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Summary

The kinetics and mechanism of rearrangementS¢2-oxotetrahydrofuran-3-yIN-(4-
methoxyphenyl)isothiouronium bromide 1K) into 5-(2-hydroxyethyl)-2-[(4-
methoxyphenyl)imino]-1,3-thiazolidin-4-ong&b) have been studied under pseudo-first
order reaction conditions in aqueous buffer sohgigpH 2 — 9) in hydrochloric acid
solutions (0.001-0.3 mof?) and sodium hydroxide solutions at 25 °C and astant ionic
strength [ = 1 mol-T%). Multiple breaks in the measured pH profile estdibttse formation

of three different kinetically detectable intermatds T, T° and T-, whose rate of
formation and breakdown to the product are pH deéeen Treatment of the
isothiouronium saltla (pKy = 6.7) with base produces reactive isothioureackvhi
undergoes cyclization to give the zwitterionic imtediateT™* (rate limiting step at pH <
2). IntermediateT* then undergoes either general acid-catalyzed, ctmubg = —0.47)
breakdown to product (r.l.s. at pH 2-3) or a warediated proton switch t6° which is
followed by its general acid-catalyzed breakdowhl (®-6). The last reaction pathway
involves the formation of the anionic intermedidteeither fromT* or fromT° (pH > 6).
The first possibility involving reaction &f* via T~ to 2b seems to be more likely because
it is in accordance with kinetics observed in bamicine buffers, where the non-linear
increase of the observed rate constant with thal tmiffer concentration changes to a
linear increase as a general-base catalyzed patiswatlyoduced. Coexistence of all three
kinetically detectable intermediates is very rand & possible due to relatively enhanced
stability of these intermediaté®. fast intramolecular step leading to the productidii™
and the presence of a relatively poor leaving gr@ligoxide) necessitates participation of
an acid for progression to products. These obsensathave been compared to the
rearrangement  of S(2-oxotetrahydrofuran-3-yIN-(4-methoxybenzyl)isothiouronium
bromide (p) which shows the same character. Only the reaatid® is one order of
magnitude lower.

Influence of the additional Cu(ll) ions on the reaie rate has been followed. The reaction
acceleration depends which Cu(ll) salt have beex,uss concentration and the pH of the
solution. The highest influence has been obsertddwaCu(ll) ion concentration. With
increasing concentration the influence of the Qufhs decreases and the reaction rate
becomes Cu(ll) independent. Coordination of thepeofll) to the carbonyl oxygen which
makes this group more reactive towards nucleophiéssbeen proposed as an explanation



of the reaction acceleration. Also stabilisation tbke leaving group by copper(ll)
coordination facilitates the rearrangement.

3-Bromophtalide has been used instead of 2-bromyotdattone for the preparation of
isothiouronium salts in the next part of my worke&éuring of the ig.s of the prepared
salts shows surprisingly high influence of the s$ilson on the benzene ring. The values
of the so obtained Hammett constants are approglynat 2.5. The sulphur bridge effect
is the most probable explanation for this obseovati

The influence of substitution in the thiourea mgpief the molecule on the formation of
transformation products has been observed. Reamerny of unsubstituted3) and
monosubstituted 5) isothiouronium salts leads tbl-substituted-1-hydroxy-3-oxo-1,3-
dihydro-H-isoindol-2-carbothioamides 4,6), however, the rearrangement &fN"-
disubstituted salts 9] gives 1,3-disubtituted-1-(3-oxo-1,3-dihydro-2-hefuran-1-
yhthioureas {0). The mechanism proceeding attack of the imino group of the free base
of thiourea on the carbonyl group followed by bidakn of the so formed zwitterionic
intermediate to the aldehyde and its subsequerization has been proposed for the
rearrangement of the unsubstitut8ignd monosubstitute®) salts.

The transformation ofN,N -disubstituted salts9f offers more explanation. ThiSto N
alkyl migration could proceed as a1Stype reaction where carbocationic intermediate is
formed in the first reaction step. The frontsideetyf $2 reaction is the second possibility
and the “double-displacement” mechanism with theubd® inversion is the third
alternative. Measuring of the IRMPD spectra togetigh other observations indicates
presence of the carboxylic acid type intermed}aXd/I and offers the last mechanism as
the most probable.

Keywords: transformation reaction, reaction mechanism, aesklratalysis, metal ion
catalysis, isothiouronium salts, lactones, phtlesj®-iminothiazolidinones



Souhrn

Transform&ni reakce S-(2-oxotetrahydrofuran-3-yIN-(4-methoxyfenyl)isothiouronium
bromidu (b) na 5-(2-hydroxyethyl)-2-[(4-methoxyfenyl)imino]3-thiazolidin-4-on(2b)
byla sledovana spektrofotometricky za podminek @spvniho fddu ve vodnych
roztocich pufé (pH 2 — 9), kyseliny chlorovodikové a hydroxidudeého pi 25 °C a
konstantni iontové sild ¢ 1 mol-T%). pH Profil reakce ukazujeskolik zloma, jejichz
piitomnost Ize vysitlit uplatnsnim & raznyh intermedidt T*, T andT~. Rychlost jejich
vzniku a rozpadu zavisi na pH prigsti. Reaktivnim species je volna isothiaimana
vznikajici z isothiouroniové sollb (pK,y = 6.7) misobenim baze. Iminovy atom dusiku
atakuje karbonylovy uhlik za vzniku tetraedralnih@rmediatul* (rychlost ugujici krok
pii pH < 2). Intermedial ™ dale podléha obeérkysele katalyzovanému sonému ¢ =
—0.47) rozpadu na produkt (r.u.kiippH 2-3) a nebo f@nosu protonu za vzniku
intermediatuT®. Ten se dale {mobenim obecné kyseliny rozpada na produkt (pH. 3-6)
Posledni reakni cesta zahrnuje vznik anionického intermedi&tibud’ z T* a nebor® (pH

> 6). Prvni moznost se jevi jako prapddobrjSi diky mefeni v aminovych pufrech. Zde
byl pozorovan nelinearni ni#st pozorované rychlostni konstanty v zavislostkoacetraci
pufru kdy se reakce &ni z obect bazicky katalyzované na specificky katalyzovanou.
Souwasna existencéitkineticky detekovatelnych intermedidje velmi vzacna a v tomto
piipadt je Zejme zpasobena jejich zvySenou stabilitou vedouci k detdékdzivota — to je
umozreéno rychlym intramolekularnim vznikem intermedidfd a gitomnosti relativa
Spatné odstupujici alkoxidové skupiny. Tyto vyskediyly srovnany sfesmykemS-(2-
oxotetrahydrofuran-3-yIN-(4-methoxybenzyl)isothiouronium bromidulp). Reakce se
chova obdob, pouze je fiblizné ofad pomalejsi.

V dalsi ¢asti prace byl porovnan vlivijgavku néd’natych iont na rychlost reakce.
Urychleni zavisi na druhu pouzité soli, jeji konttaoi a pH prosedi. Nej&tsi vliv byl
pozorovan fi malych koncentraci ioft S jejich rostouci koncentraci vliv klesa a reakce
se stava na koncentraci i@mezavislou. Urychleni Ize vystlit koordinaci nédi na kyslik
karbonylové skupiny. Ta se pak stava reaki§invici nukleofilnimu ataku. Druhym
Gcinkem meéd’natého iontu je koordinace na odstupujici alkoxjdatom kysliku.

V dalSi casti prace byla ob#ména struktura laktonovécasti molekuly a 2-
brombutyrolakton byl 3-bromftalidem. &feni disocignich konstant ukazuje velky vliv
substituce na benzenovém jddHammettova zavislost ma &mici priblizn¢ 2,5. Tento

vliv I1ze vyswitlit mustkovym efektem atomu siry.



Vliv substituce isothiouroniovéasti molekuly zasadnim rozdilem owliyje reaktivitu soli

a typ vznikajicich produlit Presmyk nesubstituovanyc8)(a monosubstituovannych)(
isothiouroniovych soli vede ke vznikiN-substituovanych 1-hydroxy-3-oxo-1,3-dihydro-
2H-isoindol-2-karbothioamidl (4,6). Naopak pesmyk N,N’-disubstituovanych soli9jf
poskytuje  1,3-dimethyl-1-(3-0x0-1,3-dihydro-2-befiman-1-yl)thiom@oviny  (10).
Mechanismus vzniku prvniho typu produktu Ize Wbtsatakem volné iminoskupiny na
skupinu karbonylovou za vzniku zwitterionickéhoeimhediatu. Ten se nasledrozpada
na aldehyd. Konay produkt reakce poskytuje intramolekularni cyktie takto vzniklého
aldehydu.

Na transformaciN,N -disubstituovanych soli9] Ize nahlizet jako na migraci alkylu
z atomu siry na atom dusiku. V Uvahtippdaji i mozné vys¥tleni. Prvnim je reakce
typu Sy1, kdy v prvnim kroku molekula disociuje za vznikarbokationtu, ktery nasledn
reaguje s dusikem odstoupivsi thiaimeiny za vzniku produktu. Druhou moZnosti je
mechanismus blizky reakci\3, kdy dochazi k “frontside” ataku atomu dusikureakeni
centrum za saiasného odstoupeni atomu siryefl moznosti je “double-displacement
mechanismus®, kdy v prvnim kroku &pdochazi k ataku atomu dusiku na «edk
centrum. Odsupujici skupinou je v tomtéigad karboxylat, ktery v druhém re&kim
kroku zptné napada benzylovy uklik. &leni IRMPD spekter ukazuje na mozny vznik
intermediatu karboxylatového typdXVI a spolu s dalSimii poznatky ukazuje rtatit

mechanismus jako na nejprapddobrgjsi.

Kli ¢éova slova:transformani reakce, reaii mechanismus, azidobazicka katalyza,

katalyza ionty kowu, isothiouroniové soli, laktony, ftalidy, 2-imina#zolidinony
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Introduction

1 Introduction

It is well known that intramolecular reactions beastriking resemblance to the reactions
of enzymes and can give an insight into their ag@ls enzymatic proce$é.Small
molecules undergoing intramolecular cyclizationcteas have frequently been used as
models for understanding the nature of preorgaozak effects and their relative
contributions to the enhanced rates observed igneaic reactions.’ Acyl groups have a
prominent position in biochemistry and biology ahdir biochemical relevance alone has
made acyl group transfer one of the most studiadtians in all of organic chemist?y*
Intramolecular aminolysis are a specially importelass of acyl-transfer reactions and are
of great importance in biochemistry and medicirteraistry. A large amount of research
has been devoted to this aféd’ Isothiouronium salts are very useful for the study
intramolecular reactions, especially due to the faat they are prepared in a nonreactive
protonated form that they can be consider for askad” or “protected” amino group.
After transfer to the reaction media and additibrthe base, the amino group is released
and can react with the desired functional grougee Kss of the salts are very close to
physiological systems, which makes them very uskfuimimicking processes occurring
in living organisms.

Rearrangements of heterocyclic compounds are dlgoeat significance; providing new
routes to otherwise difficult-to-prepare biologigahctive compounds. This new approach
to the synthesis of heterocycles has rapidly groesently°>®and in many cases such
transformations are subject to general acid-basalyseés and proceed under very mild
conditions; even at physiological pH. These fingifgve great importance, not only for
the synthesis of these compounds but also for gaential application in medicine (pro-
drug approach).

Recently our group studied the strucfiré and reactivity"** of substitutedS(1-
phenylpyrrolidin-2-on-3-yl) isothiouronium salts h, in weakly basic medium, undergo
an intramolecular rearrangement to give substit@tedino-5-[2-(phenylamino)ethyl]-1,3-

thiazolidin-4-ones (Scheme 1).

-11 -



Introduction

3\
Y 3
R'=H, CH3

R?=H, CH3

R3=H, 4-OCH3

Scheme 1- Transformation o%-(1-phenylpyrrolidin-2-on-3-yl) isothiouronium salt

More recently the scope of this transformation hiawen extended: replacing tiiactam
ring with a y-lactone ring? The S(2-oxotetrahydrofuran-3-yIN-(subst. phenyl)
isothiouronium bromides underwent rearrangemercidic and basic medium to give 5-
(2-hydroxyethyl)-2-phenylimino-1,3-thiazolidin-4-es or 5-(2-hydroxyethyl)-2-
phenylamino-4,5-dihydro-1,3-thiazol-4-ones in vgood yields (Scheme 2).

1 1

R 0 ® o
N_ _S Br_ acetone N_. _S
o+ 0 — » W'/@ o)
HN\ 2 HN\ )
R o R
Br
O
N
P
1 NT S OH
|
R 0 R

N_ _S NH,/H,0
(e L —
HN 2 0
\ 2 R
g0 " N
4&
N™ 7S OH

R!,R? = H, CH,, C,Hs, Ph

Scheme 2 — Transformation of S(2-oxotetrahydrofuran-3-yIN-(subst. phenyl)

isothiouronium bromides.
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Introduction

The aim of this work was to prepare the series asfvdtes, measure the kinetics of its
transformation in the widest possible pH area apda in detail investigate and propose
the reaction mechanism. According to the literdtutkere is possibility of the reaction

acceleration by the transition metal ions. Thissgmbty should be also examined. In the
second part of the work 3-bromophtalide should bs&edu instead of the 2-

bromobutyrolactone. This alteration should cause thange in the mechanism and
reaction should lead to the different types of preducts. These products should be

identified and mechanism of their formation shooddproposed.

-13 -



Theory — Reactions accelerated by transition metad

2 Theoretical background

2.1 Reactions accelerated by transition metals ions

The influence of additional copper ions on reactiosmte of isomerisation and
rearrangement has been observed in the reacti§g)dnd ¢)-phenylhydrazones of 3-
benzoyl-5-phenyl-1,2,4-oxadiazole (Scheme™3}. Acceleration and mechanism of the
reactions depends not only on the concentratioadofed copper ions but also on the

anions presented in the solution.

N,
f NH—Ph Ph  NH
NN —_— N;/ \(N Ph

Ph Ph

Scheme 3- Isomerisation and rearrangement B) @nd g)-phenylhydrazones of 3-

benzoyl-5-phenyl-1,2,4-oxadiazole.

All plots of observed rate constants of isomer@atke ; andkzg) versus the copper(ll)
concentration show a hyperbolic trend that wasawpt by the two step mechanism. An
adduct of copper with the substrate is formed @nftist step followed by the rate limiting

isomerisation of the double bond. The reaction sEheould be written as:

(KgCu

E + Cu(ll) E/Cu(ll)
(ke JCu

E/Cu(ll) ZICu (II)
(k,g)Cu

Where E/Cu means complex of ligand with the Cui®f). This scheme leads to the

equation:

K =(kE,z)Cu(KE)cU[CU(”)]
=7 1+ (Ke)g[cum]

(1)

-14 -



Theory — Reactions accelerated by transition metad

The decrease of double bond character of the irbmad after the coordination of the

copper to the imino nitrogen is proposed. This ease allows rotation around the bond
and formation of the opposite isomer.

Significant dependence on the type of anion wasmies during the rearrangement of the
starting compounds. If copper(ll) acetate was use@ catalyst, a hyperbolic trend was
observed; otherwise, copper(ll) chloride and brarad a catalyst shows a parabolic trend.
In the presence of copper(ll) acetate - bifunctiaradalysis is proposed. The copper ion
coordinates to hydrazonic nitrogen and brings &eeataygen to the close proximity of the

hydrogen, which can then act as a Lewis base acelaate the reaction (Scheme 5a).
Below is the kinetic equation (2) for the transfatman equivalent to the former for

isomerisation.

_ (K)o bk ), [Cu(in]

zT (2)
1+ (K)o, [cum)]
— _ B E:
Cu(OAQ), 50
Ph ! Ph _-Cu(OAc), Ph
=N h Cu(OAc) PN, P =N * Oy
A 2 NH  Base(B) \N---H-- BH? 7]/ | \N-——Cu(OAc)Z
— N\Cs — P .
L )5 I I .
o Ao o Ph
PH H

Scheme 4- Proposed mechanism for the rearrangement cathlyy copper(ll) acetate.

Parabolic dependence for copper halides could paieed by the necessity of formation
of binuclear copper complexes (Scheme 5b). Botbsygf dependences were observed in

the ionic liquids used as a solvént.

ko =k, +k, [CuX,]’ 3)
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Theory — Reactions accelerated by transition metad

N 1 N \
>\\(’) 5 Ph >\\ | Ph
O
Ph Ph
a b

Scheme 5- Transition statea] for the transformation catalyzed by copper(li¢tate and

complex p) for the reaction catalyzed by copper(ll) chloride

The participation of heavy metal ions in hydrolysfsamino acid esters was studied by H.
Kroll.*® The reaction was followed in amino buffers in a phge of 7.5 — 8.5. Non-
catalyzed hydrolysis is very slow in this pH ares Wwith the addition of metal ions it was
accelerated dramatically. The dependence of therebd rate constant plotted against the
added metal ion concentration shows a saturatinatiki with the slope decreasing from
the values higher than one for low ion concentratm zero at higher ion concentrations.
The break corresponds to the ligand : metal ratlo This indicates the fast formation of
the metal ion - amino acid ester complex in thst fieaction step. It is necessary that the
presence of the amino acid must be in the formreé fbase to form the complex.
Measuring in a variety of buffers shows the depandeof the reaction rate on pH. One
unit change in pH increases the reaction rate &bdirfThe reaction rate stays constant with
changing buffer concentration indicating generakebacatalysis. Those observations
indicate that the addition of hydroxide ion to ttegbonyl group is the rate-limiting step.
The formation of a chelate complex in the firstpsteas been proposed. The metal ion
coordinates to the amino and carbonyl group. Taises a decrease in electron density on
the carbonyl carbon atom and a following hydroxattack is facilitated. Various heavy
metal ions were tested. The ability to acceleragereaction grows in order of Mg C&",
Mn?*, Cc* and CG". The tightness of the complex should be a reaseretplanation for

this observation.
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Theory — Reactions accelerated by transition metad

+

R OR R OR R OR R o
R OR > < +7 on
HN 0 HoN, - OH HoNo OH™ [ — | H,N  OH

H,N O

Scheme 6- Hydrolysis of amino acid esters accelerateddujten of heavy metal ions.

The influence of the amino acid aliphatic chainstiibtion has been probed. The highest
reaction rate was measured for glycine esters.tileevithdrawing substituents (serine,

phenylalanine) are hydrolyzed at approximately shme rate. Hydrolysis of esters with

electron donating substituents (proline, alanireycine) is slower and reaction rate
decreases with the growing accumulation of alkyissituents.

Table 1 Relative rate constants for hydrolysis of amimidaesters catalyzed by Co(ll)

ions.

amino acid ester Krel
glycine 1.00
alanine 0.74
leucine 0.38
phenylalanine 0.90
tyrosine 0.38
cysteine 0.46
arginine 0.56
histidine 0.45
aspartic acid 0.65
serine 0.96
proline 0.71

More problematic is the situation for esters camtay an additional group able to form
complexes with metal ions. The formation of a cotitpe, catalytically non-active

complex is possible resulting in a decrease in¢hetion rate (Scheme 7).
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— —++
+ AN
@) 0 0 .
R ++ OH
P oR |== HS/\(U\O + Me = HS/\H§C‘) - =
\ NH, HoN ~ \ products
Me— NH2 Me

Scheme 7 Two possible complexes acting in hydrolysis of eyst ester.

The influence of Cu(ll) ions on the hydrolysis dficine esters was studied by Bender.
Measurements in TRIS buffers did not follow firstder kinetics. It was due to the
formation of stable complexes between copper aagtbduct. Because of this the kinetics
were followed in glycine buffers. It was found thilaé rate of hydrolysis in the presence of
copper was 6 orders of magnitude higher than willy base catalyzed hydrolysis. Such a
big difference indicates the coordination of copperthe carbonyl group because the
protonation two atoms away from the carbonyl shauttease the rate constant maximally
of 3 orders’® A similar mechanism as described in a previous gass proposed.

Different results were obtained by Li who studiéeé interaction of glycine and cysteine
esters with Cu(ll) and Ni(ll) ion® Logarithms of reaction rates of complex formatifors
glycine and glycine ethyl ester with Ni(ll) ionsffér by 6 units, thus indicating a
remarkable difference in the structure of compleXeis proposed that glycine complexes
to both nitrogen atoms and to the carbonyl grotiperavise glycine ester coordinates only
to nitrogen. The value of the constants is simt@rammonia. Only two orders of
magnitude difference was found for the nickel coerphith cysteine. The author proposes

binding between amino and sulfhydryl group.
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2.2 Reactions of thioureas with functional and sulbgution derivates of o-

toluic acid

2.2.1 Reactions of thioureas witlo-halomethylbenzoyl halides and aldehydes
1-Oxo0-1,3-dihydro-B-isoindol-2-carbothioamides were prepared by thactien of o-

chloromethylbenzoy! chloride with thiourea in prese of NaCO; in aceton® (Scheme
8).

Cl NH,  Na,CO, NH
2
e} + H2N—<  — N—<
S acetone S
Cl o

Scheme 8- Reaction of 2-chloromethylbenzoyl chloride witiourea.

On the other hand an attempt for the cyclizatioardlogous isothiouronium salt (Scheme

9) leads to decomposition followed by cyclizatiorthiophthalide.

HCI O
Cl S EtOH SJ\NH DMF
oA Tae 2 S
COOEt HZN NH2 reflux reflux

COOEt

Scheme 9 Reaction okthyl 2-chloromethylbenzoate with thiourea.

If N,N-disubstituted thioureas were used, seven-membededivates of 2,4-
benzothiazepin-5¢)-one or 2,4-benzodiazepin-1-one were isolai8dheme 10). The
ratio of both products depends on thiourea sultstituThe major product for 1,3-dimethyl
and diphenyl thiourea is benzodiazepine. For diatlysopropyl, dicyklohexyl and do-
tolyl, thiazepine is the major product. If a browherivative instead of a chloro derivative

is used, the product ratio can be changed.
1

R'  NHR® R
\ Na,CO S
C+ NHY e =N+ N):
Cl S acetone N R? N S
N1
O O R a \RZ

Scheme 10— Reaction ofN,N’-disubstituted thioureas with 2-chloromethylbenzoy
chloride.
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The reaction of benzene-1,2-dicarbaldehyde witha uirean ionic liquid [bmim]BE

catalyzed by TMSCI gives 1-oxo-1,3-dihydrék2soindol-2-carboxamidés(Scheme 11).

O 0
NH - NH
H 2 [bmim]BF 2
b N
o o) T™SCI o)
H

Scheme 11 Reaction of benzene-1,2-dicarbaldehyde with.urea

In the case of thiourea as a starting material fdhmation of analogous products has not
been observed. IN-methylthiourea was used the reaction would ocdassically by

forming N-methyl-1-oxo0-1,3-dihydro43-isoindol-2-carboxamides (Scheme 12).

o o)
NH—CH, , .
H oy HN [bmim]BF, NH—CH;3
o { - . N—(
~ S TMSCI S
H

Scheme 12- Reaction of benzene-1,2-dicarbaldehyde WHmethylthiourea.

The formation of the main product was accompanigdhe formation of seven-membered
rings that can not be distinguished’pyand**C NMR (Scheme 13).

NH N/R
s s
N, NH
R
Scheme 13- Side products of the reaction.

2.2.2 Reaction of phthalaldehydic acid with nucledpiles

Two tautomeric structures of phthalaldehydic ace&l@ossible (Scheme 14). An open form
with carboxylic and aldehydic group and a cyclictté form>2>* The presence of both of

them depends on solvent, temperature and pH. NMRtsgscopy indicates that there are
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signals present representing CHd@.65 ppm and CHO &t 10.58 in CDC4. Addition of
p-toluensulfonic acid shifts the equilibrium to thgclic form and no aldehydic signal is

(@] O
OH —» O
(@]
OH
H

Scheme 14 Tautomeric forms of phthalaldehydic acid.

observed.

The reaction of phthalaldehydic acid with differenicleophiles leads to diverse products
depending on the basicity and nucleophility of tlneleophile (Scheme 15).

The reaction with the least basic anilines givemBinophthalidesd) as a product The
same compound could by prepared by the reacti@halophthalides with anilines. The
reaction with aliphatic amines depends on the mi@d#o of starting compounds. If the
molar ratio of alkylhalide to amine was 2:1, thealklylation product (3,3"N-
dialkylimino)diphthalide) o) was isolated and higher amounts of amine ledtddaalts of
imines €).

A further reaction with ureas and amides also giepropriate products substituted in
position 3 ().

0
NH,

@io
Qio Qi @&OO@HSN@R Qio

/N\R \(O
R

(@]
R—-N
@]
@]
N—R +
NH
@]
a b d
S c

Scheme 15- Reactions of phthalaldehydic acid with amines.

-21 -



Theory — Reactions of thioureas with derivates-tdloic acid

More interestingly however, is the reaction withepfilhydrazines; depending on the

reaction conditions two different products coulddémated (Scheme 16).

O
MeOH
—
O HN/NHZ reflux E\H _Ar
[ I§ ~ 'NH
o +
O
OH DMF/reflux Ar
— N~
or benzene/PTS |
~N

Scheme 16- Reaction of phthalaldehydic acid with phenyltazine.

Those reactions and combinations of them can bd tmethe construction of various
heterocycles (Scheme 17).

o) H Cl

|

o + =S —= o
NH NT N

OH 2 i N-N

NN Benzene/PTS
+ N — N
= Dean Stark = \N O
HN_ X, N
N H2 —
NN
|
PA\!
DMPF/reflux N
“NH

Scheme 17 Reactions of phthalaldehydic acid.
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2.2.3 Reaction of 3-halophthalides with nucleophite

A different situation is observed in the reactioh$-halophthalides. These compounds act
as ambident electrophiles and can be attacked ewarbonyl carbon atom (acylation of
the nucleophile) or on the carbon next to the labm (alkylation of the nucleophile). It
was shown that strong nucleophiles usually atthekdarbonyl group while the reaction
with weak nucleophiles gives products of alkylafin’ Also, the influence of the leaving
group has been observed: the better the leavingpgtbe higher the amount of alkylation
product produced.

In the case of primary amines, an ammonia rearrapge of alkylation product is

observed and appropriate 3-hydroxyisoquinoloneshe@roducts of the reaction (Scheme

18).
0 0
R—NH,
X OH

Scheme 18- Reaction of halophthalides with primary amines.

According to this, a reaction of secondary aminggefidine, pyrrolidine, imidazole,
methylaniline and morpholine) with 3-hydroxyphtllsj 3-chlorophthalide and 3-
iodophthalide gives both types of products (Sché&@je Only products of alkylation were
observed for 3-hydroxyphthalide. The reaction oth®rophthalide with the more
nucleophilic piperidine, pyrrolidine and morpholingves acylated products while the
reaction with the less nucleophilic imidazole andtiylaniline gives alkylated products.
The same products were isolated for 3-iodophthabidea starting compound. Only
piperidine and morpholine give a mixture of bothlem.
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mechanism 1

B o 17 o)
0 - o)
//I\\\\@
©x NH_q N-R
0 R R
o + NH — - =+

better nucleophile poorer nucleophile

Scheme 19- Proposed mechanisms for the reaction of 3-h#hgtides with secondary
amines.

Two mechanisms have been proposed and discusseitiebyuthors to explain this
behaviour. The first one involves the direct attatkhe amine to the 1 or 3 position, with
product distribution in this case depending onlytloa type of nucleophile. According to
this; methylaniline and imidazole should be betédkyl halide nucleophiles while
piperidine and morpholine being better carbonyll@oghiles, But this observation is not
consistent with previous observations and the mptigity scale N for carbonyl.

Due to these observations another mechanism hasgreposed. The nucleophile in all
cases attacks the alkyl halide carbon. The origiggbositive charge on the carbon can
redistribute between atoms 1 an 3 and if thereishésmough time for redistribution (looser

transition state), the product of acylation carfdrened. According to the Westaw4ythe
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stronger the nucleophile, the looser the transistate and more acylation products are
formed.

When a higher amount of amine is used, the prodfichcylation can transform to
alkylated products. The question is however, if thearrangement is inter or
intramolecular. Reaction of acylated morpholino duct with pyrrolidine gives only
alkylated pyrrolidine product. It indicates reamgament occurring with intermolecular
attack (Scheme 20).

o o

N { N\_/O (O@Q (
o == Lo T = Ory == o
'o\/C? D fiy e

Scheme 20- Reaction of 3-morpholinophthalide with pyrrohéi

Similar trends in reactivity were observed for theaction of halophthalides with
substituted phenofs.

The reaction of halophthalides witb-alkyl xanthate® leads to the alkylation product
(Scheme 21) and the reaction was followed spedtofetrically for 3-chloro and 3-
bromophthalide as starting compounds. The preseamdebsence of absorption at 392 nm
characteristic for —C(=0)SC(=S) chromophore indgisatwo possible reaction pathways.
During the reaction of 3-bromo phthalide with xaatththis band did not appear and so the
direct alkylation mechanism is proposed. Otherwaseurrence of this band was observed
in the case of 3-chlorophthalide and the mechanisateeding through an aldehyde

intermediate has been proposed. The reaction witiodarbamates proceeds in a similar

manner.
o s O s
o + S@)J\O/R — sJ\o’R
O aldehydic
X intermediate
direct H
alkylation l
O O@

/
[0) S ®/R
B o>:o
O-R g

Scheme 21 Reaction of 3-halophthalides with xanthates.
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A combination of intramolecular and nucleophilictadgsis was observed during the
hydroxide ion and morpholine catalyzed hydrolydisnethyl o-formylbenzoate (Scheme
22) and 3-methoxyphthalidé.In the case of morpholine, 3-morpholinophthalide a
reaction intermediate was isolated, characterizedl the kinetics of its conversion was
measured and compared with the reaction rate fophatinolysis.

No general catalysis was observed during the hysi®bf methylo-formylbenzoate. The
reaction was followed in the pH range of 0 — 9.28 a typical V-shape was observed
which could be explained by the catalysis of pretamater and hydroxide ions. A different
situation was observed for 3-methoxyphthalide whioch the pH range of 4 — 9 is
independent of pH. This plateau could be explaimed manner of the much important
“water” catalyzed reaction in contrast to the poend substrate. An identical pH profile
was observed for the hydrolysis of 3-morpholinophitte, the only difference is the rate of
the reaction which is 3 orders faster in this case.

It was found that the reaction rate for hydrolysis3-morpholinophthalide is the same as
for the second step of morpholinolysis of metloyformylbenzoate. This observation
confirmed the same mechanism for both of the reastiAlso the reversibility of the first
step of morpholinolysis was studied in methanolvds found, contrary to the second step,

the first step is irreversible.

Q HO H oH H oH o
H OH" o OH" H
o — Oo P — O = (@] — o
©~ O-
O. oL O "me © o°
Me Me

Scheme 22- Intramolecular hydrolysis of methgdformylbezoate.

The reaction scheme for water catalyzed hydrolisidepicted (Scheme 23). The water
catalyzed reaction of 3-morpholinophthalide coukdl dxplained as a concerted process
with the transition state stabilized by the resaeanf the formyl group.
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O

OD 0

H
N
Ho, H N
A - - H
o o) o
Me ©

e O

‘9 o3 0

3
H N )
N H
OH' N H H\N
0O = o == ©:r\;
o

H(N(@:j O
O — O
NP OH

Scheme 23- Morpholinolysis of methyb-formylbenzoate.
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2.3Possible mechanisms proposed for aliphatic nucleopie substitution

2.3.1 Classical view

As Ingold showed, there are two limiting mechanisimis nucleophilic substitution on
aliphatic carbon atoms; those being: bimoleculg2 $\wDn)°? and monomolecular\d
(Dn + An).

In the classical & reaction, nucleophile attacks the molecule ofstale from the
opposite side to the leaving group (backside ajtaokl the configuration on the reaction
centre is inverted (Walden inversion). The reactienfirst order in respect to the
concentration of substrate and the nucleophileaf®y occurs in one intermediate-free

reaction step.
v =k JRX] iNu] (4)

In the limiting S1 reaction the molecule of substrate dissociatesntapeously,
carbocation is formed and subsequently attackethéyucleophile or solvent molecule.
The hybridisation on the central carbon atom charfgem tetrahedrasp® to planarsf.
Attack of the nucleophile is possible from bothesiddue to this fact, and the reaction
proceeds with racemisation on the stereogenic €ehtre reaction is first-order in regards
to the substrate (5) and occurs in two steps with ¢arbocationic intermediate. The

reaction rate does not depend on the concentratidrihe structure of the nucleophile.

v =k [JRX] (5)

2.3.2 Winstein explanation

Expansion of the theory and explanation of theiglaracemisation during the reaction
comes from Winstein. Carbocations need not be filifgociated, but reactions can occur
thorough the ionic pairs and in the case when tlseoaly a small separation between the
ions — the so called intimate ionic pair'§R) plays the main role. One side of the substrate
is still blocked by the leaving group and so a pigicbf the inversion is formed. In case of
a more stable carbocation, the leaving group leaasly and carbocation could be
partially solvated and a so-called solvent sepdraeic pair is formed R|X™. There are
two possibilities in a reaction of this kind of bacation: a reaction with an external
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molecule of the solvent that leads to the invergibronfiguration or a reaction with the
solvating molecule inserted into an ionic pair. édion is observed in this case, and
according to this model, partial racemisation osc@table carbocations'R X~ could be
attacked from the both directions with the saméabdity and completely racemisation is

observed.

SR SR OSR +(1- 8RS 1/2SR +1/2RS

k4TSH ksTSH kJ\ SH
k k.

2 -
RX &; R+X_ P R+ |X

S e

XR =—= XR =—= x'||R+

k-l k.2
kA\LSH ks\LSH kB\LSH

RS RS 3SR +(1-®RS

Scheme 24- Winstein scheme for nucleophilic substitutioaatons. Where: R-alkys-

nucleophile or solvent molecule, X-leaving group.

2.3.3 General Winstein scheme

General Winstein scheme for nucleophilic substitu{Scheme 257

R—X-—-H—0—S0 R™--X---H—0—S0 R O—H--X-H—0—S0 === R™-X—H—0—S0

e f | g h
So
R—O—So \
+ - + - +
Nu---R---X---H—0O—So — Nu---R--- (')—H--~X---H—O——So = Nu---R---Nu
i j k

So J

Nu—R Nu—R + R—0O—So Nu—R + R—Nu

Scheme 25- General Winstein scheme.
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Basic G-W intermediateseh) were extended for solvent molecule solvating ilegwv
group. Structures<) could be both back side solvated intermediatesteamsition states
of direct one-step reaction of intermediatesh) to products, and the structure of the
substrate, type of nucleophile and reaction comaktidefines which alternative is true.
Intermediate ) can be used to easily explain the formation ef phoduct with retention
of configuration; it happens when back side atwichucleophile is blocked or disfavoured
in combination of very slow dissociation on theefrearbocationh) or (k). Under such
circumstances the intermediate would collapse te firoduct with retention of
configuration.

The reaction path starting from intermediate With transition statei) is a classical &
reaction. Sneen and Larsen suggested an ionioalies of &2 reaction that consisted of
formation of structureff and its breakdown through transition sta}e (

The solvent separated ionic pair could Peo¢ could not bed) solvated by the molecule
of the nucleophile. There are two possible paththefbreakdown of intermediatg){ in
the presence of nucleophile the product with ineer®f configuration being formed and
when the molecule of the nucleophile is missing $bbsolysis reaction occurs and the
product with retention of configuration is forme@he last reaction path includes the
formation of a carbocation symmetrically surrountdgdhe nucleophileh) or solvated by
the solventd) and its reaction giving a racemic product.

As the overall scheme shows, the problem of nudlgiopsubstitution is a very complex

problem and it cannot easily be decided which meisha plays the dominant role.

2.3.4 Mechanism §2(C")

The next possible mechanism is so callga(S8") (Dn An).%* A stable carbocation formed
in the first step is coordinated and attacked kg iolecule of the nucleophile in the
second step. Reaction rates for the both stepssiangar and the reaction behaves
bimolecularly with the rate limiting second stepn A&xample being the reaction of

triphenylmethylchloride with different nucleophilesnitromethane.

2.3.5 Possible unification of mechanismsy® a 2

A possible unification of limiting §L and §&2 was suggested by Sné&¥ and is
illustrated in Scheme 26 for solvolysis of the gtdie in the presence of an azide ion.
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Sneen supposed the formation of an ionic paX Ris the reaction intermediate in both

limiting cases and only its stability determinesieitmechanism dominates.

k. JHOS
[HOS9 - poso

RX==R'X —
“ ® RN

Scheme 26- Reaction scheme with ionic pair as an interntedia

Equation (6) for the ratio of formed products depieg on nucleophile concentration can

be deduced as follows:

osg= e =i ©

Ko _ (ks /ks)+2)(0+ ky [N/ ks ) _ (x+2)(2+ miN])

kna (ks Tks)+ 2+ (ky[N])7ks) (o 2 miN])

(7)

Wherekya is the rate constant of solvolysis measured withlog presence of an external
azide ion.
In the case of the breakdown of the ionic pairaterlimiting stepk_; » ks — a second
equation can be written as (8)

lim(x - m)@ =1+mN] (8)

Kna

And the reaction behaves as a classigal f@action.
In the case of the formation of an ionic pair iterimiting stepks » k.; — the equation
simplifies to (9)

lim(x - 0) Koo g (9)

NA

And the reaction behaves like a classigdl 8action.
If both constants are similar, a borderline mecéranis observed.
An example is solvolysis of 2-octylmesylate in 25\4ter:dioxane solution (Fig. 1).
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20
SR %=
K
HNﬂ —exptl,
L 10 Kns
[roH] ™ Y% =240
Sy X=l/e

5 z
[NoNa] [NeNg]

Figure 1 - Dependence of the rate constant on azide iooetaratior®>

The first diagram shows the ratio of products aependence on azide concentration and
the calculated valuen of the slope is 8.22. The dependence of the raftithe rate
constants for the reaction with and without thespnee of the nucleophile on the azide
concentration is depicted on second diagram (ritite,theoretical curve was calculated
from the equation (7)). Also hypothetical depen@snfor both limiting mechanismsy5
and 2 are depicted.

Another representation of the continuous crossetg/een both limiting mechanisms is the
More OFerrall diagram for aliphatic nucleophilibstitutio?”® (Fig. 2). The limiting
Syl mechanism proceeding to a fully developed catibmtas depicted by the wings of
the diagram and the limitingyd reaction goes through the central part of thgrdia. The
reaction coordinates for the other mechanisms ammbmations of the previously

mentioned reactions and moves in the borders setheo limiting paths.

ktINu]

Figure 2 - More O’Ferrall diagram for aliphatic nucleopbisiubstitution.
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The gradual crossing of the limiting cases illusgsathe following scheme of reaction
profiles: the stability of carbocations as intermagées decreases and the reaction changes

from consecutive, to the reaction with only onectm step with one transition state.

# & & & 5§ & 8 & 0§ 5
R---X  Nu---R R---X Nu---R---X  Nu---R---X

5 & & f\

f’\/\ Nu---R- - -X / .

/ | j |
J \ \//\\\u ﬁ \ \

() (b) () (d)
Sy (lim) uncoupled coupled Sp2 (lim)

= decreasing R + stability -

Figure 3 - Reaction coordinates for different types of subtitn reactiong®

There is a big schism between authors; some argsnséow that there is no continuous
crossing between the two limiting mechanisms, hetd is a competition between these
two reaction paths in the borderline area. One heflsé arguments is an example of
Menschutkin  reaction of benzyl-4-toluenesulfonatesith  N,N-dimethylanilines.
Dependences of the observed rate constants plagathst nucleophile concentration
could be fitted by the equation (10)

kobs = k1 + k2 [ﬁNU] (10)

Wherek; is rate constant for monomolecular substitutiqd &ndk; is rate constant for
bimolecular substitution \2. The value of the constakg is not influenced by the
nucleophility of the nucleophile, however, the \alof the constank, is. Also, the
Yukawa-Tsuno correlation of the const&nivith parameterp = —5.2 and = 1.3 supports
the Q1 mechanism, and the correlation of the constentaith Brown ¢° shows low
curvature.

There is still a large amount of discussion abohictv mechanisms really occur. Some
authors believe that there is a sandwich transitaté’ " and some of them deny thgS

mechanism* or vice versa (§l)”° in traditional form.
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2.3.6 Characterization of the reaction intermediate

The mechanism which dominates depends on the istadid lifetime of the possibly
forming carbocationic intermediate. For the stablrbocations, a 3 mechanism
dominates and as the stability decreases, ionicrpachanisms start to play a major role
and finally a pure & mechanism could be observed.

H. o2CHa Ph

c
HS & X0H /é%a
H @
CHs H-C—CH,
P

|

Ph PN
HO" S \SH

¢ S H® _cH

H-C-— CH, 8

k @CH
N AN 3 H— c CH3
R R

k

elim

—>;U

QSON s
0 H-C—CH,
H—C—CH
P R

Scheme 27 Reaction paths during azidolysis of 1-phenekigitobenzoates.

Substituted 1-phenethylthionobenzoatBsh@ve been found as suitable models for the
study of stability and dynamic behaviour of carhimses and ionic pairs (Scheme 27).
Depending on the type of substitution, added nydides and the solvent used, different
types of reactions and formation of different prciducould be observed:

- Elimination that leads to formation of styrenay.(
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- Formation of an ionic pairof. This could reorganized to ionic pair) (followed by
formation of a stable 1-phenethyl-thionobenzade [onic pairo could also dissociate
forming free carbocatiomgj. This can be trapped by the molecule of solvenining the
corresponding product or trapped by the moleculaumieophile added into the reaction
mixture ¢). This method is called “azide clock§® and is used for the determining
reaction rates of separate reactions. The valubeoto determined reaction rate constant
for reorganizatiork, is 1-16* s and is six times higher than the value of the caiestant
for diffusion of an ionic pair to free ionsg = 1.6 -18° s It is possible to say that every

reorganization of an ionic pair leads to the folorabf 1-phenethyl-thionobenzoate.

2.3.7 Oxygen scrambling

A similar example used for the study of mechanisihsubstitution reactions with ionic
pairs as a possible intermediates is the triflutvaeolysis of'°O labeled 2-butyl-4-

bromobenzensulfonafé{Scheme 28).

18 18 18 18 18

o) o) @ 9 o) o)
1 | ® I
o-4 7 N\ 4‘R®OQ% 4 lﬂR o217\ R4 /) = 08 4 \\
R 5 =Ny B5 =X 1B \=/>x O =X R o X
X = 4-Br
R = 2-butyl

Scheme 28- Oxygen scrambling of 2-butyl-4-bromobenzensudtes.

The exchange of both oxygen atoms bonded to altylan was observed with the reaction

rate value of 4907 st

When optically pure starting compounds were used
racemisation has been observed. It indicates timatréaction is processing through a
concerted & mechanism or through a very intimate ionic plaat tenables rotation of the
leaving group, but does not permit inversion of¢aebocation. This could be explained by
the fact that the bond angle in the tetrahedrabrams 110° and to the reach this type of
transition state a rotation of 55° is necessarylenfbr planar carbocation a rotation of 90°
is required; a concerted one-step mechanism witiexgploded” transition state is the most
probable explanation. This reaction can also beidened as a suprafacial 1,3-sigmatropic

rearrangement with a transition state depictedFig. @)2*
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Figure 4 - Transition state demonstrated with the use demuar orbitals.

2.3.8 Activation parameters

The determination of activation parameters of @trea is an important criteria used in the
study of reaction mechanisifis.This importance is highlighted in the study of the
mechanisms of benzylic systems. Hammett correlatame not line&f but 13" or U and
Vv® shaped. Interpretation without activation paramsehows a & type of reaction.
According to this, electron withdrawing substitieshould cause a decrease of activation
enthalpy or this should at least be independentgkier, the experiments show an opposite
trend indicating that activation enthalpy growshwvgrowing withdrawing capability of
substituents and is compensated by the decreasentobpy. An ionic pair as an
intermediate is a good explanation for this obsgma
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2.4 Stereochemistry of substitution reactions

The stereochemistry of a reaction is another ingmbrteature being used when studying
reaction mechanisms. Limiting n& reaction processes with 100 % inversion of
configuration. This is caused by the attack of eaphile from the opposite side than the
leaving group leaves (backside attack). Limiting $eaction processes with racemisation
on reaction centre. This is due to the formatiora gdflanar carbocation which is attacked

from both sides with the same probability.

2.4.1 Possibility of frontside attack in {2 reactions

The possibility of the front side attack (nucledphlsomes from the same side as leaving
group leaves) of the nucleophile was studied f@ §pe reactions. This attack causes the
retention of configuration on the reaction cenfrkere is still not clear evidence for this

mechanism, but some similar mechanisms have besamiloed.

X+ 2U>—Y _ _
R 1 *+© L

Scheme 29- Backside and frontside attack fq@2substitution reaction.

Potential energy surfaces (PES) for both types y# f®actions were calculated using
quantum chemical metho8%** The reaction barrier for frontside attack is 172
kJ-moT* higher compared to backside attack. This differedeereases for protonated
alcohols with the increasing size of the aliphatict of the molecul& A difference of
only 10 kJ-mof* was calculated fot-butyl alcohol and a similar situation exists for
protonated aminé$and trends in reactivity are similar as for cleabi&2 reactions. The
reactivity of nucleophiles decreases in the orddf pCI", Br and T and the reactivity of

substrate grows in the opposite direction, with ttighest observed influence being
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observed for protonated fluorid®sThe energy difference of transition states deeréms
the following order Me > Et »Pr >t-Bu and there is no energy difference of transition
states fort-butyl. According to this observation the authomas with the new insight on
nucleophilic aromatic substitution. The stereocleaicourse of Gl and {2 reactions
could be explained as a competition of frontsidd backside attacks with most of the
calculations being made in the gas phase which sndaat circumstances significantly
different from the reactions in the lab existeded’e modelling of reactions in liquid
phase is complicated with many factors and inteast so the results are not in good

agreement with reality.

2.4.2 Mechanism {i

A well-known substitution reaction with retentiorf oconfiguration is the reaction of
alcohols with thionyl chloridé® Two basic mechanisms were proposed: through accycl
transition state proceedingyiS(intramolecular nucleophilic substitution) (ScherB80f°
and a mechanism proceeding through the ionic pater

Intramolecular attack of the chlorine atom causesinaultaneous leaving of the $0O

molecule in the § mechanism.

AN
N O\
e C\ /SZO
/o)
cyclic transition state
0] ©
(0]
‘...\.c/ Ne0 a0 N\ @ Q_ Ne O _ o \ Oy
\/ Z e C /S—O —— e C o~ S=0 e C + Ys=0
Cl /o) /P / ©

ionic pair mechanism

Scheme 306- Possible mechanisms for the reactions of alsoldh thionyl chloride.

In the first step of the ionic pair mechanism, cbsulphite dissociates to an ionic pair.
The lifetime of both the parts (intermediates) aader than the time for one molecular
vibration and the leaving group decomposes formaighloride anion in the next step. This
anion attacks the carbocation from the same site astable product is formed. The

breakdown followed by attack is faster than thacktof other nucleophilic species present
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in the reaction media due to mutual proximity amdgpganisation and a retention of
configuration is observed due to this fact. An agals mechanism has been proposed for

similar substrates (Fig. 5%°

©

© PO

foo Ry, F R, o7 7
@ 5=0 @ H ® H
N :~ / :: /
R0 Rs Cl R,0 Rs RO R,O R; RO

Figure 5 - Intermediates of substrates reacting with th@lar mechanism as thionyl

chloride with alcohols.

Detailed experiments and quantum chemistry caliouiat show® more complicated
behaviour depending on carbon type. Breaking ofstiiphur — chlorine bond in the first
reaction step has been observed for the primany alkbstrates. This is what is called a
Sn2i mechanism. Otherwise thg® mechanism with alkyl-oxygen bond breaking in the
first step has been observed for substrates abfierno stable carbocations (Scheme 31).

This was supported by NMR experiments.

SN2I SN]‘I
© ©
.0 .0
AN s%. — N S®\ AN /S@ T@
c—o0” ci Jc—o~ o .c—07 ¢l c¢” + osocf
H/ H"/ cr H'/ /[
H H H H H
R ® cl /
AN /S\ / A ®
Cl--=C—0 0 ROF 0swg R
H / \\‘,.C—O |®
H HY/ C
{ : l /= +S0,
. H H
Ff c e i of
@ -
Cl----C--0S0 R_ ~g—°
/[ 2 /
H H H'/ o
| "
R R
R R / \
/ \ Cl—C.  +SO0, .c—cal
Cl—C. +S0, .c—cl \“H Hl ©
2 v +
3 H H Hl +S0, H H 2

Scheme 31 S 2i a §1i reaction intermediates.
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2.4.3 Reactions mechanism explained using frontsiaeicleophilic attack

One of the reaction mechanisms explained by thdeaphilic frontside attack is the
reaction of cumylarensulphonates with anilif®sCross interaction constants and kinetic
isotopic effect were used to support this attaCkoss interaction parameters are defined in
equation (11}%

log(ky; /'Ky) = PxOx + 0,0, + Py, 040, (11)
0P, _ 0p
= = 12
Pre do, 0o, (12)

where X means attacking nucleophile and the Z reagroup. For a strong nucleophéle
ox < 0 and better leaving groupoz > 0 an early transition state is observed whenis
higher than zerad(pz > 0 and 0 px < 0). The higher value of the coefficignt the higher
the interaction of nucleophile and leaving grouplise usage of deuteroanilines showed a
trend in the value of KIE. KIE is close to zero wh&trong nucleophiles or good leaving
groups take part in the reaction (degree of bosdatiation is higher). When using weaker
nucleophiles or poor leaving groups (closer tramsistate) KIE becomes less than one.
This could be caused by the steric hindrance intiidaesition state. This is the absolute
opposite of reactions proceeding with the clasdiealkside attack. An unusual value for
the cross interaction coefficieptz = — 0.75 together with the value of KIE indicaths t
proximity of the nucleophile and the leaving granoghe transition state. Frontside attack

with the later transition state could be a goodaxation for this observation (Scheme 32).

CH
HaC 3
3 ’/," , (”) Y H |:| -Q
o »o—s@—z \ 2
/0
) /

Scheme 32- Transition states of reactions of cumylarensoattes and anilinothioethers

with anilines.
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The reaction of anilinothioethers with anilinesniethanol is another similar ca$é The
—0.27. A value of SKIKku/kp = 0.84 -
4.2 - 5.2 kcal-mot and entrop\S” =

value of cross coefficient jsz = —0.17 angxz

0.88 together with an activation enthalpyAdi”

—46 to -59 e.u. confirms this mechanism.

2.4.4 Frontside attack on another types of reactionentre

Nucleophilic substitution reactions could proceadreaction centres other than carbon for
example those which contains phosphorus atom. Sofmthe mechanisms propose
frontside attack. The KIEs and cross interactioaffccients are also used as an evidence. It
is generally tru€>'® that a coefficientpxz is smaller than zero for concertedi2S
mechanism (or stepwise mechanism with the bonddtiom in the rate limiting step) and
higher than zero for a stepwise mechanism withdheing of the leaving group being the
rate limiting step. The size of this coefficientirssersely related to the distance of the
nucleophile from the leaving group in the transitgiate. A KIE higher than one indicates
proton transfer in the transition state of the fatating step (frontside attack) otherwise a

KIE smaller than one is typical for classical badks§y2 mechanism.

Table 2 Table of substrates and proposed mechant&ms.

Table 1 Summary of selectivity parameters (px, B, Py and pyy), deuterium kinetic isotope effects (ky;/kp) and proposed mechanisms for the reactions
of R,R,P(=A: A = O or S)Cl with XC,H,NH,(D,) in acetonitrile at 55.0°C

A(R,R,) —Px Bx Py Pxy kn/ky Proposed mechanism ref.
O(YPhO,PhO) 3.42-4.63 1.24-1.68 0.22-0.87 —1.31 0.61-0.87 Concerted Sy2; late TS; mainly backside attack? 18a
S(YPhO,PhO) 3.81-4.01 1.34-1.41 0.67-0.89 -0.22 1.11-1.33 Concerted Sy2: backside and frontside attack® 18¢
O(YPhO,EtO) 3.09-3.40 1.09-1.20 0.41-0.90 —0.60 1.07-1.80 Concerted Sy 2; backside and frontside attack 18f
S(YPhO,EtO) 3.14-3.40 1.10-1.19 0.74-0.95 -0.28 1.06-1.27 Concerted Sy2: backside and frontside attack 18f
O(EtO,EtO) 2.99/2.80% 1.06/0.993 - 0.714-0.919 Concerted Sy2: mainly backside attack 18g
S(EtO,EtO) 2.75/2.70 0.977/0.957 - - 1.01-1.10 Concerted Sy2: backside and frontside attack 18g
O(MeO,MeO) 2.72/2.56 0.962/0.907 - - 0.798-0.979 Concerted Sy2: backside and frontside attack 18g
S(MeO,MeO) 2.81/2.73 0.993/0.963 — 0.945-1.06 Concerted Sy2: backside and frontside attack 18g
S(YPhS,Ph) 3.35-3.47 1.21-1.25 0.29-0.50 -0.31 1.15-1.59 Concerted Sy2: mainly frontside attack 18h
O(Ph.Ph) 4.78/4.56 1.69/1.62 - - 1.42-1.82 Concerted Sy2: mainly frontside attack 18d
S(Ph,Ph) 3.97/3.94 1.40/1.40 — — 1.00-1.10 Concerted Sy2; backside and frontside attack 18e
O(Ph.Me) 2.49/2.28 0.88/0.81 - - 1.62-2.10 Concerted Sy2; mainly frontside attack 18i
O(Me.Me)* 4.59/4.42 1.62/1.56 — 0.703-0.899 Concerted Sy2: mainly backside attack 18i

“ The substrates, R, R,P(=0)Cland R, R,P(=S)Cl, are denoted as O(R,R,) and S(R, R,). respectively.  Calculated from &y, /calculated from ky,. © Selectivity
parameters and DKIEs are at 15.0 °C. 9 Backside attack indicates that the reaction proceeds through in-line type TS I. © Frontside attack indicates that
the reaction proceeds through a hydrogen-bonded. four-center-type TS I1.

In Figure 6 is depicted the geometry of transititaites for frontside and backside attack.
The important feature for distinguishing the meésanis hydrogen bond formation
between hydrogen on the nucleophile and the leagrgup. The mechanisms for
individual substrates could change in dependintherpower of the nucleophile.
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— F _ H - +*
Ph 0 o \. Ph
\N —————— F|’ ———————— Cl | N
H/ . / P\\\ ::H
H ’ R1 / clI
Ry

Figure 6 - Transition states geometry for backside a fidetattack.

2.4.5 Oxidative addition in view of frontside {2

Oxidative addition of the atoms of transient metals alkylhalogenides could be
considered as an interesting kind of frontsig2 Biechanism®’

H q+
OxIn ///F|)d
Pd + H,C—Cl — > \\ i — > H,C—Pd—Cl
<\ T Cl
HoH
- q+
S22 H
N
Pd + HC—Cl —— Pd-—-:J‘--CI — >  HyC—Pd—Cl
H H

SET

[ .

+
H
S\2/ Cl-ra
Pd + Hy C—Cl —> Pd—\.,,H — > H;C—Pd—ClI
H.
“Cl

Scheme 33- Possible mechanisms for oxidative addition.
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B

0

Backside Attack Frontside Attack Frontside Attack

(Main Group Base) (Metal Base)

Figure 7 - Orbital overlay for possible attacks on reactentre.

Oxidative addition of a palladium atom to chloroheete has been modelled in a gas phase
using the DFT method. Four different types of medtras were taken into consideration
and PESs were calculated for each of them. Thé ding is oxidative insertioncis
oxidative addition - OxIn). The second is a claakbackside & reaction. The third one is
single electron transfer (SET) and the last is karraative of {2 reaction where the

chloride anion as a leaving group, migrates orptidium (Scheme 33).

1500
PdCH;* + CI-
140.0 I

00 TS(Sn2Cl-ra)
—
— g
E 10.0 S
E 20.0
G TS(OxIn) =
2 004
= Pd + CHyCl
F 9 ua.aJ
] CH3PdCl 5
= [CH5CL Pd]
0.0
Pd + CH,Cl
[Pd, CH1Cl}
-10.0 CH;PdCl1
[CH,Cl, Pd)

Figure 8 - Energetic profiles for oxidative insertion andassical nucleophilic

substitution®’

Energetic profiles (Fig. 8) show oxidative additionth the activation energy of 1.7

kcal-mor*favoured. A mechanism of classical nucleophilicssitition with a nonsolvated
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chloride anion recombining into the product in tiext step is energetically unfavoured.
The most favourable mechanism seems to be mechdmigith simultaneous migration of
this anion to the molecule of palladium. Howevag situation changes after including the
influence of solvation as the enthalpy for a cleasiSi2 mechanism drops under the
enthalpy of the mechanism 4. But energy for oxigainsertion is still the lowest.

An explanation of this fact is depicted in Fig.There is an advantageous overlapp afr

sp* HOMO orbitals of the nucleophile witt ¢ orbitals of the substrate in the backside
attack. Otherwise during the frontside attack HOWMGItals of the nucleophile approaches
the nodal plane of the orbitals of substrate; whieikes the attack very disadvantageous.
The opposite situation is in the case of “metal8dsa(nucleophiles). The organization of
theird type HOMO orbitals is very advantageous for thertap with orbitals of substrate.
From this point of view it could be said that a magism of oxidative addition may be

considered analogous to a frontsid@ &echanism.
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2.5 Nucleophilic substitution of enzyme catalyzedeactions

2.5.1 Glycosyltransferases

Glycosyltransferasé®*'® are enzymes using a phosphate group activatedrssiaga
donors. Typical examples are nucleotide diphosghatemonophosphates, lipidic
phosphates and in some cases also nonsubstitubsphates. Most common acceptors are
sacharides but it is also possible to transfeipidd, nucleic acids, proteins, antibiotics and

other small molecules.

0
fJ\NH
o o H 0 N/L\o
N_~ \P/ H H
0~ \goog No OH
o OH OH
Mg

Figure 9 - UDP Gal.

0
! —O I
Hoy/ o~ +  02-p—0oR
e
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F/O + F/O inversion
HO" % ﬁ Ho/\—%
0O—P—OR oR ™ N © 0
|@ retention HO wﬁ ||
donor O acceptor ON O + Oe_T_OR
o@
OR

Scheme 34- Inversion and retention of configuration.

The mechanism of action for invert glycosyltranaéss is analogous to the mechanisms
proposed for glycosidases — direct displacemegi® FShe question is: a mechanism of
action for retentive glycosyltransferases. Theradsobserved evidence for the expected
double-displacement mechanism. All methods usedgfgcosidases as capture by the
fluoride substituted substrates or changes in gatgdlace of enzyme did not succeed. The

next argument against a double-displacement mestmaisi the absence of a nucleophilic
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group in the active site of the enzyme. These olbsiens does not disprove double-
displacement mechanism however, but it does medm#w question arise as to if there is
no possibility of another reaction mechanism. Sauthors propose so callegiidike

(internal return like) mechanism analogical to g (internal return) mechanism of

decomposition of alkylchlorosulphites (Chapter 2)4.

Direct displacement S 2 - like mechanismus

ry~s 1 - B B
H\ 5 H,
0 ANo) ROH 0
HO?/ ¥ OR Hoy/ \&'..—-OR ) Hoy\:A/OR
P — i' £
¥ OR S4Rr

| _ o Nu
o
_ S N
V/OW V/Ogmgzw / W
HOH _— Ho/\—A?’
OR’ \,\,g’é'
A/B as—H
M/\/\/\/\/M B W/\/\l\l\Ll\lWW\f ]

Scheme 34- Direct-displacement and double-displacemegtitke mechanisms.
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2.5.2 Si-like mechanism

Authors of the term $-like (Dn Ans9 are M. L. Sinnott and W. P. JentKs who studied
solvolysis p-glukopyranosyl derivates in ethanol a 2,2,2-tdflethanol solution§®*°
Retention of the configuration occurred during tieactions of some substrates. They
proposed mechanism with similar stereoelectrormguirements as b however; attacking
nucleophile is not covalently bonded to the sulbstrdhis is the reason why the word
“like” is used in the name of mechanism - it isyoal stereoelectronic analogy of thg S

mechanism.

_ +
o: iNH S % EH 07 NH
O 2 A st 2 O 2
Ho/_ﬁ — HO/@\}:\ 5 —-— Ho/ﬁ
-/ “O0—R
O '
Oﬂ / H o
R” H—O\ R SR

R’

Scheme 35 Syi-like mechanism for glycosyltransferases.

This mechanism was proposed for glycogen phospaseyl at first, but some experiments
disprove it'*® Making some changes this could be applied for agyliransferases
(Scheme 35) but there is still no evidence of theerd it is only accepted because the

double-displacement mechanism has not yet beereprov

5

H m '._HO?/ A\ Pk
; "—le — Sullike
GT i i
H bstrat P 3 p
' S.2 ke HoP
S\2 like
GH i 3 GH %i GT
substrate § ) % product 1 product
complex ¢ glycosidases complex glycosyltransferases \ complex
Scheme 36 — Energetic profiles for reactions catalyzed byycgkidases and

glycosyltransferases.
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One of the arguments why the active site allowsairon of active site enabling,Slike
mechanism instead of double-displacement beingldeeéd in glycosyltransferases, is the
difference of energy of starting complexes of engyand substrate in connection with the
activation energy of the first step (Scheme 36).

While glycosidic bonds hydrolyzed by glycosidases wery stable, a much more energy
rich and unstable phosphoglycosidic bond is thestsate for glycosyltransferases. The
acidity of the leaving group is also very importaiihe K, of leaving glycides during
glycolysis is approximately 14, otherwis& of the leaving phosphate group is about 7.
These circumstances cause a decrease of the extitairrier in the first step of\&like

mechanism and so enables this reaction path.

— — i — —
Ol 6+ N ® 6_ 6+
NH, (@) O™ <¥NH 0 O NH
N © N 0 2
HO™ % HO Ho?/\
= | bo¥ +
O H 5(l) O 5 Dl SN
N5
On_ b S - O l
0—P=0 5 o—F|>—o \ So—p=0 O\
@ @] @

— — i — —
l 5 I R
O™ "NH o) .07 NH 0™ “NH,
S 2 SN\ 8 A\
HO "ﬁ HO HO N
- d¢ b S - f\:a
OH O 0-—-H—O0 So-- R
%_beg R Coped [ Nod
o—F|>=o S0 F|>=o R ©0—p=0 O\
G GR! SR

Scheme 37 Proposed mechanism of glycosyltransferasesmactio

The most probable is the situation analogous tocthssical nucleophilic substitutiti
where mechanismsy$ a {2 are only borders and the reaction occur in theaar
somewhere between them (Scheme 18). An ionic pdhr & short lifetime requiring
stabilization with no covalently bonded nucleoph#enidic group) is the most probable
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intermediate. There are two possibilities of reatdi of this pair. Recombination to the
starting compound or external nucleophilic attaduof the same side as the leaving group
leaves. In this case the retention product is fakn@milar results to these were obtained

using quantum chemistry calculatiori§*?*
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3 Results and discussion

3.1 Transformations of isothiouronium salts derivedfrom substituted 2-

bromobutyrolactones

3.1.1 Preparation and structure of the salts and thir transformation products

i ? R’ 0
N S Br acetone N S
& N3 &
R R rY HBr g3
la-n
(@]
@ N//g\\\
AN
Z7 N7 S
Ffz 0 R A2 OH
N NYS NH, / H,0 ol
m NI o 2a-g (both tautomers)
™ Her s
R R

R3 0
N4 —Z
g4 NS OH
2h-k
faed
S

1

=

3 e NH/HO o
—

1 O

R NH

H
HBr ®_\ N—©
lop < N :/(/\
S OH
20,p

R

a:R'=R°=R’=H;z=CH i:R'=R°=C,Hg;R =H;Z=CH
b:R'=4-OCH4;R*=R°=H;z=CH j:R'=R*=C¢Hs;R =H;z=CH
¢:R'=4-CH3;R*=R =H;z=CH k:R'=4-OCH4;R°=CHgiR *=H;Z=CH
d:R'=4-Cl;R°=R°=H;z=CH I:R"=4-OCH4 ;R =R =CH;z=CH
e:R'=4-Br;R°=R°=H;Z=CH m:R'=R°=R’=C,Hs;Z=CH
#:R'=3-CF4R°=R =H;z=CH n:R'=4-Cl;R“=R°=CHg;Z=CH
g:R'=R*=R’=H;z=N 0:R'=H

h:R'=R°=CHg;R =H;Z=CH p:R'=4-OCH,

Scheme38 - Preparation and transformation of isothiouronigaits derived from 2-
bromobutyrolactone.
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S(2-oxotetrahydrofuran-3-ylN-(subst. phenyl, benzyl) isothiouronium bromidds-f)
were prepared by the reaction of 2-bromobutyrolaetwith phenyl or benzyl substituted
thioureas in acetone. These salts underwent regmaent in basic medium to give desired
5-(2-hydroxyethyl)-2-phenylimino-1,3-thiazolidin@res Ra-g 2I-n), 5-(2-hydroxyethyl)-
2-phenylamino-4,5-dihydro-1,3-thiazol-4-ones 2h4k) or 2-(benzylamino)-5-(2-
hydroxyethyl)-1,3-thiazol-4(#)-ones 20o,p) (Scheme 38). In most cases it was impossible
to characterize pure isothiouronium salts by NMRauwse of their spontaneous cyclization
giving 2a-p in DMSO-ds solution. The only exceptions we8x2-oxotetrahydrofuran-3-
yD)-N-(4-methoxyphenyl) isothiouronium bromide 1bj and benzyl substituted
isothiouronium salts1,p) which were prepared in a pure form and charamdrbyH,
3%C NMR and microanalysis. The reason for enhancadtirdty of the other derivatives
lies in the presence of electron-withdrawing graughe benzene nucleus or methyl group
on nitrogen(s). All of these substituents facigtatearrangement involving bicyclic
tetrahedral intermediate. Therefore, the kinetictlué transformation was studied for
isothiouronium saltsip,p).

Prepared 5-(2-hydroxyethyl)-2-phenylimino-1,3-tlubdin-4-ones 2a-g), (2I-n) 5-(2-
hydroxyethyl)-2-phenylamino-4,5-dihydro-1,3-thiazbbnes 2h-k) and 2-(benzylamino)-
5-(2-hydroxyethyl)-1,3-thiazol-4{3)-ones Ro,p) were characterized by, **C NMR and
microanalyses and some of the®g,() also by X-ray diffraction (Figs. 9 and 10) andssa

spectroscopy.

Figure 9 - ORTEP view of compoungyg (thermal ellipsoids at 40 % probability).
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Figure 10- ORTEP view of compoundi (thermal ellipsoids at 40 % probability).

Compound<a-f carrying hydrogen atoms on both nitrogen atonfs=(IR® = H) exist in
the form of two tautomers differing in the positioh C=N double bond. Moreover the
tautomer with exocyclic double bond exists as atune<of E- andZ- stereoisomers in the
proportion depending on substitution of the benzemeleus and temperature. This
tautomerism and stereoisomerism which can be seboth’H and*C NMR spectra was
previously studied for C-5 unsubstituted 2-phenyiiothiazolidin-4-ones by several
authors'®??’|n the case of compoun@s-k (R*= CHs, C;Hs, CsHs; R® = H) and2l-n (R?

= H; R® = CHs, G,Hs) prototropic tautomerism is absent due to C=N diiond fixation
and stereoisomerism is possible only26n. In both’H and™*C NMR spectra ofg there

is only one set of signals. From this observattaran be deduced that compowglexists
only asE- stereoisomer stabilized in solution by intramalac hydrogen bond (Fig. 11).
On the other hand in crystal lattice two molecwdé®g are connected by intermolecular

hydrogen bonds (MNg—H---Nmino) Which constraing-configuration of C=N double bond
(Fig. 9).

Figure 11 - Intramolecular hydrogen bond in solution2gfin DMSO-de.

-52 -



Results and discussion — Kinetic measurements

3.1.2 Kinetic measurements

O

NH
NH s A \4'\' o
T 0O — S
NH H5CO
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T 0 g NH<
NH S OH
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1 2p

Scheme 39— Transformation ofS(2-oxotetrahydrofuran-3-ylN-(4-methoxyphenyl)
isothiouronium bromide 1p) and S(2-oxotetrahydrofuran-3-yIN-(4-methoxybenzyl)
isothiouronium bromide 1p) to 5-(2-hydroxyethyl)-2-[(4-methoxyphenyl)imind]3-
thiazolidin-4-one Zb) and 5-(2-hydroxyethyl)-2-[(4-methoxybenzyl)amirigB-thiazol-
4(5H)-one @p) respectively.

The acid-base catalyzed transformations of isotbioium saltslb,p giving thiazolidin-4-
ones2b,p as the only products were studied spectrophotaraélir under pseudo-first
order conditions in aqueous hydrochloric acid sohs ¢ = 0.001-0.7 mol-f), in aqueous
buffers (pH = 2-9) and in sodium(potassium) hyddexsolutions = 0.0005-0.7 mol-

at constant ionic strength € 1 mol-T) and at 25 °C. All spectra recorded during the
rearrangement reaction showed sharp isosbesti¢spainich prové®®**°the existence of
only two absorbing specieg,e. this result allows to reject consecutive reaction
mechanisms. In other words, only short-living imediates in negligible concentration
can occur on the reaction coordinate. Only in sodiwydroxide solutions the reaction
proceeds through different pathway and the diffengroducts of the reaction were
isolated. The NMR spectra showed the complicatedure of anilines, starting thioureas
and 2-sulfanylbutyrolactone.

Observed rate constantg,s were calculated in each buffer/acid/hydroxideusoh from
the absorbances.time dependence of the absorptions at 260 or &Y amdk,s for buffers
were plotted against the total buffer concentrafins = cg + cgn). It was found that in
dichloroacetate (DCA), chloroacetate (CA), meth@egate (MEA), acetate (AC),
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hydroxylamine (HA), N-methylmorpholine (NMM), glycinamide (GA),
tris(hydroxymethyl)aminomethane (TRIS) and morpmel{(MP) buffers the observed rate
constants k9 increase with both the total buffer concentrat{og,s) and the basicity
(pH) of the medium (Figs. 12-14). From this obs&orait is clear that the transformation
involves general buffer catalysis as well as speaifid-base catalysis.

The two different dependences kfy,s on the total buffer concentratiorts(s) were
observed: in DCA, CA, MEA, AC, and partially in Hauffers,kops increases linearly with
cauf (Fig. 12 and 14) whereas in NMM, GA, TRIS and M#fférs the slopes of plots
decreased with increasing, until at sufficiently high buffer concentrationetHines
appear to approach linearity (Figs. 13 and 14).hVWMM, TRIS and MP buffers the
linear portion, at higlts.s, is easily discernable and, therefore, a moreilddtanalysis of
those buffers was made (see below). Curved buifetiah plots ofky,s reveal a change in
the rate-limiting step with the change in the tdiaffer concentration at a constant pH
which in turn implies the presence of a reactivdermediate on the reaction
coordinate’®**131¥another possible reason for the nonlinear plot§im 13 is that the
nitrogen buffers undergo some kind of complexatiwith 1b,p (pre-equilibria with
amine/ammonium or H-bonding) and the complex besonmeore reactive than
uncomplexedlb,p. However, this possibility seems to be unlikelgdngse hydroxylamine
buffers differ in their behaviour dependent on thBos of both components (Fig. 12): a
linear relationship is observed at a low fractidnfree base (low pH) and a non-linear
relationship at a high fraction of free base (hmth). Therefore it is clear that the non-
linearity of the plots is simply a function of pHha similar observations have been

reported for other reaction systefis>*
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Figure 12 - Dependence of the observed rate constigt (S7) on the total buffer
concentrationdg,i; mol-I™) for 1b measured at 25 °C @A [(2:1a) pH 2.36 ®); (1:1) pH
2.68 @); (1:1) pD 3.14 ); (1:2b) pH 2.94 A)], MEA [(2:1a) pH 3.04 @); (1:1) pH
3.35 ); (1:2b) pH 3.67 ©)] and AC buffers [(6:1a) pH 3.76); (4:1a) pH 3.93 ¥);
(3:1a) pH 4.04 X); (1:1) pD 5.14 ¥)]. a-acidic; b-basic. Dashed lines correspond to

measurements in .

03 v L) v L) v L v L

kobs (5_1)

86 ——o1 o0z 03 o2
Cauir (MOI-I)
Figure 13 - Dependence of the observed rate constit (S7) on the total buffer
concentrationdgys; mol-I™) for 1b measured at 25 °C in NMM [(1:1) pH 8.24)(; TRIS

[(2:1) pH 8.36 #)]; GA [(1:1) pH 8.65 ¢)] and MP buffers [(1:1) pH 8.948()].

-55-



Results and discussion — Kinetic measurements

0001 o0z 03 04
Caurr (MOI-Y)
Figure 14 - Dependence of the observed rate constiat (S7) on the total buffer

concentration dgur; mol-I™) for 1b measured at 25 °C ihydroxylamine (HA) buffers

[(4:1a) pH 5.52 ¥); (2:1a) pH 5.85 4); (1:1) pH 6.15 8); (1:2b) pH 6.42 ¢); (1:4b)

pH 6.75 @); (1:8b) pH 7.05[d)]. a - acidic; b - basic.

Extrapolation of the plots okgs VS. Cauif t0 zero buffer concentration provided, as
intercepts the values of the catalytic constakg).(In this case, the only catalytic species
are the hydroxide anion and hydroxonium ion, whasecentrations are given by the ratio
of both buffers componentsg(/cgy) or by concentration of the hydrochloric acid. faro
this data the corresponding pH profile (Fig. 15) t& generated whose shape, in the pH
region 0-3, is similar to that observed for <cydiega of S
(ethoxycarbonylmethyl)isothiouronium chloriféyPa zalozka neni definovana.

There are six breaks in the pH profiles in Fig. [b8hydrochloric acid solutions the Idgys
increases with pH up toa 1.5. Between pH 1.5 and 3.0 the values oflgg(log kex) are
pH-independent and then linearly increase agaih axiceptionally low slopecé 0.45; a
slope +1 has been observed for similar cyclizat®nThe third slight breaks downwards
occur at pHx 5 and then lodex: gradually increases again with pH (slay@e0.3) up to pH

7. The last downwards breaks to zero slope occpHat 7. The values of logx are
somewhat scattered above pH 7 because the extiapofeom non-linear dependences
(basic buffers) is less precise as compared withapalation from linear dependences
found for substituted acetate buffers. Last upwanebk occurs at pH 11 and the slopes
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approaches unit values. This last break is assutwith the opening of a new reaction

pathway.

l0g Kops OF 109 Keyt

A
"
0

25 5.0 75 100 125 15.0
pH or —log Cyc or —10g CnaonH

0.

Figure 15 - pH profile (logkex vs. pH) for rearrangement db,p to 2b,p in buffers ¢ for
a) (o for b) and (logkops VS.—log cucl) in hydrochloric acid and sodium hydroxid@ for

a) (m for b). The (A) corresponds to the transformation ${ethoxycarbonylmethyl)
isothiouronium chloridé® The lines represent the best fits of all datanfsouising Eq. 2

or Eq. 5 with parameters given in the text.

Since the isothiouronium sati®,p (= SH") ourselfs do not undergo rearrangement, it was
necessary to relat@ysto the concentration of free isothiour&. (The corrected rate
constantsk;,;) were calculated from thekp of the isothiouronium saltb,p and pH of the
buffer solution according to Eq. (13). Xpof 6.7 was adopted for this purpose (for details

of the K, estimation see below) for both of the salts.

Ko = Kons TR +[H 7 = oL+ 1077) (13)

For buffers showing linear dependencekgj; vs. caus (substituted acetates, acidic HA
buffers) the catalytic constaritg, were determined from the slopes of the plots. @osd
plot of kg, Values against the rat@m/cgy then provides a linear dependence from which

it is possible to determine the catalytic constariitsoth buffer components: extrapolation
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to ce/Ceyr = O and 1 gives the catalytic constaks§™ and kgy"

, respectively. For the
reactions monitored here, no significant generakbzatalyzed rearrangemekg(") was
observed in all the substituted acetate bufferdy @re acid-buffer component catalyzes
the reactiori.e. the reaction is general-acid catalyzed. The ctitatpnstankgy“ for the
individual general acids are given in Table 3. AsBsted plot of lodn"" vs. pKa(BH) for
lais linear with the slope = —0.47 (Fig. 16). The point corresponding to lgaia by
HsO" can be calculated from the plateau at pH 2-3 hisdpoint falls 0.5 log units below
the extrapolated straight line in Fig. 16.

cor

Table 3 Catalytic rate constantesy~ and kg' for individual buffer components for

compoundLb.

Base buffer component (B)  Kg(BH)" kep® (I-molrts?)  kg'

H20 -1.74 2460 -
Dichloroacetate (DCA) 1.29 1755 -
Chloroacetate (CA) 2.86 48.0+3 -
Methoxyacetate (MEA) 3.53 22.6+0.8 —

Acetate (AC) 4.76 6.3+0.2 -
Hydroxylamine (HA) 5.96 1.6 + 0’1 -
N-Methylmorpholine (NMM)  7.41 - 0.12+0.61
TRIS 8.10 - 0.26 + 0.62
Glycinamide (GA) 8.00 - 0.24 +0.01
Morpholine (MP) 8.39 - 0.48 +0.62

®From the plateau at pH 2-3 (Fig. 1K).= kiko/k 1
PFrom buffer withcs/cay 1:4.

°From buffers withcg/cgy 1:1.
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2 B \\
DCA CA

HA

ok 4
MP

fTRIS
1 . NMMJGA |

-25 0.0 2.5 5.0 75 100
PKa(BH)

Figure 16 - Brgnsted plot foflb of log key™® vs. pKo(BH) (®) and logks' vs. pKa(BH) ().

For basic buffers (Fig. 17) wheq,, is plotted against concentration of the base-buffe
component ¢g) the linear portions of non-linear dependenceshigh csu) are almost

parallel. From this observation it can be conclutted the reaction in concentrated amine
buffers involves general-base catalysis. In dilowéfers both acid as well as base-buffer

component can catalyze the reaction.

0.4 L) L} L}

%85 0.1 0.2 0.3
cg (mol-IY)

Figure 17 - Dependence of the corrected rate constigt €7) on the concentration of

base-buffer components: mol-I™) for 1b measured at 25 °C imorpholine (MP) buffers
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[(2:1a) pH 8.63 A); (1:1) pH 8.93 &); (1:2b) pH 9.21 ¥)] and TRIS buffers [(1:1) pH
8.37 ); (1:2b) pH 8.700)]. a - acidic; b - basic.

A solvent kinetic isotope effect was also studied1fb in (1:1) chloroacetate and acetate
buffer (Fig. 1). Both dependenceskgfsVs.csui in DO were linear (like in water) and the
values for chloroacetat@y /kex® = 3.55,Kauti Ikeui® = 2.14and for acetatée, /kext’ =
1.83,kauit Tkeui” = 2.36 were obtained. Fap in acetatekext /kex = 2.05 andkaus /Keufr”

= 2.02 were obtained.

3.1.3 Estimation of the X, of isothiouronium salts (1b,p)

Knowledge of the K, value is essential for correct evaluation of aletic data. It was not
possible to measure the thermodynanig yalue oflb,p because of the very high rates of
cyclization at pH 6-8 but a Ky(la,b) around 7 would be reasonable for &h
phenylisothiouronium salt. TheKp of Smethyl-N-phenylisothiouronium is 7.14° The
lactone group irlb,p will have an acidifying effect (through polar efte as well as due to
intramolecular hydrogen bond) whereas methoxy glioupara-position has an opposite
effect. In our case the best fit of all data point&ig. 15 using Eq. 2 or 5 with parameters
given below was achieved foKg1b,p) = 6.7.

We also verified this I.(1) value using SPARC prograft which was successfully
tested*? by estimation of more than 4300 ionizatidk.p. SPARC program gave<g(1b)
6.2 and 7.3, respectively, for both possible carainstructures. For the salip the
calculated values ar&g1p) 7.9 and 7.8.

The same K, values resulting from the data-fitting are quitepsising. In accordance with
the electronic effects thekp of the benzyl saltp should be higher tharkp of the phenyl
salt 1b. This could be explained by the fact that thesetically estimated dissociation
constants consider more effectsg( hydrogen bond, tautomeric equilibria, appeararfce o
new Kkinetically detectable intermediategtc) and apparent Kas instead of
thermodynamical are estimated in this case.

3.1.4 Mechanism of the rearrangement and evaluatioaf the kinetic data

The bimoleculd#***° and intramolecular aminolyses of esters that Hsmen studied to
date have shown large differences in the detailedhanism. However, it is generally
accepted that with most esters, the attack of antrferm the labile intermediate®Ts

rapid and reversible, and the rate determining stiepigh pH is the trapping of this
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intermediate by proton removal with a general bgiseng T, a proton switch through
water (1), or direct breakdown of *Tto products. Only in very few cases when the
intermediate T or T is too unstable to permit proton transfer to tpkace in a discrete
step before its breakdown, a concerted mechanisenfarced concerted mechanism of
catalysis is possible in order to avoid this lafifermediaté®*****'The existence of such
labile tetrahedral intermediates has been provelireictly on the basis of curved pH
profiles®4"18 curved buffer dependence pft&**! curved Brensted pldf€*® |
kinetic isotope effectd!” and quantum chemical calculatiori§**® The intramolecular
aminolysis of alkyl esters involvEs'®? either breakdown of Tor its general base-
catalyzed formation from °r However, for cyclization ofS(ethoxycarbonylmethyl)
isothiouronium chloride, which best resemble tharnangement of our lactone, the rate
limiting formation and breakdown of*Wwas reported® To the best of our knowledge, the
coexistence of all three kinetically detectableeimtediates ¥, T° and T during an
aminolysis reaction has not yet been published.

In our case the transitions in the pH profile (Fi$) above pH 1 and 4.5 establish the
formation of at least two different kinetically detable intermediates, whose rate of
formation and breakdown to product are pH depen@éithe break at pH: 7 gives either
the value of the apparent ionization constaffypfor 1a or is caused by appearance of
another kinetically detectable intermediaté behaviour in buffers where at pH > 6 linear
dependences 0Ky s VS. Cauf Change to non-linear). The combination of both the
possibilities is also conceivable and can explhaan dbservation of the similaKp values

of phenyllb and benzyllp substituted isothiouronium salts (see chapteBR.1.

It is impossible to neglect break at pH 5, althoiigh very slight, because the slope of the
straight line crossing the points between pH 3@véould be only 0.45. It is well known
that the slopes in pH profiles have mostly integralues giving whole number reaction
orders*>® Only in very rare systems, involving auto-catadysi auto-inhibition, the ratios
of small integers such as % are allowed (mostiyhégas phase). However, in a relatively
narrow pH region (approximately two pH units), #lepes can change from one integral
value to another, giving intermediate values as désample during hydrolysis of
aspirint°¢’

According to the literature and kinetic measuremmehe following Scheme 40 can be
suggested for rearrangement Idf to 2b. (For structures of particular intermediates see

Scheme 41).
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(™)

ka[H™]

[ \
koM kglHp01  KEWIBH]
kp[B] (| ken"[BH]

pKa=6.7 k + ka[H™]
= + —— =— . T_
(= sH fast ) Ky ™ kgn[BH] 2)
4
ks || ks
ks[H']
T kgn"[BH]

Scheme 40- Possible reaction paths during the rearrangement

Applying a steady state approximation to the tetdaal intermediate3*, T® and T~ we
obtained Eq. (14) for the reaction at zero buffencentration wher&j, is the ionization

constant ofla (= SH") andKy = 10 (at 25 °C) is the ion product of water.

Ka
- kl Ka +[H+] k [H+] + kSkS[H+] + k3k4KW (14)
Tk R [HTL? Ks+KIH'T  K[H,0] +K,[H"]

The three terms in parentheses concern the acdiyzat breakdown of the intermediates
T+ T% andT". Fitting the pH profile using Eq. (14) is not saofént to determine all nine

rate constants and only products or ratios of aldr rate constants are accessible.

Table 4 Comparing of the fitted constants for both salts.

constant la 1b

ks (57 1260 3600
ke (57 492 80
k(s 1.4210° 1.421¢°
ko (I'mol™s™) 7.10010° 2.69810’
ks (I'mol*s™) 1.010"° 1.010%
ks(I'molrts™) 0.04 0.04
ks (I'molr*s™) 1.5210° 9.2010°
Ka 2.010° 2.010
pKa(SH) 6.7 6.7
k_syks (Mot ™) 1.310° 4.010°
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At pH 0 - 3.2 the starting compound is present almentirely as the protonated species
SH’, since the K, is 6.7, and the last two terms in parentheses mmmeglected.
Simultaneously the ratiliy/(Ka + [H']) = K¢[H], and Eq. (14) can be rewritten to Eq. (15)
which is completely consistent with previously reed equatiort?

k. K
=kl

B K, +k[H'] (15)

The values = 492 §* andky/k; = 5 |-mol* were obtained from the data (pH 0.5-3.2)
using non-linear regression. The optimizkd value which is the rate constant for
cyclization of S to T* for 1b is 40-fold less than the value found for cyclieatiof S-
(ethoxycarbonylmethyl)isothiouronium chloridie. € 2-1¢ s%).1% The reason lies in the
presence of 4-methoxyphenyl group which lowers thueleophilicity of the distant
nitrogen (polar as well as steric effects). Theakrat pH 1.5 indicates a change in the rate-
limiting step. At pH < 1.5 the terkp[H] >> k_; and Eqg. (15) can be simplified as follows:
kext = kiK#/[H™] and the formation of * is rate-limiting. At pH > 1.5k,[H"] << k_; andKey

= kikoK4k 1 is pH independent. The acid-catalyzed breakdowrofs now the rate-
limiting step of the rearrangement. The value efsblvent kinetic isotope effekd, /kex

= 3.55 measured in chloroacetate buffefqgy = 1, pH 2.67) must be consistent with the
simplified form of Eq. (15) at pH > 1.5 (plateauf.can be presumed that the solvent
kinetic isotope effect for the formation and reeetweakdown off* will be negligible
(K1"/K:° = 1). Solvent kinetic isotope effect for the ionipatconstanK, /K" ~ 3 can be
estimated from fractionation factors. The valuggik,” which corresponds to thes&'-
catalyzed breakdown &f* is then 1.18. This value is substantially lessantthe value
found for chloroacetic acils s /keu° = 2.14 like in RefYPa! Zalozka neni definovana. Tpiq
result can be explained by different transitiortestgeometry. In the case of weak acids
(BH) the proton has almost a central position betviie” and acid in the transition state (as
seen froma = — 0.47;i.e. T*---H---B) whereas in the case of much strong&" khe
transition state closely resembles reactants (¢eahsition statd™*-----H--OH" for which

a should approach zero — as can be seen from palahfbelow the straight line in Fig.
12).

At pH 3.2 a new reaction pathway throufhgradually opens and the second term in Eq.
14 becomes kinetically significai.y; is given by Eq. (16).
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_ kK, Ksks
kext - Kk ] (kz + k_s + kS[H +]J (16)

Using the parameters mentioned above the rdtigks = 1.3-10° mol-I'* and kg/k_; =
8.8-10" were obtained by optimization of the data farin pH profile. From the break at
pH 4.9 it can be concluded that a change in theelnaiiting step occurs again. At pH < 4.9
the formation ofT? is rate-limiting whereas at pH > 4.9 its acid-cggald breakdown is
involved. The value of solvent kinetic isotope effl /kex” = 1.83 measured in acetate
buffer (cs/csy = 1, pH 4.61) is much less than observed in chloetate buffer. This
observation is consistent with Eq. (16) under wiwing presumptions. Solvent kinetic
isotope effect is stillKS/K,® ~ 3 but the ratio of fractions ké ks /(k & +ks "
[H))/(ke’ks2/(k_L+ks°[D*])) must be less than 1 because the concentrafidd’ds 3
times less than [H in buffer with the samecs/cgy. The value 1.83 refers to the
rearrangement of * to T° (Kd/K<P) as well as to acid-catalyzed decompositionTof
(ks /ks").

The last reaction pathway (at pH > 5) involvesttagping ofT* by proton removal with a
base givingl~. The non-linear regression of all experimentahdatints using previously
optimized parameters with Eq. (14) gave the vabfek sk, = 2.6-10° s and ks/k_; =
7-1CG I-mol™.,

Although the values of individual rate constante arot directly accessible from
optimization of the measured data they can be astidnas follows. Proton transfer from
T* to the strong base hydroxide ion will be thermaatyically favourable, so that the
value ofks is taken as 8 1-mor™s™ for hydroxide ion->® The rate constant for the reverse
breakdown ofT* to S is thenk_; = 1.4-16 s™. This value is approximately two orders of
magnitude lesser than the estimated rate conktant 6.6-18 s for expulsion of amine
from the related cyclic zwitterionic intermedidté The value estimated by us is not totally
unreasonable because diitis resonance-stabilized (Scheme 42) and, therdfsneverse
breakdown would be slower. If the valuekof is 1.4-16 s thenk, = 7.0-16 I-mort-s?
andks = 1260 s".

The two proton transfers that conv&ftto T° could occur either in a stepwise mechanism
throughT™, with the rate constanigy andky (not shown in Schemes 40 and 41) or in a
single concerted step, with the rate constantvhich may include one to two water
molecules. Water acts as a bifunctional catalyspfoton transfer through a five- or eight-
membered ring. Experimental distinction between tthe mechanisms can be done by
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measuring a solvent isotope effect. Bifunctionahaarted catalysis is in accord with a
solvent isotope effect less than'®.In our case theke /kex Obtained from linear
dependences s Vs. Csur Measured in acetate buffer (1:1) isHand BO is only 1.83
which supports the idea of water-mediated protoictwThe values oks are generally in
the rang&®%81611831.10% s, Our valueks = 1260 §' is quite small (perhaps due to

mentioned resonance stabilizationTd).

An alternative mechanism is proposed in Sch
The only difference between mechanisms in
proton proceeds from® instead ofl* like in ref!’

emeodéther with corresponding Eq. 17.
SchemandlD41 is that the cleavage of a

© oL | IR o. _ | d o
Br
A, ® 2 Ar, ~ ;
%H S N s ka' Ar, N)\S
(S') (Ti)' Ar = 4-CH 30-CGH4

pK, = 7.3 (SPARC)

pPKapp = 6.7
i Kp|| fast prototropy

fast

pK,=-7.1 (SPARC)™

0 0 P o

NH Q NH Q K o2 O Q o
J]\ 2 L HN - HN)SJ
Ar Ar
“H S “H S ka r%N/“\S Am@/J\S
K, =6.2 (SPARC) H H
[ PRa=02( y_ L (S) — pK,=8.3 (SPARC) pK, =9.7 (SPARC)M
1= SH* (Ti)
solvent-mediated
ks || Ks proton switch
o
Q0 o o HQ o HO o
N k_3[H,0] |_ kgu[BH N
/”\)gj _— I-JN\)SJ ‘s[z]\BH [BH] b ,j,\,\)gj
I, N S Al N/ S ka[OHT] kglB] M N s Ar, N/ s
H H
(™) ko[H*] PKa=12.3 (SPARC)™ PK,=12.3 (SPARC)™
kgn[BH] T
de\lx v o AH*]
kpH'[BH] kgn"[BH]

HN//S\/\OH
AI’“«LN&’I\S

@

Scheme 41 Possible reaction pathways and intermediates.
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Ka
P 1 (kz[H+]+ L o ] an
+ilH] o] (s IR D(GIH,OL kD

Optimized values ok;, ko/k_; andk dks are the same as those obtained from Eqg. (14).
From the last two terms of Eq. (17) the ratigs_, = 8.0-10% k.g/ks = 3.0-10° s* and
ksKg/k 1 = 6-18 I-mol™ were optimized. In order to calculate the ratestamtsk_; andks

the value oKs is neededKs can be estimated from the values BT ™) = 8.3 — 9.7 ¢f.
pKy(T*) = 9.8 determined for a similar intermedfdjeand K«T% = 12.3 which were
calculated using SPARE From themKs = kg/k_s = 4-16 — 1-10.

If the value ofks is taken as 8 |-mol™s™ andKs is in the range 4-16- 1-1dthenk_; =
6.7-10 - 1.7-18 s, ko = 3.4.18 — 8.3-181-mor*s™ andks = 5.4-16 - 1.3-16 s which
conforms well to the literature mentioned abovee Tecision which mechanism is correct
can be made from measurements in buffers.

In all buffer solutions the reaction involves gaaleacid-base catalysis, therefore, at least
one buffer component must also catalyze the regeraent ofl to 2 and extended kinetic
Equations (18) and (19) derived from Schemes 23areh be written:

K
kl ° + 1 n
s KA ko TBH]_, Kok, [B]
o = i g B ("B”[BH] "tk [BH g ¢ kBH"J "o
Gt
s KA e TBH] ko B

o = i [BH (kB”[BH] "tk BH] (s i [BHD by + kBH")j
(19)

No significant general base-catalyzed reactikg) (vas observed in substituted acetate
buffers therefore the last term in parenthesesoih Eq. (18) and (19) can be neglected.
All dependences df,ps VS. Ceuie are linear which means thiady[BH] << k_; (general acid
BH is much weaker than3@") and kgy'[BH] >> ks Eq. (13) and (18) or (19) can be
combined to Eq. (20) whekg® = Kikgn, K1 = ki/k_1 andko™" = kex(Ka+[H™])/Ka + Kiks.

Keor =Ko + Ky [BH] (20)
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A Bragnsted plot of lodggy™ vs. pKo(BH) is linear and the slope= —0.47 (Fig. 16) must
reflect a rate-limiting step involving proton trédes from general acid t@* which is
concerted with C—O bond breaking (Scheme 42). ®ation may occur by a "one-
encounter" mechanism in which the same moleculeatdlyzing acid (BH) donates a
proton to the poorly leaving alkoxide and remowefsom the nitroget’ in order to avoid

thermodynamically unfavourable protonated interratproduct (Ka~ —7).

B 8.66 ] + B@
30 H H/—\O HO
. kBH[BH] O O N fast
() —— L N —_— N — >
ST el
@ -
0 N - S
Arv, H g N

Scheme 42 Transition state of general base catalyzediceact

In basic amine buffers the catalytic power of geheacid BH decreases and the
dependences d§ps VS. Caut are no longer linear because the tégp[BH] is low and the
termkgy'[BH] becomes comparable withs. Furthermore general-base catalyzed pathway
gradually opens in those buffers (Egs. (21) and)(Z2nly Eq. (21) is consistent with the
observation of linear increase laf: with cg in concentrated buffers (Fig. 17) because the
Eq. (22) predicts saturation kinetics. The mechanis Scheme 40 is therefore more

plausible.

o =l i St BEL o B 1)
Kotk BH] k" +ky,

Ko =K +K Kskey [BH] + Kok [B] (22)
eor TRt T K kg BHT (Kg + kg [BHT) (Ko R + kg

From the linear portions of non-linear dependen@shigh cg) the slopes givekg' =
Kiksn'"ks/(ken® + ken") for particular base-buffer components (Table Bgnsted plot of
log k' vs. pK4(BH) is linear and the sloppows = 0.6 (Fig. 16). This value cannot be
interpreted in terms of simple proton transfer frdimto the base (B) becaukg' is the
composite constant. It can be presumed that therdigmce of lods vs. pKy(BH) should

have a slope approaching unity"’ (Eigen-type Brgnsted correlation) therefore the
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difference between the predicted and observed gi@pe 0.4 corresponds to two proton

transfers Ksy™ andkgp") from general acid td™.

3.1.5 Reaction in sodium hydroxide solution

The breaks upward at p¥11 are observed in the pH profiles (Fig. 15) fothbof the salts
1b,p and the slopes have almost unit value. This ind&c@pening of the new reaction
pathway. The analysis of the reaction mixtures shavany different products. With the
increasing hydroxide concentration the amount efttansformation product decreases and
products of the decomposition appears. The formatiocorresponding anilines, starting
thioureas and thioles was observed. The strongtjeonphilic hydroxide anion attacks the
ester group, the isothiourea carbon atom anditb@bon atom of the lactone ring. In the
last case, a nucleophilic substitution at aliphatidoon atom occurs and starting thiourea is
formed. The NMR spectra show all kinds of prodymssent in the reaction mixture after

evaporation of the solvent.

3.1.6 Influence of additional copper ions on the ansformation rate

The influence of additional copper ions on the tieacrate of transformatiohb to 2b was
followed spectrofotometrically in solutions of mrmakacids at pH 2 without ionic strength
correction (CuGYHCI, CuSQ/H,SCOi, Cu(ClQy)./HCIOs, but only a very negligible

influence was observed.

Table 5 Table of observed rate constants measured inicotuof sulphuric, perchloric,

hydrochloric and trichloroacetic acids with varioagncentrations of additional Cu(ll)

ions.
Kobs 10’ s
ccugy Mol-I H,SQO, HCIO,  HCI Cl;COOH
0 6.56 6.46 6.52 6.53
0.00025 6.52 6.40
0.001 6.71 6.25 6.61 6.44
0.002 6.66 6.45

0.005 6.63 6.28
0.011 6.97 6.42
0.02 7.16 6.41
0.04 7.61 6.17
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Only in sulphuric acid, a small increase of theerabnstant was observed. Similar
behaviour was observed in the solution of Cu(liysigin 0.01 mol- trichloroacetate
buffers (Table 5).

The small acceleration in sulphuric acid solutionsld be explained by the different ionic
strength of the solutions which changes signifilyaimrt the uni-bivalent sulphuric acid
system.

The different behaviour was observed in acetatethoxgacetate, chloroacetate and
dichloroacetate buffers with a constant buffer em@tion of 0.1 molt and with an
increasing concentration of Cu(ll) ions. The demsmd of the observed rate constant
plotted against Cu(ll) concentration grows lineadly low Cu(ll) concentration. With
increasing Cu(ll) concentration, the influence giaty diminishes and the slope of the

dependence approaches zero (Fig. 18).

0.015

0.0125

0.0100]

0.0075

Kobs (3_1)

0.0050]

0.0025

0.000Q L L - v
0.0000 0.0025 0.0050 0.0075 0.0100

Ceuqry (Mol ™)

Figure 18 — Dependence of the observed rate constagss §7) against copper(ll) ions
concentration. dguqy; mol-I™) for 1b measured at 25 °C in 0.1 mot-hcetate, pH 4.53
(¥); 0.1 mol-T* chloroacetate, pH 2.65A(); 0.1 mol-T* methoxyacetate, pH 3.4@) and
0.1 mol-T* dichloroacetate, pH 1.5@) buffer solutions. The fitted lines were calcuthte
using Eq. (24).

The reaction was also studied in acetate buffetls ghianging the buffer concentration at a

constant concentration of the Cu(ll) ions (Fig..1®) this case the ionic strength was

adjusted to 1 moltand the pH of the solutions was held constant.
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0.016

0.012

0.008

kobs (5_1)

0.004]

0.00! -
0.0 0.1 0.2 0.3 0.4
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Figure 19 — Dependence of the observed rate constakys;, () against buffer
concentration dgur; mol-I") for 1b measured at 25 °C in acetate buffer solutions with
constant Cu(ll) concentration: 0.001 mdl(la); 0.003 molT* (¥); 0.006 mol1* (¢) and

without Cu(ll) ions @). The fitted lines were calculated using Eq. (23).

0.009]

0.006

Cu(ll) _ kobs acetate (S_l)

0'008.0 0.1 0.2 0.3 0.4
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Figure 20 — Dependence of the difference between obsertedcomstants and observed

rate constant measured without additional Cu(Isidp"" _ ke s on buffer

concentration. dgur; mol-I™) for 1a measured at 25 °C in the constant concentration of
Cu(ll): 0.001 mol1* (A); 0.003 molT* (m); 0.006 molT* (V). The fitted lines were

calculated using Eq. (23) without the last term.
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The steric demands of the catalyzing acid contginiarious aliphatic chains on the
reaction course were studied in acetate, propioaatk pivaloate buffers (Fig. 21). The
concentration of 0.03 mol*lwas chosen because of the low solubility of pivaitid in
water and the ionic strength was adjusted to 1Imddy the addition of KCI. All the
dependences have the same character (Fig. 22) blsgnsaturation kinetics again.

Correction ofkyps (Eg. 13) is necessary because of the differemcteipH of the buffers.

bs = bsl lO(pK o
o =K, s =K1 4107) -

This correction makes all dependences almost iclEnivhich indicates no influence of
stericity demands of the catalyzing acid.

kobs (S_l)

0.0 ) A A A
8@00 0.002 0.004 0.006 0.008

Ccu() (mol-1™%)
Figure 21 — Dependence of the observed rate constégis §°) against copper(ll) ions
concentration.dcyqy; mol-™) for 1b measured at 25 °C in 0.03 mdlipropionate, pH 4.80
(A); 0.03 mol1* pivaloate, pH 4.65x) and 0.03 mol-t acetate, pH 4.53¥%) buffer

solutions. The fitted lines were calculated using 24).
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Kcor (5_1)

0.’\ A A A
0:000 0.002 0.004 0.006 0.008

Ceu(iy (mol-17Y)
Figure 22 — Dependence of the corrected rate const&nis §°) against copper(ll) ions
concentration.c(Cu(”);moI-Fl) for 1b measured at 25 °C in 0.03 molipropionate, pH 4.80
(A); 0.03 molT" pivaloate, pH 4.65&) and 0.03 mol-f acetate, pH 4.73¥) buffer

solutions. The fitted lines were calculated using 4).

In accordance with the literatdfe formationof a complex of the copper(ll) acetate with
the substrate was proposed in the first reactiep. st is obvious that only free base of the
substratelb is able to form such a complex.

The formation of the complex is rate limiting atmMdCu(ll) concentrations. From the
dependence (Fig. 18) it is obvious that with inshe@ copper concentration the rate
limiting step changes and the reaction starts tondependent of Cu(ll) concentration.
This is illustrated in Scheme 43. Taking measurdgmesing buffers with a constant Cu(ll)
ions concentration and increasing buffer concentrashows unexpected dependences
(Fig. 19). While the dependencel@hs Vs Cauit atccuary = O is linear the presence of Cu(ll)
ions causes nonlinearity in the buffer concentratange from 0.01 to 0.2 mbl (Fig. 20).
Above this buffer concentration, the dependencesalily increases and its slope
approaches to those obtained in acetate buffebserace of Cu(ll) ions. This behaviour
can be explained as follows. The transformatiothefsubstrate to the product takes place
through two distinct parallel pathways. The firgtthem involves simple-general-acid
catalysis (see chapter 3.1.4) and the second woévas the formation of relatively weak

but a more reactive complex of the substrate withper(ll) acetate ([S-Cu(OA4). At
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low buffer concentrations the general-acid-cataly@ansformation is much slower than
the analogous transformation of the [S-Cu(QAcpmplex. As the concentration of the
acid buffer component.¢. AcOH as well) increases the rate of transfornmatiwreases
too. However, when increasing buffer concentrattbe, concentration of the basic buffer
component (acetate) increases too which causesetateation due to the formation of the
more stable but unreactive [Cu(OAC) complex'®*'®® |n other words — there is
competition between the acetate anion from theebwhd the substrate for complexation
with the copper(ll) acetate. Therefore, at highfémutoncentrations where almost all the
copper(ll) acetate would be complexed to form uctiea [Cu(OAc)]*, simple general-
acid-catalyzed transformation of the substrate s> favourable again and the
dependencédops VS Cgutt linearly increases. Both of those observationsiltustrated in
Scheme 43 and the general equation (23) could theede

m

C C
Subs + Cu(OAC), ==——= Subs.Cu(OAc) ——» Prod + Cu(OAc),

[AcO]
Ky u 2[AcO ]

[Cu(OAc),*

Scheme 43 Reaction scheme of complex formation and itodgmosition to product.

.0 K. fcu(in)] Jaco]

2

K, OAcO | +1
Kc[Cu(in)]

"k, daco [ +1

- ko is a rate constant for the buffer-catalyzed reactkc, is a rate constant for the

+ Kaygr JACOH] (23)

1

copper(ll) catalyzed reactioi is a stability constant of the complex of coppgafetate
with the substrate ariia. is the equilibrium constant for the formation [@u(OAc)]?".

The multiple regression of all the dependences uredsin acetate buffers (Figs. 19 and
21) provides the values of all the parameters totiained, as follows, = 0.002644 &;

ke = 0.345 §% K¢ = 600;Kac = 900 andkgy = 0.03232-mol™s™.
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In buffer solutions with an increasing Cu(ll) ioronzentration and constant buffer
concentration some terms in eq. (23) become canatahtherefore it can be simplified to
form eq. (24). This enables for the correspondimgstants for buffers other than acetate to
be obtained. These are quoted in the Table 6 amdnagood agreement with constants

obtained from the multiple regression.

, K'e IK'culCu(in)]

Kons =ho + K'c[cu(in)] (24)
Table 6— Calculated constants using equation (24).
buffer pH K's K10 (s KcwlO (I'mol™s™)

Dichloroacetate 1.50 0.05305 0.5363 9.59
Chloroacetate 2.65 0.09285 0.7339 38.32
Methoxyacetate 3.40 0.1327 1.19f0 53.12

Acetate 4.53 574 + 68 0.300 £ 0.13 0.583 + 0.037
Propanoate 4.65 455 + 144 0.36 £ 0.40 0.821 + 0.081
Pivaloate 4.80 444 + 41 0.40+0.11 1.121 £0.019

®Standard deviation for constants is higher tharstons itself. It is caused by only small
influence of additional copper(ll) ions and insiiggant curvature of the dependences.

The question is however: what is the structurénefdatalyzing complex, and hence which
atom(s) coordinate(s) to the copper(ll)acetate.ofding to the HSAB theol§® a Cu(ll)
ion as a soft acid prefers coordination to the lsuipor carbonyl oxygen instead of the
nitrogen’®’ Moreover if the coordination on a nitrogen atorkegaplace, then decrease of
electron density at this atom would cause the i@acetardation. From the comparison of
moderate acceleration caused by Cu(ll) ions duragsformation fronib to 2b with e.g.
Cu(ll) catalyzed hydrolysis of amino acid glycirgte$® or other similar reactiofiit can

be concluded that the complex formed has only patability®® This conclusion is
supported by the absence of any new absorbanceibahd UV-VIS spectra during the
reaction and the value of the previously mentionechplex stability constari; = 600.
Coordination to a sulphur atdfrcould also create a more stable complex but itadtion
could not accelerate the reaction because of isitable geometry. Therefore, the most

probable is the coordination of the Cu(ll) ion tee tcarbonyl oxygefi® because of this
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argument. In this case the Cu(ll) ion acts as ais@weid catalyst and facilitates the attack
of the imino group on the carbonyl by withdrawingagrons from the systef’

The complex stability constant calculated usingatign (23) increases with increasing
basicity of the coordinating substituted acids. #a dichloro, chloro and methoxyacetic
acid, their values are less than 1; thus explairiimg reason for only negligible rate
acceleration in such buffers.

Coordination of the copper(ll) to the carbonyl ogggopens a new reaction pathway and
there are several possibilities of its action ($ohed44). The first one involves the
participation of the coordinated acetate anionlifating the hydrogen transfer from the
zwitterionic intermediate through the six-memberied) (T* - comp*® and this shifts the
equilibrium towards the anionic intermedidtein Scheme 41 resulting in Cu(ll) stabilized
T~ - comp being formed and readily decomposing to the pradilibis mechanism of
action could be understood as a shift to the mascbarea in the general scheme for
transformation ofLb to 2b (Scheme 41). The second possibility, which is ltarraative to
the first one, proceeds in one reaction step. dhadtion of T~ - comp) the intermediate
can proceed by a concerted mechanism where aceiiate cleaves the proton at the same
time when the imino group attacks the carbonyl gréLi‘ - cond. The third possibility
involves bond reorganization in the complex andrdwmation of the copper(ll) to the
oxygen of the leaving groud@t - coord). The leaving group ability of the oxygen atom is
improved after this coordination and formationé product is facilitatetf,* Combination

of the first and the third mechanism of action af(lQ is possible and even the most

probable.
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Scheme 44- Possible reaction paths for the Cu(ll) catalymadtrangement dfb to 2b.
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3.2 Transformations of isothiouronium salts derivedfrom substituted 3-
bromophthalides

3.2.1 Preparation and properties of the isothiouroium salts

6-Substituted-3-bromo-2-benzofuran-Hj3ones were prepared by the radical
bromination of the corresponding phthalides using-bromosuccinimide in
tetrachloromethan@?! The bromination was carried out at the boilingnpaif the solvent,
and azobisisobutyronitrile (AIBN), dibenzoylperogidor a 100 watt bulb light (or a
combination of them) was used as the initiatorsly@monobromination on the benzylic
carbon atom was observed under such conditionpaRré bromides are quite unstable
and they decompose in a few days. For this redBerhromides were used for the reaction

with an appropriate thiourea immediately after shparation and recrystalization (Scheme
45).

0 o ?
X
X X .
NBS thioureas o)
\©j</o . O e
CCl, /hv/AIBN acetone L N—R?
Br wer ¢
N
3. ~pl
R R
3,579

2 3 1 2 3
3aR=HR*=HR’=HX=H  7a:R'=Ph,R’=H,R*=H X=H 9a:R =CH3,R“=CH3, R =H,X=H

2 3 1 2 3 2 3
3b:R'=H,R*=H,R’=H X=0CH; 7b:R'=4-CHz0-Ph R°=H,R°=H,X=H 9b:R'=CHg R°=CHg R =H,X=OCHj

2 3 . 2 3 2 3
3cR'=H,R*=HR’=HX=Cl  7c:R'=2-pyridyR°=H,R’=H X=H  9¢:R'=CHg,R*=CHg,R’=H X=Cl

2 3 2 3 2 3
3d:R'=H,R*=HR’=H X=NO,  7d:R'=Ph,R°=HR =CHg X=H 9d:R"=CH3,R =CHg R =H,X=NO,

2 3 2 3 2 3
5a:R'=CH3,R°=HR’=HX=H 7e:R'=Ph,R*=HR’=C,HsX=H  9h:R'=4-Cl-Ph,R*=CHg,R’=H X=H
1. 2 3 2 3

5b:R'=i-Pr,R*=H,R°=H X=H 9j:R"=CH;,R*=C,Hg,R°=H,X=H

Scheme 45- Reaction scheme for preparation of isothiounongalts3, 5, 7, 9.

SubstitutedS-(3-oxo-1,3-dihydro-2-benzofuran-1-yl)isothiouromubromides §, 5, 7, 9)
were prepared by the mixing of a saturated hotoameesolution of bromides and thioureas.
After 5 minutes of reflux and a few hours standaigoom temperature, the precipitated
crystals of isothiouronium salts were collectedfitiyation.*> The yields were of about 80-
90 %. The crystals of salts contain a variable amotiacetone, which can not be removed

even under vacuum and makes elemental analysiseprabc. Recrystalization from the
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mixture of water/methanol/acetone can solve thisbil@m in some cases, but it is
accompanied by the partial transformation of thédssand lowering of the yields.
Therefore, HRMS spectra were used for the chalaatein.

In the case ofN-methyl-N-phenyl derivative7d, the single crystal was prepared and
analyzed by X-ray analysis. The ORTEP diagram shtvespresence of the acetone

molecule in the molecular cell.

c6

O cis

cis

03

Figure 23- ORTEP view of compoundd (thermal ellipsoids at 40 % probability).

The presence of the free isothiourea is necessarthé rearrangements to the products.
Therefore, knowledge ofify of the salts is very important. Th&ys of the isothiouronium
salts were determined by the rapid potentiomeitration using tetrabutylammonium
hydroxide as a base and benzoic acid as a sta(i€igrd24). Each value is an average of at
least four independent measurements. The valuesharen in Fig. 25 and are consistent
with the value of 6.7 which was estimated previpusk isothiouronium saltdb,p (see
chapter 3.1.3).
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Figure 24 — Titration curve for the salt3a measured in water at 25 °C.

Tetrabutylammonium hydroxide was used as a base.

The double sigmoidal shape of the titration cunaswbserved in some cadss 9b, 9c
for which there may be two possible explanatiohss well-known that some salts can
contain a non-stechiometrical amount of hydrogerontde. Secondly, partial
rearrangement occurs during the titration so tHeegare obtained with a larger variance
than would normally occur with potentiometric titcas.

Usual trends for substitution were observed. Prasearfi a methyl group on the nitrogen
atom of thiourea increases thKpvalue of about one order of magnitude and therskco
methyl group of next half order of magnitude. Oe thither hand substitution by phenyl
group decreases th&pvalue of about one order of magnitude and the reegnenyl
group also lowers thely a further order of magnitude. Similar differeneesre observed
betweenS-methylisothiouronium iodide angtmethylN-phenylisothiouronium iodide with
pK, values of 9.83 and 7.14 respectivEl§The presence of electron withdrawing chloro
and nitro groups in position 6 of the phthalidemaatic ring increases the acidity of about 1
or 2 orders of magnitude. The SPARC program, whigdes successfully used for
estimation of Kss (Lb,p), has been used to calculate,walues of selected salts (Fig. 25).
In those cases a much smaller influence on allstygfesubstitution has been found; with
the best agreement being found Remethyl substituted isothiouronium s&# (Fig. 25).
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Figure 25— Measured and calculate{4s for selected isothiouronium salts.
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The value of the Hammett constant +2.5 was found for 6-substituted salts derived from
un-substituted3 and for N,N’-disubstituted thiourea8 whereas for 4-substituted phenyl
salts7 thep value is around +5 (Fig. 26). These values arprsimgly high and the only
possible explanation is the sulphur bridge effétt’*There are several examples in the
literature where transmission of electronic effectross the sulphur bridge is more
effective than in related compounds without suckulphur bridge. It is believed thdt
orbitals of sulphur are responsible for this bebaxi

>

log K,
o
L}

:0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Op

Figure 26 — Dependence of lol§, for non-substitute@a-d (m); N,N"-dimethylsubstituted
9a,b,d (V) and 4-substituted phenya-c (A ) isothiouronium salts.

6-Methoxy substituted sal&b, 9b deviates from the Hammett correlation. Their agidht

a little bit higher than for unsubstituted sa 9a, (Fig. 26) and the same situation was
observed in the case Nf(4-methoxyphenyl) substituted sals.

SMethyl-N-(4-subst. phenyl) isothioureas (Scheme 46) weesl @#s theoretical models
for explanation of the non-Hammett behaviour of dtmoxy substituted isothiouronium
salts.

Optimized geometries and proton affinities werecualated for 4-methoxyphenyl, 4-
chlorophenyl, 4-nitrophenyl, B:N-dimethylamino and phenyl isothioureas using
B3LYP/6-31+G** level of theory in the gas phase.
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N S NH _S_
/©/ Y CH,4 /©/ n/ CHj3
NH NH
X 2 X

X = -H, -OCHj, -Cl, -NO,,-N(CH,),

Scheme 46 Smethyl-N-(4-substituted)phenyl isothioureas with interniglgnd terminal
(I1') double bonds.

The energy comparison of free bases of the saltsvshhat all compounds prefer
configurationll with the double bond situated between unsubstitnote#ogen and carbon.
The structurel where the conjugation is possible is less favderand the energy
difference between these two isomers is about -Bi&J. Geometries for all possible
proton attachments for both isomers were also Gk, indicating that all the
compounds prefer protonation on the unsubstitutigdgen atom and it was found that the
bond lengths of both carbon-nitrogen bonds after ghotonation are almost identical.
Plotting of calculated proton affinities againstrifaetto-constants shows a perfect linear
trend for H, Cl and N@ substituents. The methoxy substituted compoundlightly
deviated and the biggest difference was prediabedhe N,N-dimethylamino substituent

whose affinity is similar to the nitro derivatiy€ig. 27).

1040

-OCHj,
o -H

990} -Cl

PA (kJ-mol 1)

NO,
940k © -N(CH3),

89 050 -025 000 025 050 075 1.00
Op
Figure 27 — Hammett plot of the calculated proton affinit{@; kJ-mol?) plotted against

Hammetts, constants.
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The influence of solvent could be very importanhefiefore, the calculation has been
repeated using the COSMO solvation model with watera solvent. Due to the solvent
stabilization, the predicted proton affinities aproximately 100 kJ-mdlhigher than in

the gas phase. The trend in values and Hammettlabon remains the same with only a
change in the value of the slope from —60 to —3lhe decrease of the slope is in
accordance with the well-known fact of decreasimg influence of substituents and the
structure of compounds on acid-base properties winamging the medium to a more
polar one. Results of these calculations unforelgatlo not offer any reasonable

explanation of deviations of the Hammett plots.
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3.2.2 Transformation of unsubstituted and alkyl momsubstituted salts (3, 5)

The formation of various types of products cometo igonsideration during the
transformation of unsubstituted sal8 6r monoalkylsubstituted isothiouronium salf (
(Scheme 47). The seven membered benzothiazepige isaindolone ring, phthalidyl

thiourea, sulphanylphthalide or stable free basgdcle formed.

o)
/
(0] 3a
HNe
2
/// FH? Br
0 o 0 ° f
// I
N NH, o
b CLp<" Op | O
s S s s
o OH NH( SH H,N
NH; NH

Scheme 47 Possible products of transformationsSdf3-oxo-1,3-dihydro-2-benzofuran-

1-yl)isothiouronium bromides3J.

Different reaction conditions were adopted @HHO, NaCOs/acetone, aqueous 1:1
acetate buffer solution), but only one major praduas isolated in all cases. The X-ray
structure confirmed that correspondiifgsubstituted 1-hydroxy-3-oxo-1,3-dihydrdd2
isoindol-2-carbothioamides4, 6 are formed (Scheme 48). The yields of these
transformations are almost quantitative and onlyainfew cases small amounts of

undetermined impurities were detected.

0]

0]

O base X > R

x S " . N_< X=-H, -Cl, -OCH3, -N02

/k NHR

OH
N NH, HBr
35 R 4.6

Scheme 48 — Transformation of unsubstitute® and monoalkylsubstituted5

isothiouronium salts.
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st

Figure 28 - ORTEP view of compourdla (thermal ellipsoids at 40 % probability).

In order to explain the formation of the only protilbased on the energies of the four
possible products, their energies were calculatetthe gas phase using B3LYP/AUG-cc-
pVTZ /| B3LYP/6-31+G(d,p) level of theory with trerrection to the zero point energy.
The results show (Fig. 29) that the isoindolong da is most favoured energy-wise. The
difference between the isoindolone proddatand the phthalidyl thiourea type prodiit

is 2.17 kJ-mot. The seven membered rinys, V are disfavoured of ca. 100 kJ-folThe
energy of transition states has not been calculasédhey must be even higher so that the

seven-membered ring could be the only unstablentgdiate on the reaction coordinate.

-2641210F
(e}
N
o
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2641235 Cﬁ:?— ‘ N
HO g
— 4 HO
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Figure 29 — Calculated energy for four possible structudss IV, V, VI using

B3LYP/AUG-cc-pVTZ // B3LYP/6-31+G(d,p) level of tohey.
The following mechanism can be proposed for thesfiarmation (Scheme 49).
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Scheme 49- Possible mechanism of transformatgmto 4,6.

Free isothioureaVll is formed in the fast pre-equilibrium by deprotboia of the
isothiouronium salt8, 5. According to the previous observatitithe more nucleophilic
imino group intramolecularly attacks the carbongdup to form a bicyclic zwitterionic
intermediate which quickly decomposes to the aldel). The existence of zwitterionic
intermediate is questionable because all attengptsitulate the geometry failed and the
simulations always led to a non-cyclic structurald@lations are in accordance with very
high energetic demands for this intermediate. Hareformation of the seven-membered
ring cannot be excluded because similar rings ammdd (Scheme 52). It appears that
some type of concerted process is occurring, tkiagleng the intermediate where oxygen
atom leaves simultaneously with the attack of thed nitrogen on the carbonyl group.
The presence of the aldehytle as a reaction intermediate was confirmed by &pging
with N,N-dimethylhydrazine in the NMR tube (Scheme 50).

Q 0 CHs o s
H2N—N\ JJ\
o NH™ “NH, CH, NH™ “NH,
NH
S\.( I I
NH © HsCa N
2
3a IX CH,

Scheme 506- Trapping of the intermediate aldehyeusingN,N-dimethylhydrazine.
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The isothiouronium saBBa was dissolved in DMS@s and 1 ml of hydrazine was added.
The solution turned green immediately and in th@gr NMR a new singlet at 8.32 ppm
appeared. The signal representing benzylic carhahé*C NMR at 81.3 ppm for the
starting salt3a also disappeared and a new signal at 134.6 ppmespmnding to
hydrazone appeared. The HMQC spectrum shows a peadsbetween these two signals
(Fig. 30). In addition, the chemical shifts are werose to the chemical shifts of
benzaldehydeN,N-dimethylhydrazone (7.21 and 138.0 ppm in deutetbar®!’®). The
formation of an aldehydeX from produc#dais also possible but the reverse reaction of the
product4a with dimethylhydrazine occurs significantly slowmf{ga. one day) giving the
same spectra as in the measurement starting 8aniThis observation confirms the
reversibility of the reaction. All attempts to iaté pure hydrazone failed and only the
transformation product was isolated in all casele Tnstability of the hydrazone is
confirmed by the change of colour inside the NMBetuAfter one day the green colour
turns to brown and following a further day the mpe becomes colourless. The spectrum
indicates the presence of a complex mixture of cmmgs.

JPL_JUL_JMM%L

© i

| D

<\L\_~ ‘e 1300
A o & |
(/@ .\"I NHJLN Hy, |
" / .-’"‘ <o N'-. i
\\\!/’ A : “ T/ 1350

ppm (t1

"

8600 7.50

Figure 30 — HMQC NMR spectrum of hydrazone

The lifetime and stability of the aldehyd¥ were also probed in the NMR experiment
using tetradeuteromethanol as the solvent, asttéreesembles water. A solution of salt
3a in CD;0OD was cooled to =50 °C, 0.2 ml of triethylamineswadded and only the

formation of free isothiourea was observed. Thepemature was increased in 10 °C
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increments and new spectra were recorded. The ehangpectrum started at 0 °C when
the signals of the transformation prod3tt started to appear and after 10 minutes, the
reaction had finished. No signal for an aldehydmt@n was observed which indicates only
very low concentration of the aldehyde intermedaatd its very fast transformation to the
product. The stability of the aldehyde intermediataild be highly influenced by the
properties of a solvent. The aldehyide is not the final product because it immediately
undergoes intramolecular cyclization forming a Edlve-membered isoindolone rirdgy 6
(Scheme 49). Studying the reaction using a UV-\fictrophotometer in TEA solutions
in various solvents shows different types of bebamni A one-step reaction (single
exponential kinetics) is observed in water and imeth and only in DCM does a two-step
reaction (double-exponential-consecutive kinetoxjur.

An alternative reaction mechanism leading to tlikelayde intermediateX can be drawn
(Scheme 51). The first reaction step involves disgmn of 3a to the ion pairXl. The
formed carbocation is resonance stabilizesl it is possible to draw two canonical
structuresXl, XII . The thioureide anion which is in close proxingegn attack the carbonyl
group. The attack by nitrogen instead of sulphuus to the higher affinity of nitrogen to
the carboxyl group’’

(@) B @] o] ] l() 0 S
0O =—= 0O =—> /O® == ® = NHJJ\NHZ
s ® _0O (6]
H H
H I\T/I\\ H H
2 NH S S S
HaN— J\ o J\— ©
NH H,N~ “NH H,N~ “NH
3a Xl Xl Xl IX

Scheme 51 Possible reaction path for formationl¥fvia carbocation intermediate.

The final conclusion as to which mechanism occarsmot be made. However, the support
for the formation of a seven-membered intermedigte reactions of analogous methyl
1la and phenylllb esters of isothiouronium salts (Scheme 52). Thesters were
prepared under the same conditions. All attemptsatessform the methyl estéda under
mild conditions failed and only free isothiouré@Vv was obtained. Traces of a cyclic
product XV were detected as far as after 7 hours of reflux Ne@COs/acetone

heterogeneous system. When the phenyl ddtlercontaining a better leaving group was
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used under the same conditions, the transformatoourred smoothly and the

benzothiazepine produklV was isolated in a quantitative yield.

0 o Q 0
E:Elo’R NBS/CCl, o”R thiourea o’R Na,CO, o~
E— D —
CH3 RIVB/N acetone acetone
Br S YNH SYNH
NH, HBr NH,
11a:R=CHjg
N 11a,b Naco, | XV
11b:R=Ph acetone
0
\
>_‘NH2
S
XV

Scheme 52- Preparation of methyl{a) and phenyl11b) esters isothiouronium salts and

their cyclization to 3-amino-2,4-benzothiazepint3jdbneXV.

The formation of a benzothiazepine rikY could be explained by a similar nucleophilic
attack of imino nitrogen to the carbonyl group atf formation of a zwitterionic
intermediateXVI (Scheme 53) with consecutive cleavage of phenotideontrary to the
previous mechanisms, this intermediate does no¢ laalabile “thioacetal” group and is
less rigid. The better leaving group ability of thleenoxide ion facilitates the reaction and

the product is easily formed.

/A
R i R Qéa O-R 0
o~ PK, o~ NH®
- & P — \>‘NH2 —_— — N\
— S >‘NH2
S NH SYNH S
NH, HBr NH,
1lla, b XIvV XVI XV

Scheme 53— Mechanism of transformation of phenyl 2-[(carlbardoylsulfanyl)

methyl]benzoate hydrobromid&ib) to 3-amino-2,4-benzothiazepin-5(}oneXV.
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Additional evidence which supports the mechanisniclwvhnvolves a seven-membered
intermediateVIll or transition state is the observation of no sdaoyn kinetic isotopic
effect in acetate and carbonate buffers for thestsate containing deuterium instead of
hydrogen placed on the benzylic carbon atom. The ahreaction proceeding through a
carbocationic intermediate should be influencedhiy substitutiort®

Kinetics of the transformation of the unsubstitusedt3a to 4a was followed (Figs. 31-33)
in acetate (1:1) , hydroxylamine (1:1, 1:2b), 2¢fiee (1:1), 4-picoline (1:1), imidazole
(1:1) and TRIS (3:1a) buffers. The dependences kgf plotted against buffer
concentrations are linear (acetate, picolines, amite, TRIS) or parabolical (HA).
Logarithms ofke, obtained from these dependences by extrapoldbomero buffer
concentration, plotted against pH of the buffeld-(pofile) gives liner dependence with a

slope very close to 1 being observed (Fig. 37).

L/—'_/J
v
0.010pF
e
I
K
3
(o]
X
0.005p
A— & +*— —A
0.00 — — 2
0.0 0.1 0.2 0.3 0.4

Cayrr (Mol-1™h)

Figure 31- Plot of the observed rate constd{ s7) against buffer concentrations(;
mol-I™) measured in acetate buffer (1:1) pH 4.50 agdinffer concentration for salt8a
(m), 3b(¢), 3d(A), 3A(V).
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0.09p

0.06p

kobs (S_l)

0.03]

0.3

0.6
-1
Cpyff (Mol-177)

Figure 32 — Plot of the observed rate constarkgs(s™) against buffer concentration

(Caur; Mol-I™Y) for compound$8a, 5a, 5b measured in hydroxylamine 1:1 pH 6.15 and 1:2b
pH 6.42 buffers3a: HA1:2b (e), 3a: HA1:1 (A), 5a: HA1:2b @), 5b: HA 1:2b (A)
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Figure 33 — Plot of the observed rate constanks,s( s°) plotted against buffer
concentrationdg,s; mol-I™) for 3a measured in TRIS 3:1a pH 8.02) (@nd imidazole 1:1
pH 7.28 @) buffers.
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Plots of the observed rate constants against baffiecentration in acetate buffers show a
linear character with slopes close to zero (Fig. &lindicates specific catalysis with the
proton transfer prior to the rate-limiting step.eTlxtrapolated rate constagy; for the
unsubstituted isothiouronium sd&@h is about one order of magnitude higher than fer th
methyl substituted saia and another half an order of magnitude higher tbarsopropyl
substituted salbb. The completely different behaviour was observetHA 1:2b buffers.
The dependences are not linear and grow with isgrgébuffer concentration (Fig. 32) in
this case. Opening of a new reaction pathway iseasanable explanation. The
hydroxylamine acts both as a base deprotonatingsibthiouronium salt as well as a
nucleophile attacking the carbonyl group or bemzyarbon atom. The fitting of the
dependences shows best agreement with equation (25)

kObs = kext + k[ H'A‘]3 (25)
That implies the presence of at least three hydamiyne molecules during the course of

the reaction. Formation of different products defieg on hydroxylamine concentration is
confirmed by the UV-VIS spectra (Fig. 32) of thaecton mixture after the reaction.

0.65

transformation product in
1mol-I* HA

0.45

absorbance

transformation product in

0.01mol-I* HA
0.25p

isothiouronium salt
3a in water

0.05p

] —
275 300 325 350
wavelength (nm)

[ [
225 250

Figure 34 — UV-VIS spectra of the reaction mixture afternsBormation of3a in
hydroxylamine 1:1 buffers with various concentraioBlack line — isothiouronium salt,
Red line — product in 0.01 mof:lhydroxylamine 1:1 (pH 6.14), Blue line — produetii
mol-I™* hydroxylamine 1:1 (pH 6.14).
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The correlation of the extrapolated rate constkgtaneasured in acetate buffers (Fig. 31)
on o, Hammett constants f@a, 3c and3d derivates shows linear character with a slope of
~ +2 (Fig. 35) and the methoxy derivati8k is found a little bit above this line again.

1
2k
NO,
5
X
(@)]
i)
Cl
3 o
OCH;
[ ]
o
H
_4 [ [ [ [ [
-0.35 -0.10 0.15 0.40 0.65 0.90
Op

Figure 35 — Diagram of logkex for 3a-d obtained from acetate buffer (Fig. 31) plotted

against Hammet, constants.

These observations are in agreement with the megspgf, values of the salts. A
comparison of the Hammett plots (Fig. 36) 8 3c and3d show very close values;
exactlypka = 2.5 for (Kzs andpkext = 2 for logkex. Together with the unit value in the pH
profile (Fig. 37) it could be suggested that thecten rate is pH controlled. It means that
it depends mainly on the presence of free isote@un the reacting buffer solution.
Subtraction of both of the dependenpgs: — pka (Fig. 36) gives the straight line with the
slope —0.5 and the non-linearity of methoxy graaigliminated by this correction o s.

In other words — the deviation from the Hammett piblog key; Of salt3ais caused only

by the different K, of this salt.
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Figure 36 — Diagram of logK, (o) of the isothiouronium salt3a-d and logkex: (®) from
acetate buffers and difference of those two val(#s plotted against Hammeit,
constants.
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Figure 37— pH Profile for the reaction &a.
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It is obvious that electron-withdrawing substitieerdecrease the reaction rate. This
difference between both plots (Fig. 36) could bel@xed as the influence of the
substitution on the benzene ring in the 6 positionthe reaction rate. This allows a
decision as to whether the nucleophilic attackhef imino nitrogen and the formation of
the zwitterionic intermediat&lll or the consecutive cyclization of aldehydeis the rate-

limiting step of the transformation 8fto 4 in the aqueous solution (Scheme 49).

facilitates retards
EWG S
h EWG BN
( NH
NH
g \/ 0
retards NH2 facilitates H

Figure 38 — Influence of electron withdrawing group on réactrates of both the reaction

steps of transformation &fto 4.

It is obvious that the substituent in position Buances the reaction centre, the benzylic
carbon and the carbonyl group. The nucleophiliackton the carbonyl group is facilitated
by the electron withdrawing substituents in thetaposition towards the carbonyl and the
electron donating group in thgara position towards the isothiourea moiety. On theeot
hand, the cyclization of aldehydl¥ is facilitated by an electron withdrawing grouptine
para position towards the aldehyde group and by antreleaonating group in themeta

position towards the amide group (Fig. 38).

O . o s
EWG P EWG L
h NH™ “NH,
NH p=-25 Cop=1
p=-2. _
S\( H p—+2
NH,

Figure 39— Predicted Hammettconstants for the both reaction steps of transition of

3to4.

Hammettp constants could be predicted for every singlecefEig. 39 ). The constant
for the nucleophilic attack on ester or lactoneugrin water should be of about +2:'%It
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is probable that effect on nucleophility of thetisourea moiety should be of a similar size
as the effect on theis of the isothiouronium salts. Therefore, the valdes is proposed
for the attack of the imino group. These two eBemtt together and the resulting predicted
value of Hammetp constant for the nucleophilic attack on the cagtbgnoup must be the
sum of the two values i.p.= —0.5.

If the cyclization of aldehyd#&X is the rate-limiting step then the expected valoeld be
about +3%%2 for the nucleophilic attack to the aldehydic carband -1 for the
nucleophilicity of the amidic nitrogen. The sum thfese two effects is then +1. A
comparison of the predicted values with an expemtalevalue of —0.5 show that the
nucleophilic attack of the imino group of the idotirea and formation of the seven-
membered intermediate is a rate-limiting step eftlansformation. The observation of no
Kinetic isotopic effect for the substrate with d@uim instead of hydrogen on the benzylic

carbon in acetate and carbonate buffers also stgoids conclusion.
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3.2.3 Transformation of N,N"-disubstituted salts

N,N’-Disubstituted isothiouronium sal&swere prepared under the similar conditions as
the monosubstituted salts. The first attempts @ir tinansformation to the products were
done in agueous ammonia solution. After the extradb dichloromethane, the mixture of
two products was isolated and the structure ohthagr product was determined by the X-
ray analysis. The results confirmed structure @&-dimethyl-1-(3-oxo-1,3-dihydro-2-
benzofuran-1-yl)thiourealQa) to be the major product (Scheme 54). The strectdrthe
minor product was identified by NMR to be 3-hydreXy-dihydro-H-isoindol-1-one
(10Kk).1%

0 0} 0
NH,/H,O
0 — 0 + NH
S /N CHs /N\.(S OH
NH—CHjg HaC NH
H,C
9a 10a 10k

Scheme 54- Products of transformation BfN-dimethylisothiouronium saRa.

Figure 40- ORTEP view of compountiOa (thermal ellipsoids at 40 % probability).
The influence of ammonia concentration on the pecodistribution has been investigated.

The dependence of the product ratio plotted aga@nmshonia concentration shows linear

character (Fig. 41). Increasing ammonia concepinaiicreased the yield of 3-hydroxy-
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2,3-dihydro-H-isoindol-1-one 10k). This held for9a and9c derivates but it also depends
which way is used for addition of the ammonia golut The addition of ammonia solution
to the pure salt in solid state gives higher rafiagransformation product as compared to

the addition of agueous ammonia to the aqueousicolaf the isothiouronium safta.

gl:

5P

()]
()]
T
[ ]

product ratio (%)
w
5+

15pF

6 7 8 9 10

W
I
a1

Cps (Mol-17h)

Figure 41 — Dependence of the product ratio (rearrangemerdmposition) on ammonia
concentration for the isothiouronium sa&is (o), 9(e).

Under different conditions (N&0Os/acetone, N&COs/H,O, TEA/DCM) the 1,3-dimethyl-
1-(3-oxo-1,3-dihydro-2-benzofuran-1-ylthiouredl0§ is the only product of the
transformation. There are two possible explanatfonshe formation of the producfa
and10k:

3-Hydroxy-2,3-dihydro-H-isoindol-1-one 10k) could be formed in two different ways
(Scheme 55). The first one is an analogy to thesfoamation of the unsubstituted s&dts
Molecule of the ammonia which is good external eaphile intermolecularly attacks the
carbonyl group of the free ba¥®/Il giving a zwitterionic tetrahedral intermedi{®111.
This intermediate then decomposes to an aldehbydethat undergoes ring closure to the
product 10k. The second possibility involves nucleophilic ditbhson of the
isothiouronium moiety. An ammonia nitrogen atomsaas an external nucleophile again
and it attacks benzylic carbon atom in this case iBothiouronium part of the molecule

acts as a leaving group. The so formed 3-aminoptéhaxXXl is unstable and
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spontaneously rearranges to the 3-hydroxy-2,3-ddw#i-isoindol-1-one 10Kk).
According to the literatur8°a molecule of ammonia as a stronger nucleophilelgho
prefer attack on the carbonyl group. Also relafivpbor leaving group as isothiourea is
supports this mechanism. The reactior®afwith N,N-dimethylhydrazine gives analogous
NMR spectra like unsubstituted s&@a That also indicates the mechanism proceeding
through the aldehyde intermedid¥ex.

0 0 0
o 4 Nu (base) o NH, 5
= B

NH K ~8.1 N nucleophilic
S\</ “CHgy Pra S\(/ CHs substitution NH
2
/NH NHY( /NH XXI
H3C / HaC xvil more steps
9a o acid-base catalysis
o.®
NH3
[e) O
5_"CH, NH
XVIII NH
4 OH
H;C
10k

' ) /
N—
HS—¢/ CHs NH G
+ 2 == N
,NH o] H
H

IXX XX

Scheme 55— Possible reaction pathways leading to 3-hydi?8ydihydro-H-isoindol-1-
onelOk.

The influence of the steric demands was observed\fethyl-N"-methyl isothiouronium

salt 9 (Scheme 56). The ratio of the two possible pragl@adter the transformation in
acetone is 3:1 with the majority of the productrgizaug methyl group on the nitrogen atom
next to the benzylic carbon atom. This indicatdatireely high steric demands on the

transition state of the reaction.
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0O @) 0O
Na,CO,
@] - 0 + O
acetone S S
S N N
/NHK H3C \(NH ( \(NH‘CH
H3C (N ( CHj 3
CH
CH, 2 .

Scheme 56- The product ratio of the transformation9pin Na,COs/acetone solution.

There exists several possible explanations of eohedtion of 1,3-dimethyl-1-(3-ox0-1,3-
dihydro-2-benzofuran-1-yl)thioured @a. The reaction can be seen as an alkyl transfer
from sulphur to the nitrogen atom involving anyeypf nucleophilic substitution reaction.
The application of the classical Winstein sch&hicheme 25) leads to the proposal of the

two limiting mechanisms (Scheme 57).

limiting Sy2

B 1+
O O
R front-sideS 2 | R

O == O

H N—CH H™~7 ™ NH-CH
by S—¢ 3 g \\‘“ZNH 3
o / XXl NH—CHj o

NH—CHg R

o »\ XX o
N—CH, s.1 H N\(S

S— N ’

O H,C NH

NH—CH;

\ R / HSC/

HBr o)

® 10
- H
R =-H, -OCHj,, -NO,, -Cl @S /N‘CHg

XXIv  NH—CHj
limiting S\y1  (HBr)

Scheme 57 Limiting Sy1 and &2 mechanisms for transformation®fo 10.
Firstly, a limiting S1 mechanism, where isothiourea acts as a leaviogpgand a
carbocationXXIV is formed in the first reaction step can be sutggksThis carbocation

could be considered both of the benzyl type andthaf oxocarbonium type. The
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stabilization by the oxygen atom is weaker as carpéo the acetdi® ' because of the
electron withdrawing effect of the neighbouring lmaryl group. In the second reaction
step, a nitrogen atom of the thioureide anion k&ttahe carbocation and the final product
10is formed. The transformation of the isothiouronisalt instead of its free base is also
possible.

In the limiting 2 reaction the nitrogen atom attacks benzylic aarémed the product is
formedvia a four-membered transition sta¥XIll . The insight on the stereochemistry
enforces the nucleophilic frontside attack from shene side of the molecule as the leaving
group leaves. Generally, the formation of the fowembered ring containing only carbon
skeleton is unfavourable but the presence of ahsul@tom enables easier torsion
deformation and the four-membered rings contairsatphur atom with bonding angle
smaller than 90° have been obsert&d®’ Also rearrangements of acylthioureas or imides
are proposed to occuia four-membered rind®*°° Further factor facilitating this kind of
reaction is a longer length of the sulphur-carbond

The reaction involving an intermolecular attacklod two molecules of free isothioureas is
improbable because of high reaction rate of transftion. The mechanism operating
through the same type of the bicyclic intermedMlié as in the case of the unsubstituted
salts3 could be also written (Scheme 49) but is enerdétiead sterically disfavoured. As
compared to previous unsubstitut@@nd monosubstitutesl compounds those salisare

stable in acetate buffers that indicate a diffetgpé of the transformation mechanism.

Understanding of the stability and behaviour of plessibly formed carbocation is crucial
for the understanding and decision which mechameantion involves. The most probable
explanation is some kind of the borderline mechani$herefore, 1 have followed the
kinetics of the reaction of simple 3-bromophthalidéh the various nucleophiles in
MeOH/H,0 (1:1) solutions with the ionic strength maintairat 0.2 mol by the addition
of sodium perchlorate (Scheme 58).

O O
Nu
O —_— O
MeOH/H,O (1:1)
Br Nu

Nu=N,, SCN’, AcO’, S,0,%

Scheme 58— Reaction of 3-bromophthalide with various nupleites in methanol/water
(1:1) solutions.

- 101 -



Results and discussion — Transformation of N,N(fuiituted salts

MeOH/H,O
v 1:1

Kobs (S_l)

[ [
0'008.0 0.1 0.2 0.3 0.4

[Nu']
Figure 42— Dependence of observed rate constagts 6°) on nucleophile concentration

[NuT] for the reaction of 3-bromophthalide with varionscleophiles in methanol/water

(1:1) solutions. lonic strength was maintained.atr@iot™ with NaCIQ..

Fig. 42 shows the dependence of the observed oattants on nucleophile concentration.
It is obvious that the slopes of the dependencaagi from values close to zero for weak
nucleophiles as acetate, to higher values for jaioate and the highest values for the
azide and thiosulphate ions. The reaction with K&aQiheans the solvolysis without
additional nucleophiles, and only the concentratmnsodium perchlorate has been
changed to observe the influence of the salt effeloé product of reaction in the presence
of sodium perchlorate is a mixture of 3-hydroxy a@whethoxyphthalides in the molar
ratio 1:2. The analysis of the products of the tieacwvith other nucleophiles shows that all
compounds react only at the benzylic carbon atodhthe carbonyl group is not attacked.
All of the dependences have a small y-intercepthwihe value corresponding
approximately tdex = 0.003 Imol™swhich corresponds to the rate of solvolysis. Using
the equation (26) which is identical to (10), ifpessible to calculate the rate constants for

both the concurrent reactions. (Table 7)

kobs = kSoI + kNu [ﬁNU] (26)
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Table 7 - Calculated rate constants for the reaction d&r@nophthalide with various

nucleophiles.
Nucleophile ksoi :10° (7 kny -10° (I'mol™s™)
ClO,4 2.49 £0.08 ~0
AcO™ 3.79£0.47 0.76 £0.41
SCN 2.18+0.12 2.61 +0.69
N3~ 0.32 £1.07 23.5+0.95
S05” 2.78 £0.37 24.1 £ 0.44

These results indicate a mechanism very close 2ob8cause this could be influenced by
the nucleophility of the attacking nucleopHifeThe stronger the nucleophile, the higher
the reaction rate is. In the case @fLlSnechanism with the carbocation formation in the
rate limiting step the reaction rate would not depeon the nucleophilicity of the
nucleophile.

There is another possible explanation of the oleskresults. According to the K,
concurrent §1 and {2 reactions proceed. The intercepts on the y-aedisrohine the rate
constants for @l mechanism, independent on nucleophility of theleaphile and the
slopes determine the rate constants fg ®action in this case.

The second portion of experiments was made usiegttlf theN,N -disubstituted salt8a-

d. The dependence of the observed rate constarzida eoncentration are linear with the
zero slope for unsubstituted sk and with the slope higher than zero for 6-chlolto8a
(Fig. 43). Unfortunately the reaction of 6-nitrds@l is too fast to be measured. The
comparison of the UV-VIS spectra for an unsubstdifla and 6-chlora9c salts shows
similar behaviour and the same character, alsdasita the spectra after the reaction of 3-
bromophthalide with azide. The absorption band &® 2m is increasing during the
reaction which indicates the attack on the sametimacentre and only a change in the
mechanism for both of the compounds. The explanatould be the shift on the potential
energy surface (PES) where the reaction pathwaurieubstituted saa is closer to the
limiting Sy1 mechanism. On the other hand, the reaction ofiléa salt9c, whose
carbocation is destabilized, proceeds through d¢laetion path closer to the limitingy&

reaction where the presence of the nucleophilbertransition state in necessary.
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Figure 43 — Plot of the observed rate constatss(s™) plotted on azide concentration

(Caziss mol1™) for reaction of9a (e) and9c (o) in sodium azide solutions.

The new insight into the reaction mechanism briagsanalysis of the initial sata and
product1l0ain a gas phase. The reaction was probed usingpthepectroscopy and the
Infrared multiphoton dissociation spectroscopy (IRD) %> The IRMPD spectra of the
isothiouronium salt9a (Fig. 44) in combination with the theoretical maépredicted
using quantum chemistry calculations) give thecstme identical to the solid sta@a.
During the measurement of the transformation prodiQathe hydrochloric acid had to be
added to make the sufficient amount of positiveiarged ions. The IRMPD spectrum
(Fig. 44) shows the presence of compound diffetetihe classical transformation product

10a The signal at 1720 cthcorresponds to C=0 vibration in carboxylic acids.
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Figure 44 - The IRMPD spectra (black) for compouriisand10a Theoretical absorption
frequencies are depicted as coloured lines. Fostitition, spectra for two different
calculated conformers are depicted. Predicted spewere calculated using B3LYP/6-

311+G(2d,p) level of theory and scaling factor @.9&re used for the frequencies.
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Calculation of the possible structures and companinthe predicted and measured spectra
determines th&XXVI as the most probable compound formed in the gasepiThe proton
catalyzed equilibrium reaction (Scheme 59) couldpb@posed for the formation of this
intermediateXXVI.

0 0 [ 0 0 ]
+ _H H
> = O |y - L
-—
S S S S
H H \
N N ® CH
HaC” ~ HaC” ~ TN-Cag e 3 '\')\u@’m_|3
3 NH 3 NH H C/ H C/ |
10a XXV XXVI

Scheme 59- Proposed mechanism for the formatioiX&VI from 10ain the gas phase.

The presence of this intermedia¥XVI offers more explanations for the reaction
mechanism of the transformation. The first one s acidXXVI as a product of the
independent reaction of the cyclizai®a with proton and no occurrence of this
intermediate during the rearrangement9afto 10a The second explanation takes the
reversibility of the rearrangement into accountwitie acidXXVI as an intermediate. The
remaining question is a transfer of this mechanisnthe liquid phase and to the basic
reaction conditions.

The reaction proceedingia the above mentioned intermediate in the base isnhit
requires two steps (Scheme 60). Imino nitrogerclastéhe carbon atom through the above
proposed four-membered transition state but an@xygstead of a sulphur atom acts as a
leaving group now (the classical backside attatkg so formed zwitterionic intermediate
XXVII undergoes rotation around the single bond C—Gvallp the sulphur atom to get
opposite to the oxygen ato¥XVIIl . This rotation could be facilitated by the elestatic
interaction of the positively charged nitrogen ataith the negatively charged carboxylate
oxygen. In the second step, the oxygen atom attdek®enzylic carbon atom again and
the sulphur atom leaves to form the final prodi@ now. Both the steps could proceed as
a classical @ reaction with a backside attack with the Waldaversion. This could be

seen as a double-displacement mechanism in thenatizyreactions%-19%194
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Scheme 606- Proposed mechanism of transformatio®afo 10avia double-displacement

S\2 reaction.

It is obvious from the kinetic measurements thatrémction occurs only in the presence of
a base in the solution of the pH higher than 6.sT$tiows that only a free base of
isothioureaXXIl undergoes the cyclization and an intermediate ldhexist as carboxylate
and not as an acid under these conditions. The stiuthe reaction o®ain carbonate/BO
buffers shows no influence of the solvent kinesmtopic effect on the reaction rate (KIE =
0). It indicates that there is no necessity of weter molecule participation during the
reaction course and the transformation could bsidened as a monomolecular procéss.
The second reaction step is analogous to the basalyzed ring-closure of 2-
carbomethoxybenzaldehyde methyl 3,5-dichloropheagétal*®™ In this reaction the
carboxylate anion electrostatically stabilizes fbemed carbocation and facilitates the
leaving of the phenoxide leaving group. These olagems indicate that there is not
complete dissociation of the reaction intermedi@¥V/Il and the reaction occurs in the
form of an ionic pair.

The support for this mechanism in the liquid phgse reaction of the isothiouronium
salts12ccontaining the six-membered lactone ring (Schei)e&n absence of the oxygen
atom next to the benzylic carbon could help to dedf the rearrangement occurs either
via some type of the frontside substitutionvaat the double-displacement mechanism. If
the reaction occunga some type of the frontside mechanism — the orfgcebf oxygen is
the stabilization of the developing positive chaagethe benzylic carbon. Substitution of
the oxygen could reduce the reaction rate, butehetion should still occur. On the other
hand, the presence of the oxygen atom is crucralh® double-displacement mechanism
where the oxygen atom acts as both, the leavingpgamd the internal nucleophile. Five
hours reflux ofl2cin acetone N#&O; mixture gave only theH-isochromen-1-on&2d as

a reaction product which is formed by eliminatiord groduct of the sulphur to nitrogen
migration have not been observed (Scheme 61). 3insvs that the presence of the
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oxygen atom next to the benzylic carbon is cruathe Sto N migration and the double-

displacement is more probable than the frontsig&rBechanism.

0]
o Na,CO, o
HBr acetone
S N< ~N S
¥ CHs H3C \f
HN< HN<
12¢  CMs Na,CO, CHs
\ O
acetone
(0]
=
12d

Scheme 61 Transformation of2cin the NaCGOs/acetone solution.

The question if the reaction &a proceeds through mechanism close to the & the
double-displacement mechanism, could help answerdhction ofl1c with NaCO; in
acetone (Scheme 62).

0 0
o-CHs  Na,CO, o-CHs
—_—
acetone
SN SN
e e
HBr HN. HN.
CHy CHy
11c XXIX

Scheme 62 Reaction ofl1cin the NaCOs/acetone solution.

This substrate enables tBg¢o N migrationvia the benzyl type carbocatiofXX that can
be stabilized both the neighbouring benzene rirdjtha electrostatic effect of the oxygen
atoms of ester grougxXa,b (Scheme 63). This make this carbocation very simd the
carbocationXXIV proposed for the transformation of the €&t The double-displacement
mechanism cannot occur in this case because @tbence of the oxygen atom acting as

the leaving group. The 5 hours refluxidfc gives only free base of the isothiouronium salt
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XXIX as product and sulphur to nitrogen migration hastbeen observed. This supports

the double-displacement mechanism.

.CH,
o) o) o
_CH
o8 o)
®./ ®/ @0
CH2 CH2
H
XXXa XXXb XXIV

Scheme 63- Possible carbocationic intermediates for th& &action pathways for the

transformation ofaandllc The arrows show stabilization effects.

The important argument for the double-displacemesthanism in the solutions would be
the trapping of the carboxylic acid type intermeelifXVIlI. The 20 fold excess of the
methyl iodide was added to the mixture of the ismtfonium salt9a and sodium
carbonate in acetone. The solvent was evaporated &ahours of reflux and the reaction
residue was analyzed by the NMR spectroscopy. phetsa show complicated mixture of
compounds but a signal at 3.79 ppm in tRespectrum appears. The HMBC spectrum
(Fig. 45) shows the correlation of this signal wiitle signal of a carbon atom at 166.9 ppm.
These signals are in a very good agreement withsigpeals of a methyl ester group in
compoundXXIX (3.86 and 167.0 ppm). This observation confirms phesence of the
methyl ester groupXXXI in the reaction mixture. The only reasonable exgii@n of its
formation is the partial trapping of the formedhmatylic acid intermediatXXVIl by the
methyl iodide (Scheme 64).

XXVII XXXI
Schemeb4 — Trapping of the carboxylic acid intermediaterbgthyl iodide.
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Figure 45— HMBC Spectrum showing long-range correlatiorester function of trapped
intermediateXXXI.

The very important information about the reactionrse could provide the preparation of
the enantiomerically pure isothiouronium salt9afand studying, if a racemisation occurs
during the transformation. | have done many expenits to prepare the chiral salt but all
of them were unsuccessful. In addition, the sefmarabn the chiral column did not

succeed. It was probably caused by the low stalmfiisothiouronium salts.

It is possible to conclude that there are thrediligy mechanisms for the transformation of
the isothiouronium salt8 to thioureaslO. The classical two stepy$ mechanism, the
frontside &2 mechanism and the double-displacement mechani$ra. most of the
previously mentioned observations are in accordawdl the double displacement

mechanism for the transformation@# to 10a
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4 Experimental section

4.1 Experimental equipment

4.1.1 Used chemicals

All chemicals were purchased from commercial sugppl(Sigma-Aldrich, Acros Organics,
Merck) and used without further purification. Thahv&nts were dried and distilled before

the use.

4.1.2 Elemental analysis

The microanalyses were performed on an apparatesons Instruments EA 1108 CHN.

4.1.3 NMR spectroscopy

'H and**C NMR spectra were recorded on a Bruker Avance(800) MHz instrument in
DMSO-ds solution. Chemical shifts are referenced to sdlvesidual peald(DMSO-ds) =
2.50 {H) and 39.6 ppm™{C). Coupling constants are quoted in HZ-*C NMR spectra
were measured in a standard way and by means dARMfe(attached proton test) pulse
sequence to distinguish CH, ¢bind CH, Cyua Proton—proton connectivities were found
by gsCOSY. Protonated carbon atoms were assigneddiSQC spectra. All NMR

experiments were performed with the aid of the nfecturer’s software.

4.1.4 Mass spectrometry

HRMS spectra were recorded on a Bruker MicrOTOF-@s$1 Spectrometer using
Electrospray lonisation (ESI) in positive mode. Aate masses were done on either the
(M+H) ion or the (M+Na) ion.

The mass spectra (EI) were recorded on an Agilechiiologies Co. gas chromatograph
6890N with a mass detector 5973 Network for samptissolved on either

dichloromethane or acetone.

4.1.5 IRMPD-spectroscopy

The gas-phase infrared (IR) spectra of mass-selaotes were recorded using a Bruker
Esquire 3000 ion trap mounted to a free electrgerlat CLIO (Centre Laser Infrarouge
Orsay, France). The free electron laser (FEL) ogesated in the 44 MeV electron-energy
range and it provided light in a 1000 — 1800trange. The relative spectral line width of
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the FEL is of about 1% and the precision of the sueament of the wave numbers with a
monochromator is about 1 ¢ Each point in a raw spectrum is an average of 20
measurements. The ions were generated by elecsogpmization as described above. The
ions were mass-selected and stored in the ion Tiag fragmentation was induced by 5 to
10 laser macropulses of 8 ps admitted to the i@ap @nd the dependence of the
fragmentation intensities on the wavelength of [Rdight gives the infrared multiphoton
dissociation (IRMPD) spectra. The reported IRMPRc@m are averages of 2 raw spectra
and are not corrected for the power of the freeteda laser, which slightly changes in

dependence of the wavenumbgfs.

4.1.6 Buffer solution preparation

The stock solutions of imidazol&l-methylmorphline, tris(hydroxymethyl)aminomethane
(TRIS), glycinamide and morpholine buffers werepamed by partial neutralization of
appropriate amines by hydrochloric acid. The sohdiof dichloroacetate, chloroacetate,
methoxyacetate, acetate, propanoate and pivaloatierd were prepared by partial
neutralization of acid by NaOH or KOH. Hydroxylaraimnd aminoacetonitrile buffers
were prepared by partial neutralization of hydrodides of amines. Appropriate amount
of this solutions was pipetted do 25 ml volumefiasks and filled in with calculated
amount of 2 mol- KCI and redistilled water to ionic strength= 1 mol-I*. The solvent
Kinetic isotope effect was measured in chloroaeesad acetate buffersg(csy = 1:1) of
the same composition and ionic strength, which weepared from potassium chloride,
sodium hydroxide, chloroacetic anhydride/aceticyalnidle and HO or D,O (99.8% D).

4.1.7 pH Measurements
The pH of individual buffers was measured using PHB Radiometer Copenhagen
apparatus equipped with glass electrode. The eletwas calibrated using two buffers

Radiometer IUPAC series.

4.1.8 Kinetic measurements

Kinetic measurements were carried out in 1 cm tlieseell using a Hewlett Packard 8453
Diode Array Spectrophotometer at 25 + 0.1 °C. Thseoved pseudo-first order rate
constantsky,s were calculated from absorbance-time dependertcdse avavelengths of
260 and 273 nm using OPKIN software. In typicalgadure, 2 ml of buffer were pipetted

to the cell and after 5 minutes fib substrate in methanol was added.
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The measurements of reactions with half-lives belPow/were carried out using a Diode
Array Stopped-Flow SX.18 MV-R (Applied Photophygicapparatus. The observed
pseudo-first-order rate constamtss were calculated from the measured time dependence

of absorbance with the help of an optimisation paioy

4.1.9 Calculations

All calculations were performed using Gaussian O8ftware packagg@’ using
MetaCentrum computing facilities. B3LY#?°* functional with appropriate basis sets
were used for the geometry optimalization. Locahima and transition states were
verified by establishing that Hessians have ze @me negative eigenvalues. The total
energies were corrected by addition of the zeratpemergies calculated at the same level
of theory. To estimate the effect of the solventtiom energies the COSM® solvation

model implemented in Gaussian were used.

The access to the MetaCentrum computing facilipesvided under the programme
"Projects of Large Infrastructure for Research, @&epment, and Innovations"
LM2010005 funded by the Ministry of Education, Ybutand Sports of the Czech
Republic is highly acknowledged.

4.1.10X-ray Crystallography

The colorless single crystals were grown from DM&Qution. The X-ray diffraction data
were collected at 150(2)K on a Nonius KappaCCD ralttiometer with graphite-
monochromated MoK radiation { = 0.71073 A). The structures were solved by direct
methods (SIR925% Al reflections were used in the structure refir@mbased on F2 by
full-matrix least-squares technique (SHELXL$%).
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4.2 Preparation and characterization of the compouds

S-(2-Oxotetrahydrofuran-3-yl)- N-substituted isothiouronium bromides (1%?

2
il 0 o
N__S Br acetone NS
|/\z HN ¥ I(/O |/\z \Nlr °
= 3 &
1¢ \R Rl HBr PLLI‘RS

R

NH, 0 X 0
NH\< Br J acetone
+ . NH _S
X S O o)
NH
HBr

To a hot solution oilN-arylthioureas (5 mmol) in dry acetone 5 mmol (0@3of 3-
bromotetrahydrofuran-2-one was injected. Reactiaxture was refluxed for 5 min and
left to stand at room temperature for 2 days. Testipitated crystals were collected by

filtration.

S-(2-Oxotetrahydrofuran-3-yl)- N-phenyl isothiouronium

bromide (1a) NH .S

yield: 78% ©/ NH \i(/O
m.p.: 153-155 °C HBr

Elemental analysis for G;H13BrN,0,S: Calculated 41.65 % C; 4.13 % H; 25.19 Br; 8.83
% N; 10.11 % S. Found 41.74 % C; 4.13 % H; 25.08r%9.01 % N; 10.16 % S

S-(2-Oxotetrahydrofuran-3-yl)- N-(4-methoxyphenyl) isothiouronium bromide (1b)
yield: 44% o

m.p.: 154-156 °C NH Sﬁo
IH-NMR (500 MHz, DMSO)5 10.79 (bs, 3H), 7.37 (d, 2H /©/ NH

" HzCO HBr
= 9.0 Hz), 7.16 (d, 2H] = 9 Hz), 4.72 (dd, 1H] = 7.5, 4.5

Hz) 3.82 (s, 3H), 3.65 (m, 2H), 2.29 (m, 2H)

3C-NMR (125 MHz, DMSO) 175.0, 174.1, 160.7, 129.6, 123.6, 115.3, 57.8] 83.5,
33.6

Elemental analysis for G,H1sBrN,03S: Calculated 41.51 % C; 4.35 % H; 23.01 Br; 8.07
% N; 9.23 % S. Found 41.56 % C; 4.29 % H; 22.991%8B7 % N; 9.08 % S
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S-(2-Oxotetrahydrofuran-3-yl)- N-(4-methylphenyl) isothiouronium bromide (1c)
yield: 50% o

m.p.: 160-164 °C /©/NHT(S%0
Elemental analysis for GoH1sBrN,0,S: Calculated 43.51H3C NH

HBr
% C; 4.56 % H; 24.12 Br; 8.46 % N; 9.68 % S. Found
43.71 % C; 4.60 % H; 24.32 % Br; 8.26 % N; 9.45% S

S-(2-Oxotetrahydrofuran-3-yl)- N-phenyl-N-methyl isothiouronium bromide (1h)
yield: 78% CHg 0

m.p.: 155-159 °C NS
: oY S
Elemental analysis for G,H1sBrN,0,S: Calculated 41.51 % NH

C; 4.56 % H; 24.12 Br; 8.46 % N; 9.68 % S. Foun®b43x% C;
4.86 % H; 24.03 % Br; 8.35% N; 9.90 % S

S-(2-Oxotetrahydrofuran-3-yl)- N-phenyl-N-ethyl isothiouronium bromide (1i)

yield: 92%

m.p.: 155-157 °C r 0
Elemental analysis for G3H17BrN,0,S: Calculated 45.23 % C; ©/N\ﬂ/s\do
4.96 % H; 23.14 Br; 8.11 % N; 9.29 % S. Found 484.€; 5.11
% H; 23.20 % Br; 8.08 % N; 9.03 % S

HBr

S-(2-Oxotetrahydrofuran-3-yl)- N-(4-methoxyphenyl)N-methyl isothiouronium

bromide (1k)

yield: 53% GHs o
N _S

D 164167 °C oy S

Elemental analysis for GaH;/BrN,0sS: Calculated 43.22  H3CO HBr

% C; 4.74 % H; 22.12 Br; 7.75 % N; 8.87 % S. FodBd6 % C; 4.80 % H; 22.03 % Br;

7.66 % N; 8.68 % S

S-(2-Oxotetrahydrofuran-3-yl)- N-phenyl-N’-ethyl isothiouronium bromide (1m)
yield: 75% o)

NH _S
m.p.: 144-146 °C ©/ T \&o
N
Elemental analysis for G3H17BrN,0,S: Calculated 45.23 % C; LB ﬁ
F CH,
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4.96 % H; 23.14 Br; 8.11 % N; 9.29 % S. Found 43#8; 5.08 % H; 23.14 % Br; 7.96
% N;9.10% S

S-(2-Oxotetrahydrofuran-3-yl)- N-(4-methoxybenzyl) isothiouronium bromide (1p)
yield: 72% o

O
m.p.: 173-175 °C HBr )N[' j:)
S

'H-NMR (400 MHz, DMSO)s 11.48 (bs, 2H), 7.33 (d, 2H, HN
J = 8.8 Hz), 6.95 (d, 2H] = 8.8 Hz), 4.98 (m, 2H), 4.80 (q, /©)

1H, J = 4.4 Hz), 3.77 (s, 3H), 3.64-3.60 (m, 2H), 2.3822 H3CO

(m, 1H), 2.21-2.12 (m, 1H)

3C-NMR (100 MHz, DMSO)5 174.9, 174.0, 159.3, 129.3, 125.7, 114.2, 58.23,5&.5,
45.8, 33.9

Elemental analysis for GsH17/BrN,O3S: Calculated 43.22 % C; 4.74 % H; 22.12 Br; 7.75
% N; 8.88 % S. Found 43.48 % C; 5.01 % H; 22.221%/&1 % N; 9.07 % S

S-(2-Oxotetrahydrofuran-3-yl)- N-benzyl isothiouronium bromide (10)
yield: 50% o

NH 0
m.p.: 160-163 °C
HN™ s

'H-NMR (400 MHz, DMSO0)5 11.31 (s, 2H), 7.39-7.31 (m, 5H),
5.06-4.97 (m, 2H), 4.81 (g, 1H, J = 4 Hz), 3.6363(/), 2H), 2.35- ©) HBr

2.28 (m, 1H), 2.18-2.10 (m, 1H)

3C-NMR (100 MHz, DMSO)s 174.7, 174.0, 133.5, 128.7, 128.0, 127.1, 58.04,445.9,
33.8

Elemental analysis for GoH1sBrN,0,S: Calculated 43.51 % C; 4.56 % H; 24.12 Br; 8.46
% N; 9.68 % S. Found 43.74 % C; 4.77 % H; 23.92%8EB0 % N; 9.44 S %
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2-(Subst. phenylamino)-5-(2-hydroxyethyl)-1,3-thiaal-4(5H)-ones (2)
0

2 Rl Io OH

R N OH

OH

Isothiouronium salts (2 mmol) were dissolved in i@aimum amount of aqueous ammonia
(25 %) and solution was stirred until precipitat@inproducts. Crude products (yields 80—

90 %) were filtered off and recrystallized from eat

5-(2-Hydroxyethyl)-2-(phenylimino)-1,3-thiazolidin4-one (2a)

yield: 94% y

m.p.: 123-124 °C N _N
'H-NMR (500 MHz, DMSO)s 11.71 (bs, 1H), 11.14 (bs, 1H), 7.3©/ T °
(m, 2H), 7.12 (m, 1H), 7.72 (m, 1H), 7.00 (m, 14)74 (m, 1H),

4.29 (m, 1H), 3.45 (m, 2H), 2.26 (m, 1H), 1.79 (rhl) OH
13C-NMR (125 MHz, DMSO) 178.5 and 177.5, 146.8 and 138.9, 129.4 and 12948
and 124.7, 121.6 and 120.5, 59.6 and 58.8, 52.4ad 36.6 and 36.0

Elemental analysis for GiH1,N20,S: Calculated 55.91 % C; 5.12 % H; 11.86 % N; 13.57
% S. Found 56.13 % C; 5.32 % H; 11.62 % N; 13.35 %

EI-MS: m/z 236, 218, 205, 192, 160, 151, 145, 135, 108 (), 109, 101, 91, 77, 71, 65,
59, 51.
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5-(2-Hydroxyethyl)-2-[(4-methoxyphenyl)imino]-1,3-tiazolidin-4-one (2b)

yield: 91%

m.p.: 124-126 °C N
'H-NMR (500 MHz, DMS0)s 11.56 (bs, 1H), 11.02 (bs, /©/ T ©
1H), 7.60 (m, 1H), 6.99 (m, 1H), 6.94 (m, 2H), 4(A8 1H), HsCO \gl
4.26 (dt, 1H,J = 11.8, 3.5 Hz), 3.74 (s, 3H), 3.52 (m, 2H), OH

2.27 (m, 1H), 1.76 (m, 1H)

3C-NMR (125 MHz, DMSO0)s 190.3, 176.6, 156.7 and 156.2, 131.9, 123.3 arid9]12
114.4 and 114.0, 59.5 and 58.8, 55.2, 52.0 and 38.8 and 36.0

Elemental analysis for G,H14N203S: Calculated 55.12 % C; 5.30 % H; 10.52 % N; 12.04
% S. Found 55.24 % C; 5.26 % H; 10.64 % N; 12.0% %

EI-MS: m/z 266, 248, 235, 222, 207, 191, 175, 165, 138,(100 %), 118, 105, 90, 78,
63, 55, 41

5-(2-Hydroxyethyl)-2-[(4-methylphenyl)imino]-1,3- thiazolidin-4-one (2c)

yield: 87 %

m.p.: 124-126 °C N, N
'H-NMR (500 MHz, DMSO)s 11.64 and 11.08 (vbd, 1H), 7.59 1/ 0
(d, 1H,d = 7.7 Hz), 7.15 (m, 2H), 6.91 (d, 1BI= 7.4 Hz), 4.75 €

(m, 1H), 4.27 (m, 1H), 3.52 (m, 2H), 2.30 (m, 1R)27 (s, 3H)

1.79 (m, 1H)

3C-NMR (125 MHz, DMSO) 190.6, 179.4 and 177.1, 143.3 and 136.5, 134@814hd
129.5, 121.7 and 120.4, 59.7 and 58.9, 52.1 arid 8.7 and 36.1, 20.3

Elemental analysis for G,H14N20,S: Calculated 57.58 % C; 5.64 % H; 11.19 % N; 12.81

% S. Found 57.59 % C; 5.69 % H; 10.93 % N; 12.78 %

OH

5-(2-Hydroxyethyl)-2-[(4-chlorophenyl)imino]-1,3-thiazolidin-4-one (2d)
yield: 97 % NH N
. o T =0
m.p.: 136-137 °C S
Cl
'H-NMR (500 MHz, DMSO)s 11.80 and 11.26 (vbd, 1H), 7.77
(d, 1H,J=7.3 Hz), 7.42 (d, 1H) = 8.5 Hz), 7.37 (d, 1H] = 7.7 OH
Hz), 6.96 (d, 1HJ = 7.5 Hz), 4.75 (bs, 1H), 4.31 (m, 1H), 3.52 (H),22.25 (m, 1H), 1.79
(m, 1H)
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3C-NMR (125 MHz, DMSO) 190.5, 177.7 and 177.4, 146.7 and 137.1, 129.3.aad.,
128.6, 123.3 and 122.0, 59.6 and 58.7, 52.2 arfg 88.5 and 35.8

Elemental analysis for G;H11CIN,O,S: Calculated 48.80 % C; 4.10 % H; 13.10 % Cl;
10.35% N; 11.84 % S. Found 49.01 % C; 4.27 % H94.2 CI; 10.08 % N; 11.60 % S

5-(2-Hydroxyethyl)-2-[(4-bromophenyl)imino]-1,3-thiazolidin-4-one (2e)
yield: 61 %

NH _N
m.p.: 140-141 °C ©/ ¥ =0
S
H-NMR (500 MHz, DMSO)s 11.70 and 11.37 (vbd, 1H), 7.6%"
OH

(d, 1H,J = 7.5 Hz), 7.56 (d, 1H) = 9.5 Hz), 7.51 (d, 1H] = 8.5

Hz), 6.91 (d, 1H,) = 8.5 Hz), 4.77 (bs, 1H), 4.31 (m, 1H), 3.50 (m,

2H), 2.26 (m, 1H), 1.81 (m, 1H)

3C-NMR (125 MHz, DMSO) 190.6, 177.6, 147.1 and 138.3, 132.3 and 1328712nhd
122.4,116.7,59.6 and 58.7, 52.1 and 47.5, 36153ar8

Elemental analysis for GiH11BrN»0,S: Calculated 41.92 % C; 3.52 % H; 25.35 % CI;
8.89 % N; 10.17 % S. Found 41.93 % C; 3.71 % H9246 Cl; 8.78 % N; 10.40 % S

5-(2-Hydroxyethyl)-2-[(3-trifluormethylphenyl)-imin o]-1,3-thiazolidin-4-one (2f)
yield: 53%

NH _N
m.p.: 130-131 °C ©/ T o
'H-NMR (500 MHz, DMSO)3 11.56 and 11.02 (vbd, 1H), 8.22-
OH

7.79 (m, 1H), 7.60 (m, 1H), 7.48 (m, 1H), 7.24 (bh)), 4.78 (m, ik

1H), 4.3 (d, 1HJ = 6.0 Hz), 3.52 (m, 2H), 2.26 (m, 1H), 1.83 (m,

1H)

13C-NMR (125 MHz, DMSO) 190.6, 178.3 and 176.9, 149.1 and 139.6, 130.6.36,
130.5 and 124.0, 120.8 and 117.8, 121.1 and 118@]1, 124.1, 59.6 and 58.6, 52.2 and
47.4, 36.4 and 35.6

Elemental analysis for G,H11F3N20,S: Calculated 47.37 % C; 3.46 % H; 9.21 % N;
10.54 % S. Found 47.56 % C; 3.67 % H; 9.42 % N310s S

5-(2-Hydroxyethyl)-2-[(2-pyridyl)imino]-1,3-thiazol idin-4-one (29)
erId 84 % NH N
m.p.: 187-188 °C | _

OH
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'H-NMR (500 MHz, DMSO) 11.93 (bs, 1H), 8.42 (m, 1H), 7.82 (m, 1H), 7.1, H),
4.78 (bs, 1H), 4.10 (d, 1H,= 7.0 Hz), 3.58 (m, 2H), 2.22 (m, 1H), 1.82 (m,)1H

3C-NMR (125 MHz, DMSO)¢ 180.7, 165.3, 156.2, 146.9, 138.7, 119.8, 118%9,5
47.2,39.5

Elemental analysis for GoH11N30,S: Calculated 50.62 % C; 4.67 % H; 17.71 % N; 13.41
% S. Found 50.52 % C; 4.44 % H; 17.76 % N; 13.68 %

EI-MS: m/z 237, 206, 119 (100 %), 78, 55, 44

5-(2-Hydroxyethyl)-2-[(N-phenyl-N-methyl)amino]-4,5-dihydro-1,3-thiazol-4-one (2h)
yield: 80% CH,

m.p.: 112-115 °C ©/NYN o
'H-NMR (500 MHz, DMSOY 7.47 (m, 5H), 4.69 (bs, 1H), 4.21 S

(d, 1H,J = 10.9 Hz), 3.50 (s, 3H), 3.44 (m, 2H), 2.24 (rH),1 \51

1.67 (m, 1H) OH

3C-NMR (125 MHz, DMSO)s 189.3, 181.9, 142.2, 130.0, 129.3, 127.1, 59.67,541.8,
36.5

Elemental analysis for G,H14N,0,S: Calculated 57.58 % C; 5.64 % H; 11.19 % N; 12.81
% S. Found 57.53 % C; 5.56 % H; 10.90 % N; 12.786 %

5-(2-Hydroxyethyl)-2-[(N-phenyl-N-ethyl)amino]- 4,5-dihydro-1,3-thiazol-4-one (2i)
yield: 90%
m.p.: 158-160 °C I

'H-NMR (500 MHz, DMSO) 7.52 (m, 3H), 7.45 (m, 2H), 4.68 (t©/NYN 5
1H, J = 4.8 Hz), 4.23 (dd, 1H] = 10.6, 3.1 Hz), 4.01 (m, 2H), 3.46 Sg

CHj,

(m, 2H), 2.26 (m, 1H), 1.67 (m, 1H), 1.12 (t, 3H; 7.1 Hz)

3C-NMR (125 MHz, DMSO)s 189.5, 181.7, 140.4, 130.0, 129.6,
128.2, 59.6, 54.3, 49.0, 36.5, 12.6

Elemental analysis for G3H1gN20,S: Calculated 59.07 % C; 6.10 % H; 10.60 % N; 12.13
% S. Found 58.84 % C; 5.92 % H; 10.76 % N; 12.3% %

OH
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5-(2-Hydroxyethyl)-2-diphenylamino-4,5-dihydro-1,3thiazol-4-one (2))

yield: 60 %

m.p.: 153-155 °C

'H-NMR (500 MHz, DMSO)s 7.63-7.33 (m, 10H), 4.73 (t, 1H, @

= 5.0 Hz), 4.26 (dd, 1H) = 7.5, 3.0 Hz), 3.47 (m, 2H), 2.27 (m©/N\fN o

1H), 1.74 (m, 1H) S

3C-NMR (125 MHz, DMSOY 189.7, 183.2, 129.9, 129.1, 128.5,

126.5,59.4, 54.5, 36.1 OH
Elemental analysis for G;H16N20,S: Calculated 65.36 % C; 5.16 % H; 8.97 % N; 10.26
% S. Found 65.12 % C; 5.27 % H; 8.79 % N; 10.44 % S

5-(2-Hydroxyethyl)-2-[(N-(4-methoxyphenyl)N-methyl)amino]-4,5-dihydro-1,3-
thiazol-4-one (2k) CHs

yield: 79% /@/NYN o
m.p.: 119-120 °C HyCO S?
'H-NMR (500 MHz, DMSO)Y 7.41 (d, 2H, = 8.5 Hz), 7.05

(d, 2H,J = 8.5 Hz), 4.76 (t, 1H] = 5.5 Hz), 4.18 (dd, 1H] = OH
10.5, 3.0 Hz), 3.80 (s, 3H), 3.45 (m, 2H), 3.363(4), 2.23 (m, 1H), 1.66 (M, 1H)
13C-NMR (125 MHz, DMSO)s 189.2, 182.1, 159.4, 134.8, 128.3, 114.8, 59.5},5%1.6,
41.7,35.4

Elemental analysis for G3H1gN203S: Calculated 55.70 % C; 5.75 % H; 9.99 % N; 11.44
% S. Found 56.03 % C; 5.96 % H; 10.32 % N; 11.76 %

5-(2-Hydroxyethyl)-2-[(4-methoxyphenyl)imino]-3-metyl-1,3-thiazolidin-4-one (2I)
yield: 57 %

m.p.: 101-103 °C CHz
'H-NMR (500 MHz, DMSQ)J 6.91 (m, 4H), 4.76 (bs, 1H), /@/N\YN o
4.33 (dd, 1HJ = 9.7, 3.5 Hz), 3.73 (s, 3H), 3.51-3-43 (m, 2H),Cc0 S

3.16 (s, 3H), 2.28 (m, 1H), 1.83 (m, 1H)

3C-NMR (125 MHz, DMSO0)s 174.6, 156.0, 154.4, 141.2, OH
122.0, 114.3, 58.4, 55.1, 45.2, 35.8, 29.2

Elemental analysis for G3H16N20O3S: Calculated 55.70 % C; 5.75 % H; 9.99 % N; 11.44
% S. Found 55.81 % C; 5.54 % H; 10.37 % N; 11.2% %
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EI-MS: m/z 264 (100 %), 233, 221, 205, 192, 177, 163, 134, 118, 104, 91, 77, 65, 55,
45, 35

5-(2-Hydroxyethyl)-2-(4-phenylimino)-3-ethyl-1,3-thazolidin-4-one (2m)

yield: 33% H3C7

m.p.: oil N

'H-NMR (500 MHz, DMSOY 7.35 (t, 2HJ = 7.4 Hz), 7.11 (t, 1H] ©/ \IN ©
= 7.3 Hz), 6.96 (d, 2H) = 7.3 Hz), 4.75 (bs, 1H), 4.34 (dd, 1Hz=

9.6, 3.7 Hz), 3.77 (g, 2H,= 7.0 Hz), 3.58-3.43 (m, 2H), 2.24 (m, 1H), OH
1.84 (m, 1H), 1.18 (t, 3Hl = 7.0 Hz)

13C-NMR (125 MHz, DMSO) 174.4, 154.0, 148.3, 129.2, 124.2, 121.0, 5&3,87.4,
35.7,12.3

Elemental analysis for G3H1gN20,S: Calculated 59.07 % C; 6.10 % H; 10.60 % N; 12.13
% S. Found 58.71 % C; 5.96 % H; 10.86 % N; 11.88 %

EI-MS: m/z 264 (100 %), 233, 221, 205, 192, 177, 163, 1386, 118, 104, 91, 77, 65, 55,
45, 35

5-(2-Hydroxyethyl)-2-[(4-chlorophenyl)imino]-3-methyl-1,3-thiazolidin-4-one (2n)
yield: 63 % CHs

m.p.; 87-89 °C @/N\YN o
'H-NMR (500 MHz, DMSO) 7.40 (d, 2HJ = 8.5 Hz), 6.96 C| S

(d, 2H,J = 8.5 Hz), 4.75 (t, 1H) = 5.0 Hz), 4.36 (dd, 1H] =
9.8, 3.6 Hz), 3.54-3.45 (m, 2H), 3.16 (s, 3H), 2(&Y, 1H),
1.86 (m, 1H)

3C-NMR (125 MHz, DMSO) 174.3, 155.6, 147.0, 128.9, 128.0, 122.6, 58.13,4%.3,
29.0

Elemental analysis for G2,H13CIN,0,S: Calculated 50.61 % C; 4.60 % H; 9.84 % N;
11.26 % S. Found 50.35 % C; 4.63 % H; 10.15 % NQA% S

OH

2-(Benzylamino)-5-(2-hydroxyethyl)-1,3-thiazol-4(Bl)-one (20)

yield: 67 %
Ot
m.p.: 120-122 °C NH-

'H-NMR (400 MHz, DMSO)§ 10.20-9.66 (bd, 1H), 7.40- S
OH
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7,33 (m, 5H), 4.82 (s, 1H), 4.71-4.45 (m, 2H), 44325 (m, 1H), 3.60 (s, 2H), 2.33 (s,
1H), 1.77 (s, 1H)

13C-NMR (100 MHz, DMSO) 189.5, 179.8, 137.5 and 137.0, 128.6 and 128B612nd
127.5, 127.4 and 127.3, 59.6 and 59.5, 53.0 ar@] 83.0 and 47.7, 36.7 and 36.4
Elemental analysis for GoH14N2,O,S : Calculated 57.58 % C; 5.64 % H; 11.19 % N;
12.81 % S. Found 57.78 % C; 5.71 % H; 11.02 % N6A2% S

5-(2-Hydroxyethyl)-2-[(4-methoxybenzyl)amino]-1,3-hiazol-4(5H)-one (2p)

yield: 81 %

m.p.: 92-95 °C H,CO < > N__O
'H-NMR (400 MHz, DMSOY 9.55 (bs, 1H), 7.23 (d, 2H, NH</S
J=8.8 Hz), 6.91 (d, 2H) = 8.8 Hz) , 4.75 (s, 1H), 4.60-

4.40 (m, 2H), 4.27-4.20 (m, 1H), 3.78 (s, 3H), 3HB0 OH
(m, 2H), 2.35-2.27 (m, 1H), 1.72-1.66 (s, 1H)

13C-NMR (100 MHz, DMSO0)s 189.2, 179.3, 158.5, 129.3, 127.6, 129.0, 128975,5
55.0, 52.8, 47.1, 36.7, 36.4

Elemental analysis for G3sH1gN203S : Calculated 55.70 % C; 5.75 % H; 9.99 % N; 11.44
% S. Found 55,51 % C; 5.59 % H; 10.17 % N; 11.68 %

6-Nitrophthalide *°°
O O

kKNOo, O3N
o —> 0
H,SO,
The solution of phthalide (0.22 mol; 30 g) in cokzSO, (38 ml) was cooled to 0 °C.
After cooling, solution of KN@ (0.28 mol; 28 g) in conc. 430, (60 ml) was added
dropwise during 45 minutes. After mixing for 1 h2t °C the mixture was poured on to

ice and filtered off. Recrystalization from ethagoles 24 g (60 %) with m. p. 135-137 °C
(Iit.?%> 140-142 °C).

6-Aminophthalide
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6-Nitrophtalide (55 mmol; 10 g) was suspended Withg Pd/C in 500 ml of EtOAc. The
hydrogen gas was bubbled through this mixture fdags. After filtration, evaporation of
solvent and recrystalization from EtOH, 7.1 g (&pof the product with m. p. 175-178 °C
(1it.?°° 182-183 °C) was obtained.

6-Chlorophthalide®®’
O O

H2N\©j</ 1. NaNO,/HCI Cl\©j</
0 — 0

2. Cu,Cl,/HCI
6-Aminophthalide (52 mmol; 7.75 g) was dissolveccamc. HCI (20 ml) and cooled to 0
°C. This solution was slowly diazotizated with sated NaNQ@ (50 mmol; 3.44 g) water
solution. Prepared solution was added to the swludf CyCl, (50 mmol; 5 g) in conc.

HCI (10 ml). The precipitate was filtered off aretrystalized from EtOH/D giving 4.76
g (55 %) with m. p. 106-109 °C (fit” 107-108 °C).

6-Methoxyphthalide®®®
0

H3CO COOH pepomar  H3CO
— )
water/dioxane

Into the 500 ml flask was added 3-methoxybenoid &9 mmol; 12 g), dioxane (70 ml),
conc. HCI (80 ml) and 40 % formaldehyde water sotuf50 ml). The mixture was heated
to 70 °C for 5 days. After cooling 200 ml of waterd 400 ml of DCM were added and
organic layer was separated. Water residue wasaett by of DCM (2 x 250 ml).
Combined extracts were washed with brine, driedr N&SO, and evaporated. Crude
product was purified by flash chromatography (hexetiyl acetate 3:1). Overal yield 4.3
g (34 %) with m. p. 122-125 °C {iff 124-126 °C) was obtained.

Isochromanon&®®
o)

0 KMnO,/MnO, 0
—
E;Q DCM
In 500 ml flask were dissolved isochromane (22 mr8d) in dichloromethane (250 ml).

During next 15 minutes was added carefully spreawigture of KMnQ, (70 mmol; 11 g)
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with activated Mn@ (380 mmol; 33 g). After 20 hours of reflux the ¢cBan mixture was
filtered through blue filter paper and evaporatadng 2.7 g (82 %) of oily product.

3,3-Dideuterophthalide?™®

O O
(Ac),0/2zn/D,0
O —_— O
o) p P

In to 250 ml round bottom flask were added phthaticd anhydride (68 mmol; 10 g), Zn

powder (30 g), dry acetananhydride (80 ml) an@® 16 ml). The reaction mixture was

refluxed for 24 hours and after cooling filteredlamashed by 100 ml of acetone. After the
evaporation of the filtrate, crude phthalide wataoted. Recrystalization from water gives
30 % of pure compound.

3-Bromophthalide***

0O O
X
X NBS/AIBN
0 — = 0
ccl,
Br

In to the 500 ml round bottom flask were addedhsomanone (75 mmol; 10 g), NBS (75
mmol; 13.3 g), tetrachloromethane (100 ml), AIBN.O® g). Reaction mixture was
refluxed 60 min under the 100 watt bulb irradiatidhe end of the reaction was signalized
by the presence dfl-succinimide on the top of the solution. The reattmixture was
filtered and filtrate concentrated to the volumecaf 10 ml. Cooling the residue and its
filtration gives 13 g of crude product that coulel tecrystalized from cyclohexanone with
overall yield of 70 % m. p. 77-79 °C (fit' 78-80 °C).

4-Bromo-3,4-dihydro-1H-isochromen-1-one (12d)
0 O
CCl, / AIBN
Br
In to the 100 ml round bottom flask were added aldle (17 mmol; 2.5 g), NBS (17

mmol 3.1 g), tetrachloromethane (40 ml) and AIBNO® g). Reaction mixture was

refluxed 30 min under the 100 watt bulb irradiatidhe end of the reaction was signalized
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by the presence dfl-succinimide on the top of the solution. The reattmixture was
filtered and filtrate concentrated to the volumecaf 5 ml. Cooling the residue and its
filtration gives 3 g of crude product (m. p. 90-95) that could be recrystalized from

chloroform with overall yield of 52 % m. p. 201-20G.

4-Bromo-3,4-dihydro-1H-isochromen-1-one (12d)

. o}
yield: 52%
0
m.p.: 201-203 °C
'H-NMR (400 MHz, CDC}) § 8.14-8.12 (m, 1H), 7.64 (dt, 18= 7.6, 1.6 Br

Hz), 7.54-7.47 (m, 2H), 5.36 (t, 18~ 3.2 Hz), 4.75 (dq, 2Hl = 12.4, 2.8 Hz)

13C-NMR (100 MHz, CDC}) § 163.2, 139.4, 134.4, 130.7, 129.9, 127.3, 17818, 41.0
Elemental analysis for GH;BrO, : Calculated 47.61 % C; 3.11 % H; 35.19 Br. Found
47.82% C; 3.17 % H; 35.26 % Br

EI-MS: m/z 228, 226, 170, 168, 147 (100 %), 141, 130, 109, 91, 85, 77, 63, 51, 39

General procedure for bromination of other substraes (11, 12)

Bromo derivates of other substrates were prepaset)he same protocol. Reaction time
depends on the structure of substrate, but the afdnckaction is still signalized by
disappearance on NBS from the bottom of the flas#d accurrence of precipitate of
succinimide near the surface. Only oily product whtined in some cases after cooling
(12) the concentrated solution. This could be useth&next reactions without further

purification.

General procedure for preparation of isothiouroniumsalts (3,5,7,9)2

0 1 X
X R\ S acetone O
o F NH‘{ (nitromethane) N~R*
2 nitrometnane,
Br 'N_R S\( 3
RS HBr RZ’N\R
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O
O
0 thiourea o
—_—
acetone
1.N__S
Br R Y
,.NH HBr

R
To the hot solution of bromo compound in acetore shturated solution of equimolar
amount of appropriate thiourea in acetone was addlked mixture was refluxed for 5
minutes and let stand overnight. Precipitated atgstvere collected by filtration. The
recrystalization from the mixture of acetone, matiiand water is possible in some cases.
Overall yields strongly depend on the purity andaure of both reaction compounds. In

case ofL3anitromethane was used instead of the acetoneeathent.

S(3-0Ox0-1,3-dihydro-2-benzofuran-1-yl) isothiouronum bromide (3a)

yield: 84 % o
m.p.: 206-210 °C ©i</(o
'H-NMR (400 MHz, DMSO) 9.62 (bd, 4H,) = 92.4 Hz), 7.99-7.91 (m,

2H), 7.84-7.75 (m, 3H) HZN\«S

3C-NMR (100 MHz, DMSO)s 167.8, 165.4, 143.3, 135.6, 131.5, 125.8, NH - Her
124.9, 123.9, 81.3

Elemental analysis for GH¢BrN,0,S: Calculated 37.38 % C; 3.14 % H; 27.63 Br; 9.69
% N; 11.09 % S. Found 37.54 % C; 3.25 % H; 27.4Br%®.85 % N; 10.89 % S

HRMS: Calculated folCgHoN,O,S 209.037925 Found 209.037941

S-+5-Methoxy-3-0x0-1,3-dihydro-2-benzofuran-1-yl) isthiouronium bromide (3b)
ield: 69 %
yi 0 o

m.p.; 213-215 °C H,CO
'H-NMR (400 MHz, DMSO)Y 9.76 (s, 2H), 9.49 (s, 2H), 7.81 (s, ©

1H), 7.71 (d, 1HJ = 8.4 Hz), 7.46 (dd, 1H] = 8.4, 2.4 Hz), 7.40 HN S

(d, 1H,J = 2.0 Hz), 3.86 (s, 3H) NH, HBr
3C-NMR (100 MHz, DMSO)s 167.8, 165.8, 161.9, 135.4, 126.8, 125.1, 12303.6,
81.5, 56.3

Elemental analysis for GoH1:BrN,O3S : Calculated 37.63 % C; 3.47 % H; 25.03 Br;

8.78 % N; 10.05 % S. Found 37.75 % C; 3.66 % H7246 Br; 8.98 % N; 10.32 % S
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HRMS: Calculated folC10H11BrN»03S 239.048489 Found 239.048607

S-(5-Chloro-3-ox0-1,3-dihydro-2-benzofuran-1-yl) isthiouronium bromide (3c)
yield: 81%

m.p.: 213-215 °C o 0
'H-NMR (400 MHz, DMSO)s 9.83 (s, 2H), 9.57 (s, 2H), 8.07 (d,©:l<<o
1H,J = 1.6 Hz), 8.02 (dd, 1H| = 8.4, 2.0 Hz), 7.92-7.89 (m, 2H) s
3C-NMR (100 MHz, DMSO)s 166.7, 165.4, 142.2, 136.3, 135.7, HN§I<\IH HEr
127.3, ?
126.0, 125.6, 81.7,

Elemental analysis for GHgBrCIN ;O,S : Calculated 33.40 % C; 2.49 % H; 24.69 Br;

10.96 % CI; 8.66 % N; 9.91 % S. Found 33.54 % 6726 H; 8.93 % N; 9.73% S
HRMS: Calculated folCoHgCIN20,S 242.998952 Found 242.999334

S-(5-Nitro-3-ox0-1,3-dihydro-2-benzofuran-1-yl) isohiouronium bromide (3d)

yield: 78%
m.p: 207-210 °C 0
1H-NMR (400 MHz, DMSO)s 9.84 (s, 2H,), 9.55 (s, 2H), 8.70 (dé)FN@iéo
1H, J = 8.4, 2 Hz), 8.59 (d, 1H, 1.6 Hz), 8.12 18, J = 8.4 Hz), g
8.00 (s, 1H) HN
NH, HBr

3C-NMR (100 MHz, DMSOQ)s 166.1, 165.1, 149.7, 148.9, 130.2,
126.9, 126.0, 120.8, 81.8

Elemental analysis for GHgBrN3;O4S : Calculated 32.35 % C; 2.41 % H; 23.91 Br,
12.58 % N; 9.60 % S. Found 32.65 % C; 2.66 %28,71 % Br; 12.73 % N; 9.74 % S
HRMS: Calculated folCgHgN30,4S 254.023003 Found 254.023088

S(3-0Ox0-1,3-dihydro-2-benzofuran-1-yl)N-methyl isothiouronium bromide (5a)
yield: 82% o)

m.p.; 203-205 °C ©i§o
H-NMR (400 MHz, DMSO)s 10.35 (bs, 1H), 10.02 (bs, 1H), 9.59 (bs,

S
1H), 7.41 (d, 1H] = 7.6 Hz), 7.91-7.89 (m, 2H), 7.81 (d, 1H= 7.6 Hz),  NHY
7.74 (t, 1H,J = 7.6 Hz), 2.95 (s, 3H) NH HBr
13C.NMR (100 MHz, DMSO)s 167.8, 161.4, 143.5, 135.5, 131.4, 125.7, 12428.8]

82.4,31.1
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Elemental analysis for GoH11BrN,0O,S : Calculated 39.62 % C; 3.66 % H; 26.36 Br;
9.24 % N; 10.58 % S. Found 39.9%4.C; 4.08 % H; 26.12 % Br; 9.54 % N; 10.29 % S
HRMS: Calculated folC;0H11N,0,S 223.053575 Found 223.054257

S(3-0Ox0-1,3-dihydro-2-benzofuran-1-yl)N-propan-2-yl isothiouronium bromide (5b)
yield: 86 %
0

m.p.: 55-60 °C
¢}
'H-NMR (400 MHz, DMSO)s 10.25 (d, 1H,) = 4 Hz), 9.94 (bs, 1H), 9.60

(bs, 1H), 8.01-7.95 (m, 2H), 7.88-7.8 (m, 2H), 7B37 (t, 1H,J = 7.6 Hz), HzN\\<S
4.03-3.94 (m, 1H), 1.60 (dd, 68~ 14.8, 6.4 Hz) N HBr
3C-.NMR (100 MHz, DMSO)¢ 168.1, 159.0, 143.9, 135.6, 131.4, 125.7, \<
125.2,124.1,83.0,47.1,21.1

Elemental analysis for GoH1:BrN,0O,S : Calculated 43.51 % C; 4.56 % H; 24.12 Br;
8.46 % N; 9.68 % S. Found 43.78 % C; 4.72 % H; 23#8Br; 8.54 % N; 10.13% S
HRMS: Calculated folC;0H11N,0,S 251.084875 Found 251.084861

S(3-0Ox0-1,3-dihydro-2-benzofuran-1-yl)N-phenyl isothiouronium bromide (7a)
yield: 60%

m.p.: 190-195 °C ?
1H-NMR (400 MHz, DMSO) 10.31 (bs, 3H), 8.01-7.94 (m, 3H), 7.89 ©f§o
S

(d, 1H,J = 7.6 Hz), 7.76 (t, 1H) = 7.6 Hz), 7.51 (t, 2H) = 7.6 Hz),
7.41 (t, 1HJ = 7.2Hz), 7.29 (d, 2H] = 7.6 Hz)

3C-.NMR (100 MHz, DMSOQ)s 167.8, 161.9, 143.6, 135.51, 134,
131.4, 129.,128.4, 125.6, 124.9, 124.8, 124.(G 82.

Elemental analysis for GsH13BrN,O,S : Calculated 49.33 % C; 3.59 % H; 21.88 Br;
7.67 % N; 8.78 % S. Found 49.44 % C; 3.79 % H; 2¥%HBr; 7.40 % N; 9.05% S

HRMS: Calculated folC15H13N,0,S 285.069225 Found 285.069284

NH«
NH HBr

S-(3-Oxo0-1,3-dihydro-2-benzofuran-1-yl)N-(4-methoxyphenyl) isothiouronium

bromide (7b) 0
yield: 95 % ©i<(o
m.p.: 110-115 °C g
NH
NH HBr
H4CO
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'H-NMR (400 MHz, DMSO) 11.81 (bs, 1H), 10.07 (bs, 2H), 8.06 (s, 1H)87789 (m,
3H), 7.77 (t, 1HJ = 7.6 Hz), 7.22 (d, 2H] = 8.4 Hz), 7.05 (d, 2H] = 8.4 Hz), 3.77 (s,
3H)

3C-NMR (100 MHz, DMSO)s 167.8, 159.0, 143.6, 135.5, 121.4, 127.0, 12626,6,
124.9, 124.0, 115.1, 82.6, 55.5

Elemental analysis for GeH1sBrN,O3S : Calculated 48,62 % C; 3.82 % H; 20.21 Br;
7.09 % N; 8.11 % S. Found 48.79 % C; 3.68 % H; 2040Br; 6.97 % N; 8.17 % S

HRMS: Calculated folC;16H15sN203S 315.079787 Found 315.080348

S-(3-Oxo0-1,3-dihydro-2-benzofuran-1-yl)N-(pyridin-2-yl) isothiouronium bromide

(7¢)

yield: 81 %

m.p.: 192-194 °C Q?
'H-NMR (400 MHz, DMSO) 9.91 (bs, 3H), 8.44 (dd, 1H,= 5.6 Hz, ©f§o
1.2), 8.18 (t, 1HJ = 6 Hz), 7.94-7.90 (m, 2H), 7.84 (d, 18= 7.6 Hz), S

7.78 (s, 1H), 7.72 (t, 1H,= 7.6 Hz) @NH«NH .
3C-NMR (100 MHz, DMSO)s 168.1, 161.1, 144.0, 135.3, 131.0,\ N

125.4,125.1, 123.7, 82.7

Elemental analysis for G4H1,BrN30,S : Calculated 45.91 % C; 3.30 % H; 21.82 Br;
11.47 % N; 8.76 % S. Found 46.%9C; 3.57 % H; 21.76 % Br; 11.61 % N; 9.00 % S
HRMS: Calculated foIC;4H1,N30,S 286.064474 Found 286.064712

S-(3-Oxo-1,3-dihydro-2-benzofuran-1-yl)-N-methyl-N-phenyl isothiouronium
bromide (7d)

yield: 80 % 7
m.p.: 181-183 °C o
'H-NMR (400 MHz, DMSO) 10.20 (bs, 2H), 7.98 (d, 1H, J = 7.6 Hz), S\/¢NH HBr
7.92-7.88 (m, 2H), 7.78-7.703 (m, 2H), 7.56-7.35 %id), 3.64 (s, 3H) O/N\
3C-NMR (100 MHz, DMSO)s 167.57, 164.1, 142.9, 141.6, 135.5,

131.4, 130.0, 129.9, 126.9, 125.7, 124.7, 123.71,,88.4

Elementéarni analyza pro GeH1sBrN20,S : Vypocteno 50,67 % C; 3,99 % H; 21,07 %

Br, 7,39 % N; 8,45 % S. Nalezeno 50,96 % C; 4,24;9%8%0 Br, 7,58 % N; 8,60 % S
HRMS: Calculated folC;6H15sBrN,0,S 299.084875 Found 299.085096

o
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S-(3-0Oxo0-1,3-dihydro-2-benzofuran-1-yl)N-ethyl-N-phenyl isothiouronium bromide
(7e)

yield: 89 %

m.p.: 199-202 °C O
'H-NMR (400 MHz, DMSO)s 10.32 (bs, 2H), 8.01 (s, 1H), 7.98 (d, SYNH HBr
1H,J = 7.6 Hz), 7.92 (t, 1H] = 7.2 Hz ), 7.79-7.40 (m, 2H), 7.60-7.5(®/N

(m, 5H), 4.18-4.00 (m, 2H), 1.22 (t, 3H) 7
3C-NMR (100 MHz, DMSO)s 167.8, 164.0, 143.1, 139.6, 135.7, 131.6, 13(28.Q,
125.9, 124.9, 123.9, 82.1, 50.1, 11.9

Elemental analysis for G/H17BrN,0O,S : Calculated 51.92 % C; 4.36 % H; 20.32 % Br,
7.12 % N; 8.15 % S. Found 51.86 % C; 4.46 % H;20@Br, 7.37 % N; 8.20 % S
HRMS: Calculated foIC;7H17N20,S 313.100525 Found 313.101052

0]

S-(3-Oxo0-1,3-dihydro-2-benzofuran-1-yl)-N,N'-dimethyl isothiouronium bromide
(9a)
yield: 92 % 0

m.p.: 191-193 °C @iﬁo
'H-NMR (400 MHz, DMSO)J 10.20 (bs, 1H), 9.71 (bs, 1H), 7.95-7.8

(m, 3H), 7.81 (s, 1H), 7.75 (t, 18 = 7.2 Hz), 3.07 (s, 3H), 2.98 (s, 3H) NHY
3C-NMR (100 MHz, DMSO)s 167.7, 161.7, 143.8, 135.4, 131.3, 125.5,
124.6, 123.9, 83.0, 32.2, 31.4

Elemental analysis GiH13BrN,O,S : Calculated 41.65 % C; 4.13 % H; 25.19 % Br, 8.83
% N; 10.11 % S. Found 41.85 % C; 4.37 % H; 25.4Br%9.12 % N; 10.42 % S

HRMS: Calculated for GH13N,0,S 237.069225 Found 237.068726

wn

S-(5-Methoxy-3-0x0-1,3-dihydro-2-benzofuran-1-yIN,N'-dimethyl isothiouronium
bromide (9b)

. 0
yield: 83% HyCO

m.p.: 112-115 °C o]
'H-NMR (400 MHz, DMS0)s 10.12 (bs, 1H), 9.66 (bs, 1H),

7.78 (d, 1H,J = 8.4 Hz), 7.64 (s, 1H), 7.47 (dd, 18i= 8.8, 2.4 N=(
Hz), 7.42 (d, 1H,) = 2.0 Hz), 3.88 (s, 3H), 3.07 (s, 3H), 2.97 (s, 7
3H)
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3C-NMR (100 MHz, DMSO)s 167.8, 162.3, 162.1, 136.3, 126.9, 125.5, 12308.6,
83.3, 56.6, 32.5, 31.7

Elemental analysis for GoH1sBrN,O3S : Calculated 41.51 % C; 4.35 % H; 23.01 Br;
8.02% N; 9.23 % S. Found 41.81 % C; 4.54 % H; 22/Br; 7.81 % N; 9.52 % S

HRMS: Calculated folC;,H1sN,03S 267.079789 Found 267.079655

S-(5-Chloro-3-oxo0-1,3-dihydro-2-benzofuran-1-yl)N,N'-dimethyl isothiouronium
bromide (9¢)

yield: 65% cl

m.p.: 183-185 °C o
'H-NMR (400 MHz, DMSO) 10.19 (s, 1H), 9.71 (s, 1H), 8.09 (s, NS

1H), 8.03 (d, 1HJ = 8.0 Hz), 7.96 (d, 1H] = 8.4 Hz), 7.69 (s, 1H), ” \u Her
3.13 (s, 3H), 2.99 (s, 3H) /
13C-NMR (100 MHz, DMSO0)s 166.7, 161.8, 143.0, 136.2, 135.5, 127.1, 12628.3,
83.2,32.5,31.4

Elemental analysis for G;H1,BrCIN ;0,S : Calculated 37.57 % C; 3.44 % H; 22.72 Br;
10.08 % ClI; 7.97 % N; 9.12 % S. Found 37.86 % G430 H; 7.88 % N; 9.31 % S
HRMS: Calculated folC13H1,CIN,0,S 271.030252 Found 271.030084

0O

S-(5-Nitro-3-oxo-1,3-dihydro-2-benzofuran-1-yl)N,N'-dimethyl isothiouronium
bromide (9d)

yield: 78 % o

m.p: 220-225 °C O,N

'H-NMR (400 MHz, DMSO0)s 10.29 (d, 1H,) = 4 Hz), 9.76 (s, o
1H), 7.75 (dd, 1HJ = 7.6, 2.0 Hz), 8.61 (d, 1H,= 2 Hz), 8.23 (d, N S
1H,J = 3.6 Hz), 7.77 (s, 1H), 3.14 (d, 3B~ 13.6 Hz), 3.00 (d, d \NH HBr
3H,J=3.6 Hz) g

3C-NMR (100 MHz, DMSO)s 166.2, 161.6, 149.8, 149.7, 130.2, 126.9, 1262D.7,
83.7,32.6,31.5

Elemental analysis for GiH1,BrN30O4S : Calculated 36.48 % C; 3.34 % H; 22.06 Br;
11.60 % N; 8.85 % S. Found 36.96C; 3.61 % H; 22.15 % Br; 11.75 % N; 9.08 % S
HRMS: Calculated folC11H12N304S 282.054303 Found 282.054050
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3-(4,5-Dihydro-1H-imidazol-2-ylsulfanyl)-2-benzofuran-1(3H)-one hydrobromide (9e)
yield: 59 %

m.p.: 210-213°C 0
'H-NMR (400 MHz, DMSO) 10.78 (s, 2H), 7.98-7.91 (m, 3H), 7.83 (@i/éo
1H,J=8.0 Hz), 7.77 (t, 1H] = 7.6 Hz), 3.99 (m, 4H)

3C-NMR (100 MHz, DMSOQ)s 167.6, 164.8, 143.3, 135.7, 131.6, 125.8, N:(S
124.7,123.9, 81.0, 45.4 NH
Elemental analysis for GiH11BrN,O,S : Calculated 41.92 % C; 3.52 % H; 25.35 % Br,
8.89 % N; 10.17 % S. Found 41.93 % C; 3.82 % H1286 Br, 9.15 % N; 10.36 % S
HRMS: Calculated foIC11H10N2NaO,S 257.035519 Found 257.035572

HBr

3-(4,5-Dihydro-1H-imidazol-2-ylsulfanyl)-6-methoxy-2-benzofuran-1(81)-one
hydrobromide (9f)
0

yield: 76 % H3CO

m.p.: 270-275 °C @iﬁo

'H-NMR (400 MHz, DMSO)s 10.54 (bs, 2H), 7.77-7.72 (m, NS

2H), 7.49-7.44 (m, 2H), 3.96 (d, 4Bl= 1.6 Hz), 3.87 (s, 3H) Q/NH HBr
13C-NMR (100 MHz, DMSO0)s 164.9, 161.8, 135.2, 126.5, 125.0, 123.6, 108140,8
56.1, 45.4

Elemental analysis GoH13BrN,O3S : Calculated 41.75 % C; 3.80 % H; 23.15 Br; 8.11 %

N; 9.29 % S. Found 42.00 % C; 4.02 % H; 23.26 %386 % N; 9.08 % S

3-(1H-Benzimidazol-2-ylsulfanyl)-2-benzofuran-1(81)-one hydrobromide (99)
yield: 62 % 0O
m.p.: 215-220 °C o)
'H-NMR (400 MHz, DMSO) 14.40 (bs, 2H), 7.91-6.70 (m, 9H) \
C-NMR (100 MHz, DMSO)J 168.0, 144.7, 143.1, 135.7, 133.3, N=(
131.3,126.1, 125.5, 124.8, 124.2, 114.1, 84.4 NN HBr
Elemental analysis for GsH11BrN,0,S : Calculated 49.60 % C; 3.05

% H; 7.71 % N; 8.83 % S. Found 49.72 % C; 3.20 94.83 % N; 9.09 % S
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S-(3-Oxo0-1,3-dihydro-2-benzofuran-1-yl)N-(4-chlorophenyl)-N'-methyl
isothiouronium bromide (9h)

yield: 63 % o

m.p.: 175-178 °C 0
'H-NMR (400 MHz, DMSO)s 10.62 (bs, 2H), 7.98 (d, 1H,= 8 S

Hz), 7.94 (t, 1HJ = 7.6 Hz), 7.87 (s, 1H), 7.78 (t, 2Bl= 7.2 Hz ), '/\IANH .

7.58 (d, 2HJ = 8.8 Hz), 7.46 (bd, 2H),= 8 Hz), 3.23 (s, 3H)

3C-NMR (100 MHz, DMSQ)s 167.9, 143.9, 135.6, 132.7, 131.5,

129.6, 128.4, 125.8, 124.9, 124.0, 82.8, 32.8 cl
Elemental analysis for GgH14BrCIN 20,S : Calculated 46.45 % C; 3.41% H; 6.77 % N;
7.75% S. Found 46.35 % C; 3.58 % H; 6.65 % N; #8%

S-(3-Oxo-1,3-dihydro-2-benzofuran-1-yl)N,N'-diphenyl isothiouronium bromide (9i)
yield: 92 %

(@]
m.p.: 198-200 °C
IH-NMR (400 MHz, DMSOY 10.32 (bs, 2H), 7.94-7.72 (m, 5H), °
7.32-7.17 (m, 10H) SYN

%C-NMR (100 MHz, DMSO)s 168.2, 144.6, 135.5, 131.3, 129.J®/NH \Q

126.2,125.7,125.1, 123.9, 123.2, 83.7

Elemental analysis for G;H17BrN,0O,S : Calculated 57.15 % C; 3.88 % H; 18.10 % Br,
6.35% N; 7.27 % S. Found 56.87 % C; 4.13 % H; 443Br, 6.56 % N; 7.37 % S

HRMS: Calculated folC,;H17N,0,S 361.100525 Found 361.100617

S-(3-Oxo0-1,3-dihydro-2-benzofuran-1-yl)N-ethyl-N'-methyl isothiouronium bromide
(9)) 0

yield: 73 % ©i<(o
m.p.: 175-177 °C

'H-NMR (400 MHz, DMSO) 10.27-9.79 (m, 2H), 8.01-7.93 (m, 3H), /N§(S
7.82-7.79 (m, 2H), 3.60-3.40 (m, 2H), 3.10 (d, 3+ 28.0 Hz), 1.23- NH HBr
1.10 (m, 3H)

13C-NMR (100 MHz, DMSO) 167.9, 160.9 and 160.5, 144.2 and 144.0, 135Z.614nd

131.5, 125.8 and 125.7, 124.9, 124.2, 83.6 and &3.2 and 39.4, 32.6 and 31.5, 15.1 and
12.9
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Elemental analysis GoH1sBrN,0,S : Calculated 43.51 % C; 4.56 % H; 24.12 % Br, 8.46
% N; 9.68 % S. Found 43.49 % C; 4.51 % H; 23.9Br%8.68 % N; 9.54 % S

Methyl 2-[(carbamimidoylsulfanyl)methyl]lbenzoate hydrobromide (11a)
yield: 69%

m.p.: 170-171 °C /O
IH-NMR (400 MHz, DMSO)d 9.31 (bs, 2H), 9.09 (bs, 2H), 7.93-7.91 0o—
(m, 1H), 7.63-7.58 (m, 2H), 7.50-7.45 (m, 1H), 4(g82H), 3.83 (s, 3H) S

J—NH, HBr

13C-NMR (100 MHz, DMSO)s 169.3, 166.5, 136.5, 132.9, 131.3, 131.1, N
128.7,128.5, 52.4, 33.2

Elemental analysis for GoH13BrN,O,S : Calculated 39.35 % C; 4.72 % H; 26.18 Br;
9.18 % N; 10.51 % S. Found 39.57 % C; 4.72 % H4266 Br; 8.93 % N; 10.27 % S
HRMS: Calculated folC;0H13N,0,S 225.069225 Found 225.069069

Phenyl 2-[(carbamimidoylsulfanyl)methyl]benzoate hglrobromide (11b)

yield: 76 %

m.p.: 180-182 °C Q /@
'H-NMR (400 MHz, DMS0)J 9.20 (bd, 4H), 8.25 (d, 1H, = 7.2 0O

Hz), 7.80-7.75 (m, 2H), 7.66-7.62 (m, 1H), 7.5627(n, 2H), 7.39-

7.36 (m, 3H), 4.89 (s, 2H) Snp e
3C-.NMR (100 MHz, DMSO0)s 169.3, 164.9, 150.5, 137.3, 133.8,
131.9, 131.6, 129.8, 129.1, 128.1, 126.4, 122.14 33

Elemental analysis for GsH1sBrN,O,S : Calculated 49.06 % C; 4.12 % H; 21.76 Br;
7.63% N; 8.73 % S. Found 49.27 % C; 4.22 % H; 2¥8Br; 7.93 % N; 857 % S

HRMS: Calculated folC;5H15sN,0,S 287.0848753-ound 287.084120

Methyl 2-{[( N,N'-dimethylcarbamimidoyl)sulfanyl]methyl}benzoate hydrobromide

(11c)

yield: 84 %

m.p.: 103-104 °C 0

'H-NMR (400 MHz, DMSO)s 9.50 (bd, 2H), 7.96 (dd, 1H,= 7.6, o~

1.2 Hz), 7.71 (d, 1H] = 7.2 Hz), 7.66 (dt, 1H] = 7.6, 1.2 Hz), 7.54

(dt, 1H,J = 7.6, 1.2 Hz), 4.95 (s, 2H), 3.91 (s, 3H), 3.043H,J = 2.4 S\('\‘\ HBr
HN\
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Hz), 2.92 (s, 3H)

13C-NMR (100 MHz, DMSO0)s 166.4, 165.7, 135.8, 132.8, 131.5, 130.9, 128284,5
34.3,31.2,30.9

Elemental analysis for G,H17BrN,0,S : Calculated 43.25 % C; 5.14 % H; 23.98 % Br;
8.41 % N; 9.62 % S. Found 43.20 % C; 4.92 % H; 23%@Br; 8.63 % N; 9.37 % S

HRMS: Calculated folC1,H17N20,S 253.100525 Found 253.099305

3-0x0-1,3-dihydro-2-benzofuran-1-yl hydrazinecarbinidothioate hydrobromide (13a)
vytézek: 95 %

b.t: 175-180°C O
'H-NMR (400 MHz, DMSO) 9.85 (bs, 5H), 7.96 (d, 1H,= 7.6 Hz), ©i/<(o
7.92 (t, 1H,J = 7.6 Hz), 7.80 (d, 1H) = 7.6 Hz), 7.75 (t, 1H) = 7.6

Hz), 7.60 (s, 1H) HoN’
3C-NMR (100 MHz, DMSO)s 168.1, 160.2, 135.4, 131.1, 125.6,
125.3,123.8, 81.9

Elemental analysis for GH10BrN30,S : Calculated 35.54 % C; 3.31 % H; 26.27 % Br,
13.81 % N; 10.54 % S. Found 35.63 % C; 3.60 % H4266 Br, 14.11 % N; 10.72% S
HRMS: Calculated folCqH10N30,S 224.048824 Found 224.048605

NH«
NH HBr

S-(1-Oxo0-3,4-dihydro-1H-isochromen-4-yl) isothiouronium bromide (12b)

yield: 25% 0

m.p: 201-203 °C 0
H-NMR (400 MHz, DMSO) 9.48 (bs, 4H), 8.05 (d, 1H,= 7.6 Hz),

7.83 (t, 1HJ = 7.6 Hz), 7.75 (d, 1H] = 7.6 Hz), 7.67 (t, 1H) = 7.6 SYNH HBr
Hz), 5.78 (s, 1H), 4.99 (dd, 1H,= 12.8, 2.4 Hz), 4.66 (dd, 1H,= NH,
12.8, 1.6 Hz)

13C-NMR (100 MHz, DMSO)J 166.7, 163.1, 136.1, 134.9, 130.3, 130.2, 12R23,8,
69.2, 41.3

Elemental analysis for GoH11BrN,0O,S : Calculated 39.62 % C; 3.66 % H; 26.36 Br;
9.24 % N; 10.58 % S. Found 39.51 % C; 3.89 % H14266 Br; 9.37 % N; 10.60 % S
HRMS: Calculated folC10H11N20,S 223.053575 Found 223.053493
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S-(1-Oxo0-3,4-dihydro-1H-isochromen-4-yl)N,N'-dimethyl isothiouronium bromide

(12c) o)

yield: 57 % o

m.p: 200-202 °C HBr
'H-NMR (400 MHz, DMSOY 9.83 (bs, 1H), 9.40 (bs, 1H), 7.76 (dt, 1H, S\r/N\
J=17.6, 1.2 Hz), 7.67-7.59 (m, 2H), 5.61 (s, 1HRM(dd, 1H,J = 12.8, HN._
2.4 Hz), 4.62 (dd, 1H] = 12.8, 1.6 Hz), 2.96-2-92 (m, 6H)

3C-NMR (100 MHz, DMSO)s 163.1, 162.9, 136.0, 134.7, 130.2, 130.0, 1282.7,
68.9, 42.5, 31,5, 31.0

Elemental anylysis for G:H1sBrN,O,S : Calculated 43.51 % C; 4.56 % H; 24.12 Br;
8.46 % N; 9.68 % S. Found 43.98C; 4.67 % H; 24.15 % Br; 8.26 % N; 9.84 % S
HRMS: Calculated folC;,H15sN,0,S 251.084875 Found 251.084123

Cyclization of the isothiouronium salts (4,6,8,10)

0 0
X base X S
O —_— N_< )
NH N—R
S OH I\QS
HBr 3/|\|\R2
R
O 0
X base X
O E— (@)
1
N—R S
S— N
\< ) 17 \(
HBr NH_R R NH
2/
R

A - Diluted (1:1) ammonia solution was added to siadt. After 1 hour of standing, the
precipitate was filtered off followed by recrystaltion from the water-methanol solution.

B - To the 100 ml Erlenmeyer flask was added Od galt, 1 g of sodium carbonate and
50 ml of acetone. After refluxing for 5 hours tleaction mixture was filtered and filtrate
evaporated. The crude product was recrystalized fsater-methanol solution.

C - Sodium carbonate water solution (15 ml of 1-flwas added to the 0.5 g of the salt
and let stand for 1 hour. After this time, the tane was extracted to 2 20 ml DCM.
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Combined DCM extracts were washed with water amdebdried over N&5Oy, filtered
and evaporated.

1-Hydroxy-3-ox0-1,3-dihydro-2H-isoindole-2-carbothioamide (4a)
yield: 70 % o)

m.p.: 145-150 °C N_qs
'H-NMR (400 MHz, DMSO)s 9.63 (d, 2H,J = 32.8 Hz), 7.81-7,76 (m, NH;

2H), 7.67-7.60 (m, 2H), 6.77-6.71 (m, 2H) or
3C-NMR (100 MHz, DMSO)s 180.3, 166.8, 144.0, 134.7, 130.2, 128.86, 121231,
83.2

Elemental analysis for GHgN»O,S : Calculated 51.91 % C; 3.87 % H; 13.45 % N; 15.40
% S. Found 51.99 % C; 4.05 % H; 13.72 % N; 15.28 %

EI-MS: m/z 208, 191, 174, 149, 130, 105 (100 %), 7756644

1-Hydroxy-5-methoxy-3-0x0-1,3-dihydro-H-isoindole-2-carbothioamide (4b)
yield: 99% o

m.p.: 231-233 °C H3CO | _/(S
IH-NMR (400 MHz, DMSO)5 9.59 (s, 2H), 7.57 (d, 1H,= 8.4 NH,

Hz), 7.34 (dd, 1HJ = 8.4, 2.0 Hz), 7.27 (d, 1H.= 2.4 Hz), 6.70 o

(s, 1H), 3.87 (s, 3H)

3C-NMR (100 MHz, DMSO)s 180.4, 166.9, 161.0, 136.6, 130.6, 125.4, 12206,Q,
83.0, 55.9

Elemental analysis for GoH10N2O3S : Calculated 50.41 % C; 4.23 % H; 11.76 % N;
13.46 % S. Found 50.67 % C; 4.30 % H; 11.93 %3\21 % S

5-Chloro-1-hydroxy-3-oxo0-1,3-dihydro-ZH-isoindole-2-carbothioamide (4c)
yield: 92%
0

m.p.; 245-250 °C cl S
'H-NMR (400 MHz, DMSO)d 9.76 (s, 1H), 9.54 (s, 1H), 7.87-7.85@5?'\'—/(

NH
(m, 2H), 7.73-7.70 (m, 1H), 6.86 (d, 1BI= 7.2 Hz), 6.79(d, 1H] = OH 2
7.2 Hz)
13C-NMR (100 MHz, DMSO0)s 180.2, 165.5, 142.9, 135.0, 134.7, 131.0, 12623.9,
83.1,
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Experimental section — Preparation and charactei@aof the compounds

Elemental analysis for GH;CIN,O,S : Calculated 44.54 % C; 2.91 % H; 14.61 % CI;
11.54 % N; 13.21 % S. Found 44.72 % C; 2.87 % H39.46 Cl; 11.78 % N; 12.99 % S

1-Hydroxy-5-nitro-3-oxo-1,3-dihydro-2H-isoindole-2-carbothioamide (4d)
yield: 90%

m.p.: 223-226 °C ON -

IH-NMR (400 MHz, DMSO)5 9.86 (bs, 1H), 9.56 (bs, 1H), fjiém—/(
NH

8.65 (dd, 1H,) = 8.3, 2.2 Hz), 8.51 (d, 1H,= 2,2 Hz), 7.98 (d, by

1H,J=8.3 Hz), 7.15 (d, 1H1 = 7.5 Hz ), 6.95 (d, 1Hl = 7.5 Hz)

3C-NMR (100 MHz, DMSO0)s 180.0, 164.8, 149.9, 149.3, 130.6, 129.6, 12618,4]
83.2

Elemental analysis for GH7N30,4S : Calculated 42.69 % C; 2.79 % H; 16.59 % N; 12.66
% S. Found 42.7% C; 2.85 % H; 16.73 % N; 12.51 % S

1-Hydroxy-N-methyl-3-0xo0-1,3-dihydro-H-isoindole-2-carbothioamide (6a)
yield: 55 %
0

m.p.: 133-135 °C s
'H-NMR (400 MHz, DMSO)s 10.35 (s, 1H), 7.80-7.75 (m, 2H)©:§N—/<

7.65-7.60 (m, 2H), 6.81-6.78 (m, 2H), 3.11 (d, 34, 2.4 Hz) OH "
3C-NMR (100 MHz, DMSO)s 179.1, 166.6, 144.1, 134.5, 130.1, 128.9, 1212%,0,
83.3, 32.0

Elemental analysis for GoH10N20O.S : Calculated 54.04 % C; 4.53 % H; 12.60 % N;
14.43 % S. Found 53.94 % C; 4.61 % H; 12.68 % N1346 S

EI-MS: m/z 222, 189, 175, 161, 149 (100 %), 137, 130, I@551, 42

1-Hydroxy-3-oxo-N-(propan-2-yl)-1,3-dihydro-2H-isoindole-2-carbothioamide (6b)
yield: 69 % 0

m.p.: 95-96 °C ©:(I<N—/<S
'H-NMR (400 MHz, DMSO) 10.36 (d, 1H,) = 7.6 Hz), 7.81-7.77 NH<

(m, 2H), 7.67-7.61 (m, 2H), 6.87-6.77 (m, 2H), 44685 (m, 1H), or

1.28 (d, 6H,) = 6.4 Hz)

3C-NMR (100 MHz, DMSO)s 177.2, 167.1, 144.1, 134.6, 130.2, 128.8, 121128.9,
83.3, 46.5, 21.2, 21.1
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Experimental section — Preparation and charactei@aof the compounds

Elemental analysis for GoH14N2,0O,S : Calculated 57.58 % C; 5.64 % H; 11.19 % N;
12.81 % S. Found 57.79 % C; 5.74 % H; 11.33 % N84 2% S
EI-MS: m/z 250, 231, 218, 207 (100 %), 190, 175, 160, 1389, 120, 105, 90, 77, 58, 43

1-Hydroxy-3-oxo-N-phenyl-1,3-dihydro-2H-isoindole-2-carbothioamide (8a)
yield: 48 %

0
: ) 0 S
m.p: 207-209 °C N_«
'H-NMR (400 MHz, DMSO)s 12.1 (s, 1H), 7.91-7.85 (m, 2H), NH@
OH

7.75-7.69 (m, 4H), 7.48 (t, 2H), = 7.6 Hz), 7.33 (t, 1H) = 7.6

Hz), 7.11-7.09 (m, 1H), 6.98 (d, 1Bi= 7.2 Hz)

3C-NMR (100 MHz, DMSO0)s 177.4, 166.9, 144.5, 138.2, 134.9, 130.5, 1288.8]
126.4, 124.5, 124.3, 124.2, 83.5

Elemental analysis for GsH12N,O,S : Calculated 63.36 % C; 4.25 % H; 9.85 % N; 11.28
% S. Found 63.13 % C; 4.50 % H; 10.06 % N; 11.28 %

EI-MS: m/z 222, 189, 175, 161, 149 (100 %), 137, 130, 70551, 42

N-ethyl-1-hydroxy-3-oxoN-phenyl-1,3-dihydro-2H-isoindole-2-carbothioamide (8e)
yield: 91 %

0
m.p.: 199-202 °C J s
'H-NMR (400 MHz, DMSO)§ 7.65-7.2 (m, 10H), 8.83 (d, 1H, N_<N4®
=5.2 Hz), 4.67-4.64 (m, 1H), 4.07-4.01 (m, 1H)L8L(m, 3H) OH <

3C-NMR (100 MHz, DMSO0)s 179.8, 159.8, 144.3, 142.8, 133.4, 129.9, 1288.3
127.1, 126.3, 123.9, 123.2, 83.7,51.2, 11.3

Elemental analysis for G7H16N2O,S : Calculated 65.36 % C; 5.16 % H; 8.97 % N; 10.26
% S. Found 65.38 % C; 5.15 % H; 9.18 % N; 10.49 % S

1,3-Dimethyl-1-(3-ox0-1,3-dihydro-2-benzofuran-1-ythiourea (10a)

yield: 95 %

m.p.: 155-156 °C o
'H-NMR (400 MHz, DMSOY 8.66 (s, 1H), 8.33 (bs, 1H), 7.92 (d, 1H, ©i<(o
= 7.6 Hz), 7.83 (dt, 1H] = 7.6, 1.2 Hz), 7.69 (t, 1H,= 7.6 Hz), 7.55 (dd, s
1H, J = 7.6, 0.8 Hz), 3.03 (d, 3= 2 Hz), 2.53 (s, 3H) N~
¥C-NMR (100 MHz, DMSO)s 184.0, 168.2, 144.8, 135.0, 130.6, 127.0, /NH
125.2,123.0, 89.4, 33.1, 30.4
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Experimental section — Preparation and charactei@aof the compounds

Elemental analysis for G;H1,N>,O,S : Calculated 55.91 % C; 5.12 % H; 11.86 % N;
13.57 % S. Found 55.84 % C; 4.90 % H; 11.86 % N63.30 S

1-(5-Methoxy-3-0xo0-1,3-dihydro-2-benzofuran-1-yl)- 13-dimethylthiourea (10b)

yield: 70% o
m.p.: 112-115 °C H?’CO@:/;o
'H-NMR (400 MHz, DMSOY 8.60 (s, 1H), 8.33 (d, 1H,= 4.4 Hz), <
7.81 (s, 1H), 7.48-7.46 (m, 1H), 7.39-7.37 (m, 2BI89 (s, 3H), 3.05 N~
(d, 3H,J = 4.4 Hz), 2.56 (s, 3H) M

3C-NMR (100 MHz, DMSO0)s 184.0, 168.2, 161.3, 137.0, 128.9, 124.2, 12307,Q,
89.4, 56.0, 32.2, 30.5

Elemental analysis for GoH14N2,O3S : Calculated 54.12 % C; 5.30 % H; 10.52 % N;
12.04 % S. Found 54.36 % C; 5.22 % H; 10.63 %1R.23 % S

1-(5-Chloro-3-oxo0-1,3-dihydro-2-benzofuran-1-yl)-13-dimethylthiourea (10c)

yield: 87 %

m.p.: 183-185 °C 0
'H-NMR (400 MHz, DMSO)J 8.68 (s, 1H), 8.36 (d, 1H,= 4.4 Hz), Cl@iﬁo
7.98 (d, 1HJ = 1.6 Hz), 7.87 (dd, 1H] = 8.4, 2 Hz), 7.60 (d, 1H] = w
8.4 Hz), 3.04 (d, 3H] = 4.0 Hz), 2.57 (s, 1H) / N

3C.NMR (100 MHz, DMSO)é 184.1, 167.0, 143.6, 135.4, 135.0,
129.4, 125.0, 89.6, 33.2, 30.7

Elemental analysis for G;H1;CIN,O,S : Calculated 48.80 % C; 4.10 % H; 10.35 % N;
11.84 % S. Found 49.07 % C; 4.37 % H; 10.55 %211 % S

1,3-Dimethyl-1-(5-nitro-3-o0xo-1,3-dihydro-2-benzofuan-1-yl)thiourea (10d)
yield: 87 %

m.p: 212-213°C O,N
'H-NMR (400 MHz, DMSO)s 8.82 (s, 1H), 8.62 (dd, 1H,= 8.4, ©
S

2.0 Hz), 8.57 (d, 1HJ) = 1.6 Hz), 8.43 (d, 1H] = 4 Hz), 7.86 (d, 1H, N\(
J=8.4 Hz), 3.05 (d, 3H] = 4 Hz), 2.61 (s, 3H) Y
3C-NMR (100 MHz, DMSO0)s 183.9, 166.3, 150.4, 149.4, 129.6, 129.0, 12428.3
89.8, 33.2, 30.9
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Experimental section — Preparation and charactei@aof the compounds

Elemental analysis for G;H11N3O4S : Calculated 46.97 % C; 3.94 % H; 14.94 % N;
11.40 % S. Found 46.74 % C; 4.21 % H; 14.79 % N2@ % S

3-(2-Thioxoimidazolidin-1-yl)-2-benzofuran-1(34)-one (10e) 0O

yield: 40 % ©il<(o
m.p: 213-215 °C N S
IH-NMR (400 MHz, DMSO)s 9.30 (bs, 1H), 7.97-7.96 (m, 1H), 7.92- %

7.89 (m, 1H), 7.84-7.40 (m, 2H), 7.70-7.68 (m, 1B1p5-3.40 (m, 2H), 3.30-3.24 (m, 1H),
3.11-3.09 (m, 1H) more tautomeric forms

3C-NMR (100 MHz, DMSO0)s 183.3, 168.1, 144.1, 134.9, 131.0, 126.8, 12523 4]
85.7, 44.0, 41.9, 41.1 more tautomeric forms — oméyor signals

Elemental analysis for Gi;H1oN2O,S : Calculated 56.39 % C; 4.30 % H; 11.96 % N;
13.69 % S. Found 56.55 % C; 4.26 % H; 11.81 % N483%6 S

EI-MS: m/z 234, 221, 201(100%), 191, 173, 160, 147, 133, 105, 87, 77, 63, 51, 39

3-(2-Thioxo-2,3-dihydro-1H-benzimidazol-1-yl)-2-benzofuran-1(81)-one (10g)
yield: 53% 0

m.p.: 235-240°C ©f§0
'H-NMR (400 MHz, DMSO) 8.09 (d, 1HJ = 8 Hz), 7.96-7,94 (m,

S
2H), 7.90-7.83 (m, 2H), 7.79 (s, 1H), 7.71 (t, 1Hs 7.2 Hz), 7.53 (t, G\N\m
1H,J = 7.2 Hz), 7.45 (t, 1H] = 7.2 Hz)

3C.NMR (100 MHz, DMSO)s 168.4, 152.3, 145.1, 135.5, 135.2, 130.9, 12628,7,
125.5, 125.3, 123.8, 122.1, 122.0, 83.8

Elemental analysis for GsH1oN2O, : Calculated 63.81 % C; 3.57 % H; 9.92 % N; 11.36
% S. Found 63.56 % C; 3.78 % H; 9.87 % N; 11.08 %
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A new method for the synthesis of substituted 5-(2-hydroxyethyl)-2-phenylimino-1,3-thiazolidin-4-
ones and 5-(2-hydroxyethyl)-2-phenylamino-4,5-dihydro-1,3-thiazol-4-ones is described, starting from
phenylthioureas and 3-bromotetrahydrofuran-2-one. The reaction proceeds under mild conditions, is
very simple to perform, and is applicable to a relatively wide range of substituents in benzene nucleus.
Some 1,3-thiazolidin-4-ones show dynamic NMR behavior in solution because of prototropy tautomer-

ism and E-/Z-stereoisomerism.

J. Heterocyclic Chem., 46, 635 (2009).

INTRODUCTION

Natural [1] as well as synthetic heterocyclic com-
pounds, containing a thiazole ring system often exhibit
good antifungal [2], antibacterial [3], and anti-inflamma-
tory [4] activity and are widely used in new pharmaceu-
tical and agrochemical compounds. Also thiazolidine
cycle belongs among pharmaceutically significant het-
erocycles representing an important group of per oral
antidiabetics [5]. Thiazole skeleton is also present in
many dyes and pigments [6].

There exist a lot of synthetic methods leading to thia-
zole or thiazolidine skeleton [7] from which those
involving rearrangements of another heterocyclic rings
represent new interesting alternative. Such rearrange-
ments may provide fascinating routes to derivatives that

can be obtained only with great difficulties—or not at
all—by other procedures.

RESULTS AND DISCUSSION

Recently, we have found [8] that substituted S-(1-phen-
ylpyrrolidin-2-on-3-yl) isothiuronium salts in weakly basic
medium undergo an intramolecular transformation reaction.
In this particular case, the y-lactam ring is cleaved and
a thiazolidine ring is formed, i.e. substituted 2-imino-5-
[2-(phenylamino)ethyl]-1,3-thiazolidin-4-ones are obtained
in very good yields. In this work, we extended the scope
of this transformation replacing y-lactam cycle by y-lacton
cycle. In the first step, we have prepared corresponding
S-(2-oxotetrahydrofuran-3-yl)-N-(subst. phenyl) isothiuronium

© 2009 HeteroCorporation
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bromides (2a-n) from substituted phenylthioureas (1a-n)
and 3-bromotetrahydrofuran-2-one (o-bromo-y-butyro-
lactone), which then underwent rearrangement in basic
medium to give desired 5-(2-hydroxyethyl)-2-phenyli-
mino-1,3-thiazolidin-4-ones (3a—g, 31-n) or 5-(2-hydrox-
yethyl)-2-phenylamino-4,5-dihydro-1,3-thiazol-4-ones (3h—k)
(Scheme 1). In most cases, it was impossible to character-
ize pure isothiuronium salts by NMR because of their
spontaneous cyclization giving 3a-n in DMSO-dj solution.

The only exception was S-(2-oxotetrahydrofuran-3-
yl)-N-(4-methoxyphenyl)isothiuronium  bromide (2b)
which was prepared in a pure form and characterized by
'H, 3¢ NMR, and microanalysis. The reason for
enhanced reactivity of the other derivatives lies in the
presence of electron-withdrawing group in the benzene
nucleus or methyl group on nitrogen(s). All of these
substituents facilitate rearrangement involving bicyclic
tetrahedral intermediate.

Similar method [9] starting from substituted phenyl-
thioureas and ethyl 3-bromo-5-methyl-2-oxo-tetrahydro-
furan-3-carboxylate, ethyl 3-bromo-5,5-dimethyl-2-oxo-
tetrahydrofuran-3-carboxylate, and ethyl 3-bromo-5-iso-
butoxymethyl-2-oxotetrahydrofuran-3-carboxylate giving

Figure 1. ORTEP view of compound 3g (thermal ellipsoids at 40%
probability).

Journal of Heterocyclic Chemistry

n:R'=4-Cl; R”?=H; R®=CHg3; Z=CH

spirocyclic 2-aza-3-amino or substituted amino-4-thia-7-
oxa-8-methyl-8-substituted  spiro[4.4]-2-nonene-1,6-di-
ones was recently published. In this case, nitrogen atom
of isothiuronium salt attacks ethoxycarbonyl group in
position 3 instead of lactone carbonyl group.

Prepared  5-(2-hydroxyethyl)-2-phenylimino-1,3-thi-
azolidin-4-ones (3a-g, 3l-n) 5-(2-hydroxyethyl)-2-phen-
ylamino-4,5-dihydro-1,3-thiazol-4-ones (3h-k) were
characterized by IH, B¢ NMR, and microanalyses and
some of them also by X-ray diffraction (Figs. 1, 2) and
mass spectroscopy.

Compounds 3a—f carrying hydrogen atoms on both
nitrogen atoms (R? = R® = H) exist in the form of two
tautomers differing in the position of C=N double
bond. Moreover, the tautomer with exocyclic double
bond exists as a mixture of E- and Z-stereoisomers in
the proportion depending on substitution of the benzene
nucleus and temperature. This tautomerism and stereo-
isomerism, which can be seen in both 'H and 13C NMR
spectra was previously studied for C-5 unsubstituted 2-
phenyliminothiazolidin-4-ones by several authors [10].

Figure 2. ORTEP view of compound 3i (thermal ellipsoids at 40%
probability).

DOI 10.1002/jhet
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Figure 3. Intramolecular hydrogen bond in solution of 3g in DMSO-dg.

In the case of compounds 3h-k (R2 = CH;, C,Hs,
Cg¢Hs; R? = H) and 3l-n (R®* = H; R? = CH;, C,Hs),
prototropic tautomerism is absent due to C=N double
bond fixation and stereoisomerism is possible only for
3l-n. In both 'H and "*C NMR spectra of 3g, there is
only one set of signals. From this observation, it can be
deduced that compound 3g exists only as E-stereoisomer
stabilized in solution by intramolecular hydrogen bond
(Fig. 3). On the other hand, in crystal lattice two mole-
cules of 3g are connected by intermolecular hydrogen
bonds (Nying—H--*Njmino), Which constrains Z-configura-
tion of C=N double bond (Fig. 1).

EXPERIMENTAL

Starting arylthioureas la-n were prepared and purified by
known methods [11]. All other chemicals were purchased from
commercial suppliers and used as received. Before use, sol-
vents were dried and distilled. "H and '>C NMR spectra were
recorded on a Bruker Avance 500 MHz instrument in DMSO-
de solution. Chemical shifts & are referenced to solvent resid-
ual peak 8(DMSO-dg) = 2.50 ('H) and 39.6 ppm ('*C). Cou-
pling constants J are quoted in Hz. '*C NMR spectra were
measured in a standard way and by means of the APT
(attached proton test) pulse sequence to distinguish CH, CHj,
and CH,, Cgyyay. Proton—proton connectivities were found by
gs-COSY. Protonated carbon atoms were assigned by gs-
HSQC spectra. All NMR experiments were performed with the
aid of the manufacturer’s software. The microanalyses were
performed on an apparatus of Fisons Instruments, EA 1108
CHN. The mass spectra (EI) were recorded on an Agilent
Technologies Co. gas chromatograph 6890N with a mass de-
tector 5973 Network for samples dissolved in either ether or
acetone.

X-ray Crystallography of 3g and 3i. The colorless single
crystals of 3g and 3i were grown from DMSO solution. The
X-ray diffraction data were collected at 150(2)K on a Nonius
KappaCCD diffractometer with graphite-monochromated Mo
Ko radiation (A = 0.71073 A). The structures were solved by
direct methods (SIR92) [12]. All reflections were used in the
structure refinement based on F2 by full-matrix least-squares
technique (SHELXL97) [13].

Compound 3g. C;yH;;N;0,S; triclinic, space group P-1, a
= 5.75003), b = 8.7980(3), ¢ = 10.9290(6) (A), o
90.703(4)°, B = 95.787(4)°, v = 107.550(4)°, Z = 2, V =
523.93(4) A%, Dc = 1.504 g-cm >, Intensity data collected
with 3.0 < 6 < 27.5° 2404 independent reflections measured;
2000 observed [/ > 2c(/)]. Final R index = 0.0589 (observed

Journal of Heterocyclic Chemistry

reflections), Rw = 0.1329 (all reflections), S = 1.112. CCDC
704421.

Compound 3i. C;3H;sN>O,S; monoclinic, space group P-
21/c, a = 9.3440(7), b = 18.8800(1), ¢ = 7.5690(5) (A), o =
90.000(5)°, B = 105.913(6)°, v = 90.000(5)°, Z = 4, V =
1284.11(15) A®, Dc = 1.367 g-cm . Intensity data collected
with 3.0 < 0 < 27.5° 2849 independent reflections measured;
2406 observed [/ > 2c(/)]. Final R index = 0.0608 (observed
reflections), Rw = 0.1481 (all reflections), S = 1.062. CCDC
704422.

Isothiuronium salts 2; General Procedure. To a hot solu-
tion of N-arylthiourea 1la—n (5 mmol) in dry acetone 5 mmol
(0.83 g) of 3-bromotetrahydrofuran-2-one was injected. Reac-
tion mixture was refluxed for 5 min and left to stand at room
temperature for 2 days. Then precipitated crystals were col-
lected by filtration and submitted to cyclization. In the case of
compounds 2d-g, 2j, 21, and 2n, no crystals precipitated so
that the solution was evaporated and resulting oil was submit-
ted to cyclization without any further purification (yields are
given only for 3d-g, 3j, 31, and 3n). Crystalline isothiuronium
salts la—c, 1h, 1i, 1k, and 1m were characterized by melting
point and by microanalysis. Only in the case of salt 1b, it was
possible to measure 'H and '>*C NMR spectra immediately af-
ter its dissolution in DMSO-dg. For all the other salts quick
transformation to 3a—n was observed during the measurement.

S-(2-Oxotetrahydrofuran-3-yl)-N-phenyl isothiuronium bro-
mide (2a). Yield: 1.24g (78%); m.p. 153-155°C. Anal. Calcd.
for C;;H3BrN,O,S: C, 41.65; H, 4.13; N, 8.83; S, 10.11; Br,
25.19. Found: C, 41.74; H, 4.13; N, 9.01; S, 10.16; Br, 25.05.

S-(2-Oxotetrahydrofuran-3-yl)-N-(4-methoxyphenyl)  iso-
thiuronium bromide (2b). Yield: 0.77g (44%); m.p. 154—
156°C; 'H NMR (500 MHz): & = 2.29 (m, 2H, CH,), 3.65 (m,
2H, OCH,), 3.82 (s, 3H, OCH3), 4.72 (dd, J = 7.5 and 4.5 Hz,
1H, SCH), 7.16 (AA'’XX’, J = 9 Hz, 2H, ArH), 7.37 (AA’XX/,
J =9 Hz, 2H, ArH), 10.79 (vbs, 3H, NH and NH,).

C NMR (125 MHz): § = 33.6 (CHy), 47.5 (S—CH), 55.7
(OCH3;), 57.8 (O—CH,), 115.3 (Ar C-3), 123.6 (Ar C-1), 129.6
(Ar C-2), 160.7 (Ar C-4), 174.1 (C=N), 175.0 (C=0). Anal.
Caled. for C;,H;sBrN,O;S: C, 41.51; H, 4.35; N, 8.07; S,
9.23; Br, 23.01. Found: C, 41.56; H, 4.29; N, 8.07; S, 9.08;
Br, 22.99.

S-(2-Oxotetrahydrofuran-3-yl)-N-(4-methylphenyl)  isothi-
uronium bromide (2c). Yield: 0.83g (50%); m.p. 160-164°C.
Anal. Caled. for C,H;sBrN,O,S: C, 43.51; H, 4.56; N, 8.46;
S, 9.68; Br, 24.12. Found: C, 43.71; H, 4.60; N, 8.26; S, 9.45;
Br, 24.32.

S-(2-Oxotetrahydrofuran-3-yl)-N-phenyl-N-methyl  isothi-
uronium bromide (2h). Yield: 1.3g (78%); m.p. 155-159°C.
Anal. Calcd. for C,H;sBrN,O,S: C, 43.51; H, 4.56; N, 8.46;
S, 9.68; Br, 24.12. Found: C, 43.51; H, 4.86; N, 8.35; S, 9.90;
Br, 24.03.

S-(2-Oxotetrahydrofuran-3-yl)-N-phenyl-N-ethyl isothiuro-
nium bromide (2i). Yield: 1.59g (92%); m.p. 155-157°C.
Anal. Calcd. for C;3H7;BrN,O,S: C, 45.23; H, 4.96; N, 8.11;
S, 9.29; Br, 23.14. Found: C, 45.14; H, 5.11; N, 8.08; S, 9.03;
Br, 23.20.

S-(2-Oxotetrahydrofuran-3-yl)-N-(4-methoxyphenyl)-N-methyl
isothiuronium bromide (2k). Yield: 0.96g (53%); m.p. 164—
167°C. Anal. Calcd. for C3H;7;BrN,OsS: C, 43.22; H, 4.74;
N, 7.75; S, 8.87; Br, 22.12. Found: C, 43.06; H, 4.80; N, 7.66;
S, 8.68; Br, 22.03.
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S-(2-Oxotetrahydrofuran-3-yl)-N-phenyl-N'-ethyl isothiuro-
nium bromide (2m). Yield: 1.3g (75%); m.p. 144-146°C.
Anal. Calcd. for C3H7BrN,O,S: C, 45.23; H, 4.96; N, 8.11;
S, 9.29; Br, 23.14. Found: C, 45.43; H, 5.08; N, 7.96; S, 9.10;
Br, 23.14.

5-(2-Hydroxyethyl)-2-phenyliminothiazolidin-4-ones (3a-
n); General Procedure. Isothiuronium salts (2 mmol) were
dissolved in a minimum amount of aqueous ammonia (25%)
and solution was stirred until precipitation of products. Crude
products (yields 80-90%) were filtered off and recrystallized
from water. Isothiuronium salts 2k-m were quite insoluble in
aqueous ammonia and stirring of suspension gave an oil which
was extracted by dichloromethane. Extract was dried and
evaporated to give oil solid which was characterized.

5-(2-Hydroxyethyl)-2-(phenylimino)-1,3-thiazolidin-4-one
(3a). Yield: 0.44g (94%); m.p. 123-124°C; 'H NMR (500
MHz): 6 = 1.79 and 2.26 (2 x m, 2H, CH,), 3.45 (m, 2H,
OCH,), 4.29 (m, 1H, S—CH), 4.74 (m, 1H, OH), 7.00 and
7.72 (2 x m, 2H, Ar H-2,6), 7.12 (m, 1H, Ar H-4), 7.36 (m,
2H, Ar H-3,5), 11.14, and 11.71 (2 x bs, 1H, NH); '*C NMR
(125 MHz): 6 = 36.0 and 36.6 (CH,), 47.7 and 52.1 (S—CH),
58.8 and 59.6 (O—CH,), 120.5 and 121.6 (Ar C-2,6), 124.7
and 124.8 (Ar C-4), 129.1 and 129.4 (Ar C-3,5), 138.9 and
146.8 (Ar C-1), 177.5 and 178.5 (C=N), 190.6 (C=O0). Anal.
Caled. for C;{H;,N,0,S: C, 5591; H, 5.12; N, 11.86; S,
13.57. Found: C, 56.13; H, 5.32; N, 11.62; S, 13.35. EI-MS:
mfz 236 [M*], 218 [MT—H,0], 205, 192, 160, 151, 145, 135,
118 (100 %), 109, 101, 91, 77, 71, 65, 59, 51.
5-(2-Hydroxyethyl)-2-[(4-methoxyphenyl)imino]-1,3-thiazo-
lidin-4-one (3b). Yield: 0.48g (91%); m.p. 124-126°C; 'H
NMR (500 MHz): § = 1.76 and 2.27 (2 x m, 2H, CH,), 3.52
(m, 2H, OCH,), 3.74 (s, 3H, OCH3), 4.26 (dt, / = 11.8 and 3.5
Hz, 1H, S—CH), 4.73 (m, 1H, OH), 6.94 (m, 2H, Ar H-3,5),
6.99 and 7.60 (2 x m, 2H, Ar H-2,6), 11.02 and 11.56 (2 x bs,
1H, NH); °C NMR (125 MHz): § = 36.0 and 36.5 (CH,), 48.4
and 52.0 (S—CH), 55.2 (OCH3), 58.8 and 59.5 (O—CH,), 114.0
and 114.4 (Ar C-3.5), 121.9 and 123.3 (Ar C-2,6), 131.9 (Ar C-
1), 156.2 and 156.7 (Ar C-4), 176.6 (C=N), 190.3 (C=0). Anal.
Calcd. for C,H4N,O5S: C, 55.12; H, 5.30; N, 10.52; S, 12.04.
Found: C, 55.24; H, 5.26; N, 10.64; S, 12.01. EI-MS: m/z 266
[M™], 248 [M—H,0], 235, 222, 207, 191, 175, 165, 148, 133
(100%), 118, 105, 90, 78, 63, 55, 41.
5-(2-Hydroxyethyl)-2-[(4-methylphenyl)imino]-1,3-thiazoli-
din-4-one (3c). Yield: 0.43g (87%); m.p. 124-126°C; '"H NMR
(500 MHz): & = 1.79 and 2.30 (2 x m, 2H, CH,), 2.27 (s, 3H,
CHs;), 3.52 (m, 2H, OCH,), 4.27 (m, 1H, S—CH), 4.75 (m, 1H,
OH), 6.91 and 7.14 (2 x AA’XX/, 2H, Ar H-2,6), 7.15 and 7.59
(2 x AA'’XX', 2H, Ar H-3,5), 11.08 and 11.64 (2 x bs, 1H,
NH); °C NMR (125 MHz): § = 20.3 (CH3), 36.1 and 36.7
(CH,), 48.1 and 52.1 (S—CH), 58.9 and 59.7 (O—CH,), 120.4
and 121.7 (Ar C-2,6), 129.5 and 129.8 (Ar C-3,5), 134.0 (Ar C-
4), 136.5 and 143.3 (Ar C-1), 177.1 and 179.4 (C=N), 190.6
(C=0). Anal. Calcd. for C;,H4N,0,S: C, 57.58; H, 5.64; N,
11.19; S, 12.81. Found: C, 57.59; H, 5.69; N, 10.93; S, 12.74.
5-(2-Hydroxyethyl)-2-[(4-chlorophenyl)imino]-1,3-thiazoli-
din-4-one (3d). Overall yield: 1.7g (97%); m.p. 136-137°C;
'"H NMR (500 MHz): 8 = 1.79 and 2.25 (2 x m, 2H, CH,),
3.52 (m, 2H, OCH,), 4.31 (m, 1H, S—CH), 4.75 (bs, 1H, OH),
6.96 and 7.37 (2 x AA'XX’, 2H, Ar H-2,6), 7.42 and 7.77 (2
x AA'’XX', 2H, Ar H-3,5), 11.26 and 11.80 (2 x bs, 1H, NH);
13C NMR (125 MHz): § = 35.8 and 36.5 (CH,), 47.5 and 52.2

Journal of Heterocyclic Chemistry

Vol 46

(S—CH), 58.7 and 59.6 (O—CH,), 122.0 and 123.3 (Ar C-2,6),
128.6 (Ar C-4), 129.1 and 129.3 (Ar C-3,5), 137.1 and 146.7
(Ar C-1), 177.4 and 177.7 (C=N), 190.5 (C=0). Anal. Calcd.
for C;;H;;CIN,O,S: C, 48.80; H, 4.10; N, 10.35; S, 11.84; CI,
13.10. Found: C, 49.01; H, 4.27; N, 10.08; S, 11.60; Cl, 12.94.
5-(2-Hydroxyethyl)-2-[(4-bromophenyl)imino]-1,3-thiazoli-
din-4-one (3e). Overall yield: 1.21g; (61%) m.p. 140-141°C;
'"H NMR (500 MHz): 5 = 1.81 and 2.26 (2 x m, 2H, CH,),
3.50 (m, 2H, OCH,), 4.31 (m, 1H, S—CH), 4.77 (bs, 1H, OH),
6.91 and 7.51 (2 x AA’XX’, 2H, Ar H-2,6), 7.56 and 7.67 (2
x AA’XX', 2H, Ar H-3,5), 11.37 and 11.70 (2 x bs, 1H, NH);
13C NMR (125 MHz): & = 35.8 and 36.5 (CH,), 47.5 and 52.1
(S—CH), 58.7 and 59.6 (O—CH,), 116.7 (Ar C-4), 122.4 and
123.7 (Ar C-2,6), 132.0 and 132.3 (Ar C-3,5), 138.3 and 147.1
(Ar C-1), 176.6 (C=N), 190.6 (C=O0). Anal. Calcd. for
C1H;BrN,O,S: C, 41.92; H, 3.52; N, 8.89; S, 10.17; Br,
25.35. Found: C, 41.93; H, 3.71; N, 8.78; S, 10.40; Br, 24.98.
5-(2-Hydroxyethyl)-2-[(3-trifluoromethylphenyl)-imino]-
1,3-thiazolidin-4-one (3f). Overall yield: 1.02g (53%); m.p.
130-131°C; '"H NMR (500 MHz): & = 1.83 and 2.26 (2 x m,
2H, CH,), 3.52 (m, 2H, OCH,), 4.34 (d, J/ = 6.0 Hz, 1H,
S—CH), 4.78 (m, 1H, OH), 7.24 (m, 1H, Ar H-6), 7.48 (m,
1H, Ar H-4), 7.60 (m, 1H, Ar H-5), 7.89 and 8.22 (2 x m, 1H,
Ar H-2), 11.02 and 11.56 (2 x bs, 1H, NH); '*C NMR (125
MHz): 6 = 35.6 and 36.4 (CH,), 47.4 and 52.2 (S—CH), 58.6
and 59.6 (O—CH,), 124.1 (q, J/ = 272 Hz, CF3), 130.1 (q, J =
31.6 Hz, Ar C-3), 116.6 and 121.1 (Ar C-2), 117.8 and 120.8
(Ar C-5), 124.0 and 130.5 (Ar C-4), 125.2 and 130.6 (Ar C-6),
139.6 and 149.1 (Ar C-1), 176.9 and 178.3 (C=N), 190.6
(C=0). Anal. Calcd. for C,H,F3N,0,S: C, 47.37; H, 3.64; N,
9.21; S, 10.54. Found: C, 47.56; H, 3.67; N, 9.42; S, 10.31.
5-(2-Hydroxyethyl)-2-[(2-pyridyl)imino]-1,3-thiazolidin-4-
one (3g). Overall yield: 1.34g (84%); m.p. 187-188°C; 'H
NMR (500 MHz): 6 = 1.82 and 2.22 (2 x m, 2H, CH,), 3.58
(m, 2H, OCH,), 4.10 (d, J = 7.0 Hz, 1H, S—CH), 4.78 (bs,
1H, OH), 7.11 (m, 2H, Ar H-4,6), 7.82 (m, 1H, Ar H-5), 8.42
(m, 1H, Ar H-3), 11.93 (bs, 1H, NH); '*C NMR (125 MHz): &
= 359 (CH,), 47.2 (S—CH), 58.9 (O—CH,), 118.2 (Ar C-06),
119.8 (Ar C-4), 138.7 (Ar C-5), 146.9 (Ar C-3), 156.2 (Ar C-
1), 1653 (C=N), 180.7 (C=0). Anal. Calcd. for
CoH11N30,S: C, 50.62; H, 4.67; N, 17.71; S, 13.41. Found:
C, 50.52; H, 4.44; N, 17.76; S, 13.64. EI-MS: m/z 237 [M'],
206, 119 (100%), 78, 55, 44.
5-(2-Hydroxyethyl)-2-[(N-phenyl-N-methyl)amino]-4,5-dihy-
dro-1,3-thiazol-4-one (3h). Yield: 0.40g (80%); m.p. 112—
115°C; '"H NMR (500 MHz): & = 1.67 and 2.24 (2 x m, 2H,
CH,), 3.44 (m, 2H, OCH,), 3.50 (s, 3H, NCH3), 4.21 (d, J =
10.9 Hz, 1H, S—CH), 4.69 (bs, 1H, OH), 7.47 (m, 5H, Ar H-
2,3,4,5,6); °C NMR (125 MHz): & = 36.5 (CH,), 41.8
(S—CH), 54.7 (NCH3), 59.6 (O—CH,), 127.1 (Ar C-2,6),
129.3 (Ar C-4), 130.0 (Ar C-3,5), 142.2 (Ar C-1), 181.9
(C=N), 189.3 (C=0). Anal. Calcd. for C;,H4N,0,S: C,
57.58; H, 5.64; N, 11.19; S, 12.81. Found: C, 57.53; H, 5.56;
N, 10.90; S, 12.76.
5-(2-Hydroxyethyl)-2-[(N-phenyl-N-ethyl)amino]-4,5-dihy-
dro-1,3-thiazol-4-one (3i). Yield: 0.47g (90%); m.p. 158—
160°C; '"H NMR (500 MHz): § = 1.12 (t, J = 7.1 Hz, 3H,
CH3), 1.67 and 2.26 (2 x m, 2H, CH,), 3.46 (m, 2H, OCH,),
4.01 (m, 2H, NCH,), 4.23 (dd, J = 10.6 and 3.1 Hz, 1H,
S—CH), 4.68 (t, / = 4.8 Hz, 1H, OH), 7.45 (m, 2H, Ar H-
2,6), 7.52 (m, 3H, Ar H-3,4,5); *C NMR (125 MHz): § =
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5-(2-Hydroxyethyl)-2-phenylamino-4,5-dihydro-1,3-thiazol-4-ones

12.6 (CHs), 36.5 (CH,), 49.0 (S—CH), 54.3 (NCH3), 59.6
(O—CH,), 128.2 (Ar C-2,6), 129.6 (Ar C-4), 130.0 (Ar C-3.5),
140.4 (Ar C-1), 181.7 (C=N), 189.5 (C=0). Anal. Calcd. for
C3HgN,0,S: C, 59.07; H, 6.10; N, 10.60; S, 12.13. Found:
C, 58.84; H, 5.92; N, 10.76; S, 12.31.
5-(2-Hydroxyethyl)-2-diphenylamino-4,5-dihydro-1,3-thiazol-
4-one (3j). Overall yield: 1.66g (60%); m.p. 153-155°C; 'H
NMR (500 MHz): 6 = 1.74 and 2.27 (2 x m, 2H, CH,), 3.47
(m, 2H, OCH,), 4.26 (dd, / = 7.5 and 3.0 Hz, 1H, S—CH),
4.73 (t, J = 5.0 Hz, 1H, OH), 7.33-7.63 (m, 10H, Ar H); "*C
NMR (125 MHz): & = 36.1 (CH,), 54.5 (S—CH), 59.4
(O—CH,), 126.5 (Ar C-2,6), 128.5 (Ar C-4), 129.1 (Ar C-3,5),
129.9 (Ar C-1), 183.2 (C=N), 189.7 (C=0). Anal. Calcd. for
C7H6N,0,: C, 65.36; H, 5.16; N, 8.97; S, 10.26. Found: C,
65.12; H, 5.27; N, 8.79; S, 10.44.
5-(2-Hydroxyethyl)-2-[(N-(4-methoxyphenyl)-N-methyl)
amino]-4,5-dihydro-1,3-thiazol-4-one (3k). Yield: 0.44g (79%);
m.p. 119-120°C; "H NMR (500 MHz): § = 1.66 and 2.23 (2 x
m, 2H, CH>»), 3.36 (s, 3H, NCH3), 3.45 (m, 2H, OCH,), 3.80 (s,
3H, OCHs), 4.18 (dd, J = 10.5 and 3.0 Hz, 1H, S—CH), 4.76 (t,
J =5.5Hz, 1H, OH), 7.05 (AA’XX’, J = 8.5 Hz, 2H, Ar H-2,6),
7.41 (AA'’XX', J = 8.5 Hz, 2H, Ar H-3,5); °C NMR (125
MHz): 6 = 354 (CH,), 41.7 (S—CH), 54.6 (NCH3), 55.4
(OCH3), 59.5 (O—CH,), 114.8 (Ar C-2,6), 128.3 (Ar C-3.,5),
134.8 (Ar C-1), 159.4 (Ar C-4), 182.1 (C=N), 189.2 (C=0).
Anal. Calcd. for C13H,N-OsS: C, 55.70; H, 5.75; N, 9.99; S,
11.44. Found: C, 56.03; H, 5.96; N, 10.32; S, 11.76.
5-(2-Hydroxyethyl)-2-[(4-methoxyphenyl)imino]-3-methyl-
1,3-thiazolidin-4-one (31). Overall yield: 1.03g (57%); m.p.
101-103°C; '"H NMR (500 MHz): 5 = 1.83 and 2.28 (2 x m,
2H, CH,), 3.16 (s, 3H, NCHj3), 3.43 and 3.51 (2 X m, 2H,
OCH,), 3.73 (s, 3H, OCHj;), 4.33 (dd, / = 9.7 and 3.5 Hz, 1H,
S—CH), 4.76 (bs, 1H, OH), 6.91 (m, 4H, Ar H-2,3,5,6); °C
NMR (125 MHz): 6 = 29.2 (NCH;), 35.8 (CH,), 452
(S—CH), 55.1 (OCHj;), 58.4 (O—CH,), 114.3 (Ar C-2,6),
122.0 (Ar C-3.5), 141.2 (Ar C-1), 154.4 (C=N), 156.0 (Ar C-
4), 174.6 (C=0). Anal. Calcd. for C{3H;sN,O5S: C, 55.70; H,
5.75; N, 9.99; S, 11.44. Found: C, 55.81; H, 5.54; N, 10.37; S,
11.21. EI-MS: m/z 280 [M'] (100 %), 265, 249, 236, 221,
207, 194, 179, 162, 147, 133, 119, 106, 90, 78, 64, 55, 45, 35.
5-(2-Hydroxyethyl)-2-(4-phenylimino)-3-ethyl-1,3-thiazolidin-
4-one (3m). Yield: 0.17g (33%); oil; '"H NMR (500 MHz): &
= 1.18 (t, J = 7.0 Hz, 3H, CH3), 1.84 and 2.24 (2 x m, 2H,
CH,), 3.43-3.58 (m, 2H, OCH,), 3.77 (q, J/ = 7.0 Hz, 2H,
NCH,), 4.34 (dd, J = 9.6 and 3.7 Hz, 1H, S—CH), 4.75 (bs,
1H, OH), 6.96 (d, J = 7.3 Hz, 2H, Ar H-2,6), 7.11 (t,J = 7.3
Hz, 1H, Ar H-4), 7.35 (t, J = 7.4 Hz, 2H, Ar H-3,5); °C
NMR (125 MHz): 6 = 12.3 (CH3), 35.7 (CH,), 37.4 (NCH,),
45.3 (§S—CH), 58.3 (O—CH,), 121.0 (Ar C-2,6), 124.2 (Ar C-
4), 129.2 (Ar C-3,5), 148.3 (Ar C-1), 154.0 (C=N), 1744
(C=0). Anal. Calcd. for C;3H(N-O,S: C, 59.07; H, 6.10; N,
10.60; S, 12.13. Found: C, 58.71; H, 5.96; N, 10.86; S, 11.88.
EI-MS: m/z 264 [M'] (100 %), 233, 221, 205, 192, 177, 163,
146, 131, 118, 104, 91, 77, 65, 55, 45, 35.
5-(2-Hydroxyethyl)-2-[(4-chlorophenyl)imino]-3-methyl-1,3-
thiazolidin-4-one (3n). Overall yield: 1.15g (63%); m.p. 87—
89°C; '"H NMR (500 MHz): & = 1.86 and 2.27 (2 x m, 2H,
CH,), 3.16 (s, 3H, NCH3), 3.45 and 3.54 (2 x m, 2H, OCH,),
4.36 (dd, J = 9.8 and 3.6 Hz, 1H, S—CH), 4.75 (t, / = 5.0
Hz, 1H, OH), 6.96 (AA'XX’, J = 8.5 Hz, 2H, Ar H-2,6) 7.40
(AA’XX', J = 8.5 Hz, 2H, Ar H-3,5); '*C NMR (125 MHz): &
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= 29.0 (NCH3), 35.3 (CH,), 45.3 (S—CH), 58.1 (O—CH,),
122.6 (Ar C-2,6), 128.0 (Ar C-4), 128.9 (Ar C-3.5), 147.0 (C-
1), 1556 (C=N), 1743 (C=0). Anal. Calcd. for
C15H,5CIN,0,S: C, 50.61; H, 4.60; N, 9.84; S, 11.26. Found:
C, 50.35; H, 4.63; N, 10.15; S, 11.02.
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The kinetics and mechanism of rearrangement of S-(2-oxotetrahydrofuran-3-yl)- N-(4-methoxyphenyl)-
isothiuronium bromide (1) into 5-(2-hydroxyethyl)-2-[(4-methoxyphenyl)imino]-1,3-thiazolidin-4-one
have been studied under pseudo-first-order reaction conditions in aqueous buffer solutions and
in diluted HCI at 25 °C. Multiple breaks in the pH profile establish the formation of three different
kinetically detectable intermediates T+, T, and T~. Treatment of 1 (pK, = 6.7) with base produces
reactive isothiourea, which undergoes cyclization to give T* (rate limiting step at pH <0.5).
Intermediate T then undergoes either general acid-catalyzed, concerted (oo = —0.47) breakdown to 2
(rls at pH 2—3) or a water-mediated proton switch to T® which is followed by its general acid-catalyzed
breakdown (pH 3—6). The last reaction pathway involves the formation of T~ either from T* or from T®
(pH > 6). The first possibility seems to be more likely because it is in accordance with kinetics observed
in basic amine buffers, where the nonlinear increase of the ks with the cgyrrer changes to a linear increase
as a general base-catalyzed pathway is introduced. Coexistence of all three kinetically detectable
intermediates is very rare and is possibly due to relatively enhanced stability of these intermediates
necessitating participation of an acid for progression to products.

Introduction

It is well-known that intramolecular reactions bear a
striking resemblance to the reactions of enzymes and can
give insight into the analogous enzymatic process.! Small

(1) (a) Page, M.; Williams, A. In Organic & Bio-organic Mechanisms;
Addison Wesley Longman Ltd.: Singapore, 1997. (b) Jencks, W. P. In Catalysis
in Chemistry and Enzymology; General Publishing Comp. Ltd.: Toronto, 1987.
(c) Bruice, T. C. In Enzymes; Boyer, P. D., Ed.; Academic Press: New York, 1970;
Vol. 2, pp 217—279. (d) Anslyn, E. V.,; Dougherty, D. A. In Modern Physical
Organic Chemistry; University Science Books: Sausalito, 2006.

DOI: 10.1021/j01004873
©2010 American Chemical Society

Published on Web 04/29/2010

molecules undergoing intramolecular cyclization reactions
frequently have been used as models for understanding the
nature of preorganizational effects and their relative contribu-
tions to the enhanced rates observed in enzymatic reactions.'*
Acyl groups have a prominent position in biochemistry and
biology, and just their biochemical relevance has made acyl

(2) (a) Lightstone, F. C.; Bruice, T. C. J. Am. Chem. Soc. 1996, 118 (11),
2595-2605. (b) Bruice, T. C.; Lightstone, F. C. Acc. Chem. Res. 1999, 32 (2),
127-136. (c) Schultz, P. G. Acc. Chem. Res. 1989, 22, 287-294.
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group transfer one of the most studied reactions in all of
organic chemistry.’ Intramolecular aminolysis are an specially
important class of acyl-transfer reactions and are of great
importance in biochemistry and medicinal chemistry, and a
large amount of research has been devoted in this area.*

Rearrangements of heterocyclic compounds are also of
great significance toward providing new routes to otherwise
difficult to prepare biologically active compounds. This new
approach to the synthesis of heterocycles has rapidly grown
in the past several years.” In many cases, such transforma-
tions are subject to general acid—base catalysis and proceed
under very mild conditions, even at physiological pH. This
finding has great importance, not only for the synthesis of
these compounds but also for their potential application in
medicine (pro-drug approach®). For example, the thiazoli-
dine ring, which is the product formed in the present study, is
an important pharmacophore.®

Recently, we have studied the structure’ and reactivity® of
substituted S-(1-phenylpyrrolidin-2-on-3-yl)isothiuronium
salts which, in weakly basic medium, undergo an intramolecular
rearrangement to give substituted 2-imino-5-[2-(phenylamino)-
ethyl]-1,3-thiazolidin-4-ones. More recently, we have extended
the scope of this transformation: replacing the y-lactam ring
with a y-lactone ring’ The S-(2-oxotetrahydrofuran-3-yl)-
N-(substituted phenyl)isothiuronium bromides underwent’

(3) (a) Bender, M. L. Chem. Rev. 1960, 60, 53-113. (b) Johnson, S. L. Adv.
Phys. Org. Chem. 1967, 5, 237-330. (c) Jencks, W. P. Chem. Rev. 1972, 72,
705-718. (d) Williams, A. Acc. Chem. Res. 1989, 22, 387-392. (e) Faber, K.;
Riva, S. Synthesis 1992, 895-910. (f) Marlier, J. F. Acc. Chem. Res. 2001, 34,
283-290. (g) Lee, I.; Sung, D. D. Curr. Org.. Chem. 2004, 8, 557-567.

(4) (a) Martin, R. B.; Parcell, A.; Hedrick, R. 1. J. Am. Chem. Soc. 1964,
86, 2406-2413. (b) Hay, R. W.; Morris, P. J. J. Chem. Soc., Perkin Trans. 2
1972, 1021-1029. (¢) Fife, T. H.; DeMark, B. R. J. Am. Chem. Soc. 1976, 98,
6978-6982. (d) Caswell, M.; Chaturvedi, R. K.; Lane, S. M.; Zvilichovsky,
B.; Schmir, G. L. J. Org. Chem. 1981, 46, 1585-1593. (e) Fife, T. H.; Duddy,
N. W. J. Am. Chem. Soc. 1983, 105, 74-79. (f) Buur, A.; Bundgaard, H.; Lee,
V.H. L. Int. J. Pharm. 1988, 42, 51-60. (g) Patterson, K. H.; Depree, G. J;
Zender, J. A.; Morris, P. J. Tetrahedron Lett. 1994, 35, 281-284. (h) Fife,
T. H.; Chauffe, L. J. Org. Chem. 2000, 65, 3579-3586. (i) Larsen, S. W_;
Ankersen, M.; Larsen, C. Eur. J. Pharm. Sci. 2004, 22, 399-408. (j) Barroso,
S.; Blay, G.; Cardona, L.; Fernandez, 1.; Garcia, B.; Pedro, J. R. J. Org.
Chem. 2004, 69, 6821-6829. (k) Skwarczynski, M.; Kiso, Y. Curr. Med.
Chem. 2007, 14, 2813-2823.

(5) (a) Vivona, N.; Buscemi, S.; Frenna, V.; Cusmano, G. Adv. Hetero-
cycel. Chem. 1993, 56, 49-154. (b) van der Plas, H. C. Adv. Heterocycl. Chem.
1999, 74, 153-221. (c) van der Plas, H. C. J. Heterocycl. Chem. 2000, 37, 427—
438. (d) Hajés, G.; Riedl, Z.; Kollenz, G. Eur. J. Org. Chem. 2001, 3405—
3414. (e) Dejaegher, Y.; Mangelinckx, S.; De Kimpe, N. J. Org. Chem. 2002,
67,2075-2081. (f) Van Brabandt, W.; De Kimpe, N. J. Org. Chem. 2005, 70,
8717-8722. (g) Buscemi, S.; Pace, A.; Piccionello, A. P.; Pibiri, I.; Vivona, N.;
Giorgi, G.; Mazzanti, A.; Spinelli, D. J. Org. Chem. 2006, 71, 8106-8113. (h)
D’hooghe, M.; De Kimpe, N. Tetrahedron 2006, 62, 513-535. (i) Duggan,
P.J.; Liepa, A.J.; O’Dea, L. K.; Tranberg, C. E. Org. Biomol. Chem. 2007, 5,
472-477. (j) Karikomi, M.; D’hooghe, M.; Verniest, G.; De Kimpe, N. Org.
Biomol. Chem. 2008, 6, 1902-1904. (k) Pozgan, F.; Kocevar, M. Heterocycles
2009, 77, 657-678.

(6) (a) Cantello, B. C. C.; Cawthorne, M. A.; Cottam, G. P.; Duff, P. T.;
Haigh, D.; Kindley, R. M; Lister, C. A.; Smith, S. A.; Thurlby, P. L. J. Med.
Chem. 1994, 37, 3977-3985. (b) Zarghi, A.; Najafnia, L.; Daraee, B.;
Dadrass, O. G.; Hedayati, M. Bioorg. Med. Chem. Lett. 2007, 17, 5634—
5637. (c) Xia, Z.; Knaak, C.; Ma, J.; Beharry, Z. M.; McInnes, C.; Wang, W.;
Kraft, A. S.; Smith, C. D. J. Med. Chem. 2009, 52, 74-86. (d) Li, Q.; Al-
Ayoubi, A.; Guo, T.; Zheng, H.; Sarkar, A.; Nguyen, T.; Eblen, S. T.; Grant,
S.; Kellogg, G. E.; Zhang, S. Bioorg. Med. Chem. Lett. 2009, 19, 6042—6046.

(7) (a) Hanusek, J.; Sedldk, M.; Drabina, P.; Ruzicka, A. Acta Crystal-
logr., Sect. E 2009, 65, 0411-412. (b) Hanusek, J.; Sedlak, M.; Drabina, P.;
Ruzicka, A. Acta Crystallogr., Sect. E 2009, 65, 0413.

(8) (a) Sedlak, M.; Hejtmédnkova, L.; Hanusek, J.; Machacek, V.
J. Heterocycl. Chem. 2002, 39, 1105-1107. (b) Sedldk, M.; Hanusek, J.;
Hejtmdnkova, L.; Kasparovd, P. Org. Biomol. Chem. 2003, 1, 1204-1209.
(c) Hanusek, J.; Hejtmankova, L.; Stérba, V.; Sedldk, M. Org. Biomol. Chem.
2004, 2, 1756-1763.

(9) Vana, J.; Hanusek, J.; Ruzicka, A.; Sedldk, M. J. Heterocycl. Chem.
2009, 46, 635-639.
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rearrangement in acidic and basic medium to give 5-(2-hydroxy-
ethyl)-2-phenylimino-1,3-thiazolidin-4-ones or 5-(2-hydroxy-
ethyl)-2-phenylamino-4,5-dihydro-1,3-thiazol-4-ones in very
good yields. This transformation proceeds readily under mild
conditions in aqueous buffer solutions and is able to accept a
relatively wide range of substituents in the benzene nucleus.

The aim of the work reported here was to carry out a
detailed study of the mechanism of acid—base-catalyzed
intramolecular rearrangement of S-(2-oxotetrahydrofuran-
3-yl)- N-(4-methoxyphenyl)isothiuronium bromide (1) to
5-(2-hydroxyethyl)-2-[(4-methoxyphenyl)imino]-1,3-thiazo-
lidin-4-one (2) (Scheme 1).

Results and Discussion

Kinetic Measurements. The acid—base-catalyzed transfor-
mation of isothiuronium salt 1 giving thiazolidin-4-one 2 as
the only product was studied spectrophotometrically under
pseudo-first-order conditions in aqueous hydrochloric acid
solutions (¢ = 0.001—0.7 mol-L™") and in aqueous buffers
(pH = 2—9) at constant ionic strength (/ = 1 mol-L~") and
at 25 °C. All spectra recorded during the rearrangement
reaction showed sharp isosbestic points which prove'® the
existence of only two absorbing species; i.¢., this result allows
us to reject consecutive reaction mechanisms. In other words,
only short-living intermediates in negligible concentration
can occur on the reaction coordinate.

Observed rate constants, k.ps, were calculated in each
buffer/acid solution from the absorbance vs time dependence
of the absorptions at 260 or 273 nm and were plotted against
the total buffer concentration (¢gur = ¢ + cpn). It was
found that in dichloroacetate (DCA), chloroacetate (CA),
methoxyacetate (MEA), acetate (AC), hydroxylamine (HA),
N-methylmorpholine (NMM), glycinamide (GA), tris-
(hydroxymethyl)aminomethane (TRIS), and morpholine
(MP) buffers the observed rate constant (k) increases with
both the total buffer concentration (cgus) and the basicity
(pH) of the medium (Figures 1—3). From this observation, it
is clear that the transformation involves general buffer
catalysis as well as specific acid—base catalysis.

Two different dependences of ks on the total buffer
concentration (cgug) were observed: in DCA, CA, MEA,
AC, and partially in HA buffers, k. increases linearly with
cpurr (Figures 1 and 3), whereas in NMM, GA, TRIS, and
MP buffers the slopes of plots decreased with increasing g,
until at sufficiently high buffer concentration the lines ap-
pear to approach linearity (Figures 2 and 3). With NMM,
TRIS, and MP buffers, the linear portion, at high cpygy, 1S
easily discernible, and therefore, a more detailed analysis of
those buffers was made (see below). Curved buffer dilution
plots of ks reveal a change in the rate-limiting step with the
change in the total buffer concentration at a constant pH,
which in turn implies the presence of a reactive intermediate

(10) (a) Chylewski, C. Angew. Chem., Int. Ed. 1971, 10, 195-196. (b)
Cornard, J. P.; Dangleterre, L.; Lapouge, C. Chem. Phys. Lett. 2006, 419,
304-308. (c) Croce, A. E. Can. J. Chem. 2008, 86, 918-924.
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FIGURE 1. Dependence of the observed rate constant (kqps, sfl)
on the total buffer concentration (cgyg, mol- L™ l) measured at 25 °C
in CA[(2:1a) pH 2.36 (®); (1:1) pH 2.68 (H); (1:1) pD 3.14 (0); (1:2b)
pH 2.94 (a)], MEA [(2:1a) pH 3.04 (O); (1:1) pH 3.35 (2); (1:2b) pH
3.67 (O)] and AC buffers [(6:1a) pH 3.76 (+); (4:1a) pH 3.93 (%);
(3:1a) pH 4.04 (x); (1:1) pD 5.14 (¥)]: (a) acidic; (b) basic. Dashed
lines correspond to measurements in D,0. Note: Data for DCA
(1:2b) and AC buffer ratios (2:1a, 1:1; 1:2b, 1:4b) are not depicted
here for better clarity of the Figure but they are in the Supporting
Information.
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FIGURE 2. Dependence of the observed rate constant (kops, 5~ ')
on the total buffer concentration (cgygr, mol- Lfl) measured at 25 °C
in NMM [(1:1) pH 8.24 (O)]; TRIS[(1:1) pH 8.36 (#)]; GA [(1:1) pH
8.65 (O)] and MP buffers [(1:1) pH 8.94 (@)]. Data for other buffer
ratios are not depicted here for better clarity of the Figure but they
are in the Supporting Information.

on the reaction coordinate.***®!! Another possible reason
for the nonlinear plots in Figure 2 is that the nitrogen buffers
undergo some kind of complexation with 1 (pre-equilibria
with amine/ammonium or H-bonding) and the complex
becomes more reactive than uncomplexed 1. However, this

(11) (a) Jencks, W. P. Prog. Phys. Org. Chem. 1964, 2, 63—128. (b) Jencks,
W. P; Gilchrist, M. J. Am. Chem. Soc. 1964, 86, 5616-5620. (c) Johnson, S. L.
Adv. Phys. Org. Chem. 1967, 5, 237-330. (d) McDonald, R. S.; Patterson, P.;
Stevens-Whalley, A. Can. J. Chem. 1983, 61, 1846-1852. (e) Bruice, P. Y.;
Bruice, T. C. J. Am. Chem. Soc. 1978, 100, 4793-4801. (f) Alborz, M.;
Douglas, K. T.; Rullo, G. R.; Yaggi, N. F. J. Chem. Soc., Perkin Trans. 2
1982, 1681-1687. (g) Khan, M. N. J. Chem. Soc., Perkin Trans. 21988, 1129
1134. (h) Sedldk, M.; Kavdlek, J.; Machdcek, V.; Stérba, V. Molecules 1996,
1,170-174.
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FIGURE 3. Dependence of the observed rate constant (kops, ')
on the total buffer concentration (¢, mol-L~") measured at 25 °C
in hydroxylamine (HA) buffers [(4:1a) pH 5.52 (¥); (2:1a) pH 5.85
(Aa); (1:1) pH 6.15 (W); (1:2b) pH 6.42 (4); (1:4b) pH 6.75 (®); (1:8b)
pH 7.05 (O)]: (a) acidic; (b) basic.
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FIGURE 4. pH profile (log ke vs pH) for rearrangement of 1 to 2
in buffers (O) and (log kops Vs —10g cpcy) in hydrochloric acid (@®).
The line represents the best fit of all data points using eq 2 or eq 5
with parameters given in the text.

possibility seems to be unlikely because hydroxylamine
buffers differ in their behavior dependent on the ratios of
both components (Figure 3): a linear relationship is observed
at a low fraction of free base (low pH) and a nonlinear
relationship at a high fraction of free base (high pH). There-
fore, it is clear that the nonlinearity of the plots is simply a
function of pH, and similar observations have been reported
for other reaction systems.*>!14

Extrapolation of the plots of kyps VS cpur to zero buffer
concentration provided, as intercepts, the values of the cata-
lytic constants (k). In this case, the only catalytic species are
the hydroxide anion and hydroxonium ion, whose concentra-
tions are given by the ratio of both buffers components (cg /
cgn) or by concentration of the hydrochloric acid. From this
data the corresponding pH profile (Figure 4) can be generated
whose shape, in the pH region 0—3, is similar to that observed
for cyclization of S-(ethoxycarbonylmethyl)isothiuronium
chloride.'?

(12) Machacek, V.; El-Bahai, S.; Stérba, V. Collect. Czech. Chem. Com-
mun. 1979, 44, 912-917.
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TABLE 1.  Catalytic Rate Constants kgy“°" and kg’ for Individual
Buffer Components

base buffer k™"
component (B) pK.(BH)? (L-mol '-s7 kg
H,0 —1.74 2460
dichloroacetate (DCA) 1.29 175+£5
chloroacetate (CA) 2.86 48.0 £ 3
methoxyacetate (MEA) 3.53 22.6 £0.8
acetate (AC) 4.76 6.31+0.2
hydroxylamine (HA) 5.96 1.640.1°
N-methylmorpholine 7.41 0.124+0.01¢
(NMM)

TRIS 8.10 0.26 £0.02¢
glycinamide (GA) 8.00 0.244+0.01¢
morpholine (MP) 8.39 0.48 +0.02¢

“From the plateau at pH 2—3 (Figure 4). kyy = kiko/k—;. *From buffer
with cg/cpy 1:4. “From buffers with cg/cgy 1:1.

There are five breaks in the pH profile in Figure 4. In
hydrochloric acid solutions, the log ks increases with pH up
toca. 1.5. Between pH 1.5 and 3.0, the values of log ks (log
kext) are pH-independent and then linearly increase again
with exceptionally low slope (ca. 0.45; a slope +1 has been
observed for similar cyclization'?). The third slight break
downward occurs at pH ~5, and then log k.y gradually
increases again with pH (slope ca. 0.3) up to pH 7. The last
break downward to zero slope occurs at pH ~7. The values
of log ke are somewhat scattered above pH 7 because the
extrapolation from nonlinear dependences (basic buffers) is
less precise as compared with extrapolation from linear
dependences found for substituted acetate buffers.

Since the isothiuronium salt 1 (= SH™) itself does not
undergo rearrangement, it was necessary to relate kqps to the
concentration of free isothiourea (S). The corrected rate
constants (ko) were calculated from the pK, of the isothiuro-
nium salt 1 and pH of the buffer solution according to eq 1.
A pK, of 6.7 was adopted for this purpose (for details of the
pK, estimation, see below)

K,
kcor = kobs '

— (pK‘,.—pH)
Rt = ka1 £ 1005 770) (1)

For buffers showing linear dependence of kcor VS Cpurr
(substituted acetates, acidic HA buffers), the catalytic con-
stants kg, were determined from the slopes of the plots. A
second plot of kg, values against the ratio cg/cpyer then
provides a linear dependence from which it is possible to
determine the catalytic constants of both buffer components:
extrapolation to cg/cpur = 0 and 1 gives the catalytic constants
kg®" and kg, respectively. For the reactions monitored
here, no significant general base-catalyzed rearrangement
(kg®°") was observed in all the substituted acetate buffers. Only
the acid—buffer component catalyzes the reaction, i.e., the
reaction is general acid catalyzed. The catalytic constant k"
for the individual general acids is given in Table 1. A Bronsted
plot of log kg™ vs pK,(BH) is linear with the slope o0 = —0.47
(Figure 5). The point corresponding to catalysis by H;O" can
be calculated from the plateau at pH 2—3, and this point
falls 0.5 log units below the extrapolated straight line in
Figure 5.

For basic buffers (Figure 6) when k.., is plotted against
concentration of the base—buffer component (cp), the linear
portions of nonlinear dependences (at high c¢pygr) are almost
parallel. From this observation it can be concluded that the
reaction in concentrated amine buffers involves general-base
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FIGURE 5. Bronsted plot of log kg“" vs pK,(BH) (®) and log kg’
vs pK,(BH) (O).
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FIGURE 6. Dependence of the corrected rate constant (keop, 8~ ')
on the concentration of base-buffer component (cg, mol-L™")
measured at 25 °C in morpholine (MP) buffers [(2:1a) pH 8.63
(a); (1:1) pH 8.93 (M); (1:2b) pH 9.21 ()] and TRIS buffers [(1:1)
pH 8.37 (O); (1:2b) pH 8.70 (O)]: (a) acidic; (b) basic.

catalysis. In dilute buffers, both acid as well as base—buffer
component can catalyze the reaction.

A solvent kinetic isotope effect was also studied in (1:1)
chloroacetate and acetate buffer (Figure 1). Both depend-
ences of kops Vs cpugr in D>O were linear (like in water), and
the values for chloroacetate kextH/kextD = 3.55,k3uﬁH/kBuffD =
2.14 and for acetate ke ke = 1.83, kpurt Jkpur™ = 2.36
were obtained.

Estimation of the pK,, of Isothiuronium Salt 1. Knowledge
of the pK, value is essential for correct evaluation of all
kinetic data. It was not possible to measure the thermody-
namic pK, value of 1 because of the very high rates of
cyclization at pH 6—8, but a pK,(1) around 7 would be
reasonable for an N-phenylisothiuronium salt. The pK, of
S-methyl-N-phenylisothiuronium is 7.14."* The lactone
group in 1 will have an acidifying effect (through polar
effects as well as due to intramolecular hydrogen bond),
whereas a methoxy group in the para-position will have an
opposite effect. In our case, the best fit of all data points in

(13) Pant, R. Z. Physiol. Chem. 1964, 335, 272-274.
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Figure 4 using eq 2 or 5 with parameters given below was
achieved for pK,(1) = 6.7.

We also verified this pK,(1) value using the SPARC
program,'** which was successfully tested'*® by estimation
of more than 4300 ionization pK,’s. The SPARC program
gave pK,(1) 6.2 and 7.3, respectively, for both possible
canonical structures.

Mechanism of the Rearrangement and Evaluation of the
Kinetic Data. The bimolecular'® and intramolecular® ami-
nolyses of esters that have been studied to date have shown
large differences in the detailed mechanism. However, it is
generally accepted that, with most esters, the attack of amine
to form the labile intermediate T is rapid and reversible, and
the rate-determining step at high pH is the trapping of this
intermediate by proton removal with a general base giving
T, a proton switch through water (T°), or direct breakdown
of T* to products. Only in very few cases when the inter-
mediate T® or T~ is too unstable to permit proton transfer to
take place in a discrete step before its breakdown, a con-
certed mechanism or enforced concerted mechanism of cata-
lysis is possible in order to avoid this labile intermediate.**!'®!7
The existence of such labile tetrahedral intermediates
has been proven indirectly on the basis of curved pH
profiles,**!1*"  curved buffer dependence plots,**5>!!
curved Bronsted plots, >4 kinetic isotope effects,>"*¢ and
quantum chemical calculations.'® The intramolecular ami-
nolysis of alkyl esters involves*~*" either breakdown of T~
or its general base-catalyzed formation from T®. However,
for cyclization of S-(ethoxycarbonylmethyl)isothiuronium
chloride, which best resembles the rearrangement of our
lactone, the rate-limiting formation and breakdown of T*
was reported.'? To the best of our knowledge, the coexistence
of all three kinetically detectable intermediates T, T° and
T~ during an aminolysis reaction has not yet been published.

In our case, the transitions in the pH profile (Figure 4)
above pH 1 and 4.5 establish the formation of at least two
different kinetically detectable intermediates, whose rate of
formation and breakdown to product are pH dependent.'’
The break at pH ~7 gives either the value of the apparent
ionization constant pK,,, for 1 or is caused by appearance of
another kinetically detectable intermediate (cf. behavior in
buffers where at pH > 6 linear dependences of kops VS Cpurr
change to nonlinear). The combination of both possibilities
is also conceivable.

Itis impossible to neglect break at pH 5, although it is very
slight, because the slope of the straight line crossing the
points between pH 3.2—6.0 would be only 0.45. It is well-
known that the slopes in pH profiles have mostly integral

(14) (a) http://ibmlc2.chem.uga.edu/sparc/. (b) Hilal, S. H.; Karickhoff, S. W.;
Carreira, L. A. Quant. Struc. Act. Rel. 1995, 14, 348-355.

(15) (a) Bunnett, J. F.; Davis, G. T. J. Am. Chem. Soc. 1960, 82, 665-674.
(b) Jencks, W. P.; Carriuolo, J. J. Am. Chem. Soc. 1960, 82, 675-681.
(c) Bruice, T. C.; Mayahi, M. F. J. Am. Chem. Soc. 1960, 82, 3067-3071.
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values giving whole number reaction orders.?’ Only in very
rare systems, involving autocatalysis or autoinhibition, are
the ratios of small integers such as 1/2 allowed (mostly in the
gas phase). However, in a relatively narrow pH region
(approximately two pH units), the slopes can change from
one integral value to another, giving intermediate values as,
for example, during hydrolysis of aspirin.?!

According to the literature and kinetic measurements, the
following Scheme 2 can be suggested for rearrangement of 1 to
2. (For structures of particular intermediates, see Scheme 3.)

Applying a steady-state approximation to the tetrahedral
intermediates T, T, and T, we obtained eq 2 for the
reaction at zero buffer concentration where K is the ioniza-
tion constant of 1 (= SH") and Kw = 10~ (at 25 °C) is the
ion product of water.

—
—
_ K+ [HT] [ Ksks[HT]
Kex " k-1 +ky[HT] kol ]+k_s+k5[H+]
k3k4Kw
2
+k_3[H201+k4[H+]> @)

The three terms in parentheses concern the acid-catalyzed
breakdown of the intermediates T, T®, and T~. F itting the
pH profile using eq 2 is not sufficient to determine all nine
rate constants, and only products or ratios of particular rate
constants are accessible.

At pH 0—2.5, the starting compound is present almost
entirely as the protonated species SH™, since the pK, is 6.7,
and the last two terms in parentheses can be neglected.
Simultaneously, the ratio K,/(K, + [H']) = K,/[H'] and
eq 2 can be rewritten to eq 3, which is completely consistent
with the previously reported equation.'?

kika K,
k_1+ky [H+]

The values k; = 492 s~ ! and kolk—1 =5 L-mol~! were ob-
tained from the data (pH 0.5—2.5) using nonlinear regression.
The optimized &, value which is the rate constant for cyclization
of S to T is 40-fold less than the value found for cyclization of
S-(ethoxycarbonylmethyl)isothiuronium chloride (k. = 2 X
10* L-mol~'-s7")."? The reason lies in the presence of the
4-methoxyphenyl group, which lowers the nucleophilicity of
the distant nitrogen (polar as well as steric effects). The break at
pH 1.5 indicates a change in the rate-limiting step. At pH <0.5,

kext - (3)

(20) Birk, J. P. J. Chem. Educ. 1976, 53, 704-707.
(21) (a) Edwards, L. J. Trans. Faraday Soc. 1950, 46,723-735. (b) Garrett,
E. R. J. Am. Chem. Soc. 1957, 79, 3401-3408.
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the term ko[H™] > k_, and eq 3 can be simplified as follows,
kew = kiK,/[H'], and the formation of T* is rate-limiting.
At pH > 1.5, ko[HY] < k_y, and ko = kikoKyfk—; is pH-
independent. The acid-catalyzed breakdown of T+ is now the
rate-limiting step of the rearrangement. The value of the solvent
kinetic isotope effect ke /kex” = 3.55 measured in chloro-
acetate buffer (cg/cgy = 1, pH 2.67) must be consistent with the
simplified form of eq 3 at pH > 1.5 (plateau). It can be presumed
that the solvent kinetic isotope effect for the formation and
reverse breakdown of T* will be negligible (K;"/K,° ~ 1).
Solvent kinetic isotope effect for the ionization constant K,"/
K,P ~ 3 can be estimated from fractionation factors. The value
of k>"/k>P which corresponds to the H;O"-catalyzed break-
down of T* is then 1.18. This value is substantially lesser than
the value found for chloroacetic acid kg /kpur™ = 2. 14.%
This result can be explained by different transition-state
geometry. In the case of weak acids (BH), the proton has
almost a central position between T* and acid in the transition
state (as seen from o = —0.47; i.e., T™...H--- B), whereas in
the case of much stronger H3O" the transition state closely
resembles reactants (early transition state T*- - -H—OH, " for
which o should approach zero, as can be seen from the point
falling below the straight line in Figure 5).

AtpH >2.5a new reaction pathway through T gradually
opens, and the second term in eq 2 becomes kinetically
significant. ke is given by eq 4.

k1K, ksks
kex = ky + 4
" ko ( ’ ks+k5[H+]> @

Using the parameters mentioned above, the ratios k_g/ks =
1.3%x 10 °mol-L ™ "and kg/k_, = 8.8 x 10~ *were obtained by
optimization of the data in pH profile. From the break at pH
4.9, it can be concluded that a change in the rate-limiting step
occurs again. At pH < 4.9, the formation of T is rate-limiting,
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whereas at pH >4.9 its acid-catalyzed breakdown is involved.
The value of solvent kinetic isotope effect kcxtH/kcxtD = 1.83
measured in acetate buffer (cg/cgy = 1, pH 4.61) is much less
than observed in chloroacetate buffer. This observation is
consistent with eq 4 under the following presumptions. Solvent
kinetic isotope effect is still K,"'/K," = 3, but the ratio of fractions
(ks ks (ks es  [H D)) (ks Phs® (e —sP+ksP[D*])) must be
less than 1 because the concentration of D is 3 times less than
[H™] in buffer with the same cg/cgy. The value 1.83 refers to the
rearrangement of T to T® (Kg''/KsP) as well as to acid-catalyzed
decomposition of T® (ks"/ksP).

The last reaction pathway (at pH > 5) involves the trapping
of T* by proton removal with a base giving T™. The nonlinear
regression of all experimental data points using previously
optimized parameters with eq 2 gave the values of k_3/ky =
2.6 x 10 s "and ks/k_; = 7 x 10°1-mol .

Although the values of individual rate constants are not
directly accessible from optimization of the measured data,
they can be estimated as follows. Proton transfer from T* to
the strong base hydroxide ion will be thermodynamically
favorable, so that the value of k is taken as 10'° L-mol -5~
for hydroxide ion.?? The rate constant for the reverse break-
down of T* to S is then k_;=1.4 x 10° s, This value is
approximately 2 orders of magnitude lesser than the estimated
rate constant k_; = 6.6 x 10%s™! for expulsion of amine from
the related cyclic zwitterionic intermediate.” The value estimated
by us is not totally unreasonable because our T+ is resonance-
stabilized (Scheme 4), and therefore, its reverse breakdown
would be slower. If the value of k_, is 1.4 x 10® s™!, then
ky =70 x 10°L-mol™'-s™" and ks = 1260s™".

The two proton transfers that convert T+ to T® could
occur either in a stepwise mechanism through T, with the

(22) Eigen, M. Angew. Chem., Int. Ed. Engl. 1964, 3, 1-19.
(23) Barnett, R. E.; Jencks, W. P. J. Am. Chem. Soc. 1969, 91, 2358-2369.
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rate constants koy and kg (not shown in Schemes 2 and 3) or
in a single concerted step with the rate constant kg, which
may include one to two water molecules. Water acts as a
bifunctional catalyst for proton transfer through a five- or
eight-membered ring. Experimental distinction between the
two mechanisms can be done by measuring a solvent isotope
effect. Bifunctional concerted catalysis is in accord with a
solvent isotope effect less than 2.2 In our case, the kex/
kel obtained from linear dependences of kops VS Cpufr
measured in acetate buffer (1:1) in H,O and DO is only
1.83, which supports the idea of water-mediated proton
switch. The values of ks are generally in the range*®!>"2
10°=10%s". Our value ks = 1260 s " is quite small (perhaps
due to mentioned resonance stabilization of T).

An alternative mechanism is proposed in Scheme 3, to-
gether with corresponding eq 5. The only difference between
mechanisms in Scheme 2 and 3 is that the cleavage of a
proton proceeds from T instead of T*.*
kl Ki\

K, +[H"]
k1 +ky[HT]

ksks[H"]

kext = B ALl
ext k—s+k5[H+]

<k2[H+] +

kskskaKw (5)
k—s + ks[H"])(k - 3[H20] + k4[H"])

M

Optimized values of ky, k»/k_, and k_g/ks are the same as those
obtained from eq 2. From the last two terms of eq 5 the ratios
kslk_y = 8.0 x 10™% k_s/ks = 3.0 x 107757, and k3Ks/k_, =
6 x 10* L-mol ™' were optimized. In order to calculate the rate
constants k_ and kg the value of Kgis needed. Kgcan be estimated
from the values of pKy(T*) = 8.3 — 9.7 (cf. pK(TF) = 9.8
determined for a similar intermediate®) and pK,(T%) = 12.3
which were calculated using SPARC.'* From them, Kg =
kslk_s = 4 x 10> — 1 x 10*.

If the value of k; is taken as 10'° L-mol™'-s™! and Ky is in
the range 4 x 10°—1 x 10% then k_; = 6.7 x 10'—1.7 x
10°s7 ' ky = 3.4 % 105—8.3 x 10°:-mol -5, and kg = 5.4 x
10°—1.3 x 10° s™!, which conforms well with the literature
mentioned above. The decision as to which mechanism is
correct can be made from measurements in buffers.

In all buffer solutions, the reaction involves general acid—
base catalysis; therefore, at least one buffer component must
also catalyze the rearrangement of 1 to 2, and extended kinetic
eqs 6 and 7 derived from Schemes 2 and 3 can be written:

k K
) e — ’
K, + [H+] kskgu [BH}
Kops = kg +——a T ] 4 fsRBH (B
b ! k—1 +kBH[BH] BH[ ] k_s —l—kBH/[BH}
kpkpr”[B
+ BRBH [ ]” (6)
kpu' +kgn
P
17 1 /
K, + [H+] kskgu [BH}
kops = kext +—————— | kgy[BH] + ———————
b ! k—1 —‘rkBH[BH] BH[ ] k_s —l—kBH/[BH}
kskgkp" [B]
+ ! R " (7)
(k—s+kgu'[BH])(kpu" + kpu")

(24) Cox, M. M.; Jencks, W. P. J. Am. Chem. Soc. 1981, 103, 580-587.
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No significant general base-catalyzed reaction (kg) was
observed in substituted acetate buffers; therefore, the last
term in parentheses in both eq 6 and eq 7 can be neglected.
All dependences of kops Vs cpurr are linear, which means that
kgu[BH] < k_; (general acid BH is much weaker than H;0™)
and kgy'[BH]> k_g. Equations 1 and 6 or 7 can be combined
to €q 8, where kBHCOr = KlkBHa K] = kl/kfl, and kocor =
Kexi(Ka + [H'])/Ky + Kiks.

kcor _ kocor+kBHcor[BH] (8)

A Bronsted plot of log kg“°" vs pK,(BH) is linear, and the
slope oo = —0.47 (Figure 5) must reflect a rate-limiting step
involving proton transfer from general acid to T* which is
concerted with C—O bond breaking (Scheme 4). The reac-
tion may occur by a “one-encounter” mechanism in which
the same molecule of catalyzing acid (BH) donates a proton
to the poorly leaving alkoxide and removes it from the
nitrogen'* in order to avoid thermodynamically unfavor-
able protonated intermediate/product (pK, ~ —7).

In basic amine buffers, the catalytic power of general acid
BH decreases and the dependences of kqps VS Cpufr are no
longer linear because the term kgy[BH] is low and the term
kgy'[BH] becomes comparable with k_g. Furthermore, a
general base-catalyzed pathway gradually opens in those
buffers (eqs 9 and 10). Only eq 9 is consistent with the
observation of linear increase of k., with ¢ in concentrated
buffers (Figure 6) because the eq 10 predicts saturation
kinetics. The mechanism in Scheme 2 is therefore more

plausible.
kskgn'[BH] N kpkgn"[B] )
k—s+kpn'[BH] kg™ + kpn”

kcor = kextcor + K| (

kskBHl[BH]

kcor = kex K|
! ! (ks -‘rkBH/[BH]

kskgkpy"[B]
" (k- s + kpn'[BH]) (kgu® +kBH//)> 1o

From the linear portions of nonlinear dependences (at
high cp), the slopes give kg’ = Kikpykg/(kgu™ + kgy'’) for
particular base—buffer components (Table 1). The Bronsted
plot of log kg’ vs pK,(BH) is linear, and the slope s = 0.6
(Figure 5). This value cannot be interpreted in terms of
simple proton transfer from T to the base (B) because kp’
is the composite constant. It can be presumed that the
dependence of log kg vs pK,(BH) should have a slope
approaching unity**'>® (Eigen-type Bronsted correlation);
therefore, the difference between the predicted and observed

(25) (a) Chang, K. C.; Grunwald, E. J. Phys. Chem. 1976, 80, 1422-1425.
(b) Grunwald, E.; Chang, K. C.; Skipper, P. L.; Anderson, V. K. J. Phys.
Chem. 1976, 80, 1425-1431. (c) Bensaude, O.; Dreyfus, M.; Dodin, G.;
Dubois, J. E. J. Am. Chem. Soc. 1977, 99, 4438-4446.
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slope AB = 0.4 corresponds to two proton transfers (kg™
and kgy'’) from general acid to T~ .

Conclusions

Treatment of the isothiuronium salt 1 (= SH™) with base
produces reactive isothiourea in a fast pre-equilibrium
(pK, = 6.7). The resulting isothiourea can exist in the form
of two prototropic tautomers (S and S’) that are rapidly
interchanging with one another. In principle, both tautomers
can undergo cyclization to the zwitterionic intermediate
(T* or T*). However, only the tautomer S provides (k;)
the resonance-stabilized T* whose estimated pK,(T*) =
8.3—9.7 is not very different from SH™ so that there is not
alarge favorable free energy for proton transfer from SH™ to
catalyzing base, and concerted catalysis cannot be expected
for either the formation or breakdown of the zwitterionic
intermediate.* The stepwise process involving fast pre-equi-
librium with subsequent cyclization is in accord with the
“libido” rule.'®!”2° On the other hand, the cyclization of S’
(ki") would provide T, which is not resonance-stabilized,
and its pK,(T*') should be around —7 (i.e., far from starting
SH™). Therefore, T*' is not directly involved in reaction, but
the Kp can influence the apparent ionization constant of
SH™. The existence of the zwitterionic intermediate T+ is
proven by the break in pH profile (Figure 4) at pH 1.5 (see the
section dealing with kinetic data evaluation). Zwitterionic
intermediate T* then undergoes either acid-catalyzed
concerted?’ breakdown to product (pH 2—3) or water-
mediated proton switch from N to O (pH 3—5). Such proton
transfers between electronegative base pairs in hydroxylic
solvents often occur by relay through one or more solvent
molecules.!” The last reaction pathway (pH > 5) involves
the formation of anionic intermediate T~ either from T* or
from T°. The first possibility involving reaction T* — T~
(Scheme 2) seems to be more likely because it is in accordance
with behavior in basic amine buffers, where linear increase of
the observed rate constant with cg is observed. To the best of
our knowledge, the coexistence of all three kinetically de-
tectable intermediates T*, T, and T~ in aminolysis is unique
throughout the literature. We have found only one example
of kinetic evidence for three species of the tetrahedral inter-
mediate during lactonization of 4,6,8-trimethylcoumarinic
acid.”® We believe that this coexistence is possible only due to
enhanced stability of all mentioned intermediates whose easy
formation and slow breakdown reflects the advantage of an

(26) Jencks, W. P. J. Am. Chem. Soc. 1972, 94, 4731-4732.
(27) Cordes, E. H.; Bull, H. G. Chem. Rev. 1974, 74, 581-603.
(28) Hershfield, R.; Schmir, G. L. J. Am. Chem. Soc. 1973, 95, 8032-8040.
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intramolecular reaction and the presence of a relatively
poor leaving group (alkoxide) necessitating participation of
an acid.

Experimental Section

Compounds. Preparation and characterization of S-(2-oxo-
tetrahydrofuran-3-yl)- N-(4-methoxyphenyl)isothiuronium bro-
mide (1) and 5-(2-hydroxyethyl)-2-[(4-methoxyphenyl)imino]-
1,3-thiazolidin-4-one (2) was described elsewhere.

Kinetic Measurements. All of the kinetic measurements were
carried out in a 1 cm closable cell using a Hewlett-Packard
8453 diode array spectrophotometer at 25 + 0.1 °C. The
observed pseudo-first-order rate constants k,,s were calculated
from absorbance—time dependences at the wavelengths of
260 and 273 nm and at the substrate concentrations of ca. 5 x
107> mol-L™". Tonic strength 7 = 1 mol-L™! was adjusted by
KCI. In all kinetic runs, the standard deviation in the fit was
always less than 1% of the quoted value and was more usually
between 0.2 and 0.4% of the quoted value. The pH of individual
buffers was measured using PHM 93 Radiometer Copenhagen
apparatus equipped with glass electrode. Redistilled water,
commercially available substituted acetic acids, amines, and
potassium chloride (p.a.) for adjustment of ionic strength of
buffer solutions were used. The solvent kinetic isotope effect was
measured in chloroacetate and acetate buffers (cg/cpgy = 1:1) of
the same composition and ionic strength which were prepared
from potassium chloride, sodium hydroxide, chloroacetic anhydride/
acetic anhydride, and H,O or DO (99.8% D). Rapid deuteration of
isothiuronium moiety in DO, which can cause a slight secondary
kinetic isotope effect, was confirmed by "H NMR experiment. The
starting salt 1 was dissolved in D,0, and the '"H NMR spectrum was
measured immediately. All NH and NH, protons completely dis-
appeared due to very fast exchange with solvent. This observation
also proves that there is a rapid establishment of equilibrium between
the salt and its conjugate base (proton transfer from/to nitrogen has
the rate constant k about 10! L-mol™'-s71).2

The dissociation constant of particular buffer components
(substituted acetic acids and ammonium cations) was taken
from the literature.”’

Acknowledgment. Financial support by the Ministry of
Education, Youth, and Sports of the Czech Republic
(Project MSM 002 162 7501) is gratefully acknowledged.

Supporting Information Available: All kinetic data (the
observed rate constants measured in buffers and HCI) and
selected spectral records. This material is available free of charge
via the Internet at http://pubs.acs.org.

(29) (a) Jencks, W. P.; Regenstein, J. In Handbook of Biochemistry, 2nd ed.;
Sober, H. A., Ed.; Chemical Rubber Publishing Co.: Cleveland, 1970. (b) Perrin,
D. D. In Dissociation Constants of Organic Bases in Aqueous Solution; Butterworths:
London, 1965. (c) Garel, J.; Tawfik, D. S. Chem.—Eur. J. 2006, 12, 4144-4152.



