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SOUHRN

Acylaci substituovanych 2-aminopropanamidi (2S)-Boc-prolinem, (2S)-Chz-
prolinem a (2S)-Bn-prolinem byly pfipraveny substituované 1-chranéné N-(1-karbamoyl-
1,1-dialkyl-methyl)-(S)-prolinamidy (74-89%), naslednou deprotekci N-(1-karbamoyl-1,1-
dialkyl-methyl)-(S)-prolinamidy (94-95%). Ptipravené opticky ¢isté N-(1-karbamoyl-1,1-
dialkyl-methyl)-(S)-prolinamidy byly testovany jako organokatalyzatory pro aldolizaéni
reakci cyklohexanonu s 4-nitrobenzaldehydem (methanol, 10% TFA) s vytézky 38% az
79% ee. Nejvyssi enantioselektivity (89% ee) bylo dosazeno katalyzou N-(1-carbamoyl-
cyklopentyl)-(S)-prolinamidem (methanol, 10% HCI). Pisobenim methanolatu sodného Boc-
N-(1-carbamoyl-cyclopentyl)-(S)-prolinamid kvantitativné cyklizuje na 1-Boc-2-pyrrolidin-
2-yl-1,3-diazaspiro[4.4]non-1-en-4-on, pficemz dochazi k racemizaci na chiralnim centru
prolinového skeletu. Alternativné byly substituované 4,4-dialkyl-2-pyrrolidin-2-yl-4,5-
dihydro-1H-imidazol-5-ony pfipraveny oxidaci (2S)-1-Boc-4,4-dialkyl-2-pyrrolidin-2-yl-
4,5-dihydro-1H-imidazolidin-5-ony (54-69%). V kyselém prostiedi 2-pyrrolidin-2-yl-1,3-
diazaspiro[4.4]non-1-en-4-on a (4S)-4-isopropyl-4-methyl-2-pyrrolidin-2-yl-4,5-dihydro-
1H-imidazol-5-on racemizuji a volna baze (2S)-2-pyrrolidin-2-yl-1,3-diazaspiro[4.4]non-1-
en-4-onu velmi snadno podléha oxidaci za vzniku nechiralniho 2-(4,5-dihydro-3H-pyrrol-2-
yl)-1,3-diazaspiro[4.4]non-1-en-4-onu. Ve druhé navazujici ¢asti disertacni prace bylo
pfipraveno a charakterizovano deset opticky Ccistych substituovanych 2-(pyridin-2-
yl)imidazolidin-4-onti s dvéma stereogennimi centry na atomech uhliku v polohach 2, 5 a
liSicich se polohou methylskupiny na imidazolidin-4-onovém cyklu. Absolutni konfigurace
jednotlivych ligandli byly stanoveny na zdéklad¢é rentgenostrukturni analyzy samotného
ligandu nebo jejich vybranych komplexi s Cu®* acetatem a pomoci '"H NMR 1D NOESY
experimentd. In situ pfipravené Cu?* komplexy piislusnych ligandd byly studovény jako
enantioselektivni katalyzatory pro nitroaldolovou (Henryho) reakci aromatickych a
alifatickych aldehyddi s nitromethanem poskytujici odpovidajici substituované 2-
nitroethanoly. DosaZena enantioselektivita je Fizena geometrii vzniklého Cu®* komplexu,
ktera je dana konfiguraci ligandu. V ptipad¢ anti usporadani na imidazolidin-4-onovém
cyklu bylo dosazeno 91-96% ee, v piipadé syn uspotfadani doslo k vyznamnému poklesu na
25-27% ee. Enantioselektivita je dale ovliviiovana methylsubstituci na imidazolidin-4-

onového cyklu. V ptipad€ methylsubstituce v poloze 1 dochazi k poklesu az na 15% ee.



SUMMARY

The acylation of substituted 2-aminopropanamides with (2S)-Boc-proline, (2S)-Cbz-
proline and (2S)-Bn-proline was used to prepare substituted 1-protected N-(1-carbamoyl-1,1-
dialkyl-methyl)-(S)-prolinamides (74-89%), whose subsequent deprotection gave N-(1-
carbamoyl-1,1-dialkyl-methyl)-(S)-prolinamides (94-95%). The enantiomerically pure N-(1-
carbamoyl-1,1-dialkyl-methyl)-(S)-prolinamides obtained were tested as organocatalysts for
the aldol reaction of cyclohexanone with 4-nitrobenzaldehyde, with yields ranging from
38% to 79% ee. The highest enantioselectivity (89% ee) was achieved by catalysis with N-
(1-carbamoyl-cyclopentyl)-(S)-prolinamide (methanol, 10% HCI). Effected by sodium
methoxide, Boc-N-(1-carbamoyl-cyclopentyl)-(S)-prolinamide was quantitatively cyclized to
2-(1-Boc-pyrrolidin-2-yl)-1,3-diazaspiro[4.4]non-1-en-4-one, which was accompanied by
racemisation at the stereogenic center of the proline skeleton. Alternatively, the substituted
4,4-dialkyl-2-pyrrolidin-2-yl-4, 5-dihydro-1H-imidazol-5-ones were prepared by oxidation
of  4,4-dialkyl-2-[(2S)-1-Boc-pyrrolidin-2-yl]-4,5-dihydro-1H-imidazolidin-5-ones (54—
69%). In an acid medium, 2-pyrrolidin-2-yl-1,3-diazaspiro[4.4]non-1-en-4-one and (4S)-4-
isopropyl-4-methyl-2-pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-one underwent
racemisation. Conversely, the free base of (2S)-2-pyrrolidin-2-yl-1,3-diazaspiro[4.4]non-1-
en-4-one very easily underwent oxidation to give the achiral 2-(4,5-dihydro-3H-pyrrol-2-yl)-
1,3-diazaspiro[4.4]non-1-en-4-one. In the second part of the thesis has been prepared and
characterized ten optically pure substituted 2-(pyridine-2-yl)imidazolidine-4-ones were
prepared and characterized. The compounds contained two stereogenic centers at the carbon
atoms at the 2- and 5-positions and differed in the position of the methyl group on the
imidazolidine-4-one ring. The absolute configurations of individual ligands were determined
on the basis of X-ray single crystal analysis of the ligand itself or their selected complexes
with Cu(ll) acetate or by means of *"H NMR 1D NOESY experiments. The in situ prepared
Cu(Il) complexes of the respective ligands were studied as enantioselective catalysts of the
nitroaldol Henry reaction of aromatic and aliphatic aldehydes with nitromethane giving the
corresponding substituted 2-nitroethanols. The attained enantioselectivity was controlled by
the geometry of the formed Cu(ll) complex, which was given by the configuration of the
ligands. In the case of anti-arrangement of the imidazolidine-4-one ring, the obtained result
was 91-96% ee, whereas in the case of syn-arrangement, a significant drop to 25-27% ee

was observed. Furthermore, the enantioselectivity was affected by methyl substitution of the



imidazolidine-4-one ring; in the case of 1-methyl substitution, the decrease was as large as
15% ee.
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UVvoD

1. Vyznamné imidazolinony: antikonvulziva, herbicidy, antihypertonika

Substituované 4,5-dihydro-1H-imidazol-5-ony (imidazolinony) (Obr. 1) piedstavuji
vyznamnou skupinu chemicky i ekonomicky velmi zajimavych sloucenin, mezi néz spadaji
napfiklad biologicky ucinné substance, jako jsou herbicidy a nécktera 1éCiva, nebo také
chiralni organokatalyzatory a ligandy. V uvodnich kapitolach této prace jsou shrnuty reakce
diskutujici vznik 4,5-dihydro-1H-imidazol-5-onového skeletu a reakce, které probihaji na
tomto skeletu nebo vyzaduji jeho ucast. Posledni souhrnna prace byla zpracovana v roce

1990 Wepplem,* zabyva se viak pouze chemii herbicidi a nezahrnuje nckteré prvni prace.

rR2 R°
AN
NtR“ t
Rl/&N o) /4

RZ
R R? H, Ak, Het, R®*: Alk, Ar, Het
Obr. 1

Ackoliv zdkladni imidazolinonovy skelet byl znam jiz od 50 let XX. Stoleti, vlastni historie
zacina az v roce 1971, kdy byl ptipraven nasledujici derivat ftalimidu (Schéma 1), ktery byl
navrzen jako antikonvulzivum. U této latky byla vSak zjiSténa znacné herbicidni aktivita a

od této struktury byly odvozeny nasledujici struktury (Schéma 1).

o @]
(@)
N — N —
NH., \
@] N @]
CO,CHs CO,CHa
N
= EI(
O

Schéma 1
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Vyzkum pokroéil tak daleko, ze v roce 1983 zavedla firma American Cyanamid Company
do zem&d&lské praxe nasledujici komeréni herbicidy (Obr. 2): ARSENAL® (totalni
herbicid); PURSUIT® (selektivni herbicid-soja); SCEPTER® (selektivni herbicid-

slune¢nice); ASSERT® (selektivni herbicid-psenice, je¢men).

AN COzH CO,H
H3C_I N
HN HN
ASSERT o PURSUIT o
[elNCc]
CO,NH3CH(CH3), CO,H
N OO N
= =
HN HN
o o}
ARSENAL SCEPTER
Obr. 2

Selektivita herbicidni G¢innost je déna inhibici enzymu acetolaktatsyntazy (ALS), kterd je
kliovym enzymem pii biosyntéze leucinu, valinu a izoleucinu v rostlinach.” Herbicidy se
aplikuji v davkach 60-260 g/ha a jsou témé&f nejedovaté (potkan: LDsy= 5g/kg; pstruh: LDso=
0.3g/ kg), rovnéz podle Ames testu nejsou rnutagenni.3 Z divodu pfitomnosti stereogenniho
centra na uhlikovém atomu 4 je pfi hodnoceni biologické aktivity (inhibice ALS jako
herbicidni u¢innost) tieba porovnat oba izomery. Z inhibi¢nich studii ALS bylo zjisténo, ze
PURSUIT s konfiguraci R je desetkrat a¢inngjsi nez S isomer (Obr. 3)

Zaména amidického kysliku za siru vedla u PURSUITu ke sniZzeni preemergentni aktivity4 u

s0ji a to Sestnactkrat.
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Obr. 3

Kromé herbicidi imidazolinonovy cyklus tvofi zaklad nékterych humannich 1éc€iv,
jako je naptiklad: IRBESARTAN® . coZ je antagonista Angiotensinu II typ 1 (AIL)

receptoru. Tento receptor hraje klicovou roli ve fyziologii regulace krevniho tlaku.’

IRBESARTAN

Obr. 4

2. Zpisoby pripravy ziakladniho imidazolinonového skeletu

2.1 Premeéna jinych heterocyklii, tautomerie (IR, UV, NMR)

Mezi prvni metody syntézy imidazolinonového cyklu patii desulfurizace 4.,4-difenyl-2-

thiohydantoinu proveden4 na Raneyové niklu za refluxem v ethanolu® (Schéma 2).

/
S:\/ EtOH/reflux <

N (@] N (@]
H H
Schéma 2
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V roce 1961 byla publikovana piiprava spirocyklickych imidazolinont cykliza¢ni reakci
substituovanych aminoamidu s triethylorthoformiatem. Byly pfipraveny derivaty, které jsou
nesubstituované nebo se liSi polohou methylskupiny na dusikovych atomech
imidazolinonového skeletu. Na zakladé IR a UV spekter jednotlivych derivati bylo
Zjisténo’, Ze preferovana tautomerni forma nesubstituovaného derivéatu jak v pevné fazi, tak i
v roztoku, odpovidd amidickému uspofadani, tj. vodikovy atom je umistén na dusiku

V poloze 1 (Schéma 3).

/ N o
CONHR N

+ (EtO);CH g <
NHR

R: H, CH, \
{

HsC

Schéma 3

Amidické uspofadani v cyklu bylo také pozd&ji potvrzeno rentgenostrukturni analyzou.
V krystalu herbicidu ARSENAL u (Imazapyr) byla nalezena velmi kuriézni prakticky téméf

linearni (170°) intramolekularni vodikové vazba® O-H----N (Obr. 5).

Obr.5
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2-Fenyl-4,4-dimethyl-4,5-dihydro-1H-imidazol-5-on byl piipraven kondenza¢ni reakci
ethyliminobenzoatu s ethyl 2-amino-2-methylpropanoatem.’ Kromé syntézy byla v této praci

diskutovana na zakladé UV-Vis amido-imidova tautomerie (Schéma 4).

CHs
HOOC+CH3

NH NH, ::: /N CHs
©_< xylen/reflux (0]

OCyHg

Schéma 4

Reakci benzamidinu s benzylem byl pfipraven 2,4,4-trifenylimidazolinon. Tato reakce je
evidentné spojena s benzylovym piesmykem. Identicky imidazolinon byl také pfipraven
bazicky katalyzovanou cyklizatni reakci N-(2-amino-2-oxo-1,1-difenylethyl)benzamidu.™
(Schéma 5).

Schéma 5

Dalsi moznosti syntézy imidazolinonového skeletu je reakce 5-0xazolont s hydrazinem za

vzniku 1-aminoimidazolinond™ (Schéma 5).

15



90%

Schéma 5

1,2-Difenylderivaty byly pfipraveny reakci substituovanych 5-oxazolonli s aromatickymi

aminy refluxem v pyridinu v pfitomnosti kyselého zeolitu* (Schéma 6).

- N
zeolit ©_<
/
2
N R
89 - 96%
Schéma 6

Imidazolinonovy skelet byl také konstruovan sekvenci nasledujicich reakci:
Transanuldrni reakci osmiclenu dochazi nejprve ke vzniku bicyklického meziproduktu, ktery
se dale otevira za vzniku substituovaného fenylimidazolu. Reakce je katalyzovana
borohydridem sodnym, ktery v prvnim stupni reakce ptisobi jako baze a v nasledném kroku
jako redukéni €inidlo. Vznikly imidazol nésledné hydrolyticky odStépuje dimethylamin za

vzniku imidazolinonu*!(Schéma 7).
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o \
HO, N N
N =
)\ AN NaBH 4/CH3;0OH
- N
N
H o)
o]
AN
o} N~
BN HCl aq. =N
OH OH

Schéma 7

2.2 Konstrukce imidazolidinového skeletu cykloadicnikmi rekcemi

Reakci 2,2,2,3-tetrahydro-2,2,2-trimethoxy-5-fenyl-3,3-bis(trifluormethyl)-1,4,2-oxaza-
fosfolu s fenylisokyanatem vznika 1,2-difenyl-4,5-dihydro-1H-imidazol-5-on. Podstatou
reakce je 1,3-dipolarni cykloadice nitril-ylidu vznikajiciho .,in situ“ z oxaazafosfolu®
(Schéma 8).

CF3 CF3
N N CF3
/ < CFs PhNCO /
p—OCH3 —_—
AN
OO/CHQF)CHg /N ©
Ph 429
A
- O:P(OCH3)3 _ CF _
% o/ 3
Ph—C=N—C
CFs

Ph—N=C=0

Schéma 8
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Imidazolinonovy cyklus byl také ptipraven 1,3-dipolarni cykloadici, ktera byla urychlena

mikrovinami*®®® (Schéma 9).

EtO

>;N\ _CO,CH3

HaC CH
! I H

N=C
H3COZCJ @

P

2.3 Konstrukce cyklizacnimi reakcemi

MW /

A
HsC )N o)
H3;CO,C
I C—H

N/
N—C

H3C—C\\ /“}70CH3
N O

H3;CO,C
Schéma 9

Bazickym ptisobenim butyllithia na isonitril byl generovan amidicky anion, ktery se adoval

na sousedni isonitrilovou skupinu. Takto vznikly karbanion dale reagoval s benzaldehydem

za vzniku alkoholu (Schéma 10).
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o (@]
. N
C=N BulLi V4
e B ol
o] N\
1 N o
NHR R/l
R?’CHO
1 (o]
R H, CHj
R? N
Rzi Ph, C-C7H13 \CH_C//
N\
HO N e)
i
68-75%

Schéma 10

2,4,4-Dimethyl-4,5-dihydro-1H-imidazol-5-on byl  pfipraven  reakci  2-amino-2-
methylpropannitrilu s acetanhydridem v kyselém prostiedi. Reakce probiha pies acylovany

aminoamid, ktery nasledng cyklizuje na imidazolinon®” (Schéma 11).

CHs
NH2 N CHj
H3C4'7CN A0 /4
CHy HCIO 4 HsC N o)
" 60%

Schéma 11

Nejbéznéjsi metodou ptipravy je cyklizaéni reakce acylovanych 2-aminoethanamidi, ktera
byla podrobné¢ diskutovdna v souhrnné prélci.l’3 Na pocatku tisicileti publikovana prace
demonstruje regioselektivni syntézu herbicidu PURSUIT. Regioselektivni umisténi
imidazolinonového skeletu v poloze 2 pyridinového jadra je nejpravdépodobnéji zptisobeno
veétsi elektronovou mezerou na karbonylovém uhliku v poloze 2, coz preferuje misto ataku

vnitiniho amidického nukleofilu®® (Schéma 12).
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CO,C,Hs H,N CONH, CO,H

/

> ZN
N CO,CoH: CH3ONa/PhCH N

HN

75%

N CONH,

A\ /

Schéma 12

3. Studium cykliza¢nich reakei

3.1 Vliv prostiedi, substitucnich a sterickych faktorii na cyklizacni reakci

Na naSem pracovisti byla studovéana syntéza, NMR spektroskopie, acido-bazické vlastnosti,
kinetika a mechamismus cyklizacni reakce (vliv struktury a reakéniho prostiedi),
hydrolyticka stabilita imidazolinont, jejich schopnost vytvaret koordinacni slouceniny
s ionty kovil a moznosti vyuziti komplexil v katalyze.

Ke studiu kinetiky a mechanismu vzniku imidazolinonového cyklu byly ptfipraveny
séric  substituovanych derivati 2-benzoylamino-2,2-dialkylbutanamida,™®  které byly

nasledné cyklizovany na odpovidajici imidazolinononyzoa'd (Schéma 13).

R2
o R R? |\ R
1 1| Nl o
R c—N—clz—CONH2 Rl \ 3
R
CH -H,0 N
3 2 0
Schéma 13
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R! R? R?
a H CH; i-CsH;
b 4-NO, CH; i-CsH;
c 4-OCH; CH;, i-C5H;
d 4-CN CH;, i-C5H;
e 4-Cl CH, i-C3H;
f 4-NO, H 4-NO,-CgH,4
g 4-NO, CH;, 4-NO,-CgH,4

Mechanismus hydroxidem katalyzované cykliza¢ni reakce substituovanych aminoamidu je

znazornén na nasledujicim Schématu 14.

0 R R < 0 Il?z F|e3
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H
2 2
R\ R
) N
< >§< CHa 2, R14< >_<\ CHs 4 oH
N
N"Xg
Schéma 14

Podrobné byla provéiena reaktivita 4-nitrobenzoylaminoamidu, ktery cyklizuje za katalyzy
methanolatem sodnym a pfi laboratorni teploté poskytuje odpovidajici imidazolinon. Pti
refluxovani reakéni smési a prodlouzenim reakéni doby nasledné¢ dochazi k redukci
nitroskupiny a ke zdvojeni molekuly na azoxyderivat.”® V kyselém prostfedi vznika

azlakton® (Schéma 15).
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Schéma 15
Pti cyklizaci 2-karboxymethyl derivatu v bezvodém prostiedi methanol - methanolat dochazi
ke vzniku sodné soli odpovidajici kyseliny. To znamend, ze se v prvnim reakénim kroku
odstépuje hydoxidovy ion, ktery se zpétné aduje, stejné jako ve schématu 14. V piipadé

pokusu o cyklizaci 2,6-dichlorderivatu nedochazi k reakci ani po 100 hodinach refluxu®
(Schéma 16).

F
CH30Na/CH30H
CO—NH CONH»
F OCHjs
Cl cl
CH30ONa&/CH30H N
CO—NH CONH, S J
100h reflux HN o
Cl cl

Schéma 16
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V piipadé 2,6-difluorderivatu doSlo k cyklizaci, ale téz k castecné substituci fluoru
methoxyskupinou. Déle byl studovan vliv methylsubstituce na pribéh a kinetiku cyklizace.
V piipad¢ methylskupiny umisténé na benzamidickém atomu dusiku dochéazi ke zvySeni

pozorované rychlostni konstanty22 pétsetkrat (Schéma 17).

N
CH3ONa/CH30H /
O,N CO—NH CONH, O,N
ki \
o

N
CH3ONa/CH30H 7
O,N CO—N CONH, O,N
| kCH3 N O

C H3 /
H3C

kcna/ Ky = 500, 25 °C, 1mol/1 CHONa
Schéma 17

RovnéZ byl zkouma vliv poctu a umisténi methylskupiny na zékladnim glycinamidovém
skeletu na schopnost cyklizace. Samotny N-benzoylglycinamid pii 25 °C 0,5 mol/l CH;ONa
necyklizuje, pouze rovnovazné odstépuje proton. Umistime-li methylskupinu na dusikovy
atom benzamidické ¢asti molekuly, dochazi k cyklizaci. Posuneme-li methylskupinu dale na
atom uhliku, dochdzi pouze k rovnovaze. Pi dalSim pfidavani methyskupin na uhlik dochdzi
k cyklizaci, ale az za zvySené teploty. Umisténim dal§i methylskupiny na acetamidicky uhlik
zvy§ime rychlost t.j. reakce probiha pii laboratorni teploté. Pfesuneme-li methylskupinu na

koncovy atom dochazi ke zna¢nému zpomaleni; reakce pii 25 °C prakticky neprobihé20d

(Schéma 18).

23



o) o)
©
I} ]
1-02N@C-NH CH,CONH 2=02N@C—N—CH2CONH2
H3C
O CHy N
2.02N@C-N—CH2CONH2—’OZN@—<\L
N o)
Q Qo M
3.02N@C-NH CH-CONH y—o-—= 02N<i>c—|\1—cr|~c0|\m2

CHj

O CH
] e . /N CHa
40,N C-NH-C~CONH, O,N
N~ So
H

CHs
CH
O CH3CH3 H3C\ 3
ol 7l N CH
50,N C-N—(IJ—CONHZ O,N @_<\ 3
CHs N o)
? Qo §Ms
6.02N@0—NH—(|:—CO|]\JH =‘02N@C—N—CIZ—COII\IH
CHj CH; CHj

CHs

Podminky: NaOH, CH3;ONa: 0,5 moI-I_l, 25 °C, *: reflux.
Schéma 18
V dalSich pracich byl studovan vliv isolobalni zdmény t.j. zaménéna atomu kysliku za atom

siry ve vychozim amidu. Zavedeni siry vedlo ke zvySeni pozorované rychlostni konstanty ve

srovnani s kyslikatym derivatem ctyfticetkrat (pro 25 °C a Imol/l NaOH)23 (Schéma 19).
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Schéma 19

Mechanismus bazicky katalyzované cykliza¢ni reakce probiha tak, ze v rychlé predfazené
rovnovaze nejprve vznika rovnovazna smés benzamidického a acetamidického aniontu.
Koncovy acetamidicky resp. thioacetamidicky aniont nukleofilné napadd benzamidicky
karbonyl za vzniku tetrahedralniho intermediatu, ktery se déale rozpadd na produkty.
Rychlost uréujicim krokem miize byt vznik nebo rozpad tohoto inetrmediatu na produkty.
Vliv zdmény kysliku za siru vyrazné ovlivni pomér obou amidi a tim i prab¢h cykliza¢ni
reakce. V piipad¢ kyslikatého derivatu je pomér nereaktivniho benzamidického aniontu vici
acetamidickému asi 1000 : 1, v ptipadé sirného derivatu je pomér obraceny t.j. cca 1 : 100 ve
prospéch thiobenzamidického aniontu. Toto se projevilo v rozdilném pribéhu kinetickych
zavislosti pozorovanych rychlostnich konstant na koncentraci hydroxidu sodného. V piipadé
kyslikatych derivati byly ziskdny linearni zavislosti, Vv pfipad¢ sirnych derivatl dochazelo
ke zlomu v oblasti hodnot pK, jednotlivych derivati (napi. pro 4-NO, pK,= 12,8). Dale bylo
zjisténo, Ze hodnota Hammettovy konstanty p pro kyslikaté derivaty p = 1,4 a pro sirné je
hodnota konstanty p = 0,2. Tento rozdil v hodnotach znamena, Ze v piipadé kyslikatych
derivatl je rychlost urCujicim krokem vznik tetrahedralniho intermediatu, ale v pfipadé

sirnych se jedna o jeho rozpad (Schéma 20).
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Schéma 20

X=S,Y =NO,, R=CHj;

3.2 Acido-bazické viastnosti imidazolinonu

Vsechny pfipravené derivaty imidazolinonu jsou jak kyselém, tak i v bazickém prostiedi
relativné stabilni (25 °C, 24h, pH 1-14). Sodna sl produktu jiz dale nereaguje
s hydroxidem. Napftiklad hodnoty pK, nitroderivatu v methanolu pii 25°C jsou nasledujici
PKay = 3,7 a pKap = 12,8% (Schéma 21).
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Jedinou vyjimkou je cyklizace derivatu, kde na dusikovém atomu benzamidické skupiny

byla umisténa methylskupina a isopropylskupina byla nahrazena 4-nitrofenylskupinou.?®®

(Schéma 22).

3.3 Solvolyticka stabilita
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V tomto ptipad¢ dochazi velmi rychle k cyklizaci. Polocas se pohybuje v milisekundach.
Druhy krok pfedstavuje rozpad imidazolinonového cyklu, protoze nemize vznikat stabilni
sul (proton byl nahrazen methylskupinou). Pti rozpadu vznikla sul reaguje s vodou a

nasledné se rozpada na odpovidajici aminoamid a 4-nitrobenzoat sodny.

4. Reakce imidazolinového skeletu
4.1 Fotochemicka stabilita

Jak bylo pfedeslano imidazolinonovy cyklus je velmi stabilni jak v kyselém, tak bazickém
prostiedi. V pfirodnich podminkach se na rozpadu imidazolinonového cyklu podileji

prevazné fotochemické procesy®* (Schéma 23).

X
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0
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CH
COzH 3
X 2 HN CHa
CHs
)
N/ =N
CH3
" CHs CHs
5 \ H3C
hv/methanol N CHs
\ @)
N 42%
D
=
N

Schéma 23
Zjisténa skutecnost byla v prélci24 vysvétlena koordinaci methanolu na atom dusiku, ¢imz se

zabranilo pienosu radikalu na aromatické jadro, pficemz vSak vznikl tfi¢lenny spirocyklicky

intermediat, ktery se rozpada za vzniku 3-substituovaného pyridinu (Schéma 24).
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4.2 Dalsi reakce a obmény skeletu imidazold

Kromé vySe uvedené fotochemické reakce, kterd ponékud vybocuje, lze reakce

imidazolinont systematicky rozdé€lit na:

1. Reakce na a uhliku methylskupiny v poloze 2;

2. Reakce na dusiku v poloze 1 (dusik jako nukleofil: alkylace);

3. Reakce na karbonylovém uhliku: vyména za siru, redukce, chlorace, (konverze na
imidazoly).

4. Reakce na aromatu v poloze 2 (o-lithiace a nasledné substituce) (Schéma 25).

reakce na a uhliku o-lithiace

\‘\ reakce na karbonylu /
N

H C

AT @

N @]
' H
alkylace

Schéma 25
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Reakce analogicka aldolizaci byla popsana pro reakci 2,3-dimethyl-3-propylimidazolinonu

s methyl-2-oxo-2-fenylacetatem za katalyzy triethylaminem (Schéma 26).

“i %C S ﬂi }f

TEA/CH30H

19%
Schéma 26

Jako priiklad alkylace na amidickém dusiku Ize uvést piipravu meziproduktu Iéciva

IRBESARTAN?® (Schéma 27).

/Ar N\>
N\ Br—CH, C4Hg NC
>'C4H9 A o) N
o H NaOH/H,0 O O

86%

Schéma 27

Dalsim prikladem alkylace imidazolinonového skeletu je reakce ethyl-bromacetatu se
substituovanym  imidazolonem za  ucelem  pfipravy  meziprodukti  haptent

imidazolinonovych herbicidéi?’ (Schéma 28).

| N | o [ COLHs
= N /\ = N

| ') BI’_CH2C0202|:|5

N NaH/THF

Schéma 28

Mezi reakce na karbonylovém uhliku patii thionace, je mozné citovat piiklad z naseho

pracovi§t&?® (Schéma 29).
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Thionace byla provedena ztoho divodu, ze zménou amidické funkéni skupiny na

. s 1 v oy ro oy . r sos 2 e A S
thioamidickou vétsinou dochazi ke zvyseni tuberkulostatické aktivity.”®*® P¥i testovani nami

vvvvvv

64% inhibici viaci Mycobacterium tuberculosis pii koncentraci 12,5ug/l. V tomto piipadé

vSak doslo zaménou kysliku za siru ke snizeni na 22% inhibici pfi koncentraci 12,5ug/Il

(Schéma 30).

N X: 0, MIC: 12.5 mg/1; 64%
(O~
X:S, MIC: 12.5 mg/1; 22%
Schéma 30
Mezi reakce karbonylové skupiny patii redukce napiiklad borohydridem sodnym

v methanolu. VyuZitelnym je i nasledny kysele katalyzovany pfesmyk na imidazol, pficemz

migrujicim fragmentem je fenylskupina® (Schéma 31).
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Schéma 31

Vznik substituovaného imidazolu byl také pozorovan pti odStépeni benzoylskupiny ze 4-
benzoyl-1-tert-butyl-2,4-difenyl-4,5-dihydro-1H-imidazol-5-onu s naslednou tautomerizaci
spojenou se ztratou stereogenniho centra. Reakce probiha na silikagelu béhem

chromatografie®® (Schéma 32).

0D 0

CH,ClI, 18%

Schéma 32

Imidazolinony substituované v poloze 2 aromatem podléhaji lithiaci v ortho poloze. Reakce
sice neprobihd na imidazolinonovém skeletu, ale jeho pfitomnost resp. dusikového atomu

jako donoru je nutna pro elektrofilni substituci lithiem do orthopolohy. Béhem procesu

32



vznikala organolithna slouéenina, ktera muize podléhat dalsi elektrofilni substituci napf.
CO,, CHjsl, CoHsI* nebo diethylchlorfosfonéltem31 (Schéma 33).

E 1. 2BuLi E
; EtO— P OEt ;
EtO— P OEt
O
Schéma 33

5. Priprava, charakterizace a Kkatalytické vlastnosti chirdlnich liganda a jejich

koordinacni Slouceny s vybranymi ionty kovii zaloZenych na imidazolinonovém skeletu

Krom¢ chemie 1é¢iv a herbicidi zahrnuje heterocyklicka chemie také syntézu a
charakterizaci systémi, které tvoii koordina¢ni slouceniny s kovy. Obecné je zndma tada
ligandd, které maji chelatové uspotrddani -N-C-C-N-C-C-N- jenz tvofi stabilni kovové
komplexy s prechodnymi kovy a které nachézeji uplatnéni v fad€ oblasti. Ligandy majici
stereogenni centrum se uplatiiuji zeyjména v asymetrické syntéze. Mezi nejznamé;jsi ligandy
patii derivaty: oxazolinu (,,Pyboxy®), terpyridinu (,,Terpy”“) nebo 2,6-(imidazol-2-
yl)pyridinu. Pfipojeni diskutovaného imidazolonového skeletu na pyridinové jadro do

polohy 2,6 dochéazi ke vzniku nového ligandu formaln€ podobného s témito zndmymi

ligandy, rovné€z mizeme zavést stereogenni centrum v poloze 4 (Obr. 6).
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2,6-Bis(imidazol-2-yl)pyridin 2,6-Bis(4-isopropyl-4-methyl-4,5-dihydro-
1H-imidazol-5-on-2-yl)pyridin

Obr. 6

Tyto systémy je mozné relativné snadno syntetizovat, popiipadé i dale modifikovat.
Zdrojem stereogenniho centra imidazolinonového cyklu je snadno dostupny opticky &isty
(R)-2-amino-2,3-dimethylbutanamid a  (S)-2-amino-2,3-dimethylbutanamid. Tyto
aminoamidy lze pfipravit jednoduchou separaci racemického  2-amino-2,3-
dimethylbutannitrilu s kyselinou L- a D-vinnou a naslednou hydrolyzou nitrilové skupiny na
amidickou.*

Reakci dichloridu kyseliny pyridin-2,6-dikarboxylové s racemickym 2-amino-2,3-
dimethylbutanamidem nebo s opticky cistym Snebo R izomérem dochazi ke vzniku
odpovidajicich acylovanich butanamidd. (Schéma 34). V pfipadé (S)-2-amino-2,3-
dimethylbutanamidi 1ze pfipravit opticky Cisty konecny benzylovany ligand, ktery tvofi s
chloridem Zelezitym docela stabilni komplex. Jeho struktura byla potvrzena

rentgenostrukturni analyzou®® (Obr. 7).
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Obr. 7

V dalsi praci byly pfipraveny ligandy liSici se alkylskupinami v poloze 4 imidazolinonového
skeletu (Obr. 8.). Jejich komplexy s chloridem rhoditym nebo s chloridem zelezitym byly
vyuzity jako vysoce ucinné katalyzatory deallyla¢nich reakci diallylmalonatii a cyklizace 9-

(2-chloroprop-2-en-1-y1)-9-(prop-2-en-1-yl)fluorene®?® (Schéma 35).
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Schéma 35

V nésledujici praci byly piipraveny chiralni opticky ¢isté N,N-bidentatni ligandy odvozené
od substituovanych 2-(4-isopropyl-4-methyl-4,5-dihydro-1H-imidazol-5-on-2-yl)pyridindg,
které byly charakterizovany 'H, *c NMR spektroskopii popt. optickou otacivosti (Schéma
36, 37).

36



AN = |
H N H
7 N N
N NaOH/H,0 | o)
B ———— =
N
(6] CONH,

R-X, Baze/DMF
X: I nebo Br,Cl

i

R = CHg, CH,Ph, CH»-2-Py, CH,CN, CH,CO,C,Hs, CH,CONH,.

Base: K,CO3 nebo Cs,CO3; 'BUOK

Schéma 36
=
| R
™
N
~ N o)
X | N’R Cl\Ch"’N
2 ’\! | (@] - Cl \Cl
cy--"N N
o NS
Cl (@] | \
N
N
/ | N
R =

R = CHg, CH,Ph, CH,-2-Py, CH,CN, CH,CO,C,Hs, CH,CONH,
Schéma 37

Jejich Cu(II) komplexy byly charakterizovany elementarni analyzou, "H NMR spektroskopii
a MS. Pomoci rentgenostrukturni analyzy byla stanovena molekularni geometrie komplexu
2-(1-methyl-4-isopropyl-4-methyl-4,5-dihydro-1H-imidazol-5-on-2-yl)pyridinu s chloridem
médnatym. V komplexu je dimerni uspotfadani dvou tetragonalnich pyramid s terminalnim a
jednim mustkovym atomem chloru a dvéma dusikovymi atomy v podstavach pyramid.

Vrcholy téchto pyramid tvoii zbylé mustkové chlorové atomy (Obr. 9).
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Obr. 9

Pripravené komplexy katalyzuji Henryho reakci s celkovymi vytézky v rozmezi 41-81 %,

maximalni enantioselektivni prebytek ¢inil 19%°*° (Schéma 38).
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Schéma 38

nnQ
T

NO,
S)

Nasledn&® byly pipraveny a charakterizovany 2,6-bis(5-alkyl-1,5-dimethyl-4,5-dihydro-

1H-imidazol-4-on-2-yl)pyridiny (Schéma 39.)
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Bylo zjisténo, Ze tyto ligandy tvoii komplexy s chloridem Zeleznatym. Komplexy byly
isolovany a charakterizovany elementarni analyzou a hmotnostni spektroskopii, pficemz
bylo pomoci metody Jobovych kifivek stanoveno, ze jak v pevné fazi, tak i vodném a
methanolickém roztoku koordinuji dvé molekuly ligandu jeden centralni atom Zeleznatého

iontu (Obr. 10).
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Obr. 10

Soudasti této prace®® bylo také studium kinetiky kysele katalyzovaného rozpadu komplexu
metodou stopped-flow. Rozpad (solvolyza) kineticky probiha jako systém dvou naslednych
reakci. Byl zjistén vyznamny stericky vliv alkylsubstituentd v poloze 5 4,5-dihydro-1H-
imidazol-4-onového cyklu, jenz zpomaluje rozpad komplexu. Methylderivat solvolyzuje cca
o dva Fady rychleji nez odpovidajici t-butylderivat.*®

Elektrochemické chovani 4-methyl-4-(1-methylethyl)-2-pyridin-2-yl-4,5-dihydro-
1H-5-onu bylo zkoumano na rtutové a na uhlikovych pastovych elektrodach. Na zakladé
polarografickych, voltametrickych a kulometrickych méfeni byl navrZzen mechanismus
elektrochemické redukce. Pomoci NMR spektroskopie byly stanoveny produkty
elektrochemické redukce: 5-methyl-5-(1-methylethyl)-2-pyridin-2-ylimidazolilydin-4-on a
2-amino-2,3-dimethyl-N-(pyridin-2-yl)butanamid.*” (Obr. 11)
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Obr. 11

Dale byly pripraveny N,N-bidentatni ligandy zaloZzené na substituovaném 2,2’-bis-(4-
isopropyl-4-methyl-4,5-dihydro-1H-imidazol-5-onu) (Schéma 40).
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Schéma 40

Kvantové-chemickymi vypocty bylo potvrzeno, ze 2,2°-bis-(1-benzyl-4-isopropyl-4-methyl-
4,5-dihydro-1H-imidazol-5-on neni schopen tvotit komplexy s chloridem méd’natym vlivem
torzniho vytoCeni obou imidazolinonovych kruhli zpiisobenym objemnymi benzyl
substituenty. Na druhé stran¢ vsak v piipadé 2,2’-bis-(4-isopropyl-1,4-dimethyl-4,5-dihydro-
1H-imidazol-5-onu byl pfipraven komplex s chloridem médnatym, jehoz struktura byla

vypoctena pomoci kvantové-chemickych a potvrzena rentgenostrukturni analyzou (Obr. 11).
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Obr. 11

Katalyticka inaktivita tohoto komplexu pro ptipad Henryho reakce byla vysvétlena tim, ze
komplex neumoziuje koordinaci dalsich ligandt.®

Reakci 3-chlorbenzo[b]thiofen-2-karbonyl chloridu s 2-alkyl-2-aminopropanamidy byla
ptipravena série N-(2-karbamoyl-2-alkyl)-3-chlorbenzo[b]thiofen-2-karboxamidi jejichz
cyklizaci byly pfipraveny substituované 2-(3-chlorbenzo[b]thiofen-2-yl)-4-alkyl-4-methyl-
4,5-dihydro-1H-imidazol-5-ony. 2-(3-Chlorbenzo[b]thiofen-2-yl)-4-isopropyl-1,4-dimethyl-
4,5-dihydro-1H-imidazol-5-on a 2-(3-chlorbenzo[b]-thiofen-2-yl)-1-benzyl-4-isopropyl-4-
methyl-4,5-dihydro-1H-imidazol-5-on byly piipraveny N-methylaci a N-benzylaci (Schéma
41).

R3
Cl
N CHs
\ O _— \ 7 R!
—_—
_—
S N
S cl 4 0

R'= CoHs; CH(CHg),; CHoCH(CHg)y; C(CHg)g; R? = H; CHg; PhCHy; R®=H; Cl;
(CHa)sN

Schéma 41

Tyto dva alkylderivaty byly podrobeny Buchwald—Hartwigové reakci tj. substituci atomu
chloru v poloze 3 piperidinem. Bylo zjisténo, Ze kromé& ocekavaného 2-[3-(1-
piperidyl)benzo[b]thiofen-2-yl]-4-isopropyl-1,4-dimethyl-4,5-dihydro-1H-imidazol-5-onu a
2-[3-(1-piperidyl)benzo[b]thiofen-2-yl]-1-benzyl-4-isopropyl-4-methyl-4,5-dihydro-1H-

imidazol-5-onu ptevazuji produkty reduktivni dechlorace. Reduktivni dechlorace ptrevazuje

v piipadé pouziti butyl-di(1-adamantyl)fosfinu (BDAP).*
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Chiralni prekurzory (5-isopropyl-1,5-dimethyl-4,5-dihydro-1H-imidazol-4-on-2-yl)pyridint

tj. (R)- a (S)-2-N-methylamino-2,3-dimethylbutanamidy byly pfipraveny reduktivni

benzylaci s nasledujici reduktivni methylaci (R)- a (S)-2-amino-2,3-dimethylbutanamidt.V

dalsim kroku benzylskupina byla odstranéna hydrogenolyzou. Reduktivni benzylace probiha

chemoselektivné a na rozdil od reduktivni methylace neni doprovazena dibenzylaci ani pfi

pouziti ptebytku benzaldehydu (Schéma 42).

HsC HsC
H3C HsC
32\@@ PhCHO, NaBH3CN PhﬂHNeAg\ CH,
H,N
CONH, MeOH, AcOH CONH,
(Rac); (R); (S) (Rac); (R); (S)
HsC
H3C
3 CHs
HN
/ CONH,
HsC

(Rac); (R); (S)

Schéma 42

HsC
CH,0, NaBH;CH ph H3C
N\ . CHg
MeOH, AcOH / CONH,
HsC
(Rac); (R); (S)

H,/Pd
MeOH

Acylaci pripravenych (R)- a (S)-2-N-methylamino-2,3-dimethylbutanamid pikolinovou
kyselinou s nasledujici cyklizaci byly pfipraveny (R)- a (S)-(5-isopropyl-1,5-dimethyl-4,5-

dihydro-1H-imidazol-4-on-2-yl)pyridiny (Schéma 43).
HsC
H?ﬁg\ 1. Py-2-COOH/DIC/DMAP
CHs
H/N CONH 2. NaOH/MeCH
HsC 2

(Rac); (R); (S)

Schéma 43

X
N | N
N
O

(Rac); (R); (S)
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Jejich komplexy s médnymi solemi katalyzuji Kharash—Sosnovsky allylovou oxidaci

s celkovym vyt&zkem 99% aviak se zanedbatelnou enantioselektivitou.*
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CILE DISERTACNI PRACE

Cilem ptedlozené disertacni prace bylo syntéza, charakterizace a studium
katalytickych vlastnosti heterocyklickych slou¢enin odvozenych od substituovanych 2-
amino-2,2-dialkylpropanamidii. Pfedmétem prvni ¢asti diserta¢ni prace bylo piipravit nové
derivaty (S)-prolinu které ve své molekule obsahuji alespont dvé amidické funkéni skupiny s
cilem modifikovat zéakladni skelet (S)-prolinu pfi vyuziti snadno dostupnych prekurzori
substituovanych 4,5-dihydro-1H-imidazol-5-ond. Dal§im cilem prace bylo provétit moznost
ptipravy opticky cistych derivatd (S)-prolinu s navazanym 4,5-dihydro-1H-imidazol-5-
onovym skeletem jako cyklické varianty amidt aminokyselin s ohledem na jejich aplikaci
Vv organokatalyze aldoliza¢nich reakeci.

Ve druhé c¢asti prace bylo cilem pripravit a charakterizovat opticky cisté
substituované 2-(pyridin-2-yl)imidazolidin-4-ony a jejich Cu®* komplexy a provéfit moZnou
aplikaci komplext jako enantioselektivnich katalyzatord pro Henryho reakci. Navrzené
ligandy strukturné obmeénit polohou a v nékterych piipadech i poctem methylskupin
navazanych k imidazolidin-4-onovému cyklu a sledovat vliv téchto zmén na katalytickou

aktivitu jednotlivych komplexi.

ZVOLENE METODY ZPRACOVANI

K dosazeni deklarovanych cilti vyzkumu byly vyuZity experimentalni techniky dostupné na
Ustavu organické chemie a technologie a na dalsich fakultnich pracovistich. Zakladnim
pfistrojem je NMR spektrometr Bruker AVANCE 400 urCeny k charakterizaci nové
syntetizovanych slou¢enin pomoci 'H, 13C, >N NMR, k dalsi charakterizaci bylo vyuzito
servisniho pracovisté elementarni analyzy a spektrometru FT-IR-Perkin Elmer Spectrum
BX. Dale byl vyuzit plynovy chromatograf v kombinaci s hmotnostnim spektrometrem v
systému Agilent 5973Network MSD umoZiujici analyzovat sloZzeni smési organickych latek
a zaroven je identifikovat pomoci MS spekter. K charakterizaci opticky cCistych latek byl
vyuzit polarimetr Perkin Elmer Model 341 a dostupné chromatografické kolony s chirdlnim
naplni v HPLC sestavé Ecom. UV-VIS spektrofotometr Hewlett Packard HP 8452A diode
array byl vyuzit ke sledovani pribéhu nékterych reakei. Ke stanoveni absolutni konfigurace
byl vyuzit ¢tytkruhového RTG-difraktometru Bruker Nonius Kappa CCD uréeného pro

analyzu monokrystalll a ur€eni totalni struktury sloucenin.
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2. EXPERIMENTALNI CAST

Vsechny komeréné dostupné chemikalie byly zakoupeny od Firmy Sigma Aldrich nebo
Acros. Sloupcova chromatografie byla provadéna na silikagelu (SiO2 60, velikost ¢astic
0,040-0,063 mm, Merck) a za pouziti komeréné dostupnych rozpoustédel. Tenkovrstva
chromatografie byla provadéna na hlinikovych destickéch potazenych silikagelem (SiO, 60
F254 (Merck) s vizualizaci pomoci UV lampy (254 nebo 360 nm). *H- a *C-NMR spektra
byla méfena pti 25 °C na piistroji Bruker AVANCE III 400 pii frekvencich 400.13 resp.
100.62 MHz. Chemické posuny jsou uvedeny v jednotkach ppm vuc¢i standardu Me,Si
(CDCl; a DMSO-ds, 6 = 0.00). Rezidualni signaly rozpoustédel byly pouzity jako vnitini
standard (CDCl; — 77.00, DMSO-ds — 39.60, CDsCN — 1.96 a 1.79 ppm pro *H- resp. *3C-
NMR spektra). Interakéni konstanty (J) jsou uvedeny v Hz. Pozorované signély jsou
popsany jako s (singlet), bs (Siroky singlet), vbs (velmi Siroky singlet), d (dublet), t (triplet),
q (kvartet) a m (multiplet). Pro pfitazeni signali byly pouzity dalsi NMR metody, jako jsou
'H-'H cosY, *H-*C HMQC, *H-*C HMBC, 1D NOESY spektra. Opticka ota&ivost byla
meétena na piistroji Perkin Elmer Polarimeter Model 341 se sodikovou a rtutovou vybojkou,
koncentrace ¢ je uvedena v g/100 ml rozpoustédla. Hmotnostni spektra byla méfena na
GC/EI-MS konfiguraci sestavajici z plynového chromatografu Agilent Technologies 6890N
(HP-5MS délka kolony 30 m, I.D. 0.25 mm, film 0.25 pm) opatfeného hmotnostbim
detektorem Network MS detector 5973 (El 70 eV, rozsah 33-550 Da). Krystalograficka data
byla naméfena na difraktometru Nonius KappaCCD s plosnym detektorem, MoK\«
zdrojem a grafitovym monochromatorem, a to na sklenéném vlakné v inertnim oleji, pfi
vlnové délce 0,71073A a 150K. Struktury byly vyfeSeny pfimymi metodami (SIR92). Pfi
upresiiovani pomoci metody SHELXL97>° (F* metodu nejmensich ctverci) byly pouZity
vSechny reflexe. Tézké atomy byly upiesnény anizotropicky. Vodikové atomy byly vétSinou
lokalizovany na diferen¢ni Fourierové mapé, avSak pro presné vyteseni krystalové struktury
byly vSechny vodikové atomy piepocitany do idedlnich pozic (riding model) podle
pritazenych teplotnich faktorti Hiso(H) = 1.2 Ueq pro arylové skupiny a Hiso(H) = 1.5Ueq pro
alifatické skupiny s délkami vazeb C-H = 0.96 A, 0.97, 0.98 a 0.93 A pro methyl, methylen,
methin a vodikové atomy aromatickych kruht, respektive 0.86 A pro N-H vazby a 0.82 A
pro OH vazby. Korekce na absorpci byly provedeny za pouziti Gaussovské integrace z tvaru

krystalu.
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2.1 Syntéza derivati 2-substituovanych-(S)-pyrrolidinu, imidazolidin-4-onu, imidazol-
4-onu

2.1.1 Obecna metoda pripravy chranenych (S)-prolinamidi 1a-g

K roztoku N-chranéného (S)-prolinu (10 mmol) a TEA (1,40 ml, 10 mmol) v suchém DCM
(50 ml) byl ptikapan roztok ethylchlorformiatu (0,95 ml; 10 mmol) v suchém DCM (10 ml).
Po 30 min byl pfidan roztok piislusného aminoamidu (10 mmol) v suchém DCM (10 ml) a
reakéni smes byla michéna pfi laboratorni teploté. Po 5 hodinach byla smés promyta 5%
vodnym roztokem uhli¢itanu sodného (1 % 10 ml) a vodou (2 x 20 ml). Po vysuseni
(Na;S0O4) bylo rozpoustédlo za vakua odpaieno a zbytek byl krystalizovan z vhodnych

rozpoustédel.

1-Cbz-N-(1-Karbamoylcyklopentyl)-(S)-prolinamid (1a)

o O Vytézek: 3,01g (86%); b.t.: 158159 °C (ethyl-acetat/hexan);

N Nz [0 = 72.2° (c 1, CHsOH); *H NMR (400 MHz, DMSO-
HN

ébz dg): dva rotamery, & 8.24 (s, 1H, NH), 8.04 (s, 1H, NH),

7.34-7.31 (m, 10H, 2xAr), 6.91-6.89 (m, 2H, NH,), 6.85 (s,

1H, NH,), 6.60 (s, 1H, NHy), 5.12-4.92 (m, 4H, 2xCHy),
4.27-4.24 (m, 2H, 2xCH), 4.19-4.165 (m, 2H, 2xCH), 3.48-3.33 (m, 4H, 2xCH,), 2.18-2.02
(m, 4H), 2.00-1.71 (m, 12H), 1.69-1.42 (m, 8H); **C NMR (100 MHz, DMSO-d): 5 176.1,
175.5, 171.8, 154.3, 153.7, 136.8, 136.7, 128.4, 128.2, 127.8, 127.6, 127.5, 127.2, 66.1,
65.8, 59.9, 59.0, 47.1, 46.6, 37.1, 36.3, 35.4, 30.9, 29.5, 24.2, 24.1, 23.9. Elementarni
analyza pro Ci9HsN3O4: Vypoéteno (%): C, 63.49; H, 7.01; N, 11.69. Nalezeno (%): C,
63.52; H, 6.95; N, 11.72.

1-Cbz-N-[(1S)-1-Karbamoyl-1,2-dimethylpropyl]-(S)-prolinamid (1b)

wo 0 Vytézek: 2,82g (78%); b.t.: 67-69 °C (propan-2-ol/voda);

N Y NCHH2 [a]2) = =54.7° (¢ 1, CH30H); 'H NMR (400 MHz, DMSO-
”//’///, 3

(l;bz HyC ( ds): dva rotamery, 6 7.60-7.58 (m, 2H, 2xNH), 7.37-7.31

CHs (m, 10H, 2xAr), 7.00-6.91 (m, 4H, 2xNH,), 5.09-5.02 (m,

4H, 2xCH,), 4.34-4.32 (m, 1H, CH), 4.26-4.25 (m, 1H,
CH), 3.52-3.25 (m, 4H), 2.19-1.97 (m, 4H), 1.97-1.84 (m, 2H), 1.84-1.73 (m, 4H), 1.33 (s,
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3H, CHs), 1.26 (s, 3H, CH3), 0.93-075 (m, 12H, 2xiPr—CHj); *C NMR (100 MHz, DMSO-
de): 6174.9, 171.5, 171.0, 156.3, 153.8, 136.9, 136.8, 128.3, 128.1, 127.7, 127.4, 127.3,
127.0, 65.9, 65.7, 62.4, 62.3, 60.2, 59.4, 47.1, 46.5, 33.7, 33.6, 30.8, 29.3, 23.9, 22.9, 17.7,
17.3,17.2,17.1, 17.0, 16.8; Elementarni analyza pro C19H27N304: Vypocteno (%): C, 63.14;
H, 7.53; N, 11.63. Nalezeno (%): C, 63.18; H, 7.48; N, 11.67.

1-Cbz-N-[(1S)-1-Karbamoyl-2-methylpropyl]-(S)-prolinamid (1c)
Vytézek: 2,57g (74%); b.t.: 192—-193 °C (propan-2-ol/voda);

O O
O—{ NH,  [aff = —68.3° (¢ 1, CH30H); *H NMR (400 MHz, DMSO-
N

| HN=—7",,,, _~CHs " de): dva rotamery, §7.87 (d, J = 8.9 Hz, 1H, NH), 7.79 (d, J
o : ( = 8.9 Hz, 1H, NH), 7.43-7.26 (m, 12H, 2xAr a 2xVal-NH),

7.07 (m, 2H, Val-NH), 5.12-4.95 (m, 4H, 2xCH,), 4.42-
439 (m, 2H, 2xCH), 4.16-4.12 (m, 2H, 2xCH), 3.52-3.31 (m, 4H), 2.19-1.73 (m, 10H),
0.88-0.74 (m, 12H, 2xiPr-CHs); *C NMR (100 MHz, DMSO-dg): § 172.9, 171.9, 171.6,
154.1, 153.8, 137.0, 136.9, 128.3, 128.1, 127.7, 127.4, 127.3, 127.0, 65.8, 65.7, 59.7, 59.0,
57.3, 47.1, 46.5, 31.3, 30.5, 30.4, 30.3, 29.8, 19.3, 19.1, 17.9; Elementarni analyza pro
CigH25N304: Vypodteno (%): C, 62.23; H, 7.25; N, 12.10. Nalezeno (%): C, 62.19; H, 7.31;
N, 12.01.

CHs

1-Boc-N-(1-Karbamoylcyklopentyl)-(S)-prolinamid (1d)
Vytézek: 2,35g¢ (81%); b.t: 116-118 °C (ethyl-

O O
O_{ \H,  acetit/hexan); [a]2) = —68.9° (¢ 1, CH30H); 'H NMR (400
N

| HN MHz, DMSO-dg): dva rotamery, 68.15 (s, 1H, NH), 7.93 (s,

Boc 1H, NH), 6.94 (bs, 2H, NH,), 6.89 (s, 1H, NH,), 6.64 (s, 1H,

NH,), 4.09-4.04 (m, 2H, 2xCH), 3.34-3.23 (m, 4H, 2xCH,),

2.19-1.96 (m, 4H), 1.95-1.81 (m, 8H), 1.80-1.68 (m, 4H), 1.66-1.51 (m, 8H), 1.39 (s, 9H,

(CH3)3C), 1.34 (s, 9H, (CH3)sC); *C NMR (100 MHz, DMSO-dg): 5 176.7, 176.1, 172.8,

172.7, 154.6, 153.8, 79.6, 78.9, 66.6, 66.5, 60.0, 59.7, 47.2, 47.0, 37.9, 37.0, 35.9, 35.8,

31.3, 29.8, 28.6, 28.5; Elementarni analyza pro CigH27;N304: Vypoéteno (%): C, 59.06; H,
8.36; N, 12.91. Nalezeno (%): C, 59.11; H, 8.32; N, 12.85.
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1-Boc-N-[(1S)-1-Karbamoyl-1,2-dimethylpropyl]-(S)-prolinamid (1e)
Vytézek: 2,71g  (83%); b.t: 92-94 °C (ethyl-

©</<0 Q acetat/hexan); [a]2 = —51.0° (¢ 1, CH;OH); 'H NMR
||\| N~ NCH; (400 MHz, DMSO-ds): dva rotamery, 6 7.53-7.47 (m, 2H,
Boc HaC ( 2xNH), 7.03-6.98 (m, 4H, 2xNH,), 4.14-4.13 (m, 1H,
CH3 CH), 4.12-4.11 (m, 1H, CH), 3.29-3.21 (m, 4H), 2.23-2.05

(m, 4H), 1.93-1.75 (m, 6H), 1.40-1.33 (m, 24H, 2xCHs a
2x(CH3)3C), 0.87-0.81 (m, 12H, 2xiPr—CHs); **C NMR (100 MHz, DMSO-dg): & 174.8,
172.0, 171.0, 154.1, 153.2, 78.9, 78.2, 62.4, 62.1, 59.9, 59.5, 46.6, 46.4, 33.8, 33.5, 30.8,
30.6, 28.8, 27.9, 23.9, 22.9, 18.0, 17.2, 17.1, 17.0, 16.9, 16.8; Elementarni analyza pro
C16H29N304: Vypocteno (%): C, 58.69; H, 8.93; N, 12.83. Nalezeno (%): C, 58.73; H, 8.85;
N, 12.75.

1-Boc-N-((1S)-1-Karbamoyl-2-methylpropyl)-(S)-prolinamid (1f)
Vytézek: 2,799 (89%); Db.t: 87-90 °C (ethyl-

O_{O Q acetat/hexane); [a]° = ~74.7° (¢ 1, CHsOH); 'H NMR
NH >

N (400 MHz, DMSO-dg): dva rotamery, 6 7.64-7.59 (m,
, HN—,, ~_CHs

Boc H ( 2H. NH), 7.42-7.38 (m, 2H, NH), 7.07 (s, 2H, NH), 4.23-

CHs 4.21 (m, 2H, CH), 4.14-4.10 (m, 2H, CH), 3.42-3.33 (m,

2H), 3.32-3.25 (m, 2H), 2.18-2.07 (m, 1H), 2.06-1.90 (m,
3H), 1.89-1.69 (m, 6H), 1.40-1.250 (m, 18H, 2x(CH3)C), 0.89-0.84 (m, 12H, 2xiPr—CHjs);
3C NMR (100 MHz, DMSO-dg): §172.8, 172.1, 171.6, 153.9, 153.3, 78.7, 78.4, 59.4, 59.3,
57.3, 57.1, 46.6, 46.5, 31.1, 30.5, 29.2, 28.0, 27.9, 23.9, 22.9, 19.3, 19.2, 18.0, 17.6;
Elementarni analyza pro CisH»7N3O4: C, 57.49; H, 8.68; N, 13.41. Nalezeno (%): C, 57.55;
H, 8.57; N, 13.49.

1-Bn-N-[(1S)-1-Karbamoylcyklopentyl]-(S)-prolinamid (1g)
Vytézek: 2,749 (87%); b.t.: 93-95 °C (ethyl-acetat/hexan);

wo R [ = ~32.1° (c 1, CH;OH): 'H NMR (400 MHz, DMSO-
NH,,

NG de): 5 7.75 (5, 1H, NH), 7.42-7.35 (m, 4H, ArH), 7.31-7.28

Bn (M, 1H, ArH), 6.93 (s, 1H, NH), 6.85 (s, 1H, NH), 3.94-3.90
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(m, 1H, CHy), 3.52-3.44 (m, 2H, CH; a CH), 3.17-3.08 (m, 1H), 3.00-2.91 (m, 1H), 2.40-
2.31 (m, 1H), 2.16-2.07 (m, 2H), 2.03-1.90 (m, 1H), 1.88-1.74 (m, 4H), 1.69-1.56 (m, 4H);
3C NMR (100 MHz, DMSO-dg): §175.5, 173.0, 139.0, 128.7, 128.4, 127.2, 67.0, 35.8,
58.7, 53.4, 36.6, 35.5, 29.6, 24.0, 23.9, 23.4; Elementarni analyza pro CigHsN3O,:
Vypoéteno (%): C, 68.54; H, 7.99; N, 13.32. Nalezeno (%): C, 68.60; H, 8.05; N, 13.45.

2.1.2 Obecnd metoda cyklizace chranénych (S)-prolinamidii 1d,9

Vychozi latka 1d nebo 1g (3,0 mmol) byla refluxovana v methanolickém roztoku
methanolatu sodného (20 ml, 1,5 mol-lfl). Po 2 hodinach bylo rozpoustédlo odpafeno a
odparek byl rozpustén ve vodé (20 ml). Vodny roztok byl neutralizovan pomoci
koncentrované kyseliny chlorovodikové na pH = 7. Nasledn¢ byl produkt extrahovan DCM
(4 x 20 ml) a po vysuSeni (Na,SO4) byla organicka faze odpafena. Zbytek byl krystalizovan

ze smési ethyl-acetat / hexan.

(¥)-2-(1-Boc-pyrrolidin-2-yl)-1,3-diazaspiro[4.4]non-1-en-4-on (2d)
’ Vytézek: 0,85¢g (92%); b.t.: 151-153 °C (ethyl-acetat/hexan); H
@W N~_~°  NMR (400 MHz, DMSO-de): dva rotamery, & 10.28 (vbs, 2H,
N <N% NH), 4.54-4.47 (m, 2H, 2xCH), 3.50-3.44 (m, 2H), 3.36-3.27
ELOC (m, 2H), 2.31-2.14 (m, 2H), 1.94-1.69 (m, 22H), 1.41-1.33 (m,
18H, 2x(CHs)sC): *C NMR (100 MHz, DMSO-dg): & 186.8,
185.5, 169.1, 153.5, 152.7, 79.1, 74.6, 74.4, 55.3, 55.0, 46.4, 36.8, 36.3, 31.3, 30.2, 27.9,

25.3, 23.9, 23.1; Elementarni analyza pro CigH25N303: Vypocteno (%): C, 62.52; H, 8.20;
N, 13.67. Nalezeno (%): C, 62.48; H, 8.14; N, 13.73.

(*)-2-(1-Benzylpyrrolidin-2-yl)-1,3-diazaspiro[4.4]non-1-en-4-on (29)
H o Vytézek: 0,72g (81%); b.t.: 140-141 °C (ethyl-acetat/hexane);
@Wv< 'H NMR (400 MHz, DMSO-d): § 10.67 (s, 1H, NH), 7.32-
'|\l \N% 7.19 (m, 5H, ArH), 3.75-3.72 (m, 1H, CHy), 3.44-3.58 (m, 2H,
Bn CH; a CH), 3.24-3.18 (m, 1H), 2.95-2.87 (m, 1H), 2.27-2.16
(m, 1H), 2.11-2.00 (m, 1H), 1.88-1.63 (m, 8H), 1.58-1.52 (m,

1H), 1.49-1.41 (m, 1H); *C NMR (100 MHz, DMSO-ds): ¢ 187.2, 162.9, 138.7, 128.7,
128.0, 126.9, 76.9, 63.1, 57.7, 53.3, 36.9, 36.6, 28.9, 25.5, 25.4, 22.7; Elementarni analyza
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pro CigH23N30: Vypocteno (%): C, 72.70; H, 7.80; N, 14.13. Nalezeno (%): C, 72.71; H,
7.71: N, 14.21.

2.1.3 Obecna metoda syntézy N-(1-karbamoyl-1,1-dialkylmethyl)-(S)-prolinamidii 3a-c

Roztok odpovidajiciho Cbz-chranéného (S)-prolinamidu (la-c) (7,5 mmol) a 5% Pd/C
(0,25g) v 50 ml metanolu byla michana v za mirného ptetlaku vodiku pii laboratorni teploté.
Po 12 h byla suspenze byla zfiltrovana ptes kiemelinu a produkt byl izolovan po odpateni

metanolu.
N-(1-Karbamoylcyklopentyl)-(S)-prolinamid (3a)

o o Vytezek: 1,602 (95%); b.t.: 174-176 °C; [a]’ = —45.4° (c

O—( NH, 1, CH3OH); *H NMR (400 MHz, DMSO-de): & 7.93 (s, 1H,

N HN NH), 6.97 (s, 1H, NH,), 6.84 (s, 1H, NH,), 3.47 (dd, 1H, J =

8.4Hz, J = 5.4 Hz, CH), 2.81-2.79 (m, 2H, CH,), 2.04-1.97

(m, 2H), 1.93-1.80 (m, 3H), 1.66-1.55 (m, 7H); *C NMR

(100 MHz, DMSO-dg): 0 175.5, 174.0, 65.5, 60.2, 46.5, 36.2, 35.6, 30.0, 25.7, 23.7;

Elementarni analyza pro CiiHigN3O,: Vypocteno (%): C, 58.64; H, 8.50; N, 18.65.
Nalezeno (%): C, 58.58; H, 8.54; N, 18.71.

N-[(1S)-1-Karbamoyl-1,2-dimethylpropyl]-(S)-prolinamid (3b)

O‘{O Q Vtszek: 1,569 (92%); b.t.: 202-205 °C; [a]Y = -48.5° (¢
N Nl NCHH: 1, CH30H); *H NMR (400 MHz, DMSO-de): & 8.34 (s, 1H,
HyC ( NH), 7.15 (s, 1H, NH,), 7.06 (s, 1H, NH,), 3.48 (dd, 1H, J =

CHs 8.8 Hz, J = 5.1 Hz, CH), 3.34 (bs, 1H, NH), 2.92-2.87 (m,

1H), 2.74-2.69 (m, 1H), 2.15-2.09 (m, 1H), 1.95-1.86 (m,
1H), 1.72-1.65 (m, 1H), 1.62-1.53 (m, 2H), 1.42 (s, 3H, CH3), 0.85-0.81 (m, 6H, 2xCHs3);
3C NMR (100 MHz, DMSO-dg): 6 174.9, 173.6, 61.5, 60.8, 46.5, 34.4, 30.2, 25.8, 18.1,
17.2, 17.1; Elementarni analyza pro Ci1H21N302: Vypocteno (%): C, 58.12; H, 9.31; N,
18.49. Nalezeno (%): C, 58.07; H, 9.26; N, 18.54.
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N-[(1S)-1-Karbamoyl-2-methylpropyl]-(S)-prolinamid (3c)
Vytézek: 1,54g (94%); b.t.: 127-130 °C; [a ]’ = —54.2°

O O
O_{ . (€1, CHiOH); "H NMR (400 MHz, DMSO-de): 4 8.11
2
N HN—r/, _cH, (A 1H,J=9.4Hz NH), 755 (s, 1H, NHy), 712 (s, 1H,
H ( NH,), 4.15(dd, 1H, J = 9.4 Hz, J = 5.8 Hz, CH), 3.59 (dd,
CHs 1H, J = 9.0 Hz, J = 4.9 Hz, CH), 3.45 (bs, 1H, NH), 2.95-

2.89 (m, 1H), 2.79-2.74 (m, 1H), 2.02-1.93 (m, 2H),
1.74-1.68 (m, 1H), 1.62-1.58 (m, 2H), 0.84 (d, 3H, J = 6.7 Hz, CHg3), 0.79 (d, 3H, J = 6.7
Hz, CHs); *C NMR (100 MHz, DMSO-dg): § 174.1, 172.9, 60.3, 56.3, 46.9, 31.4, 30.8,
26.0, 19.5, 17.6; Elementarni analyza pro CioHigN3O,: C, 56.32; H, 8.98; N, 19.70.
Nalezeno (%): C, 56.26; H, 8.88; N, 19.76.

2.1.4 Obecna metoda pripravy imidazolidin-4-onii 4a—g

Smés 1-aminocyklopentan-karboxamidu (4,35 g; 34 mmol) nebo (S)-2-amino-2,3-
dimethylbutanamidu (4,40 g; 34 mmol) a odpovidajiciho aldehydu (37 mmol) v methanolu
(20 ml) byla refluxovana s ptidavkem kapky kyseliny octové po dobu 12 h. Po odpateni

methanolu byl odparek krystalizovan z vhodného rozpoustédla.
2-Butyl-1,3-diazaspiro[4.4]nonan-4-on (4a)

. . Vytézek: 6,3 g (96%); b.t.: 72-74 °C (hexan). 'H NMR (400 MHz,

C4H9‘< CDCls): 6 8.13 (s, 1H, NH), 4.23 (t, 1H, J = 6 Hz, CH), 1.82-1.88

(m, 2H, CHy), 1.64-1.55 (m, 6H, (CH,)3), 1.54-1.36 (m, 2H, CH,),

1.32-1.25 (m, 4H, (CH,),), 0.87-0.85 (m, 3H, CHs); *C NMR (100

MHz, CDCl3): ¢ 182.0, 69.2, 68.5, 37.5, 36.5, 36.1, 26.7, 25.2,

25.1, 22.4, 13.7; Elementarni analyza pro C;1H20N2O: Vypocteno (%): C, 67.31; H, 10.27,;
N, 14.27; Nalezeno (%): C, 67.22; H, 10.38; N, 14.58.

HN

2-Fenyl-1,3-diazaspiro[4.4]nonan-4-on (4b)

H o Vytézek 2,499 (79%); b.t.: 136-138 °C (ethyl-acetat/hexan);
©_< 'H NMR (400 MHz, CDCls): ¢ 8,55 (s, 1H, NHCO), 7.44-
HN 7.30 (m, 5H, ArH), 5.35 (d, J =8.0 Hz, 1H, CH), 3.13 (d, J =
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8.0 Hz ,1H, NH), 1.90-1.81 (m, 1H), 1.76-1.49 (m, 7H); *C NMR (100 MHz, CDCly): &
180.3, 142.1, 128.5, 128.4, 127.0, 69.7, 68.9, 37.2, 36.4, 25.2, 25.1; EI-MS: m/z 216, 187,
173(100%), 144, 106, 84. Elementarni analyza pro Ci3HisN2O2: Vypocteno (%): C, 72.19;
H, 7.46; N, 12.95. Nalezeno (%): C, 72.01; H, 7.59; N, 13.12

2-(4-Methoxyfenyl)-1,3-diazaspiro[4.4]Jnonan-4-on (4c)

Vytezek 1,479 (81%); b.t.: 182183 °C (ethyl-acetat);
N O  H NMR (400 MHz, CDCl3): 6 8.44 (s, 1H, NHCO),
H3004®_< 7.31-7.29 (m, 2H, ArH),. 6.90-6.88 (m, 2H, ArH),
AN 5.27 (s, 1H, CH), 3.71 (s, 3H, OCH), 1.87-1.82 (m,

1H), 1.70-1.47 (m, 7H); *C NMR (100 MHz,

CDCl,): § 180.0, 159.4, 133.7, 128.1, 113.7, 69.1, 68.7, 55.2, 36.7, 36.1, 24.9; EI-MS: m/z

246, 217, 203(100%), 134, 121, 84. Elementarni analyza pro Ci4H1sN202: Vypocteno (%):
C, 68.27; H, 7.37; N, 11.37. Nalezeno (%): C, 68.45; H, 7.51; N, 11.50.

2-(4-Nitrofenyl)-1,3-diazaspiro[4.4]nonan-4-on (4d)

H o Vytézek 0,929 (53%); b.t.: 178-180 °C (ethyl-acetat);
02N4©_< IH NMR (400 MHz, CDCl): 6 8.71 (s, 1H, NHCO),
HN 8.22-8.20 (m, 2H, ArH), 7.66-7.64 (m, 2H, ArH), 5.46

(d,J=75Hz, 1H, CH), 3.54 (d, J = 7.5 Hz, 1H, NH),

1.76-1.58 (m, 7H), 1.42-1.39 (m, 1H); *C NMR (100

MHz, CDCls): ¢ 180.0, 150.0, 147.4, 128.2, 123.6, 68.5, 68.4, 37.6, 36.5, 25.0, 24.9; EI-MS:

m/z 261, 232, 218(100%), 151, 105, 84. Elementarni analyza pro C;3HisN3O3: Vypocteno
(%): C, 59.76; H, 5.79; N, 16.08. Nalezeno (%): C, 60.02; H, 5.95; N, 16.25.

2-(2-Hydroxyfenyl)-1,3-diazaspiro[4.4]Jnonan-4-on (4e)

Vytezek 3,159 (83%); b.t.: 179-181 °C (ethyl-acetat); *H
o NMR(400 MHz, CDCl3): ¢ 10.96 (br, 1H, OH), 8.51 (s, 1H,
NHCO), 7.23 (d, J = 7.5 Hz, 1H, ArH), 7.14 (t, J = 7.5 Hz,

ZT
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1H, ArH), 6.80-6.75 (m, 2H, ArH), 5.60 (s, 1H, CH), 1.90-1.85 (m, 1H), 1.80-1.59 (m, 6H),
1.56-1.48 (m, 1H); **C NMR (100 MHz, CDCls): § 178.5, 156.4, 129.2, 127.7, 125.1, 118.6,
115.9, 67.9, 66.3, 36.8, 35.6, 24.8, 24.6; EI-MS: m/z 232, 188, 171(100%), 113, 77, 44,
Elementarni analyza pro CisHisN2O2: Vypocteno (%): C, 67.22; H, 6.94; N, 12.06.
Nalezeno (%): C, 67.35; H, 7.11; N, 12.31.

2-(Pyridin-2-yl)-1,3-diazaspiro[4.4]Jnonan-4-on (4f)

Vytézek 1,629 (80%); b.t.: 109-111 °C (ethyl-acetat/hexan);

</j\>_<H S 'H NMR (400 MHz, CDCls): § 8.56-8.54 (m, 2H, PyH a
- NH), 7.85-7.82 (m, 1H, PyH), 7.49 (d, J = 7.7 Hz, 2H, PyH),
N 7.37-7.34 (m, 1H, ArH), 1.91-1.87 (m, 1H), 5.38 (s, 1H,

CH), 1.72-1.62 (m, 6H), 1.55-1.48 (m, 1H); **C NMR (100

MHz, CDCl3): 6 179.9, 159.9, 149.0, 137.3, 123.7, 121.7, 70.4, 68.4, 37.5, 36.7, 36.7, 24.9;

EI-MS: m/z 217, 188, 174(100%), 145, 107, 79. Elementarni analyza pro CioHisN3O:
Vypoéteno (%): C, 66.34; H, 6.96; N, 13.34. Nalezeno (%): C, 66.21; H, 6.85; N, 13.22.

(5S)-4-1sopropyl-4-methyl-2-(pyridin-2-yl)imidazolidin-4-on (4g)

Vytézek 1,519 (74%); b.t.: 113-118 °C (ethyl-acetat/hexan);

H
N @]
®_< j [@]2 = —14.2° (c 1, CH30H) 'H NMR (400 MHz, CDCly)
CHs
—N H

N dva diastereoisomery: ¢ 8.45-8.48 (m, 2H, PyH), 8.37 (s, 1H,

H3C/\CH3 NHCO), 8.25 (s, 1H, NHCO), 7.65-7.62 (m, 2H, PyH), 7.43

(d, J = 7.6 Hz, 1H, PyH), 7.28 (d, J = 7.6 Hz, 1H, PyH),

7.18-7.15 (m, 2H, PyH), 5.56 (s, 1H, CH), 5.48 (s, 1H, CH), 2.95 (br, 2H, NH), 1.91-1.83

(m, 2H, 2xCH), 1.26 (s, 3H, CHs), 1.20 (s, 3H, CHs), 0.99-0.80 (m, 12H, 2xi.Pr); *C NMR

(100 MHz, CDCI5): 6 180.8, 180.5, 158.9, 158.7, 149.1, 148.9, 136.9, 136.8, 123.4, 123.3,

121.0, 71.0, 69.6, 64.7, 64.6, 34.5, 33.1, 23.2, 21.6, 17.6, 17.5, 16.7, 16.6; EI-MS: m/z 219,

204, 176(100%), 133, 107, 92, 42 Elementarni analyza pro CioHi7N3O (219): Vypocteno
(%): C, 65.73; H, 7.81; N, 19.16. Nalezeno (%): C, 65.38; H, 7.56; N, 19.51.
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[(2S)-1-Boc-2-pyrrolidin-2-yl]-1,3-diazaspiro[4.4]Jnonan-4-on (6a)
‘ . Vytézek: 7,459 (71%); b.t.: 128-130 °C (cyklohexan); [a]2’ = —
@ 50.0° (¢ 1, CHCI3); *H NMR dva diastereoisomery (400 MHz,
'|“ HN CDCls): 56.78 (bs, 1H, NH), 6.55 (bs, 1H, NH), 4.42 (d, 1H. J =
Boc 5.0 Hz, CH), 4.46-4.42 (m, 1H, CH), 3.89-3.85 (m, 2H, 2xCH),
3.24-3.08 (m, 4H, 2xCH,), 2.27-2.11 (m, 2H), 2.10-2.03 (m,
2H), 1.95-1.67 (m, 16H), 1.44-1.43(m, 18H, 2x(CHs)sC); *C NMR (100 MHz, DMSO-de):
5181.3, 181.2, 156.2, 155.8, 154.5, 79.5, 79.4, 72.0, 70.1, 68.5, 68.3, 61.2, 59.8, 47.5, 46.9,
37.9, 375, 37.3, 28.1, 27.2, 36.5, 26.1, 24.8, 24.7, 24.6; Elementarni analyza pro
C16H27N303: Vypocteno (%): C, 62.11; H, 8.80; N, 13.58. Nalezeno (%): C, 62.15; H, 8.86;

N, 13.52.

(48)-4-1sopropyl-4-methyl-2-[(2S)-1-Boc-pyrrolidin-2-yl]-imidazolidin-5-on (6b)
Vytézek: 6,94g (66%); b.t.: 105-115 °C (cyklohexan); [a[F =

N_ o
@ \///CHQ, ~15.6° (¢ 1, CH3OH); 'H NMR dva diastereoizomery (400
'|\l HN
Boc

\\}

MHz, DMSO-dg): & 8.16-7.83 (m, 2H, 2xNH), 4.68-4.43 (m,
2H, 2xCH), 3.86-3.67 (m, 2H, 2xCH), 3.31-3.12 (m, 2H,
2%xCHy), 2.85-2.60 (m, 2H), 1.91-1.67 (m, 10H), 1.42-1.38 (m,
18H, 2x(CH3)5C), 1.11-1.00 (m, 6H, 2xCHj), 0.85-0.79 (m, 12H, 2x iPr-CHj); *C NMR
(100 MHz, DMSO-dg): & 178.7, 178.1, 177.6, 155.9, 154.8, 153.8, 79.0, 78.7, 78.5, 72.3,
70.0, 67.7, 63.2, 63.0, 62.9, 60.9, 60.4, 59.7, 47.5, 47.2, 46.7, 34.9, 33.5, 33.1, 28.1, 28.0,
26.1,27.9,24.1,23.3,21.7,21.2, 17.8, 17.5, 16.3, 16.2, 16.0, 15.9; Elementarni analyza pro
Ci6H20N303: Vypocteno (%): C, 61.71; H, 9.39; N, 13.49. Nalezeno (%): C, 61.68; H, 9.46;
N, 13.52.
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2.1.5 Obecna metoda pripravy 4,4-dialkyl-2-(1-Boc-pyrrolidin-2-yl)-4,5-dihydro-1H-
imidazol-5-onii 7a,b

Smés piislusného imidazolidin-4-onu (5 mmol) a aktivovaného oxidu manganicitého (5g, 91
mmol) v benzenu (60 ml) byla refluxovana 48 h. Kone¢ny produkt byl izolovan po filtraci s

kfemelinou, odpafeni a pfipadné krystalizaci ze smési ethyl-acetat /hexan.
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Obecné metody pripravy 4,5-dihydro-1H-imidazol-5-onii 5a—g
Metoda A (Pd/C)

Smés prislusného imidazolidin-4-onu (5 mmol) a Pd/C (5%, 0.2 g) v methanolu (50 ml) byla
refluxovana 24 h. Kone¢ny produkt byl izolovén po filtraci, odpateni a piipadné krystalizaci
z odpovidajiciho rozpoustédla. V piipadé isolace latky 2d byla reakéni smés odpaiena,
rozpusténa v roztoku NaOH (5%, 25 ml), zfiltrovana a pH filtratu bylo upraveno na hodnotu
7 ~ 8. Vyloucené krystaly latky 2d byly izolovany filtraci a vysuseny. Kone¢ny produkt byl
krystalovan z DMF.

Metoda B (DDQ)

Smés piislusného imidazolidin-4-onu (5 mmol) a 2,3-dichlor-5,6-dikyan-1,4-benzochinou
(DDQ) (1,3g; 5.7 mmol) v dioxanu (50 ml) byla refluxovana. Po 10 minutach byla reakéni
smés zfiltrovdna ptes vrstvu silikagelu (2 cm), odpafena a ptipadné krystalizovana
z vhodného rozpoustédla. V ptipad¢ isolace latky 2d byla reakéni smés odpaiena, rozpusténa
v roztoku NaOH (5%, 25 mL), zfiltrovana a pH filtratu bylo upraveno na hodnotu 7 ~ 8.
Vylou¢ené krystaly latky 2d byly isolovany filtraci a vysuSeny. Kone¢ny produkt byl
krystalovan z DMF.

Metoda C (MnO,)

Smeés prislusného imidazolidin-4-onu (5 mmol) a aktivovaného oxidu manganicitého (5g, 91
mmol) v acetonu (100 ml) byla refluxovana 24 h. Kone¢ny produkt byl izolovan po filtraci s
kfemelinou, odpateni a ptipadné krystalizaci z odpovidajiciho rozpoustédla. V piipadé
izolace latky 2d byla reakéni smés odpatena, rozpusténa v roztoku NaOH (5%, 25 ml),
zfiltrovana a pH filtratu bylo upraveno na hodnotu 7 ~ 8. Vyloucené krystaly latky 2d byly
izolovany filtraci a vysuSeny. Kone¢ny produkt byl krystalovan z DMF.

2-Butyl-1,3-diazaspiro[4.4]non-1-en-4-on (5a)

H o Vytézek 0,78g (80%); bezbarvy olej, TLC: (TLC-silicagel, Merck),
N

CaHo <\ chloroform/methanol 10:1, R¢ = 0,51; *H NMR (400 MHz, CDCls):
N
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5 8.83 (bs, 1H, NHCO), 2.42 (t, 2H, CHy, J = 7,4 Hz), 1.93-1.83 (m, 5H, CH,), 1.80-1.72
(m, 3H), 1.66-1.52 (m, 2H, CH,), 1.40-1.31 (m, 2H, CH,), 0.90 (t, 3H, CH3, J = 7.3 Hz); *C
NMR (100 MHz, CDCls): § 190.2, 77.5, 37.2, 30.0, 27.9, 25.9, 23.1, 13.7; Elementarni
analyza pro C;1H1sN,0: Vypocteno (%): C 68.01; H 9.34; N 14.42; Nalezeno (%): C 67.89;
H 9.46; N 14.68.

2-Fenyl-1,3-diazaspiro[4.4]non-1-en-4-on (5b)

o Vytezek: 0.93g (87%); bit: 202-203 °C. 'H NMR (400

MHz, DMSO-dg): 6 11.41 (br, 1H, NHCO), 7.99-7.97 (m,
©_<N 2H, ArH), 7.62-7.58 (m, 1H, ArH), 7.55-7.52 (m, 2H, ArH),
1.89-1.76 (m, 8H); *C NMR (100 MHz, DMSO-dg): &
188.1, 157.6, 131.5, 128.9, 128.7, 126.9, 77.6, 37.2, 25.6;

EI-MS: m/z 214, 185, 171(100%) 104, 83, 77, 54. Elementarni analyza pro C;3H14N,O:
Vypoéteno (%): C, 72.87; H, 6.59; N, 13.07. Nalezeno (%): C, 72.81; H, 6.52; N, 13.12.

2-(4-Methoxyfenyl)-1,3-diazaspiro[4.4]non-1-en-4-on (5¢c)
y Vitszek: 1,01g (83%); b.t.: 236-237 °C. 'H NMR
oo N~ 2° (400 MHz, CDCls): 5 10.20 (br, 1H, NHCO), 7.88-
< > \<N 7.86 (m, 2H, ArH), 7.00-6.98 (m, 2H, ArH), 3.87 (s,
3H, OCHs), 2.09-1.95 (m, 8H): *C NMR (100 MHz,
CDClg): ¢ 189.0, 162.7, 162.5, 129.6, 120.2, 114.3,
75.3, 55.6, 37.3, 25.6; EI-MS: m/z 244, 215, 201, 134(100%), 91, 83, 54. Elementérni

analyza pro Ci4HigN2O2: Vypocteno (%): C, 68.83; H, 6.60; N, 11.47. Nalezeno (%): C,
68.78; H, 6.52; N, 11.55.

2-(4-Nitrofenyl)-1,3-diazaspiro[4.4]non-1-en-4-on (5d)

y Vytezek: 1,20g (93%); b.t.: >300 °C (rozklad); *H
N o NMR (400 MHz, DMSO-ds) dva isomery ¢ 11.58 (s,

O,N
2 \N 1H, NHCO), 11.48 (s, 1H, NHCO), 8.49-8.09 (m, 8H,
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2x2ArH), 1.96-1.72 (m, 16H); *C NMR (100 MHz, TFA + DMSO-d): ¢ 182.1, 181.9,
169.7, 169.4, 156.5, 153.4, 133.9, 130.0, 127.5, 124.0, 77.7, 77.4, 41.0, 28.9; Elementarni
analyza pro Ci3Hi3N303: Vypocteno (%): C, 60.23; H, 5.05; N, 16.21. Nalezeno (%): C,
60.15; H, 4.98; N, 16.29.

2-(2-Hydroxyfenyl)-1,3-diazaspiro[4.4]non-1-en-4-on (5e)

Vytézek: 0,88g (77%); b.t.: 232-233 °C. 'H NMR (400
MHz, CDCls): 6 12.46 (vbs, 1H, OH), 10.46 (vbs, 1H,
\ NHCO), 7.49 (d, J = 7.50 Hz, 1H, ArH), 7.35 (t, J = 8.00
Hz, 1H, ArH), 7.01 (d, J = 8.00 Hz, 1H, ArH), 6.91 (t, J =
7.50 Hz, 1H, ArH), 2.09-1.90 (m, 8H); *C NMR (400 MHz,
CDCls): 6 185.5, 161.3, 160.3, 133.5, 127.7, 118.9, 117.3, 110.7, 76.1, 37.4, 25.4; EI-MS:
m/z 230, 189, 173(100%), 120, 102, 84, 54. Elementarni analyza pro CisH1sN,0, (230):
Vypoéteno (%): C, 60.81; H, 6.13; N, 12.17. Nalezeno (%): C, 60.78; H, 6.09; N, 12.24.

OH

2-(1,3-Diazaspiro[4.4]non-1-en-4-on-2-yl)pyridin (5f)

H o Vytezek: 0.97g (90%); b.t: 120-122 °C. *H NMR (400 MHz,
7\ 4 DMSO-ds + TFA): 6 10.12 (s, 1H, NHCO), 8.67 (d, J = 5.5
—N\ N Hz, 1H, PyH), 8.27 (d, J = 7.50 Hz, 1H, PyH), 7.85 (t, J = 7.5

Hz, 1H, PyH), 7.45 (t, J = 5.5 Hz, 1H, PyH), 2.12-1.96 (m,

8H); *C NMR (DMSO-ds + TFA): J 187.4, 161.3, 149.4,
146.4, 137.6, 126.9, 122.7, 76.8, 37.1, 25.6; EI-MS: m/z 215, 187(100%), 159, 105, 78, 41.
Elementarni analyza pro C12H13N30: Vypocteno (%): C, 66.96; H, 6.09; N, 19.52. Nalezeno
(%): C, 66.87; H, 6.02; N, 19.65.

(S)-2-(4-1sopropyl-4-methyl-4,5-dihydro-1H-imidazol-5-on-2-yl)pyridin (5g)

H o Vytézek: 0,78g (72%); bezbarvy olej [a]p —17.4 (C 2,

</j\>_< f CHsOH). *H NMR (DMSO-ds + TFA): & 10.87 (bs, 1H,

— \N L—CHs  NHCO), 8.18 (d, 1H, I = 7.4 Hz, PyH), 8.09 (d, 1H, J = 7.4
/:\CHs
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Hz, PyH), 7.87-7.85 (m, 1H, PyH), 7.57-7.54 (m, 1H, PyH), 1.91-1.84 (m, 1H, i-PrCH),
1.23 (s, 3H, CHs), 0.92 (d, 3H, J = 6.8 Hz i-PrCHs), 0.85 (d, 3H, J = 6.8 Hz i-PrCHs), *C
NMR (DMSO-dgs + TFA): 6 186.7, 159.0, 149.1, 147.4, 137.6, 126.5, 121.5, 74.6, 34.2, 21.4,
17.0, 16.8; EI-MS: m/z 217, 202, 189, 174(100%), 146, 105, 78. Elementarni analyza pro
C12H15N30: Vypocteno (%): C, 66.34; H, 6.96; N, 19.34. Nalezeno (%): C, 66.15; H, 6.85;
N, 19.30.

[(2S)-1-Boc-2-pyrrolidin-2-yl)]-1,3-diazaspiro[4.4]non-1-en-4-on (7a)
Vytézek: 1,06 (69%); b.t.: 171-173 °C (ethyl

H
N 0]
M acetat/hexane); [ar]2 = —64.0° (¢ 1, CHCIl3); "H NMR (400
N

| N MHz, DMSO-dg): dva rotamery, ¢ 10.27 (vbs, 2H, NH),
4.54-4.46 (m, 2H, 2xCH), 3.50-3.44 (m, 2H), 3.36-3.27 (m,
2H), 2.32-2.14 (m, 2H), 1.94-1.69 (m, 22H), 1.41-1.33 (m,
18H, 2x(CH3)sC); *C NMR (100 MHz, DMSO-dg): ¢ 186.9, 185.6, 169.0, 153.4, 152.9,
79.1, 74.6, 74.5, 55.3, 55.0, 46.4, 36.8, 36.3, 31.3, 30.2, 27.9, 25.2, 23.9, 23.1; Elementarni
analyza pro CigHsN303: Vypocteno (%): C, 62.52; H, 8.20; N, 13.67. Nalezeno (%): C,
62.50; H, 8.16; N, 13.59.

(4S)-4-1sopropyl-4-methyl-2-[(2S)-1-Boc-pyrrolidin-2-yl]-4,5-dihydro-1H-imidazol-5-
on (7b)
‘ . Vytezek: 0,83g (54%); zluty olej; [a]) = —24.3° (¢ 2.9,
& f CH3OH); 'H NMR dva rotamery (400 MHz, DMSO-dg): &
'|\l \N s 10.74-10.54 (m, 2H, 2xNH), 4.50-4.38 (m, 2H, 2xCH), 3.50-
Boc /~CH; 3.42 (m, 2H, 2xCH,), 3.34-3.23 (m, 2H, 2xCH,), 2.25 (m,
e 2H), 1.90-1.42 (m, 6H), 1.39-1.31 (m, 18H, 2x(CH3)5C), 1.11-
1.06 (m, 6H, 2xCHj), 0.88-0.84 (m, 6H, 2xCHj), 0.68-0.66 (m, 6H, 2xCHj); *C NMR (100
MHz, DMSO-dg): 6 187.3, 186.9, 163.5, 162.9, 153.6, 153.2, 78.8, 78.6, 74.5, 74.0, 55.9,
55.6, 46.5, 46.4, 33.7, 31.8, 30.3, 28.0, 23.9, 22.9, 20.8, 16.6, 16.5, 16.4; Elementarni
analyza pro CisH27N3O3: Vypoéteno (%): C, 62.11; H, 8.80; N, 13.58. Nalezeno (%): C,
62.27; H, 8.95; N, 13.44.

\\
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2.1.6 Obecna metoda pripravy 4,4-dialkyl-2-pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-onii
8a,b

K roztoku 1-Boc chranéného derivatu prolinu 7a nebo 7b (2.5 mmol) v DCM (5 ml) byla
ptidana trifluoroctova kyselina (1,5ml) a smés byla michana pti laboratorni teploté. Po 2 h

byl produkt izolovan odpafenim rozpoustédla za snizeného tlaku.

Trifluoracetatova sil (£)-2-(pyrrolidin-2-yl)-1,3-diazaspiro[4.4]non-1-en-4-onu (8a)
H o Vytezek: 1,07g (99%); bezbarvy olej; *H NMR (400 MHz,
@,M<\® CD3CN): 6 10.32 (bs, 4H, NH," a CONH a NH™), 4.74-4.70
NG HN (m, 1H, CH), 3.53-3.42 (m, 1H, CH,), 3.41-3.36 (m, 1H,
noo CHy), 2.51-2.43 (m, 1H), 2.27-2.15 (m, 1H), 2.13-2.05 (m,
2H), 2.01-1.86 (m, 8H); *C NMR (100 MHz, CDsCN): &
184.0, 164.2, 161.0 (g, CO, J = 38 Hz), 116.6 (g, CF3, J = 286 Hz), 76.4, 56.8, 47.7, 37.8,
37.7, 29.2, 26.3, 26.2, 24.2, 24.2; Elementarni analyza pro CisH19FgN3Os: Vypocteno (%):

C, 41.39; H, 4.40; N, 9.64. Nalezeno (%): C, 41.52; H, 4.55; N, 9.40.

2 CF,CO0"

Trifluoracetatova sil (4S)-4-isopropyl-4-methyl-2-((2+)-pyrrolidin-2-yl)-4,5-dihydro-
1H-imidazol-5-onu (8b)

H 0 Vytézek: 1,08g (99%); bezbarvy olej; [a]p = —10.7° (¢ 2.9,
@WV&’ICH?’ CH3OH); *H NMR (400 MHz, DMSO-d): 5 14.12 (bs, 4H,
TER VI NH," and CONH and NH"), 4.67-4.65 (m, 1H, CH), 3.44-

2CF3C00°  H,C 3.42 (m, 1H, CH,), 3.36-3.33 (m, 1H, CH,), 2.44-2.37 (m,

1H), 2.08-2.00 (m, 3H), 1.96-1.90 (m, 1H), 1.26 (s, 3H,
CHs), 0.99-0.97 (m, 3H, CHs), 0.83-0.79 (m, 3H, CHs); **C NMR (100 MHz, DMSO-dg): &
187.3, 187.1, 163.6, 162.6, 159.0 (q, CO, J = 38 Hz), 116.0 (g, CF3, J = 286 Hz), 73.6, 73.4,
56.4, 56.3, 46.3, 34.7, 34.6, 29.5, 29.4, 23.7, 23.6, 20.9, 20.8, 17.0, 16.9; Elementarni
analyza pro CisH21FsN3Os: Vypocteno (%): C, 41.20; H, 4.84; N, 9.61. Nalezeno (%): C,
41.43: H, 5.02; N, 9.25.

W
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2.1.7 2-(4,5-Dihydro-3H-pyrrol-2-yl)-1,3-diazaspiro[4.4]non-1-en-4-on (9b)

K roztoku 8a (2 mmol) v chloroformu (5 ml) byl pfidan TEA

H

N 0o (1 ml; 7 mmol). Smés byla michdna 10 min a pak vycisténa
N/ \ pomoci sloupcové chromatografie (silikagel; CHCl3/CH3OH

N

(10/1); R 0.23). Vytezek: 0,19g 48%; bezbarvy olej; *H NMR

(400 MHz, DMSO-dg): §11.16 (s, 1H, NH), 4.02-3.98 (m, 2H,
CH,), 2.81-2.77 (m, 2H, CH,), 1.94-1.69 (m, 10H); **C NMR (100 MHz, DMSO-d¢): &
186.5, 166.7, 155.7, 78.2, 61.6, 36.7, 33.8, 25.4, 21.7; Elementarni analyza pro C1;HsN3O:
Vypocteno (%): C, 64.37; H, 7.37; N, 20.47. Nalezeno (%): C, 64.55; H, 7.52; N, 20.60.

2.2 Priprava pyridylimidazolidin-4-onovych derivati

2.2.1 Obecna metoda syntézy derivatii imidazolidin-4-onu 10-13

Smés 2-acetylpyridinu nebo pyridin-2-karbaldehydu (11 mmol) a substituovaného
2-aminopropanamidu (10 mmol) s kapkou kyseliny octové byla refluxovana definovanou
dobu ve 20 ml ptislusného rozpoustédla: (methanol pro 10 a 13 (8 h), propan-2-ol pro 12a-b
(48 h) a 1,2-dichlorbenzen pro 11a-b (1 h). Po odpafeni rozpoustédla byl odparek rozpustén
v DCM (30 ml), organicka faze byla promyta 5% vodnym roztokem uhli¢itanu (1 x 30 ml)
sodného a vodou (2 x 30 ml). Po vysuseni (Na,SO4) bylo rozpoustédlo odpaieno a ziskana
sm¢s diastereoisomerd Syn a anti byla rozdélena pomoci sloupcové chromatografie

(silikagel; ethyl-acetat/ DCM/aceton (50/5/45; v/v/v)).

(2R, 5S)-5-1sopropyl-5-methyl-2-(pyridin-2-yl)imidazolidin-4-on (10a)

Vytézek 0,45 g (21%); b.t.: 106-107 °C (cyklohexan); [«]2’ =
+37.0° (¢ 1.00, CH,Cly); *H NMR (400 MHz, DMSO-dg) 58.57-
8.55 (m, 2H, PyH and NH), 7.85 (td, 1H, J = 7.6, 1.7 Hz, PyH),
7.50 (dt, 1H, J = 8.0, 1.0 Hz, PyH), 7.37 (ddd, 1H, J = 7.6, 4.7,
1.0 Hz, PyH), 5.37 (d, 1H, J = 6.2 Hz, CH), 3.18 (d, 1H, J = 6.2
Hz, NH), 1.82-1.75 (m, 1H, CH), 1.16 (s, 3H, CHs), 0.92 (d, 6H,
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J=6.9 Hz, i-Pr); *C NMR (100 Mz, DMSO-dg) 5178.7, 160.5, 148.9, 137.2, 123.6, 121.6,
71.0, 63.6, 34.6, 23.7, 17.7, 16.4; Elementarni analyza pro CjiyH;7N3O: Vypocteno
(%):Vypocteno (%): C, 65.73; H, 7.81; N, 19.16. Nalezeno (%): C, 65.82; H, 7.75; N, 19.05.

(2S, 5S)-5-1sopropyl-5-methyl-2-(pyridin-2-yl)imidazolidin-4-on (10b)

Vytézek 0,37 g (17%) bezbarvy olej; [a] = —54.6° (¢ 1.49,

\
| P i CH.Cl,); *H NMR (400 MHz, CDCls) & 8.52 (ddd, 1H, J =
/////,,/// N
N o 48 17,09Hz PyH), 8.36 (s, 1H, NH), 7.70 (td, 1H, J = 7.6,
HN—_ - 1.7 Hz, PyH), 7.52-7.50 (m, 1H, PyH), 7.24 (ddd, 1H, J = 7.6,
3 3
4.8, 1.0 Hz, PyH), 5.62 (s, 1H, CH), 2.72 1H, NH), 1.98-
HC— N 8, 1.0 Hz, PyH), 5.62 (s, 1H, CH), (brs, 1H, NH), 1.98
CHs 1.88 (m, 1H, CH), 1.34 (s, 3H, CHs), 0.94 (d, 3H, J = 6.9 Hz,

CHs), 0.88 (d, 3H, J = 6.8 Hz, CH3); *C NMR (100 Mz,
CDCl3) ¢ 180.4, 158.7, 148.9, 136.8, 123.3, 120.9, 69.6, 64.7, 33.1, 21.6, 17.6, 16.1;
Elementarni analyza pro C;,H;7N30: Vypocteno (%): C, 65.73; H, 7.81; N, 19.16. Nalezeno
(%): C, 65.94, H, 8.00, N, 19.03.

(2S, 5R)-5-1sopropyl-5-methyl-2-(pyridin-2-yl)imidazolidin-4-on (10c)

Vytézek 0,52 g (24%); b.t.: 106-107 °C (cyklohexan); [a]y = -

AN
| /’%,,H § 36.7° (¢ 1.00, CH,Cl,); *H NMR (400 MHz, DMSO-dg) & 8.57-
N ' o 855 (m, 2H, NH and PyH), 7.85 (td, 1H, J = 7.7, 1.8 Hz, PyH),
HN— .. ch, 750 (dt 1H, I =79, 1.0 Hz, PyH), 7.37 (ddd, 1H, I = 76, 48,
HiC 1.0 Hz, PyH), 5.37 (d, 1H, J = 6.7 Hz, CH), 3.18 (d, 1H, J = 6.7

CHs Hz, NH), 1.84-1.73 (m, 1H, CH), 1.16 (s, 3H, CH3), 0.92 (d, 6H,

J = 6.9 Hz, i-Pr) *C NMR (100 Mz, DMSO-ds) & 178.7, 160.5,

148.9, 137.3, 123.6, 121.7, 71.0, 63.6, 34.7, 23.7, 17.7, 16.4; Elementérni analyza pro

C12H17N30: Vypocteno (%): C, 65.73; H, 7.81; N, 19.16. Nalezeno (%): C, 65.79; H, 7.88;
N, 19.25.
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(2R, 5R)-5-1sopropyl-5-methyl-2-(pyridin-2-yl)imidazolidin-4-on (10d)

Vytézek 0,43 g (20%) bezbarvy olej; [a]y = +54.1° (¢ 1.00,
CH,Cl,); 'H NMR (400 MHz, CDCls) & 8.52-8.50 (m, 1H,
PyH), 8.45 (s, 1H, NH), 7.70 (td, 1H, J = 7.6, 1.7 Hz, PyH),
7.52-7.50 (m, 1H, PyH), 7.24-7.21 (m, 1H, PyH), 5.62 (s, 1H,
CH), 2.80 (brs, 1H, NH), 1.98-1.88 (m, 1H, CH), 1.34 (s, 3H,
CHa), 0.94 (d, 3H, J = 6.9 Hz, CH3), 0.88 (d, 3H, J = 6.8 Hz,
CHs); *C NMR (100 Mz, CDCl;) §180.4, 158.7, 148.8, 136.7,

123.2, 120.9, 69.5, 64.7, 33.0, 21.6, 17.6, 16.0; Elementarni analyza pro CioHi7N3zO:
Vypoéteno (%): C, 65.73; H, 7.81; N, 19.16. Nalezeno (%): C, 65.91, H, 7.66, N, 18.97.

(2R, 5S)-5-1sopropyl-2,5-dimethyl-2-(pyridin-2-yl)imidazolidin-4-on (11a)

iy,

T
=z
1,
O/Y
& 0O

HsC™ \L
CH

3

Vytézek 0,81 g (36%); b.t.: 142-144 °C (cyklohexane); [a]2 = -
36.0° (¢ 1.00, CH,Cl,); *H NMR (400 MHz, DMSO-ds) 58.98 (s,
1H, NH), 8.55 (d, 1H, J = 4.3, PyH), 7.85 (td, 1H, J = 7.8, 1.6 Hz,
PyH), 7.54 (d, 1H, J = 7.8 Hz, PyH), 7.32 (ddd, 1H, J = 7.6, 4.7,
1.0 Hz, PyH), 3.29 (s, 1H, NH), 1.76-1.69 (m, 1H, CH), 0.91-
0.85(m, 9H, CHs and i-Pr); *C NMR (100 Mz, DMSO-dg) &
177.1, 165.3, 148.3, 137.2, 122.5, 118.9, 73.7, 63.9, 33.8, 31.6,

23.5, 17.9, 16.2; Elementarni analyza pro C13H19N3O: Vypocteno (%): C, 66.92; H, 8.21; N,
18.01. Nalezeno (%): C, 66.70; H, 8.35; N, 15.23.

(2S, 5S)-5-1sopropyl-2,5-dimethyl-2-(pyridin-2-yl)imidazolidin-4-on (11b)

@
| CHs
H
= //,,///
O

CHs

HsC™ \L
CHj

I
2

"y,

Vytézek 0,55 g (24%) bezbarvy olej; [a]y = —14.8° (¢ 1.00,
CH,Cl,); *H NMR (400 MHz, CDCl3) & 8.55 (dt, 1H, J = 4.8,
1.3 Hz PyH), 8.14 (brs, 1H, NH), 7.70-7.64 (m, 2H, 2 x PyH),
7.18-7.16 (m, 1H, PyH), 2.51 (s, 1H, NH), 1.83-1.74 (m, 1H,
CH), 1.70 (s, 3H, CHj), 1.43 (s, 3H, CHj), 0.92 (d, 3H, J = 6.9
Hz, CHs), 0.62 (d, 3H, J = 6.9 Hz, CH3); **C NMR (100 Mz,
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CDCl3) 6179.0, 164.1, 148.5, 136.6, 122.2, 118.9, 74.5, 65.4, 34.1, 33.1, 26.8, 24.6, 17.8,
16.3; Elementarni analyza pro C;3Hi9N3O: Vypocteno (%): C, 66.92; H, 8.21; N, 18.01.
Nalezeno (%): C, 67.09; H, 8.40; N, 17.92.

(2R, 5S)-5-1sopropyl-2-methyl-2-(pyridin-2-yl)imidazolidin-4-on (12a)

Vytézek 0,37 g (17%); b.t.: 69-71 °C (cyklohexane), [a]) =

H3H —3.4° (¢ 1.00, CHCl,); *H NMR (400 MHz, DMSO-dg) §8.91 (s,

1H, NH), 8.55 (ddd, 1H, J = 4.8, 1.7, 0.9 Hz, PyH), 7.84 (td, 1H,

J =78, 1.7 Hz, PyH), 7.57 (dt, 1H, J = 7.8, 0.9 Hz, PyH), 7.32

e (ddd, 1H, J = 7.6, 4.8, 1.0 Hz, PyH), 3.52 (d, 1H, J = 8.0 Hz,

CHs NH), 3.23 (dd, 1H, J = 7.9, 3.6 Hz, CH), 1.93-1.86 (m, 1H, CH),

1.52 (s, 3H, CHs), 0.94 (d, 3H, J = 6.9 Hz, CH3), 0.88 (d, 3H, J =

6.8 Hz, CHs); °C NMR (100 Mz, DMSO-dg) & 174.7, 164.2, 148.5, 137.2, 122.7, 119.1,

74.7, 62.6, 30.2, 29.3, 19.3, 16.8; Elementarni analyza pro Ci2H17N3O: Vypocteno (%): C,
65.73; H, 7.81; N, 19.16. Nalezeno (%): C, 65.75; H, 7.90; N, 19.15.

tyy,

T
=2
1y,
I/\y(
@)

(2S, 5S)-5-1sopropyl-2-methyl-2-(pyridin-2-yl)imidazolidin-4-on (12b)

Vytézek 0,50 g (23%); b.t.. 68-70 °C (cyklohexane); [a]) =

@ CHs,, —21.6° (¢ 1.00, CH,Cl,); *H NMR (400 MHz, DMSO-dg) §8.71
N 1/N (s, 1H, NH), 8.52 (brd, 1H, J = 4.2 Hz, PyH), 7.82 (brt, 1H, J =
HN © 7.2 Hz, PyH), 7.67 (brd, 1H, J = 7.8 Hz, PyH), 7.29 (brt, 1H, J =

H 5.5 Hz, PyH), 3.53 (brs, 1H, NH), 3.45 (brs, 1H, CH), 1.82-1.77
HSC/\CH (m, 1H, CH), 1.59 (s, 3H, CHj), 0.89 (d, 3H, J = 6.9 Hz, CH),

0.68 (d, 3H, J = 6.9 Hz, CHs); *C NMR (100 Mz, DMSO-dg) &

1747, 164.4, 148.1, 136.8, 122.4, 119.6, 75.0, 62.9, 29.7, 29.4, 19.4, 17.3; Elementarni

analyza pro Ci,Hi17N3O: Vypocteno (%): C, 65.73; H, 7.81; N, 19.16. Nalezeno (%): C,
65.64; H, 7.96; N, 19.32.

"y,
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(2S, 5S)-5-1sopropyl-1-methyl-2-(pyridin-2-yl)imidazolidin-4-on (13a)

Vytézek 0,72 g (31%) bezbarvy olej; [y = +29.4° (c 3.88,
H CH,Cl,); *H NMR (400 MHz, CDCls) & 8.32 (ddd, 1H, J =
4.9, 1.7, 0.9 Hz, PyH), 7.92 (s, 1H, NH), 4.64 (td, 1H, J = 7.7,
1.6 Hz, PyH), 7.46 (dt, 1H, J = 7.8, 0.9 Hz, PyH), 7.12 (ddd,

e

HsC
HC—N 1H, J = 7.6, 4.9, 1.0 Hz, PyH), 5.16 (s, 1H, CH), 2.32 (s, 3H,
CHs  NCH3), 1.98-1.90 (m, 1H, CH), 1.25(s, 3H, CH,), 0.98 (d, 3H,

J = 6.9 Hz, CHs), 0.93 (d, 3H, J = 6.9 Hz, CH3); **C NMR

lllll”

prd
1y, Z
@)
& 0

(100 Mz, CDCl3) 6176.8, 159.7, 148.0, 137.1, 123.3, 120.7, 77.6, 65.7, 34.2, 29.7, 22.6,
18.2, 18.0; Elementarni analyza pro CizHigN3O: Vypocteno (%): C, 66.92; H, 8.21; N,
18.01. Nalezeno (%): C, 66.86; H, 8.11; N, 17.96.

(2R, 5S)-5-1sopropyl-1-methyl-2-(pyridin-2-yl)imidazolidin-4-on (13b)

N Vytézek 0,61 g (26%) bezbarvy olej; [«] = —54.3° (¢ 1.00,
@/ Ho CH,Cl,); *H NMR (400 MHz, CDCl3) & 8.52(ddd, 1H, J =
N {/ N 4.9, 1.7, 0.9 Hz, PyH), 7.77 (td, 1H, J = 7.6, 1.7 Hz, PyH),
H3C/N 7.69 (dt, 1H, J = 7.7, 1.0 Hz, PyH), 7.27 (ddd, 1H, J = 7.5,
4.9, 1.1 Hz, PyH), 7.00 (s, 1H, NH), 4.88 (s, 1H, CH), 2.28
3 (s, 3H, NCHs), 1.95-1.88 (m, 1H, CH), 1.28 (s, 3H, CHa),
1.07-1.05 (m, 6H, i-Pr); **C NMR (100 Mz, CDCl3) 5§178.1,
159.5, 148.6, 137.4, 123.7, 121.2, 66.5, 34.3, 33.0, 17.8, 17.3, 14.9; Elementarni analyza pro
Ci13H19N30: Vypocteno (%): C, 66.92; H, 8.21; N, 18.01. Nalezeno (%): C, 67.25; H, 8.37;
N, 18.03.

o)
CHs

H3C
3 /\CH

“qu,,,

2.2.2 Obecna metoda pripravy komplexi 14a, 15a a 16a

Smés ligandu 10a, 11a nebo 12a (0.55 mmol) a Cu(OAc), (91 mg; 0.50 mmol) v 10 ml
methanolu byla michana 1h pfi laboratorni teploté. Po odpafeni rozpoustédla byl odparek

promyt Et,0 (2 x 10 ml) a vysuSen za vakua.
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Komplex 14a

Komplex 15a

Komplex 16a

Vytézek 182 mg (91%); b.t.: 157-161 °C; [a]? = -301.3°;

[t = —278.2° (c 0.078, CH30H). Elementérni analyza pro

CaoH42NgOsCu: Vypoéteno (%): C, 48.58; H, 5.71; N, 11.33.
Nalezeno (%): C, 48.69; H, 6.02; N, 11.14.

Vytézek 192 mg (93%); b.t.: 151-155 °C; [a]) = —551.2°;
[a]5 = —539.5° (c 0.086, CH30H). Elementérni analyza pro
C17H25N305Cu: Vypocteno (%): C, 49.21; H, 6.07; N, 10.13.

Nalezeno (%): C, 48.99; H, 6.25; N, 9.88.

Vytézek 179 mg (90%); b.t.: 144-148 °C; [a]ie, = —76.2°;

[0{]526 = —31.2° (c 0.080, CH3OH). Elementarni analyza pro

0 Ci6H23N30sCu: Vypocteno (%): C, 47.93; H, 5.78; N, 10.48.

Nalezeno (%): C, 47.56; H, 6.01; N, 10.12.

65



2.3. Asymetricka syntéza

2.3.1 Studium enantioselektivity aldolizacni reakce — organokatalyza

K michanému roztoku katalyzatoru 3a-c (0,1 mmol; 20 mol%) ve vhodném rozpoustédle
(2,0 ml) byl pfidan cyklohexanon (0,52 ml; 5 mmol) a pfislusné mnozstvi kyseliny (Tabulka
2). Po jedné hodin¢ byl pfidan 4-nitrobenzaldehyd (75 mg, 0,5 mmol) a smés byla dale
michana 3-7 dny pii laboratorni teploté (Tabulka 2, fadek 6, 90 dntt). Probihajici reakce byla
zastavena piidavkem nasyceného vodného roztoku chloridu amonného a extrahovana ethyl-
acetatem (3 x 10 ml). Organicka vrstva byla promyta vodou a vysusena (NaySOy). PO
odpareni rozpoustédla za snizené¢ho tlaku byl surovy produkt piecistén pomoci sloupcové
chromatografie na silikagelu za podminek poskytujici ¢isty aldol produkt (ethyl-acetat/hexan
1:4). Spektroskopicka data produktu byla v souhlase s literaturou**. Enantiomerni prebytek
(ee) byl stanoven pomoci HPLC (kolona Daicel Chiralpak AS-H; mobilni faze: n-
hexan/propan-2-ol 85:15; pritokova rychlost: 0,3 ml min*, detekce pii A = 254 nm; tr (syn,
minoritni) = 46.55 min, tg (anti, pfevladajici) = 52.02 min; tg (anti, minoritni) = 61.22 min;

tr (Syn, prevladajici) = 66.47 min).

'H NMR (400 MHz, CDCl3) §8.20-8.18 (m, 2H, ArH), 7.50-7.46 (m, 2H, ArH), 5.46 (syn)
a 4.87 (anti) (s a d J = 8.4Hz respektive, 1H, CH), 2.60-2.55 (m, 1H), 2.48-2.46 (m, 1H),
2.38-2.31 (m, 1H), 2.11-2.07 (m, 1H), 1.82-1.78 (m, 1H), 1.67-1.63 (m, 1H), 1.57-1.50 (m,
2H), 1.37-1.34 (m, 1H); *C NMR (100 Mz, CDCls) & 24.5, 24.6, 25.8, 27.5, 27.6, 30.6,
42.4, 425, 56.7, 57.0, 69.9, 73.8, 123.3, 123.4, 126.5, 127.8, 147.4, 148.3, 149.2, 213.9,
214.6.

2.3.2 Studium enantioselektivity nitroaldolizacni reakce (Henryho reakce) — katalyza
komplexy

Smés ligandu 10a (0,055 mmol), Cu(OAc), (9,1 mg; 0,05 mmol), CH3NO; (0,54 ml;10
mmol) v ethanolu (1,5 ml) byla michana pfi laboratorni teploté. Po 1 h byl k této smési
pfidan odpovidajici aldehyd (1 mmol). Reakéni smés byla dale michdna definovany cas
(Tabulka 4) pti laboratorni teploté. Nasledné bylo za vakua odpatfeno rozpoustédlo a surovy
produkt byl piecistén pomoci sloupcové chromatografie nebo ,,flash chromatografy* na

silikagelu za podminek uvedenych nize.
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(R)-1-Fenyl-2-nitroethanol

OH Uvedeny produkt nitroaldolizace byl pfipraven podle vyse popsané

NO, obecné metody a po separaci pomoci sloupcové chromatografie
(ethyl-acetat/hexan, 1:4) byl ziskan ve form& Zlutého oleje. *H

NMR (400 MHz, CDCl3) 6 7.42-7.37 (m, 5H, ArH), 5.47 (dt, 1H,

J=29.5, 3.3 Hz, CHOH), 4.61 (dd, 1H, J = 13.3, 9.5 Hz, CH,;NO,),

452 (dd, 1H, J = 13.3, 3.1 Hz, CH,NO,), 2.80 (d, 1H, J = 3.6 Hz); *C NMR (100 Mz,
CDCIs) 6 138.0, 129.0, 128.9, 125.9, 81.2, 71.0. Enantiomerni ptebytek (ee) byl stanoven
pomoci HPLC (kolona Chiralcel OD-H; mobilni faze: 90:10 hexan/propan-2-ol, prutokova
rychlost: 0,8 ml/min, detekce pfi A = 220 nm); pievladajici enantiomer tg = 17.95 min,

minoritni enantiomer tgr = 22.52; 92%ee; [a]éo = —39.1° (¢ 0.93, CH,Cl,).

(R)-1-(2-Methoxyfenyl)-2-nitroethanol

OH Uvedeny produkt nitroaldolizace byl pfipraven podle vySe

NO, popsané obecné metody a po separaci pomoci sloupcové

chromatografie (ethyl-acetat/hexan, 1:4) byl ziskan ve formé

OCHs Zlutého oleje. 'H NMR (400 MHz, CDCls) & 7.42(dd, 1H, J =

7.5, 1.6 Hz, ArH), 7.32 (td, 1H, J = 7.5, 1.7 Hz, ArH), 7.00 (td,

1H,J=7.5, 1.0 Hz, ArH), 6.91 (dd, 1H, J = 8.2, 0.9 Hz, ArH), 5.61 (ddd, 1H, J =9.2, 6.2,
3.2 Hz CHOH), 4.63 (dd, J = 13.0, 3.2 Hz, CH;NO,), 4.55 (dd, J = 13.0, 9.2 Hz, CH;NO,),
3.88 (s, 3H, OCHs), 3.24 (d, 1H, J = 6.2 Hz, OH); *C NMR (100 Mz, CDCls) & 155.9,
129.7,127.2,125.9, 121.1, 110.5, 79.8, 67.8, 55.4. Enantiomerni piebytek (ee) byl stanoven
pomoci HPLC (kolona Chiralcel OD-H mobilni faze: 90:10 hexan/propan-2-ol, prutokova

rychlost: 0,8 ml/min, detekce pti A = 220 nm); pievladajici enantiomer tg = 14.92 min,

minoritni enantiomer tr = 17.13; 92%ee; [a |5’ = °—46.7 (c 1.22, CH,Cly).

(R)-1-(4-Fluorfenyl)-2-nitroethanol

OH Uvedeny produkt nitroaldolizace byl pfipraven podle vyse

NO,  popsané obecné metody a po separaci pomoci sloupcové
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chromatografie (ethyl-acetat/hexan, 1:4 byl ziskan ve form& bezbarvého oleje *H NMR (400
MHz, CDCls) 67.41-7.36 (m, 2H, ArH), 7.12-7.07 (m, 2H, ArH), 5.45 (dt, 1H, J = 9.4, 3.0
Hz CHOH), 4.58 (dd, 1H, J = 13.3, 9.5 Hz, CH;NOy), 4.49 (dd, J = 13.3, 3.1 Hz, CH;NOy,),
2.97 (d, 1H, J = 3.2 Hz, OH); **C NMR (100 Mz, CDCls) 6§ 162.9 (d, J = 248.0 Hz), 133.8
(d, J = 3.0 Hz), 127.8 (d, J = 8.1 Hz), 116.0 (d, J = 22.0 Hz), 81.1, 70.3. Enantiomerni
prebytek (ee) byl stanoven pomoci HPLC (kolona Chiralcel OD-H mobilni faze: 90:10
hexan/propan-2-ol, prutokova rychlost: 0,8 ml/min, detekce pti A = 220 nm); prevladajici
enantiomer tg = 15.52 min, minoritni enantiomer tg = 18.45; 89%ee; [a']éo = —41.2° (c 1.11,

CH,Cl).

(R)-1-(4-Chlorfenyl)-2-nitroethanol

Uvedeny produkt nitroaldolizace byl pfipraven podle vyse

OH , . . , .
popsané obecné metody a po separaci pomoci sloupcové

NO2 chromatografie (ethyl-acetat/hexan, 1:4) byl ziskan ve
formé bezbarvého oleje. 'H NMR (400 MHz, CDCI3) o6
7.37-7.30 (m, 4H, ArH), 5.40 (dt, 1H, J = 9.1, 3.5 Hz
CHOH), 4.58-4.52 (m, 1H, CH;NO), 4.47 (dd, J = 13.3, 3.2 Hz, CH;NO), 3.29 (d, 1H, J =

3.9 Hz, OH); ®C NMR (100 Mz, CDCl;) & 136.5, 134.6, 129.1, 127.3, 80.9, 70.2.

Cl

Enantiomerni pfebytek (ee) byl stanoven pomoci HPLC (kolona Chiralcel OD-H mobilni
faze: 90:10 hexan/propan-2-ol, prutokova rychlost: 0,8 ml/min, detekce pti A = 220 nm);

prevladajici enantiomer tg = 18.45 min, minoritni enantiomer tg = 23.15; 90%ee; [a]éo =

~47.0 (¢ 1.30, CH,Cl,).

(R)-1-(4-Bromfenyl)-2-nitroethanol

oH Uvedeny produkt nitroaldolizace byl pfipraven podle vyse

NO, popsané obecné metody a po separaci pomoci sloupcové
chromatografie (ethyl-acetat/hexan, 1:4) byl ziskan ve
formé bezbarvé krystalické latky, b.t.: 55-58 °C. *H NMR
(400 MHz, CDCls) 67.56-7.54 (m, 2H, ArH), 7.31-7.28 (m,

2H, ArH), 5.45 (dt, 1H, J = 9.5, 3.5 Hz CHOH), 5.57 (dd, J = 13.4, 9.4 Hz, CH,NO5), 4.49

Br
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(dd, J = 13.5, 3.2 Hz, CH,NO,), 2.85 (d, 1H, J = 3.5 Hz, OH); *C NMR (100 MHz, CDCls)
0 137.0, 131.9, 127.5, 122.7, 80.7, 70.2. Enantiomerni piebytek (ee) byl stanoven pomoci
HPLC (kolona Chiralcel OD-H mobilni faze: 90:10 hexan/propan-2-ol, pritokova rychlost:

0,8 ml/min, detekce pii A = 220 nm); pfevladajici enantiomer tg = 17.20 min, minoritni

enantiomer tr = 23.99; 92%ee; [« ]2’ = —34.6° (c 1.00, CH,Cl,).
(R)-1-(4-Kyanfenyl)-2-nitroethanol

oH Uvedeny produkt nitroaldolizace byl pfipraven podle vyse

NO, popsané obecné metody a po separaci pomoci sloupcové

chromatografie (ethyl-acetat/hexan, 1:4) byl ziskan ve

form¢ krystalické latky, b.t.: 101 =104 °C. 'H NMR (400

MHz, CDCl3) 67.27-7.70 (m, 2H, ArH), 7.58-7.55 (m, 2H,

ArH), 5.57-5.53 (m, 1H, CHOH), 4.62-4.52 (m, 2H, CH;NO,), 3.18 (d, 1H, J = 4.0 Hz,

OH); ®C NMR (100 Mz, CDCl;) & 143.1, 132.8, 126.7, 118.2, 112.7, 80.6, 70.1.

NC

Enantiomerni ptebytek (ee) byl stanoven pomoci HPLC (kolona Chiralcel OD-H mobilni
faze: 90:10 hexan/propan-2-ol, pratokova rychlost: 0,8 ml/min, detekce pii A = 220 nm);

prevladajici enantiomer tg = 38.02 min minoritni enantiomer tg = 44.13; 90%ee; [a]ZDO =

-43.9 (C 1.00, CH2C|2)

(R)-1-(4-Nitrofenyl)-2-nitroethanol

Uvedeny produkt nitroaldolizace byl ptipraven podle vySe

P popsané obecné metody a po separaci pomoci sloupcoveé

No2 chromatografie (ethyl-acetat/hexan, 1:4) byl ziskan ve

formé Zluté krystalické latky, b.t.: 80 — 82 °C. 'H NMR

(400 MHz, CDCls) 6 8.29-8.26 (m, 2H, ArH), 7.65-7.62

(m, 2H, ArH), 5.64-5.60 (m, 1H, CHOH), 4.64-4.55 (m, 2H, CH,NO,), 3.17 (d, 1H, J = 3.8

Hz, OH); °C NMR (100 MHz, CDCl;) & 148.1, 144.9, 126.9, 124.2, 80.6, 69.9.

O,N

Enantiomerni piebytek (ee) byl stanoven pomoci HPLC (kolona Chiralcel OD-H mobilni

faze: 90:10 hexan/propan-2-ol, pratokova rychlost: 0,8 ml/min, detekce pii A = 220 nm);
prevladajici enantiomer tr = 36.53 min, minoritni enantiomer tg = 46.55; 90%ee; [a]éo =

~38.3° (¢ 1.04, CH,CL).
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(R)-1-(2-Nitrofenyl)-2-nitroethanol

Uvedeny produkt nitroaldolizace byl piipraven podle vyse

OH
NO, popsané obecné metody a po separaci pomoci sloupcové
chromatografie (ethyl-acetat/hexan, 1:4) byl ziskdn ve formé
NO, 7lutého oleje. 'H NMR (400 MHz, CDCls) §8.04 (dd, 1H, J =

8.2, 1.2 Hz ArH), 7.94 (dd, 1H, J = 8.0, 1.1 Hz ArH), 7.75 (td,
1H, J = 7.6, 1.2 Hz ArH), 7.57-7.53 (m, 1H, ArH), 6.01 (dd, 1H, J = 9.1, 2.2 Hz CHOH),
4.84 (dd, J = 13.5, 2.3 Hz, CH,;NO,), 4.55 (dd, J = 13.5, 9.2 Hz, CH,;NO,), 3.58 (brs, 1H,
OH); *C NMR (100 MHz, CDCl3) &5 146.9, 134.4, 134.1, 129.6, 128.6, 124.8, 80.0, 66.7.
Enantiomerni ptebytek (ee) byl stanoven pomoci HPLC (kolona Chiralcel OD-H mobilni
faze: 90:10 hexan/propan-2-ol, pritokova rychlost: 0,8 ml/min, detekce pii A = 220 nm);

prevladajici enantiomer tg = 18.80 min, minoritni enantiomer tg = 21.31; 90%ee; [a]ZDO =

~215.4° (¢ 1.09, CH,Cly).

(R)-(1-Bifenyl-4-yl)-2-nitroethanol

OH Uvedeny produkt nitroaldolizace byl pfipraven podle vyse

NO, popsané obecné metody a po separaci pomoci sloupcové

chromatografie (ethyl-acetat/hexan, 1:4) byl ziskan ve formé

Ph bezbarvé krystalické latky 126 —128 °C. 'H NMR (400 MHz,
CDCl3) 67.63-7.61 (m, 2H, ArH), 7.58-7.56 (m, 2H, ArH),

7.47-7.43 (m, 4H, ArH), 7.39-7.35 (m, 1H, ArH), 5.49 (dt, 1H, J = 9.5, 3.2 Hz, CHOH),
4.63 (dd, 1H, J = 13.3, 9.5 Hz, CH,;NO,), 4.54 (dd, 1H, J = 13.3, 3.2 Hz, CH,NO), 2.89 (d,
1H, J = 3.7, Hz, OH); *C NMR (100 MHz, CDCls) & 141.9, 140.2, 136.9, 128.6, 127.7,
127.6, 127.1, 126.4, 81.1, 70.7. Enantiomerni piebytek (ee) byl stanoven pomoci HPLC
(kolona Chiralcel OD-H mobilni faze: 90:10 hexan/propan-2-ol, pritokova rychlost: 0,8
ml/min, detekce pfi A = 220 nm); pfevladajici enantiomer tg = 30.69 min, minoritni

enantiomer tg = 37.43; 92%ee; [« ]2’ = ~39.7° (¢ 1.00, CH,Cl,).
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(R)-1-Nitrohexan-2-ol

OH Uvedeny produkt nitroaldolizace byl piipraven podle vyse

HsC v\/'vmo2 popsané obecné metody a po separaci pomoci “flash
chromatografy” (ethyl-acetat/hexan, 1:4) byl ziskan ve

formé bezbarvého oleje. 'H NMR (400 MHz, CDCl3) 6 4.44 (dd, 1H, J = 12.8, 2.7 Hz,
CH3NOy), 4.38 (dd, 1H, J = 12.8, 8.2 Hz, CH;NOy), 4.35-4.27 (m, 1H, CHOH), 2.56 (d, 1H,
J =4.6 Hz, OH), 1.60-1.45 (m, 3H, alkyl-H), 1.42-1.34 (m, 3H, alkyl-H), 0.94-0.91 (m, 3H,
CHs):; *C NMR (100 MHz, CDCl3) & 80.6, 68.6, 33.4, 27.3, 22.4, 13.7. Enantiomerni
piebytek (ee) byl stanoven pomoci HPLC (kolona Chiralcel AD-H mobilni faze: 97:3
hexan/propan-2-ol, priatokova rychlost: 0,8 ml/min, detekce pii A = 220 nm); prevladajici
enantiomer tg = 24.13 min, minoritni enantiomer tz = 32.03; 87%ee; [« ] = —8.4° (c 1.31,

CH,Cl,).

(R)-3,3-Dimethyl-1-nitrobutan-2-ol

oH Uvedeny produkt nitroaldolizace byl pfipraven podle vyse

HaC CHs NO, popsané obecné metody a po separaci pomoci “flash
chromatografy” (ethyl-acetat/hexan, 1:4) byl ziskan ve formé

CH3 bezbarvého oleje. 'H NMR (400 MHz, CDCl3) 6 4.53 (dd, 1H, J

= 13.0, 2.1 Hz, CH2NOy), 4.37(dd, 1H, J = 13.0, 10.2 Hz,

CH3NOy), 4.04 (ddd, 1H, J =10.2, 4.7, 2.1 Hz, CHOH), 2.48-2.43 (m, 1H, OH), 0.98 (s, 9H,
C(CHa)s); **C NMR (100 MHz, CDCl3) 578.2, 76.2, 34.3, 25.6. Enantiomerni prebytek (ee)
byl stanoven pomoci HPLC (kolona Chiralcel OD-H mobilni faze: 97:3 hexan/propan-2-ol,

pratokova rychlost: 0,8 ml/min, detekce pii A = 220 nm); ptevladajici enantiomer tg = 14.65

min, minoritni enantiomer tg = 17.09; 96%ee; [a]éo = —37.2° (¢ 0.95, CH,CLI)).

(R)-1-Cyklohexyl-2-nitroethanol

oH Uvedeny produkt nitroaldolizace byl pfipraven podle vyse

\O popsané obecné metody a po separaci pomoci “flash
2

chromatografy” (ethyl-acetat/hexan, 1:4) byl ziskdn ve formé
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bezbarvého oleje. '"H NMR (400 MHz, CDCls) §4.48 (dd, 1H, J = 13.2, 3.0 Hz, CH,NO)),
4.42 (dd, 1H, J = 13.0, 9.0 Hz, CH;NO,), 4.12-4.06 (m, 1H, CHOH), 2.40 (d, 1H, J = 4.4
Hz, OH), 1.86-1.76 (m, 3H, cykloxehyl - H), 1.71-1.64 (m, 2H, cykloxehyl - H), 1.52-1.43
(m, 1H, cykloxehyl - H), 1.32-1.05 (m, 5H, cykloxehyl - H); **C NMR (100 MHz, CDCls) &
79.3, 72.8, 414, 28.8, 27.9, 26.1, 25.9, 25.7. Enantiomerni piebytek (ee) byl stanoven
pomoci HPLC (kolona Chiralcel AD-H mobilni faze: 97:3 hexan/propan-2-ol, prutokova
rychlost: 0,8 ml/min, detekce pti A = 220 nm); pievladajici enantiomer tg = 26.57 min,

minoritni enantiomer tg = 28.83; 92%ee; [a]5) = —16.4 (c 1.07, CH,Cl,).

72



3. VYSLEDKY DISERTACE S DURAZEM NA NOVE POZNATKY

3.1 Syntéza, charakterizace a Kkatalytické vlastnosti N-(1-karbamoyl-1,1-dialkyl-
methyl)-(S)-prolinamidi a odpovidajicich pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-

onu

Pfirodni (S)-prolin a od néj odvozené derivaty ptredstavuji privilegovanou skupinu molekul
vyuzivanou, jako velmi ucinné enantioselektivni organokatalyzatory mnoha reakef.*
Substituované amidy (S)-prolinu, krom& své biologické aktivity®, predstavuji vysoce
efektivni  enantioselektivni  organokatalyzatory —aldolizagnich reakei.****" Vysledky
citovanych vyzkumu také potvrzuji, ze pro funkci katalyzatoru neni nezbytna ptitomnost

43

karboxylové funkéni skupiny jako tomu je u samotného (S)-prolinu.” Postacujici je

pfitomnost dostate¢né¢ kyselé skupiny, napt. amidické, kterd umoziluje stabilizaci
intermediétu reakce, tak aby vyslednym produktem byl Zadouci enantiomer.**44>’

V souladu se zadanim bylo pfedmétem prvni ¢asti disertacni prace pfipravit nové
derivaty (S)-prolinu, které ve své molekule obsahuji alespont dvé amidické funkéni skupiny.
Z tohoto divodu byl modifikovan zakladni skelet (S)-prolinu s vyuzitim snadno

h'9333840 prekurzord substituovanych 4,5-dihydro-1H-imidazol-5-ontl. Dale byla

dostupnyc
provéiena moznost piipravy opticky Cistych derivatd (2S)-pyrrolidinu s navazanym 4,5-
dihydro-1H-imidazol-5-onovym skeletem jako cyklickou variantou amidi aminokyselin.
Nejprve byly ptipraveny 1-Cbz-N-(1-karbamoyl-1,1-dialkylmethyl)-(S)-prolinamidy
(1a-c), 1-Boc-N-(1-karbamoyl-1,1-dialkylmethyl)-(S)-prolinamidy (1d-f) a (1S)-1-Bn-N-(1-
karbamoylcyklopentyl)-(S)-prolinamid (1g), a to acylaci 1-aminocyklopentankarboxamidu,
(S)-2-amino-2,3-dimethylbutanamidu,® (S)-2-amino-3-methylbutanamidu®, (S)-valinamidu
aktivovanym (2S)-1-Boc-prolinem, (2S)-Cbz-prolinem nebo (2S)-1-Bn-prolinem. Aktivace
byla provedena ethylchlorformiatem a vytézky pfipravenych amida la-g se pohybovaly
vrozmezi  74-89%  (Schéma  44). Vnasledném  kroku byl  1-Boc-N-(1-
karbamoylcyklopentyl)-(S)-prolinamid (1d) podroben cykliza¢ni reakci na odpovidajici 1-
Boc-2-pyrrolidin-2-yl-1,3-diazaspiro[4.4]non-1-en-4-on (2d). Cykliza¢ni reakce

katalyzovana methanolatem sodnym?%°® 23 28b. 39

probihala kvantitativn€. Béhem cyklizace
vSak doslo k racemizaci na stereogennim centru prolinového skeletu. Z tohoto divodu byla
studovana moznost provedeni cyklizace amidu 1d na odpovidajici imidazolinon 2d za jinych

podminek s nékolika ¢inidly (Cs,COs/toluen, Ba(OH),/H,0O, Ac,O/AcOH, POCIs/DCM,
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PhsP/CCl,). Pfi pouziti systému Cs,COsftoluen by podle literatury®® nemélo dochazet
k racemizaci na prolinovém skeletu. V naSem ptipadé vSak pii pouziti systému
Cs,COgs/toluen a pii pouziti vSech bazickych c¢inidel vzdy probéhla Uplnd nebo
Caste¢na racemizace. Proces racemizace je spojen se vznikem karbaniontu v poloze 2 a jeho
zpétnou protonaci.45 V piipadé pouziti ostatnich Cinidel cyklizace bud’ neprobihala, nebo
dochazelo k pfeméné vychoziho amidu 1d na nedefinovatelné smési. Amidy 3a-c byly
ptipraveny z amida 1a-c deprotekci Cbz skupiny (H2/Pd/C) (92-95%) nebo byly pfipraveny
z amidu 1d-f deprotekci Boc skupiny (CF3COOH/DCM) (21-32%), (Schéma 44).

Rl
0o RZ  CICO,EUTEA o
+ NHy > 2
N N R

[ OH CONH, I NH
PG
PG CONH,
la-g
MeONa/MeOH Ho/Pd
(CF3CO,H/DCM)
1-3 Rl R2 ‘:; N Rl °
be |CHs CH(CH), G N"Rg H NH
c,f H CH(CHs), CONH,
2d,g 3a-c

la-c: PG =Cbz (COOCH,Ph) ; 1d-f, 2d: PG = Boc (COOC(CHys)3)
1g, 2g: PG = Bn (CH,Ph)

Schéma 44. Ptiprava N-(1-karbamoyl-1,1-dialkylmethyl)-(S)-prolinamida 3a-c a odpovidajicich pyrrolidin-2-
yl-4,5-dihydro-1H-imidazol-5-onu 2d, g

Zuvedeného je patrné, ze k piipravé opticky Ccistych substituovanych 4,4-dialkyl-2-
pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-ont 2 bylo nutné hledat jinou alternativni cestu,
pii které by nedochazelo k racemizaci. V tomto pfipadé byla ovétena nova metoda syntézy
4.,4-dialkyl-2-pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-onti, ~ zaloZzena na  oxidaci
prislusnych imidazolidin-4-ont, ktera nevyzaduje pouziti siln¢ bazického prostiedi.

Z tohoto ditvodu byla tato nova metoda syntézy provéfena nasledujici sekvenci
reakci série aldehyda (pentanal, benzaldehyd, 4-methoxybenzaldehyd, 4-nitro-benzaldehyd,
salicylaldehyd, pyridin-2-karbaldehyd) s 1-aminocyklopentankarbox-amidem* nebo (S)-2-
amino-2,3-dimethylbutanamidem.! Takto byly p¥ipraveny cyklické aminaly tj. odpovidajici
imidazolidin-4-ony 4a—g (Schéma 44). Cykliza¢ni reakce byla provedena za kyselé katalyzy
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kyselinou octovou zahtivanim vychozich latek v methanolu. Po krystalizaci byly ziskany

odpovidajici imidazolidin-4-ony 4a—g ve vytézcich 53-83 %.

0 HoN
Rl R3
+
H
H2N O
H R? %hcoou A ,
N N R
RL < RS oxidace Rl /< R3
HN o HN
4a-g 5a—g

4, 5a-i a: R'= CH3(CH,)s; b: R* = CgHs;: ¢: RY = 4-CH30CgH,; d: RY = 4-NO,CgH,;
e:R'= 2-HOCgHy; f: 2-pyridyl; pro R2=R®= (CHy,ag: R!= 2-pyridyl; pro R2=
CHg; R® = CH(CHy),.

Schéma 45 Metoda syntézy 4,4-dialkyl-2-pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-ont 5a-g, zaloZzena na

oxidaci ptislusnych imidazolidin-4-ont 4a-g

Druhym reak¢nim krokem vedoucim na substituované 4,5-dihydro-1H-imidazol-5-ony 5a—g
byla oxidace pfipravenych imidazolidin-4-ond 4a—g (Schéma 45). Pro oxidac¢ni reakci byla
pouzita nasledujici oxida¢ni ¢inidla: palladium na uhlikovém nosici (Pd/C), 2,3-dichlor-5,6-
dikyan-1,4-benzochinon (DDQ) a aktivovany oxid mangani¢ity (MnO,). Z vysledku
uvedenych v tabulce vyplyva, Ze nejlepsi vysledky poskytuje Pd/C. Ve vétSiné piipadi je

vS8ak mozné preparativné vyuzit i obou levnéjSich variant (Tabulka 1).

Tabulka 1

Vytézky oxidace 1 — 2, pro jednotliva ¢inidla

katalyzator/vytézek [%0]

pokus produkt Pd/C DDQ MnO,
1 5a 80 25 65
2 5b 87 40 75
3 5¢c 83 73 77
4 5d 93 80 30
5 5e 72 77 67
6 5f 90 75 70
7 59 72 38 64
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Struktury pfipravenych produkti 4a-g, 5a—g byly ovéfeny pomoci 'H a ®C NMR
spektroskopie, EI-MS a elementarni analyzou. V piipadé 2-(4-nitrofenyl)-1,3-
diazaspiro[4.4]non-1-en-4-onu (5d) byla v NMR spektrech pozorovana piitomnost dvou
tautomernich forem, podobné jak bylo popsano a diskutovano v literatuie.?® Struktura
produktu 2-(2-hydroxyfenyl)-1,3-diazaspiro[4.4]nonan-4-onu (4e) a produktu jeho oxidace
2-(2-hydroxyfenyl)-1,3-diazaspiro[4.4]non-1-en-4-onu (5e) byla také potvrzena pomoci
rentgenostrukturni analyzy. Z ORTEP diagramu molekuly 4e (Obr. 12) je ziejmé Ze vSechny
vazebné vzdalenosti v heterocyklickém kruhu svou délkou odpovidaji vazbam
jednoduchym. Pouze v jednom ptipad¢ bylo pozorovano zkraceni vazebné délky mezi atomy
N3-Cl coz odpovidd amidickému charakteru NH-C=0O skupiny. Také meziatomova
vzdalenost C1-O2 odpovidd tomuto charakteru. Z velikosti hodnot vazebnych a
mezirovinnych thld v této molekule je zifejmé, ze heterocyklicky kruh je deformovan
vybocenim N4 atomu z heterocyklického kruhu a pouze pét atomt (C1, C2, C3, N3 a O2) je

V rovinném usporadani.

Obr. 12. ORTEP diagram latky 4e. Termalni elipsoidy jsou znazornény pii 30% pravdépodobnosti. Vybrané
vzdalenosti atomt [A] a Ghla [°]: O(2)-C(1) 1.242(2), C(1)-C(3) 1.516(3), C(3)-N(4) 1.483(3), N(4)-C(2)
1.465(3), C(2)-N(3) 1.475(2), N(3)-C(1) 1.323(3), O(2)-C(1)-C(3) 124.91(19), C(1)-C(3)-N(4) 102.51(15),
C(3)-N(4)-C(2) 105.38(14), N(4)-C(2)-N(3) 102.97(16), C(2)-N(3)-C(1) 111.82(17), N(3)-C(1)-C(3)
108.12(17), N(3)-C(1)-0O(2) 126.94(18)

Ob& molekuly 4e a 5e jsou si vzajemné podobné. Hlavni rozdil mezi nimi spociva ve
vyznamném zkraceni vzdalenosti délky vazby mezi N1-C1 v piipadé latky 5e (Obr. 13), coz

koresponduje s rozdilem mezi jednoduchou a dvojnou vazbou.*® Tato skutetnost, absence
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vodikového atomu na atomu N1 a planarita centralniho heterocyklického kruhu v této

molekule potvrzuje oxidaci latky 4e na latku 5e.

Obr. 13 ORTEP diagram latky 5e. Termalni elipsoidy jsou znazornény pti 30% pravdépodobnosti. Vybrané
vzdalenosti atom@ [A] a Ghla [°]: O(2)-C(2) 1.222(2), C(2)-C(3) 1.522(3), C(3)-N(1) 1.476(3), N(1)-C(1)
1.285(3), C(1)-N(2) 1.392(3), N(2)-C(2) 1.369(3), O(2)-C(2)-C(3) 128.50(19), C(2)-C(3)-N(1) 103,75(16),
C(3)-N(1)-C(1) 107.77(17), N(1)-C(1)-N(2) 114.03(18), C(1)-N(2)-C(2) 108,72(17), N(2)-C(2)-C(3)
105.73(17), N(2)-C(2)-O(2) 125.8(2)

Molekuly slouceniny 4e jsou vzajemné spojeny prostiednictvim vodikovych vazeb, takze
tvoti supramolekularni uspotfddani (Obr. 14). Elementarni buitka v krystalu latky 5e
obsahuje dvé molekuly, a vodikové vazby mezi molekuly 5e v krystalové miizce tvoii pouze
dimery spojenim amidickych skupin a imidazolového atomu dusiku, védzan¢ho na OH
skupinu prostfednictvim intramolekuldrni vodikové vazby, kterd fixuje koplanaritu

aromatického cyklu (Obr. 15).

Obr. 14 Uspotadani molekul slou¢eniny 4e v krystalu prostfednictvim systému vodikovych vazeb
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Obr. 15 Usporadani molekul slou¢eniny 5e v krystalu prostfednictvim systému vodikovych vazeb

Vyse uvedena oxidaéni metoda pripravy byla dale aplikovéana pro ptipravu substituovanych
4,4-dialkyl-2-pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-ont 8a,b z prislusnych
imidazolidin-5-ont 6a,b (Schéma 46).

H 1
O\(o R 2 ACOH/CHZ0H N R
N HZN% N R
| N
Boc H 0]

Boc CONH,

MnO,/PhH 6a,b

H
1 \@ 1
&N ) TFA/DCM ® N
4 2 </ 2
A~ OO
N N
Bc H O R H o
2 CF3CO,
7a,b 8ab
TEA (vzduch) ’
1 2
6-9| R R N Rl
d -[CHl4- Q\(:\ERZ
e | CHy  CH(CHy), N X%

9b
Schéma 46. Oxidaéni metoda pfipravy substituovanych 4,4-dialkyl-2-pyrrolidin-2-yl-4,5-dihydro-1H-
imidazol-5-onu 8a,b
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Reakci N-Boc-L-prolinalu se substituovanymi 2-aminopropanamidy byly nejprve pfipraveny
cyklické aminaly tj. (2S)-1-Boc-4,4-dialkyl-2-pyrrolidin-2-yl-imidazolidin-5-ony (6a,b) (66-
71%). V piipad¢ reakce (S)-2-amino-3-methylbutanamidu s (2S)-1-Boc-prolinaldehydem
vznikd rovnovazna smes piislusné Schiffovy baze a zddaného produktu 6¢ (Rlz H, R? =
CH(CHjy),), ktery se vSak nepodafilo isolovat. Nasledna oxidace cyklickych aminalt 6a,b
byla provedena oxidem mangani¢itym v benzenu (54-69%,). Piipravené 1-Boc-4,4-dialkyl-2-
pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-ony (7a,b) byly odchranény ptisobenim roztoku
kyseliny trifluoroctové v DCM. Takto pfipravené 2-pyrrolidin-2-yl-1,3-diazaspiro[4.4]non-
1-en-4-on (8a) a 4-isopropyl-5-methyl-2-pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-on (8b)
se vSak nepodafilo isolovat v opticky Cisté form¢. To znamend, Ze i v téchto pfipadech
dochazi k racemizaci na stereogennim centru pyrrolidinoveho skeletu. Pomoci 'H NMR
spektroskopie latky 8a v DMSO dg byla pozorovana vyména atomti vodiku v poloze 2 za
deuterium (Obr 16, Schéma 47).

a) 5% CF;COOH v DMSO
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b) 5% CF,COOD v DMSO.
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Obr. 16 'H NMR spektrum 2-pyrrolidin-2-yl-1,3-diazaspiro[4.4]non-1-en-4-onu (8a) a) 5% CF;COOH v
DMSO b) 5% CF;COOD v DMSO. Cas od piipravy vzorku k méfeni byl cca 1h.
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Schéma 47.

Z obrazku 5 je patrné snizeni intenzity signalti protonti v poloze 2 pyrrolidinoveho cyklu (6
4.73 ppm) v ptitomnosti CF3COOD. Z tohoto zjisténi je ziejmé, ze atom vodiku v poloze 2
pyrroloidinového kruhu je substituci 4,5-dihydro-1H-imidazol-5-onovym fragmentem
okyselen natolik, ze dochazi k vyméné protonti s prebytkem deuteronti v méteném prostiedi
a vyslednym efektem je racemizace.

Abychom se vyhnuli silné kyselému prostfedi, byl cykliza¢ni reakci latky 1g
ptipraven 2-(1-benzylpyrrolidin-2-yl)-1,3-diazaspiro[4.4]nonan-4-on (29g) a chranici skupina
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byla za neutralnich podminek odstranéna hydrogenolyzou (H,/Pd-C). Volna baze je vSak
nestala a velmi rychle podléha oxidaci za vzniku 2-(4,5-dihydro-3H-pyrrol-2-yl)-
1,3diazaspiro[4.4]non-1-en-4-onu (9b) (Schéma 46). Tento produkt oxidace 9b vsak jiz neni
sekundarnim aminem, a proto se nemuze uplatnit jako organokatalyzator pri asymetrické
syntézé. Z uvedenych experimentl vyplyva, ze nadéjné vypadajici organokatalyzatory typu
pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-onu na rozdil od pyrrolidin-2-yl-tetrazolu* a

pyrrolidin-2-yl-oxazolinu,*’ nejsou stalé a tedy nejsou vyuZitelné v organokatalyze.

3.2 2-(Pyridin-2-yl)-imidazolidin-4-onové ligandy a jejich méd’naté komplexy

Predmétem druhé navazujici €asti disertacni prace byla ptfiprava a charakterizace
opticky Eistych substituovanych 2-(pyridin-2-yl)-imidazolidin-4-ont 10-13 a jejich Cu?*
komplexi k ovéfeni jejich mozného vyuziti jako enantioselektivnich katalyzatori pro
Henryho reakci. Nitroaldolova (Henryho) reakce predstavuje jeden z dilezitych procest
organické syntézy, kdy vznika vazba uhlik—uhlik a je klicovym krokem syntéz mnoha
vyznamnych sloucenin. Asymetricka varianta Henryho reakce hraje vyznamnou roli pfi
syntéze fady zejména farmaceutickych prekurzori.*>***® Obecny protokol této asymetrické
syntézy vyzaduje pouziti vhodného chiralniho opticky ¢istého ligandu, ¢asto v kombinaci s
ionty kovii. V ptipadé nitroaldolové reakce se osvédc¢ily zejména komplexy50 s Cu™,

Rovnéz diive piipravené Cu®* komplexy odvozené od 2-(pyridin-2-yl)-4-isopropyl-
4-methyl-4,5-dihydro-1H-imidazol-5-ond  (Schéma 48.) byly ucinnymi katalyzatory
Henryho reakce. V ptipadé téchto komplexti vSak bylo dosazeno pouze nizké
enantioselektivity (pouze do 19% ee).*® Vzhledem k tomu, 7e jedna z popsanych metod
ptipravy substituovanych 4,5-dihydro-1H-imidazol-5-onl spoéiva v oxidaci substituovanych
imidazolidin-4-ond,*” byla otestovana enantioselektivita i tohoto typu ligandd, ktery je svoji
strukturou znaén& podobny s velmi zndamymi McMillanovymi organokatalyzatory.” Pfi
zaméné imidazol-5-onového skeletu za odpovidajici imidazolidin-5-onovy dochazi ke
vzniku druhého stereogenniho centra, diky kterému se ligand stdva flexibiln€j§im a
enantiomerni piebytek katalyzované reakce se znané zvysi. Podobny ptiklad byl pozorovan
u katalyzy Henryho reakce v piipadé Cu?* komplexti odvozenych od substituovanych
»pyridyl-imidazolidini® v porovnani s Cu® komplexy odvozenych od,,pyridyl-

imidazoling*.5
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Schéma 48. Substituované 4,5-dihydro-1H-imidazol-5-ony a substituované imidazolidin-4-ony 10-13

Navrzené ligandy 10-13 se navzdjem lisi polohou a v n€kterych ptipadech i poctem
methylskupin pfipojenych k imidazolidin-4-onovému cyklu, coz se projevi v rozdilné
geometrii odpovidajicich Cu®* komplexti s moZnym dopadem na katalytickou aktivitu
jednotlivych komplext.

Protoze nami navrzené ligandy 10-13 obsahuji dvé stereogenni centra v molekule (C-
2, C-5), bylo vhodné k ptipraveé opticky Cistych isomert vyuzit prekurzord nesoucich jedno
definované stereogenni centrum. Takovymi snadno dostupnymi prekurzory byly - (S)-2-
amino-2,3-dimethylbutanamid,"  (R)-2-amino-2,3-dimethylbutanamid,*  (S)-2-amino-3-
methylbutanamid (valinamid) a (S)-2-N-methylamino-2,3-dimethylbutanamid.”’ Cykliza¢ni
reakci téchto aminoamidi s pyridin-2-karbaldehydem nebo 2-acetylpyridinem vznika druhé
stereogenni centrum v poloze 2 imidazolidin-4-onového cyklu. Reakci pyridin-2-
karbaldehydu s (S)-2-amino-2,3-dimethylbutanamidem byly pfipraveny diastereoizomerni
(5S)-5-isopropyl-2-methyl-2-(pyridin-2-yl)imidazolidin-4-ony (10a,b) a reakci s (R)-2-
amino-2,3-dimethylbutanamidem  (5R)-5-isopropyl-2-methyl-2-(pyridin-2-yl)imidazolidin-
4-ony (10c,d). Ptipravené dvojice diastereoizomerti byly chromatograficky separovany na
jednotlivé opticky Cisté isomery tj. 10a a 10b resp. 10c a 10d.

Podobné po reakci 2-acetylpyridinu s (S)-2-amino-2,3-dimethylbutanamidem byla
piipravena diastereoizomerni smés chromatograficky separovana a byly ziskdny Ccisté
derivaty 1la a 11b. Analogicky, reakci valinamidu s 2-acetylpyridinem a naslednou
chromatografickou separaci byly pfipraveny opticky Cisté derivaty 12a a 12b, a kondenzaci
pyridin-2-karbaldehydu s (S)-2-N-methylamino-2,3-dimethylbutanamidem byly po separaci

diastereoizomerni smési ptipraveny opticky ¢isté 13a a 13b (Schéma 49).
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Schéma 49. Syntéza imidazolidin-4-ont 10-13

Cykliza¢ni reakce byla v pfipadé syntézy latek 10 a 13 provedena refluxem (8h)
v methanolu a katalyzovana kyselinou octovou. Pro pfipravu sloucenin 11 a 12 byl nejprve
pouzit 1,2-dichlorbenzen, z divodu nizsi reaktivity 2-acetylpyridinu. V piipadé derivatu 12
vSak byla pozorovana ¢aste¢na racemizace v poloze C5. Z tohoto diivodu bylo vyzkouSeno
n¢kolik rozpoustédel, pficemz reakce s uspokojivou rychlosti a bez racemizace probihala v
isopropylalkoholu. Struktura ptipravenych diastereoisomernich smési a opticky ¢istych
produkti byla ovéfena pomoci 'H a ®C NMR spektroskopie. Ve vSech piipadech
piipravenych diastereoisomernich smési byly naméfeny zdvojené signaly odpovidajici smési
dvou diastereoisomerd v poméru 1:1. Separace na opticky ¢isté isomery byly provedeny
pomoci sloupcové chromatografie na silikagelu s ptisluSnou mobilni fazi. Touto metodikou
se podafilo izolovat jednotlivé opticky Cisté isomery, jejichz piehled s uvedenim absolutnich

konfiguraci je uveden na Obr. 17.
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Obr. 17. Piehled ptipravenych opticky ¢istych substituovanych imidazolidin-4-ont 10a-d; 11a,b; 12a,b a

13a,b s uvedenim jejich absolutni konfigurace
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Absolutni konfigurace na imidazolidin-4-onovém cyklu slouceniny 10a byla
stanovena na zaklad¢ rentgenostrukturni analyzy. Z Obr. 18. je patrna R-konfigurace
Vv poloze 2 vzhledem ke znamé S-konfiguraci v poloze 5. Z uvedeného divodu musi byt u

diastereoisomeru 10b konfigurace S v poloze 2.

c4 C3

Fee
Clz c11

Obr. 18. ORTEP diagram latky 10a. Termalni elipsoidy jsou znazornény pii 30% pravdépodobnosti

Sloucenina 10c ma zapornou, ale v absolutni hodnoté shodnou otacivost se
slou¢enou 10a, rovnéz NMR spektra obou latek jsou identickd. To potvrzuje, ze obé
slouceniny jsou navzajem enantiomerni a konfigurace latky 10c je 2S, 5R. Sloucenina 10d je
epimerem se slou¢eninami 10a, 10c a epimerem se slouc¢eninou 10b, a proto konfigurace
latky 10d je 2R, 5R. U sloucenin 11a a 12a byla jejich absolutni konfigurace stanovena na
zéklad¢ rentgenostrukturni analyzy odpovidajicich Cu? komplexti 14a - 16a. Tyto
komplexy byly pfipraveny reakci ligandii 10a - 12a s octanem méd’natym v methanolu pii

laboratorni teploté (Schéma 50).

Cu(OAc), N

10a, 11a,12a ——— ¢ . \ _2:0
AcO-C?\r"N

iep B8
AcO H3C/\CH3

1l4a-16a

14a: R'= H; R?= H; R®= CHg;
15a: R'= CHg; R%= H; R®= CHj;
16a: R'= CHg; R%= H; R®= H

Schéma 50. Piprava komplext 14a — 16a
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Vzhledem ke znamé S-konfiguraci v poloze 5 u obou komplexi 15a a 16a jsou
z obrazku 8 patrné R-konfigurace v poloze 2 imidazolidin-4-onového cyklu. To znamena, ze

odpovidajici diastereoisomerni slouc¢eniny 11b a 12b musi mit v poloze 2 konfiguraci S.

14a 15a 16a

Obr 19. ORTEP diagram latek 10a, 15a, 16a . Termalni elipsoidy jsou znizornény pii 30% pravdépodobnosti

U sloucenin 10b, 13a a 13b byla absolutni konfigurace na stereogennich centrech tj.
na uhlikovych atomech 2 a 5 ur&ena pomoci "H NMR 1D NOESY pulzni sekvence.’* Ve
vSech pripadech byly separatné excitovany proton uhliku 2 a protony methylskupiny na
uhliku 5. V piipad¢ slou¢eniny 10b vedla selektivni excitace CH protonu (J 5.60) k navySeni
signalu methylskupiny pfi posunu ¢ 1.30, coZ znaci jejich vzajemné syn uspotfadani (Obr.
20.). Tento vysledek byl zpétn€ ovéren tim, Ze pii selektivni excitaci protond methylskupiny
(0 1.30) doslo ke zvySeni intenzity signalu CH pii posunu ¢ 5.60 (Obr. 20.). Z téchto
vysledkd je patrné, Ze absolutni konfigurace slouceniny 10b je 2S, vzhledem ke znamé
konfiguraci 5S, coz je v souladu s vysledky rentgenostrukturni analyzy. U slouceniny 13a
byla provedena selektivni excitace CH protonu (6 5.20) kterd neprokdzala NOE u
methylskupiny v poloze 5 pii posunu J 1.25, ale pouze u N-CHj; skupiny a jedné
methylskupiny v isopropylskuping. Z tohoto zjisténi vyplyva anti orientace CH a CH3 (Obr.
20) a absolutni konfigurace slouceniny 13a je 2S, vzhledem ke znamé konfiguraci 5S.
V piipadé slouceniny 13b byly pti NOE analyze ziskany vysledky opacné nez v piipadé
slouceniny 13a, tj. syn orientace CH a CH3 (Obr. 20) a absolutni konfigurace u slou¢eniny
13b je 2R, 5S.
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10b(2S,5S) 13a(2S,5S) 13b(2R,5S)

Obr 20. 'H NMR 1D NOESY experimenty u slougenin 10b, 13a,b

3.3 Studium enantioselektivity pripravenych derivata a jejich komplext

3.3.1 Organokatalyza

Ve treti Casti disertacni prace byly testovany chiralni opticky ¢isté slouceniny 3a-c
jako organokatalyzatory aldoliza¢ni reakce 4-nitrobenzaldehydu s cyklohexanonem vedouci
na 2-[hydroxy(4-nitrofenyl)methyl]cyklohexanon 15. Tento typ organokatalyzy je
v literatuie® oznacovan terminem ,enamine catalysis“ a kromé sekundarniho aminu
vyzaduje také pritomnost kyselé funkéni skupiny v molekule organokatalyzatoru (napf.
CO,H, CONHR ap.).****" Vliv reakénich podminek na diastereo- a enantioselektivitu

aldoliza¢ni reakce pro slouc¢eniny 3a-c je uveden v Tabulce 2.

H NH>O H NH_ CH; H NH
H,NOC H,NOC  3—CHz  HoNOC »—CHs
HaC HaC
3a 3b 3c
o) o) O OH
*
+ H kat. 20 mol%‘
No, 2°°C NO,
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Tabulka 2 Vysledky aldolové reakce cyklohexanonu a 4-nitrobenzaldehydu za rozdilnych podminek pfi

katalyze slouc¢eninami 3a-C

pokus latka prostiedi Gas (dny)  vytezek® (%)  drisyn:anti  ee® (%)
1 3a DMF, TFA (10%) 7 60 16:84 55
2 3a DMF 3 70 2377 19
3 3a  MeOH, TFA (10%) 3 85 23:77 68
4 3a MeOH, TFA (20%) 4 70 26:74 62
5 3a MeOH, TFA (30%) 4 70 25.75 67
6 3a MeOH, HCI (10%) 90 50 7:93 89
7 32 MeOH, AcOH (10%) 3 80 25:75 19
8 3a MeOH, PhCOOH (10%) 3 80 21:79 30
9 32 MeOH, (S)-CSA(10%) 7 18 17:83 31
10 32 MeOH, (R)-CSA(10%) 7 20 13:87 35
11 32 MeCN, TFA (10%) 4 80 28:73 65
12 32 THF, TFA (10%) 4 80 28:73 60
13 3a H,0, TFA (10%) 4 75 10:90 2
14 3b MeOH, TFA (10%) 3 80 18:82 38
15 3c MeOH, TFA (10%) 3 75 21:79 79

A Vytezek a diastereomerni prebytek byl stanoven pomoci “H NMR surového produktu.
® Enantiomerni prebytek byl stanoven pomoci HPLC na chirdlni koloné pro anti-diastereoizomer.

Tabulka 2 zahrnuje vliv celkové doby reakce, rozpoustédla, pouzité kyseliny, jeji
koncentrace, na celkovy vytézek, na diastereoselektivitu a na ee.

Nejprve byla testovana sloucenina 3a (pokusy 1-13). Vychozi podminky reakce 4-
nitrobenzaldehydu s cyklohexanonem (pokus 1) byly nastaveny podle lit,**" kde pro stejnou
reakci a pifi pouziti  (S)-N-(2-methyl-5-nitrofenyl)pyrrolidin-2-karboxamidu  jako
organokatalyzatoru bylo dosaZeno diastereomerniho poméru 97:3 a 96 % ee. V nasem
piipadé bylo za stejnych podminek dosazeno pouze 55% ee. K ovéteni vlivu kyselé katalyzy
byla reakce provedena v samotném DMF (pokus 2), coz vedlo k dalsimu poklesu ee. Dale
byl testovan methanol sriznym obsahem trifluoroctové kyseliny (TFA) (pokus 3-5).
V porovnani s pfedchozimi ptipady doSlo ke zvySeni optického vytézku az na 68% ee,
pii¢emz vliv koncentrace TFA byl nevyznamny. Nejlepsiho vytézku, a to jak z hlediska
diasteroselektivity (7:93), tak i z hlediska enantioselektivity (89% ee), bylo dosazeno pfi

pouziti kyseliny chlorovodikové (pokus 6). Nevyhodou tohoto provedeni je vSak pomaly
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prabéh reakce, kdy 50% konverze bylo dosazeno az za 90 dni. Dale byly testovany jiné
kyseliny (pokusy 7-10): octova, benzoova a obé R a (S)kafr-10-sulfonové kyseliny.
V porovnéni s TFA a HCI doslo vyznamnému poklesu enantioselektivity a obé opticky Cisté
kafr-10-sulfonové kyseliny poskytly vytézky pouze 31-35% ee. Zména rozpoustédel
(MeCN: Pokus 11 a THF: pokus 12) nevedla k vyraznéjsimu zvySeni diastercoselektivity
nebo enantioselektivity. Pouziti vody jako reakéniho prosttedi se ukédzalo nejméné
efektivnim (pokus 13). Za srovnatelnych podminek byly dale testovany slouc¢eniny 3b a 3c
(pokusy 14-15). Ve srovnani se slouceninou 3a maji tyto organokatalyzatory dalsi
stereogenni centrum, coZz by podle 1it.>® mohlo vést k dal§imu zvyseni enantiomerniho
prebytku. Porovname-li vSak slouceniny 3a (pokus 3) a 3c (pokus 15) rozdil ¢ini jen 11 %
ee. Pfi porovnani slouceniny 3b (pokus 14) a slouceniny 3¢ (pokus 15) doslo vlivem

methylsubstituce k cca na polovi¢nimu snizeni ee.

3.3.2 Katalyza komplexy (Henryho reakce)

V dalsi casti prace byla testovana nitroaldolova (Henryho) reakce benzaldehydu,
substituovanych benzaldehydu, cyklohexankarbaldehydu, pentanalu a 2,2-dimehylpropanalu
s nitromethanem poskytujici odpovidajici substituované 2-nitroethanoly (Tabulka 3 a 4).
Jako katalyzatort bylo pouzito in situ pfipravenych komplexti octanu médnatého s vyse
ptipravenymi opticky ¢istymi ligandy 10a-d; 1l1a,b; 12a,b a 13a,b. Pro jednotlivé ligandy
jsou Tabulce 4 uvedeny dosazené hodnoty enantiomernich vytézki a chemické vytézky
z konverze, stanovené pomoci "H NMR surového produktu, v zavorce jsou uvedeny vytézky
isolovaného produktu.®® V pripads ligandii 10a a 10c (pokus 1 a 3) bylo dosaZeno prakticky
stejného chemického vytézku a enantioselektivniho ptebytku pro odpovidajici 1-fenyl-2-
nitroethanolu s opacnymi konfiguracemi (>97% a 92% ee pro (R) izomer, resp. >97% a 91%
ee pro (S) izomer). Uvedené zjisténi je v souladu s tim, ze ligandy 10a a 10c jsou
enantiomery. V ptipad¢ enantiomert 10b a 10d (pokus 2 a 4) jsou vysledky navzajem
srovnatelné, ale s vyrazné niz$imi enantioselektivnimi prebytky (25% ee pro (S) izomer resp.
27% ee pro (R) izomer) nez v ptipadech 10a a 10c. Stejné zaveéry vyplyvaji i v porovnani
ligandti 11a s 11b (pokus 5 a 6), 12a s 12b (pokus 7 a 8) a 13a s 13b (pokus 9 a 10).
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0 OH
A H CH3NO,; ligand 5 mol% X NO;

[ Cu(OAc),; ethanol; 10 °C |/ _—
R R

Tabulka 3. Pehled vysledka testovanych liganda pro asymetrickou nitroaldolovou (Henry) reakci

pokus ligand R ¢as (h) Z(}gioz/f )k ee ‘(%)
1 10a H 36 >97 (68) 92(R)
2 10b H 48 85 (55) 25(S)
3 10c H 36 >97 (70) 91(S)
4 10d H 48 84 (52) 27(R)
5 11a H 36 >97 (63) 89(R)
6 11b H 48 80 (49) 23(S)
7 12a H 36 >07 (61)  62(R)
8 12b H 48 90(55) 63(S)
9 13a H 48 78 (42) 15(R)
10 13b H 48 0

11 10a 2-OCHj 30 >97 (68) 92(R)
12 11a 2-OCHj 30 >97 (65) 89(R)
13 12a 2-OCHj 30 >07 (70)  63(R)
14 10a 4-NO, 24 >97 (89) 90(R)
15 11a 4-NO, 24 >07(90)  88(R)
16 12a 4-NO, 24 >97(88)  61(R)

aKonverze byla stanovena pomoci *H NMR spektroskopie;
b Vytezky po chromatografické cisteni;
¢ Enantiomerni prebytek byl stanoven pomoci HPLC na chirdlni koloné OD-H.

Z naméfenych vysledkd uvedenych v Tabulce 3 vyplyva, Ze Cu?* komplexy
odvozené od ligandi majicich anti uspotfadani (10a, 10c, 1la, 12a a 13a) jsou vyrazné
ucinnéjSimi  katalyzatory v porovnani s komplexy odvozenymi od ligandi majicich

uspofadani syn. Toto zjisténi je v souladu s difve publikovanymi vysledky>*® 30¢ 504509t ¢

v piipadg, pokud aldehyd je jako reaktivni species koordinovan na Cu®* iont v poloze trans
vici pyridylskuping.

Vysledky uvedené v Tabulce 3 byly dale porovnany z hlediska Uc¢innosti Cu?®
komplext odvozenych od ligandt s uspofadanim anti, které se lisi polohou methylskupiny
na imidazolidin-4-onovém skeletu. Zavedeni dal$i methylskupiny do polohy 2- ligandu vede
k nepatrnému snizeni enantioselektivity viz. 10a, 11a (pokus 1, 5; 92% ee a 89 % ee). Na
druh¢ strané je vsSak ligand 11a mnohem vice stabilngjsi nez ligand 10a, protoze nemuze
podléhat racemizaci vymé&nou protonu®® nebo snadné oxidaci na substituovany 4,5-dihydro-
1H-imidazol-5-on.*? Vyznamné sniZeni enantioselektivity bylo piekvapivé pozorovéno u
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komplexu odvozeného od ligandu 12a (pokus 7, 13, 16; 62% ee, 63% a ee 61% ee), kde byla
methylskupina v poloze 5 nahrazena atomem vodiku. Z toho vyplyva, ze tento derivat,
odvozeny od kédované aminokyseliny (L-valin) je mén¢ selektivni nez derivaty odvozené
od chiralni aminokyseliny s kvarternim o-uhlikem. Ty maji naproti aminokyselindm
obsahujicich na a-uhliku atom vodiku obecnou vyhodu v tom, Ze nepodléhaji racemizaci.
methylskupiny na atom dusiku v poloze 1, tj. u komplexu odvozeného od ligandu 13a
(pokus 9). K tomuto vyraznému snizeni enentioselektivity velmi pravdépodobné dochazi z
davodu zhorsenych koordinacnich schopnosti ligandu. Stejny charakter vlivu
methylsubstituce u ligandi 10a - 12a je rovnéz patrny ve druhé ¢asti Tabulky 3 kdy byla
sledovana nitroaldolizacni reakce 2-methoxybenzaldehydu (pokus 11-13) resp. 4-
nitrobenzaldehydu (pokus 14-16) s nitromethanem.

V Tabulce 4 byly porovnany jednotlivé vytéZky pro nitroaldolizaéni reakci
nitromethanu s rozdilné¢ substituovanymi benzaldehydy a dal$imi aldehydy jako jsou
cyklohexankarbaldehyd, pentanal a 2,2-dimethylpropanal za katalyzy komplexem octanu

médnatého s ligandem 10a.
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0]

)J\ + CH3N02

A H

Tabulka 4. Henryho reakce nitromethanu s riznymi aldehydy katalyzovana méd’natymi komplexy

odvozenych od ligandu 10a

ligand 10a 5 mol%

Cu(OACc),; ethanol

OH
A)*\/ NO>

pokus A gas (h) temp. (°C) vytezek * (%) ee (%)
1 Ph 36 10 >97 (66) 92
2 2-CH;0Ce¢H, 30 10 >97 (68) 92
3 4-CICgH4 36 10 >97 (64) 90
4 4-FCgH,4 36 10 >97 (54) 89
5 4-PhCgH,4 36 10 >97 (77) 92
6 2-NO,CgHa 24 10 >97 (81) 90
7 4-BrCeH, 36 10 >97 (80) 92
8 4-CNCgH4 30 10 >97 (87) 90
9 4-NO,CgH, 30 10 >97 (89) 90
10 cyklohexyl 72 18 86" 92
11 n-Bu 72 18 82° 87
12 t-Bu 72 18 87" 96

2Konverze byla stanovena pomoci *H NMR spektroskopie;

b Vytezky po chromatograficke cisteni,

¢ Enantiomerni prebytek byl stanoven pomoci HPLC na chirdlni koloné OD-H nebo AD-H.

Z vysledkli uvedenych v Tabulce 4 je patrny minimalni vliv substituce na

benzenovém jadie substituovanych benzaldehydl na enantioselektivitu reakce (pokus 1-9).

V piipadé alifatickych aldehydd probihala nitroaldolizacni reakce pomaleji (pokus 10-12).

Nejvyssiho enantioselektivniho pifebytku bylo dosazeno v pfipadé objemného a 2,2-

dimethylpropanalu (pokus 12, 96% ee).
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Zavér

Bylo ovéteno, Zze navrzené organokatalyzatory typu pyrrolidin-2-yl-4,5-dihydro-1H-
imidazol-5-onu nejsou chemické stalé, podléhaji snadno oxidaci a tedy nemohou byt
vyuzitelné v organokatalyze. Vyhodnymi z hlediska aplikaci v organokatalyze, se vSak jevi
jejich prekurzory tj. N-(1-karbamoylcyklopentyl)-(S)-prolinamid 3a a (1S)-N-(1-karbamoyl-
2-methylpropyl)-(S)-prolinamid 3c. Tyto organokatalyzatory pomérné uspésné kytalyzovaly
reakci 4-nitrobenzaldehydu s cyklohexanonem a to svytézky 68% ee a 79% ee. Jako
optimalni reakéni prostfedi se ukdzal systém methanol s obsahem 10% TFA. NejlepSiho
vytézku vsak bylo dosazeno pii pouziti systému methanol 10% HCI. V tomto piipadé bylo
dosazeno vysoké diastereoselektivity (7:93), a enantioselektivity (89% ee), reakce se vSak
vyrazné zpomalila. Z uvedenych zjisténi je patrné, ze vySe jmenované slouceniny 3a a 3C
maji vysoky katalyticky potencidl.

Ve druhé navazujici ¢asti disertacni prace jsem se zaméfil na syntézu a charakterizaci
opticky &istych substituovanych 2-(pyridin-2-yl)imidazolidin-4-oni a jejich Cu®* komplexii
k ovéfeni jejich mozného vyuziti jako enantioselektivnich Lewisovych katalyzatori pro
Henryho reakci. Imidazolidin-4-ony jsou méné rigidni diky sp® konfiguraci na uhlikovém
atomu v poloze 2 v porovnani s 4,5-dihydro-1H-imidazol-5-ony,** coz podle ptedpokladu
vedlo k dramatickému zvySeni enantioselektivity u Henryho reakce katalyzované
odpovidajicimi Cu?* komplexy (z 19% ee na az 96% ee). Geometrie vzniklého Cu?*
komplexu urCuje enantioselektivitu Henryho reakce, kterd v pfipadé¢ anti uspotfadani
poskytuje 91-96% ee. V piipadé syn usporadani v imidazolidin-4-onovém skeletu dochazi
k vyznamnému poklesu az na 25-27% ee. Rovnéz poloha methylskupiny na imidazolidin-4-
onovém skeletu podstatnym zpisobem ovliviiuje enantioselektivitu odpovidajicich
komplexii. SniZeni enantioselektivity bylo pozorovano u komplexu odvozeného od ligandu
12a (61-63% ee), kde byla methylskupina v poloze 5 nahrazena atomem vodiku.
K nejvyznamnéjsimu poklesu enantioselektivity (15% ee) v piipadé¢ ligandu 13a vSak
dochazi zavedenim methylskupiny na atom dusiku v poloze 1. Zuvedenych zjisténi je
patrné, Ze vySe jmenované pripravené ligandy na bazi ,,pyridilimidazolidinonu® jsou
relativné snadno pfipravitelné, stabilni a maji vysoky katalyticky potencial pro Henryho

reakci, piipadné mohou v budoucnu nalézt uplatnéni 1 pti organokatalyze dalSich reakei.>
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1a—g

CHg; R® = CH(CHa),

1 s ondaion R/ T
R R Oxidation R
HN
(0]

1, 2a-i a: R'= CH5(CH,)3; b: R' = CgHg; ¢: R' = 4-CH;0C4H,; d: R" = 4-NO,CgHy;
e: R" = 2-HOCgH,; f: 2-pyridyl; for R?= R® = (CH,), and g: R" = 2-pyridyl; for R?=

HN

2a—g

The reaction of aldehydes (pentanal, benzaldehyde, 4-methoxybenzaldehyde, 4-nitrobenzaldehyde,
salicylaldehyde, pyridin-2-carbaldehyde) with 1-aminocyclopentancarboxamide or (S)-2-amino-2,3-dime-
thylbutanamide has been used to prepare substituted imidazolidin-4-ones la-g (a: R' = CH;(CHy)s; b:
R' = C¢Hs; ¢: R' = 4-CH;0C¢Hy; d: R' = 4-NO,CgHy; e: R! = 2-HOC¢H,; f: R' = 2-pyridyl; for R?
=R? = (CHy),), and g: R' = 2-pyridyl; for R* = CHj;; R?> = CH(CH3),) in the yields of 53-83%. Sub-
sequent oxidations with various reagents gave the corresponding 4,5-dihydro-1H-imidazol-5-ones 2a-g:
Pd/C (72-93%), DDQ (25-80%), and MnO, (30-77%). Structure of the prepared compounds la—-g and
2a-g was verified by '"H NMR and '>C NMR spectroscopy, EI-MS and elemental analysis. X-ray dif-
fraction was performed in the case of compounds le and 2e.

J. Heterocyclic Chem., 47, 1356 (2010).

INTRODUCTION

A number of substituted 4,5-dihydro-1H-imidazol-5-
ones belong among still applied selective and non-toxic
herbicides [1]. Our previous articles dealt with their syn-
thesis, characterisation, and study of mechanism of their
formation [2]. Other possible applications of 4,5-dihy-
dro-1H-imidazol-5-ones lie in their use as ligands that
form coordination compounds with selected metal ions
[3]. Some of such complexes have been successfully
adopted as catalysts of deallylation reactions of diallyl
malonates [3b,f] in the Henry reaction [3c,e], or in allyl
oxidation [3i]. Another example of application of this
heterocyclic system is represented by 2-butyl-1,3-diazas-
piro[4.4]non-1-en-4-one, which is an important starting
compound for the synthesis of medical drug Irbesartan
(2-butyl-3-[[2'-(1H-tetrazol-5-yl)-[1,1’-biphenyl]-4-ylJmethyl]-
1,3-diazaspiro[4.4]-nonen-4-on). Irbesartan is an antago-
nist of angiotensin II and is clinically applied in the
treatment of hypertension [4].

Irbesartan

The existing methods of synthesis of 2-butyl-1,3-dia-
zaspiro[4.4]non-1-en-4-one use the acylation of amide
or nitrile of l-aminocyclopentancarboxylic acid with
pentanoic acid chloride followed by ring closure reaction
[5]. Another method of preparation of 2-butyl-1,3-

© 2010 HeteroCorporation
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diazaspiro[4.4]non-1-en-4-one consists in acid catalyse
condensation of ethyl 1-aminocyclopentancarboxylate with
ethyl pentanimidate [6]. The third synthetic way described
is based on the reaction of 1-aminocyclopentanecarboxa-
mide with trimethyl orthopentanoate [7]. The described
variant of synthesis of 2-butyl-1,3-diazaspiro[4.4]non-1-
en-4-one is the reaction of pentanoic acid with 1-aminocy-
clopentannitrile [8]. The aim of the research described
here is to elaborate a new alternative synthetic method for
2-butyl-1,3-diazaspiro[4.4]non-1-en-4-one and other sub-
stituted 4,5-dihydro-1H-imidazol-5-ones. This alternative
adopts oxidation of substituted imidazolidin-4-ones to give
4,5-dihydro-1H-imidazol-5-ones.

RESULTS AND DISCUSSION

The reaction of aldehydes (pentanal, benzaldehyde, 4-
methoxybenzaldehyde, 4-nitrobenzaldehyde, salicylalde-
hyde, pyridin-2-carbaldehyde) with 1-aminocyclopentan-
carboxamide [5] or (S)-2-amino-2,3-dimethylbutanamide
[1] was used to prepare cyclic aminals, i.e., the corre-
sponding imidazolidin-4-ones la-g (a: R' = CH;(CH,)5;
b: R' = C¢Hs; ¢: R!' = 4-CH;0C¢H,; d: R' = 4-
NO,C¢Hy; e: R! = 2-HOC(H,; f: R' = 2-pyridyl; for R?
= R® = (CH,),) and g: R' = 2-pyridyl; for R* = CHj;
R? = CH(CHs),) (Scheme 1). The ring closure reaction
was performed with acid catalysis (acetic acid) by heating
the starting substances in methanol. Recrystallization gave
the respective imidazolidin-4-ones la—i in the yields of
53-83%. In the case of (5S)-4-isopropyl-4-methyl-2-(pyri-
din-2-yl)imidazolidine-4-one (1g), the reaction creates
another chiral centre at the carbon atom at 2-position of
the imidazolidin-4-one cycle. In this case, the reaction
produces a diastereomeric mixture with the configurations
2S, 58 and 2R, 5S, in the ratio of 1:1, which resulted in
doubling of signals in the NMR spectra.

The second reaction step leading to the substituted 4,5-
dihydro-1H-imidazol-5-ones 2a-g was the oxidation of the
prepared imidazolidin-4-ones la—g (Scheme 1). The fol-

Scheme 1
R2
0 HoN
R R®
+
H
HoN o)
H R? / 2
N N R
3 -
R < R oxidation R’ /< R?
_—_—
HN 5 HN
1a—g S

2a-g

1, 2a-i a: R'= CHy(CH,)s; b: R' = CgHs; c: R' = 4-CH3;0C4H,; d: R' = 4-NO,CgH,;
e: R" = 2-HOCgH,; f: 2-pyridyl; for R?= R® = (CH,), and g: R" = 2-pyridyl; for R?*=
CHg; R® = CH(CH3),
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Table 1
Oxidations 1 — 2, yields obtained with individual reagents.
Catalyst/yield [%]

Entry Product Pd/C DDQ MnO,
1 2a 80 25 65
2 2b 87 40 75
3 2¢ 83 73 77
4 2d 93 80 30
5 2e 72 77 67
6 2f 90 75 70
7 2g 72 38 64

lowing oxidizing agents were used for this oxidation reac-
tion: palladium on carbon carrier (Pd/C), 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ), and activated manga-
nese (IV) oxide (MnO,). The results presented in the fol-
lowing table show that the first method (Pd/C) gives the
highest yields; however, in most cases the other two
(cheaper) variants are also applicable (Table 1).

Structures of the prepared products la—i and 2a-i
were verified by '"H NMR and '*C NMR spectroscopy,
EI-MS and elemental analysis. In the case of 2-(4-nitro-
phenyl)-1,3-diazaspiro[4.4]non-1-en-4-one  (2d), the
NMR spectra revealed the presence of two tautomeric
forms; a similar case was described and discussed in
Ref. 2b,c. The structure of product 2-(2-hydroxyphenyl)-
1,3-diazaspiro[4.4]nonan-4-one (le) and its oxidation
product  2-(2-hydroxyphenyl)-1,3-diazaspiro[4.4]non-1-
en-4-one (2e) was also verified using X-ray diffraction.
In molecule 1e (Fig. 1), the bond distances in the central
heterocyclic ring clearly show that all of them are single
bonds. The only shortening of bond length is found in
the case of N3—C1 bond, which can be attributed to the

Figure 1. Molecular structure of le, ORTEP 30% probability level.
Selected interatomic distances [A] and angles [°]: O(2)—C(1) 1.242(2),

C(1)—C(3) 1.516(3), C(3)—N(4) 1.483(3), N#A—C(2) 1.465(3),
C(2)—N(@3) 1.475(2), N(3)—C(1) 1.323(3), O(2)—C(1)—C(3) 124.91(19),
C(H)—C@B)—N@#) 102.51(15), C@B)—N@#)—C(2) 105.38(14), N@#)—
C(2)—N(3) 102.97(16), C(2)—N@)—C(1) 111.82(17), N(3)—C(1)—C(3)
108.12(17), N(3)—C(1)—0(2) 126.94(18).
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Figure 2. Molecular structure of 2e, ORTEP 30% probability level.
Selected interatomic distances [A] and angles [°]:0(2)—C(2) 1.222(2),
C(2)—C(3) 1.522(3), C(3)—N(1) 1.476(3), N(1)—C(1) 1.285(3), C(1)—
N(2) 1.392(3), N(2)—C(2) 1.369(3), O(2)—C(2)—C(3) 128.50(19),
C(2)—C(@3)—N(1) 103,75(16), C(3)—N(1)—C(1) 107.77(17), N(1)—
C(1)—N(2) 114.03(18), C(1)—N(@2)—C(2) 108,72(17), N(2)—C(2)
—C(3) 105.73(17), N(2)—C(2)—0(2) 125.8(2).

amido-character of the whole NH—C=O group. Also
the C1—O2 interatomic distance corresponds to this
character. From the values of bond angles and interpla-
nar angles in this molecule is seen that the central ring
is fairly deformed by a distortion of N4 atom from the
ring core, and only five atoms (C1, C2, C3, N3, and
02) tend to lie in a plane.

Both molecules le and 2e are mutually similar. The
main difference between them consists in the significant
shortening of N1—C1 distance in the case of 2e (Fig. 2),
which corresponds to a typical double bond [9]. This
fact the absence of the hydrogen atom at N1 atom and
high degree of planarity of the central heterocyclic ring
in this molecule are a proof of the oxidation of le—2e.

The molecules of compound 1le are interconnected to
the layered supramolecular structure via H-bonding
(Fig. 3). In the case of compound 2e, two independent
molecules were found in the crystal unit cell. The
H-bonding in compound 2e is slightly less extensive,

Figure 3. Crystal packing diagram of le with hydrogen bonding
system.
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Figure 4. Crystal packing diagram of 2e with hydrogen bonding
system.

and only dimers are formed by the connection of amido
group, and the imidazole nitrogen atom is connected to
the O—H group via the intramolecular H-bond which
fixed up the coplanarity of the aromatic ring (Fig. 4).

EXPERIMENTAL

If not stated otherwise, the starting substances were purchased
from Sigma-Aldrich. The melting point temperatures have not
been corrected. '"H NMR and '*C NMR spectra were recorded
on a Bruker Avance 500 instrument (500.13 MHz for 'H, and
125.77 MHz for '2C). Chemical shifts & are referenced to sol-
vent residual peak (2.50 ppm 'H, 39.43 ppm "*C for DMSO—d,,
and 7.26 ppm 'H, 77.00 ppm '*C for CDCls). The mass spectra
were measured with a set of Agilent Technologies (gas chroma-
tograph 6890 N with mass detector 5973 Network); (the samples
were dissolved in dichloromethane or acetone). The elemental
microanalysis was carried out using an apparatus of FISONS
Instruments EA 1108 CHN. The optical rotation was measured
on a Perkin—Elmer 341 instrument; the concentration ¢ was
given in g/100 mL (Optical rotatory power determination).

Crystallography. The X-ray data for colorless crystals of
le and 2e were obtained at 150 K using an Oxford Cryostream
low-temperature device on a Nonius KappaCCD diffractometer
with Mo K, radiation (A = 0.71073 10\), a graphite monochro-
mator, and the ¢ and yx scan mode. Data reductions were per-
formed with DENZO-SMN [10]. The absorption was corrected
by integration methods [11]. Structures were solved by direct
methods (Sir92) [12] and refined by full matrix least-square
based on F? (SHELXL97) [13]. Hydrogen atoms were mostly
localized on a difference Fourier map; however, to ensure uni-
formity of treatment of crystal, all the hydrogen atoms were
recalculated into idealized positions (riding model) and
assigned temperature factors Hjy, (H) = 1.2 U.y(pivot atom) or
of 1.5 Ugq for the methyl moiety with C—H = 0.96, 0.97,
0.98, and 0.93 A for methyl, methylene, methane, and aro-
matic-ring hydrogen atoms, respectively; 0.86 A or 0.93 A for
N—H, and 0.82 A for O—H bonds. The crystallographic data
for structural analysis have been deposited with the Cambridge
Crystallographic Data Centre, CCDC no. 757,260 and 757,259
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for 1le and 2e, respectively. [(Copies of this information may
be obtained free of charge from The Director, CCDC, 12
Union Road, Cambridge CB2 1EY, UK (fax: +44-1223-
336033; e-mail: deposit@ccdc.cam.ac.uk or www: http://www.
ccde.cam.ac.uk.)] In Figure 2, there is a disordered cyclopentane
ring. The disorder was treated by splitting of carbon atoms into
two positions with similar occupancy.

General method of preparation of imidazolidin-4-ones
(la—g). A mixture of l-aminocyclopentancarboxamide [5a]
(4.35 g; 34 mmol) or (S)-2-amino-2,3-dimethylbutanamide [1]
(4.40 g; 34 mmol) and the respective aldehyde (37 mmol), in
methanol (20 mL) with a drop of acetic acid was refluxed
12 h. The mixture was evaporated, and the residue was recrys-
tallized from the solvent given.

2-Butyl-1,3-diazaspiro[4.4]nonan-4-one (la). Yield: 6.3 g
(96%); mp 72-74°C (hexane). 'H NMR (CDCl5): & 0.85-0.87
(m; 3H, CHj), 1.25-1.32 (m; 4H, (CH,),), 1.36-1.54 (m; 2H,
CH,), 1.55-1.64 (m; 6H, (CH,)3), 1.82-1.88 (m; 2H, CH,), 4.23
(t; 1H; J = 6 Hz; CH), 8.13 (s; 1H; NH). '>C NMR (CDCls,
ppm): & 13.7, 224, 25.1, 25.2, 26.7; 36.1; 36.5; 37.5; 68.5; 69.2;
182.0. Anal. Calcd. for C;{HyoN,O (196) (%): C, 67.31; H,
10.27; N, 14.27; found: C, 67.22; H, 10.38; N, 14.58.

2-Phenyl-1,3-diazaspiro[4.4]nonan-4-one (1b). Yield 2.49 g
(79%); mp 136-138°C (ethyl acetate/hexane); '"H NMR
(CDCl3): 6 1.49-1.76 (m, 7H), 1.81-1.90 (m, 1H), 3.13 (d, J
= 8.0 Hz, 1H, NH), 5.35 (d, / = 8.0 Hz, 1H, CH), 7.30-7.44
(m, 5H, Ar), 8,55 (s, 1H, NHCO)."?C NMR (CDCl5): &: 25.1,
25.2, 36.4, 37.2, 68.9, 69.7, 127.0, 128.4, 128.5, 142.1, 180.3.
EI-MS: m/z 216, 187, 173 (100%), 144, 106, 84. Anal. Calcd.
for C;3HsN,O, (216) (%): C, 72.19; H, 7.46; N, 12.95; found:
C, 72.01; H, 7.59; N, 13.12.

2-(4-Methoxyphenyl)-1,3-diazaspiro[4.4]nonan-4-one (I1c). Yield
147 g (81%); mp 182-183°C (ethyl acetate); 'H NMR
(CDCly): & 1.47-1.70 (m, 7H), 1.82-1.87 (m, 1H), 3.71 (s, 3H,
OCHj3), 5.27 (s, 1H, CH), 6.88-6.90 (m, 2H, Ar), 7.29-7.31
(m, 2H, Ar), 8.44 (s, 1H, NHCO). *C NMR (CDCls, ppm): &
24.9, 36.1, 36.7, 55.2, 68.7, 69.1, 113.7, 128.1, 133.7, 1594,
180.0; EI-MS: m/z 246, 217, 203 (100%), 134, 121, 84. Anal.
Calcd. for Ci4HigN,O, (246) (%): C, 68.27; H, 7.37; N,
11.37; found: C, 68.45; H, 7.51; N, 11.50.

2-(4-Nitrophenyl)-1,3-diazaspiro[4.4]nonan-4-one (1d). Yield
092 g (53%); mp 178-180°C (ethyl acetate); '"H NMR
(CDCl3): 6 1.39-1.42 (m, 1H), 1.58-1.76 (m, 7H), 3.54 (d, J
= 7.5 Hz, 1H, NH), 5.46 (d, J/ = 7.5 Hz, 1H, CH), 7.64-7.66
(m, 2H, Ar), 8.21-8.22 (m, 2H, Ar), 8.71 (s, 1H, NHCO). "°C
NMR (CDCl3): & 24.9, 25.0, 36.5, 37.6, 63.4, 68.5, 123.6,
128.2, 147.4, 150.0, 180.0; EI-MS: m/z 261, 232, 218 (100%),
151, 105, 84. Anal. Calcd. for C;3H;sN;O5 (261) (%): C,
59.76; H, 5.79; N, 16.08; found: C, 60.02; H, 5.95; N, 16.25.

2-(2-Hydroxyphenyl)-1,3-diazaspiro[4.4]nonan-4-one (1e). Yield
3.15 g (83%); mp 179-181°C (ethyl acetate); "H NMR(CDCl5)
0 4.48-1.56 (m, 1H), 1.59-1.80 (m, 6H), 1.85-1.90 (m, 1H),
5.60 (s, 1H, CH), 6.75-6.80 (m, 2H, Ar), 7.14 (t, J = 7.5 Hz,
1H, Ar), 7.23 (d, J = 7.5 Hz, 1H, Ar), 8.51 (s, 1H, NHCO),
10.96 (br, 1H, OH). '*C NMR (CDCl3) & 24.6, 24.8, 35.6,
36.8, 66.3, 67.9, 1159, 118.6, 125.1, 127.7, 129.2, 1564,
178.5. EI-MS: m/z 232, 188, 171 (100%), 113, 77, 44. Anal.
Calcd. for C3HigN,O, (232) (%): C, 67.22; H, 6.94; N,
12.06; found: C, 67.35; H, 7.11; N, 12.31.

2-(2-Pyridyl)-1,3-diazaspiro[4.4]nonan-4-one (I1f). Yield 1.62
g (80%); mp 109-111°C (ethyl acetate/hexane); 'H NMR
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(CDCl3) 6 1.48-1.55 (m, 1H), 1.62-1.72 (m, 6H), 1.87-1.91 (m,
1H), 5.38 (s, 1H, CH), 7.34-7.37 (m, 1H, ArH), 7.49 (d, J =
7.69 Hz, 2H, Py), 7.82-7.85 (m, 1H, Py), 8.54-8.56 (m, 2H, Py
+ NH). "*C NMR (CDCl;) 3 24.9, 36.7, 37.5, 68.4, 70.4, 121.7,
123.7, 137.3, 149.0, 159.9, 179.9; EI-MS: m/z 217, 188, 174
(100%), 145, 107, 79. Anal. Calcd. for Cp,H sN3O (217) (%):
C, 66.34; H, 6.96; N, 13.34. Found: C, 66.21; H, 6.85; N, 13.22.

(E + 2)(5S)-4-Isopropyl-4-methyl-2-(pyridin-2-yl)imidazolidin-
4-one (1g). Yield 1.51 g (74%); mp 113-118°C (ethyl acetate/
hexane); [a]p —14.2 (¢ 1, CH;0H) '"H NMR (CDCl3) 6 0.80—
0.99 (m, 12H, 2 x i.Pr), 1.20 (s, 3H, CH;), 1.26 (s, 3H, CH,),
1.83-1.91 (m, 2H, 2 x CH), 2.95 (br, 2H, NH), 5.48 (s, 1H, CH),
5.56 (s, 1H, CH), 7.15-7.18 (m, 2H, Py), 7.28 (d, J/ = 7.6 Hz, 1H,
Py), 743 (d, J = 7.6 Hz, 1H, Py), 7.62-7.65 (m, 2H, Py), 8.25 (s,
1H, NHCO), 8.37 (s, 1H, NHCO), 8.45-8.48 (m, 2H, Py). °C
NMR (CDCly) & 16.6, 16.7, 17.5, 17.6, 21.6, 23.2, 33.1, 34.5,
64.6, 64.7, 69.6, 71.1, 121.0, 123.3, 123.4, 136.8, 136.9, 148.9,
149.1, 158.7, 158.9, 180.5, 180.8. EI-MS: m/z 219, 204, 176
(100%), 133, 107, 92, 42. Anal. Calcd. for C;,H7N30 (219) (%):
C, 65.73; H, 7.81; N, 19.16; found: C, 65.38; H, 7.56; N, 19.51.

General methods of preparation of 4,5-dihydro-1H-imi-
dazol-5-ones (2a-g)

Method A (Pd/C). A mixture of the respective imidazoli-
din-4-one (5 mmol) and Pd/C (5%, 0.2 g) in methanol (50
mL) was refluxed 24 h. The final product was isolated after fil-
tration, evaporation, and (sometimes) recrystallisation from the
solvent given. In the case of isolation of compound 2d the
reaction mixture was evaporated, the residue was dissolved in
NaOH solution (5%, 25 mL), the solution was filtered and the
filtrate acidified to pH ~ 7-8. The separated crystals of com-
pound 2d were collected by filtration and dried. The final
product was recrystallized from DMF.

Method B (DDQ). A mixture of the respective imidazolidin-
4-one (5 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ) (1.3 g, 5.7 mmol) in dioxane (50 mL) was
refluxed 10 min. The reaction mixture was filtered through a
silica gel layer (2 cm), evaporated and (sometimes) recrystal-
lized from the solvent given. In the case of isolation of com-
pound 2d the reaction mixture was evaporated, the residue was
dissolved in NaOH solution (5%, 25 mL), the solution was fil-
tered and the filtrate acidified to pH ~ 7-8. The separated
crystals of compound 2d were collected by filtration and dried.
The final product was recrystallized from DMF.

Method C (MnQ;). A mixture of the respective imidazolidin-
4-one (5 mmol) and activated manganese (IV) oxide (5 g, 91
mmol) in acetone (100 mL) was refluxed 24 h. The final product
was isolated after filtration with kieselguhr, evaporation, and
(sometimes) recrystallization from the solvent given. In the case
of isolation of compound 2d, the reaction mixture was evapo-
rated, the residue was dissolved in NaOH solution (5%, 25 mL),
the solution was filtered and the filtrate acidified to pH ~ 7-8.
The separated crystals of compound 2d were collected by filtra-
tion and dried. The final product was recrystallized from DMF.
The yields of individual compounds are presented in Table 1.

2-Butyl-1,3-diazaspiro[4.4]non-1-en-4-one (2a). Colorless
oil, TLC: (silika gel plates, Merck), chloroform/methanol 10:1,
Rr = 0.51; '"H NMR (CDCl3) & 0.90 (t, 3H, CH3, J = 7.3
Hz); 1.31-1.40 (m, 2H, CH,); 1.58-1.66 (m, 2H, CH,); 1.72—
1.80 (m, 3H); 1.83-1.93 (m, 5H, CH,); 2.42 (t, 2H, CH,, J =
74 Hz); 8.83 (bs, 1H, NHCO). °C NMR (CDCly) § 13.7;
23.1; 25.9; 27.9; 30.0; 37.2; 77.5; 190.2. Anal. Calcd. for
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C1HigsN,O (194) (%): C 68.01; H 9.34; N 14.42; Found: C
67.89; H 9.46; N 14.68.
2-Phenyl-1,3-diazaspiro[4.4]non-1-en-4-one (2b). mp 202—
203°C. '"H NMR (DMSO-dg) & 1.78-1.89 (m, 8H), 7.52-7.55
(m, 2H, Ar), 7.58-7.62 (m, 1H, Ar), 7.97-7.99 (m, 2H, Ar),
11.41 (br, 1H, NHCO). '*C NMR (DMSO-dg) & 25.6, 37.2,
77.6, 1269, 128.7, 128.9, 131.5, 157.6, 188.1. EI-MS: m/z
214, 185, 171 (100%) 104, 83, 77, 54. Anal. Calcd. for
C3H14N,0 (214) (%): C, 72.87; H, 6.59; N, 13.07. Found: C,
72.81; H, 6.52; N, 13.12.
2-(4-Methoxyphenyl)-1,3-diazaspiro[4.4]non-1-en-4-one (2c). mp
236-237°C. '"H NMR (CDCl3) & 1.92-2.09 (m, 8H), 3.87 (s,
3H, OCHj3;), 6.98-7.00 (m, 2H, Ar), 7.86-7.88 (m, 2H, Ar),
10.20 (br, 1H, NHCO). '*C NMR (CDCls) & 25.6, 37.3, 55.6,
75.3, 114.3, 120.2, 129.6, 162.5, 162.7, 189.0. EI-MS: m/z
244, 215, 201, 134 (100%), 91, 83, 54. Anal. Calcd. for
C14H6N,O, (244) (%): C, 68.83; H, 6.60; N, 11.47. Found: C,
68.78; H, 6.52; N, 11.55.
2-(4-Nitrophenyl)-1,3-diazaspiro[4.4]non-1-en-4-one (2d). mp
>300°C (dec.); 'H NMR (DMSO-dg) & 1.72-1.96 (m, 16H),
8.09-8.49 (m, 8H, 2 x 2Ar), 11.48 (s, 1H, NHCO), 11.58 (s,
1H, NHCO). >C NMR (TFA + DMSO-dy) § 28.9, 41.0, 77.4,
77.7, 124.0, 127.5, 130.0, 133.5, 133.9, 153.4, 156.5, 169.4,
169.7, 181.9, 182.1. Anal. Calcd. for C;3H;3N503 (259) (%):
C, 60.23; H, 5.05; N, 16.21. Found: C, 60.15; H, 4.98; N,
16.29.
2-(2-Hydroxyphenyl)-1,3-diazaspiro[4.4]non-1-en-4-one (2e). mp
232-233°C. 'H NMR (CDCl3) & 1.90-2.09 (m, 8H), 6.91 (t,
J = 7.50 Hz, 1H, Ar), 7.01 (d, J = 8.00 Hz, 1H, Ar), 7.35 (t,
J = 8.00 Hz, 1H, Ar), 7.49 (d, / = 7.50 Hz, 1H, Ar), 10.46
(vbs, 1H, NHCO), 12.46 (vbs, 1H, OH). '>*C NMR (CDCls)
o 254 374, 76.1, 110.7, 117.3, 118.9, 127.7, 133.5, 160.3,
161.3, 185.5. EI-MS: m/z 230, 189, 173 (100%), 120, 102, 84,
54. Anal. Calcd. for C;3H4N>O, (230) (%): C, 60.81; H, 6.13;
N, 12.17. Found: C, 60.78; H, 6.09; N, 12.24.
2-(1,3-Diazaspiro[4.4]non-1-en-4-one-2-yl)pyridine (2f). mp
120-122°C. 'H NMR (DMSO-d¢ + TFA) & 1.96-2.12 (m,
8H), 7.45 (t, J = 5.5 Hz, 1H, Py), 7.85 (t, J/ = 7.5 Hz, 1H,
Py), 8.27 (d, J/ = 7.50 Hz, 1H, Py), 8.67 (d, J/ = 5.5 Hz, 1H,
Py), 10.12 (s, 1H, NHCO)."’C NMR (DMSO-ds, + TFA)
o 25.6, 37.1, 76.8, 122.7, 126.9, 137.6, 146.4, 149.4, 161.3,
187.4. EI-MS: m/z 215, 187 (100%), 159, 105, 78, 41. Anal.
Calcd. for C,H3N30 (215) (%): C, 66.96; H, 6.09; N, 19.52.
Found: C, 66.87; H, 6.02; N, 19.65.
(S)-2-(4-Isopropyl-4-methyl-4,5-dihydro-1H-imidazol-5-one-
2-yl)pyridine (2g). Colorless oil; [a]p, —17.4 (¢ 2, CH30H).
'H NMR (DMSO-d, + TFA) & 0.85 (d, 3H, J = 6.8 Hz
i-PrCH3), 0.92 (d, 3H, J = 6.8 Hz i-PrCH3), 1.23 (s, 3H,
CH3), 1.91 (m, 1H, i-PrCH), 7.57 (m, 1H, Py), 7.87 (m, 1H,
Py), 8.09 (d, 1H, J = 7.4 Hz, Py), 8.18 (d, 1H, J = 7.4 Hz,
Py), 10.87 (bs, 1H, NHCO).">*C NMR (DMSO-ds + TFA)
o 16.8, 17.0, 21.4, 34.2, 74.6, 121.5, 126.5, 137.6, 1474,
149.1, 159.0, 186.7. EI-MS: m/z 217, 202, 189, 174 (100%),
146, 105, 78. Anal. Calcd. for C,HsN3O (217) (%): C,
66.34; H, 6.96; N, 19.34. Found: C, 66.15; H, 6.85; N, 19.30.
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The acylation of substituted 2-aminopropanamides with (25)-Boc-proline, (2S)-Cbz-proline and (2S)-Bn-
proline was used to prepare substituted 1-protected N-(1-carbamoyl-1,1-dialkyl-methyl)-(S)-prolina-
mides (74-89%), whose subsequent deprotection gave N-(1-carbamoyl-1,1-dialkyl-methyl)-(S)-prolina-
mides (94-95%). The enantiomerically pure N-(1-carbamoyl-1,1-dialkyl-methyl)-(S)-prolinamides
obtained were tested as organocatalysts for the aldol reaction of cyclohexanone with 4-nitrobenzaldehyde,
with yields ranging from 38% to 79% ee. The highest enantioselectivity (89% ee) was achieved by catalysis
with N-(1-carbamoyl-cyclopentyl)-(S)-prolinamide (methanol, 10% HCI). By the action of sodium methox-
ide, Boc-N-(1-carbamoyl-cyclopentyl)-(S)-prolinamide was quantitatively cyclised to 2-(1-Boc-pyrroli-
din-2-yl)-1,3-diazaspiro[4.4|non-1-en-4-one, which was accompanied by racemisation at the
stereogenic centre of the proline skeleton. Alternatively, the substituted 4,4-dialkyl-2-pyrrolidin-2-yl-4,
5-dihydro-1H-imidazol-5-ones were prepared by oxidation of 4,4-dialkyl-2-((2S)-1-Boc-pyrrolidin-2-yl)-
4,5-dihydro-1H-imidazolidin-5-ones (54-69%). In an acid medium, 2-pyrrolidin-2-yl-1,3-diazaspi-
ro[4.4]non-1-en-4-one and (4S)-4-isopropyl-4-methyl-2-pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-one
underwent racemisation. Conversely, the free base of (2S)-2-pyrrolidin-2-yl-1,3-diazaspiro[4.4]non-1-
en-4-one very easily underwent oxidation to give the achiral 2-(4,5-dihydro-3H-pyrrol-2-yl)-1,3-diazaspi-

ro[4.4]non-1-en-4-one.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Enantioselective organocatalysis has been the focus of contem-
porary pure and applied research.! Natural (S)-proline and its
derivatives represent a privileged group of molecules adopted as
very efficient enantioselective organocatalysts in many reactions.’
On the other hand, substituted 4,5-dihydro-1H-imidazol-5-ones
are commonly used as mildly toxic and selective herbicides.2 Our
previous papers have dealt with the synthesis and characterisation
of substituted 4,5-dihydro-1H-imidazol-5-ones and studied the
mechanism of their formation.®> Another possible use of 4,5-dihy-
dro-1H-imidazol-5-ones is in their application as ligands forming
coordination compounds with selected metal ions.* Some of these
complexes have been successfully used as catalysts of the deallyla-
tion reactions of diallyl malonates,*>f in Henry reactions,*“¢ or in
allylic oxidations.*" Substituted amides of (S)-proline, in addition
to their biological activity,” represent highly efficient enantioselec-
tive organocatalysts of aldol reactions.!® Results of recent research
have also confirmed the fact that catalyst function does not

* Corresponding author.
E-mail address: pavel.drabina@upce.cz (P. Drabina).

0957-4166/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetasy.2011.01.018

necessitate the presence of the carboxylic group in the (S)-proline
itself.%” It is sufficient if the catalyst contains a group acidic en-
ough, for example, an amide group, which can stabilise the transi-
tion state of the reaction to give the required enantiomer as the
final product.'%”’

The aim of this work was to prepare new derivatives of (S)-pro-
line containing at least two amide functional groups in their
molecule. Therefore, the aim was to modify the basic skeleton of
(S)-proline by application of the easily available** precursors,
substituted 4,5-dihydro-1H-imidazol-5-ones; moreover, to test
the possibility of preparation of optically pure derivatives of
(S)-proline with an attached 4,5-dihydro-1H-imidazol-5-one skele-
ton as a cyclic variant of amino acid amides. The research also in-
cluded testing of the prepared optically pure derivatives as
organocatalysts of the aldol reaction of cyclohexanone with 4-
nitrobenzaldehyde.

2. Results and discussion

The 1-Cbz-N-(1-carbamoyl-1,1-dialkyl-methyl)-(S)-prolinamides
1a-c, 1-Boc-N-(1-carbamoyl-1,1-dialkyl-methyl)-(S)-prolinamides
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1d-fand (1S)-1-Bn-N-(1-carbamoyl-1,2-dimethylpropyl)-(S)-proli-
namide 1g were prepared by acylation of 1-aminocyclopentancarb-
oxamide, (S)-2-amino-2,3-dimethylbutanamide and (S)-2-amino-
3-methylbutanamide ((S)-valinamide) with activated (2S)-1-Boc-
proline, (2S)-1-Cbz-proline or (2S)-1-Bn-proline. The activation
was carried out with ethyl chloroformate, and the yields of the syn-
thesised amides 1a-g varied within the range of 74-89% (Scheme 1).
In the subsequent step, 1-Boc-N-(1-carbamoyl-cyclopentyl)-(S)-
prolinamide 1d was submitted to a ring closure reaction giving the
corresponding  2-(1-Boc-pyrrolidin-2-yl)-1,3-diazaspiro[4.4]non-
1-en-4-one 2d. The ring closure catalysed with sodium methox-
ide3“" gave quantitative yields; however, the reaction was accom-
panied by racemisation at the stereogenous centre of the proline
skeleton. Therefore, the ring closure reaction of amide 1d to the cor-
responding imidazolinone 2d was studied under various conditions
with several reagents (Cs,CO3/toluene, Ba(OH),/H,0, Ac,O/AcOH,
POCIl3/DCM and PhsP/CCly). According to Ref. 8 the application of a
Cs,CO3/toluene system should not lead to racemisation at the pro-
line skeleton, but in our case total or partial racemisation always
took place with the use of the Cs,COs/toluene system and all the ba-
sic reagents. The racemisation process was connected with the for-
mation of a carbanion at the 2-position and its backward
protonation.? With the other reagents, either the ring closure did
not take place or the starting amide 1d was transformed into unde-
finable mixtures. Amides 3a-c were prepared from amides 1a-c by
deprotection of Cbz group (H,/Pd/C) (92-95%), or from amides 1d-f
by deprotection of Boc group (CF;COOH/DCM) (21-32%) (Scheme 1).

R? CICO,Et/TEA
(o, wille soosmes,

! CONH, ! NH
PG PG CONH,

g
MeONa/MeOH Ho/Pd
(CF3CO,H/IDCM)
2

R R
adg| ICHA- @I O\(
b,e [CH; CH(CH3), pg
¢,f | H CH(CHy), CONHz

2d,g9 3a-c

1a-c: PG =Cbz (COOCH,Ph) ; 1d-f, 2d: PG = Boc (COOC(CHs)3)
19, 2g: PG = Bn (CH,Ph)

Scheme 1.

From what has been previously determined, it is obvious that
the preparation of optically pure substituted 4,4-dialkyl-2-pyrroli-
din-2-yl-4,5-dihydro-1H-imidazol-5-ones must proceed by an
alternative way that is not accompanied by racemisation. In this
case, the solution was expected from the synthetic method re-
cently described by us:>' synthesis of 4,4-dialkyl-2-pyrrolidin-2-
yl-4,5-dihydro-1H-imidazol-5-ones, which does not require the
application of a strongly basic medium. Scheme 2 describes the
reaction sequence of the preparation of substituted 4,4-dialkyl-2-
pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-ones 5d,e by oxidation
of the respective imidazolidin-5-ones.

First, cyclic aminals, that is, 4,4-dialkyl-2-((2S)-1-Boc-pyrroli-
din-2-yl)-imidazolidin-5-ones 4d,e were prepared by the reaction
of (2S)-1-Boc-prolinaldehyde with substituted 2-aminoalkana-
mides (66-71%). In the case of the reaction of (S)-2-amino-3-meth-
ylbutanamide with (2S)-1-Boc-prolinaldehyde, the product
obtained was an equilibrium mixture of the respective Schiff base
and the desired product 4c (R!=H, R? = CH(CHs),); however, its
isolation failed. The subsequent oxidation of the cyclic aminals
4d,e was performed with manganese(IV) oxide in benzene (54—
69%). The obtained 4,4-dialkyl-2-(1-Boc-pyrrolidin-2-yl)-4,5-dihy-
dro-1H-imidazol-5-ones 2d,e were deprotected by the action of a

O\(o R'ze  ACOHICH;OH OX
N + HZNJ( :\ER2

|
Boc N CONH,
MnO,/PhH 4d.e
H
P B
N :\, :éw TFA/DCM Cﬁ) :\, :\éF@
Boc H O H Hof o
2 CF3CO3
2de 5d,e
TEA (air) ’
4-6| R R? N R
ICHolu-
[CHly Q\< IRQ
e CH3 CH(CH3)2 H o)
6d
Scheme 2.

solution of trifluoroacetic acid in DCM. However, the isolation of
optically pure 2-pyrrolidin-2-yl-1,3-diazaspiro[4.4]non-1-en-4-
one 5d and 4-isopropyl-5-methyl-2-pyrrolidin-2-yl-4,5-dihydro-
1H-imidazol-5-one 5e prepared in this way was unsuccessful,
which also meant that, in these cases, the synthesis was accompa-
nied by racemisation at the stereogenous centre of the proline skel-
eton. 'H NMR spectroscopy of compound 5d revealed the exchange
of deuterium for hydrogen atoms (Fig. 1, Scheme 3).

D, @ 0 A @R
F’ H N® R L @vw</N 2
O e — X R
. N DD B o
D (e}

Scheme 3.

The figure shows a lowering of the proton signal intensity at the
2-position of the proline cycle (4.73 ppm) in the presence of
CF3COOD. This finding indicates that the hydrogen substituent at
the 2-position of pyrrole nucleus was so acidified by the substitu-
tion with the 4,5-dihydro-1H-imidazol-5-one fragment that the
protons were exchanged by excessive deuterons in the medium,
resulting in racemisation.

In order to avoid a strongly acidic medium, we prepared 2-(1-
benzylpyrrolidin-2-yl)-1,3-diazaspiro[4.4]non-4-one 2g by a ring
closure reaction of compound 1g and the protecting group was re-
moved under neutral conditions by hydrogenolysis (H,/Pd-C).
However, the free base of imidazolinone 5d formed by hydrogenol-
ysis or alkalisation after deprotecting the Boc group from 2d was
unstable and underwent rapid oxidation to give 2-(4,5-dihydro-
3H-pyrrol-2-yl)-1,3-diazaspiro[4.4]non-1-en-4-one 6d (Scheme 2).
This oxidation product 6d was not a secondary amine any longer
and, therefore, could not act as an organocatalyst in aldol reactions.
The described experiments showed that the promising organocat-
alysts of pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-one type (in
contrast to the pyrrolidin-2-yl-tetrazole type® and pyrrolidin-2-
yl-oxazoline'®) were not stable during ordinary handling and,
therefore, were not applicable in organocatalysis.

The next part of research only made use of the chiral, optically
pure compounds 3a-c. The studied reaction was the aldol reaction
of 4-nitrobenzaldehyde with cyclohexanone leading to 2-[hydro-
xy(4-nitrophenyl)methyl]cyclohexanone. This type of organocatal-
ysis is called ‘enamine catalysis’ in the literature. It requires, in
addition to secondary amino group, the presence of an acidic func-
tional group in the organocatalyst molecule (e.g., CO,H, CONHR
etc.)."®7 The effects of the reaction conditions upon diastereo- and
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Figure 1. '"H NMR spectrum of 2-pyrrolidin-2-yl-1,3-diazaspiro[4.4]non-1-en-4-one (5d). (a) 5% CFsCOOH in DMSO, (b) 5% CF;COOD in DMSO.

enantioselectivity of the aldol reaction with compounds 3a-c are
presented in Table 1.

The molar proportion of the diastereoisomers syn:anti was
determined by means of 'H NMR spectroscopy. The ratio of enan-
tiomers was determined by means of HPLC. Table 1 includes the ef-
fects of total reaction times, solvents, the acid used and acid
concentration on diastereoselectivity and on ee.

The first tests used compound 3a (entries 1-13). The starting
conditions of the reaction between 4-nitrobenzaldehyde and cyclo-
hexanone (entry 1) were set according to Ref. 6h, where the same
reaction used (S)-N-(2-methyl-5-nitrophenyl)pyrrolidin-2-carbox-
amide as the organocatalyst and attained the diastereomeric ratio
0f 97:3 and 96% ee. In our case, the same conditions only led to 55%
ee. In order to test the effect of acid catalysis, we carried out the

reaction in DMF alone (entry 2), which resulted in a further reduc-
tion in ee. The next tests used methanol with different amounts of
trifluoroacetic acid (TFA) (entries 3-5). Compared with previous
cases, the optical yield was increased up to 68%, but the effect of
TFA concentration was insignificant. The best result from the
standpoint of both diastereoselectivity (7:93) and enantioselectiv-
ity (89% ee) was obtained with the use of hydrochloric acid (entry
6). However, this method of carrying out the process has the draw-
back of a slow reaction: 50% conversion was achieved only after
90 days. Further acids tested (entries 7-10) included acetic acid,
benzoic acid and both R and S camphor-10-sulfonic acids. As com-
pared with TFA and HCI, the enantioselectivity was significantly
decreased, and the two optically pure camphor-10-sulfonic acids
only gave the yields of 31-35% ee. The change of solvents (MeCN:



218 I. Panov et al./Tetrahedron: Asymmetry 22 (2011) 215-221
Table 1
Results of the 3a-c catalysed aldol reaction between cyclohexanone and 4-nitrobenzaldehyde under various conditions
N N N
H NH>G H NH_CHy H  NH_H
H,NOC H,NOC” }—CHs  HNOC™ )}—CH
HC HsC
3a
20 mol%
25 °C
Entry Catalyst Solvent, additive Time (days) Yield® (%) dr® syn:anti ee® (%)
1 3a DMF, TFA (10%) 7 60 16:84 55
2 3a DMF 3 70 23:77 19
3 3a MeOH, TFA (10%) 3 85 23:77 68
4 3a MeOH, TFA (20%) 4 70 26:74 62
5 3a MeOH, TFA (30%) 4 70 25:75 67
6 3a MeOH, HCI (10%) 90 50 7:93 89
7 3a MeOH, AcOH (10%) 3 80 25:75 19
8 3a MeOH, PhCOOH (10%) 3 80 21:79 30
9 3a MeOH, (S)-CSA (10%) 7 18 17:83 31
10 3a MeOH, (R)-CSA (10%) 7 20 13:87 35
11 3a MecCN, TFA (10%) 4 80 28:73 65
12 3a THF, TFA (10%) 4 80 28:73 60
13 3a H,0, TFA (10%) 4 75 10:90 2
14 3b MeOH, TFA (10%) 3 80 18:82 38
15 3¢ MeOH, TFA (10%) 3 75 21:79 79

2 Yield and diastereomeric excess determined by 'H NMR of crude product.
> Enantiomeric excess determined by chiral HPLC for anti-diastereomer.

entry 11 and THF: entry 12) did not result in any distinct increase
in diastereoselectivity or enantioselectivity. The application of
water as the reaction medium turned out to be the least efficient
(entry 13). Compounds 3b and 3c (entries 14 and 15) were tested
under comparable conditions. As compared with compound 3a,
these organocatalysts possessed an additional stereogenous centre,
which according to Ref. 11 should have led to a further increase in
enantiomeric excess. However, the comparison of compound 3a
(entry 3) and 3c (entry 15) showed a difference of only 11% ee.
Comparison of compound 3b (entry 14) and compound 3c (entry
15) showed a reduction in ee to approximately one half due to
the effect of the methyl substituent.

3. Conclusion

It was confirmed that the suggested organocatalysts of pyrroli-
din-2-yl-4,5-dihydro-1H-imidazol-5-one type are not stable under
common conditions and thus cannot be used in organocatalysis,
but their precursors, that is, N-(1-carbamoylcyclopentyl)-(S)-proli-
namide 3a and (1S)-N-(1-carbamoyl-2-methylpropyl)-(S)-prolina-
mide 3c, appear to be suitable from the standpoint of their use in
organocatalysis. These organocatalysts were successful in catalysing
the aldol reaction of 4-nitrobenzaldehyde with cyclohexanone, with
yields of 68% ee and 79% ee, respectively. The optimum reaction med-
ium appeared to be the methanol system containing 10% TFA, but the
best yield was achieved with the use of the system of methanol
containing 10% HCI. This reaction gave a high diastereoselectivity
(7:93) and enantioselectivity (89% ee), but the reaction was dis-
tinctly slow. The described findings show that the abovementioned
compounds 3a and 3c possess a high catalytic potential and can find
applications in the catalysis of other reactions in the future.!?

4. Experimental

If not stated otherwise, the starting substances were purchased
from Sigma-Aldrich. The melting point temperatures have not

been corrected. Abbreviations: Bn, benzyl; Boc, tert-butyloxycar-
bonyl; Cbz, benzyloxycarbonyl; DCM, dichloromethane; DMF,
N,N-dimethylformamide; TEA, triethylamine; TFA, trifluoroacetic
acid; THF, tetrahydrofuran; TsOH, 4-toluenesulfonic acid. 'H and
13C NMR spectra were recorded on a Bruker Avance 400 instru-
ment (400.13 MHz for 'H, and 100.61 MHz for '3C). Chemical shifts
5 were referenced to the solvent residual peak (2.50 ppm 'H,
39.43 ppm '3C for DMSO-dg, and 7.26 ppm 'H, 77.00 ppm '3C for
CDCl3). The mass spectra were measured with a set of Agilent
Technologies (gas chromatograph 6890N with mass detector
5973 Network; the samples were dissolved in DCM or acetone).
The elemental microanalysis was carried out using a FISONS
Instruments EA 1108 CHN apparatus. The optical rotation was
measured on a Perkin-Elmer 341 instrument; the concentration ¢
was given in g/100 ml.

4.1. General procedure for the synthesis of protected (S)-
prolinamides 1a-g

To a solution of protected proline (10 mmol) and triethylamine
(1.40 ml; 10 mmol) in dry DCM (30 ml), ethyl chloroformate was
added dropwise (0.95 ml; 10 mmol) in dry DCM (10 ml). After
30 min, aminoamide (10 mmol) in dry DCM (10 ml) was added to
the mixture and the solution was stirred for 5 h. The organic layer
was washed with water and aqueous sodium bicarbonate, dried
over sodium sulfate and concentrated in vacuo. The residue was
crystallised from the appropriate solvents.

4.1.1. 1-Cbz-N-(1-carbamoyl-cyclopentyl)-(S)-prolinamide 1a
Yield: 86%;, mp: 158-159°C (ethyl acetate/hexane);
[0)2 = —72.2 (c 1, CH30H); 'H NMR of two rotamers (400 MHz,
DMSO-dg): & 8.24 (s, 1H, NH), 8.04 (s, 1H, NH), 7.34-7.31 (m,
10H, 2 x Ar), 6.91-6.89 (m, 2H, NH,), 6.85 (s, 1H, NH,), 6.60 (s,
1H, NH3), 5.12-4.92 (m, 4H, 2 x CH;), 4.27-4.24 (m, 2H, 2 x CH),
4.19-4.165 (m, 2H, 2 x CH), 3.48-3.33 (m, 4H, 2 x CH,), 2.18-
2.02 (m, 4H), 2.00-1.71 (m, 12H), 1.69-1.42 (m, 8H); '3C NMR
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(100 MHz, DMSO-dg): 6 176.1, 175.5, 171.8, 154.3, 153.7, 136.8,
136.7, 128.4, 128.2, 127.8, 127.6, 127.5, 127.2, 66.1, 65.8, 59.9,
59.0, 47.1, 46.6, 37.1, 36.3, 35.4, 30.9, 29.5, 24.2, 24.1, 23.9. Anal.
Calcd for CigHys5N304: C, 63.49; H, 7.01; N, 11.69. Found: C,
63.52; H, 6.95; N, 11.72.

4.1.2. 1-Cbz-N-((1S)-1-carbamoyl-1,2-dimethylpropyl)-(S)-
prolinamide 1b

Yield: 78%; mp: 67-69 °C (propan-2-ol/water); o2’ = —54.7 (c
1, CH;0H); 'H NMR of two rotamers (400 MHz, DMSO-ds): 6 7.60-
7.58 (m, 2H, 2 x NH), 7.37-7.31 (m, 10H, 2 x Ar), 7.00-6.91 (m, 4H,
2 x NH,), 5.09-5.02 (m, 4H, 2 x CH,), 4.34-4.32 (m, 1H, CH), 4.26-
4.25 (m, 1H, CH), 3.52-3.25 (m, 4H), 2.19-1.97 (m, 4H), 1.97-1.84
(m, 2H), 1.84-1.73 (m, 4H), 1.33 (s, 3H, CH3), 1.26 (s, 3H, CHz3),
0.93-075 (m, 12H, 2 x iPr-CH3); '*C NMR (100 MHz, DMSO-dj):
6 174.9, 171.5, 171.0, 156.3, 153.8, 136.9, 136.8, 128.3, 128.1,
127.7, 127.4, 127.3, 127.0, 65.9, 65.7, 62.4, 62.3, 60.2, 59.4, 47.1,
46.5, 33.7, 33.6, 30.8, 29.3, 23.9, 22.9, 17.7, 17.3, 17.2, 17.1, 17.0,
16.8. Anal. Calcd for C;oH,7N304: C, 63.14; H, 7.53; N, 11.63. Found:
C, 63.18; H, 7.48; N, 11.67.

4.1.3. 1-Cbz-N-((1S)-1-carbamoyl-2-methylpropyl)-(S)-
prolinamide 1c

Yield: 74%; mp: 192-193 °C (propan-2-ol/water); [0]X’ = —68.3
(c 1, CH;0H); 'H NMR of two rotamers (400 MHz, DMSO-dg): 6 7.87
(d, J=8.9Hz, 1H, NH), 7.79 (d, J = 8.9 Hz, 1H, NH), 7.43-7.26 (m,
12H, 2 x Ar and 2 x Val-NH), 7.07 (m, 2H, Val-NH), 5.12-4.95 (m,
4H, 2 x CH,), 4.42-4.39 (m, 2H, 2 x CH), 4.16-4.12 (m, 2H,
2 x CH), 3.52-3.31 (m, 4H), 2.19-1.73 (m, 10H), 0.88-0.74 (m,
12H, 2 x iPr-CHs); 13C NMR (100 MHz, DMSO-dg): 6 172.9, 171.9,
171.6, 154.1, 153.8, 137.0, 136.9, 128.3, 128.1, 127.7, 1274,
127.3, 127.0, 65.8, 65.7, 59.7, 59.0, 57.3, 47.1, 46.5, 31.3, 30.5,
30.4, 30.3, 29.8, 19.3, 19.1, 17.9. Anal. Calcd for C;gH,5N304: C,
62.23; H, 7.25; N, 12.10. Found: C, 62.19; H, 7.31; N, 12.01.

4.1.4. 1-Boc-N-(1-carbamoyl-cyclopentyl)-(S)-prolinamide 1d

Yield: 81%; mp: 116-118°C (ethyl acetate/hexane);
[#)2 = —68.9 (c 1, CH30H); 'H NMR of two rotamers (400 MHz,
DMSO-dg): 6 8.15 (s, 1H, NH), 7.93 (s, 1H, NH), 6.94 (br s, 2H,
NH,), 6.89 (s, 1H, NH;), 6.64 (s, 1H, NH;), 4.09-4.04 (m, 2H,
2 x CH), 3.34-3.23 (m, 4H, 2 x CH,), 2.19-1.96 (m, 4H), 1.95-
1.81 (m, 8H), 1.80-1.68 (m, 4H), 1.66-1.51 (m, 8H), 1.39 (s, 9H,
(CHs3)5C), 1.34 (s, 9H, (CH5)5C); '3C NMR (100 MHz, DMSO-dg): &
176.7, 176.1, 172.8, 172.7, 154.6, 153.8, 79.6, 78.9, 66.6, 66.5,
60.0, 59.7, 47.2, 47.0, 37.9, 37.0, 35.9, 35.8, 31.3, 29.8, 28.6, 28.5.
Anal. Calcd for C;gH»7N304: C, 59.06; H, 8.36; N, 12.91. Found: C,
59.11; H, 8.32; N, 12.85.

4.1.5. 1-Boc-N-((1S)-1-carbamoyl-1,2-dimethylpropyl)-(S)-
prolinamide 1e

Yield: 83%; mp: 92-94 °C (ethyl acetate/hexane); [oc]éo =-51.0
(c 1, CH;0H); 'H NMR of two rotamers (400 MHz, DMSO-ds): &
7.53-7.47 (m, 2H, 2 x NH), 7.03-6.98 (m, 4H, 2 x NH;), 4.14-
4.13 (m, 1H, CH), 4.12-4.11 (m, 1H, CH), 3.29-3.21 (m, 4H),
2.23-2.05 (m, 4H), 1.93-1.75 (m, 6H), 1.40-1.33 (m, 24H,
2 x CHs and 2 x (CH3);C), 0.87-0.81 (m, 12H, 2 x iPr-CH3); '3C
NMR (100 MHz, DMSO-dg): 6 174.8, 172.0, 171.0, 154.1, 153.2,
78.9, 78.2, 62.4, 62.1, 59.9, 59.5, 46.6, 46.4, 33.8, 33.5, 30.8, 30.6,
28.8, 27.9, 23.9, 22.9, 18.0, 17.2, 17.1, 17.0, 16.9, 16.8. Anal. Calcd
for C;6H29N304: C, 58.69; H, 8.93; N, 12.83. Found: C, 58.73; H,
8.85; N, 12.75.

4.1.6. 1-Boc-N-((1S5)-1-carbamoyl-2-methylpropyl)-(S)-
prolinamide 1f

Yield: 89%; mp: 87-90 °C (ethyl acetate/hexane); [oc]ZD0 =-74.7
(c 1, CH;0H); 'H NMR of two rotamers (400 MHz, DMSO-dg): &

7.64-7.59 (m, 2H. NH), 7.42-7.38 (m, 2H, NH), 7.07 (s, 2H, NH),
4.23-421 (m, 2H, CH), 4.14-4.10 (m, 2H, CH), 3.42-3.33 (m, 2H),
3.32-3.25 (m, 2H), 2.18-2.07 (m, 1H), 2.06-1.90 (m, 3H), 1.89-
1.69 (m, 6H), 1.40-1.25 (m, 18H, 2 x (CH5)C), 0.89-0.84 (m, 12H,
2 x iPr-CH3); '>C NMR (100 MHz, DMSO-dg): & 172.8, 172.1,
171.6, 153.9, 153.3, 78.7, 78.4, 59.4, 59.3, 57.3, 57.1, 46.6, 46.5,
31.1, 30.5, 29.2, 28.0, 27.9, 23.9, 22.9, 19.3, 19.2, 18.0, 17.6. Anal.
Calcd for Cy5H,7N304: C, 57.49; H, 8.68; N, 13.41. Found: C,
57.55; H, 8.57; N, 13.49.

4.1.7. 1-Bn-N-((1S)-1-carbamoyl-1,2-dimethylpropyl)-(S)-
prolinamide 1g

Yield: 87%; mp: 93-95 °C (ethyl acetate/hexane); [«]%’ = —32.1
(c 1, CH;0H); 'H NMR (400 MHz, DMSO-dg): & 7.75 (s, 1H, NH),
7.42-7.35 (m, 4H, Ar), 7.31-7.28 (m, 1H, Ar), 6.93 (s, 1H, NH),
6.85 (s, 1H, NH), 3.94-3.90 (m, 1H, CH,), 3.52-3.44 (m, 2H, CH,
and CH), 3.17-3.08 (m, 1H), 3.00-2.91 (m, 1H), 2.40-2.31 (m,
1H), 2.16-2.07 (m, 2H), 2.03-1.90 (m, 1H), 1.88-1.74 (m, 4H),
1.69-1.56 (m, 4H); '>C NMR (100 MHz, DMSO-dg): 6 175.5, 173.0,
139.0, 128.7, 128.4, 127.2, 67.0, 35.8, 58.7, 53.4, 36.6, 35.5, 29.6,
24.0, 23.9, 23.4. Anal. Calcd for CigH,5N30,: C, 68.54; H, 7.99; N,
13.32. Found: C, 68.60; H, 8.05; N, 13.45.

4.2. General procedure for the cyclisation of protected (S)-
prolinamides 1d,g

A mixture of 1d or 1g (3.1 mmol) and sodium methoxide in
methanol (20 ml; 1.5 M) was refluxed for 2 h. Then, the solvent
was evaporated and the residue was dissolved in water (20 ml).
The aqueous solution was neutralised with concentrated HCl to
pH=~7 and extracted with DCM (4 x 20 ml). The solution was
dried over sodium sulfate and concentrated in vacuo. The residue
was crystallised from ethyl acetate/hexane.

4.2.1. (+)-2-(1-Boc-pyrrolidin-2-yl)-1,3-diazaspiro[4.4]non-1-
en-4-one 2d

Yield: 92%; mp: 151-153 °C (ethyl acetate/hexane); 'H NMR
(400 MHz, DMSO-dg): two conformers 6 10.28 (br s, 2H, NH),
4.54-4.47 (m, 2H, 2 x CH), 3.50-3.44 (m, 2H), 3.36-3.27 (m, 2H),
2.31-2.14 (m, 2H), 1.94-1.69 (m, 22H), 1.41-1.33 (m, 18H,
2 x (CH3)3C); '3C NMR (100 MHz, DMSO-dg): & 186.8, 185.5,
169.1, 153.5, 152.7, 79.1, 74.6, 74.4, 55.3, 55.0, 46.4, 36.8, 36.3,
31.3, 30.2, 27.9, 25.3, 23.9, 23.1. Anal. Calcd for C;gH,5N505: C,
62.52; H, 8.20; N, 13.67. Found: C, 62.48; H, 8.14; N, 13.73.

4.2.2. (+)-2-(1-Benzylpyrrolidin-2-yl)-1,3-diazaspiro[4.4]non-4-
on 2g

Yield: 81%; mp: 140-141 °C (ethyl acetate/hexane); 'H NMR
(400 MHz, DMSO-dg): 5 10.67 (s, 1H, NH), 7.32-7.19 (m, 5H, Ar),
3.75-3.72 (m, 1H, CH;), 3.44-3.58 (m, 2H, CH, and CH), 3.24-
3.18 (m, 1H), 2.95-2.87 (m, 1H), 2.27-2.16 (m, 1H), 2.11-2.00
(m, 1H), 1.88-1.63 (m, 8H), 1.58-1.52 (m, 1H), 1.49-1.41 (m,
1H); *C NMR (100 MHz, DMSO-dg): 6 187.2, 162.9, 138.7, 128.7,
128.0, 126.9, 76.9, 63.1, 57.7, 53.3, 36.9, 36.6, 28.9, 25.5, 254,
22.7. Anal. Calcd for C;gH»3N30: C, 72.70; H, 7.80; N, 14.13. Found:
C, 72.71; H, 7.71; N, 14.21.

4.3. General procedure for the synthesis of N-(1-carbamoyl-1,1-
dialkyl-methyl)-(S)-prolinamides 3a-c

A mixture of Cbz-protected (S)-prolinamide (1a-c) (7.5 mmol)
and 5% Pd/C (250 mg) in 50 ml methanol was stirred under an
atmosphere of hydrogen at room temperature for 12 h. After this
time, the mixture was filtered through Celite and the product
was isolated by the evaporation of methanol.
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4.3.1. N-(1-Carbamoyl-cyclopentyl)-(S)-prolinamide 3a

Yield: 95%; mp: 174-176 °C; [o)2 = —45.4 (c 1, CHsOH); 'H
NMR (400 MHz, DMSO-dg): & 7.93 (s, 1H, NH), 6.97 (s, 1H, NH,),
6.84 (s, 1H, NH,), 3.47 (dd, 1H, J=8.4Hz, J=5.4Hz, CH), 2.81-
2.79 (m, 2H, CH,), 2.04-1.97 (m, 2H), 1.93-1.80 (m, 3H), 1.66-
1.55 (m, 7H); '>C NMR (100 MHz, DMSO-dg): é 175.5, 174.0, 65.5,
60.2, 46.5, 36.2, 35.6, 30.0, 25.7, 23.7. Anal. Calcd for C;;H;gN305:
C, 58.64; H, 8.50; N, 18.65. Found: C, 58.58; H, 8.54; N, 18.71.

4.3.2. N-((1S)-1-Carbamoyl-1,2-dimethylpropyl)-(S)-
prolinamide 3b

Yield: 92%; mp: 202-205 °C; [0)%° = —48.5 (c 1, CH;OH); 'H
NMR (400 MHz, DMSO-dg): & 8.34 (s, 1H, NH), 7.15 (s, 1H, NH,),
7.06 (s, 1H, NH,), 3.48 (dd, 1H, J = 8.8 Hz, J = 5.1 Hz, CH), 3.34 (br
s, 1H, NH), 2.92-2.87 (m, 1H), 2.74-2.69 (m, 1H), 2.15-2.09 (m,
1H), 1.95-1.86 (m, 1H), 1.72-1.65 (m, 1H), 1.62-1.53 (m, 2H),
1.42 (s, 3H, CHs), 0.85-0.81 (m, 6H, 2 x CH3); '3C NMR (100 MHz,
DMSO-dg): 6 174.9, 173.6, 61.5, 60.8, 46.5, 34.4, 30.2, 25.8, 18.1,
17.2, 17.1. Anal. Calcd for C11H31N30;: C, 58.12; H, 9.31; N, 18.49.
Found: C, 58.07; H, 9.26; N, 18.54.

4.3.3. N-((1S5)-1-Carbamoyl-2-methylpropyl)-(S)-prolinamide 3c

Yield: 94%; mp: 127-130°C; [¢]% = —54.2 (c 1, CHsOH); 'H
NMR (400 MHz, DMSO-dg): 6 8.11 (d, 1H, J = 9.4 Hz, NH), 7.55 (s,
1H, NH,), 7.12 (s, 1H, NH;), 4.15 (dd, 1H, J=9.4Hz, J=5.8 Hz,
CH), 3.59 (dd, 1H, J=9.0Hz, J=4.9 Hz, CH), 3.45 (br s, 1H, NH),
2.95-2.89 (m, 1H), 2.79-2.74 (m, 1H), 2.02-1.93 (m, 2H), 1.74-
1.68 (m, 1H), 1.62-1.58 (m, 2H), 0.84 (d, 3H, J = 6.7 Hz, CH3), 0.79
(d, 3H, J=6.7 Hz, CH3); '*C NMR (100 MHz, DMSO-dg): 6 174.1,
172.9, 60.3, 56.3, 46.9, 31.4, 30.8, 26.0, 19.5, 17.6. Anal. Calcd for
C10H19N30;: C, 56.32; H, 8.98; N, 19.70. Found: C, 56.26; H, 8.88;
N, 19.76.

4.4. General procedure for the synthesis of 4,4-dialkyl-2-(1-Boc-
pyrrolidin-2-yl)-imidazolidin-5-ones 4d,e

A mixture of 1-aminocyclopentancarboxamide or (S)-2-amino-
2,3-dimethylbutanamide (10 mmol) and (S)-N-Boc-prolinal
(2.19 g; 11 mmol) in 30 ml methanol with one drop of acetic acid
was refluxed for 18 h. The solvent was evaporated under reduced
pressure and the residue was crystallised from cyclohexane.

4.4.1. ((2S)-1-Boc-2-pyrrolidin-2-yl)-1,3-diazaspiro[4.4]nonan-
4-one 4d

Yield: 71%; mp: 128-130 °C; [2]%’ = —50.0 (c 1, CHCl3); 'H NMR
of two diastereomers (400 MHz, CDCls): 6 6.78 (br s, 1H, NH), 6.55
(br s, 1H, NH), 4.42 (d, 1H, J = 5.0 Hz, CH), 4.46-4.42 (m, 1H, CH),
3.89-3.85 (m, 2H, 2 x CH), 3.24-3.08 (m, 4H, 2 x CH,), 2.27-2.11
(m, 2H), 2.10-2.03 (m, 2H), 1.95-1.67 (m, 16H), 1.44-1.43 (m,
18H, 2 x (CH3)3C); '>C NMR (100 MHz, DMSO-ds): ¢ 181.3, 181.2,
156.2, 155.8, 154.5, 79.5, 79.4, 72.0, 70.1, 68.5, 68.3, 61.2, 59.8,
475, 46.9, 37.9, 37.5, 37.3, 28.1, 27.2, 36.5, 26.1, 24.8, 24.7, 24.6.
Anal. Calcd for C;gH,7N503: C, 62.11; H, 8.80; N, 13.58. Found: C,
62.15; H, 8.86; N, 13.52.

4.4.2. (4S)-4-Isopropyl-4-methyl-2-((2S)-1-Boc-pyrrolidin-2-yl)-
imidazolidin-5-one 4e

Yield: 66%; mp: 105-115 °C; [¢% = —15.6 (c 1, CHsOH); 'H
NMR of two diastereomers (400 MHz, DMSO-dg): 6 8.16-7.83 (m,
2H, 2 x NH), 4.68-4.43 (m, 2H, 2 x CH), 3.86-3.67 (m, 2H,
2 x CH), 3.31-3.12 (m, 2H, 2 x CH;), 2.85-2.60 (m, 2H), 1.91-
1.67 (m, 10H), 1.42-1.38 (m, 18H, 2 x (CH3);C), 1.11-1.00 (m,
6H, 2 xCH;), 0.85-0.79 (m, 12H, 2 xiPr-CHs); '3C NMR
(100 MHz, DMSO-dg): ¢ 178.7, 178.1, 177.6, 155.9, 154.8, 153.8,
79.0, 78.7, 78.5, 72.3, 70.0, 67.7, 63.2, 63.0, 62.9, 60.9, 60.4, 59.7,
47.5, 47.2, 46.7, 34.9, 33.5, 33.1, 28.1, 28.0, 26.1, 27.9, 24.1, 23.3,

21.7, 21.2, 17.8, 17.5, 16.3, 16.2, 16.0, 15.9. Anal. Calcd for
Cy6H29N303: C, 61.71; H, 9.39; N, 13.49. Found: C, 61.68; H, 9.46;
N, 13.52.

4.5. General procedure for the synthesis of 4,4-dialkyl-2-(1-Boc-
pyrrolidin-2-yl)-4,5-dihydro-1H-imidazol-5-ones 2d,e

A mixture of the corresponding 2-(1-Boc-pyrollidin-2-yl)imi-
dazolidin-5-one 4d or 4e (5 mmol) and activated manganese(IV)
oxide (5g; 91 mmol) in benzene (60 ml) was refluxed for 48 h.
The suspension was filtered through a plug of silica gel, the filtrate
was evaporated to dryness and recrystallised from ethyl acetate/
hexane.

4.5.1. ((2S)-1-Boc-2-pyrrolidin-2-yl)-1,3-diazaspiro[4.4]non-1-
en-4-one 2d

Yield: 69%; mp: 171-173°C (ethyl acetate/hexane);
[#)2° = —64.0 (c 1, CHCl5); 'H NMR, 3C NMR and elemental analy-
ses are similar with racemic form of 2d.

4.5.2. (4S)-4-1sopropyl-4-methyl-2-((2S)-1-Boc-pyrrolidin-2-yl)-
4,5-dihydro-1H-imidazol-5-one 2e

Yield: 54%; yellow oil; ]2’ = —24.3 (c 2.9, CH30H); 'H NMR of
two conformers (400 MHz, DMSO-dg): § 10.74-10.54 (m, 2H,
2 x NH), 4.50-4.38 (m, 2H, 2 x CH), 3.50-3.42 (m, 2H, 2 x CH,),
3.34-3.23 (m, 2H, 2 x CH5), 2.25 (m, 2H), 1.90-1.42 (m, 6H),
1.39-1.31 (m, 18H, 2 x (CH5)3C), 1.11-1.06 (m, 6H, 2 x CHj),
0.88-0.84 (m, 6H, 2 x CH3), 0.68-0.66 (m, 6H, 2 x CHs); '3C NMR
(100 MHz, DMSO-dg): ¢ 187.3, 186.9, 163.5, 162.9, 153.6, 153.2,
78.8, 78.6, 74.5, 74.0, 55.9, 55.6, 46.5, 46.4, 33.7, 31.8, 30.3, 28.0,
23.9, 22.9, 20.8, 16.6, 16.5, 16.4. Anal. Calcd for C;gH37N305: C,
62.11; H, 8.80; N, 13.58. Found: C, 62.27; H, 8.95; N, 13.44.

4.6. General procedure for the synthesis of 4,4-dialkyl-2-
pyrrolidin-2-yl-4,5-dihydro-1H-imidazol-5-ones 5d,e

To a solution of 1-Boc-protected proline derivative 2d or 2e
(5 mmol) in DCM (5 ml) was added 1.5 ml TFA and the resulting
mixture was stirred at room temperature for 2 h. Then, the product
was isolated by the evaporation of solvents under reduced
pressure.

4.6.1. (S)-2-(Pyrrolidin-2-yl)-1,3-diazaspiro[4.4]Jnon-1-en-4-one
bis(trifluoroacetate) salt 5d

Yield: 99%; colourless oil; 'H NMR (400 MHz, CD5CN): 5 10.32
(br s, 4H, NH,* and CONH and NH"), 4.74-4.70 (m, 1H, CH),
3.53-3.42 (m, 1H, CH;), 3.41-3.36 (m, 1H, CH;), 2.51-2.43 (m,
1H), 2.27-2.15 (m, 1H), 2.13-2.05 (m, 2H), 2.01-1.86 (m, 8H);
13C NMR (100 MHz, CDsCN): 6 184.0, 164.2, 161.0 (q, CO,
J=38Hz), 116.6 (q, CF;, J=286 Hz), 76.4, 56.8, 47.7, 37.8, 37.7,
29.2, 26.3, 26.2, 24.2, 24.2. Anal. Calcd for CysH;9FsN30Os: C,
41.39; H, 4.40; N, 9.64. Found: C, 41.52; H, 4.55; N, 9.40.

4.6.2. (4S)-4-Isopropyl-4-methyl-2-((2+)-pyrrolidin-2-yl)-4,5-
dihydro-1H-imidazol-5-one bis(trifluoroacetate) 5e

Yield: 99%; colourless oil; [o2> = —10.7 (c 2.9, CH;0H); 'H NMR
(400 MHz, DMSO-dg): 6 14.12 (br s, 4H, NH,* and CONH and NH"),
4.67-4.65 (m, 1H, CH), 3.44-3.42 (m, 1H, CH,), 3.36-3.33 (m, 1H,
CH;), 2.44-2.37 (m, 1H), 2.08-2.00 (m, 3H), 1.96-1.90 (m, 1H),
1.26 (s, 3H, CH3), 0.99-0.97 (m, 3H, CH3), 0.83-0.79 (m, 3H, CH3);
13C NMR (100 MHz, DMSO-ds): 6 187.3, 187.1, 163.6, 162.6, 159.0
(q, CO, J=38Hz), 116.0 (q, CFs, =286 Hz), 73.6, 73.4, 56.4, 56.3,
46.3, 34.7, 34.6, 29.5, 29.4, 23.7, 23.6, 20.9, 20.8, 17.0, 16.9. Anal.
Calcd for Cys5Hy1FgN3Os: C, 41.20; H, 4.84; N, 9.61. Found: C,
41.43; H, 5.02; N, 9.25.
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4.7. 2-(4,5-Dihydro-3H-pyrrol-2-yl)-1,3-diazaspiro[4.4]non-1-
en-4-one 6d

To a solution of 5d (3 mmol) in chloroform (5 ml) was added
TEA (1 ml; 7 mmol). A mixture was stirred 10 min and purified
by column chromatography (silica gel; CHCl3/CH30H (10:1); R¢
0.23). Yield: 48%; colourless oil; 'H NMR (400 MHz, DMSO-dg): &
11.16 (s, 1H, NH), 4.02-3.98 (m, 2H, CH,), 2.81-2.77 (m, 2H,
CH,), 1.94-1.69 (m, 10H); '*C NMR (100 MHz, DMSO-dg): &
186.5, 166.7, 155.7, 78.2, 61.6, 36.7, 33.8, 25.4, 21.7. Anal. Calcd
for C;1Hy5N30: C, 64.37; H, 7.37; N, 20.47. Found: C, 64.55; H,
7.52; N, 20.60.

4.8. General experimental procedure for the aldol reaction

To a stirred solution of catalyst 3a-c (0.1 mmol; 20 mol %) in
appropriate solvents (2.0 ml), cyclohexanone (0.52 ml; 5 mmol)
and acid were added. After 1h, 4-nitrobenzaldehyde (75 mg,
0.5 mmol) was added and the mixture was kept for 3-7 days (Ta-
ble 1, entry 6, 90 days) at room temperature. The reaction mixture
was quenched by the addition of a saturated aqueous ammonium
chloride solution and extracted with ethyl acetate (3 x 10 ml). The
organic layer was washed with water and dried over anhydrous so-
dium sulfate. After evaporation of the solvents under reduced pres-
sure, the crude product was purified by column chromatography
on a silica gel using ethyl acetate/hexane (1:4) as the eluent to pro-
vide the pure aldol product. The spectroscopic data were identical
with those reported in Ref. 6h. Enantiomeric excess was deter-
mined by chiral HPLC (Daicel Chiralpak AS-H, n-hexane/i-PrOH
85:15; flow rate 0.5 ml min~’, 2 = 254 nm; tg (syn, minor) = 46.55 -
min, tg (anti, major) = 52.02 min; tg (anti, minor) = 61.22 min; tg
(syn, major) = 66.47 min).
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ABSTRACT: Ten optically pure substituted 2-(pyridin-2-yl)imidazolidin-4-ones, N
la—d, 2a—4a, and 2b—4b, were prepared and characterized. The absolute | N R}
configurations of individual ligands were determined by X-ray analysis or NOESY N ©

experiments. The Cu(II) complexes of the respective ligands were studied as R% R3
enantioselective catalysts of the nitroaldol (Henry) reaction of aldehydes with
nitromethane, giving the corresponding substituted 2-nitroalkanols. In the case of
an anti arrangement of the imidazolidin-4-one ring, the obtained result was
91—96% ee, whereas in the case of syn arrangement, a significant drop to 25—27%

ee was observed.

OH
PN

up to 96 % ee

RCHO + CH3NO,

R'; R% R®=H; CH,
R =9 aryls; 3 alkyls

The nitroaldol (Henry) reaction represents one of the basic
processes in organic synthesis for producing a carbon—carbon
bond and is a key step in the synthesis of many significant com-
pounds. The asymmetric variant of the Henry reaction plays a
significant role in the synthesis of pharmaceutical precursors, in
particular.”> The general procedure of this asymmetric synthesis
requires the application of a suitable optically pure chiral ligand,
often in combination with metal ions. In the case of the nitroaldol
reaction, complexes with Cu(II) have proven particularly useful.”

The Cu(II) complexes derived from 2-(pyridin-2-yl)-4-iso-
propyl-4-methyl-4,5-dihydro-1H-imidazol-S-ones  (Scheme 1),
which we prepared earlier, were also efficient catalysts of the Henry
reaction. However, in the case of these complexes, the resulting
enantioselectivity was only low (maximum 19% ee).” Since one of
the described methods for the preparation of substituted 4,5-
dihydro-1H-imidazol-5-ones consists of oxidation of substituted
imidazolidin-4-ones,” we also decided to test the enantioselectivity
of these types of ligands, which are very similar in structure to the
well-known MacMillan organocatalysts.* Thanks to the sp® config-
uration at the 2-carbon atom, the imidazolidin-4-ones are less rigid
than the substituted 4,5-dihydro-1H-imidazol-S-ones. In addition to
that, the sp>-hybridized carbon atom at the 2-position of imidazo-
lidin-4-one represents another stereogenic center, which can lead to
an increase in enantioselectivity from the standpoint of enantioca-
talytic properties (Scheme 1). A similar example was encountered in
the catalysis of the Henry reaction in the case of Cu(II) complexes
derived from substituted pyridylimidazolidines as compared with
the Cu(II) complexes derived from pyridylimidazolines.**

The aim of this work was to prepare and characterize optically
pure substituted 2-(pyridin-2-yl)imidazolidin-4-ones 1—4 and
their Cu(II) complexes. Another aim of the work was to test the
potential application of these complexes as enantioselective

v ACS Publications ©2011 american chemical Society

Scheme 1. Substituted 4,5-Dihydro-1H-imidazol-5-ones and
Substituted Imidazolidin-4-ones 1—4

N N
| R | | RiH
N N
N7 o N o
N = RN
CHs 2 Rs
HC N\, HC™ Ny,
1-4
1:R'=H; R? = H; R® = CHj;
2:R'=CHjy; R? = H; R®= CHy;

3:R'"=CH;;R2=H; R®=H
4:R'=H; R? = CHg; R® = CH3;

catalysts for the Henry reaction. The suggested ligands 1—4
differed in the position and in some cases also in the number of
the methyl group(s) attached to the imidazolidin-4-one ring,
which determined the different geometries of the corresponding
Cu(II) complexes with possible impacts on the catalytic activity
of the individual complexes.

Since our suggested ligands 1—4 contained two stereogenic
centers in the molecule (C-2, C-S), it was suitable to prepare the
optically pure isomers from precursors containing one defined
stereogenic center. Such easily accessible precursors were (S)-2-
amino-2,3-dimethylbutanamide,”  (R)-2-amino-2,3-dimethylbutan-
amide,” (S)-2-amino-3-methylbutanamide (valinamide), and (S)-
2-N-methylamino-2,3-dimethylbutanamide.® The ring closure reac-
tion of these amino amides with pyridine-2-carbaldehyde or
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2-acetylpyridine produced the second stereogenic center at the
2-position of the imidazolidin-4-one ring. The reaction of pyridine-
2-carbaldehyde with (S)-2-amino-2,3-dimethylbutanamide gave the
diastereoisomeric products (5S)-S-isopropyl-2-methyl-2-(pyridin-2-
yl)imidazolidin-4-ones (1ab), and the reaction with (R)-2-amino-
2,3-dimethylbutanamide gave (SR)-S-isopropyl-2-methyl-2-(pyridin-
2-yl)imidazolidin-4-ones (1c,d). The prepared pairs of diastereomers
were separated chromatographically into the individual optically pure
isomers: i.e., lab and 1c,d.

Similarly, the diastereoisomeric mixture obtained from the
reaction of 2-acetylpyridine with (S)-2-amino-2,3-dimethylbutana-
mide was chromatographically separated to give the optically pure
derivatives 2a,b. The analogous reaction of valinamide with 2-acet-
ylpyridine and subsequent chromatographic separation gave the
optically pure derivatives 3a,b, and the condensation of pyridine-2-
carbaldehyde with (S)-2-N-methylamino-2,3-dimethylbutanamide
and subsequent separation of diastereoisomeric mixture gave the
optically pure products 4a,b (Scheme 2, Chart 1).

The cyclization reaction in the syntheses of compounds 1 and 4
was carried out by refluxing (8 h) the reactants in methanol with
acetic acid as the catalyst. The preparation of products 2 and 4
required the application of 1,2-dichlorobenzene due to the lower
reactivity of 2-acetylpyridine. However, partial racemization at the
CS position was observed in the case of derivative 3. Therefore, we
tested several solvents and found that the reaction in isopropyl
alcohol proceeded at a satisfactory rate and without racemization.
The structures of the prepared diastereoisomeric mlxtures and
optically pure products were verified by means of 'H and *C
NMR spectroscopy. In all the cases of prepared diastereomeric
mixtures, spectroscopy showed double signals corresponding to a
mixture of two diastereoisomers in a 1:1 ratio. The separation into
optically pure isomers was performed by means of column chro-
matography on silica gel with the appropriate mobile phase. This
method enabled the isolation of the individual optically pure isomers

Scheme 2. Synthesis of Imidazolidin-4-ones 1—4

B
B H2N Z H
| N
7 (0] (0]
N + _N
R? R3
R' - Hzo HAC
%Y CHs
R'=H, CHs R?=H,R3= CH3: (2R) or (2S); 1-4

R?=H, R®=H: (28);
R? = CHs, R® = CH3: (29)

whose survey, together with the indicated absolute configurations, is
presented in Chart 1.

The relative configuration at the imidazolidin-4-one ring of
compound la was determined on the basis of X-ray single-crystal
analysis. Figure 1 shows the R configuration at the 2-position
with respect to the known S configuration at the S-position.
Hence, diastereomer 1b must have the S configuration at the
2-position.

Compound 1c had negative optical rotation, but its absolute
value was identical with that of compound 1a. Also, the NMR
spectra of the two compounds were identical, which confirmed
the fact that they were mutual enantiomers; the configuration of
compound 1c is therefore 25,5R. Compound 1d is a diastereo-
isomer of compounds 1a,c and an enantiomer of compound 1b;
hence, the configuration of compound 1d is 2R,5R. In the case of
compounds 2a and 3a, the relative configuration was determined
on the basis of X-ray single-crystal analysis of the corresponding
Cu(II) complexes Sa—7a. These complexes were prepared by
the reaction of ligands 1a—3a with Cu(II) acetate in methanol at
room temperature (Scheme 3).

With regard to the known S configuration at the S-position of
both complexes 6a and 7a, Figure 2 shows the R configurations at
the 2-position of the imidazolidin-4-one ring. This means that the

c4 c3

Figure 1. ORTEP drawing of the molecular structure ofligand 1a at the
50% probability level. Hydrogen atoms are omitted, except for one
hydrogen atom at the C-2 position of the imidazolidin-4-one ring for

clarity.

Chart 1. Survey of Prepared Optically Pure Substituted Imidazolidin-4-ones 1a—d, 2a,b, 3a,b, and 4a,b with Their Respective

Absolute Configurations

2
N7 N N
HN\_ZZO N/ O
S CH, “CHs
HC, HyC H

$CH; Hic" E CH

CH3 CHs C/\CH3 H3C/\CH H3C/\CH3
1a(2R,5S) 1¢(2S,5R) 2a(2R58) 3a(2R,58) 4a(2S,5S)
Py, G, QR QR Oy

) H”I‘/Q: ° f HaC” L/\Z:o

3 CH; c Hs 3C S CH,

H3C/\CH3 HaC™ oy, H3C/\CH3 H3C/\ CH, H3C/\CH3
1b(2S,5S) 1d(2R,5R) 2b(2S,58) 3b(2S,5S) 4b(2R,5S)

4788 dx.doi.org/10.1021/j0200703; |J. Org. Chem. 2011, 76, 47874793



The Journal of Organic Chemistry

corresponding diastereomeric compounds 2b and 3b must have
the S configuration at the 2-position.

In the case of compounds 1b and 4a,b, the absolute config-
uration at the stereogenic centers, i.e. the 2- and 5-carbon atoms,
was determined by means of a 1D NOESY pulse sequence.” In all
cases, separate selective excitation concerned the proton at the
2-carbon atom and the protons of the S-methyl group. Observed
NOE interactions are presented in Figure 3.

The next part of this work consisted of testing the nitroaldol
(Henry) reaction of benzaldehyde, substituted benzaldehydes,
cyclohexanecarbaldehyde, pentanal, and 2,2-dimethylpropanal
with nitromethane, giving the corresponding substituted 2-
nitroalkanols (Tables 1 and 2). The reaction was catalyzed by
the complexes of Cu(Il) acetate with the above-mentioned
optically pure ligands la—d; 2a)b; 3a,b and 4a,b prepared
in situ. Table 1 reports the values of enantioselectivity and
chemical yields attained with the individual ligands; the yields
were determined by means of "H NMR of the crude product, and
the yields of the isolated product are given in brackets.® In the
case of ligands 1a and Ic (entries 1 and 3), the attained chemical
yields and enantioselective excess values were virtually the same for
the corresponding 1-phenyl-2-nitroethanols with opposite config-
urations (>97% and 92% ee, and >97% and —91% ee, respectively).
This finding agrees with the fact that ligands la and 1c are
enantiomers. In the case of enantiomers 1b and 1d (entries 2
and 4), the results were mutually comparable but the enantioselec-
tive excess values were markedly lower (—25% ee and 27% ee,
respectively) than those obtained with ligands 1a and 1c. The same
conclusions also follow from the comparisons of ligands 2a with 2b
(entries S and 6) and 3a with 3b (entries 7 and 8).

Scheme 3. Preparation of Complexes Sa—7a

Cu(OA 7 B1H
1azada —AOAR N \fo
MeOH; rt AcO—Cu—N a
/| R2:R

AcO HSC;\CH3
5a-7a

5a: R'= H; R?= H; R®= CHj;
6a: R'= CHg; R%= H; R%= CHj;
7a: R'= CH3; R?= H; R%=H

The measurement results presented in Table 1 show that the
Cu(Il) complexes derived from the ligands having the anti

X
.4
N 4I S0

=0
HN\Zi ° g C,,N\_,{ N
/\\C/HD Ho—ohs N
HC gy, L, HiC err,
1b(28,58) 4a(2555) 4b(2R 58)

Figure 3. 1D NOESY experiments with compounds 1b and 4ab.

Table 1. Screening of Ligands for the Asymmetric Henry
Reaction

o OH
X H CH3NOy; ligand 5 mol% N0z
|/ = Cu(OAc)y; ethanol; 10 °C |/ _—
R R
entry  catalyst R time (h)  conversion® (%)  ee’(%)

1 la H 36 >97 (68) 92
2 1b H 48 85(55) -25
3 1c H 36 >97 (70) -91
4 1d H 48 84 (52) 27
S 2a H 36 >97 (63) 89
6 2b H 48 80 (49) —23
7 3a H 36 >97 (61) 62
8 3b H 48 90 (55) —63
9 4a H 48 78 (42) 15
10 4b H 48 0(0)

11 la 2-OCHj, 30 >97(68) 92
12 2a 2-OCH;,4 30 >97 (65) 89
13 3a 2-OCH;, 30 >97 (70) 63
14 la 4-NO, 24 >97 (89) 90
15 2a 4-NO, 24 >97 (90) 88
16 3a 4-NO, 24 >97(88) 61
17 3b 4-NO, 24 >97 (75) —44

“Values are isolated yields after chromatographic purification. ® Enan-
tiomeric excess determined by HPLC using Chiralcel OD-H.

5a 6a

7a

Figure 2. ORTEP drawings of the molecular structures of complexes Sa—7a at the 50% probability level. Hydrogen atoms (except hydrogen atoms at
the stereogenic centers) and molecules of solvent are omitted for clarity. Only one molecule of the dimeric form of complex Sa is shown.
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Table 2. Henry Reaction of Nitromethane with Various
Aldehydes Catalyzed by a Cu(II) Complex of 1a

)oj\ + CHWNO ligand 1a 5 mol% OH NO
A H T Cu(OAQ)y: ethanol A 2
entry A time (h) temp (°C) conversion” (%) ee” (%)

1 Ph 36 10 >97 (66) 92
2 2-MeOCgH, 30 10 >97(68) 92
3 4-CIC4H, 36 10 >97 (64) 90
4 4-FC¢H, 36 10 >97 (54) 89
S 4-PhC¢H, 36 10 >97(77) 92
6 2-NO,C¢H, 24 10 >97 (81) 90
7 4-BrCeH, 36 10 >97(80) 92
8 4-NCC4H, 30 10 >97(87) 90
9 4-NO,C¢H, 30 10 >97(89) 90
10 cyclohexyl 72 18 86 92
11 n-Bu 72 18 82 87
12 tBu 72 18 87 96

“Values are isolated yields after chromatographic purification. * Enan-
tiomeric excess determined by HPLC using Chiralcel OD-H and
Chiralpak AD-H columns.

arrangement (la,c and 2a—4a) were distinctly more efficient
catalysts than the complexes derived from ligands with the syn
arrangement. This finding is in accordance with results published
carlier.*"?

Furthermore, the results presented in Table 1 were compared
from the standpoint of the effectiveness of the Cu(Il) complexes
derived from ligands with the anti arrangement differing in the
position of the methyl group on the imidazolidin-4-one skeleton.
Introduction of the second methyl group into the 2-position of the
ligand resulted in negligible lowering of enantioselectivity: see 1a
and 2a (entries 1 and S; 92 and 89% ee). On the other hand, ligand
2a was much more stable than ligand 14, since it could not undergo
racemization through proton exchange'® or easy oxidation to
substituted 4,5-dihydro-1H-imidazol-5-one.” Surprisingly, a marked
lowering of enantioselectivity was observed in the case of the
complex derived from ligand 3a (entries 7, 13, and 16; 62, 63,
and 61% ee), where the S-methyl group was replaced by a hydrogen
substituent, which indicates that this derivative of a coded amino
acid (valine) is less selective than the compounds derived from a
chiral amino acid with a quaternary a--carbon atom; their general
advantage lies in the fact that they do not undergo racemization, in
contrast to the amino acids with a hydrogen substituent at the .-
carbon atom. However, the most dramatic lowering of enantios-
electivity (15% ee) was observed after the introduction of a methyl
group on the nitrogen atom at the 1-position: i.e., in the case of the
complex derived from ligand 4a (entry 9). This marked decrease in
enantioselectivity was most likely due to worsened coordination
properties of the ligand. The same character of influence of the
methyl substitution in ligands 1a—3a can also be seen in the second
part of Table 1 concerning the nitroaldol reactions of 2-methoxy-
benzaldehyde (entries 11—13) and 4-nitrobenzaldehyde (entries
14—16) with nitromethane.

Table 2 compares the individual yields of nitroaldol reactions
of nitromethane with various substituted benzaldehydes and
other aldehydes such as cyclohexanecarbaldehyde, pentanal,
and 2,2-dimethylpropanal, catalyzed with a complex of Cu(II)
acetate and ligand 1a.

The results presented in Table 2 show that the enantioselec-
tivity was only minimally affected by substituents on the benzene
ring of the substituted benzaldehydes (entries 1—9). The
nitroaldol reaction of aliphatic aldehydes was slower (entries
10—12). The highest enantioselective excess was attained in the
case of the bulky 2,2-dimethylpropanal (entry 12, 96% ee).

Bl CONCLUSION

Imidazolidin-4-ones are less rigid, due to the sp® configuration
at the 2-carbon atom, as compared to 4,5-dihydro-1H-imidazol-5-
ones,” which as expected dramatically increased the enantioselec-
tivity of the Henry reaction catalyzed with the corresponding Cu(II)
complexes (from 19% ee up to 96% ee). The geometry of the
Cu(II) complex formed determined the enantioselectivity of the
Henry reaction, which in the case of anti arrangement gave 91—
96% ee. In the case of the syn arrangement of the imidazolidin-4-one
skeleton, the enantiomeric excess markedly decreased to as low as
25—27% ee. Also, the position of the methyl group on the
imidazolidin-4-one skeleton substantially affected the enantioselec-
tivity of the respective complexes. Decreased enantioselectivity was
observed in the case of the complex derived from ligand 3a
(61—63% ee), where the S-methyl group was replaced by a
hydrogen substituent. However, the most significant decrease in
enantioselectivity (15% ee) resulted after the introduction of a
methyl group on the 1-nitrogen atom. The aforementioned findings
show that the studied ligands can be relatively easily prepared, are
stable, and possess high catalytic potential for the Henry reaction; in
the future these ligands may find applications in the organocatalysis
of other reactions.""

B EXPERIMENTAL SECTION

General Procedure for Preparation of Substituted Imida-
zolidin-4-one Derivatives 1—4. A mixture of 2-acetylpyridine or
pyridine-2-carbaldehyde (11 mmol) and 2-aminoamide (10 mmol) with
3 drops of acetic acid was refluxed in 20 mL of the corresponding solvent
(methanol for 1 and 4 (8 h), isopropyl alcohol for 3 (48 h), and 1,2-
dichlorobenzene for 2 (1 h)). The solvent was evaporated in vacuo until
dry, and the residue was treated with 10 mL of a 10% aqueous solution of
Na,COj5. The suspension was extracted with CH,Cl, (2 X 10 mL). The
combined extracts were dried over Na,SOy, and after distilling off of
solvent under reduced pressure the residue was chromatographed (silica
gel; ethyl acetate/ CH,Cl,/acetone (50/5/45; v/v/v)) to provide the
optical pure syn and anti diastereomers.

(2R,55)-5-Isopropyl-5-methyl-2-(pyridin-2-yl)imidazolidin-4-one (1a).
Yield: 045 g (21%). Mp: 106—107 °C (cyclohexane). '"H NMR
(400 MHz, DMSO-dq): 6 8.57—8.55 (m, 2H), 7.85 (td, 1H, ] = 7.6, 1.7
Hz),7.50 (dt, 1H, ] = 8.0, 1.0 Hz), 7.37 (ddd, 1H, ] = 7.6, 4.7, 1.0 Hz), 5.37
(d, 1H, ] = 62 Hz), 3.18 (d, 1H, ] = 62 Hz), 1.82—1.75 (m, 1H), 1.16
(s, 3H), 0.92 (d, 6H, ] = 69 Hz). *C NMR (100 MHz, DMSO-dg): 6
1787, 160.5, 148.9, 1372, 123.6, 121.6, 71.0, 63.6, 34.6, 23.7, 17.7, 164.
[a]p> = +37.0° (¢ 1.00, CH,Cl,). Anal. Calcd for C;,H,,N;0: C, 65.73;
H, 7.81; N, 19.16. Found: C, 65.82; H, 7.75; N, 19.05.

(25,55)-5-Isopropyl-5-methyl-2-(pyridin-2-yl)imidazolidin-4-one (1b).
Yield: 0.37 g (17%) as a colorless oil. "H NMR (400 MHz, CDCl,): &
8.52 (ddd, 1H, J = 438, 1.7, 09 Hz), 836 (s, 1H), 7.70 (td, 1H, ] = 7.6,
1.7 Hz), 7.52—7.50 (m, 1H), 7.24 (ddd, 1H, ] = 7.6, 4.8, 1.0 Hz), 5.62 (s,
1H),2.72 (brs, 1H), 1.98—1.88 (m, 1H), 1.34 (s, 3H), 0.94 (d, 3H, ] = 6.9
Hz), 0.88 (d, 3H, ] = 6.8 Hz). *C NMR (100 MHz, CDCl,): 0 180.4,
1587, 1489, 136.8, 123.3, 120.9, 69.6, 64.7, 33.1, 21.6, 17.6, 16.1. [a]p>° =
—54.6° (¢ 1.49, CH,Cl,). Anal. Caled for Cj,H,,N50: C, 65.73; H, 7.81; N,
19.16. Found: C, 65.94, H, 8.00, N, 19.03.
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(25,5R)-5-Isopropyl-5-methyl-2-(pyridine-2-yl)imidazolidine-4-one (1c).
Yield: 0.52 g (24%). Mp: 106—107 °C (cyclohexane). "H NMR (400
MHz, DMSO-dg) 6 8.57—8.55 (m, 2H), 7.85 (td, 1H, ] = 7.7, 1.8 Hz),
7.50 (dt, 1H,]=7.9,1.0 Hz),7.37 (ddd, 1H, ] = 7.6, 4.8, 1.0 Hz), 5.37 (d,
1H, ] = 6.7 Hz), 3.18 (d, 1H, ] = 6.7 Hz), 1.84—1.73 (m, 1H), 1.16 (s,
3H), 0.92 (d, 6H, ] = 6.9 Hz). >*C NMR (100 MHz, DMSO-dy): 0
178.7,160.5, 148.9, 137.3,123.6, 121.7, 71.0, 63.6, 34.7, 23.7, 17.7, 16 4.
[a]p*® = —36.7° (¢ 1.00, CH,CL,). Anal. Caled for C,,H,;;N;0: C,
65.73; H, 7.81; N, 19.16. Found: C, 65.79; H, 7.88; N, 19.25.

(2R,5R)-5-Isopropyl-5-methyl-2-(pyridin-2-yl)imidazolidin-4-one (1d).
Yield: 043 g (20%) as a colorless oil. "H NMR (400 MHz, CDCl): 0
8.52—8.50 (m, 1H), 845 (s, 1H), 7.70 (td, 1H, ] = 7.6, 1.7 Hz), 7.52—7.50
(m, 1H), 7.24—721 (m, 1H), 5.62 (s, 1H), 2.80 (br s, 1H), 1.98—1.88 (m,
1H), 1.34 (s, 3H), 094 (d, 3H, ] = 69 Hz), 0.88 (d, 3H, ] = 6.8 Hz). *C
NMR (100 MHz, CDCLy): 0 1804, 158.7, 148.8, 136.7, 1232, 120.9, 69.5,
64.7,33.0,21.6,17.6,16.0. [0]p>> = +54.1° (¢ 1.00, CH,Cl,). Anal. Calcd for
C1,H;,N;0: C, 65.73; H, 7.81; N, 19.16. Found: C, 6591, H, 7.66, N, 18.97.

(2R 55)-5-Isopropyl-2,5-dimethyl-2-( pyridin-2-yl)imidazolidin-4-one (2a).
Yield: 0.81 g (36%). Mp: 142—144 °C (cyclohexane). "H NMR (400
MHz, DMSO-d,): 0 8.98 (s, 1H), 8.55 (d, 1H, J = 4.3), 7.85 (td, 1H, ] =
7.8,1.6 Hz),7.54 (d, 1H, J= 7.8 Hz), 7.32 (ddd, 1H, ] = 7.6, 4.7, 1.0 Hz),
3.29 (s, 1H), 1.76—1.69 (m, 1H), 1.50 (s, 3H), 0.91—0.85 (m, 9H). *C
NMR (100 MHz, DMSO-dy): 0 177.1,165.3, 148.3, 137.2, 122.5,118.9,
73.7, 63.9, 33.8, 316, 23.5, 17.9, 16.2. [a]p>® = —36.0° (¢ 1.00,
CH,CL,); Anal. Calced. for C;3HgN30: C, 66.92; H, 8.21; N, 18.01.
Found: C, 66.70; H, 8.35; N, 18.23.

(25,55)-5-Isopropyl-2,5-dimethyl-2-(pyridin-2-yl)imidazolidin-4-one (2b).
Yield: 0.55 g (24%) as a colorless oil. "H NMR (400 MHz, CDCl,): 0 8.55 (dt,
1H,] =48, 1.3 Hz), 8.14 (brs, 1H), 7.70—7.64 (m, 2H), 7.18—7.16 (m, 1H),
2.51 (s, 1H), 1.83—1.74 (m, 1H), 1.70 (s, 3H), 143 (s, 3H), 092 (d, 3H, ] =
69 Hz), 0.62 (d, 3H, ] = 69 Hz). *C NMR (100 MHz, CDCL;): 6 179.0,
164.1, 148.5, 136.6, 122.2, 1189, 74.5, 654, 34.1, 33.1, 26.8, 24.6, 17.8, 163.
[a]p™ = —14.8° (¢ 1.00, CH,Cl,). Anal. Calcd for C;3H;9N;0: C, 66.92; H,
821; N, 18.01. Found: C, 67.09; H, 840; N, 17.92.

(2R,5S)-5-Isopropyl-2-methyl-2-(pyridin-2-yl)imidazolidin-4-one (3a).
Yield: 0.37 g (17%). Mp: 69—71 °C (cyclohexane). "H NMR (400 MHz,
DMSO-dg): 8 891 (s, 1H), 8.55 (ddd, 1H, ] = 4.8, 1.7, 0.9 Hz), 7.84 (td,
1H,]=7.8,1.7 Hz), 7.57 (dt, 1H, ] = 7.8,0.9 Hz), 7.32 (ddd, 1H, ] = 7.6,
4.8, 1.0 Hz), 3.52 (d, 1H, J = 8.0 Hz), 3.23 (dd, 1H, ] = 7.9, 3.6 Hz),
1.93—1.86 (m, 1H), 1.52 (s, 3H), 0.94 (d, 3H, ] = 6.9 Hz), 0.88 (d, 3H, ] =
6.8 Hz). ">*C NMR (100 MHz, DMSO-dg): & 174.7, 164.2, 148.5, 137.2,
122.7, 119.1, 74.7, 62.6, 302, 29.3, 19.3, 16.8. [ol]p>° = —3.4° (c 1.00,
CH,CL,). Anal. Caled for C,,H;,N;0: C, 65.73; H, 7.81; N, 19.16.
Found: C, 65.75; H, 7.90; N, 19.15.

(25,55)-5-Isopropyl-2-methyl-2-(pyridin-2-yl)imidazolidin-4-one (3b).
Yield: 0.50 g (23%). Mp: 68—70 °C (cyclohexane). 'H NMR (400
MHz, DMSO-dg): 6 8.71 (s, 1H), 8.52 (br d, 1H, J = 4.2 Hz), 7.82 (br
t, 1H, J = 7.2 Hz), 7.67 (br d, 1H, ] = 7.8 Hz), 7.29 (br t, 1H, ] = 5.5 Hz),
3.53 (brs, 1H), 3.45 (brs, 1H), 1.82—1.77 (m, 1H), 1.59 (s, 3H), 0.89 (d,
3H, ] = 6.9 Hz), 0.68 (d, 3H, ] = 6.9 Hz). *C NMR (100 MHz, DMSO-
dg): 0 174.7, 164.4, 148.1, 136.8, 122.4, 119.6, 75.0, 62.9, 29.7, 29.4, 19.4,
17.3. [a]p® = —21.6° (¢ 1.00, CH,CL,). Anal. Caled for C,,H;,N;0: C,
65.73; H, 7.81; N, 19.16. Found: C, 65.64; H, 7.96; N, 19.32.

(25,55)-5-Isopropyl-1,5-dimethyl-2-(pyridin-2-yl)imidazolidin-4-one (4a).
Yield: 0.72 g (31%) as a colorless oil. "H NMR (400 MHz, CDCly): 6 8.32
(ddd, 1H, =49, 1.7,09 Hz), 7.92 (s, 1H), 464 (td, 1H, ] = 7.7, 1.6 Hz), 7.46
(dt, 1H,7=7.8,09 Hz), 7.12 (ddd, 1H, ] = 7.6,4.9, 1.0 Hz), 5.16 (s, 1H), 2.32
(s, 3H), 1.98—1.90 (m, 1H), 1.25(s, 3H), 0.98 (d, 3H, ] = 69 Hz), 093 (d,
3H, ] = 69 Hz). "*C NMR (100 MHz, CDCL;): 0 176.8, 159.7, 148.0, 137.1,
123.3, 1207, 7.6, 65.7, 342, 29.7, 22.6, 18.2, 180. [0] p™° = +29.4° (c 3.88,
CH,Cl,). Anal. Calcd for C,3H;oN;0: C, 66.92; H, 8.21; N, 18.01. Found: C,
66.86; H, 8.11; N, 17.96.

(2R 55)-5-Isopropyl-1,5-dimethyl-2-( pyridin-2-yl)imidazolidin-4-one (4b).
Yield: 0.61 g (26%) as a colorless oil. "H NMR (400 MHz, CDCLy): 6 8.52

(ddd, 1H, J =49, 1.7,09 Hz), 7.77 (td, 1H, ] = 7.6, 1.7 Hz), 7.69 (dt, 1H, ] =
77,1.0Hz),727 (ddd, 1H, ] =7.5,49, 1.1 Hz), 7.00 (s, 1H), 4.88 (s, 1H), 2.28
(s, 3H), 1.95—1.88 (m, 1H), 128 (s, 3H), 1.07—1.05 (m, 6H). *C NMR
(100 MHz, CDCLy): 6 178.1, 159.5, 148.6, 137.4, 1237, 121.2, 66.5, 34.3, 33.0,
178, 17.3, 149. [a]p™ = —543° (c 100, CH,CL). Anal. Caled for
CsHoN50: G, 6692; H, 821; N, 18.01. Found: C, 67.25; H, 837; N, 18.03.

General Procedure for Preparation of Complexes 5a—7a.
A mixture of one of the ligands 1a—3a (0.55 mmol) and Cu(OAc),
(91 mg; 0.50 mmol) in 10 mL of methanol was stirred at room temper-
ature for 1 h. The resulting solution was evaporated until dry, and the
residue was mixed with ether (10 mL). The suspension was filtered off,
washed with another portion of ether (20 mL), and dried in a desiccator.

Complex 5a. Yield: 182 mg (91%). Mp: 157—161 °C. [a]p> =
—301.3% [a]s4>> = —2782° (c 0.078, CH;0H). Anal. Caled for
C30HNeOsCuy: C, 48.58; H, 5.71; N, 11.33. Found: C, 48.69; H,
6.02; N, 11.14.

Complex 6a. Yield: 192 mg (93%). Mp: 151—155 °C. [a]p> =
—551.2°, [0]s46>> = —539.5° (¢ 0.086, CH;0H). Anal. Caled for
CH,sN;0sCu: C, 49.21; H, 6.07; N, 10.13. Found: C, 48.99; H,
625; N, 9.88.

Complex 7a. Yield: 179 mg (90%). Mp: 144—148 °C. [a]s;s™° =
—76.25°% [asss>> —31.25° (¢ 0.080, CH;0OH). Anal. Caled for
C1H,3N;0sCu: C, 47.93; H, 5.78; N, 10.48. Found: C, 47.56; H,
6.01; N, 10.12.

General Procedure for Asymmetric Henry Reaction. One of
the ligands 1—4 (0.055 mmol) and Cu(OAc), (9.1 mg, 0.05 mmol) were
stirred for 1 h in a mixture of EtOH (1.5 mL) and CH;NO, (0.54 mL,
10 mmol) at room temperature to generate the catalyst. The solution was
cooled to the appropriate temperature, and then the aldehyde (1 mmol) was
added. The mixture was stirred for the time indicated in Table 1 or 2. The
solvents were removed under reduced pressure, and the crude product was
purified by column or flash chromatography (AcOEt/hexane; 1/4 (v/v)).

(R)-1-Phenyl-2-nitroethanol (A1). Colorless oil. "H NMR (400 MHz,
CDCly): 6 7.42—7.37 (m, SH), 5.47 (dt, 1H, ] =9.5,3.3 Hz), 4.61 (dd, 1H,
J=13.3,9.5Hz),4.52 (dd, 1H, J = 13.3, 3.1 Hz), 2.80 (d, 1H, ] = 3.6 Hz).
3C NMR (100 MHz, CDCLy): 6 138.0, 129.0, 128.9, 125.9, 81.2, 71.0. The
enantiomeric excess was determined by HPLC with a Chiralcel OD-H
column (90/10 hexanes/i-PrOH, 0.8 mL/min, 220 nm): major enantio-
mer t, = 17.95 min, minor enantiomer £, = 22.52; 92% ee. [0]p>° = —39.1°
(¢ 0.93, CH,CL).

(R)-1-(2-Methoxyphenyl)-2-nitroethanol (A2). Yellow oil. '"H NMR
(400 MHz, CDCly): 6 7.42 (dd, 1H,J = 7.5, 1.6 Hz), 7.32 (td, 1H, ] = 7.5,
1.7 Hz), 7.00 (td, 1H, J = 7.5, 1.0 Hz), 6.91 (dd, 1H, ] = 8.2,09 Hz), 5.61
(ddd, 1H, ] = 9.2, 6.2, 3.2 Hz), 4.63 (dd, ] = 13.0, 3.2 Hz), 4.55 (dd, ] =
13.0,9.2 Hz), 3.88 (s, 3H),3.24 (d, 1H, ] = 6.2 Hz). ">*C NMR (100 MHz,
CDCL): 0 155.9, 129.7, 1272, 1259, 121.1, 110.5, 79.8, 67.8, 55.4. The
enantiomeric excess was determined by HPLC with a Chiralcel OD-H
column (90/10 hexanes/i-PrOH, 0.8 mL/min, 220 nm): major enantio-
mer t, = 14.92 min, minor enantiomer £, = 17.13; 92% ee. [0 ]p > = —46.7°
(c 1.22, CH,CL).

(R)-1-(4-Fluorophenyl)-2-nitroethanol (A3). Colorless oil. 'H NMR
(400 MHz, CDCL,): 6 7.41—7.36 (m, 2H), 7.12—7.07 (m, 2H), 545 (dt,
1H, ] = 9.4, 3.0 Hz), 4.58 (dd, 1H, ] = 133, 9.5 Hz), 449 (dd, J = 133, 3.1
Hz),2.97 (d, 1H, ] = 3.2 Hz). ">*C NMR (100 MHz, CDCl,): 6 162.9 (d,] =
2480 Hz), 133.8 (d, J = 3.0 Hz), 127.8 (d, ] = 8.1 Hz), 1160 (d, ] = 22.0
Hz), 81.1, 70.3. The enantiomeric excess was determined by HPLC with a
Chiralcel OD-H column (90/10 hexanes/i-PrOH, 0.8 mL/min, 220 nm):
major enantiomer ¢, = 15.52 min, minor enantiomer t, = 18.45; 89% ee.
[a]p® = —41.2° (¢ 1.11, CH,CL,).

(R)-1-(4-Chlorophenyl)-2-nitroethanol (A4). Colorless oil. "H NMR
(400 MHz, CDCly): 0 7.37—7.30 (m, 4H), 5.40 (dt, 1H, ] =9.1, 3.5 Hz),
4.58—4.52 (m, 1H), 447 (dd, J = 13.3,3.2 Hz), 3.29 (d, 1H, ] = 3.9 Hz).
3C NMR (100 MHz, CDCly): 6 136.5, 134.6, 129.1, 127.3, 80.9, 70.2.
The enantiomeric excess was determined by HPLC with a Chiralcel
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OD-H column (90/10 hexanes/i-PrOH, 0.8 mL/min, 220 nm):
major enantiomer ¢, = 18.45 min, minor enantiomer t, = 23.15;
90% ee. [0]p>° = —47.0° (c 1.30, CH,CL,).

(R)-1-(4-Bromophenyl)-2-nitroethanol (A5). Colorless crystalline
solid. Mp: 55—58 °C. '"H NMR (400 MHz, CDCly): 6 7.56—7.54
(m, 2H), 7.31—7.28 (m, 2H), 5.45 (dt, 1H, ] = 9.5, 3.5 Hz), 5.57 (dd, ] =
13.4,9.4 Hz), 449 (dd, ] = 13.5, 3.2 Hz), 2.85 (d, 1H, J = 3.5 Hz). 1*C
NMR (100 MHz, CDCLy): 6 137.0, 131.9, 127.5, 122.7, 80.7, 70.2. The
enantiomeric excess was determined by HPLC with a Chiralcel OD-H
column (90/10 hexanes/i-PrOH, 0.8 mL/min, 220 nm): major enan-
tiomer ¢, = 17.20 min, minor enantiomer t, = 23.99; 92% ee. [0.]p>" =
—34.6° (¢ 1.00, CH,CL,).

(R)-1-(4-Cyanophenyl)-2-nitroethanol (A6). Colotless crystalline so-
lid. Mp: 101—104 °C. "H NMR (400 MHz, CDCl,): 6 7.27—7.70 (m,
2H), 7.58—7.55 (m, 2H), 5.57—5.53 (m, 1H), 4.62—4.52 (m, 2H), 3.18
(d, 1H, J = 4.0 Hz). ">*C NMR (100 MHz, CDCly): & 143.1, 132.8, 126.7,
118.2, 112.7, 80.6, 70.1. The enantiomeric excess was determined
by HPLC with a Chiralcel OD-H column (90/10 hexanes/i-PrOH,
0.8 mL/min, 220 nm): major enantiomer f, = 38.02 min, minor enan-
tiomer t, = 44.13; 90% ee. [0]p>° = —43.9° (¢ 1.00, CH,CL,).

(R)-1-(4-Nitrophenyl)-2-nitroethanol (A7). Yellow crystalline solid.
Mp: 80—82 °C. 'H NMR (400 MHz, CDCl,): 6 8.29—8.26 (m, 2H),
7.65—7.62 (m, 2H), 5.64—5.60 (m, 1H), 4.64—4.55 (m, 2H), 3.17 (d,
1H, ] = 3.8 Hz). *C NMR (100 MHz, CDCl;): 0 148.1, 144.9, 126.9,
124.2, 80.6, 69.9. The enantiomeric excess was determined by HPLC
with a Chiralcel OD-H column (90/10 hexanes/i-PrOH, 0.8 mL/min,
220 nm): major enantiomer ¢, = 36.53 min, minor enantiomer t, = 46.55;
90% ee. [0]p>° = —38.3° (¢ 1.04, CH,CL,).

(R)-1-(2-Nitrophenyl)-2-nitroethanol (A8). Yellow oil. '"H NMR
(400 MHz, CDCly): 0 8.04 (dd, 1H, J = 8.2, 1.2 Hz), 7.94 (dd, 1H,
J=8.0, 1.1 Hz), 7.75 (td, 1H, ] = 7.6, 1.2 Hz), 7.57—7.53 (m, 1H), 6.01
(dd, 1H, ] =9.1,2.2 Hz), 4.84 (dd, J = 13.5, 2.3 Hz), 4.55 (dd, ] = 13.5,
9.2 Hz), 3.58 (brs, 1H). *C NMR (100 MHz, CDCL;): O 146.9, 134.4,
134.1, 129.6, 128.6, 124.8, 80.0, 66.7. The enantiomeric excess was
determined by HPLC with a Chiralcel OD-H column (90/10 hexanes/i-
PrOH, 0.8 mL/min, 220 nm): major enantiomer ¢, = 18.80 min, minor
enantiomer t, = 21.31; 90% ee. [a]p>> = —215.4 (¢ 1.09, CH,CL,).

(R)-1-(4-Phenylphenyl)-2-nitroethanol (A9). Colotless crystalline so-
lid. Mp: 126—128 °C. "H NMR (400 MHz, CDCL3): 6 7.63—7.61 (m, 2H),
7.58—7.56 (m, 2H), 7.47—7.43 (m, 4H), 7.39—7.35 (m, 1H), 549 (dt, 1H,
J=95,32 Hz), 463 (dd, 1H, J = 13.3, 9.5 Hz), 454 (dd, 1H, ] = 13.3,
32 Hz),2.89 (d, 1H, ] = 3.7, Hz). "*C NMR (100 MHz, CDCl;): 6 141.9,
1402, 136.9, 128.6, 127.7, 127.6, 127.1, 126.4, 81.1, 70.7. The enantiomeric
excess was determined by HPLC with a Chiralcel OD-H column (90/10
hexanes/i-PrOH, 0.8 mL/min, 220 nm): major enantiomer ¢, = 30.69 min,
minor enantiomer £, = 37.43; 92% ee. [0]p> = —39.7° (¢ 1.00, CH,CL,).

(R)-1-Nitrohexan-2-ol (A10). Colorless oil. "H NMR (400 MHz,
CDCly): 0 444 (dd, 1H, J = 12.8, 2.7 Hz), 4.38 (dd, 1H, J = 12.8, 8.2
Hz), 4.35—4.27 (m, 1H), 2.56 (d, 1H, J = 4.6 Hz), 1.60—1.4S5 (m, 3H),
1.42—1.34 (m, 3H), 0.94—0.91 (m, 3H). >*C NMR (100 MHz, CDCL,):
0 80.6, 68.6, 33.4, 27.3, 22.4, 13.7. The enantiomeric excess was
determined by HPLC with a Chiralcel OD-H column (97/3 hexanes/
i-PrOH, 0.8 mL/min, 215 nm): major enantiomer £, = 24.13 min, minor
enantiomer t, = 32.03; 87% ee. [a]p>> = —8.4° (¢ 1.31, CH,CL,).

(R)-3,3-Dimethyl-1-nitrobutan-2-ol (A11). Colorless oil. "H NMR
(400 MHz, CDCl;): 0 4.53 (dd, 1H, ] = 13.0,2.1 Hz), 4.37 (dd, 1H, J =
13.0,10.2 Hz), 4.04 (ddd, 1H, ] = 10.2,4.7,2.1 Hz), 2.48—2.43 (m, 1H),
0.98 (s, 9H). ">*C NMR (100 MHz, CDCL;): § 78.2, 76.2, 34.3,25.6. The
enantiomeric excess was determined by HPLC with a Chiralcel OD-H
column (97/3 hexanes/i-PrOH, 0.8 mL/min, 215 nm): major enantio-
mer t, = 14.65 min, minor enantiomer t, = 17.09; 96% ee. [0]p> =
—37.2° (¢ 0.95, CH,ClL,).

(R)-1-Cyclohexyl-2-nitroethanol (A12). Colorless oil. "H NMR (400
MHz, CDCl;): 0 4.48 (dd, 1H, J = 13.2, 3.0 Hz), 442 (dd, 1H, ] = 13.0,

9.0 Hz), 4.12—4.06 (m, 1H), 2.40 (d, 1H, J = 4.4 Hz), 1.86—1.76 (m,
3H), 1.71—1.64 (m, 2H), 1.52—1.43 (m, 1H), 1.32—1.05 (m, SH). *C
NMR (100 MHz, CDCL,): 6 79.3, 72.8, 41.4, 28.8, 27.9, 26.1, 25.9, 25.7.
The enantiomeric excess was determined by HPLC with a Chiralcel OD-
H column (97/3 hexanes/i-PrOH, 0.8 mL/min, 215 nm): major
enantiomer t, = 26.57 min, minor enantiomer f, = 28.83; 92% ee.
[a]p™ = —16.4° (c 1.07, CH,CL,).
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Commercially delivered 2-chloro-5-methyl-1,4-phenylenediamine (1 metric ton) was not identical to the
commonly used dye intermediate; it was found that the material was a pure but not yet described
molecule. 'H, 13C NMR, MS, microanalysis and X-ray diffraction showed that the substance was in fact 5-
amino-4-chloro-2,7-dimethyl-1H-benzimidazole. The manufacturer’s mistake was explained by inde-

pendent synthesis, which revealed that the key step was nitration of N-(5-chloro-2-methyl-4-nitro-
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phenyl)acetamide giving N-(5-chloro-2-methyl-4,6-dinitrophenyl)acetamide, which requires Fe(Ill)
catalysis. Subsequent reduction of N-(5-chloro-2-methyl-4,6-dinitrophenyl)acetamide with hydrogen
and Pd/C catalyst exclusively gives N-(2,4-diamino-3-chloro-6-methylphenyl)acetamide. The ring closure
reaction giving 5-amino-4-chloro-2,7-dimethyl-1H-benzimidazole takes place during the reduction with

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The contemporary production of organic pigments [1] makes
use of a variety of basic raw materials and intermediates. Indis-
pensable components of such syntheses include substituted phe-
nylenediamines [2]. For instance, 2-chloro-5-methyl-1,4-
phenylenediamine [2] is a component in molecules of some azo
pigments using 3-hydroxy-2-naphthoic acid amides as the
coupling component [3] (A) or pigments based on substituted
derivatives of anthraquinone [4] (B) (Fig. 1). Besides the syntheses
of pigments, 2-chloro-5-methyl-1,4-phenylenediamine can also be
used in the production of polyurea-polyurethane elastomers [5].

Until the early 1990s, manufacturers of organic dyes and
pigments produced the necessary intermediates themselves, but
extending world trade and the tightening of environmentalistic
legislation in Europe have led to gradual transfer of this production
to newly industrially developing countries outside Europe [1].
However, as documented in this article, trade in dye intermediates
produced in developing countries may be associated with certain
risks. Thus, a manufacturer of pigments ordered 1 metric ton of the

* Corresponding author. Tel.: +420 466 037 015; fax: +420 466 037 068.
E-mail address: milos.sedlak@upce.cz (M. Sedlak).

0143-7208/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.dyepig.2008.09.012

dye intermediate, 2-chloro-5-methyl-1,4-phenylenediamine, from
a supplier that will remain unnamed; the intermediate was
designed for production of the above-mentioned pigments, but the
material delivered by the supplier was not identical with the
required dye intermediate. The substance was found to be a pure
compound, not yet described in the literature. The aim of the
present work was to establish the chemical structure of the
substance and to prepare, by independent synthesis, a compound
identical with the delivered sample. Moreover, a reconstruction of
the synthesis is intended to be used in discussion and potential
explanation of the supplier’s mistake as well as evaluation of
possible applications of this new compound.

2. Experimental
2.1. General

The starting N-(5-chloro-2-methylphenyl)acetamide (1) was
purchased from Synthesia Comp. (the Czech Republic) and other
chemicals were purchased from Sigma-Aldrich. The given melting
points were not corrected. Structures of the products prepared
were verified by means of 'H and '3C NMR. The 'H and '*C NMR
spectra were recorded on a Bruker Avance 500 instrument. The
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R, Cl R®

Fig.1. Several pigments based on 2-chloro-5-methyl-1,4-phenylenediamine (A: R! =1-nitro-2-naphthyl or a phenyl substituted with up to three substituents selected from H, Cl, Br,
F, CHs, OCHs, CFs, C(0)Oalkyl; R2=H, Cl, Br, F, CHs, OCHs, OC,Hs, OCsHy; B: R3 = COCH,Cl, COCH,N(CsHs)).

chemical shifts ¢ are referenced to the solvent residual peaks
6 (DMSO-dg) = 2.55 ppm ('H) and 39.6 ppm (3C). The coupling
constants J are given in Hz. The mass spectra were recorded on an
Agilent Technologies Comp. gas chromatograph 6890N with a mass
detector 5973 Network for samples dissolved in either ether or
acetone. The microanalyses were performed on an apparatus of
FISONS Instruments, EA 1108 CHN.

2.2. Crystallography

The X-ray data for colorless crystals of 4 were obtained at 150 K
using Oxford Cryostream low-temperature device on a Nonius
Kappa CCD diffractometer with Mo Ko radiation (A =0.71073 A),
a graphite monochromator, and the ¢ and % scan mode. Data
reductions were performed with DENZO-SMN [6]. The absorption
was corrected by integration methods [7]. Structures were solved
by direct methods (Sir92) [8] and refined by full matrix least-square
based on F? (SHELXL-97) [9]. Hydrogen atoms were mostly local-
ized on a difference Fourier map, however, to ensure uniformity of
treatment of crystal, all hydrogen were recalculated into idealized
positions (riding model) and assigned temperature factors
Hiso(H) = 1.2 Ueq (pivot atom) or of 1.5Ueq for the methyl moiety
with C-H=0.96, 0.97, and 0.93 A for methyl, methylene and
hydrogen atoms in aromatic ring, respectively, 0.86 and 0.82 A for
N-H and O-H groups, respectively. Hydrogen atoms connected to
water molecules were localized on a difference Fourier map and
where possible the best orientation of H atoms for a connection
with an acceptor atom chosen.

Crystallographic data for structural analysis have been depos-
ited with the Cambridge Crystallographic Data Centre, CCDC no.
690 533for 4. Copies of this information may be obtained free of
charge from The Director, CCDC, 12 Union Road, Cambridge CB2
1EY, UK (fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk
or www: http://www.ccdc.cam.ac.uk).

2.3. N-(5-Chloro-2-methyl-4-nitrophenyl)acetamide (2)

A cooled solution (5°C) of N-(5-chloro-2-methyl-
phenyl)acetamide (1) (18.4 g; 0.1 mol) in 98% sulfuric acid (138 g;
Fe <0.2 ppm) was treated with anhydrous nitric acid (7.3 g;
0.12 mol; Fe < 0.2 ppm) added within 10 min. After 8 h stirring at
the temperature of 5°C, the reaction mixture was poured onto
300 g ice. The separated solid was collected by filtration, washed
with water (100 mL), with a solution of NaHCOj3 (5%, 100 mL), and
again with water (500 mL). The crude product obtained after drying

(21.6 g) had the following composition (GC-MS): 96% acetamide 2,
3% N-(5-chloro-2-methyl-6-nitrophenyl)acetamide (5), and 1% N-
(5-chloro-2-methyl-4,6-dinitrophenyl)acetamide (3). The yield of
pure product after recrystallization from ethanol was 18.4 g (81%),
m.p. 181-182 °C. TH NMR: 6 2.21(s, 3H, CH3), 2.34 (s, 3H, CH3), 8.00
(s,1H, Ar), 8.17 (s, 1H, Ar), 9.56 (bs, 1TH, CONH); '>C NMR: 6 17.3,23.9,
1234, 124.0, 127.8, 129.4, 141.8, 142.0, 169.5; EI-MS: m/z 228, 213,
198, 186, 170, 156, 140, 128, 104, 77, 43. Anal. calcd. for CgHgCIN,03
(228.63): C, 47.28; H, 3.97; Cl, 15.51; N, 12.25. Found: C, 47.36; H,
4.09; C1,15.23; N, 15.63.

2.4. N-(5-Chloro-2-methyl-4,6-dinitrophenyl)acetamide (3)

A cooled solution (5°C) of N-(5-chloro-2-methyl-
phenyl)acetamide (1) (18.4 g; 0.1 mol) in 98% sulfuric acid (138 g)
was treated with anhydrous nitric acid (12.6 g; 0.2 mol) added
within 10 min. After 8 h stirring at the temperature of 5 °C, the
reaction mixture was treated with a mixture of Fe(NOs3)s3-9H,0
(2 g; 5 mmol) and fuming sulfuric acid (5.5 g; 45 mmol SO3) added
within 15 min. After another 8 h stirring (5°C), the reaction
mixture was poured onto 300g ice. The separated solid was
collected by filtration, washed with water (100 mL), with a solution
of NaHCO3 (5%, 100 mL), and again with water (500 mL). The yield
after recrystallization from ethanol was 24.3 g (89%), m.p. 202-
204 °C.'H NMR: 6 2.07 (s, 3H, CH3), 2.36 (s, 3H, CH3), 8.40 (s, 1H, Ar),
10.31 (bs, 1H, CONH); 3C NMR: 6 17.8,22.4,115.8,128.7,134.0,139.3,
145.4,147.7,169.1; EI-MS: m/z 273, 255, 243, 231, 201, 155, 139, 128,
104, 77, 43. Anal. calcd. for CgHgCIN3O05 (273.63): C, 39.50; H, 2.95;
Cl, 12.96; N, 15.36. Found: C, 39.56; H, 2.82; Cl, 12.89; N, 15.43.

2.5. 5-Amino-4-chloro-2,7-dimethyl-1H-benzimidazole sulfate (4)
(reduction with iron, 3 — 4)

A mixture of N-(5-chloro-2-methyl-4,6-dinitrophenyl)acetamide
(3) (5.5 g; 20 mmol), iron powder (12 g; 0.2 mol), and hydrochloric
acid solution (10%, 80 mL) was stirred and refluxed for 3 h. After
cooling, the reaction mixture was diluted with methanol (100 mL)
and filtered. The filtrate was evaporated in vacuum, and the evapo-
ration residue was dissolved in sulfuric acid (25%, 250 mL); the
mixture obtained was boiled for a short period of time and hot
filtered. The filtrate was concentrated in vacuum, cooled, and the
separated solid was collected by filtration and recrystallized from
water. Yield 8.1 g (84%). TH NMR: 6 2.41 (s, 3H,CH3), 2.65 (s, 3H, CH3),
5.63-6.41 (bs, 2H, NH) 6.71 (s, 1H, Ar); >C NMR: 13.0,16.4, 97.2,113.9,
122.9, 125.7, 132.3, 141.9, 149.6; EI-MS: m/z 195, 180, 161, 119. Anal.
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calcd for CgH19CIN3-1/2H2S04 (244.69): C, 44.18; H, 4.53; C1,14.49; N,
1717; S, 6.55. Found: C, 44.15; H, 4.62; Cl, 14.67; N, 17.33; S, 6.63.

2.6. N-(2,4-Diamino-3-chloro-6-methylphenyl)acetamide (6)
(catalytic reduction, 3 — 6)

A solution of N-(5-chloro-2-methyl-4,6-dinitrophenyl)acetamide
(3) (2.7 g; 10 mmol) in ethyl acetate (150 mL) with added Pd/C (5%;
0.1 g) was hydrogenated under a mild overpressure of hydrogen (ca
5 kPa) for a period of 3 h at the temperature of 25°C. Then the
mixture was filtered and the filtrate was concentrated to give
yellowish crystalline product which gradually turned brown. Yield
0.78 g (36%). EI-MS: m/z 213, 201, 167, 155, 119, 43.

2.7. 5-Amino-4-chloro-2,7-dimethyl-1H-benzimidazole sulfate (4)
(ring closure reaction 6 — 4)

A mixture of N-(2,4-diamino-3-chloro-6-methylphenyl)acetamide
(6) (0.43 g; 2 mmol) and sulfuric acid (10%, 15 mL) was heated at the
temperature of 80 °C. After 10 min, the reaction mixture was hot
filtered with addition of charcoal, the filtrate was cooled, and the
separated solid was collected by filtration and dried. Yield 0.16 g
(33%); the product was identical with that of the previous
experiment.

2.8. 7,4-[(4-Chloro-2,7-dimethyl-1-(1H )-benzimidazol-5-yl)azo]-
3-hydroxy-2-naphthoic acid (7)

A solution of 5-amino-4-chloro-2,7-dimethyl-1H-benzimidazole
sulfate (4) (1 g; 4 mmol) in hydrochloric acid (30%, 3.5 mL) was
cooled to the temperature of 0°C and treated with a solution of
sodium nitrite (0.29 g; 4 mmol) in water (1 mL) added drop by drop.
After 10 min, the obtained solution of diazonium salt was added
dropwise to a solution of 3-hydroxy-2-naphthoic acid (0.77 g;
4 mmol) in a solution of sodium hydroxide (0.66 g; 16 mmol) in
water (20 mL) with added ice (10 g). After 1 h stirring, the reaction
mixture was filtered. The obtained solid was washed with hydro-
chloric acid (1:1) and with water, dried and recrystallized from
dimethylformamide. Yield 0.88 g (51%), m.p. >300 °C, decomp. 'H
NMR: 6 2.59 (s, 3H, CH3), 2.61 (s, 3H, CH3), 7.57 (t,1H,] 7.2, ArH), 7.80
(t,1H,J 10.7, ArH), 7.91 (s, 1H, Ar), 8.04 (d, 1H, ] 7.2, ArH), 8.65 (s, 1H,
ArH), 8.69(d, 1H,J 8.2, ArH), 12.88 (bs, 2H, NH and OH), 16.75 (bs, 1H,
COOH). Anal. calcd for Cy9H15CIN4O3 (394.81): C, 60.84; H, 3.83; (I,
8,98; N, 14.19. Found: C, 60.59; H, 3.63; Cl, 9.21; N, 14.41. UV-vis
(01 M CH30Na/CH30H) Amax/nm (loge) 438 (4.28), 496 (4.41);
(0.05 M HCI/CH30H); Amax/nm (log €) 327 (3.93), 512 (4.37).

2.9. Study of the effect of ferric ion in the nitration mixture upon the
ratio of nitration products 1 - 2+5

Experiment A. A mixture of N-(5-chloro-2-methyl-
phenyl)acetamide (1) (1.84 g; 10 mmol), anhydrous sulfuric acid
(7.5 g), anhydrous nitric acid (0.7 g; 10 mmol), Fe(NOs)3-9H,0
(0.4 g; 1 mmol), and fuming sulfuric acid (1.1 g; 9 mmol SO3) was
kept at the temperature of 5 °C.

Experiment B. A mixture of N-(5-chloro-2-methyl-
phenyl)acetamide (1) (1.84 g; 10 mmol), anhydrous sulfuric acid
(1.1 g), anhydrous nitric acid (0.7 g; 10 mmol), Fe(NO3)3-9H,0
(2.0 g; 5 mmol), and fuming sulfuric acid (5.5 g; 45 mmol SO3) was
kept at the temperature of 5 °C. After 24 h, samples of the reaction
mixture were taken and analyzed by means of GC-MS (Table 1).

2.10. Study of the effect of ferric ion upon the nitration rate 2 — 3

Experiment C. A mixture of N-(5-chloro-2-methyl-4-nitro-
phenyl)acetamide (2) (2.28 g; 10 mmol), anhydrous sulfuric acid

CH, CH, CH

NHAC NHAc NH,

HNO,/H,SO, 1) reduction
—_— —_——

5-10°C 2) hydrolysis
ON H,N
cl Cl cl

1 2

Scheme 1. Production of 2-chloro-5-methyl-1,4-phenylenediamine from N-(5-chloro-
2-methylphenyl)acetamide (1).

(7.5 g), anhydrous nitric acid (0.7 g; 10 mmol), Fe(NOs)s3-9H,0
(0.4 g; 1 mmol), and fuming sulfuric acid (1.1 g; 9 mmol SO3) was
kept at the temperature of 5 °C.

Experiment D. A mixture of N-(5-chloro-2-methyl-4-nitro-
phenyl)acetamide (2) (2.28 g; 10 mmol), anhydrous sulfuric acid
(1.1 g), anhydrous nitric acid (0.7 g; 10 mmol), Fe(NOs)s3-9H,0
(2.0 g; 5 mmol), and fuming sulfuric acid (5.5 g; 45 mmol SO3) was
kept at the temperature of 5 °C.

At definite time intervals, samples were taken from the reaction
mixtures and analyzed by means of GC-MS (Table 2).

3. Results and discussion

The supplied unknown substance is a white-grey amorphous
powder which decomposes without melting above 360 °C. It is
readily soluble in hot water, sparingly soluble in cold water. It is
marginally soluble in most organic solvents (methanol, acetone,
ethyl acetate, THF, toluene), both hot and cold. It dissolves in
a solution of sodium hydroxide, and the solution obtained is
precipitated by addition of barium hydroxide. The empirical
formula obtained by microanalysis is (C1gH22ClaNgO4S),.. The above
findings indicate that the substance is a sulfate of an organic base.
After subtracting the formula of sulfuric acid from the above
empirical formula, the following empirical formula results
(C18H20CI3Ng)n. The GC-MS analysis of dichloromethane extract of
the hydroxide solution of the unknown substance showed a single
component with molecular peak M =195, which means that the
molecular formula of the free base corresponding to this peak is
CoH1oCIN3 (n=1/2). The 'H NMR spectrum of the unknown
substance shows only three signals for different H atoms, namely
2 x CH3 (2.41 ppm and 2.65 ppm), a broadened signal in the region
of 5.6-6.4 ppm, and one aromatic signal Ar-H at 6.71 ppm. The C
NMR spectrum shows signals for carbon atoms of 2 x CHs
(13.0 ppm and 16.4 ppm), six quaternary carbon atoms in the
aromatic region: 97.2, 122.9, 125.7, 132.3, 141.9, 149.6, and one CH
signal at 113.9 ppm. However, according to Beilstein and Chemical
Abstract databases the characteristics found do not correspond to
any compound described so far. If we accept the presumption that
the manufacturer’s goal was to produce 2-chloro-5-methyl-1,4-
phenylenediamine (C;HgCINy), then an additional nitrogen atom
must have been introduced into one of the intermediates at some
stage during the synthesis. One of the methods of production of

CH, CH, CH,
NHAG NHAG N
HNO,/H,SO, reduction
—_— ° 5 —_— / CH,
O,N O,N NO, H,N N
cl cl cl
2 3 4

Scheme 2. Presumed formation of 5-amino-4-chloro-2,7-dimethyl-1H-benzimidazole

().
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01

Fig. 2. ORTEP-diagram of 5-amino-4-chloro-2,7-dimethyl-1H-benzimidazole (4)
(2C9H10CIN3-H,S04-8H,0).

2-chloro-5-methyl-1,4-phenylenediamine starts from N-(5-chloro-
2-methylphenyl)acetamide (1), which is nitrated to give 2 and then
reduced and subsequently hydrolysed to give the required product
[10] (Scheme 1).

The most likely source of the additional nitrogen atom in the
molecule is the subsequent nitration of 2 to give dinitro compound
3. If the latter was reduced, then the intermediate formed could be
presumed to undergo subsequent ring closure reaction leading to
formation of 5-amino-4-chloro-2,7-dimethyl-1H-benzimidazole
(4) (Scheme 2).

The found molecular mass of the unknown sample corresponds
to the molecular mass of 5-amino-4-chloro-2,7-dimethyl-1H-
benzimidazole (4) (M = 195, CoH19CIN3), which means that sulfate
of benzimidazole 4 was delivered instead of the ordered 2-chloro-
5-methyl-1,4-phenylenediamine. This conclusion is supported by
all the physico-chemical characteristics including the 'H and '3C

Fig. 3. View of H-bonding in 5-amino-4-chloro-2,7-dimethyl-1H-benzimidazole (4).

CH, CH, CH,
NHAc HNOZ/H,SO, NHAG NHAG
Fe(NO,),
+
5-10°C
ON NO,

¢] cl ¢]
1 2 5

Scheme 3. Study of effect of ferric ion upon regioselectivity of nitration of N-(5-chloro-
2-methylphenyl)acetamide (1).

NMR spectra. Slow crystallization of the original sample from
aqueous dimethylformamide gave a single crystal, whose X-ray
diffraction confirmed the structure of 5-amino-4-chloro-2,7-
dimethyl-1H-benzimidazole (4) (Fig. 2). The picture shows that the
crystal cell contains two molecules of 4, together with one sulfate
ion and eight molecules of water (2CgH1oCIN3-H,SO4-8H,0). The
benzimidazole 4 crystallizes in triclinic space group P-1 and two
geometrically independent heterocyclic fragments are present. The
cationic character of the heterocycle is compensated by sulfate
anion and eight water molecules are present in the crystal unit cell
as well. Views of 4 (Figs. 2 and 3) show almost planar arrangement
of heterocyclic rings which are connected via numerous H-bonds.

Distances C1-N2, C1-N1, C1'-N2’ and C1’-N1’ (see Fig. 2, [12])
in compound 4 reveal typical shortening attributable to a delocal-
ization of -electron density or double bond character with respect
to the standard single bond N(sp’)---C(sp?) distance of 1.44 A
(Ref. [11]). Both C1-N1 and C1-N2 distances are very close in value
and one hydrogen atom was placed to nitrogen atoms N1 and three
hydrogen atoms to each of N3 to form positive charge. On the other
hand, there is an alternative description of the structure, where one
hydrogen is placed to each N1 and N2, respectively, and two
hydrogen atoms to each N3 atom.

Another aim of this work was to verify the synthesis of 5-amino-
4-chloro-2,7-dimethyl-1H-benzimidazole (4) and thus identify the
cause of its formation. According to Scheme 2, acetamide 3 is the
key intermediate leading to benzimidazole 4. Mono-nitro deriva-
tive 2 was prepared according to the literature [6] from acetamide 1
by nitration with the classical nitration mixture (H,SO4/HNO3; 5 °C;
2h) in a high yield (81%). The content of the isomeric nitro
compound 5 was ca 3% under the conditions used. The subsequent
step was designed to introduce the second nitro group into the
molecule of substance 2. However, the nitration giving derivative 3
proceeds very slowly under standard nitrating conditions. The
second nitro group is not introduced (>5%) even after increasing
twofold amount of nitric acid and prolongation of reaction time to
48 h (5-10 °C). In further experiments, reaction temperature was
gradually increased to 30, 60 and 80 °C. Under these conditions, the
nitration of amide 1 (with 2.2 equiv. HNO3) gave decreasing yields
of mono-nitro derivative 2 and increasing amounts of resinous side
products. Decomposition and formation of these resinous products
also took place in the case of adopting derivative 2 (with 1.1 equiv.
HNOs3) as the starting substance. These results show that the
manufacturer’s mistake did not lie in exceeding the temperature,
but the reason must lie in another factor. As this case concerns

Table 1
Effect of content of ferric ion in nitration mixture upon the ratio of nitration products
1-2+5.

Experiment Fe(III) (mol%)* 2 (%) 5 (%)°
A 10 92 8
B 50 80 20

¢ Relative to starting substrate 1.
b The content of products 2 and 5 was determined by GC-MS after 24 h.
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Table 2
Effect of content of ferric ion in nitration mixture upon rate of nitration 2 — 3.

Experiment Fe(III) (mol%)* Time (min) 15 60 90 120 300

C 10 2 (%)° 82 52 40 34 10
3 (%) 18 48 60 66 90

D 50 2 (%)P° 70 1 5 3 1
3 (%)° 30 89 95 97 99

¢ Relative to starting substrate 2.
b The content of products 2 and 3 was determined by GC-MS.

a medium-scale production of relatively cheap intermediate,
application of another nitration agent (such as NO,BF4) which
could lead to formation of derivative 3 cannot be presumed. Most
probably the manufacturer used the classical nitration mixture. The
only difference between our experiments and the manufacturer’s
procedure can be in the quality of starting compounds and the
apparatus used. In our case the apparatus was a jacketed glass
reactor. The manufacturer probably used an enamelled reactor. It is
generally known that in industrial enamelled reactors the enamel
coating is damaged after some time, and iron ions are released into
the reaction mixture. It is also known from the literature [13] that
ferric ions act in some cases as selective catalysts in nitrations of
benzene derivatives with various substituents. In order to prove
this hypothesis, we carried out the nitration 1 — 2 and then added
into the nitration mixture another equivalent of nitric acid and the
solution of Fe(NO3);-9H,0 (5 mol%, relative to the starting
substrate 1) in fuming sulfuric acid. The following analysis of the
reaction mixture showed that the consecutive nitration 2 — 3
began to take place and was finished after 8 h (complete conversion
of mono-nitro derivative 2), the yield of isolated dinitro derivative 3
being 89%. Our findings suggest that the manufacturer made
a mistake in weighing the nitric acid, and due to a damaged reactor
or contamination of starting materials with ferric ions the
consecutive nitration 2 — 3 was significantly accelerated.

Further experiments were designed to test the effect of ferric ion
upon the regioselectivity of the nitration 1 — 2 + 5 (Scheme 3).

Table 1 shows that an increased amount of ferric ions in the
reaction mixture increases the proportion of “ortho” product 5.
However, any further increase in proportion of derivative 5 in the
reaction mixture is limited by restricted solubility of ferric nitrate.
Table 2 summarises the effect of ferric ion upon the rate of nitration
2 — 3 (Scheme 2).

The results given in Table 2 show that with the addition of
10 mol% Fe(Ill) to the starting substrate 2 the 90% conversion is

CH,
NHAc
H,N NH,
Pd-C/H,/methanol
CH, Cl
6
NHAc
H,80,/H,0
O,N NO,
CH
cl ®
Fe/HCI/H,0O
3 N
\}%
HoN m
Cl

4

Scheme 4. Study of effect of reaction conditions during reduction of N-(5-chloro-2-
methyl-4,6-dinitrophenyl)acetamide (3).

CH, CH,
N :/—/< HN "\<@
NH N
H,C H,C H
cl cl
AN
N H
'
.
/ o
S
0
o

B

Fig. 4. Possible structural formulas of azo dyestuff 7.

attained after 5 h, and with the addition of 50 mol% Fe(IIl) the same
conversion is already attained after 1 h.

The next key step consisted in verification of the reaction
conditions during reduction of N-(5-chloro-2-methyl-4,6-dini-
trophenyl)acetamide (3). It was found that hydrogenation of acet-
amide 3 catalyzed with Pd/C only gives N-(2,4-diamino-3-chloro-6-
methylphenyl)acetamide (6). However, the acetamide 6 prepared
was only characterized by means of GC-MS, because it is very
unstable and undergoes fast oxidation giving mixtures of products
that are difficult to analyze. When acetamide 6 was transferred into
solution in diluted sulfuric acid immediately after its isolation, it
underwent acid-catalyzed ring closure reaction giving 5-amino-4-
chloro-2,7-dimethyl-1H-benzimidazole sulfate (4). The classical
Béchamp'’s reduction [14] of acetamide 3 with iron is accompanied
by the acid-catalyzed ring closure reaction directly in the acidic
reduction medium, hence the only isolated product was benz-
imidazole 4 (Scheme 4).

The last aim of our work was to test the applicability of 5-amino-
4-chloro-2,7-dimethyl-1H-benzimidazole (4). With regard to its
potential application for the synthesis of pigments, benzimidazole
4 was diazotized and coupled with 3-hydroxy-2-naphthoic acid to
give this azo dyestuff 7. The low field shift (16.75 ppm) of the =N-
NH proton indicates that the azo dyestuff 7 exists as the hydrazone
tautomer so enabling the carboxyl proton to be either bonded to
the keto-carbonyl group (formula A, Fig. 4) [15] or the carboxyl
proton is moved to imidazole N afford the broad signal at
12.88 ppm (Fig. 4, formula B). The azo-hydrazo tautomerism would
be better established by measuring of C=0 shift in 3C NMR spectra
and shift of NH in ">’N NMR [15]. In our case we could not measure
these shifts due to the poor solubility of the dyestuff 7, which
exhibits the typical insolubility characteristics of pigments. After
recrystallization of the crude dyestuff from dimethylformamide,
the dyestuff 7 was isolated in the form of fine dark-brown needles.

4. Conclusion

It was found that instead of the declared 2-chloro-5-methyl-1,4-
phenylenediamine the manufacturer delivered 5-amino-4-chloro-
2,7-dimethyl-1H-benzimidazole (4). The manufacturer’s mistake
consisted of using a larger amount of nitric acid used during
preparation of 1, resulting in the dinitration giving 3. However, the
use of excess of nitric acid alone or with prolonged reaction time
and/or increased reaction temperature does not lead to the dini-
tration. The introduction of the second nitro group resulted from
contamination of the reaction mixture with Fe(Ill) ions. These
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impurities were either present in the starting materials or were
released into the reaction mixture from enamelled iron reactor
with a damaged surface. Without catalysis by Fe(lll) ions, the
nitration 2 to dinitro compound 3 practically does not take place.
The benzimidazole 4 is formed during the reduction 3 with iron.
The given facts indicate that the supplier/manufacturer does not
carry out any inter-operation checks and final analyzes. In addition,
it was found that benzimidazole 4 can be diazotized under usual
reaction conditions, and the obtained diazonium salt can be used
for preparation of pigments intermediates. The benzimidazole 4
can also serve as a starting material for preparation of a variety of
substituted benzimidazoles, which may have interesting biological
properties [16].

Acknowledgement

The authors acknowledge Dr. Tomas Weidlich for valuable
discussion and the financial support from the MSMT-CR, MSM 002
162 7501.

References

[1] Hattori MD. In: Sieidel A, editor. Kirk-Othmer encyclopaedia of chemical
technology, vol. 9. New York: Wiley-Interscience; 2005. p. 265.

[2] Smiley RA. In: Elners B, Hawkins S, Schluz G, editors. Ullman’s encyclopaedia
of industrial chemistry. 5th ed., vol. A19. VCH-Weinheim; 1991. p. 405.

[3] Tambieva O, Khronov AV, Petrova RK, Ugol'nikov OG, Feizulova RK-G,
Fefilova ES. RU Appl. 2001-12684, Chem Abstr 2003;140:305379.

[4] Seben I, Popescu ID, Ganea A, Calota I. Confectii Texile 1984;35:368;
Chem Abstr 1985;102:205402.

[5] Saito Y, Watabe T, Tunii N. JP 88-63596, Chem Abstr 1989;111:116636.

[6] Otwinowski Z, Minor W. Methods Enzymol 1997;276:307.

[7] Coppens P. In: Ahmed FR, Hall SR, Huber CP, editors. Crystallographic

computing. Copenhagen: Munksgaard; 1970. p. 255.

Altomare A, Cascarano G, Giacovazzo C, Guagliardi A. ] Appl Crystallogr

1993;26:343.

[9] Sheldrick GM. SHELXL-97. Géttingen: University of Gottingen; 1997.

[10] (a) Kenner ], Tod CW, Witham E. ] Chem Soc 1925;127:2343;

(b) Ter€ J. Chem Prum 1976;26:641;
Chem Abstr 1977;86:155286.

[11] Allen FH, Kennard O, Watson DG, Brammer L, Orpen AG, Taylor R. ] Chem Soc
Perkin Trans 1987;2:S1.

[12] Crystallographic data for 5-amino-4-chloro-2,7-dimethyl-1H-benzimidazole
(4): crystal system: triclinic; space group: P-1; a (A): 10.2210(7); b (A):
10.5600(4); ¢ (A): 13.2480(8); a(°): 99.978(5); B (°): 101364(5); v (°):
94.278(5); Z=2; V(A): 1371.89(14); D¢/gcm3: 1.1534; crystal size (mm)
0.140 x 0.095 x 0.078; crystal shape: colorless block; x (mm~'): 0.383; F
(000): 668; h;k;l range: —13,13;-13, 13; —17, 17; 0 range/°: 1;27.5; reflection
measured: 24,389; independent Rinc=3|F2 — Fo.fean|/SF2): 6250(0.0898);
observed [I > 20(I)] > 4055; parameters refined 352; max/min 6 p/eA~>: 0456/
—0.485; GOF ([Z(W(F3 — F2)*)/(Naiffrs — Nparams)]'/? for all data): 1.105; R/wR
(R(F) = EHF% — |F||[2|Fo] for observed data, WR(F?)=[S(W(FZ— F¢)?)/
(Sw(F2)?)]'2 for all data): 0.0771/0.1572.

[13] (a) Mishra T, Parida KM. ] Mol Catal A Chem 1997;121:91;

(b) Bak RR, Smallridge A. Tetrahedron Lett 2001;42:6767;

(c) Anuradha V, Srinivas PV, Aparna P, Rao JM. Tetrahedron Lett 2006;47:4933.

(a) Béchamp A. ] Ann Chim Phys 1854;42:186;

(b) Courtin A. Helv Chim Acta 1980;62:2280.

(

(

(8

[14]
[15] (a) Lycka A, Snobl D. Collect Czech Chem Commun 1981;46:892;

b) Lycka A, Machacek V. Dyes Pigments 1986;7:171;

(c) Lycka A, Necas M, Jirman ], Straka ], Schneider B. Collect Czech Chem
Commun 1990;55:193;

(d) Claramunt RM, Lopez C, Santa Maria MD, Sanz D, Elguero J. Prog Nucl Magn
Reson Spectrosc 2006;49:169.

[16] Pete B, Szokol B, Toke L. ] Heterocycl Chem 2008;45:343.



Downloaded by Pardubice University on 02 March 2011
Published on 23 November 2007 on http://pubs.rsc.org | doi:10.1039/B712885A

PAPER

View Online

www.rsc.org/obc | Organic & Biomolecular Chemistry

Reaction of 1-zert-butyl-3,4-diphenyl-1,2,4-triazol-5-ylidenes with

a malonic estert

Nikolai I. Korotkikh,** Alan H. Cowley,” Jennifer A. Moore,” Nataliya V. Glinyanaya,® Ilia S. Panov,*
Gennady F. Rayenko,” Tatyana M. Pekhtereva® and Oles P. Shvaika“

Received 21st August 2007, Accepted 24th October 2007

First published as an Advance Article on the web 23rd November 2007

DOI: 10.1039/b712885a

Four stable carbenes, 1-tert-butyl-3,4-diaryl-1,2,4-triazol-5-ylidenes 1a—d, including new
fluorine-containing compounds le¢,d, react with a malonic ester to afford heterocyclic zwitterionic
compounds 5a—d. The reactions with more acidic compounds (ethyl acetoacetate, malononitrile and
1,3-dimethylbarbituric acid) proceed with substrate deprotonation to form the respective azolium salts

6a—c. The X-ray crystal structure of Sa was also determined.

Introduction

The reactions of in situ-generated carbenes with C-H acidic
compounds are well known. For example, Pazdro and Polaczkova!
showed that dithiol-2-ylidene dimers will insert into the C-
H bonds of malononitrile, acetylacetone, ethyl acetoacetate
and cyclopentanone to afford the corresponding dihydrodithiol
derivatives. However, it is not clear whether such reactions
really proceed via the intermediacy of a free carbene. Similar
transformations with acetonitrile, dimethyl sulfone and acetylene
(pK. = 20-25) have been studied with stable carbenes®® and
resulted in the isolation of the respective C—H insertion products,
i.e. cyanomethylazolines.

To the best of our knowledge,® the reactions of isolable
carbenes with an ester functional group have not been stud-
ied thus far. However, it is known that in situ-generated 1,3-
diphenylcyclopropene-2-ylidene reacts with the C=C bond of
dimethyl fumarate to form a spirocyclic adduct.” Likewise, the
stable (phosphanyl)(silyl)carbenes react with the double bond of
dimethyl fumarate and other electron-poor alkenes to give the
corresponding trans-cyclopropanes.® In the case of the reaction of
1,3,4-triphenyl-1,2,4-triazol-5-ylidene, the initially formed [2 + 1]
cycloaddition product undergoes ring opening and a 1,2-hydrogen
shift to afford methylenetriazoline derivatives.’

In the present contribution we describe (i) the synthesis of
new stable fluorine-containing carbenes of the 1,2,4-triazole
series, namely 1-fert-butyl-3-aryl-4-fluoroaryl-1,2,4-triazol-5-
ylidenes; (ii) the first Claisen reaction of stable carbenes with an
ester functional group of malonic esters to form new heterocyclic
zwitterionic compounds; and (iii) the deprotonations of 1,3-
dimethylbarbituric acid, malononitrile and ethyl acetoacetate by
the carbene.
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Results and discussion

The stable carbenes la—d, including the new stable fluorine-
containing carbenes le¢,d, were synthesized by the ring trans-
formations of 2-phenyl-1,3,4-oxadiazole 2a,b with anilines in
the presence of trifluoroacetic acid according to the literature
method.,' followed by quaternization of the resulting triazoles
3a—d with 7-Bul to form the triazolium salts 4a—d (Scheme 1).
Deprotonation of the latter salts with potassium terz-butoxide in
tetrahydrofuran solution afforded the desired carbenes 1a—d. It is
noteworthy that the quaternization of triazoles 3a—d takes place
exclusively at the 1-position, hence only one isomer of salt 4a—d is
formed. The generation of terz-butyl iodide was carried out in situ
by treatment of ferz-butyl chloride with sodium iodide in acetic
acid solution.

t—lBu t-/Bu
~N _N® N
RN/N> RN>\ RN> RN>:
o (i) @)\N (ii) @)‘\N (i) @)LN
S( \ @ < \ g §
2a,b 3a-d R! 4a-d R! la-d ]!
X =ClO,, 1
2a R=H 3a,4a,1a R=H R'=H
3b,4b,1b R=H, R' =Br
3c,4c.1c R=H, R'=F
2b R=Cl 3d,4d,1d R=CLR'=F

Scheme 1  Reagents and conditions: (i) p-H,N-C¢H,-R' (— H,0); (i) 1.
-Bul; 2. NaClOy; (iii) --BuOK (— -BuOH).

A two-stage isolation of carbenes 1a—d by solvent evaporation
in the presence of an inorganic salt permitted complete decom-
position of the intermediate triazolium alkoxides. In the method
described earlier,® the carbenes were isolated by filtration of the
inorganic salt, concentration of the filtrate and recrystallisation of
the crystalline residues in order to remove the remaining azolium
alkoxide impurities.

The reactions of carbenes 1a—d with diethyl malonate (pK, = 13)
were carried out in refluxing toluene for 2-4 h under conditions
such that evolved ethanol was removed by a controlled stream
of nitrogen. If this procedure is not followed, the reaction times
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increase to ~40 h and the transformations are incomplete.
Following work-up of the reaction mixtures, the zwitterionic
compounds 5a—d were obtained in isolated yields of 51-81%. The
outcomes of the reactions can be rationalized on the basis of initial
nucleophilic attack of the carbene on the ester functional group
to form intermediate SA (Scheme 2), followed by loss of EtOH
to produce the zwitterionic compounds 5a—d. It is noteworthy
that C-H insertion products are not observed in these processes.
Moreover, this new transformation can be considered to be a
carbene analogue of the Claisen reaction of esters.

t-Bu

tBu / t-Bu
N @ OEt  OFt /
RN~ RN R N/NMOB
0
N (.) ©)L\ @0 i) N? oo °
R R!
la-d Sa-d

1a,52 R=H, R'=H

1b,5b R=H, R'=Br
le,5¢c R=H, R!'=F
1d,5d R=CIL,R'=F

Scheme 2 Reagents and conditions: (i) CH,(COOE),, A; (ii) A (— EtOH).

The reaction of la with 1,3-dimethylbarbituric acid (pK, =
4.68) results in protonation of the substrate and affords salt
6a. Compound 6a is a stable compound that does not undergo
further reaction. Less acidic malononitrile (pK, = 9) and ethyl
acetoacetate (pK, = 11) also undergo reaction with carbene 1b to
afford salts 6b and 6c¢, respectively. Compound 6b was isolated as
a toluene solvate. Carbon-hydrogen insertion was not observed in

any of these reactions.
/, H3C
0oe
X= >=O
0

EtO

t-Bu

d

6a-c a b ¢

Compounds 1 and 3-6 are colorless crystalline solids that
were characterized by elemental analysis, '"H, *C NMR, IR and
mass spectroscopy. The molecular structure of compound 5a was
established by single-crystal X-ray diffraction.

The "H NMR spectra of salts 4¢,d feature the signals for the
tert-butyl group (0 1.72-1.76 ppm), aromatic protons (0 7.3—
7.7 ppm) and the C5-H proton of the triazolium nucleus (6 10.65—
10.73 ppm). The '"H NMR spectra of carbenes 1¢,d exhibit similar
signals for the zert-butyl (0 1.78-1.79 ppm) and aromatic protons (&
6.5-7.3 ppm). However, the chemical shift for the latter is notably
upfield relative to that of the salt. The "C NMR spectra of 1c,d
exhibit resonances for the zert-butyl carbon atoms (0 30.2-30.4
and ipso-C 59.2-59.4 ppm), aromatic nuclei (0 115.0-164.0 ppm),
C3 (0 148.7-150.7 ppm) and the C5 atoms (6 206.6-208.6 ppm)
of the triazole nucleus. The '"H NMR spectra of zwitterionic
compounds Sa—d are characterized by the presence of resonances
for the tert-butyl protons (6 1.80-1.87 ppm), aromatic protons
(0 7.0-7.5 ppm), the ethyl group of an ester fragment (0 1.12—

1.16 and 3.91-3.96 ppm), and the CHC group of an aliphatic
fragment (0 4.78-4.84 ppm). The *C NMR spectrum (see Fig. 1
for the atom numbering scheme) is distinguished by the presence
of resonances for the tert-butyl carbon atoms (0 28.6-28.8 and
65.8-66.1 ppm), the carbon atoms of the ethyl group (6 14.5-14.7
and 58.0-58.1 ppm) and benzene nuclei (0 115.8-134.0 ppm), the
triazole atoms C1 and C2 (6 149.0-150.5; 153.9-154.6 ppm), C21
of the aliphatic fragment (0 90.3-90.6 ppm), and two signals for
the carbonyl group (0 163.7-164.4 and 170.9-171.2 ppm). The
former signal was assigned to the C19=0 group, and the latter to
the C21=0 moiety. The IR spectrum of 5a shows the absence of
typical carbonyl stretching vibrations. The detection of a vibration
at 1653 cm™' is consistent with the proposed delocalized structure
for 5a. The mass spectra of compounds 5a,c show molecular ions
[MH]* corresponding to the monomers (72/z 392.5 for Sa; 410.0
for 5¢). The molecular ions of compounds 5b—d undergo further
decomposition by elimination of isobutene and malonyl fragments
(see the Experimental section).

Fig. 1 X-Ray crystal structure of zwitterionic compound 5a.f

Crystals of compound 5a suitable for X-ray diffraction study
were grown from diethyl ether solution. The X-ray datat confirm
the ionic character of the triazole ring. Significant structural
features are the somewhat elongated bonds of both C=0 groups
(123.6 and 126.6 pm), a shortened C19-C20 bond (137.3 pm) and,
to a lesser extent, a shortened C20-C21 aliphatic linkage (141.9
pm) (see Fig. 1 and Fig. 2). The C1-C19 bond distance of 152.6
pm corresponds to that of a typical C-C single bond, and the
C19=01 carbonyl group is twisted with respect to the plane of
the triazolium nucleus. The benzene rings attached to C2 and N3

t-Bu

1500 -
8 N'C!N®107,7°
1388\ 1446

150 9
/
N 119 136 2
123 6

¢N301C1901 95.4°

o N’c2c3c®26.9°

oCIN3c’°cl071.1°

Fig. 2 Selected bond lengths (pm) and angles (°) for compound 5a.
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subtend dihedral angles of 26.9 and 71.1°, respectively, in relation
to the plane of the triazolium ring. All the foregoing structural data
are consistent with the proposed zwitterionic structure for Sa.

The '"H NMR spectra of the triazolium salts 6a—c include signals
that can be assigned to the protons of both the cation and the
anion. Thus, the singlets at 6 9.70-10.90 ppm can be assigned to
the C5-H proton of the cation, and the singlet at 0 3.50-4.05 ppm
is attributable to the C2-H proton of the anion. Collectively, these
data confirm the ionic structure for 6a—c. The spectra for salts 6b,¢
exhibit broad C5-H signals due to facile proton exchange.

Conclusion

In summary, we have demonstrated that the stable heteroaromatic
carbenes 1-tert-butyl-3,4-diaryl-1,2,4-triazol-5-ylidenes 1a—d react
with the ester functional group of diethyl malonate to produce
the heterocyclic zwitterionic derivatives Sa—d. These reactions
represent the first example of the carbene version of the Claisen
reaction of esters. No evidence was found for C-H insertion reac-
tions. It is known that less acidic C-H compounds either undergo
insertion reactions with stable carbenes (for example, acetonitrile,
ketones, sulfones, and acetylenes) or do not react (for example,
dimethyl sulfoxide, alkylarenes, and saturated hydrocarbons). The
reactions of 1a with the appreciably more acidic C—H compounds,
1,3-dimethylbarbituric acid, malononitrile and ethyl acetoacetate,
produce the salts 6a—c via the protonation of the carbene.

Experimental
General methods

All experiments with the 1,2,4-triazol-5-ylidenes 1a—d were carried
out under an argon atmosphere. All solvents were dried by
standard methods prior to use. 'H and *C NMR chemical shifts
are reported relative to tetramethylsilane (TMS, 6 = 0.00) as
internal standard. Mass spectra were taken on an Agilent 1100
Series chromatomass spectrometer (APCI, 3 kV, chromatography:
a column-Zorbax SB-C18, eluent acetonitrile-water 95 : 5 with
0.1% formic acid). IR spectra were measured as Nujol mulls,
and thin-layer chromatography was performed on silica gel with
chloroform or a 10 : 1 mixture of chloroform and methanol as
eluent, followed by development with iodine. Elemental analyses
were carried out at the Analytical Laboratory of the Litvinenko
Institute of Physical Organic and Coal Chemistry.

General procedure for the synthesis of
1-tert-butyl-3,4-diphenyl-1,2,4-triazol-5-ylidenes 1a—d

Potassium fert-butoxide (280 mg, 2.55 mmol) was added to a
dispersion of salt 4a—d (2.65 mmol) in anhydrous tetrahydrofuran
(10 mL) and stirred at room temperature for 0.5 h. The solvent was
evaporated and the product was extracted with a further portion
of tetrahydrofuran (10 mL). The latter solution was re-evaporated
and the residue was stirred with petroleum ether (5 mL). The
resulting solid was filtered off and dried to afford carbenes 1a—d.
The new fluorine-containing carbenes l¢,d are characterized as
detailed below.

1-tert-Butyl-3-phenyl-4-p-fluorophenyl-1,2,4-triazol-5-ylidene
(1c). Yield 79%. Mp 180182 °C (from toluene). Found: C, 73.1;

H, 6.0; F, 6.3; N, 14.3. Calcd for C,{HsFN;: C, 73.2; H, 6.1; F, 6.4;
N, 14.2%. oy (200 MHz, C;Ds, Me,Si) 1.78 (9H, s, CH,C), 6.53
(2H, m, Ar), 7.02 (SH, m, Ar), 7.31 (2H, m, Ar). d. (50.3 MHz,
C,D,, Me,Si) 30.2 (CH;C), 59.2 (CH;C), 115.1, 115.6 (C3, ArN,
J 22.8 Hz), 125.2 (Cl1, Ar-C), 128.3, 128.5, 129.39, 129.51 (Ar),
135.5(C1, ArN), 150.7 (C3), 159.1, 164.0 (C-F, J 246.9 Hz), 206.6
(C9).

1-tert-Butyl-3-o-chlorophenyl-4-p-fluorophenyl-1,2,4-triazol-5-
ylidene (1d). Yield 71%. Mp 103-105 °C (from toluene). Found:
C, 65.8; H, 5.2; Cl, 10.7; F, 5.8; N, 12.6. Calcd for C,iH,,CIFN;:
C, 65.6; H, 5.2; Cl, 10.8; F, 5.8; N, 12.7%. Jy (200 MHz, C,Dy,
Me,Si) 1.79 (9H, s, CH,C), 6.51 (2H, m, Ar), 6.72 (2H, m, Ar),
6.94 (1H, m, Ar), 7.13 (3H, m, Ar). ¢ (50.3 MHz, C,D,, Me,Si)
30.4 (CH;C), 59.4 (CH;C), 115.0, 115.5 (C3, ArN, J 22.8 Hz),
126.7, 126.8 (C2, ArN, J 8.3 Hz), 126.4, 129.7, 130.9, 131.9 (Ar),
128.0 (C1, Ar-C), 134.1 (C-Cl), 135.6, 135.7 (C1, ArN, J 3.0 Hz)
(Ar), 148.7 (C3), 159.0, 163.9 (C-F, J 246.5 Hz), 208.6 (C5).

Procedure for the synthesis of 3a—d

These were obtained by the ring transformations of the respective
oxadiazoles 2a,b with anilines in the presence of trifluoroacetic
acid at 180 °C according to the literature method.'*" Tsolation
of the new compounds 3c,d was carried out by washing the
unpurified products with diethyl ether and then, if necessary, by
recrystallization from the indicated solvent.

3-Phenyl-4-p-fluorophenyl-1,2,4-triazole (3¢c). Yield 50%. Mp
137-139 °C (from DMF). Found: C, 70.5; H, 4.2; F, 8.0; N,
17.6. Calcd for C,H(\FN;: C, 70.3; H, 4.2; F, 7.9; N, 17.6%. o4
(200 MHz, C,Dq, Me,Si) 7.41 (9H, m, Ar), 8.89 (1H, s, CHN).

3-0-Chlorophenyl-4-p-fluorophenyl-1,2,4-triazole  (3d). Yield
55%. Mp 128-130 °C (from DMF). Found: C, 61.5; H, 3.2; Cl,
13.0; F, 6.8; N, 15.4. Calcd for C,,H,CIFN;: C, 61.4; H, 3.3; Cl,
13.0; F, 6.9; N, 15.4%. oy (200 MHz, CsDs, Me,Si) 7.31 (4H, m),
7.51 (3H, m), 7.69 (1H, d, J 6.2 Hz) (Ar), 9.05 (1H, s, CHN).

General procedure for the preparation of
1-tert-butyl-3,4-diaryl-1,2,4-triazolium perchlorates (4a—d)

A mixture of sodium iodide (20.2 g, 0.135 mol), tert-butyl chloride
(15 mL, 0.135 mol) and the triazole 3a—d (0.05 mol) in acetic
acid (20 mL) was refluxed until the reaction was complete as
monitored by TLC (typically 20 h). The reaction mixture was
diluted with 0.5 L of water, heated until boiling, following which a
small amount of sodium sulfite along with 1 g of activated carbon
was added, and the mixture was filtered. A solution of sodium
perchlorate (8.58 g, 0.07 mol) in water (20 mL) was then added
and the resulting precipitate was filtered off and dried to give 67—
85% of salts 4a—d. The new compounds 4c¢,d are characterized as
indicated below.

1-tert-Butyl-3-phenyl-4-p-fluorophenyl-1,2,4-triazolium perchlo-
rate (4dc). Yield 85%. Mp 212-214 °C (from ethoxyethanol).
Found: C, 54.5; H, 5.0; Cl, 9.1; F 4.8; N, 10.5. Calcd for
CiH,,CIFN,O,: C, 54.6; H, 4.8; Cl, 9.0; F, 4.8; N, 10.6%. Jy
(200 MHz, DMSO-d,, Me,Si) 1.76 (9H, s, CH;C), 7.74 (9H, m,
Ar), 10.65 (1H, s, CHN).
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1-tert-Butyl-3-o-chlorophenyl-4-p-fluorophenyl-1,2,4-triazolium
perchlorate (4d). Yield 79%. Mp 179-181 °C (from
ethoxyethanol). Found: C, 50.5; H, 4.2; Cl, 16.5; F 4.5; N,
9.9. Calcd for C,sH jCLLFN;O,: C, 50.3; H, 4.2; Cl, 16.5; F, 4.4;
N, 9.8%. o4 (200 MHz, DMSO-d¢, Me,Si) 1.72 (9H, s, CH,C),
7.36-7.70 (8H, m, Ar), 10.73 (1H, s, CHN).

1-tert-Butyl-3,4-diphenyl-1,2,4-triazolium
5-(2-carbethoxyvinyl-1-oxide) (5a)

Diethyl malonate (0.125 mL, 0.78 mmol) was added to a solution
of triazolylidene 1a (100 mg, 0.361 mmol) in anhydrous toluene
(2 mL) and the reaction mixture was refluxed for 4 h under
conditions such that the evolved ethanol was removed by a stream
of dry nitrogen gas. The toluene was evaporated and the solid
residue 5a (100 mg, 71%) was washed with petroleum ether, filtered
off and recrystallized from n-octane to afford 57.0 mg (40%) of the
pure product 5a. Mp 160-162 °C. Found: C 70.7, H 6.6, N 11.0.
Calced for C,;3H,sN;05: C 70.6, H 6.4, N 10.7%. Jy (200 MHz,
CDCl;, Me,Si) 1.14 3H, t, J 7.1 Hz, CH,CH,C), 1.80 (s, 9H,
CH,C, t-Bu), 3.93 (2H, quart, J 7.1 Hz, CH;CH,C), 4.81 (1H, s,
C5-H-N), 7.42 (10H, m, Ar). d. (50.3 MHz, CDCl;, Me,Si) 14.7
(CH,CH,C), 28.8 (CH,C, t-Bu), 58.0 (CH;CH,C), 65.8 (CH,C,
t-Bu), 90.5 (C2-CO), 123.6 (Cl, Ar-C), 127.2, 128.8 (enhanced
int.), 129.5, 130.8, 131.4 (Ar), 132.1 (CI1, ArN), 150.5 (CS), 154.6
(C3), 164.4 (C1=0), 171.1 (C3=0). m/z (APCI): 392.5 (MH"),
Cy3HysN;O; requires 392.5. CCDC reference number 607811. For
crystallographic data in CIF or other electronic format see DOI:
10.1039/b712885a

1-tert-Butyl-3-phenyl-4-p-bromophenyl-1,2,4-triazolium
5-(2-carbethoxyvinyl-1-oxide) (Sb)

Obtained according to the method described above for compound
5a. Yield 50%. Mp 54-56 °C (precipitation from ether by
petroleum ether). Found: C 58.8, H 5.0, Br 17.2; N 9.1. Calcd
for C;H,,BrN;O;: C 58.7, H 5.1, Br 17.0; N 8.9%. oy (200 MHz,
CDCl;, Me,Si). 1.15 3H, t, J 7.1 Hz, CH,CH,), 1.87 (9H, s,
CH,C, t-Bu), 3.94 (2H, quart, J 7.1 Hz, CH;CH,C), 4.82 (1H, s,
C5-H-N), 7.52 (9H, m, Ar). d¢ (50.3 MHz, CDCl;, Me,Si) 14.6
(CH;CH,), 28.7 (CH;C, t-Bu), 58.1 (CH;CH,), 65.9 (CH,C, -
Bu), 90.6 (C2-CO), 123.2 (Cl1, Ar-C), 125.1 (C-Br), 131.5 (C1,
ArN), 127.7, 128.7, 130.9, 132.7, 133.0 (Ar), 150.3 (C5), 154.4
(C3), 164.0 (C1=0), 171.1 (C3=0). m/z (APCI): 356.9 (M* —
Me,C=CH, + H*), 299.9 3b + H* or M* — Me,C=CH, + H* —
COCH,COOE?). C»;H,,BrN;O; requires 470.4.

1-tert-Butyl-3-phenyl-4-p-fluorophenyl-1,2,4-triazolium
5-(2-carbethoxyvinyl-1-oxide) (5¢)

Obtained according to the method described above for compound
5a. Yield 73%. Mp 143-145 °C (from octane). Found: C 67.8, H
6.0, F 4.7; N 10.3. Calcd for C;;H,,FN;0;: C 67.5, H 5.9, F 4.6;
N 10.3%. Jy (200 MHz, CDCl;, Me,Si) 1.12 (3H, t, J 7.1 Hz,
CH,;CH,), 1.84 (9H, s, CH,C, t-Bu), 3.91 (quart, 2H, J 7.1 Hz,
CH;CH,C, Et), 4.78 (1H, s, C5-H-N), 7.11 (2H, dd, *J 8.0 Hz,
*J¢ 9.1 Hz, C3-H, ArN), 7.38 (7TH, m, Ar). d. (50.3 MHz, CDCl;,
Me,Si) 14.6 (CH;CH,, Et), 28.7 (CH,C, -Bu), 58.0 (CH;CH,),
65.8 (CH;C, #-Bu), 90.3 (C5), 116.4, 116.8 (C3, ArN, J 18.0 Hz),
123.3 (Cl1, Ar-C), 127.5 (Cl1, ArN), 129.1 (C2, ArN, J 36.4 Hz),

128.6, 128.7, 131.4 (A1), 150.4 (C5), 154.6 (C3), 160.8, 165.8 (C-F,
J 252.4 Hz), 164.2 (C1=0), 171.2 (C3=0). m/z (APCI): (MH")
409.5, C»;Ha6N, O, requires 410.0; 354.2 (M* — Me,C=CH,), 296.3
(M* — COCH,COOEY), 240.2 (3¢ + H* or M* — COCH,COOEt —
Me,C=CH,).

1-tert-Butyl-3-o0-chlorophenyl-4-p-fluorophenyl-1,2,4-triazolium
5-(2-carbethoxyvinyl-1-oxide) (5d)

Obtained according to the method described above for compound
5a. Yield 75%. Mp 50-51 °C (precipitation from ether by
petroleum ether). Found: C 62.3, H 5.3, Cl 8.1, F 4.3, N 9.4.
Calcd for C,;HpCIFN;O;: C 62.2, H 5.2, C1 8.0, F 4.3; N 9.5%.
Jn (200 MHz, CDCl;, Me,Si) 1.16 (3H, t, J 7.1 Hz, CH,CH,),
1.87 (9H, s, CH,C, t-Bu), 3.96 (2H, quart, J 7.1 Hz, CH,CH,),
4.84 (1H, s, C5-H-N), 7.00 (2H, dd, *J 8.0 Hz, *J 9.1 Hz, C3-
H, ArN), 7.39 (m, 6H, Ar). d. (50.3 MHz, CDCl;, Me,Si) 14.5
(CH;CH,), 28.6 (CH,C, -Bu), 58.0 (CH;CH,), 66.1 (CH,C, t-
Bu), 90.6 (C2-CO), 115.8, 116.2 (C3, ArN, J 23.3 Hz), 122.9
(Cl1, Ar-C), 127.1 (Cl, ArN, J 12.6 Hz), 128.8 (C2, ArN, J
36.4 Hz), 126.9, 130.0, 132.3, 132.8 (Ar), 134.0 (C-Cl), 149.0
(C5), 153.9 (C3), 160.6, 165.6 (C-F, J 254.5 Hz), 163.7 (C1=0),
170.9 (C3=0). m/z (APCI): 388.1 (M* — Me,C=CH,), 330.2
(M* — COCH,COOE), 274.1 (3d or M* — COCH,COOEt —
Me,C=CH,), C,;H,;CIFN;0; requires 443.9 (M*).

1-tert-Butyl-3,4-diphenyl-1,2,4-triazolium 1,3-dimethylbarbiturate
(6a)

A mixture of 1,3-dimethylbarbituric acid (110 mg, 0.721 mmol)
and triazolylidene 1 (200 mg, 0.72 mmol) in anhydrous toluene
(3 mL) was stirred for 1.5 h. The volume of the reaction mixture
was reduced by 50% and the resulting product was recrystallized
from a mixture of toluene and acetonitrile (10 : 1). The solid
product was filtered off and washed with petroleum ether to give
250 mg (75%) of salt 6a. Mp 172-174 °C (from 10 : 1 toluene—
acetonitrile). Found: C 66.7, H 6.5, N 16.2. Calcd for C,,H,;N;O;:
C66.5,H 6.3, N 16.2%. 6, (200 MHz, CD,CN, Me,Si) 1.77 (O9H, s,
CH;C),2.99 (6H, s, CH;N),4.05 (4H, s, CHC), 7.48 (10H, m, Ar),
10.47 (1H, s, CHN).

1-tert-Butyl-3,4-diphenyl-1,2,4-triazolium dicyanomethanide (6b)

Obtained by the same procedure as that described for salt 6a from
malononitrile (173 mg, 2.70 mmol) and triazolylidene 1a (500 mg,
1.80 mmol) in toluene (2 mL). Yield 384 mg (63%). Mp 147-
149 °C (from 1 : 1 toluene-acetonitrile). Found: C 73.7, H 6.3, N
20.3. Calcd for C, Hy Ny: C73.4, H 6.2, N 20.4%. dy (200 MHz,
CD;CN, Me,Si) 1.76 (s, 9H, CH;C, ¢-Bu), 3.50 (s, 1H, CH), 7.4-7.6
(m, 10H, Ar), 9.70 (broad s, 1H, C5-H).

1-tert-Butyl-3,4-diphenyl-1,2,4-triazolium ethyl acetoacetate (6¢)

Obtained by the same procedure as that described for salt 6a
from ethyl acetoacetate (351 mg, 2.70 mmol) and triazolylidene 1a
(500 mg, 1.80 mmol) in toluene (2 mL). Yield 420 mg (67%). Mp
131-133 °C (from toluene). Found: C 70.7, H 7.1, N 10.2. Calcd
for C,,HxN;0;: C 70.7, H 7.2, N 10.3%. J, (200 MHz, DMSO-
ds, Me,Si) 1.,02 (3H, s, CH,CH,), 1.76 (9H, s, CH,C, t-Bu), 1.89
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(3H, s, CH,CO), 3.74 2H, m, CH,CH,), 4.00 (1H, broad s, CH),
7.2-7.8 (10H, m, Ar), 10.90 (1H, broad s, C5-H).
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