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Abstract

This PhD thesis reports the development of novel C-H activation strategies and
aqueous-phase Suzuki-Miyaura cross-coupling reactions for the synthesis of modified
deazapurine nucleobases.

The methodologies of chemo- and regioselective synthesis of highly functionalized
deazapurines have been developed by using modern C-H activation chemistry. Various
functional groups such as amino-, imido-, silyl- and phosphonyl- were introduced by C-H
activation reactions.

Amino deazapurine derivatives were synthesized by developed Pd/Cu-catalyzed direct
C-H amination and C-H chloroamination of 6-substituted 7-deazapurines with N-chloro-N-
alkyl-arylsulfonamides. C-H imidation reactions of pyrrolopirimidines were performed under
ferrocene catalysis with N-succinimido- or N-phtalimidoperesters. In order to obtain silylated
derivatives, Ir-catalyzed C-H silylations of phenyldeazapurines with alkyl silanes were
designed. Highly interesting deazapurine phosphonates were prepared by using Mn-promoted
C-H phosphonation method and were further transformed into the corresponding phosphonic
acids. All of the developed direct C-H functionalization reactions proceeded regioselectively
at position 8 in deazapurine core, except for C-H silylation where reaction undergoes mainly
as directed ortho C-H silylation on phenyl ring, leading to new interesting nucleobase
derivatives.

The second part of this thesis focused on the modification of position 6 and 7 of 7-
deazapurine bases by the aqueous Suzuki-Miyaura cross-coupling reactions with diverse
(het)aryl boronic acids. A series of 6-(het)aryl-7-deazapurine bases bearing F at position 7 and
H, F, Cl, Me or NH; at position 2 was prepared. 7-(Het)aryl-7-deazapurine nucleobases were
synthesized from SEM-protected-7-iodo-7-deazapurines by using a protecting group strategy.
After cleavage of the SEM group, the 6-methoxy derivatives were transformed into 7-
deazahypoxanthines and 7-deazaguanines by O-demethylation reactions.

C-H functionalization strategies in combination with aqueous Suzuki-Miyaura cross-
coupling reactions were shown to be a powerful tool for the modification of the deazapurine
scaffold. Diverse functional groups were introduced directly by C-H activation reactions,
whereas for (het)aryl substituents aqueous Suzuki-Miyaura cross-couplings were used. This

approach allowed multifunctionalization of deazapurine all around the heterocycle system.



Abstrakt

Tato prace se zabyva vyvojem novych C-H aktivacnich reakci a Suzuki-Miyaura
reakci ve vodné fazi vyuzitelnych pro syntézu modifikovanych deazapurinovych nukleobazi.

Byla vyvinuta metodologie pro chemo- a regioselektivni syntézu vysoce
funkcionalizovanych deazapurinii zalozena na modernich metodach C-H aktivace, které
umoznuji do molekuly zavést rizné funkeni skupiny jako napf. amino-, imido-, silyl- a
fosfonyl-.

Aminodeazapurinové derivaty byly piipraveny piimou Pd/Cu katalyzovanou C-H
aminaci a C-H chloroaminaci z 6-substituovanych 7-deazapurinu pomoci N-chlor-N-alkyl-
arylsulfonamidi. C-H imida¢ni reakce pyrrolopyrimidini pomoci N-sukcinimido- a N-
ftalimidoperesterd byly provedeny za katalyzy ferrocenem. Dale byly navrzeny iridiem
katalyzované C-H silylaéni reakce 6-fenyldeazapurini pomoci alkyl silani. Pomoci
manganem iniciované C-H fosfonace byly piipraveny velmi zajimavé deazapurinové
fosfonaty, které byly dale ptfevedeny na piislusné fosfonové kyseliny.

Vsechny vyvinuté pfimé C-H aktiva¢ni reakce probihaji regioselektivné v poloze 8 na
deazapurinovém jadfe s vyjimkou C-H silylaci, které pfednostné probihaji v ortho poloze na
fenylu, coz nicmén¢ vede k zajimavym slou¢eninam.

Druha cast této prace je zamétena na modifikaci 7-deazapurinovych bazi v polohéach 6
a 7 pomoci Suzuki-Miyaura reakci s riznymi (hetero)aryl boronovymi kyselinami ve vodném
prostiedi. Byla pfipravena série 6-(het)aryl-7-deazapurinovych bazi nesoucich F v poloze 7 a
dale H, F, Cl, Me nebo NH; skupinu v poloze 2. 7-(Het)aryl-7-deazapurinové baze byly
syntetizovany ze 7-jod-7-deazapurinu nesouciho SEM chranici skupinu. Po odstranéni SEM
skupiny byly 6-methoxyderivaty ptfevedeny na 7-deazahypoxanthiny a 7-deazaguaniny
pomoci O-demethylaénich reakci.

Kombinace C-H aktiva¢nich reakci a vodnych Suzuki-Miyaura reakci se ukazala
jako mocny nastroj pro modifikaci deazapurinového skeletu a umoZznila zavedeni rliznych

funk¢nich skupin a hetarylovych substituentti do v§ech moznych poloh.
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1 Introduction

This PhD project lies at the crossroads of synthetic organic, bioorganic,
organometallic and medicinal chemistry. The main goal of this work was to develop novel
synthetic methodologies for the modification of deazapurine nucleobases. 7-Deazapurines®
(pyrrolo[2,3-d]pyrimidines) and 9-deazapurines (pyrrolo[3,2-d]pyrimidines) are important
carbaanalogues of biogenic purine bases. Deazapurine derivatives bearing multiple
substituents and functional groups display diverse biological effects,”® they are potent
cytostatics® or inhibitors of various kinases.®

Typically, synthesis of substituted deazapurines involves multistep heterocyclization
reactions, whereas the alternative approach is based on one step nucleophilic aromatic
substitution® or cross-coupling reactions.® However, even these methods have their limitations
and require additional substrate pre-functionalization. In order to find methods for the
modification of deazapurine scaffold, our scientific group has been studying the reactivity of
these privilege nucleobases by using C-H functionalization chemistry as the most
straightforward and powerful tool in modern synthetic organic chemistry.” As a result,
methods for direct C-H borylation® and sulfenylation® were developed. Inspired by this
research, it was decided to follow up and design novel methodologies for direct C-H
amination, C-H imidation, C-H silylation and C-H phosphonation of deazapurine nucleobases.

The newly developed C-H activation reactions in combination with cross-couplings
and nucleophilic aromatic substitutions can be potentially a strong synthetic approach towards

multifunctionalized deazapurine nucleobases for biological activity screening.

2 Specific aims of the project

1. Development of direct C-H amination/imidation of deazapurines
2. Development of direct C-H silylation of deazapurines
3. Development of direct C-H phosphonation of deazapurines

4. Synthesis of substituted 6-(het)aryl 7-deazapurines by aqueous Suzuki-Miyaura cross-
coupling reactions

5. Synthesis of substituted 7-(het)aryl 7-deazapurines by aqueous Suzuki-Miyaura cross-
coupling reactions



3 Results and discussion

3.1 C-H functionalization of deazapurine nucleobases

In order to introduce various functional groups onto the deazapurine heterocycle, I
started by the studying of novel methodologies for direct C-H amination, C-H imidation, C-H
silylation and C-H phosphonation reactions. My interest also focused on further

transformations of installed functionality onto deazapurine nucleobases.

3.1.1 Direct C-H amination and C-H chloroamination of 7-deazapurines

Transition metal-catalyzed direct C-H aminations are increasingly popular reactions
for modification of arenes and heterocycles as confirmed by the literature.’® Hence, this is
where the motivation for the investigation of C-H aminations of 7-deazapurines starts from.

For the initial study, | selected easily accessible 6-phenyl-9-benzyl-7-deazapurine la
as a model compound and started testing its reaction with N-chloro-N-methyl-tosylamide 2, as
an aminating agent, using the corresponding literature™* conditions in presence of Pd(OAc),,
Cu(acac),, 2,2'-bipyridine (bpy) and Na,COg3 in dioxane (Scheme 1, Table 1). The reaction
with 2 equivalents of 2 in the presence of 2 equivalents of Na,CO3; gave the desired 8-
tosylamino product 5a in 13 % vyield only (Table 1, entry 1). The use of larger excesses of the
base (5-7 equiv.) and of reagent 2 (3 equiv.) led only to a low increase of yields (18-29 %).
Only the use of a large excess (5 equiv.) of 2 gave product 5a in acceptable preparative yields
of 68 % (Table 1, entry 5).

CH
"R oeN H cl
~ \
L gL ﬁ& ﬁ\%
\N N Cu(acac), bpy N SO Ar k\ N
iBn Pd(OAc), Na,COj \ i3
1a dioxane, rt Sa-7a n

Scheme 1 C-H aminations of 6-phenyl-9-benzyl-7-deazapurine 1la

In order to have a choice of some more easily cleavable N-protecting groups,* | also
tested 4-nitrophenylsulfonyl (p-nosyl, pNs) and 2-nitrophenylsulfonyl (0-nosyl, oNs)
chloroamides 3 and 4. The reaction of la with pNs reagent 3 (3 equiv.) gave the 8-p-
nosylamino product 6a in acceptable 48 % yield (Table 1, entry 6). The reactions of 1a with
ONs chloroamide 4 (1.5-2 equiv.) resulted in very low conversions (Table 2, entries 1-7),
whereas the reaction with 5 equiv. of 4 produced a mixture of the desired product of 8-
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amination 7a (28 %), 7-chloro-8-amino 8a and 7-chloro-7-deazapurine 9a as side-products
(Table 1, entry 7).

Table 1 Optimization of C-H aminations of 7-deazapurine la with N-chloro-N-methyl-
arylsulfoneamides 2-4°

Entry Ar 2-4 (equiv.) Na,CO3 (equiv.) Product(s) (yield)
1 4-MePh 2(2) 2 5a (13 %)
2 4-MePh 2(2) 5 5a (18 %)
3 4-MePh 2(3) 5 5a (25 %)
4 4-MePh 2(3) 7 5a (29 %)
5P 4-MePh 2 (5) 7 5a (68 %)
6 4-NO,Ph 3(3) 7 6a (47 %)
7 2-NO,Ph 4 (5) 5 7a (28 %) + 8a (33 %) + 9a (25 %)
8 2-NO,Ph 4 (3) 7 7a (60 %)

 Reagents and conditions: Pd(OAc), (5 %), Cu(acac), (10 %), bpy (10 %), Na,COs, 1,4-
dioxane, Ar, rt, 24 h; ® reaction time 72 h.

Apparently chloroamide 4 in larger excess can act as an electrophilic chlorination
reagent which halogenates the deazapurine at position 7. This was confirmed later by the
reaction of deazapurine la with 4 under non-catalytic conditions, resulting in chlorinated
product 9a (Scheme 2, Table 2, entry 11). Therefore, | performed a comprehensive
optimization of this reaction using different ratios of reagents, catalysts, additives, etc. The
optimum protocol for aminations used 3-3.5 equiv. of 4 in presence of large excess of Na,CO3
(7 equiv.) to give the desired product 7a in 60-62 % yield (Table 1, entry 8; Table 2, entry 1).

The detailed optimization also revealed some ratios of reagents and conditions under
which the chloroamination proceeded. | employed CuCl as the copper source, Ag,COg as the
base and LiCl as the additive to find the optimum protocol leading exclusively to C-H
chloroamination. As a result, the optimal reaction conditions were reached by using 4 (3.5
equiv.) in the presence of Pd(OACc), (2.5 %), CuCl (10 mol %), LiCl (2 equiv.) and Ag,CO3 (2
equiv.) (Table 2, entry 6).

The next step was the study of the scope and limitations of the methods. A series of
five 9-benzyl-7-deazapurine derivatives la-e bearing a phenyl, methoxy, methyl, chloro or
amino group at position 6 was tested in the amination and chloroamination reactions (Scheme
2, Table 2).

Preparative aminations were performed with chloroamide 4 (3.5 equiv.) in the
presence of Pd(OAc),, Cu(acac),, bpy and 7 equiv. of Na,COs. The reactions of 6-phenyl, -
methoxy and -methyl deazapurines proceeded smoothly to give desired 8-(o-
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nosyl)methylamino-7-deazapurines 7a-7c in acceptable yields of 41-62 % (Table 2, entries 1-
3). Conversely, analogous reaction of 6-chloro- and 6-amino-derivatives 1d and 1e led to very

complex inseparable mixtures (Table 2, entries 4-5).

C-H chloroamination C-H amination
Me M
R / R e R
cl we N H c—N H
Ty 22 WPy, 8 o TN
SNT N oNs (i1 k\N N (i) k\N N oNs
8a-b BN 1a-e Bn 7a-c BN
C-H chlorination
C-H amination Me
CI—N\
lMe 4 ONs
Cl—N (iii)
R cl
N/
@\&H
N N
9a Bn
R = Ph

Reagents and reaction conditions:

(i) 4 (3.5 equiv), Pd(OAc), (5 %), Cu(acac), (10 %), bpy (10 %), Na,CO5 (7 equiv),
1,4-dioxane, Ar, rt, 24h;

(i) 4 (3.5 equiv), Pd(OAc), (5 %), CuCl (10 %), LiCl (2 equiv), Ag>CO3 (2 equiv),
1,4-dioxane, Ar, rt, 24h;

(iii) 4 (1.5 equiv), 1,4-dioxane, Ar, rt, 45h.

Scheme 2 C-H aminations, chloroaminations and chlorination of 7-deazapurines

Table 2 Preparative C-H aminations, chloroaminations and chlorination of 7-deazapurines

Entry  Starting compound R Product (yield)

1 la Ph 7a (62 %)

1b OMe 7b (60 %)
3 1c Me 7c (41 %)
4 1d Cl complex mixture
5 le NH; complex mixture
6 la Ph 8a (51 %)
7 1b OMe 8b (42 %)
8 1c Me low conversion, complex mixture
9 1d Cl complex mixture
10 le NH, complex mixture
11 la Ph 9a (78 %)
12 9a Ph 8a (41 %)

Next | tested the chloroamination protocol on the same series of deazapurines la-1le.

The reactions with 4 (3.5 equiv.) were performed in the presence of Pd(OAc),, CuCl, LiCl
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and Ag.COs. The reactions of 6-phenyl and 6-methoxy derivatives 1a and 1b proceeded well
to obtain desired 7-chloro-8-(oNs)MeNH-7-deazapurines 8a and 8b in acceptable yields of 51
and 42 % respectively (Table 3, entries 6-7), whereas the reaction of 6-methyl derivative 1c
gave low conversion to an inseparable mixture containing products of chlorination and
chloroamination. Similarly, the reactions of 6-chloro- and 6-aminodeazapurines 1d and le
gave complex inseparable mixtures. It was interesting that reaction of 1a with 4 (1.5 equiv.)
under non-catalytic reaction conditions resulted in chlorinated product 9a in 78 % yield due to
the strong chlorinating nature of N-chlorosulfonamide (analogous to N-chlorosuccinimide)
(Table 3, entry 11). Finally, 6-phenyl-7-chloro-7-deazapurine 9a was also converted to 7-
chloro-8-aminated derivative 8a in 41 % yield (Table 3, entry 12) and this shows that the
chlorine at position 7 is better tolerated (as it is less reactive toward nucleophiles) than the
chlorine at position 6.

The last goal of this study was to test the deprotection of the sulfonamides and the
stability of the corresponding 8-amino-7-deazapurines. Any attempts to cleave the Ts- or pNs-
groups in compounds 5a or 6a according to the literature® either did not work or led to
decomposition of the heterocycles. Therefore, a major part of this study was performed with
the oNs-group which is more easily cleavable.’* Deprotection of compound 7a was

successfully performed using thiophenol and cesium carbonate*

to afford 8-methylamino-7-
deazapurine 10a in 75 % vyield (Scheme 3). Additionally, | performed one-pot C-H
amination/deprotection sequence to furnish the desired compound 10a directly in 35 % yield
after two steps.

Ph
PhSH (1 equiv.) Ph

N7 | A CHs  Cs,CO3 (1 equiv.) N7 | \ CHs
N > N
k\ \ CH3CN, 75 % k\ \
N~ "N ONs 3 ° N~ "N H
7a Bn 10a Bn

Scheme 3 Deprotection of 6-phenyl-8-(0-nosyl)methylamino-7-deazapurine 7a

| was also interested in the preparation of a series of 8-amido derivatives and started
testing the reactivity of 10a by its reaction with carboxylic acids. Unfortunately, 8-
(methylamino)-7-deazapurine 10a quickly decomposed when exposed to even traces of acid
(e.g. in chlorinated solvents). The instability of 10a could be explained by its tendency to
protonation and in principal, it can be oxidized with the degradation of deazapurine molecule.

Analogous 2-aminoindoles are prone to protonation, tautomerization and autooxidation.***®
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3.1.2 Direct C-H imidation of 7-deazapurines

Direct intermolecular imidation is another interesting transformation to effect C-N
bond construction. C-H imidation strategies attract more and more scientific attention over the
recent years."*™ This study draws its inspiration from the reported work regarding mild
ferrocene-catalyzed C-H imidation of heteroarenes with N-succinimidyl perester (NSP).*

| began the study of the C-H imidation reaction of deazapurines by testing the
reactivity of model 6-phenyl-9-benzyl-7-deazapurine la with previously prepared N-

succinimidyl perester 11 under ferrocene catalysis (Scheme 4).

Ph O o PhH o
~-O'Bu
~ o DCM ~
N N\B O N NB 0
n n
1a 11 12a

Scheme 4 C-H imidation of 6-phenyl-9-benzyl-7-deazapurine 1la

The reaction of 1a with 2 equiv. of NSP 11 in the presence of ferrocene catalyst (5 %)
gave imidated product 12a in 22 % yield. In order to improve the reaction, a larger excess of
NSP 11 was used for the reaction and 2.75 equivalents was found to be the optimal amount.
Increasing of Cp,Fe catalyst loading (10 %) did not influence the yield. Next, | screened other
potentially suitable catalysts such as Cu(l) and Mn(lll) salts for the imidation reaction but,
unfortunately, the reactions gave very low conversions. All attempts to improve it by using
different solvents (MeCN, THF, 1,4-dioxane), additives, temperature modes (70 °C) or longer
reaction time failed.

Despite the fact that conversion was unsatisfactory even after the optimization, |
decided to use the best conditions for preparative C-H imidations of 6-substituted-7-
deazapurines (Scheme 5) The short scope of the method was studied for the series of 6-

substituted-7-deazapurines (Scheme 5, Table 3).

R! R'
Nﬁﬁ\/\B R o g, SpFe 5 %) _ NL/ N R,
NV N‘Rz ¢! DCM, 50 °C, 7h, Ar § th
1a, 1d, 15 11,13 12a-b, 16, 17

Scheme 5 C-H imidation of 7-deazapurines
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Reaction of 6-Cl- and 6-Ph-9-benzyl-7-deazapurines 1a and 1d led to the imidated
products 12a-b in 32 and 27 % yields, respectively (Table 3, entries 1-2). In order to test the
tolerance of other protecting groups, reaction of SEM protected 7-deazapurine 15 was carried
out resulting in 46 % vyield of desired product 16 (Table 3, entry 3). In addition, | was
interested in trying another imidyl precursor and, for this purpose, phtaliimidyl perester 13
was prepared similary to NSP. Its reaction with model deazapurine 1a gave the 8-phtaliimido-
7-deazapurine 17 in slightly better 35 % yield in comparison to succinimidyl product 12a
(Table 3, entry 4).

Table 3 Preparative C-H imidations of 7-deazapurines

Entry Starting NR, R! R? Product (yield)
compound
1 la succinimidyl Ph Bn 12a (32 %)
2 1d succinimidyl Cl Bn 12b (27 %)
3 15 succinimidyl OMe SEM 16 (46 %)
4 la phtalimidyl Ph Bn 17 (35 %)

In the last step, I tried to obtain deazapurines bearing the primary amino group after
hydrolysis of 8-imidyl derivatives. Unfortunately, after several attempts of acidic hydrolysis
or hydrazinolysis | was unable to isolate any amount of the desired 8-amino product, due to
the decomposition within reaction. This fact is in accordance with the low stability of similar
8-methylamino-7-deazapurine 10a. It seems that free amino functionality at position 8 of 7-

deazapurine heterocycle makes it very unstable and prone to quick decomposition.

3.1.3 ortho C-H silylation of 7- and 9-phenyldeazapurines

C-H silylation reactions are currently widely studied for the functionalization of
heteroarenes*® since the resulting silanes can be further used in Hiyama cross-couplings and
other functional group transformations.*” The most common protocols utilize Ir, Rh and Ru
catalysts.® In indoles and related five-membered heterocycles, C-H silylation has been
reported at the 2-position™® unless a directing group (coordinating the metal) is present to
facilitate ortho-silylalation.?® In 6-aryl-substituted purines and deazapurines, the question
arose whether the N-1 atom would direct ortho silylalation of the aryl group or whether the C-
8 atom reactivity would prevail resulting in direct substitution at the five-membered ring of
the nucleobase.

The study started by testing the reactivity of 9-benzyl-6-phenylpurine 18. The reaction
with HSIiEt; was examined in the presence of [Ir(COD)OMe], catalyst, dtbpy ligand and

14



norbornene hydrogen acceptor under literature conditions,***? but no reaction was observed.
This was in accordance with the previous observations regarding the lack of reactivity of
purines to Ir-catalyzed C-H borylation,? that is most likely caused by a strong coordination of
the metal to the N-7 nitrogen and deactivation of the catalyst. Therefore, | focused further
attention on 7- and 9-deazapurines which are reactive under the reported C-H borylations.?

Optimization of the reaction conditions was performed on 6-phenyl-9-benzyl-7-
deazapurine la. Its reaction with HSIiEt; in the presence of [Ir(COD)OMe], catalyst, dtbpy
ligand, and norbornene in THF at r.t. (Scheme 6) resulted in low conversion (26 %) giving a
mixture of three silylated products: - a product of ortho-silylation at the phenyl group
compound 19a (10 %), compound 19b (9 %) - a product of direct C-H silylation of the
deazapurine and compound 19c¢ (5 %) - a product of silylation at both positions.

NZ [Ir(COD)OMe]; NZ N” NZ
- Ny L | SH, | N—siEt, + | N—siet,
N N norbornene N N N N N N
Bn Bn

i3n ligand iBn
1a 19a 19b 19¢

Scheme 6 C-H silylations of 6-phenyl-7-deazapurine 1a

When the same reaction mixture was heated to 80°C for 48 h, conversion increased to
72 %, mostly in favor of the ortho-silylated product 19a (41 % isolated yield), the 8-silyl
derivative 19b in 13 % vyield and the bisilylated product 19c in 5 % vyield. Increasing the
excess of the HSiEt; slightly improved the yield of ortho-silylated product 19a and decreased
the formation of 19b and 19c. Replacement of the dtbpy ligand by bpy or MesPhen had little
effect, whereas the presence of an additional base (Cs,CO3; or KOtBu) caused very low
conversion. Interestingly, reaction in the absence of norbornene (or cyclohexene) hydrogen
acceptor predominantly resulted in the direct C-H silylation product 19b (29 %) yield. These
reaction conditions were the same as used for the reported C-H borylations® where reaction
proceeded selectively at position 8 of deazapurine la, and no formation of ortho C-H
borylated product was observed. However, in contrast to efficient C-H borylations, C-H
silylation proceeded with a very low conversion under the same conditions. Solvent-free
reactions in neat norbornene at 80 °C gave lower conversion but the same reaction at 130 °C
again resulted in higher conversion with good selectivity for 19a. On the other hand, the use

of Ru or Rh catalysts led to only very low conversions.
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The most synthetically useful protocol was the reaction in dioxane at 130 °C which
was used for the preparative synthesis of all three products 19a-c, that were separable by
column chromatography. The same method was therefore used for silylation reactions of other

phenyldeazapurines (Scheme 7, Table 4).

HSIR;
H [Ir(COD)OMe]), (5 %) R-Si
dtbpy (10 %) 3
N~ | Y\> norbornene (5 equiv) N~ | Y\>
k\N ¥~ 1,4-dioxane, 130 °C k\N X
48 h, Ar
1a, 21-23 19a, 20, 24-26

Scheme 7 ortho C-H silylations of phenyldeazapurines

Table 4 Preparative ortho C-H silylations of phenyldeazapurines

Entry Starting HSIiR3 X Y Product (yield)
compound
1 la HSIiEt; N-Bn CH 19a (55 %)
2 la HSiMe,Ph N-Bn CH 20 (32 %)
3 21 HSIiEt; NH CH 24 (47 %)
4 22 HSiEt; CH N-Bn 25 (46 %)
5 23 HSIiEt; CH NH 26 (37 %)

At first, reaction of la with HSiMe,Ph was performed under the same conditions,
however, the conversion was much lower than in the case of HSiEt; the ortho-silylated
derivative 17 was the only product isolated in 32 %. The reaction with HSiEt; was applied to
9-unprotected 6-phenyl-7-deazapurine 18 to selectively obtain the ortho-silylated 6-phenyl-7-
deazapurine base 21 in 47 % yield (Table 4, entry 3). The same protocol was then applied to
the reaction of 6-phenyl-7-benzyl-9-deazapurine 19. The reaction proceeded analogously to 7-
deazapurine to give the ortho-silylated derivative 22 in 46 % yield (Table 4, entry 4).
Similarly, the reaction of non-benzylated 6-phenyl-9-deazapurine 20 gave the ortho-silylated

6-phenyl-9-deazapurine base 23 in 37 % yield (Table 4, entry 5).

3.1.4 Direct C-H phosphonation of 7- and 9-deazapurines

Phosphonation of deazapurines is an extremely appealing research topic due to the
interesting properties of phosphonate group in heteroaromatic systems in general. Since C-H
phosphonation has not been studied intensively, and to the best of my knowledge, no C-H
phosphonations of 7- or 9-deazapurines have been reported so far, | endeavored to find such
conditions. Motivated by the number of reported oxidative phosphonations of arenes and

heteroarenes,? | began the study of C-H phosphonation reactions on deazapurines.
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Typically, | selected 6-phenyl-9-benzyl-7-deazapurine 1a as a model compound for
the study of its C-H phosphonation with diethylphosphite 27a to screen the reagents and
reaction conditions. After some initial experiments with Ag(l), Fe(l11) and Co(lll) salts, which
did not work or gave very low conversions, | focused on the use of Mn(OAc)3-2H,0 (Scheme
8).

Ph o Ph 4
\ n(OAc)3-2H20 N7 N O
K H + H— P OEt — k P-OEt
OEt solvent, temp. N\ OEt
Bn Bn
1a 27a 28a

Scheme 8 Optimization of C-H phosphonation reaction of 6-phenyl-9-benzyl-7-deazapurine
1a with diethylphosphite 27a

The reaction using 3 equiv. of Mn(OAc)3-2H,0 in AcOH at room temperature did not
proceed, but when the temperature was increased to 50 or 80 °C, I obtained the desired 8-
phosphonated 7-deazapurine product 28a in 23 or 37 % vyield, respectively. Increasing or
decreasing the promoter loadings had no positive effect. Next, | tried various solvents and
found out that the mixture of MeCN/H,0O (1:1) resulted in an improved 43 % yield. Finally,
further increasing the temperature to 100 °C and using a larger excess of diethylphosphite (5
equiv.) provided 28a in 47 % yield. None of other efforts to further improve the yields were
successful, and therefore, | used these conditions as the optimal ones.

With optimized reaction conditions in hand, my next step was to study the scope and
limitations of the method. A series of diverse substituted 7-deazapurines was tested in

preparative C-H phosphonation reactions (Scheme 9, Table 5).

R1 R1
N7 O Mn(OAc)3-2H,0 O
I | N + H-P-OR* > J\ \ P OR*
22 SN Oré  MeCN/HO (1:1) OR
k3 100 °C, 2h, Ar R
1a, 1d, 15, 18, 27a-b 28a-m
21, 29-37

Scheme 9 C-H phosphonations of 7-deazapurines

The reactions of  6-chloro- and  6-substituted-7-benzyl and  7-(2-
trimethylsilyl)ethoxymethyl)-protected deazapurines 1a, 1d, 30, 31, 15 proceeded smoothly to
provide desired products 28a-b, 28d-f in acceptable 36-56 % yields (Table 5, entries 1-2, 4-
6). Moreover, the C-H phosphonation of benzoyl-protected nucleoside 29 resulted in 25 %
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yield of the desired phosphono-nucleoside 28c (Table 5, entry 3). Another useful substrate
was 6-chloro-7-deazapurine base 32 which was suitable for further functional group
transformations at positions 6 and 9. In this case, the C-H phosphonation worked nicely to
give the desired 9-unsubstituted 6-chloro-8-phosphono-7-deazapurine 28g in 41 % yield
(Table 5, entry 8). It also showed that no 9-substitution or protection is needed for the C-H
phosphonations. In addition, I tried the reaction of 6-chloro-7-deazapurine 32 with bulkier
diisopropyl phosphite 27b to afford the desired product 28h in somewhat lower 30 % yield.
Then, | decided to explore preparative C-H phosphonations of different 2- and/or 6-
substituted-7-deazapurine bases. In all cases, | obtained the desired products 28i-m in good
(37-40 %) yields (Table 5, entries 9-13). On the other hand, attempted C-H phosphonations of
7-fluoro-7-deazapurine 37 and 6-phenylpurine base 18 did not proceed (Table 5, entries 14-
15)

Table 5 Preparative C-H phosphonations of 7-deazapurines

Entry  Starting R! R’ R’ R* Product (yield)
compound

1 la Ph H Bn Et 28a (47 %)
2 1d Cl H Bn Et 28b (36 %)
3 29 Ph H ribofuranose Et 28c¢ (25 %)
4 30 Cl H SEM Et 28d (30 %)
5 31 SMe H SEM Et 28e (56 %)
6 15 OMe H SEM Et 28f (40 %)
7 32 Cl H H iPr 28h (30 %)
8 32 Cl H H Et 289 (41 %)
9 21 Ph H H Et 28i (40 %)
10 33 Cl NH; H Et 28k (38 %)
11 34 Cl Cl H Et 28j (39 %)
12 35 Cl Me H Et 28l (37 %)
13 36 Cl F H Et 28m (37 %)

14° 37 Cl H H Et n.r.

15° 18 Ph H Bn Et n.r.

?Deazapurine 37 include F substituent at position 7; > Compound 18 is purine anlogue.

Subsequently, the C-H phosphonation protocol was tested on 9-deazapurines (Scheme
10, Table 6). The reactions of 7-benzyl-6-chloro- and 6-phenyl-9-deazapurines 39 and 22
proceeded well to give the 8-phosphonated 9-deazapurine products 38a and 38b in 30 and 31
% vyield, respectively (Table 6, entry 1-2). The C-H phosphonation of 7-unsubstituted 6-
chloro- and 6-phenyl-9-deazapurine 40 and 23 also worked well to afford the corresponding
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phosphonated 9-deazapurine bases 38c and 38d in 37 or 36 % yield, respectively (Table 6,
entry 3-4).

R Re R Re
N R Mn(OAC)3-2H,0 _ ,\j o)
+ H-P-OE > N I
k / MeCN/H,0 (1:1) L P—-OEt
Okt 100 °C, 2h, Ar OFt
22-23, 39-40 27a 38a-d

Scheme 10 C-H phosphonations of 9-deazapurines

Table 6 Preparative C-H phosphonations of 9-deazapurines

Entry  Starting R! R’ Product (yield)
compound
1 39 Cl Bn 38a (30 %)
2 22 Ph Bn 38b (31 %)
3 40 cl H 38c (37 %)
4 23 Ph H 38d (36 %)

To test synthetic utility of 6-chloro-7-deazapurine phosphonate intermediate 28g, |
performed a series of aqueous-phase Suzuki-Miyaura cross-coupling reactions with different
(het)aryl boronic acids (Scheme 11). All of these reactions proceeded smoothly to give a
series of 6-substituted-7-deazapurine phosphonate bases 41a-g in good yields 60-75 % (Table
7).

cl R-B(OH), R
NFS D Pd(OAc),, TPPTS o
N | O Na,COs, H,O/M CN> N | ) hOFt
N N  OFEt ayL03, My € N OFt
H 100 °C, 1h H
289 41a-g

Scheme 11 Suzuki-Miyaura cross-coupling reactions of 7-deazapurine-8-phosphonate 28

Table 7 Synthesis of 6-(het)aryl-7-deazapurine phosphonates

Entry R Product (yield)
1 furan-2-yl 41a (71 %)
2 furan-3-yl 41b (65 %)
3 thiophen-2-yl 41c (65 %)
4 thiophen-3-yl 41d (72 %)
5 phenyl 41e (75 %)
6 benzofuran-2-yl 411 (67 %)
7 dibenzofuran-4-yl 41g (60 %)
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My last goal within the framework of this project was to develop a method for
phosphodiester bond cleavage in order to obtain interesting free phosphonic acid derivatives.
The deprotection was performed in two steps by reaction with bromo(trimethyl)silane in
acetonitrile’® with further aqueous workup to hydrolyze the silyl-esters after

transesterification (Scheme 12).

R R’

N~ N\ (I)I TMSBr (10 equiv) N7 (I?
| P—OEt - | N P—OH
N" N Ogt  MeCN.rt, 24h, Ar NN On

R? R?
28a, 28d, 28e, 289, 28i 42a-e

Scheme 12 Phosphodiester cleavage of deazapurine phosphonates 28a, 28d, 28e, 289, 28i

| used this protocol for five different 6-chloro- or 6-substituted 7-deazapurine
phosphonates either substituted at position 9 with Bn 28a or SEM groups 28d, 28e or 9-
unsubstituted 7-deazapurine phoshphonates 28g, 28i. In all cases the reactions proceeded
nicely to provide the free phosphonic acids 42a-e in acceptable yields (55-85 %), which were
slightly lowered due to the difficulty in isolating the products (Table 8).

Table 8 Synthesis of 7-deazapurine-8-phosphonic acids

Entry Starting R! R® Product (yield)
compound
1 28a Ph Bn 42a (75 %)
2 28d Cl SEM 42b (55 %)
3 28e SMe H 42c (85 %)
4 28¢ Br H 42d (77 %)
5 28i Ph H 42¢ (63 %)

Interestingly, during the phosphodiester cleavage of phosphonate 28e, the concomitant
cleavage of the (2-trimethylsilyl)ethoxymethyl (SEM) protecting group was observed due to
strong acidic conditions (Table 8, entry 3). The deprotection of 6-chloro-7-deazapurine-8-
phosphonate 28g with TMSBr led to a concomitant displacement of chlorine by bromine
(likely due to HBr formed during the reaction) to give 6-bromo-7-deazapurine-8-phosphonic
acid 42d (Table 8, entry 4). Despite a rather difficult isolation of the free phosphonic acids,
the sequence of C-H phosphonation followed by TMSBTr treatment and hydrolysis can be used

for efficient synthesis of deazapurine-8-phosphonic acids.
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3.2 Synthesis of 2-substituted 6- and 7-(het)aryl-7-deazapurine
bases
The second part of this PhD thesis is focused on the synthesis of 2-substituted 6- and

7-(het)aryl-7-deazapurine nucleobases. Previously discovered in our scientific group, 6-
(het)aryl-7-deazapurine and 7-fluoro-7-deazapurine ribonucleosides (Figure 1) are potent

cytostatics?® and/or inhibitors of mycobacterial adenosine kinase,?® whereas the 2-substituted

a 23b,c

derivatives”™ as well as sugar-modified nucleosides are less active or inactive. 7-
(Het)aryl-7-deazaadenosines (Figure 1) are also potent cytostatics®® and/or inhibitors of
mycobacterial adenosine kinase.?* The mechanism of their cytostatic effect involves
transformation to nucleoside triphosphates and their incorporation into RNA and DNA.? It
was also found that 7-(het)aryl-7-deazapurine ribonucleosides bearing other substituents at
position 6 (OMe, SMe, Me) (Figure 1) exert cytostatic activities comparable to the 7-(het)aryl

deazaadenosines, whereas the 6-oxo and 2-substituted derivatives were inactive (Figure 1).%

s N\ A

. . ) This work
Previously reported 7-deazapurine nucleosides: (7-deazapurine nucleobases):
Ty voOR R Ry X=HY=F43
! X =NH,, Y =H, 44
)N\/ [ )N\/ [ Fﬂ\l\\ [ N~ T\ X=Me,Y=H,45
X SN TN x” SN TN X7 N7 N X)%N N I X=F,Y=H,46
HO HO HO H ' X=ClY=H,47
O (o) o)
OH OH OH OH OH OH N)I\g i X=NH,, 57
_ _ ) Py ! X = Me, 58
R = (het)aryl R = (het)aryl R = (het)aryl X N N ¢
Nanomolar cytostaticc Nanomolar cytostatic:  [nactive: H
X=H,Y=H X =H,Y =NH, X =H 5
X=HY=F X =H,Y =OMe X = NH, R .
X=H,Y=Me HN N\ EX=NH2,59
Inactive: )\\ | } X = Me, 60
X =Me, Y = NH, X~ °N ” ;
X =NH,, Y =0Me

(. J . J

Figure 1 Previously reported biologically active 7-deazapurine nucleosides and 7-deazapurine

nucleobases under study

However, the biological activity of the parent 7-deazapurine nucleobases remains
unknown. Analysis of this class of compounds is important for determining the structure-
activity relationships because, in principle, the nucleobases could be converted into
nucleotides by phosphoribosyl transferases of the salvage pathway. This encouraged me to
synthesize and profile several new types of 6- and 7-(het)aryl-7-deazapurine bases and for this
purpose, | chose the reliable Suzuki-Miyaura cross-coupling reaction under aqueous
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conditions.>® The first group was the 6-(het)aryl-7-deazapurine derivatives 43 bearing F at
position 7, the second type was 2-substituted 6-(het)aryl-7-deazapurine bases 44-47, the third
type 2-amino or 2-methyl 6-methoxy-7-hetaryl-7-deazapurines 57-58 and the last group 7-
hetaryl-7-deazaguanines 59 and 2-methyl 7-hetaryl-7-deazahypoxanthines 60. Additionally, |
was interested in establishing the photophysical properties of the newly synthesized (het)aryl-
7-deazapurines, because introduction of electron-donating (het)aryl substituents can
potentially improve the fluorescence.

3.2.1 Synthesis of 2-substituted 6-(het)aryl-7-deazapurines

| started synthesis of the target 6-(het)aryl-7-deazapurines from 6-chloro-7-
deazapurines. Thus, 6-chloro-7-fluoro-7-deazapurine 37 reacted with a series of
(het)arylboronic acids to afford the corresponding 6-(het)aryl-7-fluoro-7-deazapurine bases
43a-i in one step (Table 9).

Table 9 Synthesis of 6-(het)aryl-7-fluoro-7-deazapurines

¢ F RIB(OH), RUF
N7 | \\ Pd(OAc),, TPPTS g N)I\g
k\N N NayCOs, H,0/MeCN k\N N
H  100°C, 3h H
37 43a-i
Entry R' Product (yield)
1 thiophen-2-yl 43a (75 %)
2 thiophen-3-yl 43b (72 %)
3 furan-2-yl 43c (69 %)
4 furan-3-yl 43d (71 %)
5 phenyl 43e (75 %)
6 benzofuran-2-yl 43f (69 %)
7 dibenzofuran-4-yl 439 (77 %)
8 pyrrol-2-yl? 43h (32 %)
9 pyrrol-3-yl? 43i (35 %)

 For R' = pyrrol-2-yl, N-Boc-1H-pyrrol-2-yl boronic acid was
used; for R* = pyrrol-3-yl, N-(triisopropylsilyl)-1H-pyrrol-3-yl
boronic acid was used.

Typically, the substrate was treated with boronic acid (1.5 equiv), Na,COs3 (3 equiv) in
the presence of Pd(OAc), (0.05 equiv) and TPPTS (0.125 equiv) in H,O/MeCN (2:1) mixture

at 100 °C for 3 hours. The reactions proceeded cleanly with full conversion of the starting 6-
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chloro-7-deazapurine 37 furnishing products in good yields. The only exceptions were the 2-
and 3-pyrrolyl derivatives which were obtained in moderate yields (Table 9, entries 8-9). It
should also be noted that the N-protecting groups from pyrrolyl boronic acids were cleaved
under the reaction conditions. In most cases, the products nicely crystallized from the reaction
mixture (except for 2- and 3-pyrrolyl derivatives). However, to obtain even purer products, |
performed simple chromatography through a short silica gel column to remove precipitated
metallic palladium and organic residue arising from the excess of boronic acid.

The synthesis of diverse 2-substituted-6-het(aryl)-7-deazapurines 44a-i, 45a-i, 46a-i,
47a-i was performed by analogous cross-coupling reactions of 2-amino-6-chloro-7-
deazapurine 33, 2,6-dichloro-7-deazapurine 34, 6-chloro-2-methyl-7-deazapurine 35 and 2-
fluoro-6-chloro-7-deazapurine 36 (Table 10).

Table 10 Synthesis of 2-substituted-6-(het)aryl-7-deazapurines

1
33, X = NH,; Cl R'-B(OH), R
34, X=Cl + \7Z | A Pd(OAc),, TPPTS N
35, X = Me !
36 X=F ' X)\\N N N82CO3, Hzo/MeCN )\ N
’ ' H  100°C, 3h H

44-47a-i, 48a,b,g

R! Product (yield)
X = NH, X = Me X=F X =Cl X =R
thiophen-2-yl 44a (86 %) 45a (95%) 46a (66 %) 47a (93 %)
thiophen-3-yl ~ 44b (90 %) 45b (87 %) 46b (91 %) 47b (60 %) 48b (26 %)

furan-2-yl 44c (67 %)  45C (63 %)  46¢ (84 %)  47c (64 %)
furan-3-yl 44d (83 %) 45d (84 %) 46d (85 %) 47d (73 %)
phenyl 44e (80 %)  45e (8L %) 466 (84 %) 47e (50 %)  48e (38 %)

benzofuran-2-yl ~ 44f (58 %)  45f (58 %)  46f (65 %) 47f (30 %)
dibenzofuran-4-yl 449 (52 %) 45g (66 %) 469 (43 %) 479 (15%) 489 (5 %)

pyrrol-2-yl® 44h (60 %) 45h (70 %) 46h (72 %) 47h (65 %)

pyrrol-3-yl? 44i (43%)  45i (40%) 46i (59 %)  47i (56 %)

® For R' = pyrrol-2-yl, N-Boc-1H-pyrrol-2-yl boronic acid was used; for R' = pyrrol-3-yl, N-
(triisopropylsilyl)-1H-pyrrol-3-yl boronic acid was used.

In most cases, the desired 2-substituted-6-hetaryl-7-deazapurine bases were obtained
in good to excellent yields (again the pyrrolyl derivatives were prepared less efficiently). It
should be noted that no hydrolysis of the relatively reactive 2-fluoro group was observed on
2-fluoro derivatives 46a-i under basic reaction conditions. In the case of 2,6-dichloro-7-

deazapurine 34, some reactions gave, in addition to the desired major 6-mono-substituted
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products 47a-i, minor amounts of 2,6-diaryl-7-deazapurines 48b, 48e and 48g which were
easily separated by column chromatography.

Reported 6-hetarylpurine nucleosides were used for the construction of an intrinsically
fluorescent unnatural base pair which was efficiently replicated by polymerases in vitro.?’ It
was noticed that all final 6-(het)aryl-7-deazapurine bases 43-48 exerted fluorescence
properties, and therefore, their photophysical properties were studied in more detail in order to
identify new candidates for the development of fluorescent nucleoside analogs.

UV-visible absorption and fluorescence spectra of the synthesized compounds were
measured in ethanol as the model protic solvent. Spectroscopic characteristics (absorption
coefficients, positions of absorption and emission maxima, quantum yields of fluorescence)
were determined. The aforementioned 7-deazapurine bases bearing aryl and heteroaryl
substituents developed a bathochromically shifted band in their UV spectra, which were
usually (with a few exceptions) centered between 307 and 363 nm. All studied compounds
were substantially fluorescent, exhibiting single-band emission in the long-UV — blue range,
centered between 372 nm (45i) and 468 nm (44f) as shown in Figure 2a.

(a) 4si aaf (b) 10 —44a

1.0 AR 4 ——44b

P D 08 —— 44c

= < — 44d

: Y —— 44de

s : > 06 — a4f

= : @ a4g
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Figure 2 a) Normalized absorption (dotted line) and emission (solid line) of compounds 45i
(violet) and 44f (green); b) The influence of the substituent at position 6 in the fluorescence
spectra; ¢) Photography of a selected set of compounds in ethanol having the highest values of

brightness; d) The influence of the solvent polarity on the emission spectra of compound 43c.

The fluorescence quantum yield of the synthesized compounds ranged from 0.07 for
compound 43d to 0.83 for compound 46h, with median of 0.43. The variation of the

substituents at positions 2 and 7 of the 7-deazapurine core had no apparent effect on the
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brightness of fluorescence (B = gmax X ®s), with the exception of the 7-fluoro series, where the
brightness was relatively low (< 4000 M *-cm™) compared to the other compounds. On the
contrary, the variation of the aryl and heteroaryl substituents at the position 6 of the 7-
deazapurine core had much stronger effect (Figure 2b). Typically, the highest brightness of
fluorescence was noticed for the benzofuran-2-yl and pyrrol-2-yl derivatives. Within these
series the highest value was observed for the compound 46h (19200 M *-cm ™). The highest
overall brightness of the pyrrol-2-yl series was also accomplished by relatively short-
wavelength emission, centered at 383-420 nm, whereas the emission of the benzofuran-2-yl
series was bathochromically shifted with the longest maximum at 468 nm for 44f (Figure 2c).
Solvatochromic nucleoside analogues, i.e. those changing the emission color in response to
changes in the polarity of microenvironment, are valuable tools for biophysical studies.?®
Emission of the synthesized compounds was examined toward sensitivity to polarity. The best
results were obtained for compound 43c, which changed the emission wavelength from 419
nm in ethyl acetate to 452 nm in methanol (Figure 2d). Potentially, installation of an
additional electron donating/withdrawing groups onto this scaffold could further improve the

solvatochromism.

3.2.2 Synthesis of 2-substituted-7-(het)aryl-7-deazapurines

| intended to synthesize 7-hetaryl-7-deazapurine bases bearing OMe group at position
6 and NH, or Me at position 2 through aqueous Suzuki-Miyaura cross-coupling reactions of
the corresponding 7-iodo-7-deazapurines with hetarylboronic acids. However, | found out that
the aqueous Suzuki-Miyaura cross-couplings of 9-unsubstituted 7-iodo-7-deazapurine bases
proceeded less efficiently, and were accompanied by significant deiodinations of the starting
heterocycles which lowered the yields and complicated isolation of the products. Therefore, |
changed the strategy and decided to introduce a suitable protecting group at position 9.
Previous experience from our laboratory suggested that the [2-(trimethylsilyl)ethoxy]methyl
(SEM) group®® could be suitable for the Suzuki reactions and could be easily removable at the
end. The first goal in this project was to synthesize the 9-SEM protected 7-iodo-7-deazapurine
intermediates 49 and 50. They were prepared from the corresponsing 6-chloro-7-iodo-7-
deazapurine bases 53 and 54 by alkylation with [2-(trimethylsilyl)ethoxy]methyl chloride
(SEM-CI) under basic conditions,? followed by nucleophilic substitution at position 6 with
NaOMe (Scheme 13). In the case of 2-amino derivative 53, orthogonal protection of the
amino functionality by the pivaloyl group was introduced to avoid alkylation. These reactions

proceeded well to give the key intermediates 49, 50 in good overal yields at multigram scale.
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53 51 SEM 49 SEM

Piv = pivaloyl ((CH3);CCO-)
NZ | N\
X
Me)\N ” )\

54 52 SE'V'

\ “) N7
A

50 SEM

Reagents and Conditions:
i) NaH, SEM-CI, DMF, 0 °C to rt; for 51: 88 %; for 52: 89 %;
ii) MeONa, MeOH, reflux, 1-2 h, for 49: 90 %; for 50: 79 %.

Scheme 13 Preparation of starting 7-iodo-7-deazapurine bases 49-50

The 9-SEM-protected 2-amino- and 2-methyl-6-methoxy-7-iodo-7-deazapurines 49-50
were then used in aqueous Suzuki-Miyaura reactions with a series of (het)arylboronic acids
(Table 11). The choice of the (het)aryl substituents was based on the previous experience with
cytostatic nucleosides and involved small furyl or thienyl groups and bulkier benzofuryl,

dibenzofuryl and phenyl groups.

Table 11 Synthesis of SEM-protected 7-(het)aryl-7-deazapurines

OMe R-B(OH), OMe R
N“N  Pd(OAck, TPPTS NZ N\
A gpsy
X" SN7 N Na,CO3, H;OMeCN | 5 ~~N
SEM 100 °C, 3h SEM
49-50 55-56a-g
R Product (yield)

X =NH; X =Me
furan-2-yl 55a (71 %) 56a (68 %)
furan-3-yl 55b (73 %) 56b (76 %)

thiophen-2-yl 55¢ (73 %) 56¢ (80 %)
thiophen-3-yl 55d (76 %) 56d (88 %)
phenyl 55e (70 %) 56e (76 %)
benzofuran-2-yl 55f (65 %) 56f (71 %)

dibenzofuran-4-yl

559 (68 %)

56 (64 %)

The aqueous Suzuki-Miyaura cross-couplings of the SEM-protected 7-iodo-7-

deazapurines 49-50 with the (het)aryl boronic acids were performed under standard reaction
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conditions in the presence of Na,CO3 (3 equiv) as a base and Pd(OAc), (0.05 equiv) and water
soluble sodium triphenylphosphine trisulfonate ligand (TPPTS) (0.125 equiv) in a mixture of
H,O/MeCN (2:1) at 100 °C for 3 hours. The reactions proceeded generally very well and gave
the desired SEM-protected 7-(het)aryl-7-deazapurines 55-56a-g in good yields (Table 11).
Later on, SEM-protected 7-(het)aryl-deazapurine intermediates 55-56a-g were

deprotected yielding the target free deazapurine bases 57-58a-g (Table 12).

Table 12 Synthesis of free 7-(het)aryl-7-deazapurines

OMe oM
R TBAF ° R
N~ N\ ethylenediamine N7
| - | A\
)\\ N DMF, 50 °C )\\
XN \ 2-7 days XN H
SEM
55-56a-g 57-58a-g
R Product (yield)

X =NH, X =Me
furan-2-yl 57a (69 %) 58a (91 %)?
furan-3-yl 57b (78 %) 58b (61 %)

thiophen-2-yl 57¢ (72 %) 58¢ (87 %)?
thiophen-3-yl 57d (61 %) 58d (58 %)
phenyl 57e (56 %) 58e (77 %)?
benzofuran-2-yl 57f (51 %) 58f (83 %)?
dibenzofuran-4-yl 579 (54 %) 589 (62 %)

#Reaction conditions used: 1) TFA, DCM, 4 h, r.t.; 2) NH; aq
(25% [wiw]), r.t., 12 h
The cleavage of 2-(trimethylsilyl)ethoxy]methyl (SEM) group was performed in two
steps. In the first step, the SEM-deazapurine derivatives were treated with trifluoroacetic acid
resulting in N-hydroxymethyl intermediates which were subsequently cleaved in the second
step by the treatment with aqueous ammonia (urotropine formation). Alternatively, the SEM
group was removed using tetrabutylammonium fluoride (TBAF) in the presence of
ethylenediamine (to trap the liberated formaldehyde). This procedure was used, in most cases,
due to the insufficient stability of target deazapurines under strongly acidic conditions.
Deprotection reactions provided the 2-amino-6-methoxy-7-(het)aryl-7-deazapurines 57a-g
and 2-methyl-7-(het)aryl-7-deazapurines 58a-g in good yields (Table 12). In order to get the
6-0xo derivatives, | could not use direct cross-coupling reactions (they did not proceed

efficiently). Therefore | prepared the 6-oxo derivatives by demethylation of 6-methoxy-7-
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deazapurines 57-58. The 6-methoxy deazapurines 57a-g and 58a-g were transformed into 7-
substituted 7-deazaguanines 59a-g and 7-deazahypoxanthines 60-g (Table 13) which are 7-
substituted 7-deaza analogues of natural purine bases guanine and hypoxanthine. The O-
demethylation reaction>* was performed by treatment with iodotrimethylsilane (generated in
situ from TMSCI and Nal in MeCN) furnishing the desired products 59-60a-g in good yields
(Table 13).

Table 13 Synthesis of 7-(het)aryl 7-deazaguanines and 7-deazahypoxanthines

OMe R R
)N\/ | N\ TMSCI, Nal _ I—B\l\ | N\
X \N ” MeCN, 80 °C, 4 h N \N ”
57-58a-g 59-60a-g
R Product (yield)

X =NH; X =Me
furan-2-yl 59a (64 %) 60a (91 %)
furan-3-yl 59b (58 %) 60b (61 %)

thiophen-2-yl 59c (65 %) 60c (87 %)
thiophen-3-yl 59d (68 %) 60d (58 %)
phenyl 59e (77 %) 60e (77 %)
benzofuran-2-yl 59f (73 %) 60f (83 %)

dibenzofuran-4-yl

599 (62 %)

60g (52 %)

In 7-substituted 7-deazaguanines 59a-g which are the closest analogues of natural
nucleobases, | also performed UV-vis and fluorescence spectroscopy characterization. They
generally exerted absorption maxima at 289-332 nm and some of them showed rather weak
fluorescence. The only brighter fluorophores were 7-benzofuryl and 7-dibenzofuryl 7-
deazaguanines 59e and 59f which might have potential for fluorescent labeling of nucleic
acids.

All final free 7-substituted 7-deazapurine bases 43-48, 57-60a-g were evaluated
against six cell lines derived from human solid tumors including lung (A549 cells) and colon
(HCT116 and HCT116p53—/—) carcinomas, as well as leukemia cell lines (CCRF-CEM,
CEM-DNR, K562, and K562-TAX) and, for comparison, non-malignant BJ and MRC-5
fibroblasts. None of the compounds showed any considerable cytotoxic or cytostatic activity
at concentrations up to 15 puM. This is an important result in comparison with the

corresponding ribonucleosides® having the same substituents at the heterocyclic aglycon. This
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indicates that the salvage pathway (which would allow for formation of the cytotoxic

nucleosides from these nucleobases) does not play a role in the metabolism of nucleosides.

4 Conclusion

Novel methodologies for direct C-H functionalization of deazapurine nucleobases
have been developed. The newly modified deazapurines bearing amino, imido or phosphonate
groups at position 8 and silyl group at ortho position of the phenyl ring were synthesized
using C-H activation reactions. A series of 2-substituted 6- and 7-(het)aryl-7-deazapurine
bases were prepared by ageous-phase Suzuki-Miyaura cross-couplings.

The Pd/Cu-catalyzed direct C-H amination of 6-substituted-7-deazapurines with N-
chloro-N-alkyl arylsulfonamides proceeded regioselectively at position 8 under mild reaction
conditions. Since N-chloro-N-alkyl arylsulfonamides react both as aminating and chlorinating
agents, additional protocols for direct C-H chloroamination and C-H chlorination of 6-
substituted-7-deazapurines were developed. The most suitable ortho-nitrobenzenesulfonyl
group was chosen for the protection of amine, and after protecting group removal, 8-
methylamino-7-deazapurine derivative was obtained. Unfortunately, while testing the
reactivity of 8-methylaminodeazapurine, it turned out to be unstable, what in principal could
be caused by its tendency to protonation and oxidation.

C-H imidation reaction of 6-substituted 9-benzyl or 9-SEM protected 7-deazapurines
was performed with N-succinimido- or N-phtalimidoperesters under ferrocene catalysis.
Reactions proceeded selectively at position 8 to give 8-succinimido or 8-phtalimido-7-
deazapurines. Any attempts of the acidic hydrolysis or hydrazinolysis of the imide group led
to decomposition of the desired 8-amino-7-deazapurine analogously to 8-(methylamino)-7-
deazapurine derivative.

Previously reported Ir-catalyzed C-H borylation® proceeded directly at position 8 in
deazapurines. The same Ir catalyst and dtbpy ligand with the addition of norbornene as a
hydrogen acceptor were used for C-H silylations of phenyldeazapurines with alkylsilanes.
Interestingly, all reactions proceeded preferentially as ortho C-H silylation of the phenyl
group, due to the directing effect of the N-1 atom of deazapurine heterocycle, to give a series
of 7- and 9-phenyldeazapurine silylated derivatives.

The phosphonate group was introduced into the deazapurine scaffold by Mn(lll)
acetate-promoted C-H phosphonation with dialkylphosphites. The reactions proceeded
regioselectively at position 8 of 7- and 9-deazapurines resulting in novel deazapurine-8-

29



phosphonate derivatives. The method showed no limitations and wide scope of substrates
bearing different substituents and protecting groups. In order to test the synthetic utility of 6-
chloro-7-deazapurine phosphonate, | applied aqueous Suzuki-Miyaura cross-coupling
reactions with various (het)aryl boronic acids. All of these reactions proceeded smoothly to
give a series of 6-substituted-7-deazapurine 8-phosphonate bases. Deazapurine phosphonates
were also used for the preparation of a small series of deazapurine 8-phosphonic acids by
developed phosphodiester cleavage protocol.

Modifications of position 6 and 7 in 7-deazapurines with different (het)aryl
substituents were performed by aqueous Suzuki-Miyaura cross-coupling reactions of
corresponding 6-chloro and 7-iodo 7-deazapurine substrates. A large set of 6-(het)aryl-7-
deazapurine bases bearing F at the position 7 and H, F, Cl, Me or NH, at the position 2 was
prepared by aqueous Suzuki-Miyaura cross-coupling reactions from 6-chloro-7-fluoro or 2-
amino, 2-chloro, 2-fluoro and 2-methyl 6-chloro-7-deazapurines in high yields. The same
aqueous Suzuki-Miyaura cross-coupling conditions did not work efficiently for the
preparation of 7-(het)aryl-7-deazapurines due to significant deiodination of starting 7-iodo-7-
deazapurines. Alternatively, the protecting group strategy deemed to be most suitable and
easily removable by using 2-[(trimethylsilyl)ethoxy]methyl (SEM) group. Indeed, after
cleavage of the SEM group, a series of free 6-methoxy-7-(het)aryl deazapurines bearing NH;
and Me group at position 2 were obtained. The 6-methoxy-7-(het)aryl-deazapurine derivatives
were further transformed into 7-(het)aryl 7-deazahypoxanthines and 7-deazaguanines (new
substituted analogues of natural hypoxanthine and guanine bases) by O-demethylation
reactions.

Summarizing, a library (more than 100) of new modified deazapurine nucleobases
bearing multiple substituents and functional groups was synthesized by C-H activations and
aqueous Suzuki-Miyaura cross-coupling reactions. Unfortunately, biological activity
screening of target deazapurine bases did not show any significant cytostatic or antiviral
activity in contrast to many of their nucleoside analogues. Nevertheless, a number of newly
modified deazapurines exerted good fluorescent properties (quantum yields up to 0.83) with
potential as labels for nucleic acids.

Finally, developed C-H functionalization methods and further transformations of
installed functional groups nicely complement the current toolbox of reactions (cross
couplings, substitutions, halogenations, glycosylation) for modification of privileged
deazapurine heterocycles. This clearly has further practical potential in the generation of new

libraries of modified deazapurine nucleobases.
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5 Uvod

Tato dizertaéni prace lezi na pomezi syntetické organické, bioorganickeé,
organokovové a medicindlni chemie. Hlavnim cilem bylo vyvinout nové syntetické postupy
pro modifikaci deazapurinovych nukleobazi.

7-Deazapuriny®  (pyrrolo[2,3-d]pyrimidiny) a  9-deazapuriny  (pyrrolo[3,2-
d]pyrimidiny) jsou dulezitymi karba-analogy biogennich purinovych bazi. Deazapurinové
derivaty nesouci rtzné substituenty a funkéni skupiny vykazuji nejrtiznéjsi biologické
aktivity, > napf. jsou to silna cytostatika® nebo inhibitory kinaz.>

Jejich syntéza typicky zahrnuje nékolik heterocykliza¢nich reakei,*  zatimco
alternativni pfistup je zaloZen na jednokrokové aromatické nukleofilni substituci® nebo cross-
coupling reakci.® Viechny tyto piistupy oviem maji své limity a vyzaduji predchozi
modifikaci substratu, napi. zavedenim halogenu. V nasi skupiné se snazime o vyvinuti
jednodussich metod pro modifikaci téchto zajimavych nukleobézi. Tyto metody jsou zaloZeny
na pfimé C-H aktivaci jako na nejmodernéjSim a nejpfiméj$im nastroji v moderni syntetické
chemii.” Vysledkem byl objev pfimych C-H borylaci® a sulfenylaci,? které nas inspirovaly k
vyvoji novych metod pro piimé C-H aminace, C-H imidace, C-H silylace a C-H fosfonace
deazapurinovych nukleobazi.

Nové vyvinuté C-H aktivaéni reakce v kombinaci s klasickymi cross-coupling
reakcemi a nukleofilni aromatickou substituci mohou byt mocnym nastrojem pro syntézu

nékolikandsobné substituovanych deazapurini pro testovani biologickych aktivit.

6 Cile prace
1. Vyvoj ptimych C-H aminaci/imidaci deazapurind.
2. Vyvoj ptimych C-H silylaci deazapurint.
3. Vyvoj ptimych C-H fosfonylaci deazapurinti.

4. Syntéza substituovanych 6-(het)-7-deazapurini pomoci Suzuki-Miyaura reakci ve
vodném prostiedi.

5. Syntéza substituovanych 7-(het)aryl-7-deazapurini pomoci Suzuki-Miyaura reakci ve
vodném prostiedi.
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7 Vysledky a diskuze

7.1 C-H funkcionalizace deazapurinovych nukleobazi

Za celem zavedeni riznych funkénich skupin na deazapurinovy heterocyklus jsem
nejprve prostudoval nové metody pro piimou C-H aminaci, imidaci, silylaci a fosfonaci. Dale

jsem se zam¢til na nasledné transformace takto zavedenych skupin.

7.1.1 Piima C-H aminace a C-H chloroaminace 7-deazapurinu

Ptimé¢ C-H aminace arend a heterocykli katalyzované prechodnymi kovy ziskavaji
stale v&tsi popularitu,’® coZ nas inspirovalo ke studiu téchto reakci na 7-deazapurinovém
skeletu.

Jako modelovy piiklad byl zvolen snadno dostupny 6-fenyl-9-benzyl-7-deazapurin 1a
a N-chlor-N-methyl-tosylamid 2 jako amina¢ni ¢inidlo za popsanych podminek - Pd(OAC),,
Cu(acac),, 2,2"-bipyridin (bpy) a Na,COs v dioxanu (Schema 1, Tabulka 1).*

Reakce se dvémi ekvivalenty 2 v pfitomnosti 2 ekvivalenti Na,COs3 poskytla Zadany
8-tosylamin 5a v pouze 13 % vytézku. (Tabulka 1, fadek 1). Pouziti vétsiho nadbytku baze
(5-7 ekv.) a ¢inidla 2 (3 ekv.) vedlo pouze k mirnému zvySeni vytézka (18-29 %). Pouze
pridani velkého nadbytku ¢inidla 2 poskytlo zadany produkt 5a v pfijatelném vytézku 68 %
(Tabulka 1, fadek 5).

Ph CHs

H ci—N H Cl
’
R GRS && ﬁ\%
N N Cu(acac), bpy N SO Ar N
Bn

\Bn Pd(OAC)Z’ N32CO3 ‘B
1a 1,4-dioxan, rt 5a-7a

Schéma 1 C-H aminace 6-fenyl-9-benzyl-7-deazapurinu 1la

4-Nitrofenylsulfonyl (p-nosyl, pNs) a 2-nitrofenylsulfonyl (0-nosyl, oNs) chloramidy
3 a 4 byly otestovany za ucelem ziskani 1épe odstranitelnych chranicich skupin.12 Reakce l1a s
PNs cinidlem 3 (3 ekv.) poskytla 8-p-nosylamin 6a v ptijatelném vytézku 48 % (Tabulka 1,
fadek 6). Reakce 1a s oNs chloramidem 4 (1,5-2 ekv.) probihaly s velice nizkou konverzi,
navic reakce s 5 ekv. ¢inidla 4 vedla ke smési produktd — zadaného produktu 8-aminace 7a

(28 %), 7-chlor-8-amino derivatu 8a a 7-chlor-7-deazapurinu 9a (Tabulka 1, fadek 7).
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Tabulka 1 Optimalizace C-H aminaci 6-fenyl-9-benzyl-7-deazapurinu 1la s N-chlor-N-
methyl-arylsulfonamidy 2—4°

Pokus Ar 2-4 (ekv.) Na,COs (ekv.) Produkt(y) (vytézek)
1 4-MePh 2(2) 2 5a (13 %)
2 4-MePh 2(2) 5 5a (18 %)
3 4-MePh 2 (3) 5 5a (25 %)
4 4-MePh 2 (3) 7 5a (29 %)
5P 4-MePh 2 (5) 7 5a (68 %)
6 4-NO,Ph 3(3) 7 6a (47 %)
7 2-NO,Ph 4 (5) 5 7a (28 %) + 8a (33 %) + 9a (25 %)
8 2-NO,Ph 4 (3) 7 7a (60 %)

?Cinidla a podminky: Pd(OACc), (5 %), Cu(acac), (10 %), bpy (10 %), Na,COs, 1,4-dioxan,
Ar, rt, 24 h; b reakéni ¢as 72 h.

Chloramid 4 muze podle vseho ve vétsim nadbytku reagovat jako -elektrofilni
chlora¢ni cinidlo a chlorovat deazapurin v poloze 7, coz bylo pozdéji potvrzeno reakci
deazapurinu la s ¢inidlem 4 bez ptitomnosti katalyzatoru, ktera ptesto poskytla chlorovany
produkt 9a (Schema 2, Tabulka 2, fadek 11).

Proto jsem provedl rozsahlou optimalizaci reakénich podminek za pouziti rGznych
poméru vSech Cinidel, katalyzatoru, aditiv atd. Optimalni protokol pro aminaci pouziva 3-3,5
ekv. ¢inidla 4 v piitomnosti velkého nadbytku Na,COjz; (7 ekv.). Za téchto podminek byl
produkt 7a ziskan v 60-62 % vytézku (Tabulka 1, fadek 8; Tabulka 2, fadek 1).

Béhem optimalizace se také ukazalo, za jakych podminek probiha chloroaminace. Pti
pouziti CuCl jako zdroje médi, Ag,CO3 jako baze a piidavku LiCl probihala pouze C-H
chloroaminace. Vysledné optimalni podminky jsou nasledujici: 4 (3,5 ekv.) v ptitomnosti
Pd(OAC) (2,5 %), CuCl (10 mol %), LiCl (2 ekv.) a Ag,COs3 (2 ekv.) (Tabulka 2, fadek 6).

Dalsim krokem byla studie rozsahu a limitl téchto metod. Série péti 9-benzyl-7-
deazapurinovych derivatl 1a-e nesoucich fenyl, methoxy, methyl, chlor nebo amino skupinu
v poloze 6 byla otestovana pii amina¢nich a chloroaminaénich reakcich. (Schema 2, Tabulka
2). Preparativni aminace byly provedeny s chloroamidem 4 (3,5 ekv.) v pfitomnosti
Pd(OACc),, Cu(acac),, bpy a 7 ekv. Na,CO3. Reakce 6-fenyl, -methoxy a -methyl deazapurina
probéhly bez problému a poskytly Zzadané 8-(0-nosyl)methylamino-7-deazapuriny 7a-7c¢ v
ptijatelnych vytézcich 41-62 % (Tabulka 2, fadky 1-3). Na druhou stranu, analogicka reakce
6-chlor- a 6-aminoderivati 1d a le vyustila v komplexni smési nedélitelnych latek (Tabulka
2, tadky 4-5).

33



C-H chloraminace C-H aminace

R Me Me

/ R / R
- ve N H c—N i
N” N\ e 4 ONs N™ N\ 4 oNs N N\ Me
gy N - | H— | N
N~ N oNs (i) SN N () SN N “ONs
\ \
8a-b BN 1a-e Bn 7a-c Bn

C-H chlorace
C-H aminace Me

CI—N/\
lMe 4 ONs
CI—N, (iii)
4 ONs R
. Cl
(i)
N/
Y
NT N
9a Bn
R=Ph

Cinidla a reakcni podminky:

(i) 4 (3.5 ekv), Pd(OAc), (5 %), Cu(acac), (10 %), bpy (10 %), Na,CO5 (7 ekv),
1,4-dioxan Ar, rt, 24;

(ii) 4 (3.5 ekv), Pd(OAc), (5 %), CuCl (10 %), LiCl (2 equiv), Ago,CO5 (2 ekv),
1,4-dioxan Ar, rt, 24h;

(iii) 4 (1.5 ekv), 1,4-dioxan, Ar, rt, 45h.

Schéma 2 C-H aminace, chloraminace a chlorace 7-deazapurina

Tabulka 2 Preparativni C-H aminace, chloraminace a chlorace 7-deazapurind

Pokus Vychozi latka R Produkt (vytézek)
1 la Ph 7a (62 %)
1b OMe 7b (60 %)
3 1c Me 7c (41 %)
4 1d Cl komplexni smés
5 le NH2 komplexni smés
6 la Ph 8a (51 %)
7 1b OMe 8b (42 %)
8 1c Me nizké konverze, komplexni smés
9 1d Cl komplexni smés
10 le NH, komplexni smés
11 la Ph 9a (78 %)
12 9a Ph 8a (41 %)

Stejny postup pro chloraminaci byl dale vyzkousen i na stejné sérii deazapurint 1a-1e.

Reakce s c¢inidlem 4 (3,5 ekv.) byly provedeny v piitomnosti Pd(OAc),, CuCl, LiCl a

Ag,CO;3. Reakce 6-fenyl a 6-methoxy derivata 1a a 1b probéhla bez problému a poskytla

zadané 7-chlor-8-(0Ns)MeNH-7-deazapuriny 8a a 8b v pfijatelnych vytézcich 51 a 42 %

(Tabulka 3, tadky 6-7), zatimco reakce 6-methyl derivatu 1c prob&hla s nizkou konverzi a
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vedla k nedélitelné smési obsahujici produkty aminace a chloraminace. Také reakce 6-chlor- a
6-aminodeazapurini 1d a 1e vedla k ned¢litelné smési produktl. Zajimava byla reakce latky
la s ¢inidlem 4 (1,5 ekv.) bez pfitomnosti katalyzatoru, ktera diky silné¢ “chlorujici” povaze
N-chlorsulfonamidu (analogické k N-chlorsukcinimidu) poskytla chlorovany produkt 9a v 78
% vytézku (Tabulka 3, fadek 11). 6-Fenyl-7-chlor-7-deazapurin 9a byl nakonec pieveden na
7-chlor-8-aminoderivat 8a ve 41 % vytézku (Tabulka 3, fadek 12), coz dokazuje, ze chlor v
poloze 7 je mnohem lépe tolerovan (je méné reaktivni vici nukleofilim) nez chlor v poloze 6.

Poslednim cilem tohoto projektu byl pokus o odchranéni sulfonamidi a zkouska
stability pfislusnych 8-amino-7-deazapurini. VSechny pokusy o odstranéni Ts- nebo pNs-
skupiny ve slougeninach 5a nebo 6a podle popsanych postupii™® nefungovaly bud’ viibec,
nebo vedly k rozkladu heterocyklil. Proto byla pfevazna ¢ast této studie realizovana s pomoci
Iépe odstranitelné ONs Skupiny.12 Uspé&$né odstranéni chranici skupiny ze slou¢eniny 7a
thiofenolem a uhli¢itanem cesn;’/m12d poskytlo 8-methylamino-7-deazapurin 10a v 75 %
vytézku (Schéma 3). Sekvence C-H aminace a odstranéni chranici skupiny byla navic

provedena tzv. “one pot” s 35 % vytézkem latky 10a po dvou krocich.

Ph Ph

PhSH (1 ekv.)

N)E\/\>7NPH3 Cs,CO; (1 ekv.) N)I%iN/CFb
K\N N Lns CHsCN, 75 % K\N N H
\ \
7a Bn 10a Bn

Schéma 3 Odchranéni 6-fenyl-8-(0-nosyl)methylamino-7-deazapurinu 7a

Dale mé zajimala pfiprava série 8-amidoderivati a reaktivita latky 10a s
karboxylovymi kyselinami. 8-(Methylamino)-7-deazapurin 10a se nanestésti v pritomnosti i
stopového mnozstvi kyseliny (napt. v chlorovanych rozpoustédlech) okamzité rozklada, coz
mize byt vysvétleno sklonem Kk protonaci a v principu i oxidaci a degradaci deazapurinového

skeletu. Analogické 2-aminoindoly jsou citlivé k protonaci, tautomerizaci a autooxidaci.**”

7.1.2 Piima C-H imidace 7-deazapurini

Ptima intermolekularni imidace je dal$i zajimavou moznosti tvorby C-N vazby, ktera
v poslednich letech pfitahuje stile v&tsi pozornost védeckych tyma.***® Tato studie je
inspirovana publikovanou C-H imidaci heteroarent pomoci N-sukcinimidyl peresteru (NSP)

za katalyzy ferrocenem.'*
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6-Fenyl-9-benzyl-7-deazapurin la byl pouzit jako modelova sloucenina pro C-H
imidaci pomoci dfive ptipraveného N-sukcinimidyl peresteru 11 za katalyzy ferrocenem
(Schéma 4).

Ph o) Ph 'y o
0
NKI\&H + gN/O)ﬁ( ~0'Bu g?:%’ NKQI\&Np
\N N\ Y @] \N N\
1a Bn 11 12a Bn O

Schéma 4 C-H imidace 6-fenyl-9-benzyl-7-deazapurinu la

Produkt 12a byl pfipraven imidaci 1a pomoci NSP 11 v piitomnosti ferrocenového
katalyzatoru (5 %) ve 22 % vytézku. Za Gcelem zvyseni vytézku byly pouzita vétsi mnozstvi
NSP 11 a 2,75 ekv. se ukazalo byt nejlepsi. ZvySeni mnozstvi Cp,Fe katalyzatoru (10 %)
nemélo na vytézek zadny vliv. Dale jsem zkusil dalsi potencialné vhodné katalyzatory jako
médné a manganaté soli, reakce vSak probihaly s velice nizkou konverzi. VSechny pokusy o
zlepSeni vysledku pouzitim jinych rozpoustédel (MeCN, THF, 1,4-dioxanu), aditiv, riznych
teplot nebo delSich reak¢énich Cast selhaly.

Navzdory nizkym konverzim jsem se rozhodl pouzit nejlepsi podminky pro imidaci 6-

substituovanych 7-deazapurini (Schéma 5, Tabulka 3).

R’ R’
NKI\B a0 0 g, SpFe 5% . NL/ .
SN N‘Rz ¢ DCM, 50 °C, 7h, Ar S N‘Rz
1a, 1d, 15 11,13 12a-b, 16, 17

Schéma 5 C-H imidace 7-deazapurind

Reakce 6-chlor- a 6-fenyl-9-benzyl-7-deazapurind la a 1d vedla k produktim
imidace 12a-b v 32 a 27 % vytézcich (Tabulka 3, fadky 1-2). Za uc¢elem vyzkouSeni odolnosti
ostatnich chranicich skupin byla reakce uspé€$né provedena i1 se SEM chranénym 7-
deazapurinem 15 se 46 % vytézkem produktu 16 (Tabulka 3, fadek 3). Pro zajimavost jsem
také vyzkousel dalsi imidylovy prekurzor, pro tento Ucel pfipraveny ftalimidyl perester 13,
ktery s modelovym deazapurinem la poskytl 8-ftaliimido-7-deazapurin 17 v o néco malo

lepsim 35 % vytézku nez v piipadé sukcinimidylovaného produktu 12a (Tabulka 3, fadek 4).
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Tabulka 3 Preparativni C-H imidatice 7-deazapurint

Pokus  Vychozi NR, R! R? Produkt (vyt&Zek)
latka
1 la sukcinimidyl Ph Bn 12a (32 %)
2 1d sukcinimidyl Cl Bn 12b (27 %)
3 15 sukcinimidyl OMe SEM 16 (46 %)
4 la ftalimidyl Ph Bn 17 (35 %)

V poslednim kroku jsem se pokusil o pfipravu deazapurini nesoucich volnou amino
skupinu hydrolyzou 8-imidylovych derivati. Ani pfi opakovanych pokusech o kyselou
hydrolyzu nebo hydrazinolyzu se mi nepodafilo izolovat zddany produkt, coz bylo zptisobeno
rozkladem latky béhem reakce. Toto pozorovani je v souladu s nizkou stabilitou podobného
8-methylamino-7-deazapurinu 10a. Pfitomnost volné amino skupiny v poloze 8 na 7-
deazapurinovém skeletu se zd4 byt pfi¢inou nestability a nachylnosti téchto heterocykla k

rozkladu.

7.1.3 ortho C-H silylace 7- a 9-fenyldeazapurini

C-H silylaéni reakce jsou v soucasnosti hojné studované pro funkcionalizaci
heteroarent,'® protoze vzniklé silany jsou dale pouzitelné v Hiyama cross-coupligovych
reakcich, pfipadné dalsich manipulacich funk&nich skupin.'’

Nejéast&jsi je vyuziti Ir, Rh a Ru katalyzatord."® Na indolech a pribuznych
péticlennych heterocyklech probihd C-H silylace ptednostné v poloze 2,19 pokud neni
pfitomna kov koordinujici skupina fidici silylaci do polohy ortho.”? V ptipad¢ 6-aryl
substituovanych purind a deazapurini byla otazka, zda N-1 bude fungovat jako fidici skupina
pro silylaci fenylu, nebo jestli reaktivita C-8 pfevazi a povede k piimé silylaci péti¢lenného
kruhu nukleobaze.

Studie zacala testovanim reaktivity 9-benzyl-6-fenylpurinu 18. Byla vyzkousena
popsanétlgd'g reakce s HSIiEt; v ptitomnosti [Ir(COD)OMe], jako katalyzatoru, dtbpy jako
ligandu a norbornenu jako akceptoru vodiku, ale zadny produkt nevznikl, pfesné v souladu s
piechozim pozorovanim nedostatecné reaktivity purini pii iridiem katalyzované C-H
borylaci,® ktera je pravdépodobné zpiisobena silnou koordinaci kovu k dusiku N-7 a
deaktivaci katalyzatoru. Proto jsem se rozhodl zaméfit na 7- a 9-deazapuriny, které pii C-H
borylacich reaguji.® Optimalizace reakénich podminek byla provedena s 6-fenyl-9-benzyl-7-
deazapurinem la. Reakci s HSIiEt; v pfitomnosti [Ir(COD)OMe]; katalyzatoru, dtbpy ligandu

a norbornenu v THF za r.t. (Schéma 6) vznikla smés tfi silylovanych produktti s nizkou 26 %
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konverzi - produkt ortho-silylace fenylové skupiny 19a (10 %), sloucenina 19b (9 %) —
produkt ptimé C-H silylace deazapurinu a disilylovany produkt 19¢ (5 %).

H HSIEt, ELSI " =
~ /g
N [I(COD)OMel, NI N~ T D—siet,+ I D—siet
N7 N norbornen SN N ' k\N N 3 k\ N -
\ ||gand i \ ) \
B Bn Bn Bn
1a 19a 19b 19¢

Schéma 6 C-H silylace 6-fenyl-7-deazapurinu 1la

ZvySenim reakéni teploty na 80 °C po dobu 48 h se konverze zvysila na 72 %,
pievazoval ovSem ortho-silylovany produkt 19a (41 % izolavany vytézek), nasledovany 13 %
8-silyl derivatu 19b a 5 % disilylovaného produktu 19c. Zvyseni nadbytku HSiEt; vedlo k o
malo vy$§imu obsahu ortho-silylovaného produktu 19a vici produktim 19b a 19c.

Nahrada dtbpy ligandu bpy ligandem nebo MesPhen méla na pribéh reakce
zanedbatelny vliv, zatimco piitomnost baze (Cs,CO3; nebo KOtBu) vedla k velice nizké
konverzi. Zajimavy je fakt, ze reakce bez pfitomnosti norbornenu (nebo cyklohexenu) jako
akceptoru vodiku poskytla prakticky jen produkt piimé C-H silylace 19b ve 29 % vytézku za
stejnych podminek, které byly pouzity pro C-H borylaci dazapurinu la do polohy 8 a za
kterych nedochazelo k Zadné ortho-borylaci.® Nicméng, na rozdil od Gginnych C-H borylaci
probihaly C-H silylace s velmi nizkou konverzi. Reakce v pevné fazi, v €istém norbornenu pfti
80 °C probéhla s dobrou selektivitou pro produkt 19a, ale s nizkou konverzi, kterou se
podafilo zvysit zahtatim na 130 °C. PouZziti Ru a Rh katalyzatordi naproti tomu vedlo k
dramatickému snizeni konverzi.

Ze syntetického hlediska se jako nejvhodné;si ukédzal protokol pouZivajici dioxan jako
rozpoustédlo pii 130 °C, ktery byl pouzit pro ptipravu produkti 19a-c, které¢ byly odd€leny
sloupcovou chromatografii. Tento protokol byl také nasledné pouZit pro silylace ostatnich

fenyldeazapurini (Schéma 7, Tabulka 4).

HSIiR3
[Ir(COD)OMEe], (5 %) .
H R3S
dtbpy (10 %) 3ol
2 Y. 7 Y.
N | \> norbornen (5 ekv) N | \>
k\ X 1,4-dioxan, 130 °C k\N X
48 h, Ar
1a, 21-23 19a, 20, 24-26

Schéma 7 ortho C-H silylace deazapurint
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Tabulka 4 Preparativni ortho C-H silylace deazapurinu

Pokus  Vychozi HSIR3 X Y Produkt (vytézek)
latka
1 la HSIEt; N-Bn CH 19a (55 %)
2 la HSiMe,Ph N-Bn CH 20 (32 %)
3 21 HSIEt; NH CH 24 (47 %)
4 22 HSIEt; CH N-Bn 25 (46 %)
5 23 HSIiEt; CH NH 26 (37 %)

Reakce la s HSiMe,Ph byla nejprve provedena za stejnych podminek, nicméné
konverze byla vyrazné niz$i nez v piipadé HSiEts, byl vSak ziskan pouze produkt ortho-
silylace 17 ve 32 % vytézku. Reakce nechranéného 6-fenyl-7-dezapurinu 18 s HSiEt; vedla
selektivné k ortho-silylovanému 6-fenyl-7-deazapurinu 21 ve 47 % vytézku (Tabulka 4, fadek
3). Stejny protokol byl potom pouzit na reakci 6-fenyl-7-benzyl-9-deazapurinu 19, ktera
probihala analogicky a vedla k ortho-silylovanému derivatu 22 ve 46 % vytézku (Tabulka 4,
fadek 4). Podobné i 6-fenyl-9-deazapurin 20 poskytl ortho-silylovany produkt 23 ve 37 %
vytézku (Tabulka 4, fadek 5).

7.1.4 Prima C-H fosfonace 7- a 9-deazapurini

Vzhledem k zajimavym vlastnostem fosfonatové skupiny obecné je fosfonace
deazapurinl velice atraktivnim tématem. Protoze C-H fosfonace nebyly nijak intenzivné
studovany a nejsou mi znamy zadné popsané C-H fosfonace 7- nebo 9-deazapurinti, rozhodl
jsem se tomuto tématu vénovat ve své praci, motivovan mnoZzstvim popsanych oxidativnich
fosfonaci arentl a heteroarent.”*

Vybral jsem si 6-fenyl-9-benzyl-7-deazapurin la jako modelovou slouceninu pro
studii C-H fosfonaci pomoci diethylfosfitu 27a za riznych reak¢énich podminek.

Po pocatecnich nezdarech se stiibrnymi, Zelezitymi a kobaltitymi solemi, které

nefungovaly vibec nebo s velice nizkou konverzi, jsem se zaméfil na pouziti

Mn(OAC);-2H,0 (Schéma 8).

Ph 4 Ph H
NN O Mn(OAc)s2H,0  N# N O
s | H + H-P-OEt t > o | P-OEt
N~ N OEt 0P~ femp. N~ N OFt
Bn Bn
1a 27a 28a

Schéma 8 Optimalizace C-H fosfonaci 6-fenyl-9-benzyl-7-deazapurinu 1a s diethylfosfitem
27a
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Reakce se 3 ekv. Mn(OACc)3-:2H,0 v kyseliné octové za r.t. nefungovala, za vysSich
teplot (50 a 80 °C) uz ale poskytla zadany 8-fosfonovany 7-deazapurin 28a ve 23 % resp. 37
% vytézku. Manipulace s mnozstvim promotoru neméla zadny pozitivni efekt. Po otestovani
ruznych rozpoustédel se jako nejlepsi ukazala smés MeCN/H20 (1:1), kdy byl produkt ziskan
ve vytézku 43 %. Zvyseni teploty na 100 °C a pouZziti vétSiho nadbytku diethylfosfitu (5 ekv.)
zvysilo vytézek na 47 %, vSechny ostatni pokusy o jeho zvySeni uz ale nebyly Gspésné.

S takto optimalizovanymi podminkami jsem se rozhodl zjistit rozsah a limity této

metody a zkusil pfipravit sérii rizné substituovanych 7-deazapurinu (Schéma 9, Tabulka 5).

R’ R
WU o iofeome SRORRBE WY B one
RN NRS OR! I1V|oeoC°'\(l:/,H zzr? ,(Ajrj) RN Nias OR’
1a, 1d, 15, 18, 27a-b 28a-m
21, 29-37

Schéma 9 C-H fosfonace 7-deazapurinti

Reakce 6-chlor a 6-substituovanych 7-benzyl a 7-(2-trimethylsilyl)ethoxymethyl)
chranénych deazapurinu 1a, 1d, 30, 31, 15 probé&hly hladce a poskytly zadané produkty 28a-
b, 28d-f v akceptovatelnych vytézcich 36-56 % (Tabulka 5, fadky 1-2, 4-6).

Tabulka 5 Preparativni C-H fosfonace 7-deazapurint

Pokus  Vychozi R R R’ R Produkt (vytézek)
latka

1 la Ph H Bn Et 28a (47 %)
2 1d Cl H Bn Et 28b (36 %)
3 29 Ph H ribofuranosa Et 28c (25 %)
4 30 Cl H SEM Et 28d (30 %)
5 31 SMe H SEM Et 28e (56 %)
6 15 OMe H SEM Et 28f (40 %)
7 32 Cl H H iPr 28h (30 %)
8 32 Cl H H Et 289 (41 %)
9 21 Ph H H Et 28i (40 %)
10 33 Cl NH, H Et 28K (38 %)
11 34 Cl Cl H Et 28j (39 %)
12 35 Cl Me H Et 281 (37 %)
13 36 Cl F H Et 28m (37 %)

14° 37 Cl H H Et n.r.

15° 18 Ph H Bn Et n.r.

?Deazapurin 37 je substituovany fluorem v poloze 7; ° slougenina 18 je purinovy analog.
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Dale byla uspésna také fosfonace benzoylovaného nukleosidu 29 vedouci k fosfono-
nukleosidu 28c ve 25 % vytézku (Tabulka 5, tadek 3), a dale fosfonace 6-chlor-7-
deazapurinové baze 32 s 41 % vytézkem fosfonatu 289 (Tabulka 5, fadek 8), ktery byl
vhodnym substratem pro dal$i modifikace v pozicich 6 a 9.Tyto vysledky ukazuji, ze pro
uspésnou fosfonaci neni potfeba mit polohu 9 ochranénou nebo substituovanou.

Potom jsem zkusil reakci 6-chlor-7-deazapurinu 32 s objemnéjsim diisopropyl
fosfitem 27b, ktery poskytl zadany produkt v o néco mensim vytézku 30 %. Nasledné jsem se
rozhodl prozkoumat preparativni C-H fosfonace ruznych 2- a/nebo 6-substituovanych 7-
deazapurind. Ve vSech piipadech se mi podafilo ziskat zadané produkty 28i-m v dobrych 37—
40 % vytézcich (Tabulka 5, fadky 9-13). Na druhou stranu, 7-fluor-7-deazapurin 37 a 6-
fenylpurin 18 se ukazaly byt zcela nereaktivni (Tabulka 5, fadky 14-15).

Stejny protokol pro C-H fosfonaci jsem dale pouzil pro fosfonaci 9-dezapurinil

(Schéma 10, Tabulka 6).

R'" Rr2 R' Rr2
N)Ir\i) R Mn(OAC)3:2H,0 N O
W H_g;?Et MeCNIH,0 (1) L L p—h~OEt
N 100 °C, 2h, Ar N OEt
22.23, 39-40 27a 38a-d

Schéma 10 C-H fosfonace 9-deazapurina

Reakce 7-benzyl-6-chlor- a 6-fenyl-9-deazapurinti 39 a 22 vedly k 8-fosfonatim 9-
deazapurinu 38a a 38b v 30 respektive 31 % vytézku (Tabulka 6, fadky 1-2). Podobné i
reakce 6-chlor- a 6-fenyl-9-deazapurini 40 a 23 poskytla piislusné fosfonaty 38c a 38d v 37
resp. 36 % vytézku (Tabulka 6, fadky 3-4).

Tabulka 6 Preparativni C-H fosfonace 9-deazapurint

Pokus  Vychozi R R Produkt (vytézek)
latka
1 39 Cl Bn 38a (30 %)
2 22 Ph Bn 38b (31 %)
3 40 Cl H 38c (37 %)
4 23 Ph H 38d (36 %)

Za tCelem otestovani reaktivity 6-chlor-7-deazapurinového fosfonatu 28g jsem

provedl nékolik Suzuki-Miyaura reakci ve vodné fazi (Schéma 11), které probéhly hladce a
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vedly k 6-substituovanym 7-deazapurinovym fosfonatim 4la-g, které byly izolovany v

dobrych vytézcich 60-75 % (Tabulka 7).

Cl R-B(OH), R
NP D PA(OAC), TPPTS  NZ N §

N | O N a.co. romecn s | h-OEt
N~ N  OEt axLUs, HpU/Me N~ N  OFt
H 100 °C, 1h H

28¢g 41a-g

Schéma 11 Suzuki-Miyaura reakce 7-deazapurin-8-fosfonatu 28

Tabulka 7 Syntéza 6-(het)aryl-7-deazapurin fosfonati

Pokus R Produkt (vytézek)
1 furan-2-yl 41a (71 %)
2 furan-3-yl 41b (65 %)
3 thiofen-2-yl 41c (65 %)
4 thiofen-3-yl 41d (72 %)
5 fenyl 41e (75 %)
6 benzofuran-2-yl 41F (67 %)
7 dibenzofuran-4-yl 419 (60 %)

Poslednim cilem tohoto projektu byl vyvoj metody pro Stépeni fosfodiesterové vazby
vedoucimu k volnym fosfonovym kyselinam, coz bylo realizovano ve dvou krocich, reakci s
brom(trimethyl)silanem v acetonitrilu?* se zpracovanim ve vod& (hydrolyza silyl-esterti po

transesterifikaci) (Schéma 12).

R’ R?
N~ N\ 9 TMSBr (10 ekv.) NZ N\
k\ | P—OEt > k\ | P—OH
N N OEt MeCN, rt, 24h, Ar N N\ OH
R2 R2
28a, 28d, 28e, 289, 28i 42a-e

Schéma 12 Stépeni fosfodiesterové vazby deazapurinovych fosfonatl 28a, 28d, 28e, 28g, 28i

Tento protokol jsem nasledné pouzil pro syntézu péti 6-chlor nebo 6-substituovanych
7-deazapurinovych fosfonati nesoucich v poloze 9 benzyl 28a nebo SEM chranici skupiny
28d, 28e pripadné volné baze 289, 28i. Vsechny reakce probéhly bez problému a poskytly
zadané fosfonové kyseliny 42a-e v dobrych vytézich (55-85 %), které byly niz$i kvuli obtizné
separaci (Tabulka 8).
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Tabulka 8 Syntéza 7-deazapurin-8-fosfonovych kyselin

Pokus  Vychozi latka R! R® Produkt (vytézek)
1 28a Ph Bn 42a (75 %)
2 28d Cl SEM 42b (55 %)
3 28e SMe H 42¢ (85 %)
4 28g Br H 42d (77 %)
5 28i Ph H 42e (63 %)

Vlivem siln¢ kyselého prostredi pii St€peni fosfodiesterové vazby fosfonatu 28e doslo
zaroven i k odstranéni SEM chranici skupiny (Tabulka 8, fadek 3). Odchranéni 6-chlor-7-
deazapurin-8-fosfonatu 28g pomoci TMSBr vedlo k soubé&zné substituci chloru bromem
(reakci s HBr vzniklou béhem reakce) a vznikla tak 6-brom-7-deazapurin-8-fosfonova
kyselina 42d (Tabulka 8, fadek 4). Navzdory obtizné separaci volnych fosfonovych kyselin,
sekvence zahrnujici C-H fosfonaci s nasledovanou reakci s TMSBr a hydrolyzou je vhodnou

strategii pro syntézu deazapurin-8-fosfonovych kyselin.

7.2 Syntéza 2-substituovanych 6- a 7-(het)aryl-7-deazapurinovych
bazi
Druha cast této dizertani prace je zaméiena na syntézu 2-substituovanych 6- a 7-

hetaryl-7-deazapurinovych bazi (Obrazek 1).

s N\ N

) . . . Tato prace
Popsané 7-deazapurinové nukleosidy: (7-deazapurinové nukleobaze):

Ry Y R R Ry iX=HY=F43
{ X =NH,, Y = H, 44
z z HN : 2 V=H
PR IR )N\ B PN [ N7 ) 1 X=Me,Y=H,45
ST N SN N X7 N7 N PN N | X=F,Y=H,46
H

X7 N X7 N o NN :
HO HO ' X=Cl,Y=H,47
o (0] O
OMe R .

OH OH OH OH OH OH N7 TN : X = NHp, 57
R = (het)aryl R = (het)aryl R = (het)aryl X)\\N N X7 Me, 58
Nanomolarni cytostatické: Nanomolarni cytostatické: Neaktivni: Ho
X=H,Y=H X =H,Y =NH, X=H
X=H,Y=F - - - ? R,
' X=H,Y =0Me X =NH, ' % = NH.. 59
X=H,Y=Me HN | N\ EX=Me2’60
Neaktivni: PN e '
X =Me, Y = NH, XN

X = NH,, Y = OMe

. VRN J

Obrazek 1 Popsané biologicky aktivni 7-deazapurinové nukleosidy a studované 7-
deazapurinové nukleobéaze

Nedavné vyzkumy v nasi skupin€ vedly k objevu 6-(het)aryl-7-deazapurinovych a 7-
fluor-7-deazapurinovych ribonukleosidi (Obrazek 1) jako silnych cytostatikza a inhibitort

43



mykobakteridlni adenosin kinélzy,2d zatimco jejich 2-substituované derivétyzsa

stejné jako
nukleosidy modifikované na sacharidové astizPe jsou aktivni vyrazné mén¢ nebo vibec.

7-(Het)aryl-7-deazaadenosiny (Obrazek 1) jsou také silnd cytostatika® a/nebo
inhibitory mykobakterialni adenosin kindzy.?* Mechanizmus G&inku zahrnuje transformaci
nukleosidli na trifosfat a jejich inkorporaci do RNA a DNA.% Dile bylo zjisténo, ze 7-
(het)aryl-7-deazapurinové ribonukleosidy nesouci v poloze 6 susbtituenty jako OMe, SMe a
Me (Obrazek 1) jsou podobné¢ silna cytostatika jako adenosinové analogy, zatimco 6-0X0 a 2-
substituované derivaty jsou upln¢ neaktivni.”®

Nicméné biologicka aktivita ptvodnich 7-deazapurinovych nukleobazi zlstava
neznama. Studie této tiidy latek je dilezita pro odhaleni vztahii mezi strukturou a aktivitou,
protoze nukleobdze mohou v principu byt pfevedeny na nukleosidy fosforibosyl
transferazami. To m¢ vedlo k syntéze n¢kolika novych typa 6- a 7-hetaryl-7-deazapurinovych
bazi pomoci Suzuki-Miyaura cross-couplingovych reakei ve vodné fazi.??® Prvni skupinou
latek byly 6-(het)aryl-7-fluor-7-deazapurinové derivaty 43, druhou potom 2-substituované 6-
(het)aryl-7-deazapurinové baze 44-47, tietim typem latek byly 2-amino nebo 2-methyl 6-
methoxy-7-hetaryl-7-deazapuriny 57-58 a posledni skupinou 7-hetaryl-7-deazaguaniny 59 a
2-methyl 7-hetaryl-7-deazahypoxanthiny 60. Krom¢ studia biologickych aktivit jsem také

chtél prostudovat fotofyzikalni vlastnosti téchto latek, protoze zavedeni elektron-donornich

hetarylovych skupin mtze zvysit jejich fluorescenci.

7.2.1 Syntéza 2-substituovanych 6-(het)aryl-7-deazapurinu

Jako vychozi latky pro syntézu 6-(het)aryl-7-deazapurini byly zvoleny 6-chlor-7-
deazapuriny. 6-Chlor-7-fluor-7-deazapurin 37 byl reakci s riznymi hetarylboronovymi
kyselinami v jednom kroku pfeveden na sérii pfislusnych 6-(het)aryl-7-fluor-7-
deazapurinovych bazi 43a-i (Tabulka 9). Substrat byl typicky nechan reagovat s boronovou
kyselinou (1,5 ekv.) a Na,COs (3 ekv.) v pritomnosti Pd(OAc), (0,05 ekv.) a TPPTS (0,125
ekv.) ve smési H,O/MeCN (2:1) pii 100 °C po dobu 3 h. Reakce probihaly s tplnou konverzi
a produkty byly izolovany v dobrych vytézcich s vyjimkou 2- a 3-pyrrolo derivati, které byly
izolovany pouze v prumérnych vytézcich (Tabulka 9, fadky 8-9). N-chranici skupiny byly
odstépeny béhem reakce. Produkty ve vétSin€ piipadl vykrystalizovaly z reakéni smési
(kromé pyrrolo derivath). Presto jsem produkty ptefiltroval pfes kratky sloupec silikagelu za
ucelem odstranéni vysrazeného kovového palladia a organickych zbytkti pochazejicich z

boronovych kyselin.
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Tabulka 9 Syntéza 6-(het)aryl-7-fluoro-7-deazapurinu

Gl F RIB(OH), RTF
N7 B Pd(OAc), TPPTS N)I\g
K\N N NayCOs;, H,O/MeCN k\N N
H 100°C, 3h H
37 43a-i
Pokus R Produkt (vytézek)
1 thiofen-2-yl 43a (75 %)
2 thiofen-3-yl 43b (72 %)
3 furan-2-yl 43c (69 %)
4 furan-3-yl 43d (71 %)
5 fenyl 43e (75 %)
6 benzofuran-2-yl 43f (69 %)
7 dibenzofuran-4-yl 439 (77 %)
8 pyrrol-2-yI* 43h (32 %)
9 pyrrol-3-yI* 43i (35 %)

® Pro R' = pyrrol-2-yl byla pouzita N-Boc-1H-pyrrol-2-yl
boronova kyselina; pro R' = pyrrol-3-yl byla pouzita N-
(triisopropylsilyl)-1H-pyrrol-3-yl boronova kyselina.

Syntéza riznych 2-substituovanych 6-het(aryl)-7-deazapurini 44a-i, 45a-i, 46a-i, 47a-
I byla provedena obdobnym zpusobem z 2-amino-6-chlor-7-deazapurinu 33, 2,6-dichlor-7-
deazapurinu 34, 6-chlor-2-methyl-7-deazapurinu 35 a 2-fluor-6-chlor-7-deazapurinu 36
(Tabulka 10).

Tabulka 10 Syntéza 2-substituovanych 6-(het)aryl-7-deazapurint

33, X = NH;, | Cl R-B(OH), R
34, X=Cl + \Z | \\ Pd(OAc),, TPPTS N
22’ >)§ ; ';/'e | X)\\N N NayCOs, HOMeCN )\ N
’ ' H 100 °C, 3h H
44-47a-i, 48a,b,g
R! Produkt (vytézek)
X = NH, X = Me X=F X =Cl X=R!
thiofen-2-yl 44a (86 %) 45a(95%) 46a (66 %) 47a (93 %)
thiofen-3-yl 44b (90 %) 45b (87 %) 46b (91 %) 47b (60 %) 48b (26 %)
furan-2-yl 44c (67 %)  45c (63 %) 46¢ (84 %)  47c (64 %)
furan-3-yl 44d (83 %) 45d (84 %) 46d (85%) 47d (73 %)
fenyl 44e (80 %)  45e (81 %) 46e (84%) 47e (50 %)  48e (38 %)
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benzofuran-2-yl ~ 44f (58 %)  45f (58 %)  46f (65 %) 47f (30 %)
dibenzofuran-4-yl 449 (52 %) 459 (66 %) 469 (43 %) 479(15%) 48g (5 %)

pyrrol-2-yl? 44h (60 %) 45h (70 %) 46h (72 %) 47h (65 %)

pyrrol-3-yl? 44i (43 %) 451 (40%)  46i (59 %)  47i (56 %)

®Pro R' = pyrrol-2-yl byla pouzita N-Boc-1H-pyrrol-2-yl boronova kyselina; pro R' = pyrrol-3-
ylbyla pouzita N-(triisopropylsilyl)-1H-pyrrol-3-yl boronova kyselina.

Ve vétsin¢ pfipadt byly zadané 2-substituované produkty ziskdny v dobrych az
vybornych vytézcich (vytézky pyrrolo derivati byly opét nizsi). Je dilezité zminit, Ze nedoslo
k hydrolyze relativné reaktivni 2-fluor skupiny derivati 46a-i za bazickych reak¢nich
podminek. V piipadé 2,6-dichlor-7-deazapurinu 34 probihala reakce pfednostné v poloze 6 a
vedla k derivatim 47a-i, v nékolika ptipadech vSak vzniklo i malé mnozstvi 2,6-diaryl
derivatud8b, 48e a 489 které byly snadno odd¢leny chromatografii.

Popsané 6-hetarylpurinové nukleosidy byly pouzity pro konstrukci fluorescen¢nich
nepfirozenych bazi, které byly usp&né replikovany polymerdzami in vitro.?” Bylo
pozorovano, ze vSechny 6-(het)aryl-7-deazapurinové baze 43-48 vykazuji fluorescenéni
vlastnosti, proto jsme se rozhodli jejich fotofyzikalni vlastnosti studovat detailnéji za ucelem
identifikovani novych kandidati pro vyvoj fluorescen¢nich nukleosidovych analogu.

UV-Vis absorpcni a fluorescenéni spektra piipravenych sloucenin byla zmétena v
ethanolu jako modelovém protickém rozpoustédle a byly zmeéfeny spektroskopické
charakteristiky (absorp¢ni koeficienty, pozice absorpénich a emisnich maxim, kvantové
fluorescenéni vytézky). Jiz zminéné 7-deazapurinové baze nesouci (het)arylové substituenty
vykazaly bathochromicky posun absorp¢éniho pasu v UV spektrech, ktery byl typicky mezi
307 a 363 nm. Vsechny studované latky byly fluorescencni s jedinym emisnim pasem v
dlouhovinné UV oblasti (modra) v rozmezi 372 nm (45i) a 468 nm (44f) Obrazek 2a.

Fluorescen¢ni kvantové vytézky se pohybovaly v rozmezi 0.07 u slou¢eniny 43d po
0.83 u slouceniny 46h, median byl 0.43. Zména substituentu v poloze 2 a 7 na 7-
deazapurinovém jadie neméla zddny vliv na jas fluorescence (B = gnax X ®¢), s vyjimkou 7-
fluor derivatt, kde byl jas relativné nizky v porovnani s ostatnimi derivaty (< 4000 M™*-em™).
Na druhou stranu zména hetarylovych substituenti v poloze 6 mél na fluorescenci vyrazny
vliv (Obrazek 2b). Nejvetsi flurescenci typicky vykazovaly benzofuryl a pyrrol-2-yl derivaty,
pFiem? nejvyssi hodnota byla pozorovéana u slouéeniny 46h (19200 M *-cm™).

Celkove nejvyssi jas série pyrrol-yl derivatl byl dosazen relativné kratkovinnou emisi
kolem 383-420 nm, zatimco emise benzofuran-2-yl derivati byla bathochromicky posunuta s

nejvyssim maximem pii 468 nm u latky 44f (Obrazek 2c).
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Obrazek 2 a) Normalizovana absorpéni (teCkovana ¢ara) a emisni (plna Cara) spektra latek
(fialova) 45i a 44f (zelend); b) vliv subtituentu v poloze 6 na fluorescencni spektra; c) foto

vybranych latek v ethanolu; d) vliv polarity rozpoustédla na emisni spektra latky 43c.

Solvatochromni nukleosidové analogy, napf. ty ménici barvu emise v zavislosti na
polarité prostfedi, jsou cennym nastrojem pro biofyzikalni studie.?® Emise zkoumanych latek
byla otestovana na citlivost vici polarité prosttedi. Nejlepsi vysledek byl ziskan pro latku 43c,
kterd zménila emisni vinovou délku ze 419 nm v ethyl-acetditu na 452 nm v methanolu
(Obrazek 1d). Instalace dal$i elektrondonorni/elektronakceptorni skupiny na tento systém

muZze potencialné zlepsit solvatochromismus.

7.2.2 Syntéza 2-substituovanych 7-(het)aryl-7-deazapurini

Puvodni plan byl ptipravit série 7-hetaryl-7-deazapurinovych bazi nesoucich amino a
methoxy skupiny v poloze 2 pomoci Suzuki-Miyaura cross-couplingové reakce ve vodné fazi
ptislusnych 7-jod-7-deazapurini s boronovymi kyselinami. Nicmén¢€ po zjisténi, ze reakce
probihaji méné efektivné a dochazi béhem nich k vyznamné dejodaci vychozich bazi, coz
snizuje vytézek a komplikuje separaci, jsem se rozhodl zménit taktiku a ochranit dusik v
poloze 9. Na zakladé predchozich zkuSenosti jsem zvolil [2-(trimethylsilyl)ethoxy]methyl
(SEM) skupinu,® ktera by méla byt kompatibilni se Suzukiho reakci a méla by byt snadno
odstranitelna.

Nejprve jsem tedy piipravil 9-SEM chranéné 7-jood-7-deazapurinové intermediaty 49

a 50 alkylaci prislusnych bazi 53 a 54 pomoci [2-(trimethylsilyl)ethoxy]methyl chloridu
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(SEM-CI) v bazickém prostfedi29 nasledovanou nukleofilni substituci v poloze 6 methoxidem
sodnym (Schéma 13). V pfipad¢ 2-amino derivatu 53 bylo vyuzito ortogondlni chranéni
amino skupiny pivaloylem k zabranéni alkylace. Tyto reakce prob&hly bez problému a

poskytly klicové intermediaty 49, 50 v dobrych celkovych vytézcich v multigramovych

mnozstvich.
| Cl | OMe |
NZ i) ii)
AT Y e
PiVHN™ "N~ "N N N
53 51 SEM 49 SEM
Piv = pivaloyl ((CH3)3CCO-)
Cl OMe |
N“ |) ii) N\
Y A\)j\/g \
54 52 SEM 50 SEM

Cinidla a reakcni podminky:
i) NaH, SEM-CI, DMF, 0 °C to rt; pro 51: 88 %; pro 52: 89 %);
i) MeONa, MeOH, reflux, 1-2 h, pro 49: 90 %; pro 50: 79 %.

Schéma 13 Piprava vychozich 7-jod-7-deazapurinovych bazi 49-50

9-SEM chranéné 2-amino- a 2-methyl-6-methoxy-7-j6d-7-deazapuriny 49-50 byly
potom pouzity jako substraty pro Suzuki-Miyaura reakce se sérii boronovych kyselin
(Tabulka 11). Vybér hetarylovych substituentii byl zaloZzen na ptechozich zkuSenostech s
cytostatickymi nukleosidy a zahrnoval malé furylové a thiofenylové skupiny, stejné jako

objemn¢jsi benzofuryl, dibenzofuryl a fenyl.

Tabulka 11 Syntéza SEM chranénych 7-(het)aryl-7-deazapurini

OMe | R-B(OH), OMe R
N\ Pd(OAc),, TPPTS . N7 | N\
)\ N\ Na2C303, H,O/MeCN X)\\N N\
sgm 100 °C, 3h SEM
49-50 55-56a-g
R Produkt (vytézek)

X =NH;, X =Me
furan-2-yl 55a (71 %) 56a (68 %)
furan-3-yl 55b (73 %) 56b (76 %)

thiofen-2-yl 55¢ (73 %) 56¢ (80 %)
thiofen-3-yl 55d (76 %) 56d (88 %)
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fenyl 55e (70 %) 56e (76 %)
benzofuran-2-yl 55f (65 %) 56f (71 %)
dibenzofuran-4-yl 55¢ (68 %) 569 (64 %)

Suzuki-Miyaura cross-couplingové reakce SEM-chranénych 7-jod-7-deazapurin 49-
50 s (het)aryl boronovymi kyselinami byly provedeny za standardnich podminek za pouziti
Na,COs (3 ekv.) jako baze a Pd(OACc), (0,05 ekv.) a ve vod¢ rozpustného trifenylfosfinového
ligandu (TPPTS) (0,125 ekv.) ve smési H,O/MeCN (2:1) pii 100 °C po dobu 3 h. Reakce
probihaly bez problému a poskytly SEM-chranéné derivaty 55-56a-g v dobrych vytézcich
(Tabulka 11). Tyto byly dale odchranény na cilové volné deazapurinové baze 57-58a-g
(Tabulka 12).

Odstranéni SEM skupiny bylo provedeno dvéma zplsoby. Nejprve byly SEM-
deazapurinové derivaty pievedeny TFA na N-hydroxymethyl derivaty, které byly nasledné
odstépeny reakci s vodnym amoniakem (vznik urotropinu). Pfipadné byla SEM skupina
odstranéna tetrabutylammonium fluoridem (TBAF) v pfitomnosti ethylendiaminu. Tato
moznost byla pouzita ve vétSin€ ptipadd kvili nizké stabilité cilovych deazapurinl v silné
kyselém prostfedi. Po odstranéni chranici skupiny byly ziskany 2-amino-6-methoxy-7-
(het)aryl-7-deazapuriny 57a-g a 2-methyl-7-(het)aryl-7-deazapuriny 58a-g v dobrych
vytézcich (Tabulka 12).

Tabulka 12 Syntéza 7-(het)aryl-7-deazapurintu

OMe R TBAF OMe R
N~ | N\ ethylenediamine . N7 | N\
X)\\N N, DMF,50°C X)\\N N
\SEM 2-7 days H
55-56a-g 57-58a-g
R Produkt (vytézek)

X =NH; X =Me
furan-2-yl 57a (69 %) 58a (91 %)*
furan-3-yl 57b (78 %) 58b (61 %)

thiofen-2-yl 57¢ (72 %) 58¢ (87 %)?
thiofen-3-yl 57d (61 %) 58d (58 %)
fenyl 57e (56 %) 58e (77 %)?

benzofuran-2-yl
dibenzofuran-4-yl

57f (51 %)
579 (54 %)

58f (83 %)
58g (62 %)

#Reak¢ni podminky: 1) TFA, DCM, 4 h, r.t.; 2) NH3 (ag.)
(25% [wiw]), r.t., 12 h
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Ptimou cross-couplingovou reakci nebylo mozné pouzit pro pfipravu 6-oxo derivati,
protoze neprobihala dostate¢né efektivné. Proto jsem 6-oxo derivaty ptipravil demethylaci 6-
methoxy-7-deazapurini 57-58. Ziskané 7-substituované 7-deazaguaniny 59a-g a 7-
deazahypoxanthiny 60-g (Tabulka 13) jsou 7-substiutované 7-deaza analogy pfirozenych
purinovych béazi guanind a hypoxanthini. O-demethylace’® byla realizovana reakei s
jodtrimethylsilanem generovanym in situ z TMSCI a jodidu sodného a poskytla zaddané
produkty 59-60a-g v dobrych vytézcich (Tabulka 13).

Tabulka 13 Syntéza 7-(het)aryl 7-deazaguanint a 7-deazahypoxanthini

OMe R O R

N~ | N\ TMSCI, Nal . HN | N\
X)\\N N MeCN, 80 °C, 4 h X)\\N N
H

57-58a-g 59-60a-g

R Produkt (vytézek)

X =NH; X =Me
furan-2-yl 59a (64 %) 60a (91 %)
furan-3-yl 59b (58 %) 60b (61 %)

thiofen-2-yl 59c (65 %) 60c (87 %)
thiofen-3-yl 59d (68 %) 60d (58 %)
fenyl 59 (77 %) 60e (77 %)
benzofuran-2-yl 59f (73 %) 60f (83 %)

dibenzofuran-4-yl

599 (62 %)

60g (52 %)

Pro sérii 7-substituovanych 7-deazaguaninli, nejblizSich analogli pfirozenych
nukleobazi, jsem zméfil také jejich UV-Vis a fluorescenni spektra. Obvykle mély absorpéni
maxima pfi 189-332 nm a nékteré z nich byly jen malo fluorescencni. Jediné silngjsi
fluorofory byly 7-benzofuryl a 7-dibenzofuryl 7-deazaguaniny 59e a 59f, které maji potencial
pro fluorescen¢ni znaceni nukleovych kyselin.

Vsechny cilové 7-substituované 7-deazapurinové baze 43-48, 57-60a-g byly testovany
na protinddorovou aktivitu na 6 bunéénych liniich odvozenych od lidskych nadort plic
(A549), karcinomu stfeva (HCT116 a HCT116p53—/—) a leukemickych bunéénych linii
(CCRF-CEM, CEM-DNR, K562, K562-TAX) apro porovnani také na nezhoubnych BJ a
MRC-5 fibroblastech. Zadna ze slouéenin nevykazala zadnou zajimavou cytotoxickou nebo
cytostatickou aktivitu v koncentracich do 15 uM. Tento vysledek je dilezity v porovnani s

prislusnymi stejné substituovanymi ribonukleosidy, protoze ukazuje, ze "salvage pathway"
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(zachranna cesta), ktera by vedla ke vzniku cytotoxickych nukleosidi z téchto bazi, nehraje

roli pfi metabolizmu nukleosidu.

8 Zavér

Byly vyvinuty nové metody C-H funkcionalizace deazapurinovych bazi a vyuzity pro
syntézu novych modifikovanych deazapurinli nesoucich amino, imido nebo fosfonatové
skupiny v poloze 8, pfipadné silylovou skupinu v ortho poloze fenylu ptipojeného do polohy
6. Série 2-substituovanych 6- a 7-(het)aryl-7-deazapurinovych bazi byla pfipravena pomoci
Suzuki-Miyaura cross-couplingové reakce ve vodném protiedi.

Pd/Cu katalyzovana ptima C-H aminace 6-substituovanych 7-deazapurinti pomoci N-
chlor-N-alkyl arylsulfonamidi probihala regioselektivné v poloze 8, navic za mirnych
podminek. Protoze N-chlor-N-alkyl arylsulfonamid reaguji jako aminac¢ni a také chlorac¢ni
¢inidla, byly vyvinuty i protokoly pro pfimou C-H chloraminaci a C-H chloraci 6-
substituovanych 7-deazapurinti. Pro chranéni aminu byl jako nejvhodnéjsi chranici skupina
vybran ortho-nitrobenzensulfonyl, ktery po odstranéni poskytl 8-methylamino-7-deazapurin.
Béhem testovani jeho reaktivity se vSak ukazalo, Zze je znacné nestabilni, coz je
pravdépodobné zplisobeno nachylnosti k protonaci a oxidaci.

C-H imidacni reakce 6-substituovanych 7-deazapurini chranénych pomoci 9-benzyl
nebo 9-SEM skupiny byly realizovany pomoci N-sukcinimido- nebo N-ftalimidoperesterti za
katalyzy ferrocenem. Reakce probihaly selektivné v poloze 8 a poskytly 8-sukcinimido nebo
8-ftalimido-7-deazapuriny. Vsechny pokusy o kyselou hydrolyzu piipadné o hydrazinolyzu
imidoskupiny vedly Kk rozkladu 7-deazapurin-8-aminu podobné jako v pfipadé 8-
(methylamino)-7-deazapurinu.

Diive popsand iridiem katalyzovana C-H borylace® probihd na deazapurinech
selektivné v poloze 8. Stejny katalyticky systém zaloZeny na iridiovém katalyzatoru a dtbpy
ligandu s pfidavkem norbonenu jako akceptoru vodiku byl pouzit pro C-H silylaéni reakce 6-
fenyldeazapurint s alkylsilanamy. Reakce silnym fidicim vlivem N-1 atomu deazapurinového
heterocyklu probihaly pfednostné v ortho poloze fenylového substituentu a poskytly sérii 7- a
9-fenyldeazapurinovych silylovanych derivati.

Fosfonova skupina byla na deazapurinovy skelet zavedena pomoci piimé¢ C-H
fosfonace dialkylfosfity katalyzované acetaitem manganitym. Reakce opét probihaly
regioselektivné v poloze 8 a vedly k novym 7- a 9-deazapurinovym fosfonatim. 6-Chlor-7-

deazapurin fosfonat byl dale modifikovan Suzuki-Miyaura reakci s rlznymi
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(het)arylboronovymi kyselinami. Tyto reakce prob&éhly hladce a poskytly sérii 6-
substituovanych 7-deazapurinovych fosfonatt, které¢ byly pouzity také pro piipravu
fosfonovych kyselin vyvinutou metodou $tépeni fosfodiesterové vazby.

Suzuki-Miyaura cross-couplingova reakce byla pouzita pro zavedeni hetarylového
substituentu do polohy 6 a 7 na 7-deazapurinu. Byla pfipravena knihovna 6-hetaryl-7-
deazapurini nesoucich fluor v poloze 7 a H, F, Cl, Me nebo NH; skupinu v poloze 2. Stejna
reakce vsak kvuli vyznamné dejodaci nebyla vhodna pro piipravu 7-(het)aryl-7-deazapurinti z
7-jod-7-deazapurini. Proto byla pouzita 2-[(trimethylsilyl)ethoxy]Jmethyl (SEM) chranici
skupina, ktera je kompatibilni s reak¢nimi podminkami a je snadno odstranitelnd v zavéru
syntézy. Tato strategie byla UspéSna, podafilo se pfipravit série volnych 6-methoxy-7-
hetaryldeazapurinii nesoucich amino nebo methylové skupiny v poloze 2. 6-Methoxy-7-
(het)aryl-deazapurinové baze byly dale O-demethyla¢ni reakci pievedeny na 7-(het)aryl 7-
deazahypoxanthiny a 7-deazaguaniny (nové substituované analogy piirozenych bazi
hypoxanthinu a guaninu).

Zavérem lze fici, ze byla pfipravena rozsdhld knihovna (vice nez 100 latek)
novych modifikovanych deazapurinovych nukleobazi nesoucich rGzné substituenty a
funkéni skupiny. Bohuzel, vSechny pfipravené latky se v testech biologickych aktivit
(protinadorové a protivirové) ukazaly byt neaktivni, coz je v ostrém kontrastu s
prislusnymi nukleosidy. Nicméné¢ tada sloucenin vykazala zajimavé fluorescencni
vlastnosti (kvantové vytézky az 0.83) a tim i potencial pro znac¢eni nukleovych kyselin.

V neposledni fad¢ je tfeba fici, ze vyvinuté C-H funkcionalizace a dal$i transformace
instalovanych funk¢nich skupin vhodné dopliuji sou€asné nastroje (cross-couplingoveé reakce,
nukleofilni substituce, halogenace, glykosylace) pro modifikaci deazapurinii, coZz ma
nepochybné velky potencial pro syntézu novych knihoven modifikovanych deazapurinovych

nukleobazi.
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