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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS
Temas aktualitate

Petijumi par proteinu mijiedarbibam un to reguléSanas (stimuléSanas vai inhib&Sanas)
iesp&jam loti intensivi attistas. Tade] ir pieprasijums p&c jaunam molekularam platformam,
kuram vienlaicigi biitu gan strukturala daudzveidiba, gan stereokimiska noteiktiba. No Sim
platformam var veidot gan mazmolekularus, gan lielmolekularus savienojumus, kurus
potenciali var izmantot proteinu mijiedarbibas reguléSanai.

Dabigo oglhidratu atvasinajumi — cukuraminoskabes — tiek plasi pétiti ka pamatelementi
karbopeptoidiem — foldamériem, kuros oglhidratu fragmenti ir saistiti ar amidsaitém. Tiem
piemit spgja veidot noteiktas otr&jas struktiras Skidumos. Savukart triazoli ir proteinu

pamatsaites — amidsaites — izostéri, kuri ir plasi pielietoti peptidomimétiku sint&ze.

Pétijjuma meérkis un uzdevumi

Promocijas darba mérkis ir jauna tipa karbopeptoidu molekularas platformas izveide un
aprobacija telpiski strukturétu oligosaharidu sintéze. Jauna foldaméru klase laus noveértét So
struktiiru pielietoSanas iesp€jas strukturali noteiktu makromolekulu sintéze.

Darba uzdevumi ir:

Sintezét pamatplatformas elementus saturoSus biivblokus un pielietot tos oligosaharidu,
kuros oglhidrata platformas mijas ar amidsaiteém, un to mimétiku, kuros amidsaite aizstata ar
triazolu tiltinu, sint€zes.

legtitos karbopeptoidus izpétit ar fizikalam pétisanas metodém — KMR un CD spektriem,

ar mérki noskaidrot to pirmé&jas un otrg&jas struktiiras.

Zinatniska novitate un galvenie rezultati

Uz jauna buvbloka pamata sintezetas ar amidsaittm un triazolu cikliem saistitas
karbopeptoidu struktiiras. To pétijumi, izmantojot spektroskopiskas un datorsimulacijas

metodes, ]ava novertét iesp&jamo otr&jo struktiru veidosanos Skiduma.



Darba struktiira un apjoms

Promocijas darbs ir uzrakstits anglu valoda un sastav no literatiras apskata par

cukuraminoskabju sintézém un karbopeptoidu otr&jo struktiiru p&tijumiem, darba gaita iegiito

rezultatu izverte¢juma un eksperimentalas dalas, kura aprakstitas recenz€tos Zurnalos

nebuplicétu savienojumu sintézes.

Darba aprobacija un publikacjas

Promocijas darba rezultati izklastiti 4 originalpublikacijas, 1 apskatraksta un 3 patentos:
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Luginina, J.; Rjabovs, V.; Belyakov, S.; Turks, M. A concise synthesis of sugar
isoxazole conjugates. Tetrhedron Lett. 2013, 54, 5328-5331.

Rjabova, J.; Rjabovs, V.; Moreno Vargas, A. J.; Clavijo, E. M.; Turks, M. Synthesis of
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activity. Centr. Eur. J. Chem. 2012, 10, 386-394.
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Darba rezultati prezenteti konferences:
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PROMOCIJAS DARBA GALVENIE REZULTATI

Uzsakot darbu, més izvirzijam hipotézi, ka jaunus ar amidiem un triazoliem saistitus
oligosaharidus — karbopeptoidus, varétu veidot uz lidz §im neizpétitas strukturalas platformas
pamata. Tai butu jasatur ierobezoti kustigs cukura pamatcikls, pie kura ir pievienotas
savstarpgji trans-orientétas funkciondlas grupas (1., 2. att.. FG* un FG?). Promocijas darba
rezultati parada, ka tas ir viegli ieglistamas no kopigam izejvielam un lauj iegtit amidu un
triazolu starpcukuru tiltinus. Kombing&jot buvblokus, var iegiit gan tikai ar vienu tiltina tipu
saistitus oligosaharidus, gan ar dazadiem — amidiem un triazoliem saistitus analogus.

Oligosaharidu sint€z€m més izmantojam divas pieejas. Pirmaja metode (1. att.) kedes
pagarinaSana notiek, iterativi pievienojot funkcionaliz&tu monoméru Il pie sakumposma | un
modificgjot iegiito augstakas kartas oligoméru 111 un V aizvietotajus X par FG' ta, lai varétu
veikt nakamo pagarinasanas reakciju. ST metode lauj atri un ar oti labiem iznakumiem iegiit

oligomeérus ar k&des garumu Iidz ¢etram oglhidratu vienibam.

O QFGZ

FG!
X
QO BEQ -
FG? |
R
IHl: R=X
I IV: R=FG' VI: R=FG'

2
FG \; X -
(0) 0 oglhidrata platforma FG'= NH, vai Ny

FG2 = COOH vai -$—
\LL%_ \%%_ /I o T/Al triazola vai amida tiltind X = aizejosa grupa, piem.: OMs
|
X

||:G1 vai

1. Attels. Iterativas sint€zes strat€gijas shema.

Otra metode (2. att.) lauj sintez&t atbilstoSus heksam&rus un oktamérus, veicot kedes
pagarinasanu par divam vienibam katra soli. Tam més izmantojam funkcionaliz€tus dimérus

IV un VIII, kurus ieguvam no diméra I11.

i 1
D1 N 7 W W

\ FG?
n X . A ‘

il X
2. Attels. Dim@ru pievieno$anas stratégijas shéma.




1. Jaunu karbopeptoidu un to triazolanalogu sinteze
1.1. Monomeéru sinteze

Cukuraminoskabes un no tam atvasinatus oligomérus var sintez&t, izmantojot viegli
pieejamas izejvielas no dabigiem avotiem [1]. Modificgjot molekulas esosas funkcionalas
grupas, var pakapeniski ievadit nepiecieSamas funkcijas, kontrolgjot izveletas relativas

konfiguracijas izveidi.

(ii) o™
—
wo  76%  HOws

(v) (vi) IE) |v) vai (
65% ’O 72%

7 6 5

1. Shéma. (i) NaOCl, NaBr, TEMPO, DCM, H,O0; (ii) NaOH, CHsNO,, MeOH; (iii) DMSO, Ac,0; (iv) NaBH,,
MeOH; (v) H,, Pd/C, MeOH; (vi) ZCl, Et;N, DCM.

Ka izejvielu sintézei izmantojam 1,2:5,6-di-O-izopropilidén-a-glikofuranozi (diacetonglikozi,
DAG) 1, kuru oksidgjam ar NaOCl TEMPO klatieng [2]. legiito ketonu 2 talak modificgjam,
izmantojot nitrometana pievienosanas HenrT reakcija un Vitiga reakciju ar trifenilfosfonija
metilidu.

HenrT reakcija (1. shéma) veidojas produktu 3 un 4 maisijums, kuru dehidraté péc Mofata
metodes [3,4]. leguto produktu 5 reducgjam ar natrija borhidridu Iidz aminam 6,
ko hidrogen&jam un aizsargajam ar Z-grupu.

Aizsargato aminu 7 var iegiit no ketona 2, izmantojot Vitiga reakciju, hidroborésanu-
oksidesanu, spirta 9 mezilésanu un azideésanu [5]. Péc azida 11 hidrogengSanas un Z-grupas
ievadiSanas més ieguvam 7 (2. shéma).

Lai ievaditu karbonskabes funkciju, savienojumam 7 selektivi nosk&lam 5,6-O-
izopropilidénaizsarggrupu skabas hidrolizes apstaklos. Tacu reakcijas gaita biezi veidojas

pilnigi deaizsargats cukurs, kurs rodas noskeloties ari savienojuma 1,2-O-izopropilidéngrupai.
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2. Shéma. (i) MePPhsBr, n-BuLi, THF (i) HsB-SMe,, THF:; (iii) NaOH, H,0.; (iv) MsCI, Et;N, DCM:; (v) NaN,
DMF; (vi) H,, Pd/C, MeQOH; (vii) ZCl, Et;N, DCM.

Mes novérojam, ka lidzigos apstaklos savienojuma 10 hidrolize notiek daudz selektivak un
bez blakusproduktu veidoSanas un savienojuma 12 iznakums sasniedz 95% (3. shéma).
Azida 11 5,6-O-izopropilidéngrupas skelSana nav pilnigi hemoselektiva un attiecigo diolu 13

ieguvam tikai ar 50% iznakumu.

HO

0
P4 Ho" 0 12, R = OMs
0™ \_.0 0) (ii) 67%
L )wo = 0

-~ T 13, R=Nj
|\Q OJ\\ R O/l\\ (i), (iv)ée%

10, R = OMs 12, R = OMs, 96% 14, R = NHZ
11, R=Nj3 13,R=N3, 49%
7, R=NHZ 14, R = NHZ, 75%

3. Shéma. (i) H,S0., MeOH, DCM:; (i) NaNs, DMF; (iii) Hp, Pd/C, MeOH; (iv) ZOSuc, Na,COs, THF, H,0.

Lai sintez&étu cukuraminoskabes 15 un 16, diolus 12 un 13 paklavam oksidéjosai Skel$anai ar
natrija perjodatu un talakai oksidéSanai ar natrija hloritu (4. shéma). Skabi 15 ieguvam ar 80%
iznakumu, bet skabi 16 — ar 92% iznakumu. Divpakapju procesa iznakums ir iev@rojami
labaks par viena reaktora ruténija kataliz€tu diola 13 oksidéSanu ar natrija perjodatu, kas lava

iegiit 16 ar 49% iznakumu.

oH OH

07 \=0 (i), i) (i), 49% o;\io) ]
/"0 so% HO vai (i), (iii), 92% o0
RSN &l

. Kle)

15 o /K\ 16
L0

N N
o - X__o
wg <M a2 R=0Ms i), (v)
o~ Q9% 13,R =Ny 46% T 0
(\)Ms O/K\ N3 O/K\

17 18

Z—,

3

4. Shéma. (i) NalOy4, RuCls, CHCI3, H,O, MeCN; (ii) NalO,4, MeOH,; (iii) NaClO,, NaH,PO,4, H,0, MeCN, (iv)
Ohiras-Bestmana reagents, K,CO3, MeOH.
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Izmantojot Ohiras-Bestamana reagentu, diolu divas stadijas (pieméram, process 12—17) var
parverst par triskarso saiti, iegtstot alktnus 17 un 18.

Cukuraminoskabes sintézei, kas satur -CH,- linkeru starp THF ciklu un karbonskabes
funkciju, var izmantot divas iepriek$ lictotajam lidzigas stratégijas — no diola 14 ieguta
aldehida Henr1 reakciju ar nitrometanu (5. sh€ma) un hidroboré$anas-oksidésanas reakciju

sekvenci (6. shéma).

O,N
14 ). (i) o (i), (iv)_ (\Q v, <Q
93% HO 91% 500/

NHZ

19 20 21
5. Shéma. (i) NalO4, MeOH; (ii) NaCH,;NO,, MeOH; (iii) Ac,0, p-TsOH; (iv) NaBH,;, MeOH; (v) NaNO,,
DMSO, AcOH, MS 4A.

Savienojuma 20 nitrometilgrupu var parvérst par karbonskabi ar natrija nitritu etikskabes
klatien€ ar 50% iznakumu.

Ka alternativu nitrogrupas modific€Sanas reakcijam meés izv€l§jamies pirméja spirta 24

(6. shéma), kuru iegust hidroborgjot alkénu 23, oksidéSanu par skabi.

RO \
(0} (ii) (|||) (v) 39%

" i 21
"Q 84% "Q 76 A: vai (vi), (vii), 6%

R ok ok

NHZ NHZ NH

7, R=H 23 24

(i) 64%
22, R=Ms

6. Shéma. (i) MsCl, Et;N, DMAP, DCM; (ii) Nal, EMK; (iii) H;B-THF, THF; (iv) NaBOs-4H,0; (v) PDC,
DMF; (vi) NaOCI, NaBr, TEMPO, DCM, H,0; (vi) NaClO,, NaH,PO,, H,0, MeCN.

Pirmgja spirta oksidéSanai var izmantot piridinija dihromatu dimetilformamida vai TEMPO
katalizétu oksideéSanu ar hipohloritu, kas lauj iegut skabi 21 ar 76% iznakumu. Skabi

aizsargajam trimetilsililetilestera veida (7. shéma).

7. Shema. (i) TMS(CH,),0H, EDCI, DMAP, DCM.
1.2. Disaharidu sintéze

Lai oligosaharidu sintéze butu konvergenta, izvélgjamies izmantot attiecigos disaharidus ka

biivblokus. Ta esteri 25 hidrogen&jam un aciléjam ar cukuraminoskabi 21, iegtistot aizsargatu
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diméru 26 (8. shéma). Savukart, méginajumi noskelt skabes aizsarggrupu izradijas ne Tpasi
veiksmigi. Ta, tikai reakcijas ar TBAF/THF un CsF/DMF 130 °C deva vélamo produktu.

o) (o} HO o}
o j m.,,,,o mwﬂo
Y\QO) O R
" | 1]
o . "0 —— — HN
™S S 80% HN (o) 56% (o)
\ b o) Q)
NHZ o o

25 NHZ NHZ
26 27

8. Shema. (i) H, Pd/C, MeOH; (ii) 21, EDCI, Et;N, DMAP, DCM; (iii) CsF, DMF.

Ka alternativu metodi var izmantot spirta 24 hidrogen&Sanu un acilésanu par disaharidu 28,

ko talak oksidg katalttiskos apstaklos Iidz skabei 27 (9. shéma).

HO o S o
T me J TN w0
NHZ o 0

24 \
28 27

9. Shéma. (i) Hy, Pd/C, MeOH; (ii) 21, EDCI, Et;N, DMAP, DCM:; (iii) NaOCI, NaBr, TEMPO, H,0, DCM.

Lai sintez€tu ar triazoliem saistitos oligosaharidus sakuma pielietojam iterativas sintézes
stratégiju, ta¢u meés secinajam, ka disaharidu izmanto$ana gan paatrina sintézi, gan palielina
kopgjo iznakumu.

Tapéc més parveidojam ieprieks iegiitos savienojumus 13 un 17 par disaharidiem ar triazolu

tiltipu 30 un 32 (10. shéma).
HO
ANGXe)
BnO HOT\L}"WO
(i BHOD\LO}WO (i) (i O i
- -—— 13 — N —_—
88% 80% 82% 1 89%

v ””’O)T
N3

29

30 31 32
10. Shéma. (i) NaH, BnBr, DMF; (ii) 17, CuSO,, natrija askorbats, H,O, THF; (iii) NalO,, MeOH; (iv) Ohiras-
Bestmana reagents, K,CO3, MeOH.

Azidus 18 un 29 reducgjam péc Staudingera un acilgjam ar skabi 15, iegiistot dimérus 33 un

34 ar amida tiltinu (11. shéma)

12
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o - BnO \ o) \ e -
o 76% : : 61% o
. o Ny— Ny— o
o 29 18 .
MsO O# MsO O/<\

34 33

11. Shéma. (i) PPhs, H,O, MeCN; (ii) 15, EDCI, Et;N, DCM.
1.3. Starpproduktu un monoméru izmanto$ana

Papildus oligoméru sintézei un to otr§jo struktiiru izp&tei disertacijas izstrades gaita meés
demonstrgjam jaunieglito monosaharidu fragmentu izmantoSanas iesp&jas dazadu oglhidratu
atvasinajumu ieguve.

Ta no nitroalkéna 5 diastereoselektivi sintez€jam nukleofilu 1,4-pievienoSanas produktus ar
alkoksi- (35), alkiltio- (36) un hidroksilgrupam (4), kurus miisu laboratorija vélak izmantojam
izoksazolu (37 un 38) [6], triazolu (39) [7] un oksazolidinonu (40) [3] sintézei (3. attels).

e
Mes=._/ "0 —
\ %

NO, O

36

[

3. Attels. Savienojuma 5 izmanto$anas iesp&jas

Izoksazolus sintez&jam, izmantojot no nitrometilgrupas generéta nitriloksida 1,3-dipolaro
ciklopievienos$anas reakciju ar terminalajiem alkiniem [6]. Ta var sintez&t gan tio-aizvietotaju
saturoSus, gan nesaturosus izoksazolus ar visparigam formulam 37 un 38 ar iznakumiem lidz
95%. Ja izmanto diinus, var sintez&t gan di- (41), gan monoizoksazolus ar terminalu triskarso
saiti (42) (12. shéma).

Lai sintez€tu monosaharidu-triazolu konjugatus, savienojumu 4 parveértam par azidu 43,
kuru tapat ka iepriek§ minéto azidu 11 izmantojam 1,4-diaizvietotu 1,2,3-triazolu sintézei

[5,7] (13. shéma).
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12. Shéma. (i) RC=CH, Et3N, etilhlorformiats, toluols; (ii) 1,n-diins, Et3N, etilhlorformiats, toluols.
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N
N N, |
N" R
43 39
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Y Ao ® O .0H
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11 44 45

13. Shéma. (i) RC=CH, CuSO,, natrija askorbats, H,O, THF; (ii) TFA, H,0.

Azidu reakcijas ar terminalajiem alkiniem veicam THF, ka katalizatoru sist€ému izmantojot
vara(Il) sulfatu un natrija askorbatu [5,7]. Tabula ir apkopoti dati par sintez€tajiem triazoliem
ar visparigajam formulam 39 un 44. Dalai no savienojumiem 44 nosk&lam aizsarggrupas
skabas hidrolizes apstaklos un sadarbiba ar Sevilas universitates pétniekiem veicam
biologiskas aktivitates parbaudi. Savienojums 44a 0.1 mM koncentracija inhib&ja o-L-
fukozidazi (EC 3.2.1.51) par 26%. Aizsarggrupas nesaturo$ais monosaharids 45¢ 1 mM
koncentracija inhib&ja B-glikozidazi (EC 3.2.1.21) par 15% [5,8].

Azidu 11 izmantojam ar1 reakcijas ar alkaditniem un terminalu alkinu saturoSu izoksazola
atvasinajumu 42, iegistot simetriskus [9] un nesimetriskus [8] disaharidus 46 un 47
(14. Shéma).

Savukart alkinu 17 izmantojam aizvietotu tetrahidroindazolu 50 un 51 sintézei [10], veicot
reakciju ar atbilstoSajiem enantioméri tirajiem azidiem 48 un 49, kas bija pieejami miisu

zinatniskaja grupa (15. shéma). Sadi paveras cel§ uz jauna tipa pseidonukleozidu sintézi.
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14. Shéma. (i) 1,n-diins, CuSQ,, natrija askorbats, H,O, THF; (ii) 42, CuSO,, Na askorbats, H,O, THF.

1. Tabula. Monasaharidu-triazolu konjugatu 39, 44 un 45 sintéze saskana ar 13. shému.

50 OMs

D
N/

15. Shéma. (i) CuSQy, natrija askorbats, H,O, THF.

1.4. Oligosaharidu sintéze

1.4.1. Ar triazoliem saistitie oligosaharidi

N
N
N o) P N
N, N, N N
A B G e I
\ ,,O/K\ N o
OMs o)
17 49 b
OMs

Nr. R Produkts 39 Produkts 44 Produkts 45
1. §© 39a, 98% 44a, 95% 45a, kvant.
2. -EOF 39b, 89% -
3 §©$< 39¢, 97% adc,91% | 45c, kvant.
: M

4, : < 2 OMe 1 394, 93% : :

OMe
5. ~§@ca 39, 96% - -
6. -§@n-su 39f, 94% - -
7. =7 399, 83% 44g, 92% 45g, kvant.

o,
8. <:>< 39h, 86% - -

OH

9. BN 39i, 88% 44i, 88% 45i, kvant.
10. TN 39j, 88% 44§, 92% -

OH
11, gx 39K, 85% 44k, 92% | 45k, kvant,
12. §@ - 441, 81% 451, kvant.
13. Eda e - 44m, 81% 45m, kvant.

(0]

X

Q)
0\

51

Ta ka sintétiski triazolu sint€zes buivbloki iegiistami salidzinosi atrak, vispirms tika sintezeti

oligosaharidi, kas starpcukuru saité satur tikai triazolus. Sakuma, izmantojot iterativu

15



azidésanu - ciklopievienosanas reakciju, més ieguvam izopropilidéngrupas saturoSu

tetrasaharidu 56 ar kop€jo iznakumu 73% 5 stadijas (16. shéma).

o}
i 7

s 0
N Y
3 i
11 0 N\\%--.|lo
. - N )<
& "'//o
\
\\G""'O \R
\ “0 52, R = OMs, 98%
OMs (")< 54, R = OMs, 94%
17 53, R=N;, 96% (ii)<

55,R=N; 92%

16. Shéma. (i) 17, CuSO,, natrija askorbats, H,O, THF; (ii) NaN3, DMF.
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N | 22% N, | N, |
N N (0] N (0]
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\ ""OJT Vo \ ’o/%
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N, | N, | N, |
N ®) N (e} N 0
"’IIO . "’IIO IIO
U o e | o
R oms O oms ©
56, R = OMs 57 58
(iv)(
59, R=N;

17. Shéma. (i) H,SO,4, MeOH, DCM; (ii) NalO4, MeOH; (iii) Ohiras-Bestmana reagents, K,CO3, MeOH; (iv)
NaN3, DMF.

Lai sintezetu oktasaharidu, m&s nolémam noskelt terminalo 5,6-izopropilidéngrupu un diolu
57 parverst par alkinu 58. To izdevas izdarit, bet ar zemu iznakumu pirmaja reakcija un
nepietiekami tiru produktu otraja reakcija (17. shéma). Vienlaicigi tetrasaharidu 56 azidéjam
par 59.

Reakcija starp alkinu 58 un azidu 59 ar zemu iznakumu ieguvam oktasaharidu 60, ka arT ta
5,6-diolu 61, kurus attirijam ar preparativo Skidruma hromatografiju uz apgrieztas fazes

(18. shéma).
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Lai varetu realizét procesu, apejot acetonidu hidrolizes reakciju, nolémam veikt sintézi,
izmantojot ar benzilgrupam aizsargatu savienojumu 30. To lidzigi ka ieprieks, parvértam par

tetrasaharidu 65 ar 84% kop€jo iznakumu Cetras stadijas (19. sheéma).

(@) \\\\‘o JO:> e} \\\O
. O
/ % N = z /W "0 \\O%

O ¢ =N N : o
X " NN :\NNQ "o
N=N_ |3 =

- 60, 9% - OMs

58+59 —1) . "

o [,
O ,\\\\O D o] \\\O
~ O \
2 N/ﬁ/ 1 /YQ 0O \074

- — _ o
HO  GH N=N N\N;N : Q..mo
\N/\/

~
= 61, 2% 43 “ows

18. Shéma. (i) CuSOy, natrija askorbats, H,O, DMF.

30, R = OMs
(i)<

62, R=Ns3, 97% 63, R = OMs, 92%
(i)<
64,R=N;, 98%
19. Shema. (i) NaN3, DMF; (i) 17, CuSOs,, natrija askorbats, H,0, THF.

Tacu tetraméra katalitiska hidrogénéSana norit€ja ilgi un ar saméra zemiem iznakumiem.
Megs ieguvam diolu 57, kuru parvértam par alkinu 58. To bez attiriSanas lietojam oktaméra 67
sint€zei reakcija ar azidu 66 (20. sheéma).

Tegiito oktasaharidu no piemaisjumiem var&jam attirit tikai ar AESH uz apgrieztas fazes,
kas ir ilgs un darbietilpigs process. Tade] nolémam izmantot citu pieeju — audzet oligoméra
kedi, pievienojot disaharidu 32. ST pieeja lauj iegiit heksasaharidus 68 un 69 no atbilstosiem

tetrasaharidiem, ka ar1 talak tos parvérst par nepiecieSamiem oktasaharidiem (21. shéma).
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21. Shéma. (i) 32, CuSO,, natrija askorbats, H,O, THF; (ii) NaNz, DMF.

Tadgjadi mes ieguvam divas ar triazoliem saistitu oligoméru sérijas, kuras talak pétjjam ar
kodolu magnétiskas rezonanses un cirkulara dihroisma spektroskopijam. Var secinat, ka
1sakas virknes oligomérus var efektivi sintezét, veicot k&des pagarinasanu pa vienam
monomé&ram. Garakus oligomérus var &rti iegiit, izmantojot disaharidus ka biivblokus,

tadejadi pagarinot k&di par diviem oglhidrata fragmentiem viena stadija.

1.4.2. Ar amidsaiti un triazoliem saistiti oligosaharidi
Izmantojot parbaudito Stratégiju un iepriek$ ieghtos disaharidus ka buvblokus, més
sintez€jam hibridu sérijas tetrasaharidu 73, heksasaharidu 75 un oktasaharidu 77, kura

kopgjais iznakums ir 55% sesas stadijas (22. shéma).

1.4.3. Oligopeptidu sinteze
Hidrogengjot C-aizsargatu dipeptidu 26 un acil§jot iegiito aminu ar skabi 27, mes ieguvam

C- un N-aizsargatu tetrapeptidu 79, ar 66% iznakumu 2 stadijas (23. sh€ma).
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23. Shéma. (i) H,, Pd/C, MeOH; (i) EDCI, Et;N, DMAP, DCM.
2. Karbopeptoidu un to triazolanalogu struktiiru pétijumi

Lai veiktu struktiru pétijumus jazina, kada konformacija piemit katram struktiirelementam.
Ta ka misu savienojumi satur 3,4-trans-aizvietotu furanozes ciklu, td konformacija var
butiski ietekmét arT saistitajelementu (amidu un triazolu) novietojumu telpa.

Furanozes ciklam, tapat ka ciklopentanam, piemit ticksme mazinat cikla energiju, izvirzot

vienu vai divus atomus no par&jo atomu veidotas plaknes. Ja tiek izbidits viens atoms (virs
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plaknes — endo, zem plaknes — ekso), veidojas aploksnes tipa konformacija, ko apzimé ar
burtu ,,E” (no angl. envelope). Ja divi atomi izvirzas dazadas plaknes pusés — veidojas tvist-
konformacija, T. Sis konformacijas var pariet viena uz otra (pseidorotacija), veidojot ta saukto

pseidorotacijas ciklu (4. attéls) [11].

South

4. Attels. Pseidorotacijas cikls [11]

Pseidorotaciju raksturo divi lielumi — pseidorotacijas fazes lenkis P un tas amplitida ¥. Sos
lielumus var aprékinat péc formulam 2.1. un 2.2., zinot furanozes cikla divplaknu kaktu

lenkus (5. attéls).

tanp = 22+ ®s —(@1+93) (2.1 b 4 b3 po: <L C(1)-C(2)- C(3)-C(4)

3.077¢¢ A ) ¢, < C(2)-C(3)- C(4)-0(4)

un Y ¢, 922 <C(3)-C(4)- O(4)-C(1)

3 2 ¢5. L C(4)-0(4)- C(1)-C(2)

W, = Wcos(P +144)  (22) b0 s SOUNC)-CEICE
kur j — divplaknu kakta lepka indekss, j=0 — 4; 5. Attéls. Furanozes divplaknu kakta lenki

Ja furanozes konformacijas fazes lepkis ir no 270° lidz 90°, tad tas pieder pie ziemelu
konformaciju kopas (p&c lidzibas ar zemeslodes att€lojumu globusa), bet ja no 90° Iidz 270° —

pie dienvidu kopas.

2.1. Pamatdatu iegiiSana no monosaharidu konformaciju petijjumiem

Misu sintezetie oligoméri lielakoties ir e]lveida vai amorfas cietas vielas, tapec tiem nebija
iespgjams ieglt rentgenstruktliranalizei piemé&rotus kristalus. Tacu daziem no
monosaharidiem, kurus ieguvam darba gaita, izdevas veikt strukttiru pétijumus.

Mes ieguvam diola 12 monokristalu un izpétijam to ar rentgenstruktiranalizes palidzibu
(6. attéls). Mes secinajam, ka furanozes cikla konformacija ir parejas stavokli no °E uz °T,

(P=31°). Aizvietotaji pie cikla C(3) un C(4) atomiem veido aizkavétas konformacijas.
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OMs
12

6. Attels. Diola 12 rentgenstrukttranalizes ORTEP attélojums.

Ka strukturali tuvaku miasu mérksavienojumiem meés izpétijam disaharidu 31 ar triazola
starpcukuru tiltinu (7. attéls). Més noteicam, ka savienojuma A-ciklam ir *T, konformacija

(P=6°), bet B-ciklam — E4 (P=51°).

7. Attels. Disaharida 31 rentgenstruktiiranalizes ORTEP attélojums.

Tapat izpétijam ari N-benziloksikarbonilaizsargatu nitrosavienojumu 20 (8. attéls). Tam

piemit parejas konformacija BT, (P=32°). Veicot ta *H-KMR spektru salidzinasanu ar
lidzigiem savienojumiem, mes secindajam, ka tiem saglabajas Iidzigs karbamata un
metiléngrupas protonu novietojums, kad divplaknu kakta lenki H(N)-N(CO)-C(3’)-
H(3’)=*=120°. Apskatito savienojumu raksturojoSie divplaknu kakta lenki ir apkopoti
2. tabula.

8. AttEls. Savienojuma 20 rentgenstruktiiranalizes ORTEP attélojums
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2. Tabula. Savienojumu 12, 31 un 20 konformacijas raksturojosie divplaknu kakta lenki.

Savienojums

Nr. Lenkis 31
12 20

A B
1. C(1)-C(2)-C(3)-C(4) 23.6 29.4 26.5 313
2. C(2)-C(3)-C(4)-0(4) | -27.6 -25.8 -40.9 -37.0
3. C(3)-C(4)-0(4)-C(2) 218 12.6 40.5 29.2
4. C(4)-0(4)-C(1)-C(2) -6.4 6.2 -23.2 -8.9
5. 0(4)-C(1)-C(2)-C(3) | -11.7 -22.8 -3.2 -14.9
6. H(1)-C(1)-C(2)-H(2) | -13.7 -26.7 -34 -17.5
7. | C(2)-C(3)-C(3’)-VA* | 57.1 54.4 62.1 64.1
8. H(3)-C(3)-C(2)-H(2) 30.2 375 33.1 40.3
9. | H()-C(3)-C(4)-H(4) | -152.7 | -152.5 | -169.9 | 177.5

*V A — vécakais aizvietotajs

Mes arl izpétijam aizsarggrupas nesaturoSus monosaharidu-triazolu konjugatus 45 Skiduma
ar KMR spektriem. Balstoties uz novérotajam spinu sadarbibas konstantem *H-KMR spektra
un NOE datiem, m@s secinajam, ka no visas $kiduma esoSas B-furanozes formas >97%

atrodas *T, konformacija (9. attgls).

312 < 1Hz

3Jhizpz = 4.0-4.8 Hz
OH  3Jpy3ps =8.3-8.8 Hz
3Juaps = 6.4-7.9 Hz

9. Attels. Monosaharidu-triazolu konjugatu 45 konformacija
Tadgjadi mes varam secinat, ka visiem savienojumiem ar 1,2-izopropilidéngrupu piemit
konformacijas no ta saucamas ziemelu kopas. Tacu katru konkréto konformaciju ietekmée
aizvietotajs pie C(3) atoma, $kiduma notiekos$a ierobezota pseidorotacija, bet kristaliskaja

forma konformaciju ietekmé rezga pakojums.

2.2. Oligosaharidu struktiiru pétijumi

Lai izpétitu sintezéto oligomeru telpiskas struktiiras, més lietojam kodolu magn&tiskas
rezonanses un cirkulara dihroisma spektroskopijas, ka arm molekularas dinamikas aprékinus

molekulu otrgjas struktiiras vizualizacijai.

2.2.1. Ar triazoliem saistitie oligosaharidi
2.2.1.1. KMR pétijumi

Oligomeéru spektru analizi més sakam no disaharidiem, kuriem noteicam visas protonu

kimiskas nobides un novérotas sadarbibas konstantes.
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Veicot konstansu analizi, m&s secinajam, ka gan disaharidam ar 5,6-izopropilidéngrupu, gan
ar 5,6-di-O-benziléteriem furanozu konformacijas ir lidzigas un pieder ziemelu konformaciju
kopai. Starpcukura tiltina (metiléngrupas un triazola) telpiskais izkartojums art sakrit — viens
no H(3’) protoniem ir ap stavokli pret H(3), bet triazola cikls veido divplaknu kakta lenki
N(tr)-C(3”)-C(3)-H(3)=-60°. Triazola protons ir virzits tuvak furanozes C(2) ogleklim un zem
tas cikla plaknes esoSajai -CHj3 grupai.

Lielakas atSkiribas ir 5,6-aizvietotaju orientacija — cikliskais acetals izkartots paraléli cukura

plaknei, bet acikliskie &teri brivi roté, ietekméjot C(4)-C(5) saites geometriju.

O
— =N : GO
N 3 SN SN ~o><
~ N \
N HO_..O
N7\ A
60, R = (CHj3),C=
(CHa3)2 7 N:'}—OWOK

67,R= Bn

’ N\
OMs

10. Attels.Triazolu saturo$u oligoméru vispariga struktiira

Mges noveérojam, ka palielinoties kédes garumam, signalu nobides mainijas tikai starp
dazadas molekulas dalas esoSiem protoniem. Ta terminalo fragmentu (A- un D-cikli
tetram&ram, A- un F-cikli heksam@ram un A- un H-cikli oktam@ram) protonu signali spektra
nemainijas, parejot no viena savienojuma uz otru. Ieksgjo oglhidratu un tiltinu protonu signali
parklajas arvien vairak, pieaugot k&des garumam (10. att€ls). Ta¢u no redzamajiem signaliem
més noteicam, ka katra tiltipa konformacija oligoméros ir lidziga diméru linkera

konformacijai, un tetrahidrofurana cikliem piemit konformacija no ziemelu kopas.

2.2.1.2. Molekularas dinamikas p&tijumi

Izmantojot no heksasaharida 68 KMR spektriem trideiterotrifluoretanola iegiitos attalumus
starp protoniem molekula, veicam molekularas dinamikas aprékinus ar mérki vizualizét
savienojuma 68 telpisko struktiiru (11. att€ls).

Aprékiniem izmantojam programmu NAMD 2.9 (speka lauks CHARMM) un vizualizacijas
programmu VMD 1.9.1 [12].

Péc MD aprékiniem var secinat, ka visu iegtito struktiiru furanozu ciklu konformacijas
pieder pie ziemelu konformaciju kopas, bet tiltinu -CH»- grupu konformacijas atbilst spektra

noverotajam spinu mijiedarbibas konstant€m starp to protoniem un ciklu H(3) protoniem.
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11. Attels. Heksasaharida 68 struktiira péc molekularas dinamikas simulacijas.

Tad, kad triazols pie C(3’) atoma ir virzits uz atbilstosa cikla C(4) atomu, veidojas
B-pagrieziena tipa struktiitelements. 11. Att€la paradita struktiira ar diviem secigiem

[-pagriezieniem.

2.2.1.3. Cirkulara dihroisma pétijjumi

Cirkulara dihroisma spektroskopija lauj atri noteikt savienojumu struktiiras 1pasibas,
salidzinot CD spektrus ar jau zinamo vielu spektriem. Lielas spektru bibliotékas ir izveidotas
no a-aminoskabém veidotiem dabigiem un sintétiskiem oligopaptidiem un proteiniem, ka ari
no nedabiskam B-aminoskabém veidotiem oligomériem. Musu gadijuma, kad mes apskatam
jauna tipa vielu klasi, més varam tikai veikt p&tijjumus dazados $kidinatajos un iegttos datus
saistit ar datiem no KMR pétijumiem un molekularas dinamikas aprékiniem.

Savienojumu sérija ar 5,6-O-izopropilidéngrupu divos $kidinatajos (MeCN un TFE) tika
izpétiti disaharidi 52 un 53, tetrasaharids 56, heksasaharids 68 un oktasaharids 60.
Analogiskie savienojumi 30, 62, 65, 69 un 67 tika izpétiti ari s€rija ar benziléteriem
(12. attels).

RO OR =N H

L Jn >Soms
56, R= (CH3)2C:, n=1 65, Bn, n=1
68, R = (CH3),C=, n=2 69, Bn, n=2
60, R = (CH3),C=, n=3 67, Bn, n=3

12. Attels. Ar CD spektriem pétitie triazolus saturoSie oligosaharidi

Savienojumu CD spektrus uzpémam acetonitrila regiona no 180 Ilidz 260 nm, bet
trifluoretanola no 175 lidz 260 nm. legiitos datus parveidojam par molaro elipticitati, kuru
normaliz&jam pé&c vai nu tiltinu, vai hromoforu skaita, lai novertetu pieaugosas kédes ietekmi
uz spektru intensitati.

Savienojumu s€rija ar izopropilidéngrupam visu oligosaharidu normaliz€tiem spektriem

piemit gan vienadas spektralas paSibas, gan intensitates (13. attéls). Tas nozimé, ka kédes
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garums neietekmé konformaciju sadalijjumu. Savukart, vairaku spektru maksimumu
intensitaSu atSkirtbas dazados Skidinatajos var liecinat par globalas mijiedarbibas ar

skidinataju izmainam.

5000
3000

a)-15000 b

7/ 7

13. Attels. Uz triazolu normalizgti savienojumu 56 (zils), 68 (sarkans) un 60 (zal§) CD spektri MeCN (a)
un TFE (b) $kidumos.

Lai parbaudttu konformaciju termisko stabilitati, veicam temperatiiras ietekmes petijumus,
paraugus sildot no 5 °C lidz 65 °C TFE un lidz 75 °C MeCN s§kidumos.

20000 s oC
— A, nm=——15°C
0 - e ==T=T=N —25°C
17 //S/ 205 215 225 235 245 255  ___3509C
-20000 : —45°C
// —55°C
——65°C
-40000 7 75 00
20°C

-60000

14. Attels. Temperatiiras ietekme uz tetrasaharida 56 CD spektru MeCN skiduma.

Var redzet, ka tetrasaharida 56 spektrs MeCN paliek praktiski nemainigs. Lielakas izmainas
ir apgabala no 185 Iidz 195 nm (14. att€ls). Savukart, TFE ir redzams, ka augstakas
temperatiiras spektra intensitate samazinas, ko var€tu skaidrot ar temperatiiras inducétam

konformacionalam izmainam (15. attéls).

20000

A, Nm —5°C
0 T T — 15 OC
1] 225 235 245 255 ——25°C
——35°C
-20000 - 45 9C
——55°C
-40000 - —65°C
——20°C

-60000 -

15. Attels. Temperatiiras ietekme uz tetrasaharida 56 CD spektru TFE $kiduma.
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Lidzigu ainu novérojam ari heksasaharida 68 spektros TFE (16. attéls), kas liecina par to, ka
garako keéZu konformacijas augstakas temperatiras mainas tapat, ka tetra saharida

konformacijas. Var secinat, ka pieaugot k&des garumam konformacija ir stabila un butiski

nemainas.
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10000 5°C
——15°C

-1000017 —25°C
—35°C

-30000 - —45°C
—55°C
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——20°C

-70000 -

16. Attels. Temperatiras ietekme uz heksasaharida 68 CD spektru TFE $kiduma.

Oligomeri no benzilaizsargatas sérijas uzrada lidzigu tendenci — normaliz€tie spektri maz
atSkiras, palielinoties kédes garumam, un trifluoretanola spektri ir ar lielaku intensitati
(17. attels).

Salidzinot ar pirmo sériju, negativajam maksimumam <190 nm piemit lielaka intensitate, ko

var skaidrot ar benzilgrupas ietekmi uz UV absorbciju.
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17. Att&ls. Uz triazolu normalizéti savienojumu 65 (zils), 69 (sarkans) un 67 (zal§) CD spektri MeCN (a) un TFE
(b) skidumos.
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18. Attels. Temperatiiras ietekme uz tetrasaharida 65 CD spektru MeCN skiduma.
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Tetrasaharida 65 CD spektru pétijumi paaugstinatas temperatiras (18. att€ls) deva lidzigu
rezultatu ka analogiska savienojuma 56 pétijumi acetonitrila. Spektru intensitasu izmainas pie
vilnu garumiem >190 nm pat TFE ir loti mazas (19. atté€ls). Tas liecina par to, ka struktiiras

lielakas izmainas, kas saistitas ar siltumkustibu, notiek benziléteru tuvuma.

215 235 255  ——25°C

19. Attéls. Temperatiiras ietekme uz tetrasaharida 56 CD spektru TFE $kiduma.

2.2.2. Ar amidsaiti un triazoliem saistitie oligosaharidi

2.2.2.1. KMR pétijjumi

Ta ka salidzinot ar iepriekS izpétitajiem savienojumiem, S$aja se€rija paradas papildus
struktirelements — amids, m&s nolémam sakt petljumus no disaharidiem 33, 34 un 72

(20. attels).

8
N
N
B,
N0 N0
MsO 6/& R o# BnO

33 34, R = OMs 73
72, R= N3

20. Attéls. Disaharidi 33, 34, 72 un tetrasaharids 73

Balstoties uz furanozu protonu sadarbibas konstant€m, més varam secinat, ka tam piemit
ziemelu kopas konformacijas (no T, Iidz *T4), bet amids veido divplaknu kaktu lenkus ar
metiléngrupas protoniem H(N)-N(CO)-C(3”)-H(3’) +120°. Savukart, tiltina -CH,-grupas
konformacija ir atkariga no diméra: savienojuma 34 viens no protoniem ir ap pret H(3), bet
savienojumos 33 un 72 — sc konformacija.

Savienojuma 33 amida protona kimiska nobide ir 6.99 ppm, bet savienojumu 34 un 72 —
7.13 un 7.12 ppm.

No literatiiras var secinat, ka, iesp&jams, Sie divi protoni ir iesaistiti vaja Gidenraza sait€ ar

gtera tipa skabekli [13].
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Lidzigi izpétjam tetrasaharidu 73 un konstatgjam, ka furanozu ciklu konformacija
nemainas. Triazola un amidu tiltipu konformacijas sakrit ar atbilstoSo disaharidu
konformacijam — pie triazola saistitas metiléngrupas protoni veido divplaknu kakta lenkus ar
H(3) 180° un 60°, bet amidu - +60°.

Taja pasa laika amidu H(N) protoni veido £120° lenkus ar tiltina -CH,-grupas protoniem.
Kimiskas nobides (7.17 un 7.24 ppm) liecina par vajam tidenraza sait€m.

Mes veicam Skidinataja titréSanu ar mérki noteikt amidu protonu piedaliSanos tdenrazu
saiSu veidosana. Pievienojot DMSO-ds pie tetrasaharida 73 Skiduma CDCls, noteicam

kimisko nobizu izmainas (21. attels).

745 Tppm A
7,40
7,35 /A/A
7.30 _*
7,25 2
7,20 -
7,15 M

DMSO v/iv
7,10 -

% 5% 10% 15% 20%

T T T T T T 1 T
a b) 7.80 7.70 7.60 7.50 7.40 7.30 7.20 7.10 7.00

21. Attels. Skidinataja titré$ana: a) kimisko nobizu izmainu grafiks. b) Titré$anas KMR spektru parklagana
(300 MHz, augsa — 1% DMSO, apaksa — 20% DMSO)

No grafika 21. attéla var redzet, ka, pievienojot 20 tilp.% DMSO, abi NH signali nobidas ne
vairak ka par 0.25 m.d., kas liecina par protonu nepieejamibu mijiedarbibai ar polaro
Skidinataju iesp&jamo iekSmolekularo H-saisu dé] [13].

Heksasaharida furanozu H(1), H(2), H(4) un Cetri no seSiem H(3) ir labi iz8kirti, tapéc varam
secinat, ka oglhidratu platformas konformacijas ir Iidzigas iepriek$ izpétitajam (22. attéls).
Tapat arT triazolu tiltinu un -CH,OMs aizvietotaja orientacija ir lidziga.

Amidu tiltinu -CHy- grupu signali ir labi izskirti sava starpa, tatu A-cikla viens no
protoniem parklajas ar H(5) un H(6) signaliem. Kopuma var secinat, ka -CH,- grupu protoni
ar atbilstosSiem H(3) protoniem veido divplaknu kaktu lenkus, kas ir tuvu £60°, bet ar zinamu
nobidi, kas arT atspogulojas 2-3 Hz starpiba starp abu geminalu protonu konstantém.

Amidu protonu signali atrodas pie 7.16 m.d. (amids 1), 7.25 m.d. (amids 5) un 7.39 m.d.
(amids 3), kas var liecinat par H-sai§u veidosanos. Skidinatja titréSanas rezultati (signalu
nobizu izmainas <0.36 m.d., pievienojot 33 tilp. % DMSO) un temperatiiras nobides
koeficienti (<0.0038 m.d./grads) arT apstiprina to. No sadarbibas konstant€ém varam secinat,

ka divplaknu kakta lenki ir H(N)-N(CO)-C(3”)-H(3")~£120°.
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22. Attels. Heksasaharids 75

Kaut ar1 oktasaharida spektra signali sak parklaties un tas apgriitina atSifréSanu un
konformacijas noteikSanu, més varam secinat, ka furanozu un triazolu tiltinu konformacijas

sakrit ar heksasaharida un tetrasaharida konformacijam (23. attels).

6 =N H S
\NH o H O
7 -
77 o) Y

23. Attéls. Oktasaharids 77.

No amidu tiltinu metiléngrupu protoniem pilnigi parklajas amidu 3 un 5 protonu signali,
ka arT paSu amidu H(N) signali (7.41 ppm) un atbilstoSie H(3) signali. Parklasanas dé] mes
nevaram izmantot visus informativus signalus, bet tikai dazus no tiem. Lietojot pieejamos
datus, varam secinat, ka abu metiléngrupu konformacijas ir lidzigas ar pargjo amidu tiltinu
konformacijam.

Lai izvertetu Skidinataja ietekmi uz oktasaharida 77 konformacijam $kiduma, més veicam
KMR peétijumus acetonitrila (CD3CN) un trifluoretanola (CFsCD,OH). Rezultati ]ava secinat,
ka molekula ir ]oti kustiga, tapéc viennozimigi prognozet tas amida tiltinu konformacijas ir
loti griiti. Tas kustigums samazinas, parejot no hloroforma Skidumu uz acetonitrila un
trifluoretanola skidumiem. To pierada 'H-KMR spektra signalu paplaSinaSanas un jaunu
kodolu Overhausera efekta signalu paradiSanas ROESY spektra triflouretanola.

Nosléguma var secinat, ka dazadiem tiltiniem piemit atSkiriga orientacija telpa, kura
nemainas pieaugot savienojuma k&des garumam. No izpé€titiem oligomé&riem visas noverotas
individualas Tpatnibas piemit sakot no heksasaharida, kamér oktasaharida spektros
parklasanas del ir grutak noteikt struktirelementu raksturojosas sadarbibas konstantes.

Izmantojot ROESY spektru datus, més noteicam attalumus starp dazadiem protoniem

hloroforma un trifluoretanola $kidumos un izmantojam tos molekularas dinamikas aprékinos.
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2.2.2.2. Molekularas dinamikas p&tijumi

Mges izmantojam no KMR spektriem iegiitos datus par attalumiem starp protoniem
oktasaharida 77 molekula molekularas dinamikas aprékinos.

legiitas struktiiras tika novertétas, nemot vera KMR spektru datus. M@s secinajam, ka visu
ciklu konformacijas atbilst ziemelu konformaciju kopai. Savukart, starpcukuru tiltinu
izvietojumu viennozimigi novertét nevar, jo spektru dati neizslédz vairakas molekula esosas

konformacijas (24. attels).

24. Attels. Molekularas dinamikas simulacija iegtita oktasaharida 77 struktira.

2.2.2.3. Cirkulara dihroisma p&tijumi

Mes izpétijam amidus un triazolus saturoSus oligosaharidus tapat ka tikai triazolus saturoSus,
uznemot cirkulara dihroisma spektrus gan MeCN, gan TFE, gan arl veicot temperatiras
ietekmes petjjumus.

Acetonitrila oligoméru spektri uzradija vienadus spektrus, kuru uz hromoforu (amidi,

triazoli un fenilgrupas) skaitu normaliz€tas intensitates izradijas vienadas (25. attéls).

8000 ~ 8000
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4000 4000

2000 +— A, nm 2000 j\ A.nm

0 : 0 R RAAGA RN

; qg 235 255

2000175 195 255 20001

-4000 +—# -4000
-6000 .J -6000
2)-8000 b)-8000
25. Attels. Uz hromoforu normalizéti savienojumu 73 (zils), 75 (sarkans) un 77 (zal$) CD spektri MeCN (a)
un TFE (b)

Tai pasa laika trifluoretanola meés noverojam Skidinataja ietekmi uz savienojumu otréjam
struktiiram, par ko liecina tetrasaharida spektra intensitates samazinaSanas. Izpauzas arl
spektru atkariba no k&des garuma, ka rezultata oktasaharida spektra pilnigi izziid maksimums
ap 192 nm (25. att€ls). Var secinat, ka TFE Skiduma oligosaharidu struktiras mainas, tacu

precizi noteikt izmainu raksturu nevar.
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26. Attels. Temperatiiras ietekme uz tetrasaharida 73 CD spektru MeCN $kiduma.

Tetrasaharida 73 temperatiiras petijumi abos $kidinatajos paradija, ka acetonitrila ir neliela
75 °C spektra maksimuma samazinaSanas (26. attéls), bet izmainas TFE Skiduma ir niecigas
(27. attels).
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27. Attels. Temperatiiras ietekme uz tetrasaharida 73 CD spektru TFE $kiduma.

Savukart, heksasaharida 75 spektriem augstakas temperatiiras (>45 °C) ir nedaudz lielakas

intensitates maksimumam pie 191 nm (28. attls).
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28. Attels. Temperatiiras ietekme uz heksasaharida 75 CD spektru TFE $kiduma.

Nobeiguma var secinat, ka $ajas struktiiras saistitajelementi ir vairak paklauti S$kidinataja
ietekmei, kuras rezultata vai nu veidojas jaunas, vai sabrik eso$as iekSmolekularas

mijiedarbibas. Vienlaicigi §1 ietekme tiek pastiprinata ar pieaugoso k&des garumu.
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SECINAJUMI

1. Sakot ar komerciali pieejamo diaceton-a-D-glikozi, cukuraminoskabes prekursors 15 ir
sintez&jams 8 stadijas ar kopg€jo iznakumu 29%, bet aizsargatas cukurminoskabes 16 un
21 attiecigi 9 un 14 stadijas ar 29% un 12% iznakumiem. Triazolu sintézes prekursors 17 ir
iegiistams 8 stadijas ar 34% kop€jo iznakumu. Izstradatas monosaharidu buivbloku ieguves

metodes ir ar labu atkartojamibu.

OH HO/°
o} o) SN o
o] - .
\\\v‘ 4 /l\\ 8 stadijas 14 stadijas IS
2 470 ——— \
OMs 0] 29% 12% NHZ

o
15 o 21
W anQ
OH 740_\\5_7 )T
Ho' O
1

O (0] Q o anQ
ey 9 stadijas 8 stadijas k
W 29% 34% g o
(] \
N3 OMs
16 17

2. Izstradato cukuraminoskabju un to prekursoru sintézu starpproduktus var &rti pielietot

dazadu jauna tipa atvasinajumu sintezg.

3. Amidus un triazolus saturoSus disaharidus var &rti sintezét no monosaharidiem. Tajos
ievaditas karbonskabes vai alkinilgrupas lauj sintezét oligoamidus un oligotriazolus, ka ar1

abus tiltinus saturo$os oligomérus. Monosaharidu seciga apvienoSana lauj efektivi iegit
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savienojumus ar kédes garumu Iidz Cetram oglhidratu vienibam. Garaku modific€tu
oligosaharidu (karbopeptoidu) ieguvei nepiecieSama kédes pagarinasana, lietojot

disaharidus 32 un 33.

(@) ‘\\\\O o)
/l:i? /\\r/L::>"mo o “O\fi‘
B S :
\N\ z /Q Q)

. OMs
n=0 30, Bn, n=0
n=1 65, Bn, n=1
n=2 69, Bn, n=2
n=3 67, Bn, n=3

N:N ~N Kle!
Ho | s
Inx
73, n=1 OMs
75, n=2
77, n=3

4. Kodolu magnétiskas rezonanses spektru pétijumi parada, ka ar triazoliem saistitajos
oligosaharidos visiem furanozes cikliem piemit konformacijas no ziemelu kopas
(pseidorotacijas lenkis P=0...54°). Starpcukuru tiltinu (CH, grupu un triazolu)
konformacijas nav atkarigas no k&€des garuma un tiltina izvietojuma oligosaharida kede.

5. Hibrida tipa oligosaharidu KMR pétijumi deiterohloroforma paradija, ka furanozu cikliem
un triazolu tiltiniem piemit tadas pasas konformacijas, kadas ir novérotas tikai triazolus
saturoSajos oligosaharidos. Amidu tiltiniem piemit citada konformacija, kuras noteikSanu
apgrutina molekulas kustigums. Tas samazinas, parejot no hloroforma uz CD3;CN un
CF3;CD,0H.

6. No oglhidratu pamatciklu un tiltipnu KMR signalu dispersijas var secinat, ka spektru analize
oligomériem ar vairak neka 6 vienadam vienibam paliek parak apgriitinata un nenes
papildus informaciju. Hibrida tipa oligosaharidu gadijuma oktasaharida spektros var
identific€t gandriz visus signalus, kuri sniedz informaciju par konformaciju.

7. No KMR spektru datiem nevar secinat par iekSmolekularam tidenraza sait€ém starp amidu
protoniem un karbonilgrupam hibrida tipa oligosaharidos. Iesp&jams, ka amidu protoni
piedalas vaja mijiedarbiba ar &tera tipa skabekli THF cikla vai ar triazolu slapekla
atomiem.

8. Molekularas dinamikas aprékini paradija, ka gan tikai ar triazoliem saistitajos, gan ar

amidiem un triazoliem saistitajos oligosaharidos var veidoties B-pagrieziena tipa struktiira.
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Oligosaharidiem, kas starpcukuru sait€ satur tikai triazolus, Sos atrastos otr&jas struktiiras
elementus var uzskatit par pamatoti pieraditiem. Oligosaharidiem, kas starpcukuru saité
satur gan amidus, gan triazolus, MD simulacijas rezultata noteiktas struktiiras nevar

viennozimigi apstiprinat, jo amidu tiltini padara §s struktiiras loti kustigas.

9. Savienojumu cirkulara dihroisma spektru pétijumi acetonitrila paradija, ka gan tikai
triazolu saturoSajiem, gan jauktajiem oligosaharidiem netieck novérota spektru atkariba no
kédes garuma. Tas liecina, ka, palielinoties k&des garumam, konformacijas nemainas un
neveidojas jaunas otr&jas struktiiras. Temperatiiras izmainas neietekmé oligoméru globalo
konformaciju kopu acetonitrila Skiduma.

10. Oligosaharidiem ar triazolu ka starpcukuru saitém trifluoretanola skidumu CD spektriem ir
actmredzamas dazu spektru apgabalu intensitasu izmainas salidzinot ar MeCN skidumu
spektriem. Tas liek secinat par skidinataja mijiedarbibu ar molekulam.

11.Jaukta tipa oligosaharidiem, kas satur gan amidu, gan triazolu tiltinus, TFE $kiduma ir
noveérojama konformaciju atkariba no k&des garuma. Izmainas liecina par domingjoSu
struktiru kopas izzuSanu un daudzu ar $kidinatdja molekulam stabilizétu konformaciju

veidoSanos, ka rezultata samazinoties molekulu kustigumam.
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INTRODUCTION

As the methods for the studies of biochemical processes evolve and provide new insights
into the mechanisms of cellular signaling and protein-protein interactions, innovative
scientific approaches to influence these processes are developed by scientists. Thus, many
groups have focused on the studies of novel foldamer-forming scaffolds that can either inhibit
or promote the specific protein-protein interaction pathways. For instance, sugar amino acids
became valuable building blocks that possess the unique combination of diverse
stereochemistry of the carbohydrates and synthetic utility of the amino acids. Their
oligomers — carbopeptoids — form secondary structures in solution. On the other hand,

triazoles have become renowned as isosters of the amide bond.

Aims and objectives

The aim of this doctoral thesis is development and approbation of novel carbopeptoid
molecular scaffold in the synthesis of organized oligosaccharides. The access to novel type of
foldamers will allow the evaluation of their incorporation into the macromolecules with
defined secondary structures.

The main tasks were set:

To synthesize the monosaccharide building blocks that would contain the major elements of
the scaffold, in which the carbohydrate moieties would be linked with the amide bonds or
their triazole mimetics.

To study the obtained carbopeptoids with the NMR and CD spectroscopic methods and

molecular dynamics in order to determine their primary and secondary structures.

Scientific novelty and main results

Novel type of carbopeptoids with the amide and triazole linkers have been synthesized
utilizing novel building blocks. Spectroscopic and molecular dynamics studies of their
structures allowed to get insight into formation of possible secondary structures in the

solution.
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Structure of the thesis

The thesis is written in English and consists of the literature review on the synthesis of sugar

amino acids and studies of the secondary structures of carbopeptoids; the discussions of the

results obtained in the course of the work; experimental procedures describing the results yet

to be published in the peer-reviewed scientific journals.

Publications and approbation of the doctoral thesis

Results of the thesis are discussed in 4 original research articles, 1 review article and

3 patents:

1. Rjabovs, V.; Turks, M. Tetrahydrofuran amino acids of the past decade. Tetrahedron
2013, in press, DOI:10.1016/j.tet.2013.10.021. (review article)

2. Luginina, J.; Rjabovs, V.; Belyakov, S.; Turks, M. A concise synthesis of sugar
isoxazole conjugates. Tetrhedron Lett. 2013, 54, 5328-5331.

3. Rjabova, J.; Rjabovs, V.; Moreno Vargas, A. J.; Clavijo, E. M.; Turks, M. Synthesis of
novel 3-deoxy-3-C-triazolylmethyl-allose derivatives and evaluation of their biological
activity. Centr. Eur. J. Chem. 2012, 10, 386-394.

4. Turks, M., Rjabovs, V., Rjabova, J., Luginina, J., Moreno Vargas, A. J., Moreno Clavijo,
E. Derivatives of 3-deoxy-3-(1-(1,2,3-triazolyl)methyl)allose as the glycosidase
inhibitors. LV Patent 14445 B (20.03.2012.).

5. Luginina, J.; Rjabovs, V.; Belyakov, S.; Turks, M. On Moffatt dehydration of glucose-
derived nitro alcohols. Carbohydr. Res. 2012, 350, 86-89.

6. Turks, M., Rjabovs, V., Mackevica, J. Derivatives of 1°,4’-disubstituted 1,2:5,6-di-O-
isopropylidene-3-C-(1’-triazolyl)methylglucofuranose. =~ LV  Patent 14613 B
(20.03.2013.).

7. Turks, M., Mackevica, J., Rjabovs, V., Moreno Vargas, A. J., Robina, I. Synthesis of
bis-triazole-bridged disaccharides. LV Patent 14275 B (20.05.2011.).

8. Strakova 1., Kumpina 1., Rjabovs V., Luginina J., Belyakov S., Turks M. Resolution,

absolute configuration, and synthetic transformations of 7-amino-tetrahydroindazolones.
Tetrahedron: Asymmetry 2011, 22, 728-739.
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Results of the thesis were presented at the following conferences:

1.

10.

Rjabovs, V., Zelencova, D., Edwards, A., Liepins, E., Turks, M. Synthesis and
Spectroscopic Studies of Novel Carbopeptoids. Abstracts of 18th European Symposium
on Organic Chemistry (ESOC 2013): 18th European Symposium on Organic Chemistry
(ESOC 2013), France, Marseille, 7-12 July, 2013. pp.541-541.
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Furanoid Sugar Amino Acids. Organine Chemija: Proceedings of KTU International
Conference, Lithuania, Kaunas, 24-24 April, 2013. pp.20-20.
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2012. - pp 165-165.
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Derivatives. (7" Paul Walden Symposium on Organic Chemistry) Latv. J. Chem., 2012,
1, pp.73-73. ISSN 0868-8249

Rjabovs V., Turks M. Structural Hybrids: Combining the Best of Sugars, Peptides, and
Heterocycles. 13" Belgian Organic Synthesis Symposium: Programme & Book of
Abstracts, Belgium, Leuven, 15.-20. July, 2012. - pp 320-320.
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MAIN RESULTS OF THE THESIS

We started our syntheses from D-glucose, which was modified by introduction of the
necessary functional groups (FG*, FG? and X, Figures 1 and 2).

O\ QFGZ

FG'
! X

- —Q Q-

FG?

R
lIl: R=X

X <

Il IV: R=FG'
2
FG \;é X
o}
w0 O Carbohydrate scaffold FG' = NH, or N,

Q ){ FG?=COOH or -$—=
R N

triazole or amide linker X = leaving group, eg.: OMs
Fe' " x

Figure 1. Schematic representation of iterative approach.

We have used two approaches to the syntheses of oligomeric structures. The first method
allows the chain elongation in iterative one-by-one manner by an addtition of
monofunctionalized building block Il followed by the modification of functional groups
(Figure 1). The second approach allows the syntheses of the target compounds by addition of
more complex — dimeric building blocks (Figure 2).

®
. . / v
FG?
1 X "
®
Vi X

Figure 2. Schematic representation of dimeric synthesis approach.
1. Syntheses of novel carbopeptoids and their triazole analogs

1.1. Syntheses of the monomers

We have synthesized novel sugar amino acids (SAAs) — the necessary monomeric building

blocks [1] starting from diacetone-D-glucose. A stepwise modification employing the nitro
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group as the precursor for the amine afforded N-benzyloxycarbonyl protected amine 7 in
6 steps (Scheme 1) [2-4].

>C g
0"\ .0 0 o" o)
—_—
“10  80% de) 76%
HO” JY‘ o7 T
(0] (0]
1 2
> >C
VI) o™ 0
65% (o)
\
7 6 5

Scheme 1. (i) NaOCI, NaBr, TEMPO, DCM, H,0; (ii) NaOH, CH3NO,, MeOH; (iii) DMSO, Ac,0; (iv) NaBH,,
MeOH; (v) H,, Pd/C, MeOH; (vi) ZCl, Et;N, DCM.

Introduction of the amino group can be done using azide 11 as the precursor (Scheme 2) [5].
Amine 7 can be obtained in 7 steps starting from ketone 2.

o]
(ii), (iii) ><o‘:k£o) iv ><
/K\ 77% "’"O 83% . "0

\

OH O OMs ©

2 8 9 10
83%
Vi), (vii) o
IO 5% IO
NHZ
7 11

Scheme 2. (i) MePPhsBr, n-BuLi, THF (ii) HsB-:SMe,, THF; (iii) NaOH, H,0,; (iv) MsCl, Et;N, DCM; (v)
NaN3z, DMF; (vi) H, Pd/C, MeOH; (vii) ZCl, EtsN, DCM.

Acidic hydrolysis of the 5,6-O-isopropylidene group of the compounds 7, 10 and 11 yielded
useful synthetic intermediates 14, 12 and 13, respectively (Scheme 3). Compound 12 was
studied by single crystal X-ray diffraction analysis (Figure 6).

0
>< o o 12, R = OMs
0"\ .0 (i) (ii) 67%
g 0

T 13, R =N,
\ O/K\ R O/j:\ (i), (iv)é6%

R

10, R = OMs 12, R = OMs, 96% 14, R =NHZ
11, R=N; 13, R=N3, 49%

7, R=NHZ 14, R =NHZ, 75%

Scheme 3. (i) H,SO,, MeOH, DCM; (i) NaNs, DMF; (iii) Hy, Pd/C, MeOH; (iv) ZOSuc, Na,COs, THF, H,0.
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Oxidative cleavage of the vicinal diol in compounds 12 and 13 by sodium periodate
followed by oxidation with sodium chlorite gave sugar amino acids 15 and 16 with masked N-
termini (Scheme 4). When the Ohira-Bestmann reagent (dimethyl (acetyldiazomethyl)
phosphonate) was applied after the diol cleavage, alkynes 17 and 18 were obtained.

%\Q . (i) - HO (i), 46% OA\QO)"WO
~“80% HO™ o or (i), (iii), 92% \\\“
e

OMs ’
\\\\“ ", /lv 16
R O
2
3

AN o
<0 12R=0Ms ) v)
2% 13, R=Ns 46% \ / %
OMS N3 O/lv

17 18
Scheme 4. (i) NalOy4, RuCls, CHCI3, H,0, MeCN; (ii) NalO4, MeOH; (iii) NaClO,, NaH,PO,4, H,O, MeCN, (iv)
Ohira-Bestmann reagent, K,COs;, MeOH.

For the syntheses of SAA with additional -CH,- group between the furanose and carboxylic
acid moiety we have used two strategies. One featured an introduction of a nitro group
(Scheme 5). The other used a deoxygenation reaction and following hydroboration-oxidation
to introduce a primary hydroxyl group (Scheme 6).

14 0. (i) O (i), (iv)_ &Q v, \QQ
93% HO T91% 0% uo

\

NHZ NHZ NHZ
19 20 21

Scheme 5. (i) NalO4, MeOH; (ii) NaCH,NO,, MeOH; (iii) Ac,0, p-TsOH; (iv) NaBH4, MeOH; (v) NaNO,,
DMSO, AcOH, MS 4A.

The molecular structure of compound 20 was proved by single crystal X-ray diffraction
analysis (Figure 8). Intermediate 20 was subjected to Nef-type reaction to yield sugar amino
acid 21 (50%). According to the other approach, primary alcohol 24 was oxidized to yield 21
in 76% yield. The acid was protected as trimethylsilyl ester 25 (Scheme 7).

(0] (i) (iii), (iv) V), 49A>
1(_7 "Q T84% \\Q 76% &Q "0 Tor (v.) i), 76% 21
o)< o)< o)<

RO

NHZ NHZ NHZ
7,R=H 23 24
@ @%
22, R=Ms

Scheme 6. (i) MsCI, Et;N, DMAP, DCM:; (ii) Nal, EMK; (iii) HsB-THF, THF; (iv) NaBO34H,0; (v) PDC,
DMF; (vi) NaOCI, NaBr, TEMPO, DCM, H,0; (vi) NaClO,, NaH,PO,, H,0, MeCN.
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Scheme 7. (i) TMS(CH,),OH, EDCI, DMAP, DCM.
1.2. Syntheses of dimeric building blocks

In order to diversify the synthetic route and make it more convergent, we have synthesized
dimeric building blocks based on the aforementioned monomers.

The fully protected building block 25 was N-deprotected and acylated with 21. The obtained
dimsaccharide 26 was deprotected at its C-termini to produce 27 (Scheme 8).

(0] (0] HO (0]
mo mo
(0] 8 O S

TMS /\\‘ "*//O )T /\\‘ //O)T
- O ), (i) (iii)
TMS SO0 —>8 0% HN (o) —_— HN o]
o & , 0 & s,
2 ) 0
HZ

\
25 NHZ
26 27
Scheme 8. (i) Hy, Pd/C, MeOH; (ii) 21, EDCI, Et;N, DMAP, DCM,; (iii) CsF, DMF.

HO /" /"
mm (). Gi) / 0 (iii [ ©

\\\\‘ ’//O/l:\ 65% HNm'“uO 95% HNm”wo
NHZ (o] /| O /
\ ”o)T \ ”o)T
24 H

28 27
Scheme 9. (i) Ha, Pd/C, MeOH; (ii) 21, EDCI, Et;N, DMAP, DCM; (iii) NaOCI, NaBr, TEMPO, H,0, DCM.

The same amide-linked disaccharide 27 can be obtained by an alternative approach.
The zintermediate 24 was N-deprotected to produce amino alcohol, which was

chemoselectively N-acylated. Oxidation of the terminal alcohol gave compound 27.

BnO
° %\Q 3
BnO™ "
no "Q BnO e ?
SRS )T )T 0
\ (e} . W (0} o
N (||1 BnO™ mo 43 (||2 (iii), ‘Ev) '
N, 88% ) 80 % 82% | 89%
N Q
- "u/o

| % /% l %, O
oms © 29 OMs o OMs

30 32

Scheme 10. (i) NaH, BnBr, DMF; (ii) 17, CuSQ,, sodium ascorbate, H,O, THF; (iii) NalO,4, MeOH; (iv) Ohira-
Bestmann reagent, K,CO3;, MeOH.
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BnO O—.w0 O .0
N > " O :: ,IO

BnO

N .\\\\O OO0 =

HN— . BnO O N — N oy N7
(i), (i) $ — . (i), (i)
o - Bnd \ o \ o) ——0
o 76% : 61% o
[\ Nz i
I\\\\. y o) /\\\\ , Ze)
MsO /’O# 29 18 MsO b’&

34 33

Scheme 11. (i) PPhs, H,0, MeCN; (ii) 15, EDCI, Et;N, DCM.

We modified monomers 13 and 17 to synthesize dimers 30 and 32 (Scheme 10). The azides
18 un 29 were reduced and acylated to yield amide-linked disaccharides 33 and 34
(Scheme 11).

1.3. Synthetic utility of the synthetic intermediates

In addition to the syntheses of oligosaccharides and determination of their secondary
structures, we have demonstrated synthetic utility of the obtained monosaccharides in the

syntheses of carbohydrate derivatives.

37, X=SMe
38, X=H

Figure 3. Retrosynthetic analysis of the syntheses of the related small molecules.

We have synthesized isoxazoles (37, 38, 41 and 42, Scheme 12) and triazoles (39, 44 and
45, Scheme 13, 46 and 47, Scheme 14, 50 and 51, Scheme 15) using the intermediates that we
have obtained (Figure 3) [5-10].

The triazoles 44 and 45 (Scheme 13, Table 1) were tested for their glycosidases inhibiting
activity as the glycosidase inhibitors [5,8]. Compounds 44a and 45c¢ showed 26% inhibition
of a-L-fucosidase (EC 3.2.1.51) at 0.1 mM concentration and 15% inhibition of B-glucosidase
(EC 3.2.1.21) at ImM concentration, respectively.
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38,72-84%
(ii)l

41, 93% 42, 81%

Scheme 12. (i) RC=CH, Et3N, ethyl chloroformate, toluene; (ii) 1,n-diyne, Et3N, ethyl chloroformate, toluene.

N
N3 N, |
N R
43 39
(@) HO
o Ay e® O__OH
o anQ i S, )( ii o
M T oo S oH
N (@]
\ N N
N3 N, | N\\l
N~ °R N™ "R
11 44 45

OMs
50 51
Scheme 15. (i) CuSQ,, sodium ascorbate, H,O, THF.
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Alkyne 17 was used for the syntheses of 1,2,3-triazole substituted tetrahydroindazoles 50
and 51 (Scheme 15) [10].

Table 1. Triazole derivatives 39, 44, 45 synthesized according Sceme 13.
Nr. R Product 39 Product 44 Product 45

1. §© 39a, 98% 44a, 95% 45a, quant.

2 »§@F 39b, 89%
3. EW 39¢c, 97% 44c, 91% 45¢, quant.

a. § < 2 OMe 39d, 93% ; -

5. -EOC& 39, 96% - -
6. -§@n-su 39f, 94% - -

7. — 399, 83% 449, 92% 45g, quant.

M,
8. <:>< 39h, 86% - -

OH

9. BN 39i, 88% 44i, 88% 45i, quant.
10. BN 39j, 88% 44§, 92% -

OH
11, §l< 39K, 85% 44k, 92% | 45k, quant,
12. §@ - 441, 81% 451, quant.
13. Eag - 44m, 81% 45m, quant.

1.4. Syntheses of oligosaccharides

1.4.1. Triazole-linked oligosaccharides

We have synthesized triazole-linked tetrasaccharide 56 in 73% total yield over 5 steps using
monomers 11 and 17 (Scheme 16).

In order to synthesize octasaccharide, we have modified 56 to get alkyne 58 and azide 59
(Scheme 17). The CUAAC between 58 and 59 gave octasaccharides 60 and 61 (Scheme 18) in
a low yield.

To avoid the problems with low yields, we used the 5,6-di-O-benzyl protected azide 62 for
the synthesis of tetrasaccharide 65 (Scheme 19). Hydrogenolysis of benzyl ethers in 65 gave
better the yield of the intermediate diol 57 that acidic hydrolysis of 5,6-O-acetonide in 56.
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OMs (ii)

< 52, R = OMs, 98%
17 53, R=N3;, 96% (ii)

< 54, R = OMs, 94%
55,R=N,, 92%

Scheme 16. (i) 17, CuSQ,, sodium ascorbate, H,O, THF; (ii) NaN3, DMF.

56, R = OMs 57 58
(iv)<

59, R =N,
Scheme 17. (i) H,SO,4, MeOH, DCM,; (ii) NalO4, MeOH; (iii) Ohira-Bestmann reagent, K,CO3;, MeOH; (iv)
NaN;, DMF.

Crude alkyne 58 was used to synthesize the 5,6-di-O-benzyl protected octasaccharide 67
(Scheme 20). However, due to the difficulties of purification the yield was low.

On the other hand, we have used dimeric building blocks to synthesize hexasaccharides 68
and 69 starting from the corresponding tetramers (Scheme 21)

Azidation of 68 and 69 and subsequent CUAAC with the alkyne 32 gave octasaccharides 60
and 67 in good yields (Scheme 21).
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30, R = OMs
(i)<

62 R = N3 97% 63, R= OMS, 92%
(i)< 65
64, R=N; 98%

Scheme 19. (i) NaN3, DMF; (ii) 17, CuSQOy,, sodium ascorbate, H,0O, THF.

<65 R = OMs
(i)
66,R=Nj, 99%

(ii)l 26%

:—:\N/ﬁ/b "0

N=N :
L _ OMs
67

Scheme 20. (i) NaN3, DMF; (ii) 58, CuSQOy,, sodium ascorbate, H,O, THF.
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. 0 .
O g Q w0 o , .
L 74 70%
66 Y =l B Q 67, 79%

o)
y w =N N=N ~NTYY '
rRo or' N N N/)N/ "

L 2 :\R2
68, R' = (CHj3),C=, R? = OMs, 79%

69, R' = Bn, R2=OMs, 75%

(ii)

70, R" = (CH3),C=, R? = N3
71,R"= Bn,R?=N;4

Scheme 21. (i) 32, CuSO,, sodium ascorbate, H,O, THF; (ii) NaN3;, DMF.

1.4.2. Synthesis of amide-triazole-linked oligosaccharides

Using a dimeric building block synthetic strategy we have synthesized tetrasaccharide 73,
hexasasccharide 75 and octasaccharide 77 (Scheme 22).

o "O % “O
. \N ~ : \\/(Q \\O

” O //NH
e ""'O 7,
[ OBn 73, R = OMs
R o/$ OBn (i)<
34,R = OMs 74 R=Ns
(i)< .
72,R=Ns;, 90% (") 94%
X “o
\\o
= 2 \\O
/ \N \ =
,/ N/N —\ ”O
75, R = OMs
OBn (|)< le} :\
OBn 76,R = N3 OMs
(ii)l82%
o \\o\\L
0 .0 0\..0 \\\\o%
O
e {Q"“‘O
- —N : N©J
o N T s O
O N \ 1 Q
Nen ) f\o\%/
\Nw,.\\\o
77
o
OBn MsO

Scheme 22. (i) NaNs, DMF; (ii) 33, CuSQy,, sodium ascorbate, H,0O, THF.

1.4.3. Synthesis of oligopeptides
We modified dipeptide 26 to synthesize C- and N-protected tetrapeptide 79 (Scheme 23).
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(.)< 26, R = NHZ 27 79 0 SNz
I
78, R = NH,

Scheme 23. (i) Hy, Pd/C, MeOH; (ii) EDCI, Et;N, DMAP, DCM.

2. Structural studies of carbopeptoids and their triazole analogs

To evaluate the secondary structures of the oligomers, one has to determine the
conformations of the carbohydrate core and the linkers.

Due to the fact that 5-membered rings tend to minimize the torsional strain of several
eclipsed conformations by moving one or two atoms out of plane of the cycle, several
conformations of the furanoses are possible. They are characterized by the phase angle of

pseudorotation P and can be arranged into so-called pseudorotational wheel (Figure 4) [10].

Figure 4. Pseudorotational wheel [10].

The phase angle can be calculated using formula 2.1., if the dihedral angles of the furanose

are known (Figure 5). The latter can be determined from single crystal X-ray diffraction data.

b, ~ ¢; Po <C(1)C(2)- CR3)-C(4)

tanp = 2210 7‘_7((?:*"’3) (2.1) 4 ;91 <C(2)-C@3)-C(4)-0(4)
"y ¢, 92 <C(3)-C(4)- O(4)-C(1)

and 3 < 2 95 < C(4)-0(4)- C(1)-C(2)
o ¢4 < O(4)-C(1)- C(2)-C(3)

¥; = W,cos(P + 144j) (2.2)
Figure 5. Dihedral angles of the furanose
where ¥ — puckering amplitude,
j — index of the dihedral angle, j=0 — 4;
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When 270°<P<90° the conformer belongs to the north pool of conformations, when

90°<P<270° - to the south pool of conformations.

2.1. Conformational analysis based on the X-ray diffraction data

Mostly our synthesized oligosaccharides are amorphous or oily substances. However, we
have obtainedd single crystals of three synthetic intermediates.

We have analized the structure of the diol 12 (Figure 6). The conformation of the furanose is
in transition from °E to *T, (P=31°). The substituents at C(3) and C(4) form staggered
conformations.

Figure 8. ORTEP representation of compound 20.
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As the most structurally relevant to our oligosaccharides we have acquired a structure of
disaccharide 31 (Figure 7). We have determined that A-ring is in *T, conformation (P=6°),
while B-ring is in E4 conformation (P=51°).

We have also studied nitro compound 20 (Figure 8). It is in the transition from *E—°T,
(P=32°).

The characteristic dihedral angles of the studied compounds are summarized in table 2.

Table 2. Characteristic dihedral angles of compounds 12, 31 and 20.

Compound
Entry Dihedral angle 31

12 20
A B
C(1)-C(2)-C(3)-C(4) 23.6 29.4 26.5 313
C(2)-C(3)-C(4)-O(4) | -27.6 -25.8 -40.9 -37.0
C(3)-C(4)-0(4)-C(1) 21.8 12.6 405 29.2

C(4)-0(4)-C(1)-C(2) -6.4 6.2 -23.2 -8.9

0(4)-C(1)-C(2)-C(3) | -11.7 -22.8 -3.2 -14.9
H(1)-C(1)-C(2)-H(2) | -13.7 -26.7 -3.4 -17.5
C(2)-C(3)-C(3’)-LS™ 57.1 54.4 62.1 64.1

H(3)-C(3)-C(2)-H(2) 30.2 37.5 33.1 40.3

9. H(3)-C(3)-C(4)-H(4) | -152.7 | -152.5 | -169.9 | 1775
*LS — the largest substituent

XN O~ W N

We have also studied the major conformations of compounds 45 in solution by NMR. Based
on the spin-spin coupling constants and the observed nuclear Overhauser effects we have

concluded that >97% of the major isomer (B-furanose) is in *T, conformation (Figure 9).

®Jhrz < 1 Hz

3Jho-nz = 4.0-4.8 Hz
3JnzHa = 8.3-8.8 Hz
3Jhans = 6.4-7.9 Hz

Figure 9. Structure of the major isomer of compounds 45 in the solution.

We can conclude that the 3-substituted derivatives of 3-deoxy-1,2-O-isopropylidene-a-
glucose have the north pool conformations.

2.2. Structural studies of the oligosaccharides

We have conducted spectroscopic (NMR and CD) studies of the oligosaccharides and

molecular dynamics simulations for selected compounds.
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2.2.1. Triazole-linked oligosaccharides

2.2.1.1. NMR spectroscopic studies

We have analyzed the NMR spectra in CDCl; of triazole-linked disaccharides 30, 31, 32, 52,
and 62, tetrasaccharides 56 and 65, hexasaccharides 68 and 69, and octasaccharides 60
and 67.

We can conclude that, based on the spin-spin coupling constants, the furanoses in this series
of compounds belong to the north pool of conformations. The interresidue linkers are
orientated in such a manner that one of the H(3) protons of the -CH,- groups is in anti-
periplanar conformation with respect to H(3). This makes the dihedral angles C(2)-C(3)-
C(3’)-N(triazole)~60° or ~120° with dynamic deviations.
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Figure 10.Structures of triazole-linked octasaccharides.

With the increase of the chain length, more signals are overlapping, thus impeding

determination of the coupling constants and the nuclear Overhauser effects.

2.2.1.2. Molecular dynamics studies

Using distances calculated from ROESY spectrum of hexasaccharide 68 we conducted
restrained molecular dynamics simulation (NAMD 2.9, CHARMM force field) in order to
visualize the secondary structure (VMD 1.9.1 [12]).

Figure 11. Structure of the hexasaccharide 68 after the MD simulation.
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After the restrained MD we can conclude that all furanose rings are from north pool of
conformations, while the linkers can acquire two different orientations. One of the
orientations is similar to that of the triazole linker in disaccharide 31. The other orientation

allows the formation of the B-turn-like structure (Figure 11).

2.2.1.3. Circular dichroism studies

In this series we have conducted CD studies for the disaccharides 52, 53, 30 and 62,
tetrasaccharides 56 and 65, hexasaccharides 68 and 69, and octasaccharides 60 and 69
(Figure 12).
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56, R = (CHj3),C=, n=1 65, Bn, n=1
68, R = (CH3)2C:, n=2 69, Bn, n=2
60, R = (CHj3),C=, n=3 67, Bn, n=3

Figure 12. Structures of the triazole-linked oligosaccharides studied by CD spectra.
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Figure 13. Per triazole normalized CD spectra of 56 (blue), 68 (red) un 60 (green) in MeCN (a) and TFE (b).

Per triazole normalized CD spectra of the 5,6-O-isopropylidene protected oligosaccharides
56, 68, and 60 are almost identical within the series of the compounds in both solvents (Figure
13). This is an indication of similar distribution of the conformations in these compounds.
Slight differences between the different solvents indicate a possible solvation effect.

Variable temperature experiments were carried out for the tetrasaccharide 56 in MeCN
(Figure 14) and TFE (Figure 15) and for hexasaccharide 68 in TFE (Figure 16).

It can be concluded that changes of the conformations of the chromophores in
tetrasaccharide 56 in MeCN solution are insignificant above 195 nm. In TFE solution the
intensity of the positive maximum at 217 nm decreases. This suggests a slight temperature

dependence of the conformations.
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Figure 14. Influence of temperature on the CD spectra of tetrasaccharide 56 in MeCN.
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Similar temperature dependence is observed in the variable temperature spectra of
hexasaccharide 68 in TFE. Increasing temperature results in changes of the conformations

Figure 15. Influence of temperature on the CD spectra of tetrasaccharide 56 in TFE

thus decreasing of the intensity of the spectrum.
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Per triazole normalized CD spectra (Figure 17) of the triazole-linked oligosaccharides 65,
69, and 67 exhibited spectral features similar to those of the compounds described above,
although slightly more intense. Intensities of the spectra in different solvents indicate that the
compounds do not exhibit chain length dependence within the series. Variable temperature
studies did not reveal any significant temperature dependence neither in MeCN (Figure 18),

Figure 16. Influence of temperature on the CD spectra of hexasaccharide 68 in TFE.

nor in TFE (Figure 19).
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Figure 17. Per triazole normalized CD spectra of 65 (blue), 69 (red) un 67 (green) in MeCN (a) and TFE (b).
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Figure 18. Influence of temperature on the CD spectra of tetrasaccharide 65 in MeCN.
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Figure 19. Influence of temperature on the CD spectra of tetrasaccharide 65 in TFE.

2.2.2. Amide- and triazole-linked oligosaccharides

2.2.2.1. NMR studies

In these hybrid compounds an additional structural element — amide — is added. We have
studied disaccharides 33, 34, and 72, tetrasaccharide 73 (Figure 20), hexasaccharide 75
(Figure 22) and octasaccharide 77 by NMR spectroscopy (Figure 23).

Based on the comparison of spectra with those of triazole-linked oligosaccharides we
concluded that the triazole linkers in both of these series have similar conformations.
The spin-spin coupling constants of the H(3’) protons in 'H-NMR spectra suggest ap
conformation of one of them to H(3) proton. This conformation of triazole is consistent with
spectra of all oligosaccharides (73, 75, 77) in CDCl; solutions.
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Figure 20. Disaccharides 33, 34, 72 and tetrasaccharide 73.

The conformations of the amide linkers cannot be determined unambiguously. The coupling
constants 3JH(3’)_H(N)~5.7 Hz suggest an averaging over several conformations and fraying of
the linkers.

Downfield shifts of the signals of the amide protons in *H-NMR spectra (5>7.15 ppm) might
be regarded as an indicator of weak hydrogen bonds between amide protons and oxygens of
the furanoses [13]. We have conducted solvent titration studies of tetrasaccharide 73
(Figure 21) and hexasaccharide 75. The changes of chemical shifts of the amide protons
(Admax<0.25 ppm for 73, Admax<0.38 ppm for 75) suggest that they are involved in hydrogen
bonding interactions. Variable temperature studies of 75 (A8ma/AT<3.8 ppb-°C™) support this

suggestion.
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Figure 21. Solvent titration: a) Dependence of chemical shifts of NH from content of DMSO. b) Stacked plot of
NMR spectra of 73 in CDCl; (300 MHz) (top — 1% DMSO, bottom — 20% DMSO).

In the NMR spectra of the octasaccharide 77 in CDCl3, CD3;CN and CF3CD,OH signals of the
internal ring (C-, E-, and G-ring) protons overlap and obstruct determination of the coupling
constants and the interatomic distances form ROESY spectra.

75 OMs
Figure 22. Hexasaccharide 75.
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77 O 7

Figure 23. Octasaccharide 77.

Observed signals suggest that the amide linkers are more flexible than the triazole linkers.
Their flexibility complicates the deduction of the predominant conformations of the linkers.
In addition, it makes the molecule more flexible in general. The spectra taken in CD3CN and
CF3;CD,0H suggest that in these solvents the compound 77 is less flexible. Broadening of the

proton signals in the latter solvent suggests a presence of several stabilized conformations.

2.2.2.2. Molecular dynamics studies

We used the distances between protons calculated from ROESY spectra of 77 as the
restraints in the molecular dynamics simulations (Figure 24).

We can conclude that the flexibility of the molecule allows forming many conformations
during the MD that cannot be unambiguously proven. The parameters of the restraints
(set distances and force field) used during MD have a major influence on the formation of a

pool of trustworthy conformers.

Figure 24. Structure of the octasaccharide 77 after MD simulation.

2.2.2.3. Circular dichroism studies

We have studied the amides and triazoles containing oligosaccharides by CD spectroscopy
in MeCN and TFE (Figure 25). Per chromophore (amides, triazoles and phenyl groups)
normalized CD spectra in MeCN show no significant difference in spectral features and the
intensities. On the other hand, CD spectra in TFE solution exhibit both the solvent
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dependence (decrease of intensity of tetrasaccharide spectrum) and chain length dependences

(decrease of intensities when going from tetra- to hexa-, to octasaccharide).

7000 7000

A, nm

A, M
2000 - 2000 jv\
75 I/ 195 255
/

[y

-3000 -3000

2)-8000 ) -8000

/ 7

Figure 25. Per chromophore normalized CD spectra of 73 (blue), 75 (red) and 77 (green) in MeCN (a)
and TFE (b).
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Figure 26. Influence of temperature on the CD spectra of tetrasaccharide 73 in MeCN.
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Figure 27. Influence of temperature on the CD spectra of tetrasaccharide 73 in TFE.
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Figure 28. Influence of temperature on the CD spectra of hexasaccharide 75 in TFE.
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Variable temperature studies of tetrasaccharide 73 in MeCN (Figure 26) showed decrease of
the intensity with increased temperature. In TFE solution (Figure 27) changes of intensities
are insignificant.

Variable temperature studies of hexasaccharide 75 in TFE solution revealed an increase of
the intensity of the spectrum below 205 nm (Figure 28). It is possible that the temperature
disrupts newly formed interactions, indications of which can be observed in the spectra of 75
and 77.

We can conclude that in these structures the chromophores are influenced by the solvent and

the increase of chain length more than in the only triazoles containing compounds.
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CONCLUSIONS

1. Starting from the commercially availabe diacetone-a-D-glucose, the SAA precursor 15
was synthesized in 29% vyield in 8 steps, the protected SAAs 16 and 21 were synthesized
in 29% in 9 steps and in 12% in 14 steps, respectively. The precursor 17 for the triazole
syntheses was synthesized in 8 steps with total yield of 34%. The developed synthetic
routes to these building blocks are easily scalable and reproducible.
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2. The intermediates of the above-mentioned syntheses of the sugar amino acids and their
precursors can be used for the synthesis of novel carbohydrate-azole conjugates:
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The amide- and triazole-linked disaccharides can be easily synthesized from the
monomers. Consecutive iterative addition of the functionalized monosaccharides allows
an effective synthesis of the amide- and triazole-linked oligosaccharides with up to
4 carbohydrate units. For the synthesis of longer chain oligosaccharides (carbopeptoids)

the dimeric building blocks 32 and 33 are used.
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NMR studies revealed that the conformations of furanoses of the triazole-linked
oligosaccharides are from the north pool of conformations (P=0...54°).
The conformations of the linkers in these series are independent from the chain length of
the oligosaccharide.

NMR studies of the hybrid amide- and triazole-linked oligosaccharides showed that the
conformations of the furanoses and the triazole linkers are the same as in the triazole-
linked compounds. The conformations of the amide linkers are hard to evaluate by NMR
techniques because of the flexibility of the molecules. The flexibility decreases when
changing the solvent from CDClI; to CD3CN, and to CF;CD,0OH.

The dispersion of the signals in the NMR spectra suggests that the aforementioned
oligosaccharides with more than 6 monosaccharide units do not provide additional
spectroscopic data valuable for the analysis of the conformations.

The formation of interresidue hydrogen bonds between the amide protons and amide
carbonyl groups cannot be determined unambiguously from the NMR spectra. It can be
proposed that there are possible weak hydrogen bonds between the amide protons and

oxygens of carbohydrate cores.
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10.

11.

Molecular dynamics simulations showed that in both series of the oligosaccharides the
B-turn-type structures can be formed. The presence of B-turns is strongly supported by
the corresponding NMR data in the case of all triazole-linked oligosaccharides. Due to
the fact that the structures of amide- and triazole-linked oligosaccharides are more
flexible, the presence of B-turns in them is not unambiguously supported by their NMR
data.

CD spectra of all-triazole linked and amide- and triazole-linked oligosaccharides in
MeCN showed neither chain length dependence, nor temperature dependence. This
indicates that the pool of conformations of the molecules does not change upon increase
of chain length or temperature.

CD spectra of both series of compounds mentioned in point 9 in TFE exhibit different
intensities of the spectral features compared to the spectra in MeCN. This might suggest
different interactions with the solvent.

There is an obvious chain length dependence in the CD spectra of the hybrid
oligosaccharides possessing both amide and triazole linkers. The nature of the change
suggests the decrease of population of major conformations and formation of the solvent-

stabilized conformations. This results in decrease of the flexibility of the molecule.
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