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Summary

This thesis is devoted to the exploration of synthetic strategies for the gener-
ation of secondary N-alkylpropargylamines, as well as to the study of their
synthetic utility for the construction of small heterocycles. A substantial part
of this work deals with additions of secondary propargylamines to various
heteroallennes, followed by transition metal-catalyzed cycloisomerizations.
Also special attention is given to the regio- and chemoselectivity of these
processes in the context of existing methodologies. The elaborated protocols
rely on modern transition metal catalysis and utilize readily available starting
materials.

Chapter 1 serves as an introduction to the chemistry of propargylamines in
general, and secondary N-alkylpropargylamines in particular, highlighting
the A’-coupling reaction as a modern method for their synthesis. Several
processes which are relevant to the present study and which utilize second-
ary N-alkylpropargylamines as starting materials, are also briefly outlined.
The objectives of the current research are summarized in this chapter.
Chapter 2 is dedicated to the elaboration of microwave-assisted Cu(l)-
catalyzed coupling of a ketone, an alkyne and a primary amine (KA’
coupling), providing a general access to quaternary carbon-containing sec-
ondary N-alkylpropargylamines.

Chapter 3 describes the application of the above propargylamines in the
Ag(I)-mediated tandem guanylation/cycloisomerization reaction previously
developed in our group, in order to access a structurally interesting class of

heterocycles featuring a spiro-cyclic guanidine unit.
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Chapter 4 deals with a comparative study on transition metal-catalyzed
cycloisomerizations of propargylic ureas derived in situ from secondary
propargylamines and tosyl isocyanate. The influence of the catalytic system
on the reaction outcome was thoroughly studied with two model examples,
resulting in the establishment of two selective protocols for both O- and N-
cyclizations, leading to oxazolidin-2-imines and imidazolidin-2-ones, respec-
tively. An attempt to rationalize the observed chemoselectivity is given.
Chapter 5 is dedicated to the unexpected regio- and chemoselectivity of cat-
ionic gold-catalyzed cycloisomerizations of propargylic ureas derived in situ
from secondary propargylamines and aryl or alkyl isocyanates, providing an
efficient access to the 3,4-dihydropyrimidin-2(1H)-one core.

Finally, General conclusions and perspectives are highlighted.
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Samenvatting

In deze doctoraatsthesis worden strategie€n ontwikkeld voor de synthese van
secundaire N-alkylpropargylamines. Hun toepassing voor de synthese van
kleine heterocyclische verbindingen wordt ge€valueerd. Een groot deel van
dit werk omvat de studie van de additie van secondaire propargylamines aan
verschillende types van heteroallenen, en de daaropvolgende
cycloisomerisaties. Speciale aandacht gaat naar de regio- en
chemoselectiviteit van deze processen, dit in het licht van bestaande
methodologieén. De op punt gestelde procedures maken gebruik van
moderne transitiemetaalkatalyse, uitgaande van gemakkelijk toegankelijke
startverbindingen.

Hoofdstuk 1 geeft een inleiding in de chemie van propargylamines in het
algemeen, en van secundaire N-alkylpropargylamines in het bijzonder. De
A’-koppelingsreactie, als voorbeeld van een moderne synthesemethode voor
dergelijke verbindingen, wordt beschreven. Er wordt tevens aandacht
besteed aan verschillende processen die relevant zijn voor deze studie en die
gebruik  maken  van  secundaire = N-alkylpropargylamines  als
uitgangsproducten. De objectieven van dit doctoraatsonderzoek worden in
dit hoofdstuk opgelijst.

Hoofdstuk 2 beschrijft de ontwikkeling van een microgolf-geassisteerde
Cu(I)-gekatalyseerde koppeling van een keton, een alkyn en een primair
amine (KA’-koppeling). Deze geeft toegang tot secundaire N-
alkylpropargylamines welke een quaternair koolstofatoom bevatten.
Hoofdstuk 3 beschrijft de toepassing van de gesynthetiseerde
propargylamines in de Ag(I)-gekatalyseerde tandem guanilering /



cycloisomerisatiereactie, welke in onze groep ontwikkeld werd. Een
structureel interessante klasse van heterocyclische verbindingen welke een
spiro-cyclisch guanidine bevatten, kan op deze manier gesynthetiseerd
worden.

Hoofdstuk 4 beschrijft een vergelijkende studie van
transitiemetaalgekatalyseerde cycloisomerisaties van propargyl urea, welke
in situ afgeleid zijn van secundaire propargylamines en tosylisocyanaat. In
twee modelvoorbeelden wordt de invloed van het katalytisch systeem op de
reactic onderzocht. Dit leverde twee selectieve procedures op voor de
synthese van oxazolidin-2-imines en imidazolidin-2-onen via respectievelijk
O- en N- cyclisaties. Er wordt een voorstel gedaan om de waargenomen
chemoselectiviteit te verklaren.

Hoofdstuk 5 is gew ijd aan de onverwachte regio- en chemoselectiviteit van
kationisch goud-gekatalyseerde cycloisomerisaties van propargyl urea,
welke in situ gevormd werden uit secundaire propargylamines en aryl- of
alkylisocyanaten. Een efficiénte toegang tot 3.4-dihydropyrimidin-2(1H)-
onen wordt bekomen.

Algemene conclusies en perspectieven.
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Chapter 1






1. Introduction and objectives of the work
1.1. From A3-c0upling to KAz-coupling

Recently, propargylamines have received considerable attention as conven-
ient starting materials and widely found intermediates for the construction of
various heterocyclic frameworks, biologically active compounds and natural
products. The classical method for the synthesis of propargylamines is the
addition of a metal acetylide to an imine exploiting the relatively high acidity
of a terminal alkyne applying strong bases such as butyllithium to form met-
al acetylides (Scheme 1, eq a).! The stoichiometric quantities of the organo-
metallic reagent as well as its high moisture sensitivity designate such pro-
cesses as fairly unattractive. Therefore a more convenient and atom econom-
ic transition-metal catalyzed addition of a terminal alkyne to an imine or
enamine has been developed (Scheme 1, eq b).” The idea to form the imine
or iminium ion in situ from an aldehyde and an amine led to the discovery of
straightforward transition-metal catalyzed three-component coupling of an
aldehyde, an alkyne and an amine commonly referred to as A’-coupling

(Scheme 1, eq ¢).’



stoichiometric

amount /—N
R? R?
a) R= + M—R Rl—mMm R'—
-RH HN-R®
R Mcat. LR
b) R=—=—H + ,/~N =
R2 HN-R®
R3
|
»NL 4 M] cat. R?
c) R :,’H+H-R i =
. fo) /l -Hzo /N_R3
~1KR2 R4

Scheme 1 Various procedures for the synthesis of propargylamines

A tentative mechanism for the A’-coupling involves C-H activation of the
alkyne by the metal catalyst. The metal acetylide formation, a common step
for Sonogashira and A’-coupling, is still poorly understood. Weak bases pre-
sent in the reaction media (starting amine, final propargylamine etc.) are not
able to deprotonate the terminal alkyne directly. Therefore, an intermediate
m-metal-alkyne complex might be formed first making the alkyne proton
more acidic for further abstraction. The in situ generated metal acetylide re-
acts with the imine or iminium ion, resulting in the formation of a
propargylamine with concomitant regeneration of the metal catalyst (Scheme

2).
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\> + HN — | - ( .
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Scheme 2 Tentative mechanism of the A’-coupling

The simplest example of such a process, the copper-catalyzed Mannich reac-
tion of a terminal alkyne, a secondary amine and formaldehyde (trioxane)
has been established as early as in the middle of the 20th century. Particu-
larly, one of the first described examples deals with the preparation of

propargylic amino ethers (Scheme 3).*

N

N
|
3
S 2R _Z 0.9 mol% Cu(OAc s Ch
1/3c|)\j)+\N/+ R\/ 9 mol% CulOAC), o R 2
o H dioxane, 80-90°C
O.g1  50h o,
R' = Me, Et, B, Allyl, Bn; R
2 3 =
R% R*=H, Me 51-77% yield

Scheme 3 Cu(OAc),-catalyzed Mannich reaction leading to propargylic

amino ethers

Despite the considerable interest to this process the first true A’-coupling
protocols also allowing the variation of an aldehyde component have ap-
peared only recently. During the last two decades, substantial progress has
been made and the A’-coupling promptly became one of the most widely

used tools for the synthesis of various propargylamines. Furthermore, several



impressive A’-coupling-based tandem and one-pot approaches were devel-
oped for the fast assembly of a wide range of small heterocycles with no
need for the isolation of intermediate propargylamines.’

In 1998 Dax and co-workers reported the solid-phase synthesis of
propargylamines via a three-component coupling of an aldehyde, an alkyne,
and a secondary amine promoted by 2 equiv of CuCl where either amine or
aldehyde component could be attached to the resin.® While this is an interest-
ing example of solid-phase methodology it does not completely meet the
criteria of the A’-coupling process as it utilizes a stoichiometric amount of
CuCl. Nevertheless, later, in the same year Dyadkin and Rivero described a
complementary protocol employing polymer-supported aryl alkynes and var-
iously substituted aldehydes and secondary amines to form propargylamines
in the presence of a catalytic amount (10 mol %) of CuCl (Scheme 4).” To
the best of our knowledge, this protocol represents the first example of an

A’-coupling in general and its solid-phase modification in particular.



N N-R2
1. 10 mol% CuCl -
NH * dioxane, 90 °C, 36h y ~—
N 4
2. TFA/H,0 (9:1), r.t., 0.5h
R3
H,N

Rln.k (e}

Selected products:
) o
/7 \ /T \
N NQ N N—Bn
Vi y

O 85% O 73%

HoN (>95% purity) HN (82% purity)
2

o) o}
Scheme 4 A’-coupling with polymer-supported aryl alkynes

A great number of further pioneering contributions has been made by the
group of Li that also introduced the term “A’-coupling”. In 2002, Li and Wei
reported the application of a CuBr-RuCl; catalytic system in water and under
solvent-free conditions for the synthesis of N-arylpropargylamines via A’-
coupling.® Interestingly, the authors reported that several copper salts such as
CuCl, CuCl,, CuBr, Cul efc. all showed catalytic activity even in the absence
of a co-catalyst, but the addition of RuCl; (3 mol%) dramatically increased
the yield of the desired propargylamine from 30% to 90% (Scheme 5). While
both aromatic and aliphatic alkynes were effective for the reaction, the scope
of this procedure was limited to the use of anilines and aromatic or aliphatic

aldehydes without a-hydrogen.



30 mol% CuBr Hn- A

o 1

RV%O . Ar/NHZ . 2// 3 mol% RuCl; 1
R H,0 or neat 5 & R

R'= Ar, tBu R

R2 = Ph, Bu, TMS 64-96% yield

Scheme 5 CuBr-RuCls-co-catalyzed A’-coupling for the synthesis of N-

arylpropargylamines

Subsequently, in 2003, the same authors described a gold-catalyzed A’-
coupling procedure for the synthesis of tertiary propargylamines from alde-
hydes, secondary amines and alkynes.” Both Au(I) and Au(IIl) salts were
demonstrated to be efficient catalysts in this process with a generally low
loading (1 mol%). Surprisingly, the use of water as a solvent afforded the
best results, while employment of common organic solvents, such as toluene,
THF or DMF, resulted in lower conversion and byproduct formation. A
number of substrates, including both aromatic and aliphatic alkynes and al-
dehydes, were successfully applied under optimal conditions (1 mol% of
AuBr;) delivering the corresponding propargylamines with yields ranging
from 53 to 99% (Scheme 6). Aromatic aldehydes usually react better than
aliphatic ones; the authors ascribed this to the competitive trimerization of
aliphatic aldehydes. The methodology was also limited to the use of second-

ary dialkylamines.

RZ _R2
-~ . RZ2 R2 // 1 mol% AuBr; N R
R N~ +
© H R? H,0, 100°C, 12h /R1
/
R'=Ar, Alk R3

R? = <(CH,)s-, allyl, benzyl

-09Q9 i
R3 = Ph, 1-cyclohexenyl, TMS 53-99% yield

Scheme 6 AuBr;-catalyzed A’-coupling for the synthesis of tertiary

propargylamines



In an effort to achieve better yields for the reaction with aliphatic aldehydes,
Li and co-workers found that the above described A’-coupling process could
be efficiently performed employing several Ag(l) salts as the catalyst.'” Re-
markably, a reversal of the reactivity of aliphatic and aromatic aldehydes
was observed compared to the earlier Au(Ill)-catalyzed procedure. Typically
the reactions were performed in water with 1.5 mol% of Agl (3 mol% for
aromatic aldehydes) but organic solvents such as toluene and DMF were also
found suitable. The success of this procedure was largely restricted to the use

of cyclic secondary amines (Scheme 7).

n
1.5-3 mol% Agl EHj
R1/§O + EHﬁ + Rz// °° g N
H H,0, 100°C, N, /\ ;
R'=Ar, Alk =~ R

R2
n=0,1,2
R? = Ar, TES 47-99% vyield

Scheme 7 Agl-catalyzed A’-coupling

Although the protocols reported by Li collectively provide a direct and envi-
ronmentally friendly access to a wide range of propargylamines, all of them
possess several substrate scope limitations and generally require considera-
bly long reaction times. This problem was identified by Tu and co-workers.
In 2004, they reported a fast and universal microwave-assisted Cul-catalyzed
A’-coupling procedure.'’ The reactions were carried out in water with 15
mol% of Cul; both aromatic and aliphatic aldehydes and alkynes as well as
secondary amines, aniline and fert-butyl amine were successfully employed
(Scheme 8). The beneficial role of microwave irradiation was discussed.
Subsequently, Varma and co-workers described a microwave-assisted CuBr-

catalyzed solvent-free A’-coupling procedure limited however, to the use of



secondary amines."” It is worth noting that these protocols operate with un-

modified domestic microwave ovens.

2 3
2 R3 15 mol% Cul RLG-R
RYg + N R o« A2 o N
H R H,0, Ar /\R1
R',R* = Ar, Ak Microwave ” =7
R?, R®= Alk or .
R2 = H; R®= Ph, tBu 41-93% vyield

Scheme 8 Universal microwave-assisted Cul-catalyzed A’-coupling protocol

A profound and systematic study of the A*-coupling under microwave irra-
diation using a dedicated microwave apparatus (CEM Discover) was per-
formed by Leadbeater and co-workers."? The reactions were carried out with
10 mol% of CuCl in dioxane doped with an ionic liquid. Several useful prac-
tical recommendations concerning the use of different substrates under mi-
crowave irradiation were pointed out.

The application of microwave-assisted continuous-flow organic synthesis
(MACOS) in the A’-coupling process catalyzed by gold and copper thin
films provides a possibility to attain large quantities of propargylamines as
was described by Organ, Li and co-workers."*

The first enantioselective version of an A’-coupling was described in 2002
by Wei and Li."” Several chiral bis(oxazolinyl) ligands in combination with
CuOTf were examined and the highest enantiomeric excess was obtained
with the tridentate bis(oxazolinyl)pyridine (pybox) ligand. Under optimal
conditions, a variety of aromatic imines (preformed in situ from the appro-
priate aromatic aldehydes and anilines) were coupled with phenyl acetylene
furnishing the corresponding propargylamines in up to 93% yield and 96%
ee (Scheme 9). Both toluene and water were successfully used as solvents
although reactions in toluene provided slightly higher yields and

enantioselectivities. Later the scope of this protocol was extended to the use

10



of various aliphatic alkynes. However the enantiomeric excesses of the cor-

responding propargylamines did not exceed 85%.'°

Ar?

10 mol% CuOTf/Pybox -

Ao+ ppNH2 o+ =Z > y H';‘
Ph toluene or H,O 1
/\ Ar

X Ph
(o] | N/ (o]

I \J 48-93% yield

N N / 78-96% ee

Ph Pybox Ph

Scheme 9 CuOTf{/pybox-catalyzed AA’-coupling

In 2002, Knochel and co-workers described the application of the chiral
bidentate P,N-ligand Quinap in an enantioselective synthesis of
propargylamines via CuBr-catalyzed addition of alkynes to enamines (de-
rived from secondary amines and aliphatic aldehydes or ketones).'” Subse-
quently the use of this ligand was extended to the related three-component
CuBr/Quinap-catalyzed assymetric A’-coupling protocol.”® Secondary
amines (generally dibenzyl or diallylamine), aromatic and aliphatic alde-
hydes and alkynes were successfully utilized providing enantiomerically en-
riched tertiary propargylamines in good to high yields and
enantioselectivities (Scheme 10). The highest enantioselectivities were typi-

cally obtained with trimethylsilylacetylene.
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5 mol% CuBr R2 R2

R1/§O . RZ\N’RZ . 3// 5..5 mol% (R)-quinap N
H R 4A MS, toluene — R!
rt, 1-6 d A~
R' = Ar, Alk 7 R
R2 = Bn, Allyl O S 'N 43-99% yield
R3 = Ar, Alk, TMS 32-96% ee
Co™

(R)-quinap
Scheme 10 CuBr/Quinap-catalyzed AA’-coupling

In total, a great number of transition-metal catalysts were exploited that acti-
vate the C-H bond of the terminal alkyne in the A’-coupling process. The
Cu(D)/Cu(Il), Ag(I), Au(I)/Au(Ill) salts remain the most extensively applied
and studied. Furthermore the ability to catalyze the A’-coupling was also
demonstrated for Fe(III),"” In(III),>* Zn(1I),”' Ni(I)** and Hg(I).”

It is important to stress that despite great advancements, the A’-coupling
process was mainly optimized with anilines and secondary amines, for the
synthesis of secondary N-arylpropargylamines and tertiary propargylamines
respectively. Primary amines were considered to be difficult substrates thus
limiting the access to synthetically useful®® secondary N-
alkylpropargylamines 1. Very recently, a microwave-assisted Cu(l)-
catalyzed A’-coupling procedure optimized specifically for the use of prima-
ry aliphatic amines has been developed in our laboratory (Scheme 11).* This
method now represents a general approach towards secondary N-

alkylpropargylamines 1.
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Ak
HN

20 mol% CuBr
R1/§O + Alk,NH2 + 2// ° R
R toluene, 100°C //

25 min, MW R? 1
41-94% vyield

R', R?= Alk, Ar

Scheme 11 Microwave-assisted CuBr-catalyzed A’-coupling for the synthe-

sis of secondary N-alkylpropargylamines

The first attempt to incorporate a ketone in the A*-coupling process was per-
formed by Ramon and co-workers using impregnated copper on magnetite as
the catalyst.”® While this catalyst showed excellent results with aldehydes
delivering propargylamines in up to 99% isolated yield, the application of 3-
pentanone and acetophenone was somewhat problematic. The yields for the
ketone-derived propargylamines were significantly lower (38% and 29%,
respectively) with the reaction times being longer. Therefore our goal was
to find suitable conditions which should allow the A’-coupling-type reac-
tion to be efficiently performed with ketones instead of aldehydes.”” A re-
sulting microwave-assisted Cu(I)-catalyzed coupling of a ketone, an alkyne
and a primary amine (KA’-coupling) providing a general access to quater-
nary carbon-containing secondary propargylamines 2 in up to 8§9% yield is
disclosed in Chapter 2. The reactions worked notably well when 6-

membered (hetero)cyclic ketones were used (Scheme 12).

Alk

PO 20 mol% Cul NH
‘ o + NHy 4 = R— .
N >: Alk R/ neat, 100 °C / N

25 min, MW 2
5-,6- and 7-membered cyclic ketones,

acetone 25 examples
R = Alk, Ar 20-89% yield

Scheme 12 Cul-catalyzed coupling of a ketone, an alkyne, and a primary

amine (KA’-coupling)
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Subsequently the scope of the KA*-coupling was expanded by Ji and co-
workers to the use of secondary amines under mild gold(III)-catalysis.” Fur-
thermore Larsen and co-workers have described a Cu(Il)/Ti(IV) catalytic
system which was specifically developed for the application of inactive acy-

clic ketones.”’

1.2. Reactions of secondary propargylamines with heteroallenes

and subsequent cycloisomerizations

As it was already mentioned, propargylamines in general and secondary
propargylamines in particular possess an exceptional synthetic utility due to

the presence of several reactive centers (Figure 1).

nucleophile
\ ) + additional functionalities
electrophile HN~ could be easily introduced
(upon activation with R'. R2 and R3
with Lewis acid) - g '
= substituents

R3

Figure 1 Reactive centers in the secondary (A’-coupling derived)

propargylamines

Additions of secondary propargylamines to various heteroallenes and subse-
quent transition metal-catalyzed cycloisomerizations are of particular inter-
est. Depending on the nature of the heteroallene reactant and employed tran-
sition metal catalyst different chemo- and regioselectivities could be
achieved allowing the directed synthesis of a number of important small

heterocycles.
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Scheme 13 Application of secondary propargylamines in the construction of
small heterocycles via reactions with heteroallenes and subsequent

cycloisomerizations

In 2008, Li and co-workers reported an efficient Cu(I)-catalyzed four-
component, tandem A’-coupling/carboxylative cyclization process in which
CO, serves as both promoter and reagent for the facile synthesis of
oxazolidinones 3.*° The couplings were successfully accomplished with 30
mol% of the Cu(I)-catalyst in ethanol at 75°C under atmospheric pressure of
CO, (Scheme 14). In 2012 our group reported a modification of this process
in which 3-substituted propiolic acids were used to generate acetylides
through the Cu(I)-catalysed decarboxylation process and also served as a

source of CO, for the reaction.’!
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30 mol% CuBr o

co.
RS0+ mcNe v F . O)LN’A”(
Ar EtOH, 75°C
A’
R = Ar, Pent r 3 R

38-91% yield

Scheme 14 Synthesis of oxazolidinones via CuBr-catalyzed four-component,

tandem A’-coupling/carboxylative cyclization reaction

2-Aminoimidazoles and (cyclic) guanidines are found as structural elements
in a great number of complex natural products.’> Marine sponges proved to
be an important source of 2-aminoimidazole alkaloids with diverse biologi-
cal activities.”> For example, chemical investigation of the genus Leucetta

sponges resulted in the isolation of several families of imidazole alkaloids,
39,38

such as naamines,***>*® isonaamines,”®*”*” naamidines and calcaridines
(Figure 2).%
N O NJA©OM8 HO
H,N—(* H,N—(*
2 _<N' oMe Z _<N| OMe
/

Naamine A '\z : Isonaamine C N O OMe
Calcaridine A

HO OMe

Figure 2 Alkaloids of the 2-aminoimidazole family

As we mention already 2-aminoimidazole derivatives possess a number of
biological applications. For instance they have been reported as potent mod-
ulators of bacterial biofilms formation and dispersion,” human b-secretase
(BACE1) inhibitors,"" and tubulin-binding agents.**

In the course of a long-term program devoted to the synthesis of variously
substituted 2-aminoimidazoles,” our group has recently described a rapid

and diversity-oriented synthesis of bis-protected 2-iminoimidazolines 5 via
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guanylation of secondary propargylamines followed by 5-exo-dig
cycloisomerization (Scheme 15).** Two complementary routes have been
developed. The first sequential route A relays on EDCI-promoted
propargylamine guanylation with N,N’-bis-Boc-protected thiourea followed
by Ag(I)-catalyzed cyclization. The second route B is based on Ag(I)-
mediated tandem guanylation/cycloisomerization reaction of secondary

propargylamine with bis-protected S-methylisothioureas.

X
NBoc
BocHN NHBoc Al AgNO; (15 mol %)
(1.35 equiv) N7 >NHBoc MeCN, 20 min, rt
————
EDCI (2 eq) sz\ N R’
Ak Route A | DIPEA (3 eq) X X
NH MeCN, 6-10 h, rt 4 R
) | XN=(
R ™ Route B SMe N" g2
R’ oute él\ 1.25 eq, AKX
1 XN” "NHX X=Boc or Cbz / 5

AgNO; (1.4 eq), Et3N (2 eq), MeCN, 5-20 min, rt

Scheme 15 Synthesis of bis-protected 2-iminoimidazolines 5 via a

guanylation/5-exo-dig cycloisomerization sequence

A tentative  mechanism  for the  Ag(I)-mediated  tandem
guanylation/cycloisomerization reaction is depicted in Scheme 16. In the
first step the bis-protected S-methylisothiourea undergoes a Ag(I)-promoted
methylsulfide elimination in the presence of base to form the reactive
carbodiimide intermediate A. Addition of propargylamine 1 to this in situ
generated carbodiimide A gives bis-protected propargylguanidine 4. Ag(I)-
catalyzed 5-exo-dig cycloisomerization and subsequent protonolysis of in-
termediate B finally results in the formation of the bis-protected 2-

iminoimidazoline 5.
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Scheme 16 Proposed mechanism of the Ag(l)-mediated tandem

guanylation/cycloisomerization reaction

The Boc-protecting groups could be further removed with TFA/DCM (1:2)
at room temperature providing 2-aminoimidazoles 6 as free bases (Scheme
17) which were found to effectively inhibit biofilm formation by pathogenic
Salmonella Typhimurium and Pseudomonas aeruginosa bacteria without a

significant influence on planktonic growth.

]
Boc R TFA/CH,C, 1
N (1:2) /N R
BocN=< H2N_< |
N o ft,1-3h N
R /
AK
5

RZ
X = Boc Alk
6

Scheme 17 Deprotection of bis-Boc-protected 2-iminoimidazolines 5 into 2-

aminoimidazoles 6

Finally the overall strategy was efficiently applied for the synthesis of a
number of 2-aminoimidazole alkaloids of the naamine family 9.*** Palladi-

um(0)-catalyzed  deallylation  of  A’-coupling  derived tertiary

18



propargylamines 7 in the presence of DMBA, followed by silver(I)-
promoted cycloguanylation and subsequent removal of the Boc- and Bn-
protecting groups provided the target naamines A, C, E, F, G and
leucettamine @ A in  high  overall yields  (Scheme 18).
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R2 A3_ lin SMe
t@\/\ CoUPTINg o 5 mol% HN™ BocN™ NHBoc
\ Pd(PPhs) 1.4 equiv AQNO
R® O 10 mol% CuBr ) N\, Dwmsa o » X rs EWN ’
+ - R R :
e B e JON e
H R3 R1 R R
+ R2 7 R2
RS—
R NBoc ) TFA-DCM (1:2 ° NH
R3 \NJ< )rt,3h 2 R’ \N/\<
- NBoc — > N
2) H,, Pd/C =
R2 - MeOH, t, 10 h R® 5
R! 8 R (for entries 1-5) R® 9 R
Entry  R' R’ R’ R* R’ Yieldof8  R° R’ R® R’ Overall yield for 9
1 H OBn H H PMP 67 H OH H H Naamine A (40 %)
2 H OMe OMe OBn PMP 63 H OMe OMe OH Naamine C (37 %)
3 OBn OMe OH H PMP 79 OH OMe OH H Naamine E (50 %)
4 H OBn OMe H PMP 87 H OH OMe H Naamine F (57 %)
5 OMe OBn OMe H PMP 83 OMe OH OMe H Naamine G (55 %)
6 OCH,0 H H 3'4'-(OCH,0)Ph 95 OCH,0O H H Leucettamine A (55 %)

Scheme 18 Cul-catalyzed A’-coupling as a key step in the total synthesis of the naamine family alkaloids
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Another important class of marine sponge natural products consists of com-
pounds containing a spiro-cyclic guanidine unit (Figure 3). Palau’amine,” a
complex alkaloid belonging to the oroidin family,*® possesses a spiro-
cyclopentyl-2-aminoimidazole system. Lovely and coworkers have made
several efforts to elaborate a general method for the construction of 5-
imidazolones spiro-fused with a five-membered ring applying oxidative re-
actions of tetrahydrobenzimidazoles."” Tubastrindoles A—C (Figure 3) isolat-
ed from a stony coral, Tubastraea sp., are dimeric bisindole alkaloids con-
taining a 2-imino-imidazolidin-4-one spiro-fused with a six-membered
ring.*® Dragmacidin E (Figure 3), originally isolated from the marine spong-
es Dragmacidon sp. and Spongosorites sp., is another structurally complex
bisindole alkaloid containing a 2-aminoimidazole unit spiro-fused with a
seven-membered ring.” These complex molecules still possess a great chal-

lenge to the synthetic community.™

NHz
HN CLuNZS

Tubastrindole A: X = NH,
. Dragmacidin E Tubastrindole B: X = NH
Palau’amine Tubastrindole C: X = O,

>

Figure 3 Marine sponge alkaloids containing a spirocyclic guanidine unit

Therefore we aimed to employ our quaternary carbon-containing second-
ary  propargylamines 2 in the  Ag(l)-mediated  tandem
guanylation/cycloisomerization reaction developed in our group to access
the structurally interesting class of heterocycles featuring a spiro-cyclic

guanidine wunit”' The resulting synthesis of bis-Boc-protected-2-
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iminoimidazolines spiro-fused with a five- to seven-membered (heterocy-
clic)ring 10 which could, in most cases, be further deprotected into spiro-2-

aminoimidazoles 11 (Scheme 19) is discussed in Chapter 3.

SMe

A
R
BocN NH.Boc Boc\ TFA/CH,Cl, CF3COO
(1.25 equiv) N (1:2)
R— BOCN:< —— H2N_<
/NH AgNO; (1.4 equiv) /N rt, 1-3 h /
2 AK BtsN (2 equiv) 10 AWK 11 AK

MeCN, 1 h, rt, dark

10; 17 examples, 66-96% yields
11; 15 examples, 65-99% yields

Scheme 19 Ag(I)-mediated synthesis of spiro-2-aminoimidazole derivatives

Apart from the in situ generated highly reactive bis-Boc- or bis-Cbz-
protected carbodiimide intermediates A (Scheme 16) less reactive dialkyl
and diaryl carbodiimides 12 could also be employed in a propargylamine
guanylation/cycloisomerization sequence as was demonstrated by Xie and
co-workers (Scheme 20).”> The overall process was catalyzed by 5 mol% of
titanacarborane monoamide 13 although the cycloisomerization step was

proved to be possible just upon heating.

) R3 R

R< 3
NH NR™ 13 (5 mol%)
+ C _13Emon) 3N:< or R3HN—<\
s ,'\‘IR;, toluene 115 C
R1
12 ) 14 (R? =

R'=Ar H;RZ=H,Me: . e # H)

3= 5
R® = jPr, Cy, 4-Tol Me—\N 0 N/—Me

[6:5":°-(OCH,)(Me,NCH,)C,B,Hg] Ti(NMe,) = 13

Scheme 20 Titanacarborane monoamide-catalyzed synthesis of 2-

aminoimidazoles 14
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The regioselectivity aspect of the bis-Boc-protected propargylguanidine 4
cycloisomerization process was efficiently addressed by Looper and co-
workers. While Ag(I) salts were confirmed to be efficient promoters for 5-
exo-dig cycloisomerization resulting in the formation of bis-Boc-protected 2-
iminoimidazolines S, rhodium(Il)-catalyzed reactions showed an unusual
selectivity for the formation of 6-membered cyclic guanidines 15 through 6-

endo-dig cyclization (Scheme 21).%

NBoc NBoc
R 10 mol% AgOAe R, 10 mol“/zj [Rh(oct),] NBoc
1~N NBoc DCM, rt N NHBoc DCM, rt ~N NBoc
R =
R, \ Ry 7 N\ R; Rs
Rs3
5 a4 15

Scheme 21 Regioselectivity of the bis-Boc-protected propargylguanidine 4

cycloisomerization process

2-Iminoimidazolines possess a strong structural resemblance with 2-
imidazolones which are widespread among pharmaceutically interesting
compounds such as human dopamine D, receptor antagonists,”* MurB en-
zyme inhibitors,” potential antitumor agents*® and antioxidants.”” Therefore
our group became interested in the possibility to access 2-imidazolones from
propargylamines and isocyanates via a one-pot acylation, Ag(I)-catalyzed

cycloisomerization procedure (Scheme 22).
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strong structural resemblance

Pe

imidazol-2-ones 2-aminoimidazoles

similar approach
one-pot acylation, Ag(l)-catalyzed cycloisomerization procedure

R4

R 1)R-N=C=0 )
N R3
3 —_
R T<NH o f
y 2) Ag(l) N g2
R R

Scheme 22

Previously, there was only one documented example regarding the transition
metal-catalyzed ring-closure of propargylic urea.” In that process the 2-
imidazolone core resulted from a primary propargylamine and a tosyl
isocyanate via sequential acylation, Au(I)-catalyzed 5-exo-dig cyclization
followed by pTsOH promoted double-bond migration.

Consequently our group has successfully established an efficient protocol for
the synthesis of tetrasubstituted imidazol-2-ones 18 (Scheme 23).” The key
step of this process is a Ag(I)-catalyzed cycloisomerization (N-cyclization)
of propargylic urea 17, derived in situ from a secondary N-

alkylpropargylamine 1 and an aryl isocyanate 16.

0
Alk 0
NH Oy, Alk _Ar Ak
J\ oA NJJ\H 20 mol% AgOTf | N//<N—Ar
R ™\ 2 luene, 110 ° =
1 A R 16 R’ % 1 toluene, 110 °C R2 1
R R
R' = Ar or Alk; R? = Alk 17 18

Scheme 23 Ag(I)-catalyzed synthesis of tetrasubstituted imidazol-2-ones
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Simultaneously Campbell and Toste reported a profound study of a three-
component reaction of an imine, an alkyne, and a tosyl isocyanate for the
enantioselective synthesis of oxazolidin-2-imines 19 (Scheme 24).% In their
process cationic Au(I)-species were first used to generate a propargylamine
from an imine and terminal alkyne and secondly, to activate the generated

internal triple bond toward intramolecular O-cyclization.

; 5-10 mol% AuCI-L ) N-Ts NS
R 5-10 mol% AgNTF. RL U
Ox o AgNTT; N |
|N X+ ey, Ts N/<O . RLN)\O
) R® N CHClj, 1t
R 2
R PN 3
19 —R® R R
~PPh, .
Q Up to 20:1 regio
d 95% ee
R',R? = Ar ; an
: NH O _ iPr
R3 = Ar or Alk 0.0 . .
L= o N/S or PPhj for racemic version
H
iPr iPr

Scheme 24 Asymmetric Au(I)-catalyzed synthesis of oxazolidin-2-imines

Remarkably, both of these protocols rely on transition metal-catalyzed
cycloisomerizations of the in sifu generated propargylic ureas and although
there are substantial differences in reaction conditions, catalysts and sub-
strates, it is still not directly clear and very intriguing why they provide such
different outcome. Therefore we intended to find a convenient common
platform that should allow us to investigate and compare both processes
and their scope with respect to already established procedures.

It is worth noting that the first attempt to elaborate selective protocols for N-
and O-cyclizations of propargylic ureas without the use of transition metal
catalysis was described already in 1964 by Easton et al.*’ Under influence of
heat or a strong Brensted acid various terminal propargylic ureas cyclized
into oxazolidin-2-imines, while Brensted base in most cases promoted

cycloisomerization into imidazolidin-2-ones.
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A comparative study on transition metal-catalyzed cycloisomerizations of
propargylic ureas derived in situ from secondary propargylamines 1 and
tosyl isocyanate is disclosed in Chapter 4. The application of cationic gold(I)
catalysis generally resulted in a formation of oxazolidin-2-imines 20 as a
major products while the application of silver(I) triflate selectively provided

corresponding imidazolidin-2-ones 21 (Scheme 25).*

O
—Ts >
Rl JEI 5 mol% AuPPhoCl | Cop T r f
N 5 mol% AgOTf “NH 20 mol% AgOTf N
¢} -— + f N-Ts
RZJ\<\\ DCM Rz\ oluene R2)\<\\
R3 N R3 R3
20 1 21

R', RZand R® = Ar or Alk

Scheme 25 Cationic Au(l)- and Ag(I)-catalyzed cycloisomerizations of

propargylic ureas

Interestingly cationic gold(I)-catalyzed cycloisomerization of propargylureas
derived from aryl or alkyl isocyanates did not follow the above trend. Both
chemo- and regioselectivity were altered compared to what was observed for
the tosyl isocyanate derived ureas, resulting in the formation of
tetrasubstituted 3,4-dihydropyrimidin-2(1H)-ones 22 (Scheme 26). A de-

tailed investigation on the scope of this process is given in Chapter 5.

Alk 5-20 mol%
INH Oc. & AuPPh,CI/AgOTf A"‘\N)LN-RB R' = Ar
S~ . _— = >
sz\ + SN 15-22h, 50 °C A, R2 = Alk
R CHCl; R R R® = Ar or Alk
1 16 22

Scheme 26 Unexpected regio- and chemoselectivity of cationic Au(I)-
catalyzed cycloisomerizations of aryl or alkyl isocyanate-derived

propargylureas
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It is important to stress that the dihydropyrimidone scaffold is an important
pharmacophore® and therefore novel methodologies to access this core are
highly desirable.* Therefore our procedure might be regarded as a welcome

addition to the generally applied Biginelli reaction.®%
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2.  Cu(I)-Catalyzed  Microwave-Assisted  Three-
Component Coupling of a Ketone, an Alkyne, and a
Primary Amine for the Synthesis of Secondary

Propargylamines

Alk

20 mol% Cul NH
o + NHy 4 = R— .
>: Alk R/ neat, 100 °C /N

25 min, MW 2
5-,6- and 7-membered cyclic ketones,

R = Alk, Ar P 20-89% yield

The results discussed in the current chapter may be regarded as a modifica-
tion and extension of the aforementioned approach towards secondary
propargylamines 1 via a microwave-assisted A’-coupling reaction developed
in our laboratory (see Chapter 1). We were rather surprised to find out that
the aldehyde component could be efficiently replaced by a ketone in this
process. As to the best of our knowledge, previously there was no general
protocol allowing the application of ketones in the A’-coupling process.
Herein, we report the Cu(I)-catalyzed coupling of a ketone, an alkyne, and a
primary amine, called KA*-coupling, for the synthesis of quaternary carbon-

containing secondary propargylamines 2.
2.1. Results and discussion

The reaction conditions for the KA’-coupling were optimized using
cyclohexanone (23a), 4-methoxybenzylamine (24a), and phenylacetylene
(25a) (Table 1). When a (1:1.2:1.2) mixture of the respective compounds

together with 20 mol % of Cul catalyst was irradiated under solventless con-
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ditions at a set ceiling temperature of 100 °C and a maximum power of 80 W
for 25 min, the desired propargylamine 2a could be isolated in 51% yield
(Table 1, entry 1). Changing the relative amounts of the three components it
was found that the optimal ratio was (1.2:1:1.2) providing the desired com-
pound in 76% yield (Table 1, entries 1-3). A lower reaction temperature of
80 °C reduced the yield of the propargylamine 2a to 43% (Table 1, entry 4),
while increasing the temperature to 120 °C also resulted in a decreased yield
of 62% due to the formation of several unidentified byproducts (Table 1,
entry 5). Solventless conditions proved to be most suitable for the reaction as
the use of toluene resulted in a substantially decreased yield of 54% (Table
1, entry 6). When the reaction in toluene was conducted under conventional
heating at the same temperature, the desired propargylamine 2a was obtained
in a comparable moderate yield of 59% after an extended reaction time of 20
h (Table 1, entry 7). A shorter irradiation time of 15 min (Table 1, entry 8) or
a diminished concentration of the Cul catalyst to 10 mol % (Table 1, entry 9)
all resulted in lower yields. The application of CuBr instead of Cul delivered

compound 2a in a comparable yield (Table 1, entries 3 and 10).
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Table 1 Optimization of the KA*-coupling conditions®

[Cu] <_>
<:>:O + PMB—-NH, + Ph——= Ph——=
NH
23a 24a 2a PMB

Entry 23a:24a:25a (mmol) Catalyst (mol%) Time (min) Conditions Yield”
1 1:1.2:1.2 Cul (20) 25 Neat, MW, 100°C 51°
2 1:1:1.2 Cul (20) 25 Neat, MW, 100°C 61
3 1.2:1:1.2 Cul (20) 25 Neat, MW, 100°C 76
4 1.2:1:1.2 Cul (20) 25 Neat, MW, 80°C 43
5 1.2:1:1.2 Cul (20) 25 Neat, MW, 120°C 62
6 1.2:1:1.2 Cul (20) 25 Toluene, MW, 100°C 54
7 1.2:1:1.2 Cul (20) 20h Toluene, conv., 100°C 59
8 1.2:1:1.2 Cul (20) 15 Neat, MW, 100°C 54
9 1.2:1:1.2 Cul (10) 25 Neat, MW, 100°C 63
10 1.2:1:1.2 CuBr (20) 25 Neat, MW, 100°C 72

* When the reaction was run under microwave irradiation a maximum power of 80 W was used.

® Isolated yields based on 4-methoxybenzylamine.

¢ Isolated yield based on cyclohexanone.
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The scope of the reaction was evaluated for various ketones, primary amines,
and alkynes applying the optimal conditions (Table 1, entry 3). Both aro-
matic and aliphatic alkynes were explored as reaction partners, but the last
afforded the target compounds 2g,h only in low to moderate yields (Table 2,
entries 7 and 8), even when 2 equiv of alkyne was used. To expand the scope
of the protocol, a variety of primary amines was evaluated. All reactions
seemed to be working well when 6-membered (hetero)cyclic ketones were
used. When cyclohexanone (23a) was used, the desired compounds 2a-f,i-o
were obtained in 46-89% yield (Table 2, entries 1-6 and 9-15). When N-
protected piperidinones 23b-f were used, yields between 38% and 82% were
obtained (Table 2, entries 16-20). 2-Methylcyclohexanone (23g) delivered
the adducts 2u (mixture of diastereomers (10:1)) in only 33% yield (Table 2,
entry 21), clearly showing that sterical hindrance might play an important
role for the outcome of the reaction. The fact that 3-methylcyclohexanone
(23h) gives a better yield but lower diastereoselectivity (Table 2, entry 22)
confirms this conclusion. It seemed that also conformational factors are play-
ing a crucial role in this process, as when cycloheptanone (23i) was used the
yield dropped to 21% (Table 2, entry 23). Analogously, a low yield of 20%
was observed for reaction with cyclopentanone (23j) (Table 2, entry 24). It is
probable that ketimines from 6-membered (hetero)cyclic ketones (see the
mechanism below) are more accessible for copper acetylide attack than
imines from other ketones.”” Remarkably, the reaction with acetone (23Kk)

also resulted in a low yield of 30% (Table 2, entry 25).
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Table 2 Scope and limitations of the KA*-coupling®

.: >:o + R“-NH, + RZ= ::;(: (20 ;nsolr;ﬁ]) RZ—=— "
©o23 24 25 MW, neat 2a-y R1/

Entry Ketone R R’ Product  Yield (%)°
1 Cyclohexanone (23a) PMB (24a) Ph (25a) (2a) 76
2 Cyclohexanone (23a) PMB (24a) 4-methoxyphenyl (25b) (2b) 75
3 Cyclohexanone (23a) PMB (24a) 3-fluorophenyl (25¢) (2¢) 64
4 Cyclohexanone (23a) PMB (24a) thiophene-3-yl (25d) 2d) 75
5 Cyclohexanone (23a) PMB (24a) 4-heptylphenyl (25e) (2e) 74
6 Cyclohexanone (23a) PMB (24a) 4-pentyloxyphenyl (25f) (2f) 89
7 Cyclohexanone (23a) PMB (24a) Hexyl (25g) 2g) 31°
8 Cyclohexanone (23a) PMB (24a) Cyclopropyl (25h) (2h) 48°
9 Cyclohexanone (23a) Hexyl (24b) Ph (25a) (2i) 61
10 Cyclohexanone (23a) Octyl (24¢) Ph (25a) 2j) 77
11 Cyclohexanone (23a) Cycloheptyl (24d) Ph (25a) 2k) 46
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Table 2 (continued)

Entry Ketone R R’ Product  Yield (%)°
12 Cyclohexanone (23a) MeOCH,CH, (24e) Ph (25a) (02) 62
Cyclohexanone (23a) MeO CH,CH,
13 (241) Ph (25a) (2m) 68
MeO
14 Cyclohexanone (23a) 3-chlorobenzyl (24g) p-tolyl (25i) (2n) 82
15 Cyclohexanone (23a) Bn (24h) Ph (25a) (20) 74
16 ACND:O (23b) PMB (24a) Ph (25a) (2p) 64
17 EtOOCNDZO (23¢) PMB (24a) Ph (25a) 2q) 82
18 BZN/\:>:O (23d) PMB (24a) Ph (25a) (2r) 61
19 BnND:O (23e) PMB (24a) Ph (252) (2s) 38
BocN
20 &O (231) PMB (24a) Ph (25a) (2t) 61
33
21 o (23g) PMB (24a) Ph (25a) (2u)
10:1 dr
75
22 0 (23h) PMB (24a) Ph (25a) 2v) 3 1de




Table 2 (continued)

Entry Ketone R R’ Product  Yield (%)°
23 Cycloheptanone (23i) PMB (24a) Ph (25a) 2w) 21
24 Cyclopentanone (23j) PMB (24a) Ph (25a) (2x) 20
25 Acetone (23k) PMB (24a) Ph (25a) 2y) 30

* A mixture of amine 23 (1.0 mmol), alkyne 24 (1.2 mmol), ketone 25 (1.2 mmol) and Cul (20 mol %) was irradiated at a set ceiling
temperature of 100°C and a maximum power of 80 W for 25 min.
® Isolated yields are reported.

¢ 2 mmol of alkyne was used.
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The tentative mechanism proposed for the KA*-coupling is typical for A’
coupling processes (Scheme 27). The copper catalyst reacts with the alkyne
to form the copper acetylide. The in situ formed imine is attacked by the
copper acetylide (transition state C) resulting in the copper-complexed in-
termediate D. Decomplexation produces the free propargylamine 2 and re-

generates the Cu(I) catalyst.

R4 /\
| X
N e
X%‘\ R1
e

N~
/C+H

M |crowave D

H,O

RZJJ

+ RR—=

R'-NH,
Scheme 27 Proposed mechanism for the KA*-coupling
2.2. Conclusions

In conclusion, we have developed a novel Cu(l)-catalyzed microwave-
assisted three-component coupling of a ketone, an alkyne and a primary
amine, called KA*-coupling reaction, which represents the first general pro-
tocol allowing an efficient replacement of an aldehyde for a ketone in the A’-
coupling-type process. Moreover, the application of primary amines, known
to be difficult reaction partners for A’-coupling reactions compared to sec-
ondary amines, results in the formation of synthetically useful secondary
alkylpropargylamines. Therefore, this KA*-coupling can be regarded as a

welcome additional method for the generally applied A’-coupling reaction.
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3. Diversity-Oriented Silver(I)-Mediated Synthesis of

Spiro-2-aminoimidazoles

SMe

A
R -
BocN™ "NHBoc Bog TFA/CH,Cl, CF3CO0™
(1.25 equiv) N (1:2) */N
R— BocN%'/ E—— H2N—<
NH AgNO; (1.4 equiv) N rt, 1-3 h /N
2 AK BtsN (2 equiv) 10 Al 11 AK

MeCN, 1 h, rt, dark

10; 17 examples, 66-96% yields
11; 15 examples, 65-99% yields

The current chapter describes the application of quaternary carbon-
containing secondary propargylamines 2 prepared in Chapter 2 in the Ag(I)-
mediated tandem guanylation/cycloisomerization reaction developed in our
group for the synthesis of a structurally interesting class of heterocycles con-

taining a spiro-cyclic guanidine unit.
3.1. Results and discussion

When the reactions with propargylamines 2a-g,i-m,p,q,t,w,x were run for 1h
at rt with 1.25 equiv of protected S-methylisothiourea in the presence of 1.4
equiv of AgNO; and 2 equiv of Et;N in MeCN, the corresponding protected
spiro-2-iminoimidazolines 10a-g,i-m,p,q,t,w,x were obtained in high yields
ranging from 66 to 96% (Table 3). In most cases, the reaction proceeded
regio- and stereoselectively as a 5-exo-dig heterocyclization process, provid-
ing exclusively the 5-membered imidazoline with Z-configuration of the ex-
ocyclic double bond. However, for the propargylamines 2b,f,g bearing elec-
tron-donating R*-group a competitive 6-endo-dig cyclization could also be

partially realized (Figure 4). As a result the 6-membered spiro-guanidines
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10b’,f°,g’ are also formed as minor side compounds (Table 3, entries

2,6,7).%

Exo-attack becoming less
favorable and thus endo-attack
could be partially realized

Figure 4 Rationale for the endo-cyclization of propargyl guanidines derived

from 2b,f,g

The Boc-deprotection of 10a-g,i-m,p,q,w was achieved using TFA/DCM
(1:2) at rt in 1-3 h, delivering the spiro-2-aminoimidazoles 11a-g,i-m,p,q,w
as trifluofoacetic acid salts in high yields (Table 3, entries 1-14, 16). How-
ever, in the case of 10t containing an additional Boc-protective group, full
decomposition was observed (Table 3, entry 15). The deprotected 2-
aminoimidazole 11x spiro-fused with a five-membered ring also undergoes
intensive decomposition during workup, thus making isolation and charac-
terization impossible (Table 2, entry 17). It is worth mentioning that other
spiro-2-aminoimidazole trifluofoacetic acid salts 1la-g,i-m,p,q,w were
found considerably more stable than 11x, although for some of them traces
of decomposition were also observed during long term storage under air at-

mosphere.
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Table 3 Ag(I)-mediated synthesis of bis-Boc-spiro-2-iminoimidazolines 10 followed by deprotection into spiro-

2-aminoimidazoles 11

SMe
BocNJ\NHBoc
O (1.25 equiv)
RZ—
NH AgNO; (1.4 equiv)
2 R{ EtzN (2 equiv)

MeCN, 1 h, rt, dark

Boc

N
BocN=<
N

/
10 R1

2

TFA/CH,Cl, CF4CO0™
(1:2) +/N
—_— HoN——
rt, 1-3 h /N
11 R

Entry  Propargylamine 2

bis-Boc-spiro-2-iminoimidazoline 10 (yield)*

Spiro-2-aminoimidazole 11 (yield)*

BOC\ Ph
N A
1 2a BocN:<
N
PMB
BOC\ PMP
N F
BocN=<
N
PMB
2 2b
Boc PMP

10a (85%)

10b (87%)

10b’ (9%)

Ph

HN— 11a (99%)

H2N~% 11b (97%)

43



44

Table 3 (continued)

Entry  Propargylamine 2 bis-Boc-spiro-2-iminoimidazoline 10 (yield)* Spiro—2-amin0imidazole 11 (yield)*
F
Boc CF3;CO0O"
3 2¢ ¥ ] . . ,N 11¢ (99%)
BocNa/ 0c (95%) H2N4<
PMB’
2
X
Boc CF COO 11d (92%
4 2d N-F 10d (91%) ’ (92%)
BocN=< H2N—<
PMB
-HepPh p-HepPh
5 2e 10e (87%)

CF3COO
% 11e (99%)




Table 3 (continued)

Entry  Propargylamine 2

bis-Boc-spiro-2-iminoimidazoline 10 (yield)

Spiro-2-aminoimidazole 11 (yield)*

“AmOPh ~AmOPh
Boc PA™ CFsc00 | P "
N~ 10f (75%) N
o HoN
B°°N_ﬂ/N 2 _<N 11f (99%)
PMB PMB
6 2f
Boc\ p-AmOPh
N
BooN=( A 10f" (20%)
N
PMB
Boc Hix CFyco0 1y Ho
5 N;/N 10g (77%) | N-Z'<N
OCl| N 2 N 119 (65%)
PMB PMB
7 2
8 Boc, Hex

109’ (19%)
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Table 3 (continued)

Entry  Propargylamine 2 bis-Boc-spiro-2-iminoimidazoline 10 (yield)®  Spiro-2-aminoimidazole 11 (yield)®

Ph Ph
Boc P CF3C00" | 1
N +,'N
8 2i BocN=< 10i (95%) HN— 11i (92%)
N N
Hex Hex
Ph Ph
Boc P CF3C00" | 1
N +/N
; i 11j (90%
9 2j BooN=< 10j (96%) HN— i (90%)
N N
Oct Oct
Ph
Boc jh CF3CO0™ |,
N +/ N
10 2k BocN=< 10k (90%) HN—( 11K (95%)
/N /N
cHep cHep
Ph Ph
Boc P CF3C00" 1
N +/N
11 21 BocN=< 101 (77%) HN—( 111 (83%)
(]

MeO\JN MeO\JN




Table 3 (continued)

Entry  Propargylamine 2

bis-Boc-spiro-2-iminoimidazoline 10 (yield)®

Spiro-2-aminoimidazole 11 (yield)*

Ph Ph
Boc CF3CO0™ | H
N_F +./N
BocN=< HoN—
N N
12 2m
11m (85%)
10m (87%)
MeO OMe MeO OMe
Ph Ph
Boc CF3CO0" | H
N~ +/N
13 2p BOCN—ﬁ/N 10p (67%) HzN—<N 11p (92%)
PMB NAc PMB NAc
Ph
Boc PN CF3CO0" | H
N~ +'N
14 2q BocN=< 10q (66%) HN— 11q (95%)
N N
PMB NCOOEt PMB NCOOEt
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Table 3 (continued)

Entry  Propargylamine 2 bis-Boc-spiro-2-iminoimidazoline 10 (yield)®  Spiro-2-aminoimidazole 11 (yield)®
Ph Ph
Boc CF3CO0" | H
N~ +/N
15 2t B°CN:<N 10t (82%) H2N_<N 11t (0%)°
/
PMB Ny PMB Ny
Boc H
Ph Ph
Boc CF3;CO0" |
N F +.N
16 2w BocN=< 10w (76%) HN—( 11w (75%)
N N
PMB PMB
Ph Ph
Bog CF3CO0" 1
NF +/N
17 2x BocN=< 10x (77%) HN—( 1Mx (-)°
N N
PME PMB
*Isolated yields.

® Complete decomposition was observed.

¢ Intensive decomposition of 11x during workup prevented isolation and complete characterization.
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All the final spiro-2-aminoimidazole trifluoroacetic acid salts 1la-g,i-
m,p,q,w could be purified by column chromatography over silica gel, and
their structures were confirmed by 'H and "*C NMR-spectroscopy and
HRMS. In addition, the structure of 11d was determined by X-ray crystal-
lography (Figure 4). This compound crystallized in the space group P-1,
with the asymmetric unit containing two spiro-2-aminoimidazole molecules.
A hydrogen bond network is formed, around crystallographic inversion cen-
ters, between the oxygen atoms of the trifluoroacetates and the hydrogen
atoms of the 2-aminoimidazoles, for both molecules in the asymmetric unit

(Figure 5).

Figure 5 X-ray crystallographic structure of compound 11d, showing the

hydrogen bond network around a crystallographic inversion center

To expand the applicability of our protocol, we have investigated the Ag(I)-

mediated tandem guanylation/cycloisomerization of propargylamine 2y. Af-
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ter cyclization the crude bis-Boc-protected 2-iminoimidazoline 10y was di-
rectly subjected to the next Boc-deprotection step delivering compound 11y

in a good overall yield of 44% (Scheme 28).

SMe

A CF3C00° Ph
BocN NH?oc Boc\ Ph TEA/CH,CI, 3 . IH
Ph—— (1.25 equiv) N (1:2) H N:<
— - = 2!
NH i BooN=( ,2h N
) AgNO; (1.4 equiv) N ’ /
PMB Et3N (2 equiv) PME PMB
2y MeCN, 1 h, rt, dark 10y 11y, 44%

(yield over two steps)

Scheme 28 Synthesis of 2-aminoimidazole 11y

3.2. Conclusions

In conclusion, we have prepared a small library of variously substituted
spiro-2-aminoimidazoles, starting from readily available quaternary carbon-
containing secondary propargylamines. The key step of our protocol, a
Ag(I)-mediated tandem guanylation/intramolecular cycloisomerization
proved to be a powerful synthetic tool for the construction of spiro-cyclic

guanidine systems.
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4. Cationic Gold- and Silver-Catalyzed
Cycloisomerizations of Propargylic Ureas: a Selective

Entry to Oxazolidin-2-imines and Imidazolidin-2-ones

[N
—Ts S

R 5mol% AuPPhCl . CS\7TS "

\N/<O 5mol% AgOTf Ry 20 mol% AgOTf N\ e

+ —_— > -
DCM toluene
Rz/‘\<\\ sz\ R2J\<\\
R3 R3 R
20 1 21

R', R? and R® = Ar or Alk

This chapter is devoted to a comparative study of transition metal-catalyzed
cycloisomerizations of propargylic ureas derived in situ from secondary
propargylamines and tosyl isocyanate. The influence of the catalytic system
on the reaction outcome was thoroughly studied on two model examples re-
sulting in the establishment of two selective protocols for both O- and N-
cyclizations. An attempt to rationalize the observed chemoselectivity is de-
scribed. The scope of both processes was demonstrated through the use of

variously substituted secondary propargylamines.
4.1. Results and discussion

As a first model case for our investigation we chose the cycloisomerization
of terminal propargylic urea 27a generated in situ from N-
methylpropargylamine (1a) and tosyl isocyanate (26) (Table 4). Taking into
account Toste’s results® we reasoned that cationic Au-catalysis should pro-
mote O-cyclization. Therefore we set up a number of small-scale experi-
ments using various combinations of monophosphine Au(I)-chlorides with
different Ag(I)-salts which are known to produce in situ cationic Au(l)-

species. Carrying out the reactions in deuterated solvents allowed direct re-
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cording of "H NMR spectra and easy determination of the final mixture
composition. As expected the application of 5 mol% of AuPPh;ClI/AgOTf in
CDCl; resulted in almost exclusive formation of oxazolidin-2-imine 20a
through O-cyclization (Table 4, entry 1). Switching to CD,Cl, as solvent
resulted in even better selectivity (Table 4, entry 2). The use of
Au(XPhos)CI/AgOTf or AuPPh;Cl/AgNTT, in CDCI; allowed to maintain
ultimate chemoselectivity and excellent yield of 20a (Table 4, entries 3 and
4). However, when the reaction was performed in the presence of 5 mol% of
AuPPh;CI/AgBF, a small drop of selectivity was observed (Table 4, entry 5).
Further change of the counter ion through the application of
AuPPh;CI/AgSbFs as catalyst resulted in reversed chemoselectivity. N-
cyclized imidazolidin-2-one 21a was obtained as a major product in 70%
yield next to the only 30% of oxazolidin-2-imine 20a (Table 4, entry 6).
Nevertheless, when we employed 5 mol% of preformed cationic
[Au(JohnPhos)(MeCN)]SbFs complex bearing the same counter ion but a
bulkier phosphine ligand” the selectivity turned back providing an excellent
yield of 20a (Table 4, entry 7). The reaction catalyzed by 5 mol% of
AuPPh;Cl/AgO,CCF; proceeded unselectively delivering a mixture of 20a,
21a and imidazole-2-one 28 with migrated double bond in 39%, 17% and
34% yield, respectively (Table 4, entry 8). Interestingly, AuPPh;Cl/AgNO;
appeared to be a much less reactive catalyst than all other above-described
systems. At the same time the selectivity of the process turned to the N-
cyclization mode delivering 20a and 21a in 4% and 23% yield next to 68%
of uncyclized urea 27a (Table 4, entry 9). Application of AuPPh;Cl as the
sole catalyst continued these tendencies. Carrying out the reaction at rt for 1h
provided almost quantitative yield of urea 27a with only traces of
imidazolidin-2-one 21a (Table 4, entry 10). The cycloisomerization rate

could be improved by applying a higher reaction temperature of 50°C and a
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longer reaction time, but uncyclized urea 27a was not completely consumed
even after 22 h (Table 4, entries 11 and 12). Application of the
(IPr)AuCl/AgOTT (IPr = 1,3-bis(diisopropylphenyl)imidazol-2-ylidene) cata-
lytic system with N-heterocyclic carbene as ligand resulted in a slight de-
crease of selectivity compared to the analogous reaction with
triphenylphosphine ligand (Table 4, entry 13 versus entry 1). With AuCl;, a
representative Au(lll)-catalyst, a high rate and selectivity for O-cyclization
were obtained (Table 4, entry 14). To drive the reaction through the N-
cyclization mode, we have chosen AgOTf which was already proven by our
group to be an appropriate catalyst for this process.” Nonetheless, additional
investigation was required as in previous optimization studies other sub-
strates were used. Running the reaction with 10 mol% of AgOTf in CDCl; at
80°C for 1h predictably resulted in predominate formation of N-cyclized
products 21a and 28 over O-cyclized oxazolidin-2-imine 20a (Table 4, entry
15). A prolonged reaction time of 2h resulted in an increased yield of dou-
ble-bond migrated imidazole-2-one 28 compare to imidazolidin-2-one 21a
but did not affect the general N-/O-selectivity (Table 4, entry 16). If the reac-
tion was catalyzed with 20 mol% of AgOTf{, imidazole-2-one 28 was found
as the only N-cyclized product already after 1h.”' However, this was accom-
panied by a slight drop of the selectivity (Table 4, entry 17). Similar obser-
vations were obtained for AgOTf-catalyzed reactions in toluene (Table 4,
entries 18 and 19). The reaction catalyzed by 10 mol% of AgSbF in toluene
appeared to be slightly more N-selective then the analogous one with
AgOTf, however, the combined yield of cycloisomerized products and the
rate of double-bond migration in this case were lower (Table 4, entry 20 ver-
sus entry 18). Next we decided to examine whether addition of
triphenylphosphine ligand affects the outcome of AgOTf-catalyzed

cycloisomerization. We expected that the ligand might increase the cationic
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character of the Ag catalyst which would disturb the chemoselectivity by
making the process more prone towards O-cyclization. We were rather sur-
prised to find that for this particular reaction the application of AgOT{/PPh;
catalytic system in CDCl; induced the highest observed N-cyclization rate
(Table 4, entry 21). Also interesting that double bond-migrated imidazole-2-
one 28 was produced only in trace amounts, while imidazolidin-2-one 21a
was obtained in a high yield of 87%. These two observations suggest that
PPh; most likely acts here as a poison to the Ag catalyst making it less reac-
tive and more selective. We have also noticed that addition of PPh; prevents
decomposition of the catalyst and precipitation as a silver mirror. A similar
observation was made for AgOTf-catalyzed reactions in acetonitrile which
itself can behave as a suitable ligand for the Ag catalyst providing an analo-
gous poisoning effect. The rate of N-cyclization for these reactions was no-
tably higher than for those in CDCl; or in toluene (Table 4, entries 22-24).
Similarly to the AgOT{/PPh;-catalyzed reaction imidazolidin-2-one 21a was
found to be the major product of AgOTf-catalyzed reactions in acetonitrile
as well. This could be registered by 'H NMR if after completion of reaction
the resulting mixture was evaporated in vacuum at 20°C (Table 4, entry 22).
If the final mixture was evaporated at a higher temperature of 50°C double-
bond migration occurred and no 21a could be detected (Table 4, entry 23). In
wet acetonitrile the AgOTf-catalyst is decomposing in the course of reaction
thus double bond migration during evaporation is almost suppressed (Table
4, entry 24). On applying catalytic amounts of a strong Brensted acid no
cycloisomerization products were obtained (Table 4, entry 25).

Finally we performed two control experiments in order to check the influ-
ence of temperature on the outcome of both cationic Au- and AgOTf-
catalyzed reactions. Carrying out cycloisomerization in the presence of 5

mol% of AgOTf in CDCI; at rt resulted in incomplete conversion of 27a and
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decreased N-selectivity compared to the reaction at 80°C (Table 4, entry 26
versus entry 15). Nonetheless, the process still remains N-selective providing
imidazolidin-2-one 21a as a predominant product (Table 4, entry 26). At the
same time the reaction catalyzed by 5 mol% of AuPPh;Cl/AgOTT being con-
ducted at 80°C remained completely O-selective (Table 4, entry 27). These
results indicate that the reaction temperature indeed affects the
cycloisomerization outcome though its influence on the chemoselectivity is

not crucial.
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Table 4 Influence of the catalytic system on the cycloisomerization of propargylic urea 27a derived from N-

methylpropargylamine (1a) and tosyl isocyanate (26)

(0}
~
NH o \NJ\N’TS catalyst

N/TS

A

O
~

AN

e}

, N NJ<
\ ' SN H conditions O * N-Ts * NTs
S
N A

1a 26 27a 20a 21a 28
Yield®
Entry  Catalyst Conditions
20a 21a 28 uncyclized 27a
1 5 mol% AuPPh;Cl/AgOTf CDCl;, 1t, 1h 99 (92)° 1 nd nd
2 5 mol% AuPPh;Cl/AgOTf CD,Cl,, rt, 1h 100 nd nd nd
3 5 mol% Au(XPhos)Cl/AgOTf CDCls, tt, 1h 100 nd nd nd
4 5 mol% AuPPh;Cl/AgNTf, CDCls, tt, 1h 100 nd nd nd
5 5 mol% AuPPh;Cl/AgBF, CDCls, rt, 1h 94 6 nd nd
6 5 mol% AuPPh;Cl/AgSbF, CDCls, rt, 1h 30 70 nd nd
7 5 mol% [Au(JohnPhos)(MeCN)]|SbFs CDCI;, rt, 1h 100 nd nd nd
8 5 mol% AuPPh;Cl/AgO,CCF, CDCls, tt, 1h 39 17 34 nd




Table 4 (continued)

Yield”
Entry  Catalyst Conditions

20a 21a 28 uncyclized 27a
9 5 mol% AuPPh;Cl/AgNO; CDCl;, 1t, 1h 4 23 nd 68
10 5 mol% AuPPh;Cl CDCl;, 1t, 1h nd 1 nd 99
11 5 mol% AuPPh;Cl CDCl;, 50°C, 3h 2 11 nd 84
12 5 mol% AuPPh;Cl CDCls, 50°C, 22h 7 44 6 39
13 5 mol% (IPr)AuCl/AgOTf CDCl;, tt, 1h 97 3 nd nd
14 5 mol% AuCls CDCl;, tt, 1h 92 nd 3 nd
15 10 mol% AgOTf CDCl;, 80°C, 1h 22 10 62 nd
16 10 mol% AgOTf CDCl;, 80°C, 2h 22 2 68 nd
17 20 mol% AgOTf CDCl;, 80°C, 1h 30 nd 64 nd
18¢ 10 mol% AgOTf toluene, 80°C, 2h 15 10 66 nd
19¢ 20 mol% AgOTf toluene, 80°C, 1h 20 nd 72 nd
20¢ 10 mol% AgSbF toluene, 80°C, 2h 9 32 37 nd
21 10 mol% AgOT{/20 mol% PPh; CDCl;, 80°C, 2h 5 87 3 nd
22° 10 mol% AgOTf MeCN, 80°C, 2h 12 61 23 nd
234 10 mol% AgOTf MeCN, 80°C,2h 11 nd 76 nd
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Table 4 (continued)

Yield®
Entry  Catalyst Conditions

20a 21a 28 uncyclized 27a

ir MeCN (wet),
24% 10 mol% AgOTf 6-8° 52-758 0-20¢8 nd
80°C, 2h

25 5 mol% TfOH CDCls, 1t, 1h nd nd nd 100
26 5 mol% AgOTf CDCls, rt, 1h 10 24 - 58
27 5 mol% AuPPh;Cl/AgOTf CDCl;, 80°C, 1h 96 - 1 -

* Reactions were carried out on a 0.2 mmol scale in 0.8 mL of solvent. After completion of the indicated time an internal standard

(3.,4,5-trimethoxybenzaldehyde) was added and the resulting mixture was analyzed by 'H NMR.

® Yields are determined by 'H NMR using 3,4,5-trimethoxybenzaldehyde as internal standard. nd = not detected.

¢ Isolated yield is given in parenthesis.

4 After completion of the indicated time the resulting mixture was evaporated at 50°C, diluted with CDCI;, charged with 3,4,5-

trimethoxybenzaldehyde and analyzed by 'H NMR.
¢ Evaporated at 20°C.
"Repeated from ref.”.

£ Yields can vary depending on the wetness of the applied MeCN.
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Next we investigated the transition metal-catalyzed cycloisomerization of
propargylic urea 27b in order to adjust our preliminary findings to the case
of polysubstituted propargylamine-derived ureas (Table 5). It is important to
stress that for these reactions, in addition to the chemoselectivity, the
regioselectivity aspect (5-exo-dig versus 6-endo-dig cyclization) had to be
considered.”” On the other hand, in contrast to the first model case (Table 4)
and our earlier study™ (Scheme 23, Chapter 1) no double bond migration
occurred.

We were pleased to find that the AuPPh;Cl/AgOTf-catalyzed reaction
showed high regio- and chemoselectivity in both CDCl; and CH,Cl, deliver-
ing oxazolidin-2-imine 20b as the major product in a good yield of 75% and
73%, respectively (Table 5, entries 1 and 2). Interestingly, the
AuPPh;CI/AgNTT, catalytic system which was proved to be efficient for
Toste’s substrates® gave rather poor results. Being applied in CDCl; it gave
a lower rate of cycloisomerization while the reaction in CH,Cl, was unselec-
tive (Table 5, entries 3 and 4). Therefore we decided to test a few more rep-
resentative catalytic systems which gave promising selectivity of O-
cyclization during the first model study. The reaction catalyzed by pre-
formed cationic [Au(JohnPhos)(MeCN)|SbFs complex appeared to be mod-
erately selective but extremely slow (Table 5, entry 5). The AuCl;-catalyzed
reaction proceeded faster but rather unselectively with predominant for-
mation of N-cyclized products (Table 5, entry 6). These results demonstrate
that the O-cycloisomerization reaction with polysubstituted propargylic urea
27b is much more sensitive to the choice of the catalytic system compared to
the reaction with terminal propargylic urea 27a.

The AgOTf-catalyzed N-cycloisomerization of 27b proceeded almost equal-
ly well in CDCl;, toluene and acetonitrile as solvents though the reaction in

toluene provided a slightly higher yield of the desired imidazolidin-2-one
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21b (Table 5, entries 7-9). The application of AgSbF; in toluene delivered a
similar result (Table 5, entry 10). In contrast to the first model case the addi-
tion of triphenylphosphine ligand did not improve the rate of N-cyclization.
Instead the chemoselectivity of the process was disturbed in accordance with
our initial expectations. On the other hand, this was accompanied by a drop

of the general cycloisomerization rate (Table 5, entries 11 and 12).”
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Table S Influence of the catalytic system on the cycloisomerization of propargylic urea 27b derived from propargylamine

1b and tosyl isocyanate (26)"

PMB (e} N—Ts N/Ts VB o) o
“NH Os%c. T PMB‘NJ\”/TS catalyst PMB‘N/QO PMB\N)l\O \N//<N—Ts PMB\NJKN/TS
; * SNTT T conditions * * +
lBu)\Ph "Bu)\Ph conditions iBU)\<\\Ph ,'Bu)\/kph iBu)\<\\Ph iBu)\/\Ph
1b 26 27b 20b 29b 21b 30b
Yield"®
Entry Catalyst Conditions
20b 29b 21b  30b  uncyclized 27b
1 5 mol% AuPPh;Cl/AgOTf CDCl;, 50°C, 2 h 75 6 2 2 nd
2°¢ 5 mol% AuPPh;Cl/AgOTf CH,Cl,, 50°C, 2 h 73 4 6 5 nd
3 5 mol% AuPPh;CI/AgNTf, CDCl;, 50°C, 2 h 24 3 5 3 49
4° 5 mol% AuPPh;CI/AgNTf, CH,Cl,, 50°C, 2 h 49 3 17 19 nd
5 5 mol% [Au(JohnPhos)(MeCN)|SbFs  CDCls, 50°C, 2 h 8 nd 2 2 75
6 5 mol% AuCls CDCl3, 50°C,2 h 15 nd 19 4 32
74 20 mol% AgOTf CDCl;, 80°C, 1h 3 nd 74 1 nd
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Table 5 (continued)

Yield®
Entry Catalyst Conditions
20b 29b 21b  30b  uncyclized 27b
g%d 20 mol% AgOTf toluene, 80°C, 1h 5 nd 79 nd nd
94 20 mol% AgOTf MeCN, 80°C, 1h 11 nd 74 nd nd
10%4 20 mol% AgSbFg toluene, 80°C, 1h 4 nd 79 1 nd
114 20 mol% AgOT{/40 mol% PPh; CDCl;, 80°C, 1h 24 nd 43 nd 15
124 20 mol% AgOT1/40 mol% PPh; toluene, 80°C, 1h 15 nd 22 nd 48

* Reactions were carried out on a 0.1 mmol scale in 0.4 mL of solvent, unless otherwise specified. After completion of the indicated

time the internal standard (3,4,5-trimethoxybenzaldehyde) was added and the resulting mixture was analyzed by 'H NMR.

® Yields are determined by 'H NMR using 3,4,5-trimethoxybenzaldehyde as internal standard. nd = not detected.

¢ After completion of the indicated time the resulting mixture was evaporated at 50°C, diluted with CDCIl;, charged with 3,4,5-

trimethoxybenzaldehyde and analyzed by 'H NMR.

4 Reaction was carried out in 0.5 mL of solvent.
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Having two selective protocols for O- and N-cycloisomerizations success-
fully established we decided to evaluate their scope employing various poly-
substituted secondary N-alkylpropargylamines 1b-m in combination with
tosyl isocyanate 26 (Table 6). In most cases AuPPh;Cl/AgOTf-catalyzed
reactions (protocol A) proceeded selectively through the O-cyclization mode
delivering oxazolidin-2-imines 20 as major products in good to high yields
(Table 6, entries 1, 3, 5, 7, 9, 11, 13, 15 and 17). Analogously, AgOTf-
catalyzed reactions (protocol B) generally gave rise to the corresponding
imidazolidin-2-ones 21 via N-cyclization (Table 6, entries 2, 4, 6, 8, 10, 12,
14, 16 and 18). However, two exceptions for which we were unable to find
any reasonable explanation were observed. Propargylic ureas derived from
propargylamines 1k and 11 being subjected to protocols A and B in both
cases provided imidazolidin-2-ones 21k and 211 as major products (Table 6,
entries 19-22).

Finally, we decided to check the behavior of N-arylpropargylamine 1m
which might be regarded as a Toste-type substrate. The cationic gold(I) cata-
lyzed O-cycloisomerization of 1m-derived urea confirmed to be extremely
chemoselective providing oxazolidin-2-imine 20m in an excellent yield of
90% as the sole reaction product (Table 6, entry 23). At the same time, the
selectivity of the AgOTf-catalyzed N-cycloisomerization of this substrate
was not that impressive. Nevertheless, imidazolidin-2-one 21m was isolated
as the major product in 46% yield next to oxazolidin-2-imine 20m which

was also obtained in a significant amount of 33% (Table 6, entry 24).
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Table 6 Investigation of the substrate scope of the cationic gold- and silver-catalyzed cycloisomerizations of propargylic

ureas”
R N-Ts NS Rl O o
“NH AorB RL N
. O\\C\\ Ts L’ N/< . R P g . NJ(N—TS . RLN )J\N/Ts
R2 [ N o] N (0] 2/‘\<\ J\/k
N R3 R? \ o sz\/kRs R \ RS R27NF O R3
1b-m 26 20 29 21 30
A = 5 mol% AuPPh4Cl, 5 mol% AgOTf, DCM, 2-20h, rt or 50 °C
B = 20 mol% AgOTf, toluene, 1-2h, 80 °C
Yield"
Entry 1 R R’ R’ Protocol
20 29 21 30
1 A 74° 5°¢ 6° 5¢
1b PMB iBu Ph
2 B 5¢ nd 80 nd
3 A 72¢ 3¢ 8° 6°
1c Bn Pr Ph
4 B 5¢ traces 91 nd
5 A 71¢ 2°¢ nd nd
1d Bn p-Tol Ph )
6 B 30° 1° 67 nd
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Table 6 (continued)

Yield"
Entry 1 R! R? R} Protocol
20 29 21 30
7 A 71 nd 28 nd
le Cyclooctyl Pent Ph
8 B 15 nd 83 nd
? 1f PMB FCcH (Bu)C¢H A 63 1 nd nd
- -(/Bu
10 et P “* B x4 3 72 nd
11 A 90 nd nd nd
lg MeOCHchz Pr p-PrC(,H4
12 B 5¢ nd 46 nd
13 A 73¢ nd 6° nd
1h PMB Pr Bn
14 B 5¢ nd 77° nd
15 A 63 nd 2¢ nd
1i PMB PhCH,CH, Bn
16 B 6° nd 57 nd
17 A 82 nd nd nd
1j PMB Et Thiophen-3-yl
18 B 34 nd 47 nd
19 A 20° nd 60 nd
1k tBu iBu p-FC6H4
20 B 23¢ nd 51 nd
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Table 6 (continued)

Yield®
Entry 1 R R’ R’ Protocol
20 29 21 30
21 A 6° 1° 42 nd
11 Bn Ph Cyclopentyl
22 B 23¢ 11° 55 nd
23 A 920 nd nd nd
1m Ph Ph Ph
24 B 33¢ nd 46 nd

? Reactions were carried out on a 0.2-0.5 mmol scale. For details see experimental section and supporting information.

® Isolated yields.

° Yield calculated from 'H NMR spectra. nd = not detected or not possible to determine clearly.
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The structures of the representative oxazolidin-2-imine 20d and the corre-
sponding imidazolidin-2-one 21d were determined by X-ray crystallographic
analysis (Figure 6).”* The connectivity pattern of other obtained oxazolidin-
2-imines 20b-j,l,m and imidazolidin-2-ones 21b-k,m was verified applying
of NMR and IR spectroscopy. The comparison of some characteristic signal
values is given in Figure 7. The minor 6-membered products of O- and N-
cycloisomerizations were not isolated in a pure form. Their assignment was
performed relying on "H NMR and IR spectra of mixtures with other reac-

tion products (see experimental section for details).

Figure 6 X-ray crystallographic structures of oxazolidin-2-imine 20d (left)
and imidazolidin-2-one 21d (right), showing thermal ellipsoids at the 50%

probability level and atom labeling scheme
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Figure 7 Comparison of C=N/C=0 stretching IR absorption peaks and "°C
NMR characteristic signal values for oxazolidin-2-imines 20 and

imidazolidin-2-ones 21

Ag”>’® and Au’’-catalyzed cycloisomerizations involving attack of a het-
eroatom nucleophile on a C-C multiple bond became an attractive and rap-
idly growing field of organic synthesis. In our previous study we have
demonstrated a remarkable chemoselectivity for the cyclization of 5-chloro-
3-(2-alkynylphenylamino)-pyrazin-2(1H)-ones using Ag- or Au-catalyzed
protocols resulting in the formation of pyrazino[2,1-b]quinazolines or 3-
indolyl-2(1H)-pyrazinones, respectively.”” It should be noted that it is not
always easy to give a precise mechanistic explanation for such observations.
To rationalize the outcome of the current propargyl urea cyclization process
we decided to apply the Pearson's concept of hard and soft acids and bases
(HSAB).” Although the HSAB treatment of ambident reactivity of organic
compounds” has recently gained considerable criticism® we are still con-
vinced that it would be appropriate to examine our process for compatibility
with the HSAB principle.

We presume that in the AuPPh;Cl/AgOTf-catalyzed process propargylic
urea 27 coordinates into cationic Au complex I where the triflate counter ion
is pushed outside of the ligand sphere. The triple bond in this case might be
viewed as completely aurated. The resulting carbocation is a hard Lewis acid

which would preferably react with the small and highly electronegative
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carbamide oxygen via a hard-hard interaction II. In the Ag(I)-catalyzed pro-
cess AgOTf supposedly does not dissociate in the reaction mixture. It exists
as a contact ion-pair which could readily form a n-complex with the triple
bond of propargylic urea 27. This n-complex is a highly polarized soft Lewis
acid which would preferably react with less electronegative amide nitrogen
bearing two acceptors (carbamoyl and tosyl groups) via a soft-soft interac-

tion III.

Hard acid - hard base interaction Soft acid - soft base
interaction
. +
(;NHTS )I\Jl\l—iTs (0]
RY R RL
_ N (0] _ N (o) NJ\NHTs
TfO J\(\, = TfO v i
R =R RSN R RIS
\1e h 3
( i AulL L +R
Ag*OTf

Scheme 29 Rationalization of the chemoselectivity of AuPPh;Cl/AgOT(-
and AgOTf-catalyzed cycloisomerization processes applying the HSAB

principle.

4.2. Conclusions

In this chapter we have studied the transition metal-catalyzed O- and N-
cycloisomerizations of propargylic ureas to identify their optimal parame-
ters. Two extensive optimization surveys were performed to provide a deep-
er insight into the mode of action of different catalytic systems. It was shown
that the application of cationic Au(l) catalysis generally results in the for-
mation of O-cyclized oxazolidin-2-imines as the major products while the
application of AgOTTf selectively provides the corresponding N-cyclized

imidazolidin-2-ones.
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From a synthetic point of view the developed procedures offer straightfor-
ward access to a large variety of polysubstituted oxazolidin-2-imines and
imidazolidin-2-ones and thus could be regarded as a welcome expansion of

previous methodologies (see Chapter 1).
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5. Unexpected Regio- and Chemoselectivity of Cationic
Gold-Catalyzed Cycloisomerization of Propargylic
Ureas: An Access towards Tetrasubstituted 3,4-

Dihydropyrimidin-2(1H)-ones

This chapter describes the cationic gold-catalyzed 6-endo-dig
cycloisomerization of propargylic ureas derived from alkyl or aryl
isocyanates leading to 3,4-dihydropyrimidin-2(1H)-ones 22. This work is
continuing our efforts on the comparison of cationic Au(I) and Ag(I) cataly-
sis described in Chapter 4. In that sense the results presented herein are
complementary to our previously described Ag(I)-catalyzed S5-exo-dig
cycloisomerization of aryl isocyanate-derived ureas resulting in imidazol-2-

ones 18 (Chapter 1, Scheme 23).”

Chapter 4

- N
R 5 mol% AuPPhsCl OC TS rP

o 1 N R
N/<O 5mol% AgOTf R N 20 mol% AgOTF _ N//<N_Ts
R2 \ )\ toluene RZJ\<\\
3 R3
20 ° 21
R', R?and R® = Ar or Alk
O O
Ce Ry
5-20 mol% N
Alk. R Alk
N)J\N 3 AuPPhsClAgoTs Ak~ 16 20 mol% AgOTf _ N//<N_Ar
sz\/kw CHClj, 50 °C toluene 110 °C R2)§<\
;
22 18 N
R' = Ar; R = Alk; R3 = Ar or Alk R" = Ar or Alk; R? = Alk; R3 = Ar
Chapter 5 current work) previous work of our group®®
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Interestingly the obtained data are very different from what was observed for
tosyl isocyanate-derived ureas in Chapter 4 in term of both chemo- and

regioselectivity.

5.1. Results and discussion

We selected cycloisomerization of urea 17a, derived in situ from
propargylamine 1¢ and phenyl isocyanate (16a), as a model reaction for the
optimization survey (Table 7). Initially we have found that the reaction cata-
lyzed by 5 mol% of AuPPh;Cl/AgOTT, being conducted for 23 hours at room
temperature in CDCl;, produces 3,4-dihydropyrimidin-2(1H)-one 22a in a
low yield of 18% next to 76% of uncyclized urea 17a (Table 7, entry 1). To
our great satisfaction the cycloisomerization rate could be dramatically im-
proved by elevating the reaction temperature up to 50 °C, delivering 22a in a
good yield of 84% next to some minor amounts of imidazol-2-one 18a (Ta-
ble 7, entry 2). Further we found out that the reaction time could be shorted
to 15 hours without any losses in the reaction rate providing even slightly
improved yield of 22a (Table 7, entry 3). However, further reduction to 5
hours reaction gave incomplete conversion of 17a (Table 7, entry 4). Switch-
ing to CD,Cl, as a solvent gave somewhat poorer result in terms of
regioselectivity and general cycloisomerization rate (Table 7, entry 5).
Changing the counter ion through the use of other silver(I) salts or the use of
preformed [Au(JohnPhos)(MeCN)]SbFs complex as well as the application
of persistent N-heterocyclic carbene instead of phosphine ligands, all result-
ed in either diminished or comparable yield of the desired product (Table 7,
entries 6-10). The gold(Ill) chloride-catalyzed reaction gave very poor
cycloisomerization rate while remaining 6-endo-dig selective (Table 7, entry
11). Catalytic amounts of a strong Brensted acid did not facilitate

cycloisomerization at all (Table 7, entry 12). The silver(l) triflate catalyzed
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reaction selectively producing imidazol-2-one 18a, which was documented

by us previously™, is also added here for comparison (Table 7, entry 13).
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Table 7 Optimization of the reaction parameters of cationic gold-catalyzed cycloisomerization of phenyl isocyanate-

derived propargylic urea 17a°

o) o o
%N . O, pn conditions 1 Bn\NJLH’Ph Condions 2 Bn\NJ\N'Ph . Bn\NJ\N’Ph
prxph e A, o

1c 16a 17a 22a 18a
Yields"
Entry  Solvent  Conditions 1  Catalyst Conditions 2
22a 18a Uncyclized 17a

1 CDCl; 5 min, rt 5 mol% AuPPh;Cl/AgOTf 23h, 25 °C 18 - 76

2 CDCl; 5 min, rt 5 mol% AuPPh;Cl/AgOTf 23h, 50 °C 84 5 -

3 CDCl; 5 min, 1t 5 mol% AuPPh;Cl/AgOTf 15h, 50 °C 89° 6 -

4 CDCl; 5 min, 1t 5 mol% AuPPh;Cl/AgOTf Sh, 50 °C 46 - 51

5 CD,Cl,  5min,rt 5 mol% AuPPh;Cl/AgOTf 15h, 50 °C 82 10 4

6 CDCl; 5 min, 1t 5 mol% AuPPh;ClI/AgNTf, 15h, 50 °C 87 6 2

7 CDCl; 5 min, 1t 5 mol% AuPPh;Cl/AgSbF, 15h, 50 °C 61 2 35

8 CDCl, 5 min, rt 5 mol% [Au(JohnPhos)(MeCN)]|SbFs  15h, 50 °C 87 3 -




Table 7 (continued)

Yields®

Entry  Solvent Conditions 1  Catalyst Conditions 2
22a 18a Uncyclized 17a

9 CDCl; 5 min, rt 5 mol% AuPPh;Cl/AgBF, 15h, 50 °C 58 3 30
10 CDCl; 5 min, rt 5 mol% (IPr)AuCl/AgOTf 15h, 50 °C 88 5 -
11 CDCl; 5 min, rt 5 mol% AuCl; 15h, 50 °C 29 2 57
12 CDCl; 5 min, rt 10 mol% TfOH 15h, 50 °C - - 84
13¢ toluene  1h, 110°C 20 mol% AgOTf 2h, 110 °C - 72° -

* Reactions were carried out on a 0.1 mmol scale in 0.4 mL of dry solvent. After completion of the indicated time an internal standard

(3.,4,5-trimethoxybenzaldehyde) was added and the resulting mixture was analyzed by 'H NMR.

® Yields are determined by 'H NMR using 3,4,5-trimethoxybenzaldehyde as internal standard.

¢ This value corresponds to both NMR and isolated yields from 0.1 mmol and 0.2 mmol scale reactions in CDCl; and in CHCl;, re-

spectively.

4 Reproduced from ref.”.

¢ Isolated yield from a 0.33 mmol scale reaction conducted in 2.5 mL of toluene.
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We decided to perform an X-ray crystallographic analysis of both cycloi-
somerization products to ensure our structural assignments before coming to
a detailed substrate scope investigation. The resulting ORTEP representa-
tions of 3,4-dihydropyrimidin-2(1H)-one 22a and imidazol-2-one 18a are

shown in Figure 8.

Figure 8 X-ray crystallographic structures of 3,4-dihydropyrimidin-2(1H)-
one 22a (left) and imidazol-2-one 18a (right), showing thermal ellipsoids at
the 50% probability level and atom labeling scheme

Having completed the optimization study and structural assignment of the
representative products we decided to evaluate the scope and limitations of
our process (Table 8). First we reacted propargylamine 1¢ with various aro-
matic isocyanates 16a,b,c. In all cases the in sifu formed ureas 17a,b,c could
be successfully cyclized into the expected 3,4-dihydropyrimidin-2(1H)-ones
22a,b,c in high yields ranging from 89% to 93% (Table 8, entries 1-3). The
formation of minor imidazol-2-one products 18a,b,c was also detected but
their yields did not exceed 6%. The reaction of 1c¢ with aliphatic benzyl
isocyanate 22d under the standard conditions gave only 43% yield of desired

product 18d next to 49% of uncyclized urea 17d (Table 8, entry 4). To our
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delight the cycloisomerization could be driven to completion through the
increasing of the reaction time and the catalyst loading allowing the isolation
of 3,4-dihydropyrimidin-2(1/)-one 22d in an excellent yield of 95% as a
single reaction product (Table 8, entry 5). Further we have successfully ap-
plied these modified conditions to the reactions of 1¢ with a few other ali-
phatic isocyanates 16e,f,g. In all cases 3,4-dihydropyrimidin-2(1H)-ones
22e,f,g were produced in very high yields as the only reaction products (Ta-
ble 8, entries 6-8). Remarkably, an attempt to cyclize the propargyl urea 17h
derived form secondary cyclopentyl isocyanate 16h almost failed and thus
should be regarded rather as a limitation considering that the reaction cata-
lyzed by 20 mol% of AuPPh;CI/AgOT{ at 50 °C for 22 hours provided only
19% of desired 3,4-dihydropyrimidin-2(1H)-one 22e (Table 8, entry 9). Fi-
nally we have evaluated several propargylamines 1b,j,n,0 in combination
with various aromatic and aliphatic isocyanates 16a,c,d,i. In all cases the in
situ formed propargylic ureas 17i-p could be efficiently cyclized into corre-
sponding 3,4-dihydropyrimidin-2(1H)-ones 22i-p following the above de-
scribed trends established for the lc-derived ureas 17a-g (Table 8, entries
10-18).
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Table 8 Scope and limitations of cationic gold-catalyzed cycloisomerization of aryl or alkyl isocyanate-derived

propargylic ureas 17*

O

(0]
Alk< x mol%
NH O g, Smint A"‘\NJLH'R3 AuPPhocliagoTs  Alke AL Rs AIk\N)J\N/R3
~ . _— - > +
R1)\ , N Cro, 00y g e 07 J A, =
R2 X, CHCls (CDCl) R R R R2
1 16 17 22 18
Yields®
Entry X Time Propargylamine 1 Isocyanate 16 i
22 18 Uncyclized 17
Bn.
"NH
1 5 15 Pr/\ 1c Ph—NCO  16a 89 6°¢ -
A

Ph

2 5 15 1c MeO@NCO 16b 92 5¢ -
3 5 15 1c F@NCO 16¢ 93 6° -

4 5 15 1c Bn—NCO  16d 43 - 49
5 15 16.5 1c 16d 95 - -
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Table 8 (continued)

. ' Yields
Entry X Time Propargylamine 1 Isocyanate 16 3 m Uneyelized 17
NCO
6 15 16.5 1c 16e 95 - -
Me
Cl NCO
7 15 16.5 1c d 16f 93 - -
8 15 16.5 1c Hept—NCO  16g 88 - -
9 20 22 1 [ )—nco  en 19 - 61
PMB. |
10 5 15 B K 16a 80 - -
| N
S
11 5 15 1j 16¢ 91 2° -
12 5 15 1j 16d 37 - 56
13 15 18.5 1j 16d 92 - -

83



Table 8 (continued)

| Yields”
Entry X Time Propargylamine 1 Isocyanate 16
22 18 Uncyclized 17
PMB..
NH
14 5 15 ,.Bu)\ 1b 16a 89 7 -
Ph
15 5 15 1b Me@NCO 16i 88 6 -
16 15 16 1b 16d 94 - -
BN
17 5 15 1n 16a 90 6° -
7 My N
Ph
Hex\NH
18 15 16.5 Br” N 10 16d 84 . ;
OBu

? Reactions were carried out on a 0.15-0.45 mmol scale in 0.6-1.8 mL of dry CHCI; respectively.
® Isolated yields.
¢ Yields determined by "H NMR from the corresponding 0.1 mmol scale reaction in CDCl; using 3,4,5-trimethoxybenzaldehyde as

internal standard.
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5.2. Conclusions

In conclusion, we have discovered an unusual propargyl urea
cycloisomerization pathway resulting in the formation of the 3,4-
dihydropyrimidin-2(1H)-one core through the application of cationic gold
catalysis. The overall process relies on the application of easily accessible
secondary propargylamines and commercial aryl and alkyl isocyanates al-
lowing straightforward introduction of four diversity points and could be
potentially useful for the generation of libraries of biologically active com-

pounds.
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General conclusions

and perspectives

The work presented in this thesis lies in the framework of a broad research
program devoted to the preparation and utilization of secondary
propargylamines which was recently initiated in our group. In that sense our
current findings not only complement the existing array of synthetic ap-
proaches but also offer some key points interesting for the mechanistic con-
sideration.

In the Chapter 2 we have demonstrated that the substitution of an aldehyde
component on a closely related ketone in the A’-coupling-type process for
the purpose of general protocol establishment is not a trivial task which,
nevertheless, was successfully solved for the first time.”” Simultaneously,
another synthetic problem such as difficult application of primary amines in
the A’-coupling reactions was also efficiently ameliorated for the second
time shortly after the first precedent® also originated from our group. In
overall, this provided a straightforward and general access towards syntheti-
cally useful class of secondary alkylpropargylamines bearing quaternary car-
bon center. Subsequently, in the Chapter 3 we were first who have shown
their ~ synthetic  utility = through the  Ag(I)-mediated tandem
guanylation/cycloisomerization reaction leading to structurally interesting
class of heterocycles featuring spiro-cyclic guanidine unit.”"*'

In the Chapter 4 we performed a comparative study on the transition metal-
catalyzed cycloisomerizations of propargylic ureas derived in situ from sec-

ondary propargylamines and tosyl isocyanate highlighting the dependence of
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the chemoselectivity of this process on the employed catalytic system.”
While already in the Chapter 5 devoted to the cationic gold-catalyzed
cycloisomerization of aryl and alkyl isocyanate-derived propargylic ureas we
came to know that the regio- and chemoselectivity of such processes, appar-
ently, to some extent, are substrate-driven. It is also worth to emphasize that
Chapter 4 and Chapter 5 collectively provide a universal entry to a wide
range of important small heterocycles such as oxazolidin-2-imines,
imidazolidin-2-ones and 3,4-dihydropyrimidin-2(1H)-ones starting from the
common propargylamine precursors. In this regard, further mechanistic stud-
ies involving quantum-chemical calculations might be drawn aiming better
understanding of already established processes and, maybe, to help in the
development of novel procedures with yet unexplored selectivities. The cur-
rent work might also be expanded if the cyclization of described propargyl
guanidines and ureas would be attempted through the use of different elec-
trophiles (I, IC1, PhSeCl etc.) instead of transition metal catalysis (Scheme
30).%

X )i i
R R 2 4 R2 R*
o e Aor R
1J\ ) * =
A N T Nr R R3
< / 3
O\CQN,R“ g R E E
2
RONH + E* I
1
RJ\ \ )
R NHR* J\LR NR*
Rz\ 2 RQ\
N/F0> R-“N"To + NJ\O
AN R1>‘\S/R3 R1JYLR3
gr R E E

Scheme 30 An outlook towards an electrophile-mediated cyclizations of

propargyl ureas.
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Finally, we are also anticipating that some of our methodologies could be
useful for the targeted synthesis of compound libraries for the biological

screening.
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Experimental part

General information

'H and C NMR spectra were recorded with 300 and 75 MHz respectively
(unless otherwise specified) using Bruker Avance instruments. The 'H and
PC chemical shifts are reported in parts per million relative to

tetramethylsilane using the residual solvent signal as the internal reference.

Low resolution mass spectra were recorded using a Thermo Finnigan LCQ
Advantage apparatus (ESI) or a Hewlett-Packard 5989A mass spectrometer
(EI and CI mode).

High-resolution EI mass spectra were recorded on a Kratos MS50TC system
with a resolution of 10000. The ion source temperature was 150-250 °C, as
required. High-resolution ESI mass spectra were acquired on a quadrupole
orthogonal acceleration time-of-flight mass spectrometer (Synapt G2
HDMS, Waters, Milford, MA). Samples were infused at 3 pL/min and spec-
tra were obtained in positive ionization mode with a resolution of 15000

(FWHM) using leucine enkephalin as lock mass.

Infrared (IR) spectra were recorded neat on a Bruker ALPHA FT-IR Spec-

trometer, and wavelengths are reported in cm™.

The microwave irradiation experiments were carried out in a dedicated
CEM-Discover monomode microwave apparatus, operating at a frequency of
2.45 GHz with continuous irradiation power from 0 to 300 W and utilization
of the standard absorbance level of 300 W. The reactions were carried out in

10 mL glass tubes, sealed with a Teflon septum and placed in the microwave
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cavity. The reactions were irradiated at the required set temperature for the

stipulated time and then cooled to ambient temperature with air jet cooling.
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Chapter 2

General procedure for the synthesis of secondary

propargylamines 2

/I’“\ Cul (20 mol %

' /Eo + R-NH, + R¥= ( °) Re—=\

" 100 °C, 25 min NH
23 24 25 MW, neat 2a-y /

R1

To a microwave vial equipped with a magnetic stirring bar ketone (1.2
mmol), primary amine (1 mmol), acetylene (1.2 mmol) and Cul (38 mg, 20
mol %) were added. The mixture was degassed and flushed with argon. The
reaction vessel was sealed and irradiated in the cavity of a CEM-Discover
microwave reactor at a set temperature of 100 °C and a maximum power of
80 W for 25 min. Upon completion of the reaction the vial was cooled with a
stream of air. The resulting reaction mixture was directly purified by column
chromatography over silica gel (eluent 10-30% EtOAc in heptane) to afford

the corresponding propargylamine.

OMe N-(4-methoxybenzyl)-1-
(phenylethynyl)cyclohexanamine
'H NMR (300 MHz, CDCly): § 7.59-7.41 (m, 2H),
7.40-7.25 (m, 5H), 6.86 (d, J=8.6 Hz, 2H), 3.91 (s,
2H), 3.78 (s, 3H), 2.10-1.90 (m, 2H), 1.82-1.16 (m,

/ %‘Z

8H).
3C NMR (75 MHz, CDCl5): & 158.6, 133.2, 131.6,
2a: 76% 129.6, 128.2, 127.7, 123.7, 113.8, 93.6, 84.7, 55.25,

55.22,47.4,38.2,25.9, 23.0.

HRMS (EI): m/z [M]" caled. for C,H,sON:
319.1936; found: 319.1936.
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Vi %‘2

2b: 75%

7 %‘Z

2¢: 64%

7 %‘Z

I\

2d: 75%

OMe

OMe

OMe

N-(4-methoxybenzyl)-1-(2-(4-
methoxyphenyl)ethynyl)cyclohexanamine

'H NMR (300 MHz, CDCly): § 7.39 (d, J=8.6 Hz,
2H), 7.30 (d, J=8.6 Hz, 2H), 6.89-6.80 (m, 4H), 3.90
(s, 2H), 3.80 (s, 3H), 3.78 (s, 3H), 2.01-1.87 (m, 2H),
1.77-1.16 (m, 8H).

BC NMR (75 MHz, CDCly): 8 159.2, 158.5, 133.3,
133.0, 129.6, 115.8, 113.84, 113.80, 92.0, 84.4,
55.27,55.25,47.4, 38.3, 26.0, 23.0.

HRMS (EI): m/z [M]  caled. for Cy,HyO,N:
349.2042; found: 349.2052.

N-(4-methoxybenzyl)-1-(2-(3-
fluorophenyl)ethynyl)cyclohexanamine

'H NMR (300 MHz, CDCly): & 7.33-7.20 (m, 4H),
7.18-7.10 (m, 1H), 7.04-6.96 (m, 1H), 6.86 (d,
J=8.60 Hz, 2H), 3.89 (s, 2H), 3.79 (s, 3H), 2.01-1.89
(m, 2H), 1.79-1.19 (m, 8H).

3C NMR (75 MHz, CDCL;): § 164.0, 160.8, 158.6,
133.1, 129.8, 129.7, 129.6, 127.6, 127.6, 125.6,
125.5, 118.6, 118.3, 115.2, 115.0, 113.8, 94.8, 83.6,
83.5,55.3,55.2,47.4, 38.1, 25.9, 23.0.

HRMS (EI): m/z [M]" caled. for Cyp,H,sONF:
337.1842; found: 337.1844.

N-(4-methoxybenzyl)-1-(2-(thiophen-3-
yDethynyl)cyclohexanamine

'H NMR (300 MHz, CDCls): & 7.42-7.38 (m, 1 H),
7.33-7.23 (m, 3H), 7.14-7.09 (m, 1H), 6.86 (d, ]=8.6
Hz, 2H), 3.89 (s, 2H), 3.79 (s, 3H), 2.01-1.88 (m,
2H), 1.78-1.17 (m, 8H).

3C NMR (75 MHz, CDCl5): & 158.5, 133.2, 130.1,

129.6, 127.8, 125.1, 122.6, 113.8, 93.2, 79.5, 55.3,
47.4,38.2,25.9,23.0.

HRMS (EI): m/z [M]" caled. for C,H,;ONS:
325.1500; found: 325.1501.



YA %‘2

2e: 74%

7 %‘Z

21: 89%

Y&

2g:31%

OMe

OMe

OMe

N-(4-methoxybenzyl)-1-(2-(4-
heptylphenyl)ethynyl)cyclohexanamine

"H NMR (300 MHz, CDCls): 7.37 (d, J=8.0 Hz, 2H),
7.3 (d, J=8.6 Hz, 2H), 7.12 (d, J=8.0 Hz, 2H), 6.85
(d, J=8.6 Hz, 2H), 3.91 (s, 2H), 3.78 (s, 3H), 2.63-
2.53 (t, J=7.7, Hz, 2H), 2.01-1.89 (m, 2H); 1.77-1.16
(m, 18H); 0.93-0.82 (t, J=6.8 Hz, 3H).

BC NMR (75 MHz, CDCl,): 158.6, 142.9, 133.3,
131.6, 129.7, 128.4, 120.8, 113.8, 92.9, 84.8, 55.33,
55.28, 47.5, 38.3, 35.9, 31.8, 31.4, 29.22, 29.20,
26.0,23.1,22.7, 14.1.

HRMS (EI): m/z [M]" caled. for CyH3ON:
417.3032; found: 417.3032.

N-(4-methoxybenzyl)-1-(2-(4-
(pentyloxy)phenyl)ethynyl)cyclohexanamine

'H NMR (300 MHz, CDCl5): 7.38 (d, J=8.6 Hz, 2H),
7.30 (d, J=8.5 Hz, 2H), 6.88-6.80 (m 4H), 3.99-3.87
(m, 4H), 3.78 (s, 3H), 2.00-1.78 (m, 2H), 1.84-1.18
(m, 14 H), 0.97-0.89 (t, J=6.9 Hz, 3H).

3C NMR (75 MHz, CDCl;): 158.8, 158.6, 133.3,
133.0, 129.7, 115.6, 114.4, 113.8, 91.9, 84.5, 68.1,
55.31, 55.29, 47.4, 38.3, 28.9, 28.2, 26.0, 23.1, 22.5,
14.0.

HRMS (EI): m/z [M]" caled. for CyH;sO,N:
405.2668; found: 405.2661.

N-(4-methoxybenzyl)-1-(oct-1-
ynyl)cyclohexanamine

'"H NMR (300 MHz, CDCLy): & 7.28 (d, J=8.6 Hz,
2H), 6.85 (d, J=8.6 Hz, 2H), 3.82 (s, 2H), 3.79 (s,
3H), 2.30-2.20 (t, J=6.8 Hz, 2H), 1.90-1.75 (m, 2H),
1.70-1.08 (m, 16H), 0.94-0.84 (t, J=6.7 Hz, 3H).

3C NMR (75 MHz, CDCl5): & 158.5, 133.4, 129.6,
113.8, 84.5, 83.9, 55.3, 54.8, 47.3, 38.4, 31.4, 29.2,
28.6,26.0,23.0,22.6, 18.7, 14.1.

HRMS (EI): m/z [M]" caled. for Cy,Hs;0N:
327.2562; found: 327.2563.
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N-(4-methoxybenzyl)-1-(2-
cyclopropylethynyl)cyclohexanamine

'H NMR (CDCl;, 300 MHz): § 7.27 (d, J=8.6 Hz,
2H), 6.85 (d, J=8.6 Hz, 2H), 3.79 (s, SH), 1.85-1.74
(m, 2H), 1.7-1.11 (m, 9H), 0.82-0.61 (m, 4H).

BC NMR (CDCl;, 75 MHz): & 158.49, 133.39,
129.59, 113.76, 87.72, 79.06, 55.26, 54.69, 47.23,
38.38,25.95,22.98, 8.57, -0.43.

HRMS (EI): m/z [M]" caled. for C;oH,sON:
283.1936; found 283.1932.

N-hexyl-1-(2-phenylethynyl)cyclohexanamine

'H NMR (300 MHz, CDCly): & 7.47-7.36 (m, 2H),
7.34-7.20 (m, 3H), 2.85-2.72 (t, J=7.1 Hz, 2H), 2.00-
1.86 (m, 2H), 1.77-1.13 (m, 16H), 0.94-0.80 (m, 3H).

3C NMR (75 MHz, CDCLy): § 131.6, 128.2, 127.7,
123.8, 93.7, 84.4, 55.0, 43.3, 38.3, 31.8, 30.7, 27.2,
26.0,23.1,22.7, 14.1.

HRMS (EI): m/z [M]" caled. for C,oH,oN: 283.2300;
found: 283.2289.

N-octyl-1-(2-phenylethynyl)cyclohexanamine

'H NMR (300 MHz, CDCly): 7.47-7.36 (m, 2H),
7.32-7.24 (m, 3H), 2.84-2.73 (t, J=7.15 Hz, 2H),
2.00-1.87 (m, 2H), 1.75-1.14 (m, 20 H), 0.92-0.80
(m, 3H).

C NMR (75 MHz, CDCly): 131.6, 128.2, 127.7,

123.8, 93.7, 84.4, 55.0, 43.3, 38.3, 31.9, 30.7, 29.6,
293,275, 26.0,23.1,22.7, 14.1.

HRMS (EI): m/z [M]" caled. for C»,H33N: 311.2613;
found: 311.2605.

N-(1-(2-
phenylethynyl)cyclohexyl)cycloheptanamine

'H NMR (300 MHz, CDCly): & 7.46-7.35 (m, 2H),
7.35-7.17 (m, 3H), 3.14-2.99 (m, 1H), 2.02-1.81 (m,
4H), 1.74-1.33 (m, 16H), 1.29-1.00 (m, 2H).

5C NMR (75 MHz, CDCly): & 131.5, 128.2, 127.6,
123.9, 94.3, 83.9, 55.6, 54.7, 39.2, 38.2, 28.2, 25.8,
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HRMS (EI): m/z [M]" caled. for C,H,oN: 295.2300;
found: 295.2315.

N-(2-methoxyethyl)-1-(2-
phenylethynyl)cyclohexanamine

'H NMR (300 MHz, CDCl;): & 7.45-7.37 (m, 2H),
7.31-7.23 (m, 3H), 3.60-3.51 (t, J=5.2 Hz, 2H), 3.37
(s, 3H), 3.04-2.95 (t, J=5.2 Hz, 2H), 2.01-1.87 (m,
2H), 1.77-1.13 (m, 8H).

BC NMR (75 MHz, CDCly): & 131.6, 128.2, 127.7,
123.7, 93.2, 84.7, 72.5, 58.6, 54.8, 42.5, 38.2, 25.9,
23.1.

HRMS (EI): m/z [M]" caled. for C;;Hy;ON:
257.1780; found: 257.1770.

N-(3,4-dimethoxyphenethyl)-1-(2-
phenylethynyl)cyclohexanamine

'H NMR (300 MHz, CDCly): § 7.43-7.34 (m, 2H),
7.32-7.22 (m, 3H), 6.83-6.72 (m, 3H), 3.86 (s, 3H),
3.80 (s, 3H), 3.16-2.99 (m, 2H), 2.86-2.73 (t, J=7.0
Hz, 2H), 1.98-1.83 (m, 2H), 1.74-1.12 (m, 8H).

BC NMR (75 MHz, CDCly): & 148.9, 147.4, 132.5,
131.6, 128.2, 127.7, 123.6, 120.6, 111.8, 111.2, 93.4,
84.5,55.9,55.7, 55.0, 44.3,38.2, 36.2, 25.9, 23.0.

HRMS (EI): m/z [M]" caled. for CyH,00,N:
363.2198; found: 363.2181.

N-(3-chlorobenzyl)-1-(2-p-
tolylethynyl)cyclohexanamine

'"H NMR (CDCls, 300 MHz): & 7.40 (s, 1H), 7.34 (d,
J=8.0 Hz, 2H), 7.29-7.17 (m, 3H), 7.12 (d, ]=8.0 Hz,
2H), 3.94 (s, 2H), 2.35 (s, 3H), 2.01-1.87 (m, 2H),
1.78-1.17 (m, 8H).

C NMR (CDCl;, 75 MHz): & 143.38, 137.90,
134.19, 131.56, 129.63, 129.04, 128.55, 126.98,
126.56, 120.47, 92.51, 84.91, 55.31, 47.55, 38.30,
25.94,23.02,21.47.

HRMS (EI): m/z [M]" caled. for CpH,NCIL:
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337.1597; found: 337.1597.

N-benzyl-1-(2-phenylethynyl)cyclohexanamine

'H NMR (CDCl;, 300 MHz): & 7.51-7.16 (m, 10H),
3.97 (s, 2H), 2.03-1.90 (m, 2H), 1.80-1.18 (m, 8H).

BC NMR (CDCl;, 75 MHz): & 141.07, 131.64,
128.46, 128.41, 128.24, 127.76, 126.84, 123.65,
93.57, 84.69, 55.29, 48.06, 38.20, 25.92, 23.00.

HRMS (EI): m/z [M]" caled. for C,;H,;N: 289.1830;
found: 289.1811.

1-(4-(4-methoxybenzylamino)-4-(2-
phenylethynyl)piperidin-1-yl)ethanone

'H NMR (300 MHz, CDCl;): & 7.50-7.40 (m, 2H),
7.37-7.25 (m, SH), 6.87 (d, 1=8.6 Hz, 2H), 4.38-4.25
(m, 1H), 3.92 (s, 2H), 3.83-3.68 (m, 4H), 3.54-3.41
(m, 1H), 3.32-3.19 (m, 1H), 2.11 (s, 3H), 2.04-1.91
(m, 2H), 1.78-1.63 (m, 2H).

BC NMR (75 MHz, CDCl3): & 168.9, 158.8, 132.5,
131.7, 129.6, 128.4, 128.3, 122.8, 113.9, 91.2, 85.8,
55.3,53.8,47.4,43.4,38.4,38.0,37.1,21.5.

HRMS (EI): m/z [M]" caled. for Cy3H,sO,Ny:
362.1994; found: 362.1968.

Ethyl 4-(4-methoxybenzylamino)-4-(2-
phenylethynyl)piperidine-1-carboxylate

'H NMR (300 MHz, CDCl;): & 7.51-7.40 (m, 2H),
7.36-7.27 (m, SH), 6.87 (d, J=8.6 Hz, 2H), 4.19-4.09
(q, J=7.1 Hz, 2H), 4.09-3.93 (m, 2H), 3.91 (s, 2H),
3.80 (s, 3H), 3.39-3.22 (m, 2H), 2.01-1.85 (m, 2H),
1.76-1.59 (m, 2H), 1.30-1.23 (t, J=7.1 Hz, 3H).

BC NMR (75 MHz, CDCLy): & 158.7, 155.5, 132.7,
131.7, 129.6, 128.4, 128.2, 123.0, 113.9, 91.4, 85.8,
61.3,55.3,53.8,47.4,40.8,37.3, 14.7.

HRMS (EI) mlz [1\/[]+ caled. for C24H2803N2:
392.2100; found: 392.2096.
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(4-(4-methoxybenzylamino)-4-(2-
phenylethynyl)piperidin-1-yl)(phenyl)methanone

'H NMR (300 MHz, CDCl;): & 7.51-7.44 (m, 2H),
7.40 (s, 5H), 7.36-7.27 (m, 5H), 6.87 (d, J=8.6 Hz,
2H), 4.58-4.34 (m, 1H), 3.91 (s, 2H), 3.83-3.59 (m,
4H), 3.55-3.36 (m, 2H), 2.14-1.59 (m, 4H).

BC NMR (75 MHz, CDCly): & 170.32, 158.77,
136.19, 132.52, 131.75, 129.63, 129.59, 128.52,
128.43, 128.36, 126.89, 122.84, 113.93, 91.29,
85.87, 55.31, 53.96, 47.48, 44.71, 39.14, 38.19,
37.27.

HRMS (EI) mlz [1\/I]Jr calcd. for ngHngzNzI
424.2151; found: 424.2076.

N-(4-methoxybenzyl)-1-benzyl-4-(2-
phenylethynyl)piperidin-4-amine

'H NMR (300 MHz, CDCly): & 7.49-7.39 (m, 2H),
7.37-7.19 (m, 10H), 6.85 (d, J=8.6 Hz, 2H), 3.90 (s,
2H), 3.77 (s, 3H), 3.56 (s, 2H), 2.86-2.71 (m, 2H),
2.53-2.37 (m, 2H), 2.01-1.89 (m, 2H), 1.87-1.71 (m,
2H).

3C NMR (75 MHz, CDCly): § 158.66, 138.67,
133.09, 131.70, 129.64, 129.17, 128.34, 128.24,
127.99, 126.99, 123.49, 113.86, 92.77, 85.54, 62.93,
55.31, 53.74, 50.30, 47.44, 37.69.

HRMS (EI): m/z [M]" caled. for C,gH30ON,:
410.2358; found: 410.2357.

tert-butyl 3-(4-methoxybenzylamino)-3-(2-
phenylethynyl)piperidine-1-carboxylate

'H NMR (300 MHz, CDCl;): 7.48-7.38 (m, 2H),
7.35-7.23 (m, 5H), 6.85 (d, J=8.3 Hz, 2H), 397-3.55
(m, 7H), 3.38-3.13 (m, 2H), 2.07-1.30 (m, 13H).

3C NMR (75 MHz, CDCl;): 158.7, 154.8, 132.8,
131.8, 129.6, 128.2, 128.0, 123.2, 113.8, 91.3, 84.9,
79.5, 55.3, 53.9, 53.3, 52.1, 47.6, 44.7, 43.5, 36.8,
28.4,21.8.

HRMS (EI): m/z [M]" caled. for C,H3O5N,:
420.2413; found: 420.2421.
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N-(4-methoxybenzyl)-2-methyl-1-(2-
phenylethynyl)cyclohexanamine

Major diastereomer:

'H NMR (CDCls, 300 MHz): & 7.49-7.39 (m, 2H),
7.36-7.26 (m, 5H), 6.86 (d, J=8.6 Hz, 2H), 3.87-3.72
(m, 5H), 2.10-1.92 (m, 2H), 1.73-1.48 (m, 6H), 1.46-
1.30 (m, 1H), 1.06 (d, J=7.0, 3H).

BC NMR (CDCl;, 75 MHz): & 158.52, 133.46,
131.63, 129.57, 128.22, 127.63, 123.83, 113.73,
95.00, 83.46, 56.70, 55.28, 47.01, 39.34, 34.65,
29.20, 23.92, 21.46, 15.14.

HRMS (EI): m/z [M]" caled. for C,3H,,ON:
333.2093; found: 333.2098.

Minor diastereomer:

'H NMR (CDCls, 300 MHz): § 7.51-7.42 (m, 2H),
7.36-7.24 (m, 5H), 6.86 (d, J=8.6 Hz, 2H), 3.96 (d,
J=11.6 Hz, 1H), 3.85-3.72 (m, 4H), 2.26-2.14 (m,
1H), 1.77-1.38 (m, 8H); 1.03 (d, J=6.3 Hz, 3H).

3C NMR (CDCl;, 75 MHz): § 158.60, 133.23,
131.70, 129.65, 128.27, 127.77, 123.77, 113.88,
91.25, 86.33, 59.85, 55.30, 47.43, 41.36, 36.87,
32.12,25.81, 23.52, 16.63.

HRMS (EI): m/z [M]" caled. for CyHy;ON:
333.2093; found: 333.2106.

N-(4-methoxybenzyl)-3-methyl-1-(2-
phenylethynyl)cyclohexanamine

Major diastereomer:

'H NMR (CDCls, 300 MHz): § 7.51-7.36 (m, 2H),
7.36-7.21 (m, SH), 6.85 (d, J=8.6 Hz, 2H), 3.87-3.65
(m, 5H), 2.07-1.31 (m, 8H), 0.98-0.72 (m, 4H).

13C NMR (CDCls, 75 MHz): 158.51, 133,43, 131.63,
129.54, 128.20, 127.65, 123.68, 113.70, 95.71,
81.91, 55.25, 53.16, 47.49, 45.46, 36.34, 34.50,
26.50, 22.36, 20.70.

HRMS (EI): m/z [M]" caled. for C,3H,;0ON:
333.2093; found: 333.2088.
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Minor diastereomer:

'"H NMR (CDCls, 300 MHz): & 7.50-7.40 (m, 2H),
7.35-7.26 (m, 5H), 6.86 (d, J=8.6 Hz, 2H), 3.93 (s,
2H), 3.78 (s, 3H), 2.05-1.66 (m, 6H), 1.44-1,30 (m,
1H), 1.19-1.06 (t, J=12, 1H), 0.98-0.80 (m, 4H).

BC NMR (CDCl;, 75 MHz): & 158.57, 133.12,
131.64, 129.64, 128.25, 127.77, 123.64, 113.83,
93.56, 84.91, 55.92, 55.26, 47.46, 46.74, 38.06,
34.75,29.58,23.23, 22.39.

HRMS (EI): m/z [M]" caled. for CyH,,ON:
333.2093; found: 333.2088.

N-(4-methoxybenzyl)-1-(2-
phenylethynyl)cycloheptanamine

'H NMR (300 MHz, CDCly): & 7.49-7.40 (m, 2H),
7.37-7.25 (m, 5H), 6.85 (d, J=8.6 Hz, 2H), 3.88 (s,
2H), 3.78 (s, 3H), 2.08-1.91 (m, 2H); 1.85-1.50 (m,
10H).

3C NMR (75 MHz, CDCls): § 158.6, 133.1, 131.6,
129.6, 128.2, 127.7, 123.7, 113.8, 94.7, 83.8, 58.3,
55.2,48.0,40.7, 28.2, 22.7.

HRMS (EI): m/z [M]" caled. for C,3H,,ON:
333.2093; found: 333.2093.

N-(4-methoxybenzyl)-1-(2-
phenylethynyl)cyclopentanamine

The reaction was run under conventional heating at
100°C for 20 h.

'"H NMR (300 MHz, CDCLy): & 7.50-7.42 (m, 2H),
7.38-7.30 (m, 5H), 6.89 (d, J=8.6 Hz, 2H), 3.92 (s,
2H), 3.82 (s, 3H), 2.13-2.02 (m, 2H), 1.93-1.81 (m,
6H).

BC NMR (75 MHz, CDCl3): & 158.6, 133.1, 131.6,
129.6, 128.2, 127.7, 123.7, 113.8, 94.5, 82.9, 61.2,
55.3,49.2,40.7, 23.8.

HRMS (EI): m/z [M]" caled. for C,Hy;ON:
305.1780; found: 305.1782.
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N-(4-methoxybenzyl)-2-methyl-4-phenylbut-3-yn-
2-amine

'H NMR (300 MHz, CDCl;): & 7.48-7.39 (m, 2H),
7.35-7.25 (m, 5H), 6.86 (d, J=8.6 Hz, 2H), 3.90 (s,
2H), 3.79 (s, 3H), 1.50 (s, 6H).

BC NMR (75 MHz, CDCly): & 158.7, 132.7, 131.6,

129.7, 128.3, 127.9, 123.4, 113.9, 94.5, 82.4, 55.3,
50.7,48.5, 29.6.

HRMS (EI): m/z [M]" caled. for C;oH, ON:
279.1623; found: 279.1626.



Chapter 3

General procedure for the Ag(I)-mediated tandem

guanylation/intramolecular cyclization

SMe 5
BocNANHBoc Boc\ R
(1.25 equiv) N
R2— - BocN=<
NH AgNO; (1.4 equiv) N
2 R{ Et3N (2 equiv) 10 Rt

MeCN, 1 h, rt, dark

To a solution of the respective propargylamine 2 (0.5 mmol) and N N'-di-
Boc-S-methylisothiourea (181 mg, 0.625 mmol) in MeCN (2.5 mL) triethyl-
amine (101 mg, 1 mmol) was added under an argon atmosphere. After disso-
lution, silver nitrate (119 mg, 0.7 mmol) was added and the heterogeneous
reaction mixture was vigorously stirred for 1h. The reaction mixture was
filtered through Celite, and the filtrate was concentrated under vacuum to
afford an oily substance. The crude product was loaded onto a silica gel col-
umn for chromatography (eluent 20-100% EtOAc in heptane) providing the

target bis-Boc-protected-2-iminoimidazoline 10 as an amorphous white

foam.
'H NMR (300 MHz, CDCly): & 7.63-7.54 (m,
2H), 7.34-7.30 (m, 2H), 7.28-7.18 (m, 3H), 6.82
\O/©A /iN — (d, J=8.6 Hz, 2H), 6.33 (s, 1H), 4.6 (s, 2H), 3.77
N7 TN (s, 3H), 1.80-1.43 (m, 19H), 1.02 (s, 9H).
\Boc Boc

BC NMR (75 MHz, CDCl3): & 160.1, 158.7,
10a: 85% 152.0, 148.5, 138.7, 136.2, 130.2, 129.0, 128.6,
1282, 127.3, 116.7, 113.8, 82.7, 79.1, 64.8,
55.2,43.1,31.9,28.2,27.3,24.9, 23.0.

MS (ESI): m/z = 562.3 [M+H]".
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'H NMR (300 MHz, CDCl;): & 7.54 (d, J=8.6
Hz, 2H), 7.24 (d, J=8.6 Hz, 2H), 6.89 (d, ]=8.6
Hz, 2H), 6.8 (d, J=8.6 Hz, 2H), 6.27 (s, 1H),
4.59 (s, 2H), 3.82 (s, 3H), 3.77 (s, 3H), 1.80-
1.42 (m, 19H), 1.07 (s, 9H).

C NMR (75 MHz, CDCLy): & 160.3, 158.8,
158.7, 152.3, 148.7, 137.1, 130.4, 130.2, 128.8,
128.6, 116.4, 113.8, 113.6, 82.5, 79.1, 64.9,
55.3,55.2,43.1,31.9, 28.2, 27.4, 24.9, 23.0.

MS (ESI): m/z = 593.2 [M+H]".

'H NMR (300 MHz, CDCLy): & 7.74 (d, J=8.6
Hz, 2H), 7.20 (d, J=8.6 Hz, 2H), 6.94 (d, I=8.6
Hz, 2H), 6.81 (d, J=8.6 Hz, 2H), 5.76 (s, 1H),
4.88 (bs, 2H), 3.86 (s, 3H), 3.78 (s, 3H), 1.83-
1.40 (m, 19H), 1.15 (s, 9H).

3C NMR (75 MHz, CDCLy): & 161.0, 159.6,
158.4, 151.9, 149.5, 139.1, 131.1, 130.6, 128.1,
127.4, 119.2, 113.8, 113.6, 82.5, 78.6, 60.1,
55.4,55.2,46.8,34.7, 28.3, 27.6, 25.0, 23.3.

MS (ESI): m/z=593.2 [M+H]".

'H NMR (300 MHz, CDCLy): & 7.44-7.19 (m,
5H), 6.99-6.89 (m, 1H), 6.82 (d, J=8.6 Hz, 2H),
6.30 (s, 1H), 4.60 (s, 2H), 3.77 (s, 3H), 1.82-
1.45 (m, 19H), 1.07 (s, 9H).

C NMR (75 MHz, CDCly): & 164.4, 161.1,
160.2, 158.7, 151.9, 148.3, 140.0, 138.3, 138.2,
130.0, 129.7, 129.6, 128.6, 124.8, 124.7, 115.8,
115.68, 115.64, 115.55, 114.3, 114.1, 113.8,
82.9, 79.3, 64.9, 552, 43.1, 31.9, 28.2, 27.4,
24.8,23.0.

MS (ESI): m/z = 580.8 [M+H]".

'H NMR (300 MHz, CDCly): & 7.56-7.47 (m,
1H), 7.45-7.37 (m, 1H), 7.32-7.17 (m, 3H), 6.80
(d, J=8.6 Hz, 2H), 6.40 (s, 1H), 4.59 (s, 2H),
3.76 (s, 3H), 1.78-1.44 (m, 19 H), 1.12 (s, 9H).

5C NMR (75 MHz, CDCly): & 160.4, 158.7,
152.3, 148.8, 138.1, 137.0, 130.1, 128.6, 128.4,
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124.9, 1244, 113.8, 112.0, 82.6, 79.1, 64.9,
55.2,43.1,31.9,28.2,27.4,24.8, 24.0.

MS (ESI): m/z = 568.8 [M+H]".

'H NMR (300 MHz, CDCl;): & 7.50 (d, J=7.9
Hz, 2H), 7.24 (d, J=8.6 Hz, 2H), 7.16 (d, J=7.9
Hz, 2H), 6.81 (d, J=8.6 Hz, 2H), 6.31 (s, 1H),
4.60 (s, 2H), 3.77 (s, 3H), 2.64-2.54 (t, J=7.4
Hz, 2H), 1.81-1.09 (m, 29H), 1.03 (s, 9H),
0.91-0.84 (t, J=6.9 Hz, 3H).

C NMR (75 MHz, CDCly): & 160.1, 158.7,
152.1, 148.6, 142.2, 137.9, 133.5, 130.2, 128.9,
128.6, 128.3, 116.7, 113.8, 82.5, 79.1, 64.8,
55.2,43.1, 35.7, 31.94, 31.87, 31.6, 29.2, 29.1,
28.3,27.3,24.9,23.0,22.7, 14.1.

MS (ESI): m/z=661.1 [M+H]".

'H NMR (300 MHz, CDCLy): & 7.52 (d, J=8.6
Hz, 2H), 7.24 (d, J=8.6 Hz, 2H), 6.88 (d, J=8.6
Hz, 2H), 6.81 (d, J=8.6 Hz, 2H), 6.27 (s, 1H),
4.59 (s, 2H), 4.02-3.90 (t, J=6.60 Hz, 2H), 3.77
(s, 3H), 1.87-1.33 (m, 25H), 1.07 (s, 9H), 0.97-
0.90 (t, J=6.9 Hz, 3H).

BC NMR (75 MHz, CDCl3): & 160.2, 158.7,
158.3, 152.2, 1487, 1369, 130.3, 1302,
128.60, 128.57, 116.5, 114.2, 113.8, 82.4, 79.0,
68.1, 64.9, 55.2, 43.1, 31.9, 28.9, 28.25, 28.15,
27.4,24.9,23.0,22.5, 14.0.

MS (ESI): m/z = 648.6 [M+H]".

'H NMR (300 MHz, CDCl3): & 7.70 (d, J=8.6
Hz, 2H), 7.18 (d, J=8.6 Hz, 2H), 6.91 (d, ]=8.6
Hz, 2H), 6.79 (d, J=8.6 Hz, 2H), 6.73 (s, 1H),
4.97-4.73 (m, 2H), 4.02-3.94 (t, J=6.60 Hz,
2H), 3.75 (s, 3H), 1.87-1.31 (m, 25H), 1.13 (s,
9H), 0.98-0.90 (m, 3H).

C NMR (75 MHz, CDCl3): & 161.0, 159.1,
158.4, 151.9, 149.5, 139.1, 131.0, 130.3, 128.1,
127.3, 119.0, 114.2, 113.8, 82.4, 78.6, 68.1,
60.0, 55.2, 46.7, 34.7, 28.9, 28.3, 28.0, 27.6,
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25.0,23.3,22.5, 14.0.
MS (ESI): m/z = 648.6 [M+H]".

'H NMR (300 MHz, CDCl;): & 7.20 (d, J=8.6
Hz, 2H), 6.80 (d, J=8.6 Hz, 2H), 5.43-5.33 (t,
J=6.7 Hz, 1H), 4.54 (s, 2H), 3.78 (s, 3H), 2.22-
2.11 (m, 2H), 1.70-1.19 (m, 36H); 0.94-0.84 (t,
J=6.9 Hz, 3H).

BC NMR (75 MHz, CDCly): 8§ 159.8, 158.6,
152.7, 149.8, 138.1, 130.4, 128.5, 119.8, 113.7,
82.6, 78.7, 64.3, 55.2, 43.0, 32.0, 31.8, 29.2,
29.0,28.5,28.2,28.1,24.9,23.1, 22.6, 14.1.

MS (ESI): m/z=571.0 [M+H]".

'H NMR (300 MHz, CDCLy): & 7.15 (d, J=8.6
Hz, 2H), 6.80 (d, J=8.6 Hz, 2H), 5.50 (s, 1H),
4.81 (bs, 2H), 3.78 (s, 3H), 2.58-2.48 (t, J=7.7
Hz, 2H), 1.69-1.27 (m, 36H); 0.94-0.84 (t,
J=6.6 Hz, 3H).

3C NMR (75 MHz, CDCLy): & 160.2, 158.4,
152.4, 149.9, 140.5, 131.2, 128.1, 121.6, 113.7,
82.7, 78.3, 59.8, 55.2, 46.5, 34.7, 33.1, 31.6,
29.0,28.3, 28.2, 28.0, 25.0, 23.2, 22.6, 14.1.

MS (ESI): m/z=571.2 [M+H]".

'H NMR (300 MHz, CDCl3): & 7.59-7.51 (m,
2H), 7.36-7.28 (m, 2H), 7.24-7.16 (m, 1H), 6.33
(s, 1H), 3.32-3.18 (m, 2H), 1.88-1.44 (m, 19H),
1.36-1.14 (m, 8H), 1.00 (s, 9H), 0.90-0.84 (m,
3H).

C NMR (75 MHz, CDCly): & 160.1, 150.9,
148.5, 138.9, 136.3, 128.9, 128.2, 127.2, 116.5,
82.4, 78.9, 64.6, 40.5, 31.9, 31.6, 29.7, 28.3,
27.3,26.7,24.9,23.0,22.6, 14.1.

MS (ESI): m/z = 526.6 [M+H]".
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'H NMR (300 MHz, CDCl;): & 7.60-7.50 (m,
2H), 7.38-7.28 (m, 2H), 7.24-7.15 (m, 1H), 6.34
(s, 1H), 3.33-3.19 (t, J=7.90 Hz, 2H), 1.88-1.46
(m, 19H), 1.37-1.15 (m, 12H), 1.01 (s, 9H),
0.92-0.82 (t, J=6.9 Hz, 3H).

C NMR (75 MHz, CDCly): & 160.1, 150.9,
148.5, 138.9, 136.3, 128.9, 128.2, 127.2, 116.5,
82.4, 78.9, 64.6, 40.5, 31.9, 31.8, 29.7, 29.3,
29.2,28.3,27.3,27.0,24.9,23.0, 22.6, 14.1.

MS (ESI): m/z = 554.8 [M+H]".

'H NMR (300 MHz, CDCLy): & 7.60-7.52 (m,
2H), 7.37-7.28 (m, 2H), 7.25-7.15 (m, 1H), 6.34
(s, 1H), 3.48-2.98 (m, 1H), 2.79-2.39 (m, 2H),
1.90-1.23 (m, 29H), 0.9 (s, 9H).

C NMR (75 MHz, CDCLy): & 159.8, 148.5,
139.1, 136.6, 128.8, 128.2, 127.0, 116.0, 82.3,
78.5, 65.4, 54.9, 32.9, 32.0, 28.3, 27.7, 27.3,
26.3,24.8,23.0.

MS (ESI): m/z = 538.8 [M+H]".

'H NMR (300 MHz, CDCLy): & 7.59-7.52 (m,
2H), 7.37-7.28 (m, 2H), 7.25-7.17 (m, 1H), 6.36
(s, 1H), 3.55-3.49 (m, 4H), 3.33 (s, 3H), 1.87-
1.62 (m, 10H), 1.57 (s, 9H), 1.01 (s, 9H).

C NMR (75 MHz, CDCly): & 160.0, 151.3,
148.5, 138.8, 136.2, 128.9, 128.2, 127.2, 116.8,
82.6, 79.2, 70.6, 64.5, 58.7, 40.3, 31.7, 28.2,
27.3,24.8,23.1.

MS (ESI): m/z = 500.8 [M+H]".

'H NMR (300 MHz, CDCl): & 7.59-7.51 (m,
2H), 7.38-7.29 (m, 2H), 7.25-7.18 (m, 1H),
6.85-6.73 (m, 3H), 6.30 (s, 1H), 3.89-3.79 (m,
6H), 3.55-3.43 (m, 2H), 2.95-2.83 (m, 2H),
1.83-1.48 (m, 19H), 1.01 (s, 9H).

C NMR (75 MHz, CDCly): & 159.8, 150.6,
148.8, 148.5, 147.5, 138.8, 136.2, 131.9, 128.9,
128.2, 127.3, 120.7, 116.6, 112.5, 111.1, 82.6,
78.9, 64.6, 55.9, 42.2, 34.7, 31.7, 28.3, 27.3,
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24.9, 23.0.
MS (ESI): m/z = 606.7 [M+H]".

'H NMR (300 MHz, CDCly): & 7.66-7.53 (m,
2H), 7.45-7.18 (m, 5H), 6.82 (d, J=8.6 Hz, 2H),
6.27 (s, 1H), 4.74-4.39 (m, 3H), 3.84-3.65 (m,
4H), 3.48-3.29 (m, 1H), 3.14-2.95 (m, 1H), 2.09
(s, 3H), 1.98-1.53 (m, 13H), 1.03 (s, 9H).

3C NMR (75 MHz, CDCLy): & 169.1, 159.8,
158.9, 151.3, 148.2, 137.3, 135.4, 129.4, 129.0,
128.5, 128.4, 127.8, 117.1, 114.0, 83.3, 79.5,
62.7, 55.2, 43.3, 43.0, 38.4, 31.9, 30.7, 28.2,
27.3,214.

MS (ESI): m/z = 605.9 [M+H]".

'H NMR (300 MHz, CDCLy): & 7.63-7.52 (m,
2H), 7.42-7.31 (m, 2H), 7.29-7.18 (m, 3H),
6.86-6.75 (m, 2H), 6.27 (s, 1H), 4.6 (s, 2H),
4.24-3.92 (m, 4H), 3.77 (s, 3H), 3.24-3.06 (t,
J=12.6 Hz, 2H), 1.96-1.45 (m, 13H), 1.30-1.22
(t, J= 6.8 Hz, 3H), 1.02 (s, 9H).

C NMR (75 MHz, CDCLy): & 159.8, 158.9,
155.4, 151.5, 148.2, 137.4, 135.5, 129.6, 129.0,
128.44, 128.39, 127.7, 117.2, 114.0, 83.2, 79.4,
62.8, 61.7, 55.2, 43.2, 40.6, 31.1, 282, 27.3,
14.7.

MS (ESI): m/z = 635.7 [M+H]".

'H NMR (300 MHz, CDCLy): & 7.55-7.45 (m,
2H), 7.37-7.17 (m, 5H), 6.83 (d, J=8.5 Hz, 2H),
6.21 (s, 1H), 4.72-4.55 (m, 2H), 4.18-3.96, (m,
2H), 3.78 (s, 3H), 3.22-2.86 (m, 1H), 2.68-2.50
(m, 1H), 1.82-1.29 (m, 22H), 1.02 (s, 9H).

C NMR (75 MHz, CDCl3): & 159.9, 159.0,
1543, 151.8, 148.4, 136.4, 136.0, 129.6, 129.0,
128.8, 128.2, 127.4, 116.7, 114.0, 83.2, 79.5,
61.6,55.2,43.8,28.3,28.2,27.3.

MS (ESI): m/z = 663.9 [M+H]".
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'H NMR (300 MHz, CDCl;): & 7.60-7.50 (m,
2H), 7.39-7.16 (m, 5H), 6.82 (d, J=8.6 Hz, 2H),
6.09 (s, 1H), 4.63 (s, 2H), 3.78 (s, 3H), 1.85-
1.44 (m, 21H), 1.01 (s, 9H).

C NMR (75 MHz, CDCly): & 160.2, 158.7,
151.7, 148.6, 138.8, 136.4, 130.1, 128.8, 128.7,
128.2, 127.2, 115.2, 113.8, 82.9, 79.1, 68.7,
55.2,43.9,35.6,31.0,28.2,27.3,23.4.

MS (ESI): m/z = 576.7 [M+H]".

'H NMR (300 MHz, CDCLy): & 7.54-7.41 (m,
2H), 7.38-7.28 (m, 2H), 7.26-7.12 (m, 3H), 6.82
(d, I=8.5 Hz, 2H), 5.89 (s, 1H), 4.60 (s, 2H),
3.77 (s, 3H), 1.89-1.66 (m, 8H), 1.58 (s, 9H),
1.03 (s, 9H).

C NMR (75 MHz, CDCLy): & 159.9, 158.8,
151.8, 148.4, 140.4, 136.3, 129.7, 128.8, 128.4,
1282, 127.1, 113.9, 113.6, 83.0, 79.1, 72.2,
55.2,43.6,34.3,28.2,27.3, 24.1.

MS (ESI): m/z = 548.9 [M+H]".

MS (ESI): m/z = 522.6 [M+H]".

General procedure for the Boc-deprotection of bis-Boc-2-

iminoimidazolines 10 into spiro-2-aminoimidazoles 11

R2

2

CF3CO0™ ,

TFA/CH,Cl, N
(1:2) HoN—<

1, 1-3h N
1 g

The respective Bis-Boc-protected-2-iminoimidazoline 10 (0.3 mmol) was

dissolved in CH,Cl, (4 mL) and TFA (2 mL) was added. The reaction mix-
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ture was stirred at rt for 1-3 h. After completion of the reaction, the solvent

was evaporated under reduced pressure and the residue was subjected to

flash chromatography over silica gel (eluent 5-10% MeOH in CH,Cl,) to

give the spiro-2-aminoimidazoles 11 as trifluoroacetic acid salts.
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'H NMR (300 MHz, CDCl5): & 7.37-7.30 (m,
4H), 7.25-7.17 (m, 1H), 7.13 (d, J=8.6 Hz,
2H), 6.85 (d, J=8.6 Hz, 2H), 5.94 (s, 1H),
4.60 (s, 2H), 3.76 (s, 3H), 1.92-1.66 (m, 9H),
1.34-1.17 (m, 1H).

C NMR (75 MHz, CDCl5): & 159.4, 156.3,
140.5, 134.1, 1289, 127.9, 127.6, 126.9,
126.5, 114.5, 104.4, 68.5, 55.3, 43.1, 33.8,
23.9,20.8.

HRMS (EI): m/z [M]" calcd. for C,3H,,ON3:
361.2154; found: 361.2171.

'H NMR (300 MHz, CDCl5):  7.28 (d, J=8.6
Hz, 2H), 7.14 (d, J=8.6 Hz, 2H), 6.92-6.84
(m, 4H), 5.90 (s, 1H), 4.57 (s, 2H), 3.82-3.75
(m, 6H), 1.94-1.67 (m, 9H), 1.33-1.14 (m,
1H).

5C NMR (75 MHz, CDCly): & 159.5, 158.4,
156.3, 138.9, 129.2, 127.6, 126.7, 126.3,
114.6, 114.3, 104.3, 68.4, 55.32, 55.26, 43.2,
33.9,24.0, 20.8.

HRMS (EI): m/z [M]" caled. for Co,H,00,Nj5:
391.2260; found: 391.2255.

'H NMR (300 MHz, CDCLy): § 7.35-7.23 (m,
1H), 7.19-7.07 (m, 3H), 7.05-6.96 (m, 1H),
6.94-6.79 (m, 3H), 5.87 (s, 1H), 4.59 (s, 2H),
3.76 (s, 3H), 1.93-1.64 (m, 9H), 1.34-1.18 (m,
1H).

C NMR (75 MHz, CDCly): & 164.6, 161.4,
159.4, 156.3, 141.9, 136.4, 136.3, 130.4,
130.3, 127.6, 126.4, 123.54, 123.50, 115.1,
114.8, 114.5, 113.9, 113.6, 103.14, 103.11,
68.6,55.3,43.1, 33.8, 23.8, 20.8.
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HRMS (EI): m/z [M]" calcd. for Cy3H,cON;F:
379.2060; found: 379.2069.

'"H NMR (300 MHz, CDCly): § 7.47-7.39 (m,
1H), 7.33-7.27 (m, 1H), 7.17-7.07 (m, 3H),
6.84 (d, J=8.6 Hz, 2H), 5.93 (s, 1H), 4.61 (s,
2H), 3.75 (s, 3H), 1.91-1.64 (m, 9H), 1.34-
1.14 (m, 1H).

BC NMR (75 MHz, CDCl5): & 159.3, 156.1,
139.5, 134.6, 127.9, 127.5, 126.6, 125.8,
122.1, 114.5, 99.1, 68.5, 55.3, 43.0, 33.8,
23.9,20.8.

HRMS (EI): m/z [M]" caled. for CH,50N5S:
367.1718; found: 367.1719.

'H NMR (300 MHz, CDCl5): & 7.26-7.08 (m,
6H), 6.86 (d, 8.6 Hz, 2H), 5.94 (s, 1H), 4.56
(s, 2H), 3.76 (s, 3H), 2.63-2.51 (t, J=7.7 Hz,
2H), 1.96-1.15 (m, 20H), 0.96-0.78 (m, 3H).

3C NMR (75 MHz, CDCLy): § 159.5, 156.1,
141.9, 139.5, 131.4, 129.0, 127.7, 127.5,
126.2, 114.6, 104.7, 68.6, 55.3, 43.2, 35.7,
33.8, 31.8, 31.4, 29.3, 29.2, 23.9, 22.7, 20.8,
14.1.

HRMS (EI): m/z [M]" calcd. for C3oH4 ON3:
459.3250; found: 459.3250.

'"H NMR (300 MHz, CDCly): § 7.23 (d, J=8.6
Hz, 2H), 7.11 (d, J=8.6 Hz, 2H), 6.92-6.80
(m, 4H), 5.92 (s, 1H), 4.53 (s, 2H), 3.99-3.87
(t, J=6.60 Hz, 2H), 3.75 (s, 3H), 1.95-1.61 (m,
11H), 1.19-1.15 (m, 5H), 0.97-0.87 (t, J=6.9
Hz, 3H).

BC NMR (75 MHz, CDCly): 8 159.5, 158.1,
155.9, 138.6, 129.0, 127.5, 126.4, 126.2,
115.0, 114.6, 104.5, 68.6, 68.0, 55.3, 43.1,
33.8,28.9,28.2,23.9, 22.5, 20.8, 14.0.

MS (ESI): m/z = 448.8 [M+H]".
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'H NMR (300 MHz, CDCl3):  7.13 (d, J=8.6
Hz, 2H), 6.88 (d, J=8.6 Hz, 2H), 4.95-4.84 (t,
J=7.4 Hz, 1H), 4.45 (s, 2H), 3.80 (s, 3H),
2.19-2.09 (m, 2H), 1.87-1.56 (m, 9H), 1.47-
1.05 (m, 9H), 0.94-0.81 (m, 3H).

3C NMR (75 MHz, CDCl3): § 159.5, 155.9,
139.6, 127.6, 126.3, 114.7, 105.5, 67.5, 55.3,
43.0, 33.8, 31.6, 29.6, 28.7, 26.6, 24.0, 22.6,
20.6, 14.0.

HRMS (EI): m/z [M]" caled. for C,3H350Nj:
369.2780; found: 369.2768.

'H NMR (300 MHz, CDCL;): § 7.41-7.28 (m,
4H), 7.24-7.16 (m, 1H), 5.87 (s, 1H), 3.40-
3.30 (m, 2H), 1.98-1.47 (m, 9H), 1.42-1.17
(m, 8H), 0.92-0.82 (m, 3H).

3C NMR (75 MHz, CDCly): § 155.3, 140.6,
134.4, 1289, 127.7, 126.7, 103.5, 68.3, 40.4,
33.8,31.5,29.3,26.1, 24.0, 22.5, 20.8, 14.0.

HRMS (EI): m/z [M]" calcd. for C,;HjNj:
325.2518; found: 325.2516.

'"H NMR (300 MHz, CDCLy): § 7.43-7.13 (m,
SH), 5.92 (s, 1H), 3.36-3.22 (t, J=8.1 Hz, 2H),
1.99-1.49 (m, 10H), 1.41-1.16 (m, 12H),
0.93-0.78 (m, 3H).

C NMR (75 MHz, CDCl5): & 154.9, 140.3,
1342, 129.0, 127.6, 127.0, 104.1, 68.5, 40.4,
33.7,31.7, 29.2, 29.1, 26.9, 26.6, 23.9, 22.6,
20.7, 14.0.

HRMS (EI): m/z [M]" caled. for C,3H3sNj:
353.2831; found: 353.2819.

'H NMR (300 MHz, CDCl): & 7.39-7.27 (m,
4H), 7.23-7.15 (m, 1H), 5.87 (s, 1H), 3.43-
3.27 (m, 1H), 2.32-2.11 (m, 2H), 2.01-1.20
(m, 20H).

BC NMR (75 MHz, CDCly): & 154.1, 140.4,
134.4, 128.8, 127.7, 126.7, 103.3, 69.3, 54.5,
33.4,32.4,26.9,26.1,23.8,20.5.
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HRMS (EI): m/z [M]" calcd. for C,HjNj:
337.2518; found: 337.2529.

'H NMR (300 MHz, CDCl;): & 7.38-7.31 (m,
4H), 7.26-7.18 (m, 1H), 5.93 (s, 1H), 3.59-
3.47 (m, 4H), 3.38 (s, 3H), 1.95-1.57 (m, 9H),
1.37-1.18 (m, 1H).

BC NMR (75 MHz, CDCl): & 157.6, 140.4,
134.0, 128.8, 128.0, 127.0, 104.6, 72.9, 68.5,
59.2,41.3,33.5,23.9, 20.8.

HRMS (EI): m/z [M]" caled. for C;gH,sONj:
299.1998; found: 299.2002.

'H NMR (300 MHz, CDCl5): & 7.39-7.16 (m,
5H), 6.90-6.73 (m, 3H), 5.88 (s, 1H), 3.85-
3.81 (m, 6H), 3.66-3.54 (t, J=7.7 Hz, 2H),
2.95-2.85 (t, J=7.7 Hz, 2H), 1.95-1.57 (m,
9H), 1.34-1.20 (m, 1H).

3C NMR (75 MHz, CDCly): § 155.4, 149.1,
148.0, 140.3, 134.3, 130.1, 129.0, 127.7,
126.8, 121.0, 112.3, 111.3, 103.8, 68.6, 55.9,
42.0,34.4, 33.6,24.0, 20.8.

HRMS (EI): m/z [M]" caled. for C,sH30,N5:
405.2416; found: 405.2421.

'"H NMR (300 MHz, CDCL;): § 7.40-7.28 (m,
4H), 7.26-7.17 (m, 1H), 7.01 (d, J=8.6 Hz,
2H), 6.86 (d, J=8.6 Hz, 2H), 5.85 (s, 1H),
4.58 (s, 2H), 4.43-4.28 (m, 1H), 3.82-3.56 (m,
S5H), 3.37-3.19 (m, 1H), 2.09 (s, 3H), 2.03-
1.81 (m, 4H).

5C NMR (75 MHz, CDCly): & 169.4, 159.5,
156.6, 139.8, 133.4, 129.0, 128.0, 127.5,
127.4, 126.2, 114.6, 104.5, 66.3, 55.3, 43.3,
41.2,36.6,33.8,32.8,21.4.

HRMS (EI) mlz [M]+ calcd. for C24H2802N4:
404.2212; found: 404.2227.
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'H NMR (300 MHz, CDCl5): & 7.43-7.15 (m,
5H), 7.14-7.02 (m, 2H), 6.90-6.79 (m, 2H),
5.89 (s, 1H), 4.59 (s, 2H), 4.22-3.85 (m, 4H),
3.76 (s, 3H), 3.50-3.29 (t, J=11.5 Hz, 2H),
2.08-1.74 (m, 4H), 1.32-1.19 (t, J=7.1 Hz,
3H).

3C NMR (75 MHz, CDCly): § 159.5, 156.5,
155.4, 139.5, 133.5, 129.0, 127.9, 127.5,
127.3, 126.1, 114.6, 104.7, 66.5, 61.9, 55.3,
43.2,38.7,33.1, 14.6.

HRMS (EI): m/z [M]" caled. for C,sH3005N,:
434.2318; found: 434.2298.

'H NMR (300 MHz, CDCL;): § 7.40-7.30 (m,
4H), 7.25-7.11 (m, 3H), 6.88 (d, J=8.6 Hz,
2H), 5.70 (s, 1H), 4.65 (s, 2H), 3.79 (s, 3H),
2.15-2.01 (m, 2H), 2.00-1.85 (m, 2H), 1.76-
1.51 (m, 8H).

3C NMR (75 MHz, CDCLs): § 159.6, 155.9,
141.5, 133.9, 128.8, 127.84, 127.82, 126.9,
126.2, 114.6, 103.1, 72.8, 55.3, 44.3, 39.2,
31.6,23.4.

HRMS (EI): m/z [M]" caled. for Cp4H,00ONG;:
375.2311; found: 375.2307.

Intensive decomposition of 11x during
workup prevents its isolation and careful
characterisation.

MS (ESI): m/z = 348.9 [M+H]".

'H NMR (300 MHz, CDCl5): & 7.38-7.29 (m,
4H), 7.23-7.13 (m, 3H), 6.88 (d, J=8.6 Hz,
2H), 5.48 (s, 1H), 4.57 (s, 2H), 3.78 (s, 3H),
1.45 (s, 6H).

BC NMR (75 MHz, CDCl3): & 159.6, 156.2,
140.7, 133.9, 128.9, 128.3, 127.6, 126.8,
126.4, 114.6, 101.4, 67.2, 55.3, 43.7, 27.6.

HRMS (EI): m/z [M]" caled. for C,0H,30N;:



321.1841; found: 321.1853.

X-ray Crystallography

For the structure of compound 11d, X-ray intensity data were collected on a
SMART 6000 diffractometer equipped with CCD detector using CuKa radi-
ation (A = 1.54178 A), using ¢ and o scans. The images were interpreted and
integrated with the program SAINT from Bruker.¥ The structures was
solved by direct methods and refined by full-matrix least-squares on F° using
the SHELXTL program package.* Non-hydrogen atoms were
anisotropically refined and the hydrogen atoms in the riding mode and iso-
tropic temperature factors fixed at 1.2 times U(eq) of the parent atoms (1.5
times for methyl groups). CCDC-801762 contains the supplementary crystal-
lographic data for this paper and can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
lographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +44-
1223-336033; or deposit@ccdc.cam.ac.uk).

Crystal data for compound 11d. C47Hs,Cl,FsNO6S,, M = 1048.00, triclinic,
P-1 (No. 2), a = 9.8074(2), b = 15.0025(3), ¢ = 18.1506(3) A, a =
67.6600(10), B = 82.5560(10), y = 89.0140(10)°, ¥ = 2447.84(8) A°, T =
1002) K, Z = 2, paie = 1.422 g cm”, 1(Cu-Kar) = 2.658 mm™', F(000) =
1092, crystal size 0.5 x 0.3 x 0.2 mm, 8488 independent reflections (R;, =
0.0457). Final R = 0.0382 for 7742 reflections with / > 20(I) and wR2
0.0988 for all data.
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The asymmetric unit contains two molecules. The thiophene ring of one of
these molecules was found disordered in two positions. Nitrogen atoms N1
and N4 of the imidazole rings are clearly protonated (established from a dif-
ference Fourier map). Two trifluoroacetate and one dichloromethane solvent
molecules were observed in the structure. Hydrogen bond networks are
formed, around crystallographic inversion centers, between the carboxyl ox-
ygen atoms of the trifluoroacetate molecules and the 2-aminoimidazole and

1-imidazole hydrogen atoms, for both molecules in the asymmetric unit.
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Chapter 4

Synthesis of starting propargylamines

RL
NH
0,
R + PN . // 20 mol% CuBr
NH, R* ™o R3 toluene, 100 °C R? A
3
1b-m

Propargylamines 1b-f,]”> and propargylamine 1j>° were synthesized as de-

scribed previously.
General procedure for the synthesis of propargylamines 1g-i,k,m

Copper bromide (43 mg, 0.3 mmol), toluene (1.5 mL), amine (2.25 mmol),
aldehyde (1.5 mmol) and acetylene (4.5 mmol) were consecutively loaded to
a microwave vial equipped with a magnetic stirring bar. The mixture was
degassed and flushed with argon. The reaction vessel was sealed and irradi-
ated in the cavity of a CEM-Discover microwave reactor for 25 min at the
set temperature of 100 °C. The resulting reaction mixture was cooled to am-
bient temperature and subjected to column chromatography to afford desired
propargylamine.
N-(2-methoxyethyl)-1-(4-propylphenyl)hex-1-yn-3-amine (1g): Isolated
by column chromatography with 20% of EtOAc in heptane as eluent. Yield
=316 mg (77%). '"H NMR (300 MHz, CDCl;): § 7.32 (d, J = 8.0 Hz, 2H),
7.09 (d, J = 8.0 Hz, 2H), 3.66-3.47 (m, 3H), 3.37 (s, 3H), 3.15 (ddd, J = 4.2,
4.4,12.2 Hz, 1H), 2.80 (ddd, J = 4.2, 4.4, 12.2 Hz, 1H), 2.56 (t, J = 7.6 Hz,
2H), 1.77-1.45 (m, 6H), 0.96 (t, J = 7.3 Hz, 3H), 0.92 (t, ] = 7.3 Hz, 3H); "°C
NMR (CDCls, 75 MHz): 6 142.7, 131.5, 128.4, 120.6, 90.1, 83.9, 72.1, 58.7,
50.7,46.9,38.3,37.9,24.4,19.4,13.9, 13.7.
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N-(4-methoxybenzyl)-1-phenylhept-2-yn-4-amine (1h): Isolated as a 4:1
mixture with 1i’® by column chromatography with 10% to 20% of EtOAc in
heptane as eluent with the yield of 41% (calculated from the 'H NMR spec-
tra). '"H NMR (300 MHz, CDCl,): & 7.44-7.10 (m, 7H), 6.84 (d, J] = 8.1 Hz,
2H), 3.97 (d, J = 12.6 Hz, 1H), 3.78 (s, 3H), 3.76 (d, J = 12.6 Hz, 1H), 3.66
(s, 2H), 3.41 (t, J = 6.1 Hz, 1H), 1.70-1.42 (m, 4H), 0.92 (t, J = 7.1 Hz, 3H);
C NMR (CDCl;, 75 MHz): § 158.6, 137.3, 132.3, 129.6, 128.5, 127.8,
126.5, 113.7, 84.0, 81.2, 55.2, 50.9, 49.3, 38.5, 25.2, 19.4, 13.9; MS (ESI)
(m/z, relative intensity): 309.3 ([M+H]", 100).
N-(4-methoxybenzyl)-1,6-diphenylhex-4-yn-3-amine (1i): Isolated by col-
umn chromatography with 10% to 20% of EtOAc in heptane as eluent. Yield
=325 mg (59%). '"H NMR (300 MHz, CDCl3): § 7.42-7.10 (m, 12H), 6.83
(d, J=8.0 Hz, 2H), 3.96 (d, J = 12.6 Hz, 1H), 3.76 (s, 3H), 3.74 (d, ] = 12.6
Hz, 1H), 3.68 (s, 2H), 3.41 (t, J = 6.4 Hz, 1H), 2.91-2.69 (m, 2H), 2.07-1.84
(m, 2H); ”C NMR (CDCl;, 75 MHz): § 158.6, 141.8, 137.2, 132.2, 129.6,
128.5, 128.3, 127.9, 126.5, 125.8, 113.7, 83.7, 81.7, 55.2, 50.9, 49.1, 37.9,
32.4,25.2; HRMS (EI) for CysH»7NO calcd. 369.2093, found 369.2075.
N-tert-butyl-1-(4-fluorophenyl)-5-methylhex-1-yn-3-amine (1k): Isolated
by column chromatography with 7% to 15% of EtOAc in heptane as eluent.
Yield = 263 mg (67%). '"H NMR (300 MHz, CDCly): & 7.41-7.29 (m, 2H),
7.03-6.89 (m, 2H), 3.62 (t, J = 7.5 Hz, 1H), 2.01-1.82 (m, 1H), 1.66-1.51
(m,1H), 1.51-1.37 (m, 1H), 1.20 (s, 9H), 0.95 (d, J = 6.5 Hz, 6H); °*C NMR
(CDCls, 75 MHz): 6 163.8, 160.5, 133.2, 133.1, 120.0, 119.9, 115.5, 115.2,
94.12, 94.11, 81.4, 51.3, 47.9, 42.8, 29.9, 25.1, 22.9, 22.2; MS (ESI) (m/z,
relative intensity): 262.6 ((M+H]", 100).
N-(1,3-diphenylprop-2-ynyl)aniline (1m)®*": Isolated by column chroma-
tography with 5% of EtOAc in heptane as eluent. Yield = 157 mg (37%).
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Synthesis of (Z)-4-methyl-N-(3-methyl-5-methyleneoxazolidin-2-
ylidene)benzenesulfonamide (20a)

N—Ts
5 mol% AuPPh3CI/AgOTf

~
NH O- N A
+ ~Cy, . Ts N/<O
X N CDClg, rt, 1h \\\<

1a 26 20a

N-Methylpropargylamine (1a) (14 mg, 0.2 mmol) was dissolved in CDCl;
(0.8 mL) followed by addition of tosyl isocyanate (26) (43 mg, 0.22 mmol).
After stirring at rt for about 5 min AgOTf (2.6 mg, 0.01 mmol) and
AuPPh;Cl (5.0 mg, 0.01 mmol) were added. The reaction mixture was kept
stirring at rt for 1h in a sealed screw cap vial under air atmosphere. The re-
sulting mixture was directly subjected to column chromatography with
EtOAc as eluent delivering 20a (49 mg, 92%). '"H NMR (300 MHz, CDCl5):
0 7.88 (d, J = 8.1 Hz, 2H), 7.26 (d, J = 8.1 Hz, 2H), 4.97-4.86 (m, 1H), 4.51-
439 (m, 1H), 4.26-4.12 (m, 2H), 2.96 (s, 3H), 2.41 (s, 3H); "C NMR
(CDCl3, 75 MHz): & 155.7, 149.8, 142.6, 139.7, 129.1, 127.1, 89.3, 50.0,
31.5, 21.5; HRMS (EI) for C;,H,N,O;S caled. 266.0725, found 266.0739.

Scope and comparison of AuPPh;CI/AgOTf- and AgOT{-

catalyzed protocols

CAUTION! All starting polysubstituted propargylamines 1b-m were used
freshly prepared. The use of propargylamines stored for a considerable time
under ambient conditions gives reduced combined yields of cycloizomerized
products. In addition the selectivity of the AgOTf-catalyzed process might
be strongly affected.
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A =5 mol% AuPPh;Cl, 5 mol% AgOTf, DCM, 2-20h, rt or 50 °C
B =20 mol% AgOTHf, toluene, 1-2h, 80 °C

General procedure for the AuPPh;Cl/AgOTf-catalyzed

cycloisomerization of propargylic ureas (Protocol A)

Propargylamine 1 (0.5 mmol) was dissolved in dry CH,Cl, (2 mL) followed
by addition of tosyl isocyanate 26 (108.5 mg, 0.55 mmol). After stirring at rt
for about 5 min AgOTf (6.4 mg, 0.025 mmol) and AuPPh;Cl (12.4 mg,
0.025 mmol) were added. The reaction mixture was kept with a stirring at rt
or 50°C for 2-20h in a sealed screw cap vial under air atmosphere. The re-
sulting mixture was directly subjected to the column chromatography to give
desired cycloisomerization products.

Table 6, Entry 1. The reaction was carried out at 50°C for 2h on a 0.5 mmol
scale. Column chromatography was performed with ethyl acetate/heptane
(1:4—3:7) as eluent delivering first mixture of 21b with 30b and then 20b
(major product), slightly contaminated with 29b.

Table 6, Entry 3. Reaction was carried out at rt for 2h on a 0.5 mmol scale.
Column chromatography was performed with ethyl acetate/heptane
(1:9—3:7) as eluent delivering first mixture of 21c¢ with 30c and then 20c
(major product), slightly contaminated with 29c.

Table 6, Entry 5. Reaction was carried out at rt for 2h on a 0.5 mmol scale.
Column chromatography was performed with ethyl acetate/heptane
(1:9—1:4) as eluent delivering 20d (major product), slightly contaminated
with 29d.
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Table 6, Entry 7. The reaction was carried out at 50°C for 2h on a 0.5 mmol
scale. Column chromatography was performed with ethyl acetate/heptane
(1:9—1:4) as eluent delivering first 21e and then 20e (major product).

Table 6, Entry 9. The reaction was carried out at 50°C for 2h on a 0.5 mmol
scale. Column chromatography was performed with ethyl acetate/heptane
(3:7) as eluent delivering 20f (major product), contaminated with 29f.

Table 6, Entry 11. The reaction was carried out at rt for 2h on a 0.4 mmol
scale. Column chromatography was performed with ethyl acetate/heptane
(1:1) as eluent delivering 20g (major product).

Table 6, Entry 13. The reaction was carried out at 50°C for 20h on a 0.4
mmol scale. Column chromatography was performed with ethyl ace-
tate/heptane (3:17—3:7) as eluent delivering first 21h and then 20h (major
product), contaminated®” with 21i and 20i respectively.

Table 6, Entry 15. The reaction was carried out at 50°C for 20h on a 0.5
mmol scale. Column chromatography was performed with ethyl ace-
tate/heptane (1:4—2:3) as eluent delivering first 21i contaminated with other
reaction byproducts and then 20i (major product) contaminated with Ts-NH,.
Pure 20i was obtained by recrystallization from diethyl ether.

Table 6, Entry 17. The reaction was carried out at rt for 2h on a 0.2 mmol
scale. Column chromatography was performed with ethyl acetate/heptane
(3:7) as eluent delivering 20j (major product).

Table 6, Entry 19. The reaction was carried out at 50°C for 4h on a 0.5
mmol scale. Column chromatography was performed with ethyl ace-
tate/heptane (1:9—1:4) as eluent delivering first 21k (major product) and
then 20k, contaminated with other reaction byproducts.

Table 6, Entry 21. The reaction was carried out at 50°C for 4h on a 0.25

mmol scale. Column chromatography was performed with ethyl ace-
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tate/heptane (1:9—3:7) as eluent delivering first 211 (major product) and
then 201, contaminated with 291 and other reaction byproducts.

Table 6, Entry 23. The reaction was carried out at rt for 2h on a 0.3 mmol
scale. Column chromatography was performed with ethyl acetate/heptane

(1:4—3:7) as eluent delivering 20m (major product).

General procedure for the AgOTf-catalyzed cycloisomerization of

propargylic ureas (Protocol B)

Propargylamine 1 (0.5 mmol) was dissolved in dry toluene (2.5 mL) fol-
lowed by addition of tosyl isocyanate (26) (108.5 mg, 0.55 mmol). After stir-
ring at rt for about 5 min AgOTf (26 mg, 0.1 mmol) was added. The reaction
mixture was heated with stirring at 80°C for 1-2h in a sealed screw cap vial
under air atmosphere. The resulting mixture was directly subjected to col-
umn chromatography to give the desired cycloisomerization products.

Table 6, Entry 2. The reaction was carried out for 1h on a 0.5 mmol scale.
Column chromatography was performed with ethyl acetate/heptane
(1:9—1:4) as eluent delivering 21b (major product).

Table 6, Entry 4. The reaction was carried out for 1h on a 0.3 mmol scale.
Column chromatography was performed with ethyl acetate/heptane
(1:4—3:7) as eluent delivering first 21¢ (major product) and then 20c¢, slight-
ly contaminated with 29c.

Table 6, Entry 6. The reaction was carried out for 1h on a 0.5 mmol scale.
Column chromatography was performed with ethyl acetate/heptane
(1:9—1:4) as eluent delivering first 21d (major product) and then 20d,
slightly contaminated with 29d.

Table 6, Entry 8. The reaction was carried out for 1h on a 0.5 mmol scale.
Column chromatography was performed with ethyl acetate/heptane

(3:17—1:4) as eluent delivering first 21e (major product) and then 20e.
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Table 6, Entry 10. The reaction was carried out for 1h on a 0.5 mmol scale.
Column chromatography was performed with ethyl acetate/heptane
(1:4—3:7) as eluent delivering first 21f (major product) and then 20f, con-
taminated with 29f.

Table 6, Entry 12. The reaction was carried out for 2h on a 0.22 mmol scale.
Column chromatography was performed with ethyl acetate/heptane (1:3) as
eluent delivering first 21g (major product) and then 20g, contaminated with
other reaction byproducts.

Table 6, Entry 14. The reaction was carried out for 1h on a 0.4 mmol scale.
Column chromatography was performed with ethyl acetate/heptane
(3:17—3:7) as eluent delivering first 21h (major product) and then 20h, con-
taminated” with 21i and 20i respectively.

Table 6, Entry 16. The reaction was carried out for 2h on a 0.5 mmol scale.
Column chromatography was performed with ethyl acetate/heptane
(1:4—2:3) as eluent delivering first 21i (major product) and then 20i, con-
taminated with Ts-NH, and other reaction byproducts.

Table 6, Entry 18. The reaction was carried out for 1h on a 0.3 mmol scale.
Column chromatography was performed with ethyl acetate/heptane
(3:17—3:7) as eluent delivering first 21j (major product) and then 20j.

Table 6, Entry 20. The reaction was carried out for 1h on a 0.5 mmol scale.
Column chromatography was performed with ethyl acetate/heptane
(1:9—1:4) as eluent delivering first 21k (major product) and then 20k, con-
taminated with unknown impurity.

Table 6, Entry 22. The reaction was carried out for 1h on a 0.25 mmol scale.
Column chromatography was performed with ethyl acetate/heptane
(1:9—3:7) as eluent delivering first 211 (major product) and then mixture of

201 with 291.
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Table 6, Entry 24. The reaction was carried out for 1h on a 0.3 mmol scale.

Column chromatography was performed with ethyl acetate/heptane (1:4) as

eluent delivering first 21m (major product) and then 20m, contaminated with

Ts-NHo.

Spectral data for oxazolidin-2-imines 20b-j,l,m
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(2)-N-((Z2)-5-benzylidene-4-isobutyl-3-(4-
methoxybenzyl)oxazolidin-2-ylidene)-4-
methylbenzenesulfonamide (20b)

'H NMR (300 MHz, CDCl5): 6 7.91 (d, J = 8.1 Hz,
2H), 7.61-7.52 (m, 2H), 7.42-7.33 (m, 2H), 7.30-
7.23 (m, 1H), 7.21-7.13 (m, 4H), 6.84 (d, J] = 8.5
Hz, 2H), 5.49 (s, 1H), 5.05 (d, ] = 15.0 Hz, 1H),
4.30-4.22 (m, 1H), 4.02 (d, J = 15.0 Hz, 1H), 3.78
(s, 3H), 2.34 (s, 3H), 1.83-1.53 (m, 3H), 0.89 (d, J =
6.3 Hz, 3H), 0.82 (d, ] = 6.3 Hz, 3H).

13C NMR (CDCly, 75 MHz): § 159.7, 155.0, 147.3,
142.4, 140.0, 132.4, 129.7, 129.1, 128.7, 128.6,
127.6, 126.8, 125.7, 114.4, 105.4 (O-C=C), 56.9,
55.3,45.8,41.1,23.8,23.3,22.4, 21.5.

IR (ATR): v = 2925, 1609 (C=N), 1514, 1441,
1301, 1252, 1157, 1077, 1029, 938, 818, 759, 688,
650, 581, 548 cm™.

HRMS (EI) for C29H32N204S caled. 5042083,
found 504.2098.

(2)-N-((Z£)-3-benzyl-5-benzylidene-4-
propyloxazolidin-2-ylidene)-4-
methylbenzenesulfonamide (20c)

'H NMR (300 MHz, CDCl3): 6 7.91 (d, J = 8.1 Hz,
2H), 7.61-7.52 (m, 2H), 7.41-7.22 (m, 8H), 7.18 (d,
J=8.1 Hz, 2H), 5.50 (d, ] = 1.4 Hz, 1H), 5.01 (d, J
=15.1 Hz, 1H), 4.38-4.29 (m, 1H), 4.10 (d, T = 15.1
Hz, 1H), 2.34 (s, 3H), 1.89-1.73 (m, 1H), 1.68-1.52
(m, 1H), 1.35-1.01 (m, 2H), 0.83 (t, ] = 7.3 Hz,
3H).

C NMR (CDCl;, 75 MHz): & 155.2, 146.8, 142.5,



139.9, 133.9, 132.3, 129.1, 129.0, 128.7, 128.55,
128.51, 128.3, 127.5, 126.7, 104.9 (O-C=C), 58.5,
46.2,33.8,21.4,15.7, 13.6.

IR (ATR): v = 2924, 1614 (C=N), 1443, 1307,
1273, 1160, 1143, 1126, 909, 843, 816, 687, 584,
546 cm’'.

HRMS (EI) for C27H28N203S calcd. 4601821,
found 460.1815.

(Z2)-N-((£)-3-benzyl-5-benzylidene-4-p-
tolyloxazolidin-2-ylidene)-4-
methylbenzenesulfonamide (20d)

"H NMR (300 MHz, CDCl;): § 7.98 (d, J = 8.1 Hz,
2H), 7.55-7.47 (m, 2H), 7.39-7.18 (m, 10H), 7.16-
7.03 (m, 4H), 5.27 (s, 1H), 5.12 (s, 1H), 5.05 (d, J =
14.8 Hz, 1H), 3.67 (d, J = 14.8 Hz, 1H), 2.38 (s,
6H).

C NMR (CDCls, 75 MHz): & 154.8, 148.0, 142.6,
139.98, 139.95, 133.6, 132.4, 132.3, 130.2, 129.2,
128.9, 128.74, 128.69, 128.53, 128.50, 128.2,
127.7, 126.8, 106.9 (0-C=C), 62.9, 46.0, 21.5, 21.3.

IR (ATR): v = 1608 (C=N), 1436, 1313, 1154,
1072, 920, 805, 701, 681, 586, 551 cm’™.

HRMS (EI) for C;HysN,O3S caled. 508.1821,
found 508.1823.

(£)-N-((Z2)-5-benzylidene-3-cyclooctyl-4-
pentyloxazolidin-2-ylidene)-4-
methylbenzenesulfonamide (20e)

'H NMR (300 MHz, CDCl;): 6 7.87 (d, J = 8.1 Hz,
2H), 7.62-7.51 (m, 2H), 7.43-7.32 (m, 2H), 7.29-
7.21 (m, 1H), 7.16 (d, J = 8.1 Hz, 2H), 5.50 (s, 1H),
4.61-4.51 (m, 1H), 3.81 (t, J = 9.9 Hz, 1H), 2.32 (s,
3H), 2.08-1.13 (m, 22H), 0.91-0.78 (m, 3H).

*C NMR (CDCls, 75 MHz): & 154.1, 147.2, 142.1,
140.4, 132.6, 129.0, 128.6, 128.5, 127.4, 126.6,
104.4 (0-C=C), 59.7, 56.2, 34.2, 31.9, 31.4, 30.9,
26.23, 26.21, 25.8, 25.0, 24.7, 22.4, 22.0, 21.4,
13.9.

IR (ATR): v = 2923, 1598 (C=N), 1433, 1284,
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1155, 1076, 812, 695, 662, 585, 553 cm™.

HRMS (EI) for C30H40N203S calcd. 5082760,
found 508.2773.

(£)-N-((Z2)-5-(4-tert-butylbenzylidene)-4-(4-
fluorophenyl)-3-(4-methoxybenzyl)oxazolidin-2-
ylidene)-4-methylbenzenesulfonamide (20f)

'"H NMR (300 MHz, CDCl;): § 7.99 (d, J = 8.1 Hz,
2H), 7.47 (d, ] = 8.4 Hz, 2H), 7.38 (d, ] = 8.4 Hz,
2H), 7.25 (d, J = 8.1 Hz, 2H), 7.22-7.06 (m, 4H),
7.02 (d, J = 8.5 Hz, 2H), 6.81 (d, J = 8.5 Hz, 2H),
524 (d,J = 1.7 Hz, 1H), 5.15 (d, J = 1.7 Hz, 1H),
4.97 (d, J = 14.8 Hz, 1H), 3.80 (s, 3H), 3.63 (d, ] =
14.8 Hz, 1H), 2.39 (s, 3H), 1.32 (s, 9H).

13C NMR (CDCl;, 75 MHz): § 165.0, 161.7, 159.8,
154.8, 151.0, 147.2, 142.6, 140.0, 131.62, 131.58,
130.3, 130.1, 129.28, 129.26, 128.5, 126.8, 125.5,
125.4, 116.7, 116.4, 1143, 107.1 (0-C=C), 62.3,
55.3,45.7,34.7,31.2, 21.5.

IR (ATR): v = 2964, 1609 (C=N), 1511, 1445,
1284, 1230, 1160, 1080, 913, 807, 698, 655, 596,
568, 547 cm’™.

HRMS (EI) for C;sH;35sN,O4SF caled. 598.2302,
found 598.2327.

(2)-N-((Z£)-3-(2-methoxyethyl)-4-propyl-5-(4-
propylbenzylidene)oxazolidin-2-ylidene)-4-
methylbenzenesulfonamide (20g)

'H NMR (300 MHz, CDCl;): 6 7.89 (d, J = 7.9 Hz,
2H), 7.48 (d, J = 7.8 Hz, 2H), 7.24-7.12 (m, 4H),
5.52 (s, 1H), 4.71 (bs, 1H), 3.93-3.80 (2H), 3.65-
3.46 (m, 2H), 3.34-3.17 (m, 4H), 2.61 (t, J = 7.5
Hz, 2H), 2.34 (s, 3H), 2.00-1.83 (m, 1H), 1.74-1.56
(m, 3H), 1.35-1.07 (m, 2H), 0.96 (t, J = 7.3 Hz,
3H), 0.89 (t, J = 7.3 Hz, 3H).

BC NMR (CDCl;, 75 MHz): & 155.1, 146.7, 142.3,
142.2, 140.0, 129.9, 129.1, 128.7, 128.5, 126.8,
104.6 (O-C=C), 70.3, 60.6, 58.9, 42.1, 37.8, 34.0,
24.5,21.5,15.7,13.8, 13.7.

IR (ATR): v = 2930, 1616 (C=N), 1445, 1285,



20h

1152, 813, 664, 551 cm™.

HRMS (EI) for C26H24N204S calcd. 4702239,
found 470.2191.

(2)-N-((Z2)-3-(4-methoxybenzyl)-5-(2-
phenylethylidene)-4-propyloxazolidin-2-
ylidene)-4-methylbenzenesulfonamide (20h)

'"H NMR (300 MHz, CDCl;): § 7.92 (d, J = 8.1 Hz,
2H), 7.32-7.12 (m, 7H), 7.08-6.99 (m, 2H), 6.85 (d,
J=8.3 Hz, 2H), 4.97 (d, ] = 14.9 Hz, 1H), 4.75 (t, ]
=17.6 Hz, 1H), 4.13 (bs, 1H), 3.99 (d, ] = 14.9 Hz,
1H), 3.79 (s, 3H), 3.55-3.28 (m, 2H), 2.35 (s, 3H),
1.79-1.60 (m, 1H), 1.57-1.40 (m, 1H), 1.23-1.02
(m, 2H), 0.82 (t, J = 7.2 Hz, 3H).

13C NMR (CDCly, 75 MHz): § 159.7, 155.1, 147.5,
142.4, 140.1, 139.4, 129.8, 129.1, 128.6, 128.3,
127.1, 126.4, 125.9, 114.3, 104.1 (O-C=C), 57.0,
55.3,45.7,33.6,31.2,21.5, 15.8, 13.7.

IR (ATR): v = 2931, 1611 (C=N), 1511, 1457,
1309, 1242, 1158, 1076, 1028, 913, 839, 688, 598,
548 cm’.

MS (CI) (m/z, relative intensity): 505 ([M+H],
100), 349 (31).

(2)-N-((Z£)-3-(4-methoxybenzyl)-4-phenethyl-5-
(2-phenylethylidene)oxazolidin-2-ylidene)-4-
methylbenzenesulfonamide (20i)

"H NMR (300 MHz, CDCl;): § 7.94 (d, J = 8.2 Hz,
2H), 7.32-7.12 (m, 10H), 7.11-7.04 (m, 2H), 6.94-
6.87 (m, 2H), 6.83 (d, J = 8.6 Hz, 2H), 4.88-4.75
(m, 2H), 4.27-4.17 (m, 1H), 3.96 (d, J = 15.0 Hz,
1H), 3.78 (s, 3H), 3.50 (dd, J = 8.0, 15.4 Hz, 1H),
3.41 (dd, J = 7.8, 15.4 Hz, 1H), 2.51-2.24 (m, 5H),
2.15-1.97 (m, 1H), 1.87-1.68 (m, 1H).

BC NMR (CDCl;, 75 MHz): & 159.8, 155.1, 147.1,
142.5, 140.0, 139.9, 139.3, 129.9, 129.2, 128.64,
128.63, 128.3, 128.2, 127.1, 126.44, 126.39, 125.8,
114.4, 104.5 (0-C=C), 57.0, 55.3, 45.9, 33.3, 31.3,
28.7,21.5.

IR (ATR): v = 1608 (C=N), 1512, 1452, 1246,
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1156, 1080, 814, 698, 593, 550 cm’.

HRMS (EI) for C34H34N204S calcd. 5662239,
found 566.2234.

(Z£)-N-((Z2)-4-ethyl-3-(4-methoxybenzyl)-5-
(thiophen-3-ylmethylene)oxazolidin-2-ylidene)-
4-methylbenzenesulfonamide (20j)

'"H NMR (300 MHz, CDCl;): § 7.92 (d, J = 7.9 Hz,
2H), 7.61-7.52 (m, 1H), 7.41-7.35 (m, 1H), 7.35-
7.28 (m, 1H), 7.24 (d, J = 7.9 Hz, 2H), 7.17 (d, ] =
8.3 Hz, 2H), 6.83 (d, J = 8.3 Hz, 2H), 5.62 (s, 1H),
5.00 (d, J = 15.0 Hz, 1H), 4.37-4.27 (m, 1H), 3.98
(d, T = 15.0 Hz, 1H), 3.79 (s, 3H), 2.38 (s, 3H),
2.00-1.55 (m, 2H), 0.80 (t, J = 7.3 Hz, 3H).

13C NMR (CDCly, 75 MHz): § 159.7, 155.1, 145.7,
142.5, 140.2, 132.9, 129.8, 129.3, 128.2, 126.6,
125.8, 125.6, 124.3, 114.4, 99.8 (0-C=C), 58.5,
55.3,45.7,24.5,21.5, 6.5.

IR (ATR): v = 2925, 1610 (C=N), 1513, 1442,
1299, 1245, 1156, 1072, 1031, 919, 813, 661, 579,
550.

HRMS (EI) for C,sHysN,O4S, calcd. 482.1334,
found 482.1330.

(E)-N-((Z£)-3-tert-butyl-5-(4-fluorobenzylidene)-
4-isobutyloxazolidin-2-ylidene)-4-
methylbenzenesulfonamide (20k)

"H NMR (300 MHz, CDCl;): § 7.84 (d, J = 7.9 Hz,
2H), 7.66-7.53 (m, 2H), 7.19 (d, J = 7.9 Hz, 2H),
7.14-7.00 (m, 2H), 5.45 (s, 1H), 4.51 (d,J = 9.4 Hz,
1H), 2.36 (s, 3H), 1.91-1.54 (m, 3H), 1.51 (s, 9H),
0.99-0.90 (m, 6H).

*C NMR (CDCls, 75 MHz): & 163.6, 160.3, 153.3,
146.0, 145.9, 142.2, 140.4, 130.6, 130.5, 129.1,
128.7, 128.6, 126.4, 115.7, 115.4, 104.0 (O-C=C),
59.2,56.4,44.6,28.1,23.9,23.4,21.5,21.0.

IR (ATR): v = 2958, 1601 (C=N), 1509, 1412,
1286, 1228, 1160, 1090, 1061, 907, 813, 660, 577,
548.



HRMS (EI) for C25H31N203SF calcd. 4582039,
found 458.2049.

(2)-N-((£)-5-benzylidene-3,4-diphenyloxazolidin-
2-ylidene)-4-methylbenzenesulfonamide (20m)
'H NMR (300 MHz, CDCl;): 8 7.93 (d, J = 8.2 Hz,
2H), 7.67-7.55 (m, 2H), 7.42-7.08 (m, 15H), 5.90
(d, J =2.0 Hz, 1H), 5.43 (d, J = 2.0 Hz, 1H), 2.35
(s, 3H).

3C NMR (CDCl;, 75 MHz): & 153.3, 147.0, 142.8,
139.7, 136.4, 134.6, 132.2, 129.6, 129.4, 129.3,
129.2, 128.9, 128.7, 127.9, 127.7, 127.1, 126.9,
124.2, 107.0 (O-C=C), 66.3, 21.5.

IR (ATR): v = 1611 (C=N), 1412, 1311, 1161,
1080, 772, 659, 543.

HRMS (EI) for C29H24N203S caled. 4801508,
found 480.1512.

Spectral data for imidazolidin-2-ones 21b-k,m

(Z)-4-benzylidene-5-isobutyl-1-(4-
methoxybenzyl)-3-tosylimidazolidin-2-one
(21b)

'H NMR (300 MHz, CDCl5): & 7.73 (d, J = 8.1
Hz, 2H), 7.41-7.32 (m, 2H), 7.29-7.15 (m, 5H),
7.05 (d, J = 8.4 Hz, 2H), 6.81 (d, J = 8.4 Hz, 2H),
5.95 (s, 1H), 4.81 (d, J = 15.1 Hz, 1H), 3.96 (d, J
= 15.1 Hz, 1H), 3.92-3.83 (m, 2H), 3.76 (s, 3H),
243 (s, 3H), 1.96-1.79 (m, 1H), 1.50-1.27 (m,
2H), 0.94 (d, J = 6.5 Hz, 3H), 0.87 (d, ] = 6.5 Hz,
3H).

BC NMR (CDCly, 75 MHz): & 159.3, 154.6,
144.7, 135.7, 135.5, 131.4, 129.3, 129.1, 128.8,
128.6, 128.2, 127.5, 127.2, 117.7 (N-C=C), 114.2,
58.3,55.2,44.6,41.1,23.9,23.5,21.9,21.7.

IR (ATR): v = 2923, 1729 (C=0), 1675, 1512,
1416, 1365, 1236, 1168, 1024, 816, 753, 697,
662, 573, 531.
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HRMS (EI) for C29H32N204S caled. 5042083,
found 504.2070.

(Z)-1-benzyl-4-benzylidene-5-propyl-3-
tosylimidazolidin-2-one (21c)

'H NMR (300 MHz, CDCly): & 7.73 (d, J = 8.2
Hz, 2H), 7.40-7.32 (m, 2H), 7.29-7.17 (m, 8H),
7.08-7.00 (m, 2H), 5.97 (s, 1H), 4.86 (d, J = 15.3
Hz, 1H), 4.05-3.91 (m, 2H), 2.43 (s, 3H ), 1.73-
1.30 (m, 4H), 0.89 (t, J = 7.2 Hz, 3H).

C NMR (CDClL,, 75 MHz): & 155.0, 144.7,
135.8, 135.4, 130.9, 129.1, 128.7, 128.5, 128.2,
127.9, 127.1, 116.9 (N-C=C), 59.5, 45.0, 33.7,
21.7,16.6, 13.9.

IR (ATR): v = 2928, 1733 (C=0), 1358, 1170,
1087, 814, 745, 699, 663, 570.

HRMS (EI) for CpHxN,0;S caled. 460.1821,
found 460.1812.

(£)-1-benzyl-4-benzylidene-5-p-tolyl-3-
tosylimidazolidin-2-one (21d)

'H NMR (300 MHz, CDCl5): & 7.79 (d, J = 8.2
Hz, 2H), 7.41-7.33 (m, 2H), 7.31-7.11 (m, 10H),
7.04 (d, ] = 7.9 Hz, 2H), 6.77-6.67 (m, 2H), 5.69
(d, J = 1.4 Hz, 1H), 4.96-4.79 (m, 2H), 3.44 (d, J
= 14.8 Hz, 1H), 2.48 (s, 3H), 2.37 (s, 3H).

BC NMR (CDCl;, 75 MHz): & 155.0, 144.8,
139.2, 135.8, 134.7, 133.3, 129.9, 129.4, 128.8,
128.5, 128.44, 128.40, 128.2, 128.1, 127.8, 127.3,
119.3 (N-C=C), 63.8, 44.7,21.8,21.2.

IR (ATR): v = 2920, 1745 (C=0), 1383, 1175,
1085, 814, 761, 721, 692, 665, 572, 518.

HRMS (EI) for C31H23N203S calcd. 508]821,
found 508.1827.

(Z£)-4-benzylidene-1-cyclooctyl-5-pentyl-3-
tosylimidazolidin-2-one (21e)

'H NMR (300 MHz, CDCl5): 6 7.68 (d, J = 8.2
Hz, 2H), 7.35-7.27 (m, 2H), 7.25-7.15 (m, 5H),
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5.97 (s, 1H), 4.14-3.97 (m, 1H), 3.68-3.50 (m,
1H), 2.41 (s, 3H), 2.08-1.27 (m, 22H), 0.93 (t, J =
6.6 Hz, 3H).

C NMR (CDClL,, 75 MHz): & 153.9, 144.3,
136.2, 135.7, 131.6, 128.9, 128.6, 128.5, 128.2,
127.0, 1169 (N-C=C), 61.2, 55.2, 34.0, 32.8,
31.9,31.7,26.2, 26.0, 25.1, 24.9, 23.7, 22.5, 21.6,
14.1.

IR (ATR): v = 2923, 1734 (C=0), 1360, 1168,
1088, 813, 699, 664, 571, 541.

HRMS (EI) for C;3yH4N,O3S caled. 508.2760,
found 508.2765.

(2)-4-(4-tert-butylbenzylidene)-5-(4-
fluorophenyl)-1-(4-methoxybenzyl)-3-
tosylimidazolidin-2-one (21f)

'H NMR (300 MHz, CDCl3): & 7.79 (d, J = 8.2
Hz, 2H), 7.34-7.20 (m, 6H), 7.19-7.11 (m, 2H),
7.11-7.01 (m, 2H), 6.69 (d, J = 8.7 Hz, 2H), 6.63
(d, ] = 8.7 Hz, 2H), 5.63 (d, J = 1.9 Hz, 1H), 4.89
(d, J = 1.9 Hz, 1H), 4.85 (d, J = 14.7 Hz, 1H),
3.78 (s, 3H), 3.39 (d, J = 14.7 Hz, 1H), 2.49 (s,
3H), 1.30 (s, 9H).

BC NMR (CDCl;, 75 MHz): & 164.7, 161.4,
159.2, 155.1, 150.4, 144.8, 135.9, 132.45, 132.35,
132.33, 132.32, 130.2, 130.1, 129.7, 129.4, 128.8,
128.3, 126.5, 125.1, 119.8 (N-C=C), 116.4, 116.1,
113.9, 63.4, 55.2, 44.3, 34.6, 31.3, 21.8.

IR (ATR): v = 1744 (C=0), 1511, 1408, 1352,
1249, 1163, 1073, 842, 742, 662, 581, 545.

HRMS (EI) for CssHsN,O,SF caled. 598.2302,
found 598.2323.

(Z2)-1-(2-methoxyethyl)-5-propyl-4-(4-
propylbenzylidene)-3-tosylimidazolidin-2-one
(21g)

'H NMR (300 MHz, CDCl3): & 7.72 (d, J = 8.1
Hz, 2H), 7.31-7.18 (m, 4H), 7.04 (d, J = 7.9 Hz,
2H), 6.00 (s, 1H), 4.30-4.19 (m, 1H), 3.73 (dt, J =
14.8, 4.2 Hz, 1H), 3.53-3.32 (m, 2H), 3.27 (s,
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3H), 3.13 (ddd, ] = 4.2, 7.8, 14.8 Hz, 1H), 2.57 (t,
J = 7.6 Hz, 2H), 2.42 (s, 3H), 1.78-1.32 (m, 6H),
0.96 (t, ] = 7.2 Hz, 6H).

C NMR (CDCL,, 75 MHz): & 155.0, 144.4,
141.7, 136.1, 133.0, 130.7, 129.0, 128.7, 128.4,
1283, 117.1 (N-C=C), 70.9, 61.5, 58.8, 41.1,
37.9,33.9,24.4,21.7,16.9, 14.0, 13.9.

IR (ATR): v = 2929, 1740 (C=0), 1361, 1164,
1088, 813, 661, 573, 539.

HRMS (EI) for C26H34N204S caled. 4702239,
found 470.2218.

(2)-1-(4-methoxybenzyl)-4-(2-
phenylethylidene)-5-propyl-3-
tosylimidazolidin-2-one (21h)

'H NMR (300 MHz, CDCl3): & 8.01 (d, J = 8.0
Hz, 2H), 7.38-7.12 (m, 7H), 7.03-6.95 (m, 2H),
6.78 (d, J = 8.1 Hz, 2H), 5.12 (t, J = 6.6 Hz, 1H),
477 (d, T = 15.1 Hz, 1H), 3.90 (d, J = 15.1 Hz,
1H), 3.83-3.52 (m, 5H), 2.46 (s, 3H), 1.60-1.18
(m, 4H), 0.85 (t, ] = 6.5 Hz, 3H).

BC NMR (CDCl,, 75 MHz): & 159.2, 154.6,
144.8, 140.5, 136.4, 130.9, 129.5, 129.3, 128.53,
128.52, 128.46, 127.5, 126.3, 118.1 (N-C=C),
114.1, 59.0, 55.2, 44.5, 35.6, 33.7, 21.7, 16.8,
13.9.

IR (ATR): v = 2930, 1741 (C=0), 1512, 1413,
1360, 1244, 1167, 1087, 1030, 813, 733, 700,
662, 589, 539.

HRMS (EI) for C,H3,N,04S caled. 504.2083,
found 504.2075.

(2)-1-(4-methoxybenzyl)-5-phenethyl-4-(2-
phenylethylidene)-3-tosylimidazolidin-2-one
(21i)

'H NMR (300 MHz, CDCl3): 6 8.01 (d, J = 8.3
Hz, 2H), 7.35-7.13 (m, 10H), 7.02-6.94 (m, 2H),
6.93 (d, J = 8.6 Hz, 2H), 6.75 (d, ] = 8.6 Hz, 2H),
5.22 (t,J=6.8 Hz, 1H), 4.74 (d, J = 15.1 Hz, 1H),
3.92 (d, T = 15.1 Hz, 1H), 3.87-3.54 (m, 6H), 2.55
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(t, J = 8.2 Hz, 2H), 2.44 (s, 3H), 1.92-1.61 (m,
2H).

C NMR (CDClL,, 75 MHz): & 159.4, 154.7,
144.9, 140.7, 140.4, 136.3, 130.6, 129.6, 129.5,
128.7, 128.62, 128.58, 128.5, 128.3, 127.4, 126.4,
126.2, 118.5 (N-C=C), 1142, 58.7, 55.3, 44.7,
35.8,33.1,29.5,21.8.

IR (ATR): v = 1727 (C=0), 1686, 1510, 1432,
1366, 1242, 1165, 1088, 1039, 844, 812, 748,
702, 662, 590, 563, 537, 495.

MS (CI) (m/z, relative intensity): 567 ([M+H]",
100), 413 (71).

(Z£)-4-ethyl-3-(4-methoxybenzyl)-5-(thiophen-3-
ylmethylene)-1-tosylimidazolidin-2-one (21j)

'H NMR (300 MHz, CDCly): & 7.81 (d, J = 8.1
Hz, 2H), 7.40-7.33 (m, 1H), 7.33-7.18 (m, 4H),
6.86 (d, J = 8.3 Hz, 2H), 6.74 (d, ] = 8.3 Hz, 2H),
6.01 (s, 1H), 4.79 (d, J = 15.1 Hz, 1H), 3.94-3.81
(m, 2H), 3.78 (s, 3H), 2.47 (s, 3H), 1.80-1.60 (m,
1H), 1.60-1.41 (m, 1H), 0.90 (t, J = 7.2 Hz, 3H).

C NMR (CDCl,, 75 MHz): & 159.2, 155.0,
144.8, 136.2, 135.7, 129.8, 129.34, 129.27, 128.9,
127.9, 127.2, 124.9, 124.3, 114.1, 112.7 (N-C=C),
59.9,55.3, 44.4,24.0, 21.8, 7.6.

IR (ATR): v = 2925, 1740 (C=0), 1512, 1404,
1360, 1237, 1165, 1026, 811, 777, 657, 637, 569.

HRMS (EI) for CysHyN,0,S, caled. 482.1334,
found 482.1337.

(2)-1-tert-butyl-4-(4-fluorobenzylidene)-5-
isobutyl-3-tosylimidazolidin-2-one (21Kk)

'H NMR (300 MHz, CDCl3): & 7.71 (d, J = 8.0
Hz, 2H), 7.40-7.27 (m, 2H), 7.23 (d, J = 8.0 Hz,
2H), 6.95-6.81 (m, 2H), 5.92 (s, 1H), 4.16 (d, J =
10.5 Hz, 1H), 2.42 (s, 3H), 2.05-1.82 (m, 1H),
1.51-1.26 (m, 11H), 1.03 (d, J = 6.5 Hz, 3H), 0.98
(d, J= 6.5 Hz, 3H).

BC NMR (CDCly, 75 MHz): & 163.4, 160.1,
153.4, 144.5, 136.1, 131.56, 131.55, 131.4, 131.3,
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130.5, 130.4, 129.0, 128.6, 116.3 (N-C=C), 115.3,
115.0, 60.5, 54.8, 43.4, 28.4, 24.1, 23.9, 21.6,
21.1.

IR (ATR): v = 2957, 1733 (C=0), 1508, 1351,
1225, 1165, 1046, 814, 657, 594, 566, 538.

HRMS (EI) for C25H31N203SF calcd. 4582039,
found 458.2040.

(Z)-1-benzyl-4-(cyclopentylmethylene)-5-
phenyl-3-tosylimidazolidin-2-one (211)

'H NMR (300 MHz, CDCLy): § 7.91 (d, J = 8.1
Hz, 2H), 7.41-7.27 (m, 5H), 7.25-7.17 (m, 1H),
7.17-7.08 (m, 2H), 7.08-6.99 (m, 2H), 6.71-6.58
(m, 2H), 4.82 (d, ] = 14.8 Hz, 1H), 4.71-4.57 (m,
2H), 3.36 (d, ] = 14.8 Hz, 1H), 3.13-2.94 (m, 1H),
2.49 (s, 3H), 2.06-1.90 (m, 1H), 1.88-1.73 (m,
1H), 1.62-1.44 (m, 4H), 1.23-1.06 (m, 1H), 1.05-
0.89 (m, 1H).

®C NMR (CDCl;, 75 MHz): & 154.9, 144.6,
136.7, 136.1, 134.8, 131.4, 129.6, 129.01, 128.99,
128.48, 128.44, 128.38, 128.3, 128.2, 127.7, 63.5,
44.7,39.6,33.2,32.9,25.4,25.3,21.8.

IR (ATR): v = 2925, 1741 (C=0), 1367, 1170,
1085, 733, 698, 667, 573, 541, 510.

HRMS (EI) for C,oH;3)N,O3S calcd. 486.1977,
found 486.1970.

(2)-4-benzylidene-1,5-diphenyl-3-
tosylimidazolidin-2-one (21m)

'"H NMR (300 MHz, CDCl3): § 7.70 (d, J = 8.3
Hz, 2H), 7.40 — 7.15 (m, 16H), 7.09-7.01 (m,
1H), 6.07 (s, 1H), 5.67 (d, J = 1.0 Hz, 1H), 2.42
(s, 3H).

C NMR (CDCly, 75 MHz): & 153.4, 145.0,
137.1, 136.5, 135.5, 135.4, 131.5, 129.3, 129.14,
129.10, 128.94, 128.88, 128.5, 128.2, 127.4,
126.6, 125.3, 121.5, 117.8 (N-C=C), 66.4, 21.7.

IR (ATR): v = 1735 (C=0), 1596, 1493, 1375,
1171, 1127, 1085, 756, 693, 666, 572, 532.

HRMS (EI) for CyH,uN,05S caled. 480.1508,



found 480.1519.

Crystallography

X-ray intensity data were collected at room temperature on an Agilent Su-
pernova diffractometer, equipped with an Atlas CCD detector, using Mo Ka
radiation (A = 0.7107 A). The images were interpreted and integrated with
the CrysAlisPro software from Agilent Technologies.*® Using Olex2,” the
structures were solved with the ShelxS” structure solution program using
Direct Methods and refined with the ShelxL” refinement package using full-
matrix least squares minimization on F°. Non hydrogen atoms were
anisotropically refined and the hydrogen atoms in the riding mode with iso-
tropic temperature factors were fixed at 1.2 times U, of the parent atoms
(1.5 for methyl groups). CCDC 904954 and 904955 contains the supplemen-
tary crystallographic data for this paper and can be obtained free of charge
via www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax:
+44-1223-336033; or deposit@ccdc.cam.ac.uk).

Crystallographic data for 20d

C31HxsN,O5S, M = 508.61 g mol™, monoclinic, P2,/c (no. 14), a
10.6680(6) A, b = 10.7440(5) A, ¢ = 23.2151(13) A, B = 92.519(5), V
2658.3(2) A, T=293(2) K, Z =4, peaica = 1.271 g cm™, p(Mo Ka) = 0.157
mm’', F(000) = 1072.0, crystal size 0.5 x 0.3 x 0.1 mm”, 20843 reflections

measured, 5427 unique (R;,; = 0.0370) which were used in all calculations.

The final wR, was 0.1414 (all data) and R; was 0.0587 (>2sigma(l)).
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Crystallographic data for 21d

C3HsN,058, M = 508.61 g mol™, triclinic, P-1 (no. 2), a = 11.2858(8) A, b
= 11.5920(14) A, ¢ = 12.0847(12) A, a = 66.078(10), B = 71.250(7), y =
72.449(8), V = 1341.4(2) A’, T=293(2) K, Z=4, peaea = 1.259 g cm™, p(Mo
Ko) = 0.155 mm™, F(000) = 536.0, crystal size 0.3 x 0.2 x 0.1 mm?, 10020
reflections measured, 5452 unique (R;, = 0.0284) which were used in all cal-
culations. The final wR, was 0.1336 (all data) and R; was 0.0529
(>2sigma(l)).

20d 21d
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Assignment of some minor 6-membered O- and N-cyclized prod-

ucts

Assignment of 30c

1. Endo-pattern is assigned from the '"H NMR spectra of 30¢/21¢ (~3:4)
mixture.

2. N-cyclization pattern is determined by comparing IR spectra of pure
21c with IR spectra of 30¢/21c¢ (~3:4) mixture. The assignment is
based on C=0 stretching IR adsorption peak value of 30c.

3. In addition, 30c¢ has Ry value similar to 21c¢.
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Assignment of 291
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Endo-pattern is assigned from the 'H NMR spectra of 291/201 (~1:2)
mixture.

O-cyclization pattern is determined by comparing IR spectra of 201
contaminated with 291 and other reaction byproducts with IR spectra
of 291/201 (~1:2) mixture. The assignment is based on C=N stretch-
ing IR adsorption peak value of 291.

In addition, 291 has R value similar to 201.
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Chapter 5

Synthesis of starting propargylamines

Propargylamines 1b* and propargylamine 1c,j,n” were synthesized as de-

scribed previously.
Hex\NH
=Z
. 26 mol% CuBr B
Hex\NH2 B Yo * /©/ toluene, 100 °C
BuO 10

OBu

N-(4-(4-butoxyphenyl)-1-phenylbut-3-yn-2-yl)hexan-1-amine (10).

Copper bromide (56 mg, 0.39 mmol), toluene (2 mL), amine (2.25 mmol),
aldehyde (1.5 mmol) and acetylene (3 mmol) were consecutively loaded to a
screw cap vial equipped with a magnetic stirring bar. The mixture was de-
gassed and flushed with argon. The reaction vessel was heated with stirring
for 4 h at 100 °C. The resulting reaction mixture was cooled to ambient tem-
perature and subjected to column chromatography with (EtOAc-heptane,
1:9) to afford 300 mg (68%).

'"H NMR (300 MHz, CDCl): & 7.38-7.15 (m, 7H), 6.80 (d, J = 8.6 Hz, 2H), 3.94 (t, J
= 6.5 Hz, 2H), 3.87-3.79 (m, 1H), 3.11-2.83 (m, 3H), 2.71-2.59 (m, 1H), 1.82-1.69
(m, 2H), 1.56-1.40 (m, 4H), 1.36-1.19 (m, 6H), 0.97 (t, ] = 7.3 Hz, 3H), 0.91-0.81
(m, 3H).

3C NMR (CDCl;, 75 MHz): & 158.9, 138.0, 132.9, 129.8, 128.3, 126.6, 115.3,
114.4,88.9, 84.4, 67.7, 52.1, 47.6, 42.4, 31.8, 31.3,30.0, 27.1, 22.7, 19.3, 14.1, 13.9.

HRMS (ESI) for C»4H3sNO caled. (M+H)' 378.2791, found 378.2787.
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Representative procedure for the AuPPh;Cl/AgOTf-catalyzed
cycloisomerization of propargylic ureas derived from aryl or alkyl

isocyanate

Propargylamine 1 (0.4 mmol) was dissolved in dry CHCl; (1.6 mL) followed
by addition of isocyanate 16 (0.48 mmol). After stirring at rt for about 5 min
AgOTT (5.1 mg, 0.02 mmol) and AuPPh;CI (9.9 mg, 0.02 mmol) were add-
ed. The reaction mixture was kept with stirring at 50°C for 15h in a sealed
screw cap vial under air atmosphere. The resulting mixture was directly sub-
jected to column chromatography to give desired cycloisomerization prod-
ucts. Elution was performed using 8-30% EtOAc in heptane first delivering
3,4-dihydropyrimidin-2(1H)-ones 22 followed by propargylic ureas 17d,k,h

or imidazol-2-ones 181,m.

Spectral data for 3,4-dihydropyrimidin-2(1H)-ones 22

% 3-benzyl-1,6-diphenyl-4-propyl-3,4-dihydropyrimidin-
B A P 2(1H)-one
pr)\/\ph 'H NMR (300 MHz, CDCly): § 7.41-6.99 (m, 15 H), 5.30-
22a 5.19 (m, 2H), 4.15 (d, J = 15.3 Hz, 1H), 3.97-3.88 (m, 1H),

1.80-1.44 (m, 4H), 0.95 (t, J = 7.1 Hz, 3H).

C NMR (CDCls, 75 MHz): & 154.9, 141.1, 139.8, 137.7,
135.9, 128.6, 128.5, 127.9, 127.84, 127.77, 127.3, 125.9,
102.9, 53.9,49.2, 36.6, 17.6, 14.2.

IR (ATR); v =3202, 1565 (C=0), 1386, 1259, 1104, 1070,

761, 697.
HRMS (EI) for C5sH,N,O caled. (M+H)" 383.2118, found
383.2112.
o OMe 3-benzyl-1-(4-methoxyphenyl)-6-phenyl-4-propyl-3,4-
Bn\NJ\N dihydropyrimidin-2(1H)-one
o )\/Lph 'H NMR (300 MHz, CDCl;): & 7.42-7.23 (m, 5H), 7.20-
.

7.06 (m, 7H), 6.73-6.64 (m, 2H), 5.28-5.13 (m, 2H), 4.16
(d,J=15.2 Hz, 1H), 3.98-3.87 (m, 1H), 3.69 (s, 3H), 1.80-
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1.42 (m, 4H), 0.95 (t, J = 6.9 Hz, 3H).

3C NMR (CDCls, 75 MHz): & 157.4, 155.2, 141.2, 137.8,
136.0, 132.7, 129.6, 128.6, 128.1, 128.0, 127.8, 127.7,
127.3,113.3, 106.1, 55.3, 53.9, 49.2, 36.6, 17.5, 14.2.

IR (ATR); v = 2930, 1654 (C=0), 1509, 1444, 1358, 1240,
1170, 1030, 910, 829, 726, 696, 555.

HRMS (EI) for C,;H,sN,O, caled. (M+H)" 413.2224,
found 413.2217.
3-benzyl-1-(4-fluorophenyl)-6-phenyl-4-propyl-3,4-
dihydropyrimidin-2(1H)-one

'H NMR (300 MHz, CDCl;): & 7.41-7.12 (m, 12H), 6.84
(t, J=8.6 Hz, 2H), 5.30-5.18 (m, 2H), 4.15 (d, J = 15.3 Hz,
1H), 3.98-3.89 (m, 1H), 1.80-1.42 (m, 4H), 0.95 (t, ] =7.2
Hz, 3H).

3C NMR (CDCls, 75 MHz): 8 162.1, 158.9, 154.9, 140.9,
137.6, 135.73, 135.69, 135.65, 130.1, 130.0, 128.6, 128.02,
127.96, 127.9, 127.4, 115.0, 114.7, 106.7, 53.9, 49.2. 36.6,
17.5, 14.2.

IR (ATR); v=2960, 1661 (C=0), 1507, 1447, 1217, 1153,
831, 750, 697, 529.

HRMS (EI) for C,HysFN,O caled. (M+H)" 401.2024,
found 401.2022.

1,3-dibenzyl-6-phenyl-4-propyl-3,4-dihydropyrimidin-
2(1H)-one

'H NMR (300 MHz, CDCl5): & 7.36-7.11 (m, 13H), 7.04-
6.95 (m, 2H), 5.29 (d, J = 153 Hz, 1H), 5.17 (d, J = 15.2
Hz, 1H), 4.86 (d, J = 6.0 Hz, 1H), 4.31 (d, J = 15.2 Hz,
1H), 4.01 (d, J = 15.3 Hz, 1H), 3.76 (q, J = 5.9 Hz, 1H),
1.44-1.09 (m, 4H), 0.79 (t, ] = 7.2 Hz, 3H).

3C NMR (CDCls, 75 MHz): 5 155.8, 140.8, 138.7, 137.8,
135.6, 128.5, 128.4, 128.2, 128.04, 128.01, 127.7, 127.2,
126.9, 105.5, 53.9, 48.9, 47.6, 36.4, 17.5, 14.1.

IR (ATR); v = 2958, 1650 (C=0), 1447, 1228, 751, 696.

HRMS (EI) for C,7HN,O caled. (M-*-H)+ 397.2274, found
397.2269.
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3-benzyl-1-(4-methylbenzyl)-6-phenyl-4-propyl-3,4-
dihydropyrimidin-2(1H)-one

'H NMR (300 MHz, CDCLy): § 7.37-7.20 (m, 10H), 7.00
(d, T = 7.8 Hz, 2H), 6.89 (d, ] = 7.8 Hz, 2H), 5.30 (d, J =
15.4 Hz, 1H), 5.14 (d, J = 15.1 Hz, 1H), 4.87 (d, J = 6.0
Hz, 1H), 4.26 (d, J = 15.1 Hz, 1H), 4.00 (d, ] = 15.4 Hz,
1H), 3.81-3.69 (m, 1H), 2.28 (s, 3H), 1.45-1.09 (m, 1H),
0.79 (t,J = 7.2 Hz, 3H).

3C NMR (CDCls, 75 MHz): 8 155.9, 140.9, 137.9, 136.4,
135.8, 135.7, 128.7, 128.5, 128.42, 128.38, 128.3, 128.0,
127.7,127.2,105.5, 53.8, 48.9, 47.4, 36.4,21.1, 17.5, 14.1.

IR (ATR); v=2957, 1653 (C=0), 1447, 753, 698, 477.

HRMS (EI) for C,sH;30N,O caled. 411.2431, found
411.2428.

3-benzyl-1-(2-chlorobenzyl)-6-phenyl-4-propyl-3,4-
dihydropyrimidin-2(1H)-one

'H NMR (300 MHz, CDCl3): & 7.38-7.07 (m, 14H), 5.29
(d, ] = 15.4 Hz, 1H), 5.07 (d, T = 16.0 Hz, 4.86 (d, ] = 5.8
Hz, 1H) 4.53 (d, J = 16.0 Hz, 1H), 4.05 (d, J = 15.4 Hz,
1H), 3.89-3.79 (m, 1H), 1.73-1.25 (m, 4H), 0.90 (t, J= 7.1
Hz, 3H).

BC NMR (CDCls, 75 MHz): 8 155.5, 141.3, 137.8, 136.4,
135.5, 132.9, 129.8, 129.2, 128.5, 128.44, 128.37, 128.2,
128.0, 127.7, 127.2, 126.4, 104.6, 54.0, 48.9, 45.9, 36.3,
17.8,14.1.

IR (ATR); v =2959, 1656 (C=0), 1443, 1039, 748, 697.

HRMS (EI) for C,7H»;CIN,O calecd. (M+H)™ 431.1885,
found 431.1880.
3-benzyl-1-heptyl-6-phenyl-4-propyl-3,4-
dihydropyrimidin-2(1H)-one

'H NMR (300 MHz, CDCl3): § 7.40-7.20 (m, 10H), 5.27
(d,J=15.4 Hz, 1H), 4.84 (d, ] = 6.1 Hz, 1H), 4.06 (d, ] =
15.4 Hz, 1H), 4.02-3.90 (m, 1H), 3.83-3.73 (m, 1H), 3.15-
3.03 (m, 1H), 1.71-1.02 (m,. 14H), 0.93 (t, ] = 7.2 Hz, 3H),
0.82 (t,J =7.2 Hz, 3H).

'3C NMR (CDCl;, 75 MHz): & 155.8, 141.1, 138.1, 135.9,
128.5, 128.3, 128.2, 127.7, 127.2, 104.8, 53.8, 48.9, 44.1,
36.3,31.7,29.3,28.8,26.6,22.5,17.7,14.2, 14.1.

IR (ATR); v =2927, 1660 (C=0), 1448, 698.
HRMS (EI) for C,;H3¢N,0 caled. (M+H)" 405.2900, found
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405.2892.

3-benzyl-1-cyclopentyl-6-phenyl-4-propyl-3,4-
dihydropyrimidin-2(1H)-one

'H NMR (300 MHz, CDCl;): & 7.43-7.20 (m, 10H), 5.25
(d, J =15.5 Hz, 1H), 4.89 (d, ] = 6.4 Hz, 1H), 4.03 (d, ] =
15.5 Hz, 1H), 3.74-3.51 (m, 2H), 2.50-2.33 (m, 1H), 2.12-
1.20 (m, 11H), 0.92 (t, ] = 7.2 Hz, 3H).

3C NMR (CDCls, 75 MHz): & 155.6, 143.2, 138.0, 137.0,
128.5, 128.3, 127.9, 127.7, 127.1, 105.3, 60.0, 53.2, 48.4,
36.1,31.1,29.8,25.7,25.1,17.8, 14.2.

IR (ATR); v = 2925, 1703, 1650 (C=0), 1447, 1383, 1352,
1249, 730, 698.

HRMS (EI) for C,sH30N,O caled. (M+H)" 375.2431, found
375.2428.

4-ethyl-3-(4-methoxybenzyl)-1-phenyl-6-(thiophen-3-
yD)-3,4-dihydropyrimidin-2(1H)-one

'H NMR (300 MHz, CDCl): & 7.35-7.06 (m, 7H), 7.04-
6.83 (m, 4H), 6.76-6.69 (m, 1H), 5.26-5.12 (m, 2H), 4.07
(d,J=15.1 Hz, 1H), 3.95-3.85 (m, 1H), 3.80 (s, 3H), 1.84-
1.69 (m, 1H), 1.67-1.52 (m, 1H), 1.02 (t, J = 7.3 Hz, 3H).

3C NMR (CDCls, 75 MHz): 8 159.0, 154.7, 139.8, 136.8,
136.4, 129.6, 129.4, 128.5, 128.1, 127.2, 126.2, 12428,
123.7, 114.0, 105.0, 55.2, 54.5, 48.4, 26.8, 8 4.

IR (ATR); v=2929, 1653 (C=0), 1511, 1441, 1242, 1173,
1031, 729, 696.

HRMS (EI) for CpsH,uN,0,S caled. (M+H)™ 405.1631,
found 405.1630.

4-ethyl-1-(4-fluorophenyl)-3-(4-methoxybenzyl)-6-
(thiophen-3-yl)-3,4-dihydropyrimidin-2(1H)-one

'H NMR (300 MHz, CDCLy): § 7.35-7.14 (m, 4H), 7.07-
6.82 (m, 6H), 6.73-6.66 (m, 1H), 5.23-5.10 (m, 2H), 4.07
(d,J=15.1 Hz, 1H), 3.96-3.86 (m, 1H), 3.81 (s, 3H), 1.86-
1.68 (m, 1H), 1.66-1.50 (m, 1H), 1.01 (t, J = 7.3 Hz, 3H).

3C NMR (CDCls, 75 MHz): § 162.4, 159.1, 159.0, 154.6,
136.6, 136.3, 135.73, 135.68, 130.1, 130.0, 129.45, 129.40,
127.2, 125.1, 123.8, 115.1, 114.8, 114.0, 104.9, 55.3, 54.5,
48.5,26.8, 8.3.

IR (ATR); v = 2931, 1652 (C=0), 1506, 1450, 1240, 1174,
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1032, 729.

HRMS (EI) for C24H23FN2028 calcd. (M‘f‘H)Jr 4231537,
found 423.1530.

1-benzyl-4-ethyl-3-(4-methoxybenzyl)-6-(thiophen-3-
yl)-3,4-dihydropyrimidin-2(1H)-one

'"H NMR (300 MHz, CDCLy): § 7.30-6.83 (m, 12H), 5.23
(d, J=15.1 Hz, 1H), 5.10 (d, ] = 15.5 Hz, 1H), 4.85 (d, ] =
5.7 Hz, 1H), 4.39 (d, J = 15.5 Hz, 1H), 3.96 (d, J = 15.1
Hz, 1H), 3.85-3.71 (m, 4H), 1.61-1.38 (m, 2H), 0.80 (t, ] =
7.3 Hz, 3H).

3C NMR (CDCls, 75 MHz): 8 158.9, 155.4, 139.0, 136.5,
136.0, 129.7, 129.2, 128.1, 127.8, 127.5, 126.8, 125.6,
124.5, 113.9, 104.1, 55.3, 54.7, 48.1, 47.7, 26.8, 8 4.

IR (ATR); v=2927, 1645 (C=0), 1511, 1450, 1243, 1174,
1030, 695, 510.

HRMS (EI) for C,sH,N,O,S caled. (M+H)" 419.1788,
found 419.1782.

4-isobutyl-3-(4-methoxybenzyl)-1,6-diphenyl-3,4-
dihydropyrimidin-2(1H)-one

'"H NMR (300 MHz, CDCly): & 7.34-7.23 (m, 4H), 7.21-
7.07 (m, 7H), 7.07-6.97 (m, 1H), 6.92-6.82 (m, 2H), 5.36
(d, J = 6.5 Hz, 1H), 5.16 (d, ] = 15.1 Hz, 1H), 4.06 (d, J =
15.1 Hz, 1H), 3.89-3.74 (m, 4H), 1.91-1.47 (m, 3H), 0.98
(d, ] = 6.4 Hz, 3H), 0.91 (d, ] = 6.4 Hz, 3H).

3C NMR (CDCls, 75 MHz): § 159.0, 155.0, 140.9, 139.8,
135.8, 129.6, 129.4, 128.2, 128.0, 127.91, 127.86, 127.8,
125.8, 114.0, 108.0, 55.3, 52.0, 48.8, 44.1, 24.6, 24.0, 22.1.

IR (ATR); v =2955, 1664 (C=0), 1511, 1446, 1243, 1173,
1031, 909, 756, 729, 695, 570.

HRMS (EI) for C,sH3N,O, caled. (M+H)™ 427.2380,
found 427.2375.

4-isobutyl-3-(4-methoxybenzyl)-6-phenyl-1-p-tolyl-3,4-
dihydropyrimidin-2(1H)-one

'"H NMR (300 MHz, CDCLy): § 7.29 (d, ] = 7.8 Hz, 2H),
7.21-7.05 (m, 7H), 6.95 (d, J = 7.6 Hz, 2H), 6.86 (d, J =
7.8 Hz, 2H), 5.32 (d, J = 6.0 Hz, 1H), 5.14 (d, J = 15.1 Hz,
1H), 4.06 (d, J = 15.1 Hz, 1H), 3.88-3.72 (m, 4H), 2.18 (s,
3H), 1.91-1.47 (m, 3H), 0.97 (d, J = 6.0 Hz, 3H), 0.90 (d, J
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= 6.0 Hz, 3H).

3C NMR (CDCls, 75 MHz): 8 158.9, 155.1, 140.9, 137.2,
135.9, 135.4, 129.7, 129.4, 128.6, 128.0, 127.9, 127.8,
127.7, 113.9, 107.6, 55.2, 52.0, 48.8, 44.1, 24.5, 24.0, 22.1,
20.9.

IR (ATR); v = 2955, 1663 (C=0), 1510, 1446, 1242, 1173,
1032, 909, 817, 754, 729, 697, 516.

HRMS (EI) for CyH3N,0, caled. (M+H)" 441.2537,
found 441.2528.

1-benzyl-4-isobutyl-3-(4-methoxybenzyl)-6-phenyl-3,4-
dihydropyrimidin-2(1H)-one

'H NMR (300 MHz, CDCly): & 7.36-7.30 (m, 3H), 7.29-
7.15 (m, 7H), 7.03-6.97 (m, 2H), 6.85 (d, J = 8.5 Hz, 2H),
5.28-5.16 (m, 2H), 4.98 (d, J = 6.4 Hz, 1H) 4.25 (d, J =
15.1 Hz, 1H), 3.91 (d, J = 15.1 Hz, 1H), 3.77 (s, 3H), 3.73-
3.63 (m, 1H), 1.67-1.52 (m, 1H), 1.38-1.15 (m, 2H), 0.84-
0.71 (m, 6H).

3C NMR (CDCl;, 75 MHz): 8 158.9, 156.1, 140.7, 138.8,
135.6, 129.8, 129.2, 128.43, 128.35, 128.3, 128.11, 128.06,
127.0, 113.9, 106.3, 55.2, 51.8, 48.4, 47.6, 43.6, 24.2, 23 .8,
21.9.

IR (ATR); v =2925, 1656 (C=0), 1511, 1447, 1244, 1174,
1030, 820, 752, 698, 584, 512.

HRMS (EI) for C,oH3N,0, caled. (M+H)" 441.2537,
found 441.2532.
3-benzyl-4-(dec-9-enyl)-1,6-diphenyl-3,4-
dihydropyrimidin-2(1H)-one

'H NMR (300 MHz, CDCl5): 8 7.42-6.98 (m, 15H), 5.90-
5.73 (m, 1H), 5.28-5.17 (m, 2H), 5.05-5.89 (m, 2H), 4.16
(d, J = 15.3 Hz, 1H), 3.97-3.87 (m, 1H), 2.05 (q, ] = 6.8
Hz, 2H), 1.81-1.22 (m, 14H).

C NMR (CDCls, 75 MHz): 8 155.0, 141.2, 139.8, 139.2,
137.8, 1359, 128.6, 128.5, 128.0, 127.9, 127.8, 127.4,

125.9, 114.2, 107.0, 54.1, 49.3, 34.4, 33.8, 29.6, 29.5, 29.4,
29.1,29.0, 24.3.

IR (ATR); v =2925, 1662 (C=0), 1494, 1446, 756, 695.

HRMS (EI) for C33H3gN,O caled. (M+H)" 479.3057, found
479.3052.
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1,4-dibenzyl-6-(4-butoxyphenyl)-3-hexyl-3,4-
dihydropyrimidin-2(1H)-one

'"H NMR (300 MHz, CDCLy): & 7.32-7.13 (m, 6H), 7.08 (d,
J = 8.4 Hz, 2H), 7.04-6.97 (m, 3H), 6.82 (d, J = 8.4 Hz,
2H), 5.09 (d, J = 15.1 Hz, 1H), 4.73 (d, J = 6.2 Hz, 1H),
4.23 (d,J=15.1 Hz, 1H), 4.00-3.83 (m, 4H), 2.78-2.65 (m,
2H), 2.51-2.40 (m, 1H), 1.83-1.71 (m, 2H), 1.65-1.42 (m,
4H), 1.35-1.23 (m, 7H), 0.98 (t, J = 7.3 Hz, 3H), 0.87 (t, J
= 6.2 Hz, 3H).

3C NMR (CDCls, 75 MHz): 8 159.3, 155.5, 140.8, 139.1,
137.3, 129.6, 129.5, 128.3, 1282, 128.0, 127.7, 126.9,
126.4, 114.2,104.2, 67.7, 56.6, 47.5, 46.8, 41.9, 31.6, 31.3,
28.1,26.5,22.6,19.2, 14.0, 13.9.

IR (ATR); v = 2928, 1660 (C=0), 1603, 1510, 1453, 1247,
1172, 698.

HRMS (EI) for C3H,N,0, caled. (M+H)™ 511.3319,
found 511.3314.

Spectral data for propargylic ureas 17d,k,h
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1,3-dibenzyl-1-(1-phenylhex-1-yn-3-yl)urea

'"H NMR (300 MHz, CDCl,): & 7.43-7.16 (m, 13H), 7.06-
6.94 (m, 2H), 5.52 (t, J = 7.6 Hz, 1H), 4.7-4.67 (m, 2H),
4.48-4.26 (m, 3H), 1.78 (q, J = 7.6 Hz, 2H), 1.65-1.40 (m,
2H), 0.98 (t, J = 7.3 Hz, 3H).

3C NMR (CDCls, 75 MHz): § 157.6, 139.2, 138.0, 131.5,
128.9, 128.4, 128.19, 128.15, 127.6, 127.1, 127.0, 126.8,
122.8, 88.3, 84.7, 48.6, 47.8, 44.8, 37.0, 19.6, 13.7.

HRMS (EI) for CyHx;N,O caled. 396.2202, found
396.2214.

3-benzyl-1-(4-methoxybenzyl)-1-(1-(thiophen-3-yl)pent-
1-yn-3-yl)urea

'"H NMR (300 MHz, CDCLy): & 7.33-7.16 (m, 7H), 7.05-
6.92 (m, 3H), 6.89-6.79 (m, 2H), 5.40 (t, J = 7.5 Hz, 1H),
4.80-4.70 (m, 1H), 4.84 (d, J = 8.4 Hz, 1H), 4.42-4.25 (m,
3H), 3.79 (s, 3H), 1.87-1.71 (m, 2H), 1.05 (t, ] = 7.2 Hz,
3H).

'3C NMR (CDCls, 75 MHz): 8 159.0, 157.7, 139.2, 129.84,
129.79, 128.6, 128.4, 128.0, 127.1, 127.0, 1252, 121.7,
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114.3,87.7,79.8, 55.3, 50.2,47.2, 44.8, 28.1, 10.9.

HRMS (EI) for C,sHsN,O,S caled. 418.1715, found
418.17217.

1-benzyl-3-cyclopentyl-1-(1-phenylhex-1-yn-3-yl)urea
'H NMR (300 MHz, CDCl,): & 7.43-7.14 (m, 10H), 5.51(t,
J =7.5 Hz, 1H), 4.68 (d, J = 8.5 Hz, 1H), 4.42-4.21 (m,
2H), 4.11-3.97 (m, 1H), 1.88-0.93 (m, 15H).

3C NMR (CDCls, 75 MHz): & 157.4, 138.4, 131.5, 128.9,
128.2, 128.1, 127.6, 126.7, 122.9, 88.6, 84.5, 52.5, 48.3,
47.8,37.0,33.32,33.28,23.3,23.2,19.6, 13.7.

HRMS (EI) for C»sH3N,O caled. (M+H)" 375.2431, found
375.2429.

Spectral data for imidazol-2-ones 18l,m
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4-benzyl-5-isobutyl-1-(4-methoxybenzyl)-3-phenyl-1H-
imidazol-2(3H)-one

'H NMR (300 MHz, CDCly): & 7.31-7.04 (m, 10H), 6.91-
6.77 (m, 4H), 4.90 (s, 2H), 3.81 (s, 3H), 3.68 (s, 2H), 2.26-
2.18 (m, 2H), 1.81-1.63(m, 1H), 0.93-0.86 (m, 6H).

*C NMR (CDCls;, 75 MHz): & 158.9, 153.6, 138.2, 135.3,
130.1, 128.8, 128.3, 128.2, 128.0, 127.8, 127.5, 126.2,
119.8, 117.7, 114.0, 55.3, 44.4, 32.6, 29.7, 29.5, 28.6, 22.3.

IR (ATR); v = 2923, 1676 (C=0), 1513, 1406, 1245, 1175,
1030, 807, 758, 694, 506.

HRMS (EI) for CyH;30N,O, caled. 426.2307, found
426.2323.
4-benzyl-5-isobutyl-1-(4-methoxybenzyl)-3-p-tolyl-1H-
imidazol-2(3H)-one

'H NMR (300 MHz, CDCls): & 7.24-7.04 (m, 7H), 6.99-6.92
(m, 2H), 6.90-6.80 (m, 4H), .4.89 (s, 2H), 3.80 (s, 3H), 3.66
(s, 2H), 2.30 (s, 3H), 2.23-2.16 (m, 2H), 1.79-1.64 (m, 1H),
0.88 (d, J=3.2 Hz, 6H).

*C NMR (CDCls, 75 MHz): & 158.9, 153.7, 138.3, 137.4,
132.6, 130.1, 129.5, 128.23, 128.22, 127.8, 126.2, 119.6,
117.8,114.0,55.3, 44.4,32.6,29.7, 29 4, 28.6,22.3, 21.1.

IR (ATR); v = 2924, 1688 (C=0), 1512, 1405, 1245, 1175,
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1031, 815, 702, 545, 510.

HRMS (EI) for CyH3N,0, caled. 440.2464, found
440.2469.

Crystallography

X-ray intensity data for 22a and 18a were collected at respectively 100K and
room temperature on an Agilent Supernova diffractometer, equipped with an
Atlas CCD detector, using Mo Ka radiation (A = 0.7107 A). The images
were interpreted and integrated with the CrysAlisPro software from Agilent
Technologies.®™ Using Olex2,” the structure was solved with the ShelxS”
structure solution program using Direct Methods and refined with the
ShelxL™ refinement package using full-matrix least squares minimization on
F”. In structure 22a, C25 and C26 are modeled in two positions with occu-
pancies of 0.5. Non hydrogen atoms were anisotropically refined and the
hydrogen atoms in the riding mode with isotropic temperature factors were

fixed at 1.2 times U, of the parent atoms (1.5 for methyl groups).
Crystallographic data

22a CysHyN,O, M = 38249 ¢ mol'l, monoclinic, P2;/n (no. 14), a =
9.9630(9) A, b = 10.2126(5) A, ¢ = 21.0844(18) A, B = 97.452(10), V =
2127.2(3) A%, T=100.5(9) K, Z=4, peaiea = 1.194 g em™, p(Mo Ka) = 0.073
mm’, F(000) = 816.0, crystal size 0.2 x 0.2 x 0.2 mm’, 9185 reflections
measured, 4353 unique (R;,; = 0.0253) which were used in all calculations.

The final wR, was 0.1122 (all data) and R; was 0.0458 (>2sigma(l)).
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18a C,cHyeN,O, M =382.49 g mol'l, triclinic, P-1 (no. 2), a = 7.8694(12) A,
b =10.0748(12) A, ¢ = 13.8855(9) A, a = 101.946(8) A, B = 92.094(8), y =
105.143(12) A, V =1034.8(2) A°, T=29312) K, Z=2, peaica = 1.228 g cm”,
(Mo Ka) = 0.075 mm™, F(000) = 408.0, crystal size 0.6 x 0.4 x 0.2 mm’,
21448 reflections measured, 4251 unique (R, = 0.0164) which were used in
all calculations. The final wR, was 0.1156 (all data) and R; was 0.0427
(>2sigma(l)).

22a 18a
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Safety aspects

This section includes some guidelines for the safe handling of materials and

chemicals, when repeating the procedures described in this thesis.

First of all, before setting any experiment, it is highly recommended to read
the MSDS for all involved chemicals. For example, in the current work we
have used a number of commercially available primary amines, aldehydes,
ketones, terminal alkynes and isocyanates as starting materials. Most of these
compounds are also included in the KU Leuven Database of Hazardous
Products which is another main source of the information for the risk as-

sessments.

Aromatic isocyanates are particularly toxic. For example phenyl isocyanate
is extremely hazardous in case of inhalation. Severe over-exposure could be
fatal. Therefore it should only be handled in a well functionating fumehood.
Moreover, general ventilation, e.g. fresh air impute, is also required. All sy-
ringes and laboratory glass exposed to phenyl isocyanate should be washed
in the fumehood and all generated wastes should be treated with water before

they could be discarded.

We would also like to emphasize that in case of inappropriate handling some
commonly used solvents and materials may also possess a certain danger for
the health which is multiplied by their bulk quantities. For example chronic
exposure to DCM is associated with a possible cancer hazard. Long-term
exposure (10 years or more) even to relatively low concentrations of silica

dust may result in developing chronic silicosis.”
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