 143.9, 134.5, 133.5, 129.4, 128.3, 114.0, 55.3,
40.7, 29.4, 21.7 ppm.

MS (EI, 70 eV) m/z: 254.1 (M), 239.1, 135.0, 121.1, 108.1, 91.1, 77.0, 65.1, 51.0.

The spectroscopic data correspond to those reported in the literature.!2

3-(4-methoxyphenyl)-1-(pyridin-2-yl)propan-1-one (7c)
X
0 | 0
(Nj\Li N\
N/E THF, 78 °C |
MeO 5t MeO

7c
To a solution of 2-bromopyridine (438 mg, 264 pL, 2.77 mmol, 3.0 eq) in abs. THF (4 mL)
was added n-butyl lithium (1.6 m in hexane, 1.44 mL, 2.30 mmol, 2.5 eq) dropwise at —78 °C
and the resulting dark-orange solution was stirred for 1 hour at this temperature. Then a
solution of the amide 5t (230 mg, 0.924 mmol, 1.0 eq) in THF (3 mL) was added dropwise.
After one hour the reaction was quenched by the addition of hydrochloric acid (1 m, 5 mL),
diluted with MTBE and warmed to rt. The aqueous phase was extracted with MTBE (3x 30
mL) and the combined organic phase was dried over Na,SO4 and concentrated. Column
chromatography (silica gel, pentane/diethyl ether, 5:1) gave the ketone as a colorless oil (180
mg, 0.747 mmol, 81 %).
IH NMR (500 MHz, CDCl3) § = 8.58 - 8.73 (m, 1 H), 8.03 (dt, J=7.78, 1.14 Hz, 1 H), 7.82
(td, J=7.71, 1.68 Hz, 1 H), 7.45 (ddd, J=7.63, 4.88, 1.22 Hz, 1 H), 7.12 - 7.24 (m, 2 H), 6.76 -
6.89 (M, 2 H), 3.77 (s, 3 H), 3.54 (t, J=7.63 Hz, 2 H), 3.01 (t, J=7.63 Hz, 2 H) ppm.
13C NMR (126 MHz, CDCls) & = 201.2, 158.0, 153.4, 149.1, 137.0, 133.6, 129.5, 127.2,
121.9, 113.9, 55.3, 39.8, 29.1 ppm.
MS (El, 70 eV) m/z: 241.1 (M%), 212.1, 121.1, 107.0, 91.1, 79.0, 65.1, 51.0.
HRMS (ESI+): m/z [C10H14N20 + H]" calcd. 242.11756, found 242.11702

1-cyclopropylheptan-3-one (7d)

O n-BulLi O
THF, 78 °C
N —_—
Lo
5v 7d

To a solution of amide 5v (267 mg, 1.46 mmol, 1 eq) in abs. THF (5 mL) was added n-butyl
lithium (1.6 M in hexane, 2.73 mL, 4.38 mmol, 3 eq) dropwise at —78 °C. The reaction
mixture was stirred at this temperature for 1 hour and was then quenched with hydrochloric
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acid (1 m, 5 mL) and diluted with diethyl ether (10 mL). After warming to rt, the reaction
mixture was extracted with diethyl ether (3x 10 mL), the combined phase was dried over
Na,SO4 and concentrated. Column chromatography (pentane/diethyl ether, 15:1, 1% eluting
fraction) gave ketone 7d as a colorless oil (203 mg, 1.32 mmol, 90 %).

IH NMR (500 MHz, CDCls3) & = 2.50 (t, J=7.32 Hz, 2 H), 2.41 (t, J=7.48 Hz, 2 H), 1.55 (dt,
J=15.18, 7.51 Hz, 2 H), 1.46 (q, J=7.12 Hz, 2 H), 1.31 (dq, J=15.03, 7.40 Hz, 2 H), 0.90 (t,
J=7.32 Hz, 3 H), 0.61-0.71 (m, 1 H), 0.35 - 0.46 (m, 2 H), -0.01 - 0.05 (m, 2 H) ppm.

13C NMR (126 MHz, CDCls) § = 211.8, 42.9, 29.2, 26.1, 22.5, 14.0, 10.7, 4.6 ppm.

MS (El, 70 eV) m/z: 154.1 (M%), 139.1, 125.1, 112.1, 97.1, 83.1, 69.1, 57.1.

Elemental analysis (%) for C10H1sO: calcd. C 77.87, H 11.76; found: C 77.76, H 12.03.

Due to low molecular weight and polarity, no ESI+ HRMS could be obtained.

3-(4-methoxyphenyl)propanal (7€)

DIBAL-H o
/@/\)‘\ _THF,-78°C _ /@/\)‘\H
MeO 7e

To a solution of amide 5t (130 mg, 0.522 mmol, 1 eq) in abs. THF (3 mL) was added DIBAL-
H (1 M in hexane, 0.6 mL, 0.600 mmol, 1.15 eq) at —78 °C. The reaction was stirred for 50
min and was then quenched by the addition of an aqueous solution of Na/K tartrate and
diluted with diethyl ether. The reaction was warmed to rt, the phases were separated and the
aqueous phase was extracted with diethyl ether (4x 20 mL). The combined organic phase was
dried over Na;SO4 and concentrated. Column chromatography (pentane/diethyl ether, 1:1)
gave the aldehyde as a colorless oil (81 mg, 0.494 mmol, 95 %).
'H NMR (300 MHz, CDCls) 6 = 9.81 (t, J=1.46 Hz, 1 H), 7.03 - 7.18 (m, 2 H), 6.75 - 6.94
(m, 2 H), 3.78 (s, 3H), 2.86 - 2.95 (m, 2 H), 2.69 - 2.78 (m, 2 H) ppm.
13C NMR (75 MHz, CDCls) § = 201.9, 158.2, 129.3, 114.1, 55.4, 45.7, 27.4 ppm.
MS (El, 70 eV) m/z: 164.1 (M¥), 121.1, 108.1, 91.1, 77.1, 65.1.
The spectroscopic data correspond to those reported in the literature.*3

5-phenylpentanal (7f)

DIBAL-H o
Ej/\/\)L _THF, -78°C _ Q/MH
7f
To a solution of amide 5u (245 mg, 0.991 mmol, 1 eq) in abs. THF (5 mL) was added
DIBAL-H (1 M in hexane, 1.09 mL, 1.09 mmol, 1.1 eq) dropwise at —78 °C. After 1 hour the
reaction was monitored by TLC and another aliquot of DIBAL-H (300 pL, 300 pumol) was
added. After further 20 min the reaction mixture was quenched with an aqueous solution of
citric acid (33 wt-%, 6 mL), diluted with diethyl ether (10 mL), warmed to rt and stirred for
30 min. The phases were separated and the aqueous phase was extracted with diethyl ether
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(3x 10 mL). The combined organic phase was dried over Na.SO4 and concentrated. Column
chromatography (pentane/diethyl ether, 15:1) gave the aldehyde 7f as a colorless oil (117 mg,
0.722 mmol, 73 %).

The 'H NMR spectrum was referenced using dichloromethane (5 = 5.30 ppm) because
compound- and CDCls signals overlapped.

!H NMR (500 MHz, CDCls) & = 9.76 (t, J=1.83 Hz, 1 H), 7.24 - 7.33 (m, 2 H), 7.13 - 7.24
(m, 3 H), 2.57 - 2.70 (m, 2 H), 2.46 (dtd, J=7.06, 3.57, 3.57, 1.68 Hz, 2 H), 1.62 - 1.75 (m, 4
H) ppm.

13C NMR (126 MHz, CDCls) § = 202.7, 142.1, 128.5, 126.0, 43.9, 35.8, 31.0, 21.8 ppm.

MS (El, 70 eV) m/z: 162.1 (M"), 144.1, 129.1, 117.1, 105.1, 91.1, 84.1, 77.1, 71.1, 65.1, 57.1,
51.1.

The spectroscopic data correspond to those reported in the literature.*
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Manganese-Catalyzed Multicomponent Synthesis of Pyrimidines from

Alcohols and Amidines
Nicklas Deibl and Rhett Kempe*

Abstract: The development of catalytic reactions for synthesiz-
ing different compounds from alcohols to save fossil carbon
feedstock and reduce CO, emissions is of high importance.
Replacing rare noble metals with abundantly available 3d
metals is equally important. We report a manganese-complex-
catalyzed multicomponent synthesis of pyrimidines from
amidines and up to three alcohols. Our reaction proceeds
through condensation and dehydrogenation steps, permitting
selective C—C and C—N bond formations. -Alkylation reac-
tions are used to multiply alkylate secondary alcohols with two
different primary alcohols to synthesize fully substituted
pyrimidines in a one-pot process. Our PN;s;P-Mn-pincer
complexes efficiently catalyze this multicomponent process.
A comparison of our manganese catalysts with related cobalt
catalysts indicates that manganese shows a reactivity similar to
that of iridium but not cobalt. This analogy could be used to
develop further (de)hydrogenation reactions with manganese
complexes.

The selective linkage of alcohols to important classes of
chemical compounds is an opportunity to develop more
sustainable chemistry."! Alcohols can be obtained from
indigestible and abundantly available lignocellulose bio-
mass,”? and thus the development of alcohol re-functional-
ization reactions can contribute to the conservation of our
fossil carbon resources and the reduction of CO, emissions. A
variety of reactions have been developed recently to catalyti-
cally synthesize aromatic N-heterocyclic compounds, such as
pyrroles,** pyridines|® pyrimidines! and others/ from
alcohols.”’ These reactions have been catalyzed by rare
noble metals, mostly based on Ir and Ru. A more sustainable
approach would be the use of catalysts based on abundantly
available 3d metals, such as Co, Fe, and Mn (nonprecious or
base metals), to additionally conserve our rare noble metal
resources. Milstein and co-workers recently introduced
a cobalt-catalyzed synthesis of pyrroles from diols and
amines!"”’ (Scheme 1, top). This reaction was discovered by
Crabtree and co-workers using a Ru catalyst.® The nonpre-
cious metal manganese, the third most abundant metal in the
earth’s crust, has been overlooked in recent years with regard
to catalysis involving a (de)hydrogenation step.!! We
recently introduced a variety of nonprecious metal catalysts
for reactions involving (de)hydrogenation steps'''®'*"* and
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E-mail: kempe@uni-bayreuth.de
@ Supporting information for this article can be found under:
http://dx.doi.org/10.1002/anie.201611318.
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» Pyrimidine synthesis based on a manganese catalyst instead of iridium

« First Mn-catalyzed synthesis of aromatic N-heterocycles from alcohols

« First Mn-catalyzed B-alkylation of alcohols (borrowing hydrogen/ hydrogen
autotransfer concept)

Scheme 1. Synthesis of aromatic N-heterocycles from alcohols cata-
lyzed by base-metal catalysts and corresponding methodology develop-
ment using noble metals.

report here on a manganese-catalyzed version of the multi-
component reaction of alcohols and amidines to form
pyrimidines”” (Scheme 1, bottom). The reaction can be
carried out to give fully substituted pyrimidines in a 3-
component or a consecutive 4-component reaction. Multi-
component reactions are especially attractive in organic
chemistry since they allow the synthesis of large libraries of
diversely functionalized products from simple starting mate-
rials. Our synthetic method is especially useful for forming
selectively alkylated and/or arylated pyrimidines. Mn cata-
lysts stabilized by PNsP ligands!" catalyze our reaction
efficiently. Related Co catalysts are nearly inactive.

The reaction between 1-phenylethanol (1a), benzyl alco-
hol (2a), and benzamidine (3a) to pyrimidine 4a was
investigated to develop a base-metal-catalyzed version of
the 3-component pyrimidine synthesis (Table 1, top). After
optimization of common reaction parameters (solvent, base,
base amount, substrate ratio; see the Supporting Information
for details), a library of Mn complexes stabilized by PNsP or
PN;P ligands was tested to find the most active precatalyst
(Table 1, complexes A-G). The complexes stabilized with
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Table 1: Precatalyst screening of the model reaction.”

Ph
Precatalyst (2 mol %)
OH  OH Ph y
Lt +BUOK (1.1 eq) ,*)%N
Ph Ph  HN"SNH  1,4-dioxane Al
120°C,20 h Ph Ph
1a 2a 3a — 3H,, — 2H,0 4a
Precatalyst R X Yield!®
of 4a
R A Me N 83%
s B Ph N 96 %
j‘,\ i (o 4CFy(CHY)- N 85%
Hl'\l tI\J II\IH D H N 92%
(i-Pr),P—Mn—P(i-Pr);  E CyHsNH- N 89%
B’ &g CO F H CH  48%
G Me CH  54%

[a] Reaction conditions: 1-phenylethanol (1.0 mmol), benzyl alcohol
(1.0 mmol), benzamidine (0.50 mmol), +-BuOK (0.55 mmol), precatalyst
(0.01 mmol, 2 mol %) 1,4-dioxane (1 mL), 120°C (oil bath temperature),
20 h. [b] Yield was determined by GC with dodecane as the internal
standard.

triazine-based ligands bearing a phenyl (B) or H (D)
substituent in the 4-position gave the highest yield of 4a.
We also tested three cobalt complexes that were recently
reported by our group!"* ¥l a5 active catalysts for borrow-
ing hydrogen/hydrogen autotransfer (BH/HA) applications,
and only unreacted starting materials were obtained (see the
Supporting Information). In summary, the best yield was
obtained when precatalyst B (2mol%) was applied, the
reaction was run in 1 4-dioxane with 1.1 equiv /-BuOK as the
base, and an excess of alcohols (1.5-2 equiv) with respect to
the amidine was used. The complexes used can be obtained on
a gram scale in high yields in two steps from commercially
available diamines and the corresponding Mn carbonyl
precursor. With these conditions in hand, we explored the
substrate scope of this 3-component reaction (Table 2). To
start with, different secondary alcohols were employed, and
aromatic (4b-d), heteroaromatic (4e.f), and aliphatic (4gh)
moieties were tolerated to give the corresponding pyrimidines
in acceptable to good yields of isolated product (66-79 % ).
When ethanol (R'=H) was used to contribute the C2 frag-
ment, the 2.4-substituted pyrimidine 4i was isolated in 50 %
yield. Through variation of the primary alcohol, aliphatic
substituents were introduced to give the corresponding
products 4jk. A secondary alcohol in combination with
methanol as a C1 building block!"” (instead of ethanol and
another primary alcohol) gave the 2,4-substituted pyrimidine
4i. A more electron-rich para-methoxyphenyl group (41) as
well as a methyl (4m) and an amino group (4m) could be
installed in the 2-position when the corresponding amidine
(or guanidine) was used.

We next focused on the use of secondary alcohols with
a substituent in the B-position, which can give rise to fully
substituted pyrimidines. The alkylation of a secondary carbon
atom by BH/HA methods is known to be more difficult,!'”'*]
but the corresponding pyrimidines 5 (Table 3) could be
isolated in moderate to good yields with a slight increase in
the base amount (1.5 equiv) and an adapted substrate ratio
(1.1 equiv primary alcohol). The use of cyclic alcohols, for
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Table 2: Scope of the 3-component pyrimidine synthesis."!

R3
B (2 mol %)
OH  OH R? +-BUOK (1.1 eq) N&N
& + I\ + /K . |
R! RZ ~ H,N"SNH  1,4-dioxane ; ,K/\ )
120°C,20 h R R
1 2 3 —3H, - 2H,0 4
Entry Product R 4 Yield®!
1 R'=Ph 4b 79%
2 R'=PMP 4c 73%
3 Ph R'=3-Cl-(CgH,)- 4d 1%
4 N/kN R'=2-thienyl de 3%
5 [l R' = 3-pyridyl af 73%
6 R PMP R' =iso-propyl 4g 66%
7 R'=cyclopropyl 4h 70%
8 R'=H 4i 50%
)P\“ R” = cyclohexyl 4j 53%
10 NN R?=n-pentyl 4k 62%
| s .
n e R*=H 4i 4%
12 R R*=PMP 4] 68%
13 NN R’ =Me 4m" 57%
14 ! R*=NH 4nl 62%
Ph/vi\PMP ’

[a] Reaction conditions: Secondary alcohol (1.5 mmol), primary alcohol
(1.5 mmol), amidine/guanidine (1 mmol), t-BuOK (1.1 mmol), B

(0.02 mmol, 2 mol %) 1,4-dioxane (2 mL), 120°C (oil bath temperature),
20 h. [b] Yields of isolated products. [c] Corresponding amidine or
guanidine hydrochloride with 1 additional equiv of t-BuOK was used.
PMP = para-methoxyphenyl.

Table 3: Synthesis of pyrimidines with alkylation of methylene carbon
atoms. !

Ph
B (2 mol %)
OH ?\H Ph +-BuOK (1.5 eq) N*N
+ + .
RH\ PMP  HyN™ “NH 1,4-dioxane H'\/\
R? 120°C, 20 h R PMP
1 2b 3a _3H,y - 2H,0 R?
5, yield™®
Ph Ph JT Ph
S G IS Ch
Z > pMP %PMP Ph/\/kPMP n Bu/\/‘\ PMP
Ph Me n-Pr
n 5d. 75 % 5e, 57 % 5f, 55 %
5a:n=1,73%
5b:n=2,78%
5¢:n=6,53%

[a] Reaction conditions: Secondary alcohol (1.5 mmol), primary alcohol
(1.1 mmol), amidine (1.0 mmol), +-BuOK (1.5 mmol), B (0.02 mmol,

2 mol %) 1,4-dioxane (2 mL), 120°C oil bath, 20 h. [b] Yields of isolated
products. PMP = para-methoxyphenyl.

example, gave the corresponding products Sa-c, which
feature annulated aliphatic rings (ring size: 7, 8, or 12
carbon atoms). Two primary alcohols, of which one contrib-
utes the C2 building block, can give rise to 2.4.5-substituted
pyrimidines (e.g., 5d in good 75% yield). Fully and differ-
ently substituted pyrimidines can also be obtained as dem-
onstrated for 5f.

Angew. Chem. Int. Ed. 2017, 56, 1663-1666



Chapter 7: Manganese-Catalyzed Multicomponent Synthesis of Pyrimidines from Alcohols and Amidines

GDCh
~—~

Finally, we became interested in whether the manganese
catalyst is also able to catalyze a preceding f-alkylation
reaction between a secondary and a primary alcohol. A
manganese-catalyzed version of this reaction has not been
reported, but would lead to the corresponding [-alkylated
alcohol (or ketone). Subsequent addition of another primary
alcohol and an amidine would give the pyrimidine in a one-
pot process. Indeed, when we investigated the reaction
between 1-phenylethanol (1.0equiv) and 1-propanol
(1.1 equiv) under the typical reaction conditions, the con-
version of 1-phenylethanol was quantitative after 5 h (see the
Supporting Information for details). Impressed by the good
activity of the catalyst, we decided to use it to develop
a consecutive 4-component reaction. The overall reaction to
give tetrasubstituted pyrimidines 5 (Table 4, top) gave the

Table 4: Synthesis of tetrasubstituted pyrimidines by a consecutive 4-
component reaction. )

addition after 5 h

OH OH OH Ph B o mol %) T
-BUOK (2
,K + L + - s +HBUOK (2 eq) hl =N
R! R? PMP HzN~ ~NH 1.4-dioxane N
120°C, 20 h R PMP
1 2 2b 3a ~3Hp - 3H0 2
5, yield® R
Ph Ph Ph
A

Me
Se, 51 %I 5g, 57 %[ 5h, 55 %

Ph Ph Ph
I\ll)%N I\IIJ'§N l\ll =N
PN BMP PR N PMP V/J\I’/)\PMP

Ph n-Pr
5i, 63 % 5, 56 % 5k, 70 %

[a] Reaction conditions: Secondary alcohol (2.0 mmol), primary alcohol
(2.2 mmol), +-BuOK (2.0 mmol), precatalyst B (0.05 mmol, 5 mol %) and
1,4-dioxane (1 mL) were heated for 5 h at 120°C (oil bath temp.).
Afterwards, amidine (1.0 mmol) and primary alcohol (1.1 mmol) were
added as a solution in 1,4-dioxane (2 mL) and the reaction was heated
under reflux for 20 h. [b] Yields of isolated products. [c] The (-alkylation
reaction was run in a closed system. PMP= para-methoxyphenyl.

best yields when an excess of alcohols, 2.0 equiv of +-BuOK
(employed at the beginning), and 5mol% precatalyst B
(2.5 mol % with respect to the first f-alkylation reaction, since
2 equiv of alcohols are employed) were used. The primary
alcohol of the p-alkylation reaction (Table 4) was varied,
which allowed the installation of a quasi-benzylic methyl
group (5e, from methanol) and longer aliphatic moieties in
the pyrimidine 5-position (5g—j). For example, 1-cyclopropyl
ethanol was used to install a cyclopropane moiety to the
pyrimidine ring and the corresponding product S5k was
obtained in good 70 % yield.
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In summary, we report the first example of a Mn-catalyzed
synthesis of aromatic N-heterocycles from alcohols. This is
a multicomponent reaction in which selective dehydrogen-
ation and condensation steps lead to selective C—C and C—N
bond formations. Through a 3-component reaction, fully
substituted, 2,4- substituted, and 2,4,5-substituted pyrimidines
can be obtained. In combination with the p-alkylation of
secondary alcohols by primary alcohols, a reaction that has
not vet been described for Mn catalysts, a consecutive 4-
component process was developed to give fully substituted
pyrimidines in a one-pot procedure. Both multicomponent
methods are strong regarding the synthesis of selectively
alkylated and arylated products. Precatalysts stabilized by
PN.P ligands (triazine backbone) are about twice as efficient
as those stabilized by PN;P ligands (pyridine backbone).
Notably. both It'”) and Mn complexes catalyze the two distinct
reactions (BH/HA and ADC) efficiently under similar
reaction conditions. Co complexes stabilized by such ligands
are nearly inactive in the ADC step. The (double) diagonal
relationship Mn-Ru-Ir could be an explanation for the
analogous catalytic reactivity between Mn and Ir observed
here. Considering the many applications of Ir catalysts in
(de)hydrogenation reactions, we feel that manganese has
a great potential to partially replace Ir in such reactions.
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1 General Methods

Air- and moisture sensitive reactions were carried out under nitrogen or argon atmosphere using
standard Schlenk techniques or a glove box. Dry solvents were obtained from a solvent
purification system (Al>Os cartridges) or purchased from Acros. Chemicals were purchased
from commercial vendors and used without purification if not noted otherwise. NMR-Spectra
were collected on Varian INOVA 300 (300 MHz for *H, 75 MHz for 3C) or Bruker Avance IlI
HD 500 (500 MHz for *H, 125.7 MHz for *C) instruments. Chemical shifts are reported in ppm
relative to the residual solvent signal (CDCls: 7.26 ppm (*H), 77.16 ppm (*3C)). Coupling
constants (J) are reported in Hz (coupling patterns: d = doublet, t = triplet, g = quartet, sxt =
sextet, spt = septet, m = multiplet). GC analyses were carried out on an Agilent 6890N Network
GC system equipped with a HP-5 column (30 m x 0.32 mm x 0.25 um) or on an Agilent 6790
N equipped with an Optima 17 column (30 m x 0.32 mm x 0.25 pm). GC-MS analyses were
carried out on an Agilent 7890A GC system equipped with a HP-5MS column (30 m x 0.32
mm x 0.25 um) and a 5975C inert MSD detector. Flash column chromatography was conducted
on Macherey-Nagel silica gel 60 (40-63 um particle size). Elemental analysis was performed
on an Elementar Vario El 11 Instrument. High resolution mass spectra (HRMS) were obtained
from a Thermo Scientific Q-Exactive (Orbitrap) instrument in ESI+ mode.

Purification/preparation of chemicals: t-BuOK was dried at 70 °C under high vacuum
Benzamidine was purchased as the hydrochloride hydrate, extracted (CH2Cl> vs. 1 M aq. NaOH)
and dried under high vacuum prior to use.

All ligands® and complexes??® were prepared as reported previously by our group.

Pyrimidine products were analyzed by GC-MS, *H and 3C NMR analysis and compared to
authentic literature data. Unknown compounds or compounds with incomplete spectroscopic
literature data were further analyzed by HRMS or elemental analysis.

The following products have not been (sufficiently) described in the literature: 4d, 4f, 4g, 4h,
4m, 5i, 5j.

MTBE = methyl tert-butyl ether
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2 General procedures for the preparation of compounds

2.1 General procedure for ligand preparation

Representative procedure: Under inert gas atmosphere a round-bottom flask with gas inlet
was charged with a solution/suspension the corresponding triazine or pyridine diamine (1 eq)
in abs. THF. The solution was cooled to 0 °C and diisopropyl chlorophospine (2.1 eq) was
added dropwise by syringe through a septum maintaining a positive inert gas pressure.
Afterwards triethylamine (4 eq) was added by syringe. The flask was sealed and the reaction
was warmed to room temperature and then heated to 60 °C overnight. After cooling, triethyl
ammoniumchloride was allowed to settle and the organic phase was isolated by filtration. The
salt cake was washed once with THF and the combined organic phases were concentrated and
dried under high vacuum giving the P,N,P ligand in good purity for direct use without further
purification. Otherwise, the crude ligand can be purified by recrystallization from a small
amount of hot toluene.

2.2 General procedure for the preparation of Manganese complexes

Using a nitrogen-filled glove box, a schlenk tube was charged with a magnetic stirring bar and
a suspension of PNP-Ligand (1 eq.) and bromopentacarbonylmanganese(l) (1 eq) in toluene.
The tube was sealed, removed from the glove box and a reflux condenser was attached under
argon stream. The top of the condenser was connected to a bubble counter. The reaction was
heated to 100 °C (oil bath) which led to a orange solution and then to precipitation of the
complex. After heating overnight, the reaction was cooled and the toluene phase was removed
by filtration. After drying under heating (100 °C oil bath) and high vacuum the corresponding
complex was obtained typically as orange to bright yellow powder.

2.3 General procedure for the synthesis of pyrimidines
2.3.1 Three-component synthesis

Note: The reactions can either be run in a closed (38 mL pressure tube) or open system (Schlenk
tube with reflux condenser). No high variations in yield (10%) were detected by GC analysis
on a 1 mmol scale.
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When the reaction is run in an open system, alcohol conversion is nearly complete (formation
of the corresponding coupling product on ketone oxidation level). When run in a closed system,
excess alcohols are not completely consumed.

Closed system:

Using a nitrogen-filled glove box, an oven-dried pressure tube (38 mL volume) was charged
with a magnetic stirring bar, t-BuOK (1.1 mmol, 123 mg), precatalyst B (0.02 mmol, 2 mol %,
1 mL from a 0.02 m stock solution), primary alcohol (1.5 mmol), secondary alcohol (1.5 mmol),
amidine or guanidine (1.0 mmol) and 1,4-dioxane (2 mL). The tube was closed tightly with a
teflon cap, removed from the glove box and immersed into a pre-heated oil bath (120 °C). After
20 h the reation was cooled, quenched with half-saturated brine and extracted with MTBE (4x
15 mL). A small aliquot of the organic phase was analyzed by GC-MS to monitor product
formation. The combined organic phase was dried over Na2SO4 and concentrated. Purification
of the remainder by column chromatography on silica gel gave the corresponding pyrimidines
in the reported yields.

Open system:

Using a nitrogen-filled glove box, a 25 mL Schlenk tube was charged with a magnetic stirring
bar, t-BuOK (1.1 mmol, 123 mg), precatalyst B (0.02, 2 mol %, 1 mL from a 0.02 M stock
solution), primary alcohol (1.5 mmol), secondary alcohol (1.5 mmol), amidine or guanidine
(2.0 mmol) and 1,4-dioxane (2 mL). The tube was closed with a glass stopper and removed
from the glove box. A reflux condenser was evacuated and refilled with argon and then attached
to the Schlenk tube maintaining an argon stream. A bubble counter was attached to the top of
the condenser and the whole system was purged with argon for 15 seconds. The schlenk tube
was immersed into a pre-heated oil bath (120 °C) and the reaction was allowed to run for 20 h.
Work-up was conducted as described above.

2.3.2 Consecutive four-component synthesis

Four-component syntheses were run in 25 mL two-necked Schlenk tubes in an open system
(reflux condenser).

Using a nitrogen-filled glove box, a two-necked schlenk tube (25 mL volume) was charged
with a magnetic stirring bar, t-BuOK (2 mmol, 224 mg), precatalyst B (0.05 mmol), secondary
alcohol (2.0 mmol), primary alcohol (2.2 mmol) and 1,4-dioxane (1 mL). One neck of the tube
was closed with a rubber septum and the other neck with a glass stopper. The tube was removed
from the glove box and a reflux condenser (filled with argon) was attached under argon stream.
A bubble counter was attached on top of the reflux condenser and the system was purged with
argon for 15 seconds. The reaction mixture was heated to reflux (120 °C oil bath) for 5 hours
and then a solution (prepared in the glove box) of the remaining starting materials (primary
alcohol (1.1 mmol) and amidine (1.0 mmol) in 1,4-dioxane (2 mL) was injected by syringe
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through the rubber septum. The reaction mixture was allowed to run for another 20 h (reflux)
and after cooling the reaction was subjected to work up as described above.

Variation for low-boiling alcohols (methanol, ethanol): The B-alkylation reaction was run in
a closed system (sealed Schlenk flask). Afterwards, the reaction was treated as described above.

3 Screening of reaction conditions

General screening procedure: Using a nitrogen-filled glove box, a 38 mL glass pressure tube
was charged with a magnetic stirring bar, base, alcohols, amidine, catalyst and solvent. The
tube was closed with a teflon cap, removed from the glove box and immersed into a pre-heated
(120 °C) oil bath for 20 h. The reaction was cooled, quenched with water (1 mL) and dodecane
(internal standard, 100 pL for 0.5 mmol scale reaction) was added. The mixture was extracted
with MTBE (20 mL) and an aliquot of the organic phase was analyzed by GC-FID to determine
the yield using dodecane as the internal standard.

Table S 1. Screening of solvent

Entry Solvent Yield
1 THF? 0%

2 Toluene 32%
3 tert-amyl alcohol 55 %
4 1,4-Dioxane 78 %
5 Diglyme 56 %

Reaction conditions: 1-phenylethanol (0.75 mmol, 1.5 eq), benzyl alcohol (0.75 mmol, 1.5
eq), benzamidine hydrochloride (0.5 mmol, 1 eq), t-BuOK (0.5 + 0.55 mmol to trap HCI, 1.1
eq), catalyst B (0.01 mmol, 10 mol %) and solvent (2 mL) were heated for 20 h in a closed
38 mL pressure tube at 120 °C (oil bath).

280 °C oil bath
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Table S 2. Screening of base

Entry Base Yield
1 t-BuOLi 0%
2 t-BuONa 9%
3 t-BuOK 78 %
4 KOH 13 %
5 KHMDS 62 %

Reaction conditions: 1-phenylethanol (0.75 mmol, 1.5 eq), benzyl alcohol (0.75 mmol, 1.5
eq), benzamidine hydrochloride (0.5 mmol, 1 eq), base (0.5 + 0.55 mmol to trap HCI, 1.1 eq),
catalyst B (0.025 mmol, 5 mol %) in 1,4-dioxane (2 mL) were heated for 20 h in a closed 38
mL pressure tube at 120 °C (oil bath).

Table S 3. Screening of base amount.

Entry Base amount (equiv) Yield
1 0.1 0%

2 0.2 26 %
3 0.5 62 %
4 1.1 79 %
5 15 73 %
6 2.0 71 %

Reaction conditions: 1-phenylethanol (0.75 mmol, 1.5 eq), benzyl alcohol (0.75 mmol, 1.5
eq), benzamidine (free base, 0.5 mmol, 1 eq), t-BuOK, catalyst B (0.025 mmol, 5 mol %) in
1,4-dioxane (2 mL) were heated for 20 h in a closed 38 mL pressure tube at 120 °C (oil bath).

Table S 4. Screening of substrate ratio

Entry Ratio Amidine/2° alc/1° alc Yield
1 1.0:2.0:20 96 %
2 1.0:15:15 79 %
3 1.0:11:15 68 %
4 10:15:1.1 59 %
5 1.0:15:20 67 %
6 1.0:20:15 75 %

Reaction conditions: 1-phenylethanol (0.75 mmol, 1.5 eq), benzyl alcohol (0.75 mmol, 1.5
eq), benzamidine (free base, 0.5 mmol, 1 eq), t-BuOK, catalyst B (0.025 mmol, 5 mol %) in
1,4-dioxane (2 mL) were heated for 20 h in a closed 38 mL pressure tube at 120 °C (oil bath).
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Although the screening of substrate ratio suggested to use 2 equiv of alcohols, no difference in
isolated yields was observed for when 1.5 equiv of alcohols were used instead. As an example,
compound 4h was always isolated in the same yields (70 %) when either 2.0 or 1.5 equiv of
alcohols were used. When 4 mol % precatalyst B, were used, the yield did not change as well.
Thus, 1.5 equiv of alcohols was selected eventually.

Table S 5. Precatalyst Screening

Structure Entry Precatalyst R X Yield
1 A Me N 83 %
2 B Ph N 96 %
T 3 C 4-CFs- N 85 %
X (CeHa)-
HNJ\ITI//kNH
(i-Pr)ZFI’—Mn\—Fl’(i-Pr)Z 4 D H N 92 %
Br® ¢o ©° 5 E CsHs-NH- N 89 %
6 F H CH 48 %
7 G Me CH 54 %
T 8 H Me -- 9%
N”>N
| - 0
SN 9 I Ph 0%
(i-F>r)2F|>—clg»—F|><i-F>r)2 10 J CsHs-NH- -- 0%
cl
T 11 K as shown 0%
)
HN/I\ITI/)\NH
(:‘-Pr)2||=—lyln—||=(/-P|r)2
o o

Reaction conditions: 1-phenylethanol (1 mmol, 2 eq), benzyl alcohol (1 mmol, 2 eq),
benzamidine (free base, 0.5 mmol, 1 eq), t-BuOK (0.55 mmol, 1.1 eq), catalyst (0.01 mmol,
2 mol %) in 1,4-dioxane (2 mL) were heated for 20 h in a closed 38 mL pressure tube at 120
°C (oil bath).

In order to establish reaction conditions that allow complete consumption of the secondary
alcohol in the B-alkylation reaction within 5 hours under the typical reaction conditions, the
following reaction (Scheme S 1)was investigated by GC analysis and the consumption of 1-
phenylethanol was monitored (any unconsumed secondary alcohol would give the 4-
unsubstituted pyrimidine in the last reaction step of the consecutive 4-component-reaction):
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(using 5 mol % B) (using 1.1 eq t-BuOK)

cat. B
OH OH t-BuOK OH
+ e
Ph)\ K/ 1,4-dioxane (1 mL) Ph
1 mmol 1.1 mmol 120 °C oil bath (and ketone)
5h

E Base amount: 1-phenylethanol : : Cat. B 1-phenylethanol :
; consumed Lo consumed '
E 8‘21 eq no . ' 0.5 mol % no .
: 0.6 eq no P 1.0mol % no ;
; 08 q no t o 20mol % yes '
! ©€q yes . 4.0 mol % yes \
, 1.1eq yes v '
; Do ’

Scheme S 1. GC-Monitoring of the B-alkylation reaction to ensure complete consumption of 1-phenylethanol
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4 Characterization Data

4-(4-methoxyphenyl)-2,6-diphenylpyrimidine (4b)
h

O
Ph/kaMP

Purification by column chromatography (silica gel, pentane/diethyl ether, 30:1). Yield: 266 mg,
(0.787 mmol, 79 %) white solid.

'H NMR (500 MHz, CDCls): 5 =8.70 - 8.76 (m, 2 H), 8.22 - 8.33 (m, 4 H), 7.95 (s, 1 H), 7.48
-7.63 (m, 6 H), 7.03 - 7.11 (m, 2 H), 3.91 (s, 3 H) ppm.

1BC NMR (126 MHz, CDCls): 6 =164.6, 164.5, 164.3, 162.1, 138.4, 137.8, 130.8, 130.7, 130.0,
129.0, 128.9, 128.58, 128.55, 127.4, 114.4 109.6, 55.6 ppm.

MS (El, 70 eV) m/z: 338.2 (M"), 323.1, 235.1, 220.1, 204.1, 191.1, 165.1, 132.1, 117.4, 102.1,
89.1, 77.1.

The spectroscopic data correspond to those reported in the literature.*

4,6-bis(4-methoxyphenyl)-2-phenylpyrimidine (4c)
Ph

O
PMP)\VLPMP

Purification by column chromatography (silica gel, pentane/diethyl ether, 40:1 — 10:1). Yield:
267 mg (0.726 mmol, 73 %) white solid.

'H NMR (500 MHz, CDClz): 6 =8.66 - 8.76 (m, 2 H), 8.22 - 8.31 (m, 2 H), 7.88 (s, 1 H), 7.47
-7.59 (m,2H),7.02-7.12 (m, 2 H), 3.91 (s, 3 H) ppm.

13C NMR (126 MHz, CDCls): 6 =164.3,164.1, 138.4, 130.6, 130.2, 128.9, 128.6, 128.5, 114.4,
108.7, 55.6 ppm.

MS (El, 70 eV) m/z: 368.1 (M™), 265.1, 250.0, 234.0, 207.0, 132.1, 117.0, 103.0, 89.0, 77.0.

The spectroscopic data correspond to those reported in the literature.®
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4-(3-chlorophenyl)-6-(4-methoxyphenyl)-2-phenylpyrimidine (4d)

Purification by column chromatography (silica gel, pentane diethyl ether, 20:1). Yield: 263 mg
(0.705 mmol, 71%) white solid.

IH NMR (300 MHz, CDCls) § = 8.60 - 8.78 (m, 2 H), 8.21 - 8.35 (m, 3 H), 8.05 - 8.20 (m, 1
H), 7.88 (s, 1 H), 7.42 - 7.64 (m, 5 H), 6.96 - 7.15 (m, 2 H), 3.91 (s, 3 H) ppm.

13C NMR (75 MHz, CDCl3): 8 = 164.5, 163.1, 162.2, 139.6, 138.1, 135.1, 130.8, 130.7, 130.2,
129.7, 128.9, 128.6, 127.5, 125.4, 114.4, 109.4, 55.6 ppm.

MS (EI, 70 eV) m/z: 372.1 (M*), 357.1, 254.0, 234.1, 191.1, 132.1, 89.0.

Elemental analysis (%) for C23H17CIN2O calcd: C 74.09, H 4.60, N 7.51; found: C 73.82, H
4.21, N 7.30.

4-(4-methoxyphenyl)-2-phenyl-6-(thiophen-2-yl)pyrimidine (4e)

Purification by column chromatography (silica gel, pentane/diethyl ether, 30:1 — 20:1). Yield:
251 mg (0.73 mmol, 73 %) off-white solid.

IH NMR (500 MHz, CDCl3): § = 8.63 - 8.71 (m, 2 H), 8.21 - 8.29 (m, 2 H), 7.93 (dd, J=3.66,
1.22 Hz, 1 H), 7.80 (s, 1 H), 7.48 - 7.58 (m, 4 H), 7.21 (dd, J=4.88, 3.66 Hz, 1 H), 7.02 - 7.11
(m, 2 H), 3.91 (s, 3 H) ppm.

1BC NMR (126 MHz, CDCls): 5 =164.4,164.1, 162.1, 159.5, 143.6, 138.0, 130.8, 129.8, 129.7,
128.9, 128.5, 128.4, 127.0, 114.3, 107.6, 55.6 ppm.

MS (EI, 70 eV) m/z: 344.1 (M*), 241.0, 226.0, 207.0, 132.0, 108.0, 89.0, 89.0, 77.0.

The spectroscopic data correspond to those reported in the literature.®
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4-(4-methoxyphenyl)-2-phenyl-6-(pyridin-3-yl)pyrimidine (4f)

Purification by column chromatography (silica gel, pentane/ethyl acetate, 1:1). Yield: 248 mg
(0.732 mmol, 73 %) pale yellow solid.

1H NMR (500 MHz, CDCl3): & =9.48 (br. s., 1 H), 8.79 (br. s., 1 H), 8.68 - 8.74 (m, 2 H), 8.64
(d, J=7.93 Hz, 1 H), 8.29 (d, J=8.85 Hz, 2 H), 7.97 (s, 1 H), 7.48 - 7.59 (m, 4 H), 7.09 (d, J=8.85
Hz, 2 H), 3.92 (s, 3 H) ppm.

13C NMR (126 MHz, CDCls): § = 164.7, 164.6, 162.3, 138.0, 134.9, 130.9, 129.6, 129.0, 128.6,
128.5, 114.4, 109.4, 55.6 ppm.

MS (El, 70 eV) m/z: 339.1 (M%), 324.1, 235.1, 221.0, 205.0, 192.1, 132.0, 117.0, 103.0, 89.0,
76.0.

HRMS (ESI+) m/z calcd. for [C22H17NzO +H]* 340.14444, found 340.14389.

4-isopropyl-6-(4-methoxyphenyl)-2-phenylpyrimidine (49)

Purification by column chromatography (silica gel, pentane/diethyl ether, 40:1). Yield: 199 mg
(0.655 mmol, 66 %) white solid.

IH NMR (500 MHz, CDCls): & = 8.59 - 8.66 (m, 2 H), 8.18 - 8.25 (m, 2 H), 7.45 - 7.55 (m, 3
H), 7.41 (s, 1 H), 7.02 - 7.07 (m, 2 H), 3.90 (s, 3 H), 3.13 (spt, J=7.00 Hz, 1 H), 1.41 (d, J=7.02
Hz, 6 H) ppm.

13C NMR (126 MHz, CDCls): § = 176.1, 164.0, 163.6, 161.9, 130.5, 130.2, 128.8, 128.7, 128.5,
114.3, 110.7, 55.6, 36.4, 22.1 ppm.

MS (EI, 70 eV) m/z: 304.1 (M*), 289.1, 276.1, 246.1, 132.1, 104.1, 89.1, 77.1.

HRMS (ESI+) m/z calcd. for [Ca0H20N20 +H]* 305.16484, found 305.16418.
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4-cyclopropyl-6-(4-methoxyphenyl)-2-phenylpyrimidine (4h)

Purification by column chromatography (silica gel, pentane/diethyl ether, 40:1). Yield: 210 mg
(0.695 mmol, 70 %) white solid.

'H NMR (500 MHz, CDCl3): 6 = 8.53 - 8.60 (m, 2 H), 8.16 - 8.23 (m, 2 H), 7.44 - 7.53 (m, 3
H), 7.40 (s, 1 H), 7.00 - 7.07 (m, 2 H), 3.89 (s, 3 H), 2.10 (m, J=4.27 Hz, 1 H), 1.29 - 1.35 (m,
2 H), 1.08 - 1.14 (m, 2 H) ppm.

13C NMR (126 MHz, CDCl3): 8 = 172.0, 163,9, 162.6, 161.8, 138.5, 130.4, 130.0, 128.8,
128.42, 128.39, 114.27, 114.25, 111.62, 55.5, 17.4, 10.9 ppm.

MS (El, 70 eV) m/z: 302.1 (M"), 198.1, 168.1, 154.1, 132.1, 104.1, 89.1, 77.1.

HRMS (ESI+) m/z calcd. for [C20H18N20 +H]* 303.14919, found 303.14856

4-(4-methoxyphenyl)-2-phenylpyrimidine (4i)
Ph

O
K)\PMP

Version with ethanol and 4-methoxybenzyl alcohol:

Purification by column chromatography (silica gel, pentane/diethyl ether, 7:3). Yield: 132 mg
(0.504 mmol, 50 %) white solid.

Version with 1-(4-methoxyphenyl)ethanol and methanol:
Purification as above, yield: 132 mg (0.435 mmol, 44 %) white solid.

IH NMR (500 MHz, CDCls): 5 = 8.77 (d, J=5.49 Hz, 1 H), 8.55 - 8.66 (m, 2 H), 8.16 - 8.28
(m, 2 H), 7.46 - 7.61 (m, 4 H), 6.98 - 7.11 (m, 2 H), 3.89 (s, 3 H) ppm.

13C NMR (126 MHz, CDCls): = 164.4, 163.4, 162.1, 157.6, 138.1, 130.7, 129.4, 128.8, 128.6,
128.3, 114.3, 113.7, 55.5 ppm.

MS (EI, 70 eV) m/z: 262.1 (M*), 247-1, 159.0, 132.1, 117.0, 103.0.

The spectroscopic data correspond to those reported in the literature.®
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4-cyclohexyl-6-(4-methoxyphenyl)-2-phenylpyrimidine (4j)
Ph
Ay

i
PMP/K/KO

Purification by column chromatography (silica gel, pentane/diethyl ether, 50:1 — 40:1).
Yield:183 mg (0.532 mmol, 53 %) white solid.

IH NMR (500 MHz, CDCls): § = 8.60 - 8.66 (m, 2 H), 8.18 - 8.24 (m, 2 H), 7.46 - 7.55 (m, 3
H), 7.39 (s, 1 H), 7.01 - 7.07 (m, 2 H), 3.89 (s, 3 H), 2.78 (tt, J=11.79, 3.47 Hz, 2 H), 2.04 -
2.11 (m, 2 H), 1.88 - 1.96 (m, 2 H), 1.77 - 1.85 (m, 1 H), 1.68 (qd, J=12.51, 3.36 Hz, 2 H), 1.48
(qt, J=12.82, 3.36 Hz, 2 H), 1.35 (qt, J=12.70, 3.36 Hz, 5 H) ppm.

13C NMR (126 MHz, CDCl3): & = 175.2, 164.0, 163.4, 161.8, 138.7, 130.4, 130.2, 128.8,
128.47,128.45, 114.3, 111.1, 55.5, 46.4, 32.3, 26.5, 26.2 ppm.

MS (El, 70 eV) m/z: 344.2 (M"), 315.2, 303.1, 289.1, 276.1, 246.1, 144.6, 132.1, 104.1.

The spectroscopic data correspond to those reported in the literature.*

4-(4-methoxyphenyl)-6-pentyl-2-phenylpyrimidine (4k)

Ph

A

1
PMP/K/I\/\/\

Purification by column chromatography (silica gel, pentane/diethyl ether, 30:1). Yield: 206 mg
(0.620 mmol, 62 %) white solid.

IH NMR (500 MHz, CDCls): 5 = 8.55 - 8.67 (m, 2 H), 8.18 - 8.24 (m, 2 H), 7.45 - 7.57 (m, 3
H), 7.39 (s, 1 H), 6.99 - 7.08 (m, 2 H), 3.89 (s, 3 H), 2.81 - 2.91 (m, 2 H), 1.80 - 1.93 (m, 2 H),
1.35 - 1.50 (m, 4 H), 0.89 - 1.00 (m, 3 H) ppm.

1BCNMR (126 MHz, CDCls): =171.4,164.2,163.3, 161.9, 138.5, 130.4, 130.0, 128.8, 128.5,
128.5, 114.3, 112.6, 55.5, 38.3, 31.7, 28.7, 22.7, 14.2 ppm.

MS (EI, 70 eV) m/z: 332.2 (M*), 303.1, 289.1, 276.1, 132.1, 104.1, 89.1, 77.1.

The spectroscopic data correspond to those reported in the literature.*
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2,4-bis(4-methoxyphenyl)-6-phenylpyrimidine (41)
PMP

O
Ph/K/\PMP

1 mmol scale. Purification by column chromatography (silica gel, pentane/diethyl ether, 40:1
— 10:1). Yield: 250 mg (0.679 mmol, 68 %) white solid.

IH NMR (500 MHz, CDCls): § = 8.64 - 8.72 (m, 2 H), 8.22 - 8.31 (m, 4 H), 7.89 (s, 1 H), 7.49
-7.59 (M, 3 H), 7.01 - 7.10 (m, 4 H), 3.91 (s, 3 H), 3.90 (s, 3 H) ppm.

13C NMR (126 MHz, CDCls): & = 164.5, 164.20, 164.19, 162.0, 161.9, 137.9, 131.1, 130.7,
130.22, 130.16, 129.0, 128.9, 127.4, 114.3, 113.8, 108.9, 55.6, 55.5 ppm.

MS (EI, 70 eV) m/z: 368.1 (M%), 353.1, 220.0, 132.0, 117.1, 102.0, 89.0, 77.0.

The spectroscopic data correspond to those reported in the literature.’

4-(4-methoxyphenyl)-2-methyl-6-phenylpyrimidine (4m)

Me

N)§N

|
th PMP

1 mmol scale. Purification by column chromatography (silica gel, pentane/MTBE, 9:1 — 5:1).
Yield: 156 mg (0.656 mmol, 57 %) white solid.

'H NMR (500 MHz, CDCls): 6 =8.06 - 8.16 (m, 4 H), 7.80 (s, 1 H), 7.46 - 7.57 (m, 3 H), 6.98
-7.05 (m, 2 H), 3.83-3.90 (m, 3 H), 2.85 (s, 3 H) ppm.

13C NMR (126 MHz, CDCls): 5 = 168.4, 164.6, 164.3, 161.8, 137.7, 130.5, 129.8, 128.9, 128.8,
127.3, 114.3, 109.2, 55.4, 26.6 ppm.

MS (El, 70 eV) m/z: 276.1 (M"), 261.1, 235.1, 220.1, 204.1, 132.1, 117.2, 102.1, 89.1, 77.1.

HRMS (ESI+) m/z calcd. for [C1sH1sN2O + H]* 277.13354, found 277.13312

4-(4-methoxyphenyl)-6-phenylpyrimidin-2-amine (4n)
NH,

)
Ph/vLPMP

1 mmol scale. Purification by column chromatography (silica gel, pentane/MTBE, 2:1 —
1.5:1). Yield: 172 mg (0.621 mmol, 62 %) white solid.

'H NMR (500 MHz, CDCl3): 6 =8.00 - 8.09 (m, 4 H), 7.46 - 7.54 (m, 3 H), 7.42 (s, 1 H), 6.97
-7.04 (m, 2 H), 5.24 (br. s., 2 H), 3.88 (s, 3 H) ppm.
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13C NMR (126 MHz, CDCls): = 166.1, 165.7, 163.5, 161.9, 137.9, 130.6, 130.1, 128.9, 128.8,
127.2, 114.26, 114.25, 103.7, 55.6 ppm.

MS (El, 70 eV) m/z:277.1 (M"), 262.0, 233.0, 220.0, 207.0, 165.0, 102.0, 89.0, 77.0.

The spectroscopic data correspond to those reported in the literature.*

4-(4-methoxyphenyl)-2-phenyl-6,7,8,9-tetrahydro-5H-cyclohepta[d] pyrimidine (5a)

Purification by column chromatography (silica gel, pentane/diethyl ether, 30:1 — 15:1). Yield:
240 mg (0.727 mmol, 73 %) white solid.

IH NMR (500 MHz, CDCI3): & = 8.49 (dd, J=7.93, 1.53 Hz, 2 H), 7.55 - 7.61 (m, 2 H), 7.40 -
7.49 (M, 3 H), 6.99 - 7.05 (M, 2 H), 3.88 (s, 3 H), 3.10 - 3.22 (m, 2 H), 2.85 - 2.96 (m, 2 H),
1.89 - 1.99 (m, 2 H), 1.78 - 1.88 (m, 2 H), 1.66 - 1.77 (m, 2 H) ppm.

13C NMR (126 MHz, CDCls): =172.6, 163.8, 160.9, 160.1, 138.2, 131.6, 130.8, 130.2, 130.0,
128.3, 128.0, 113.6, 55.3, 39.3, 32.3, 29.1, 27.7, 26.1 ppm.

MS (El, 70 eV) m/z: 329.2, 315.2, 301.1, 258.1, 145.1, 104.1, 91.1, 77.1.

The spectroscopic data correspond to those reported in the literature.*

4-(4-methoxyphenyl)-2-phenyl-5,6,7,8,9,10-hexahydrocycloocta[d] pyrimidine (5b)
Ph

N™ >N

|
PMP

Purification by column chromatography (silica gel, pentane/diethyl ether, 30:1 — 15:1). Yield:
269 mg (0.782 mmol, 78 %) white solid.

IH NMR (500 MHz, CDCI3): 5 = 8.44 - 8.57 (m, 2 H), 7.52 - 7.58 (m, 2 H), 7.40 - 7.50 (m, 3
H), 6.98 - 7.04 (M, 2 H), 3.88 (s, 3 H), 3.03 - 3.12 (m, 2 H), 2.84 - 2.93 (m, 2 H), 1.88 - 1.99
(M, 2 H), 1.60 - 1.69 (m, 2 H), 1.42 - 1.54 (m, 4 H) ppm.

13C NMR (126 MHz, CDCls): § =170.8, 165.1, 161.6, 160.0, 138.4, 132.1, 130.4, 130.3, 130.0,
128.7,128.5, 128.2, 113.7, 55.5, 35.1, 31.5, 30.5, 26.7, 26.3, 26.0 ppm.

213



Chapter 7: Manganese-Catalyzed Multicomponent Synthesis of Pyrimidines from Alcohols and Amidines

MS (El, 70 eV) m/z: 344.2 (M"), 329.2, 315.2,301.1, 289.1, 276.1, 183.1, 172.1, 158.1, 145.1,
128.1, 115.1, 104.1, 91.1, 77.1.

The spectroscopic data correspond to those reported in the literature.*

4-(4-methoxyphenyl)-2-phenyl-5,6,7,8,9,10,11,12,13,14-decahydrocyclododeca[d] pyrimidine
(5¢)

N

Ph
|/gN
> pmMp

Purification by column chromatography (silica gel, pentande/diethyl ether, 30:1 — 20:1).
Yield: 213 mg (0.533 mmol, 53 %) white solid.

IH NMR (500 MHz, CDCls): § = 8.43 - 8.61 (m, 2 H), 7.52 - 7.58 (m, 2 H), 7.41 - 7.51 (m, 3
H), 6.95 - 7.06 (m, 2 H), 3.88 (s, 3 H), 2.93 (t, J=7.63 Hz, 2 H), 2.78 - 2.87 (m, 2 H), 2.02 -
2.13 (m, 2 H), 1.37 - 1.63 (m, 12 H), 1.24 - 1.36 (m, 3 H)

13C NMR (126 MHz, CDCls): § = 170.1, 166.2, 160.9, 159.9, 138.3, 132.7, 130.1, 130.00,
129.97, 128.4, 128.2, 113.7, 55.4, 34.2, 32.2, 28.2, 27.8, 26.9, 26.8, 26.0, 25.9, 25.85, 25.82,
23.22, 23.21, 22.4 ppm.

MS (El, 70 eV) m/z: 399.1 (M"), 385.2, 369.2, 257.2, 343.2, 329.2, 315.1, 303.1, 289.1, 145.0,
104.0, 77.0.

The spectroscopic data correspond to those reported in the literature.*

4-(4-methoxyphenyl)-2,5-diphenylpyrimidine (5d)
Ph
1

“ >PMP

Ph
Purification by column chromatography (silica gel, pentane/diethyl ether, 15:1). Yield: 253 mg

(0.749 mmol, 75 %) white solid.

IH NMR (500 MHz, CDCls): 5 = 8.74 (s, 1 H), 8.54 - 8.63 (m, 2 H), 7.47 - 7.61 (m, 5 H), 7.33
- 7.44 (M, 3 H), 7.27 - 7.31 (m, 2 H), 6.79 - 6.87 (m, 2 H), 3.82 (s, 3 H) ppm.

13C NMR (126 MHz, CDCls): $ =163.1, 162.9, 160.8, 158.7, 137.7, 137.1, 131.8, 130.8, 130.4,
130.2, 129.41, 129.39, 129.0, 128.68, 128.67, 128.4, 128.0, 113.7, 55.4 ppm.

MS (EI, 70 eV) m/z: 337.2, (M), 294.1, 193.1, 165.1, 102.1.
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The spectroscopic data correspond to those reported in the literature.*

4-(4-methoxyphenyl)-5-methyl-2,6-diphenylpyrimidine (5e)
Ph
N/gN

|
PhV\PMP

Me
Purification by column chromatography (silica gel, pentane/diethyl ether, 9:1). Yield: 202 mg
(0.574 mmol, 57 %) white solid.

'H NMR (500 MHz, CDCl3): 6 =8.53 - 8.65 (m, 2 H), 7.71 - 7.83 (m, 4 H), 7.42 - 7.58 (m, 6
H), 7.01-7.12 (m, 2 H), 3.90 (s, 3 H), 2.43 (s, 3 H) ppm.

13C NMR (126 MHz, CDCls): = 167.0, 166.4, 161.4, 160.6, 139.5, 138.1, 131.7,131.2, 130.3,
129.53, 129.51, 129.2, 128.5, 128.4, 128.3, 123.0, 113.8, 55.5, 18.2 ppm.

MS (El, 70 eV) m/z: 351.2 (M"), 140.0, 115.1, 103.1, 77.1.

The spectroscopic data correspond to those reported in the literature.*

4-butyl-6-(4-methoxyphenyl)-2-phenyl-5-propylpyrimidine (5f)

Ph

BN

N™ N

|

IH NMR (500 MHz, CDCls): 5 = 8.47 - 8.59 (m, 2 H), 7.53 - 7.59 (m, 2 H), 7.41 - 7.50 (m, 3
H), 6.99 - 7.06 (M, 2 H), 3.89 (s, 3 H), 2.88 - 2.95 (m, 2 H), 2.68 - 2.75 (m, 2 H), 1.87 - 1.96
(M, 2 H), 1.47 - 1.59 (m, 4 H), 1.05 (t, J=7.32 Hz, 3 H), 0.91 (t, J=7.32 Hz, 3 H) ppm.

13C NMR (126 MHz, CDCls): 6 =169.7, 165.5, 161.0, 160.0, 138.4, 132.3, 130.3, 130.0, 128.4,
128.15, 113.7,55.4, 345, 31.1, 30.2, 24.0, 23.0, 14.4, 14.2 ppm.

MS (El, 70 eV) m/z: 359.2 (M"), 345.2, 331.2, 317.2, 303.1, 287.1, 145.0, 104.1, 77.1.

The spectroscopic data correspond to those reported in the literature.*
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4-component-reaction:

4-(4-methoxyphenyl)-5-methyl-2,6-diphenylpyrimidine (5e) via 4-CR
Ph
N/gN

|
PhMPMP

Me
Variation from the standard procedure: 3 mmol methanol were used (1.5 equiv with respect to

the secondary alcohol in the B-alkylation reaction). Purification by column chromatography
(silica gel, pentane/diethyl ether, 20:1). Yield: 178 mg (0.506 mmol, 51 %) white solid.

For spectroscopic data, see above (preparation via 3-component-reaction).

5-ethyl-4-(4-methoxyphenyl)-2,6-diphenylpyrimidine (59)
Ph

C

Ph™ N “PMP

Et
Purification by column chromatography (silica gel, pentane/diethyl ether, 30:1 — 20:1). Yield:
208 mg (0.568 mmol, 57 %) white solid.

IH NMR (500 MHz, CDCls): 5 = 8.50 - 8.57 (m, 2 H), 7.62 - 7.69 (m, 4 H), 7.41 - 7.56 (m, 6
H), 7.02 - 7.08 (m, 2 H), 3.90 (s, 3 H), 2.89 (g, J=7.32 Hz, 2 H), 0.80 (t, J=7.48 Hz, 3 H) ppm.

13C NMR (126 MHz, CDCls): § = 167.3, 166.7, 161.2, 160.3, 139.8, 138.0, 132.1, 130.4, 130.3,
129.8, 128.88, 128.86, 128.5, 128.4, 113.9, 55.5, 218, 14.6 ppm.

MS (EI, 70 eV) m/z: 365.2 (M*), 351.2, 145.1, 115.1, 77.1.

The spectroscopic data correspond to those reported in the literature.*

4-(4-methoxyphenyl)-2,6-diphenyl-5-propylpyrimidine (5h)
Ph
1
P N “PMP

Purification by column chromatography (silica gel, pentane/diethyl ether, 30:1 — 20:1). Yield:
210 mg (0.553 mmol, 55 %) white solid.

'H NMR (500 MHz, CDCls): 6 =8.51 - 8.59 (m, 2 H), 7.61 - 7.69 (m, 4 H), 7.42 - 7.55 (m, 6
H), 7.01-7.08 (m, 2 H), 3.90 (s, 3H), 2.79-2.89 (m, 2 H), 1.12 - 1.26 (m, 2 H), 0.59 (t, J=7.32
Hz, 3 H) ppm.
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13C NMR (126 MHz, CDCls): § = 167.4, 166.9, 161.2, 160.3, 139.9, 137.9, 132.2, 130.5, 130.4,
128.94, 128.87, 128.47, 128.45, 128.4, 128.3, 113.89, 113.88, 55.5, 30.6, 23.2, 14.1 ppm.

MS (El, 70 eV) m/z: 379.2 (M%), 365.2, 351.2, 248.1, 145.1, 115.1, 77.1.
The spectroscopic data correspond to those reported in the literature.®

5-(cyclopropylmethyl)-4-(4-methoxyphenyl)-2,6-diphenylpyrimidine (5i)

Purification by column chromatography (silica gel, pentane/diethyl ether, 30:1 — 20:1). Yield:
246 mg (0.628 mmol, 63 %) white solid.

'H NMR (500 MHz, CDCl3): 6 = 8.54 - 8.62 (m, 2 H), 7.65 - 7.72 (m, 4 H), 7.42 - 7.56 (m, 6
H), 7.02 - 7.09 (m, 2 H), 3.90 (s, 3 H), 2.86 (d, J=6.71 Hz, 2 H), 0.38 - 0.52 (m, 1 H), 0.07 -
0.19 (m, 2 H), -0.43 - -0.33 (m, 2 H) ppm.

13C NMR (126 MHz, CDCls): $=167.5,167.0, 161.2, 160.3, 140.1, 137.9, 132.4, 130.8, 130.4,
129.3,128.9, 128.5, 128.4, 128.1, 113.9, 55.5, 33.0, 11.4, 5.1 ppm.

MS (El, 70 eV) m/z: 391.2 (M"), 377.2, 363.2, 351.2, 315.2, 285.1, 260.1, 230.1, 115.1, 77.1.

HRMS (ESI+) m/z for [Co7H24N20 +H]* calcd 393.19614, found: 393.19513.

4-(4-methoxyphenyl)-2,6-diphenyl-5-(3-phenylpropyl)pyrimidine (5j)

Purification by column chromatography (silica gel, pentane/diethyl ether, 20:1). Yield: 256 mg
(0.561 mmol, 56 %) white solid.

IH NMR (500 MHz, CDCls): 5 = 8.58 - 8.69 (m, 2 H), 7.60 - 7.73 (m, 4 H), 7.46 - 7.58 (m, 6
H), 7.13 - 7.25 (m, 3 H), 7.00 - 7.09 (m, 2 H), 6.82 - 6.91 (m, 2 H), 3.93 (s, 3 H), 2.87 - 3.00
(m, 2 H), 2.35 (t, J=7.32 Hz, 2 H), 1.50 - 1.64 (m, 2 H) ppm.

13C NMR (126 MHz, CDCls): & = 167.3, 166.8, 161.2, 160.2, 141.3, 139.7, 137.9, 131.94,
130.34, 130.30, 128.81, 128.5, 128.4, 128.31, 128.26, 128.2, 128.0, 125.7, 113.9, 55.4, 35.5,
30.9, 28.0 ppm.

MS (El, 70 eV) m/z: 456.2 (M), 365.2, 351.1, 338.1, 248.1, 145.1, 115.0, 91.1, 77.1
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HRMS (ESI+) m/z for [CaH2sN20 +H]* calcd. 457.22744, found: 457.22647.

4-cyclopropyl-6-(4-methoxyphenyl)-2-phenyl-5-propylpyrimidine (5k)

Ph

A

N™SN

|
WKPMP

n-Pr
Purification by column chromatography (silica gel, pentane/diethyl ether, 40:1). Yield: 241 mg
(0.701 mmol, 70 %) white solid.

IH NMR (500 MHz, CDCls): 5 = 8.42 - 8.50 (m, 2 H), 7.51 - 7.57 (m, 2 H), 7.39 - 7.47 (m, 3
H), 6.99 - 7.07 (m, 2 H), 3.89 (s, 3 H), 2.78 - 2.85 (m, 2 H), 2.19 - 2.27 (m, 1 H), 1.61 - 1.71
(m, 2 H), 1.38 - 1.43 (m, 2 H), 1.08 - 1.14 (m, 2 H), 0.93 (t, J=7.32 Hz, 3 H) ppm.

13C NMR (126 MHz, CDCls): §=170.1, 164.5, 160.8, 160.0, 138.4, 132.4, 130.4, 130.0, 128.3,
128.1, 113.7, 55.5, 30.2, 24.0, 14.4, 13.7, 11.3 ppm.

MS (El, 70 eV) m/z: 343.3 (M"), 329.2, 315.2, 301.1, 271.1, 248.1, 145.1, 104.1, 77.1.

The spectroscopic data correspond to those reported in the literature.®
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5 NMR Spectra
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