RIGAS TEHNISKA UNIVERSITATE
Materialzinatnes un lietiskas kimijas fakultate

RIGA TECHNICAL UNIVERSITY
Faculty of Material Science and Applied Chemistry

Marina MARTJUGA

Organiskas kimijas doktora programmas doktorante

ENOLATU ENANTIQSELEKTTVA
PROTONESANA

Promocijas darba kopsavilkums

ENOLATE ENANTIOSELECTIVE
PROTONATION

Summary of Doctoral Thesis

Zinatniskais vaditajs
Scientific Advisor

Dr. chem., docents

E.SUNA

Riga 2013



Martjuga M. Enolatu enantioselektiva protonésana.
Promocijas darba kopsavilkums.-R.:RTU, 2013.-
41 lpp.

Iespiests saskana ar RTU PO1 2012.gada 27.
novembra l€mumu, protokols Nr. 3.

Darbs izstradats ar Eiropas Sociala fonda atbalstu

Nacionalas programmas ,,Atbalsts doktorantiiras pétijumiem’ projekta ,,Atbalsts RTU
doktorantiras attistibai” un

projekts Nr. 2009/0203/1DP/1.1.1.2.0/09/APIA/VIAA/023

2x ESF

EIROPAS SOCIALAIS * p K
FONDS

EIROPAS SAVIENIBA

ISBN



PROMOCIJAS DARBS 5
IZVIRZITS KIMIJAS DOKTORA GRADA IEGUSANAI RIGAS
TEHNISKAJA UNIVERSITATE

Promocijas darbs kimijas doktora grada iegtiSanai tiek publiski aizstavéets
2013.g. 3. janvart plkst. 14:00 Rigas Tehniskas universitates Materialzinatnes un
lietiskas ktmijas fakultate, Azenes iela 14/24, 272. auditorija.

OFICIALIE RECENZENTI

Profesors, Dr.chem. M. Turks
Rigas Tehniska Universitate

Profesors, Dr. habil. chem. A. Zicmanis
Latvijas Universitate

R. Zemribo, PhD
Latvijas Organiskas Sintézes institiits

APSTIPRINAJUMS

Apstiprinu, ka esmu izstradajusi doto promocijas darbu, kas iesniegts
izskatiSanai Rigas Tehniskaja universitaté kimijas doktora grada iegiiSanai.
Promocijas darbs nav iesniegts neviena cita universitateé zinatniska grada
legiiSanai.

Marina Martjuga .........c.ooovvviiiiiieninnnnn. (Paraksts)

Datums: .....oooovviiiiii

Promocijas darbs ir uzrakstits latvieSu valoda, satur ievadu, 2 nodalas,
secinajumus, literatiiras sarakstu, 62 att€lus, 23 tabulas, 3 pielikumus, kopa 107
lappuses. Literaturas saraksta ir 96 nosaukumi.



Saturs

TEMAS AKIUALIEALE ......eouiiiiiiiiiiie ettt 5
Petijuma merki Un UZA@VUIMI .....oouiruiiiiiiriiiese ettt 6
Darba Struktlira Un apjoms .....c...cocuiiiiriiiiiiiiiiie ettt sttt 7
Galvenie FeZUITALL......c..eeoiiiiiicic e e 8
SvarTZaKie SECINAJUINL ...c..eeruiiriiiriieiitieiieeie ettt ettt ettt st sae e e eaeeneebeesae s 20
Darba aprobacija un publiKacijas..........cccceeiiiiiiiiiiiiniinieiccecce e 22
Pat@ICTDAS ...ttt et s 23
Contents
The ImpOortance Of TOPIC.....c..uevuiiiiiiiiiiiiiieeee et 24
Research objective and tasks .........coceeoiiiiiiiiiiiiii e 25
The structure of PhD Thesis ......cccoiiiiiiiiiiiiiiiiiiiiiice e 26
MaIN RESULLS ...ouiiiiiiiiie e e 27
CONCIUSIONS......iuiiiieiieiieie et sttt s e 39
PUDBLICALIONS ...ttt 41



Temas aktualitate

Asimetriska protoné€Sana ienem nozimigu vietu stereoselektivo sint€zes metoZu
klasta konceptualas vienkarsibas d€]. Izmantojot So metodi, racémisku savienojumu
iespgjams kvantitativi parvérst par tiru enantioméru, un tadél to bieZi sauc par
deracemizacijas reakciju. Lai gan jebkuru prohirdlu sp’-hibridizétu karbanjonu teorgtiski
iespéjams parverst par tiru enantiom&ru, asimetriska protoné€Sana galvenokart tiek
izmantota dazadu karbonilsavienojumu (ketonu, esteru, amidu) iegtiSanai enantiomeri tira
forma. Koncepcijas pamata ir hirala, optiski neaktiva karbonilsavienojuma parvérSana par
enolatu (visbiezak — litija enolatu) un sekojoSa selektiva protona piegade no vienas
planara enolata puses. Lai panaktu metala enolata enantiotopo pusu stereodiferenciaciju,
jaizmanto hirals protona avots jeb hirala skabe. Pateicoties kompleksa veidoSanai starp
hiralo skabi un litija enolatu, protona parnese norisinas hirala apkartng, kas arT nodroSina

protona parneses enantioselektivitati.
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A*-H: hirals protonu avots

Metode atvieglo un padara 1etaku mérksavienojuma sintézi, jo ziid nepiecieSamiba
sintézes gaita saglabat asimetriska centra konfiguraciju un izvairities no ta racemizacijas
turpmakajas parvertibas. Tomer, par spiti plaSajiem pétjjumiem un vairakiem
veiksmigiem pielietojuma piemé&riem, jaunu, agrak neizmantotu savienojumu
deracemizacijas reakcijas apstaklu izv€l€ joprojam dominé empiriska pieeja. Tam c€lonis
ir ierobeZotas zinaSanas par asimetriskas proton€Sanas norises mehanismu, par litija
enolatu — hiralo protona avotu kompleksu 1pasibam (agregacijas pakapi, dazadu jaukto

kompleksu stabilitati) un svarigakajiem faktoriem, kas ietekm& protona parnesi.



Pétijuma mérki un uzdevumi

Viena no efektivakajam hiralajam skabém ir anilins I, kura izmantoSana
asimetriskas protoné&sanas reakcija lava iegtt virkni enantioméri tiru amidu. Anilins I ir
izmantots ar1 protona parneses likumsakaribu pétijumos. Piemé&ram, mérktieciga
parnesama anilina I N-H protona skabuma vari€Sana lava izvirzit hipoté€zi par pK,
faktora ietekmi uz protoné€Sanas enantioselektivitati. Tomér neatbild€ts palika jautajums
par hirala protona protonu telpiskas struktiras ietekmi uz protoné€Sanas
enantioselektivitati. Lidz ar to, par promocijas darba merki izvirzijam noteikt
svarigako hirala protonu avota struktirelementu 1,3-diamina I, kas nodroSina
protona parneses enantioselektivitati.

Hirala struktiirelementa noteikSanai planojam pétit optiski aktiva 1,3-diamina
uzbives un protona parneses enantioselektivitates likumsakaribas. Ieplanotas struktiiras
izmainas 1,3-diamina I paredzgja:

¢ konformacionalas brivibas palielinasanu (meérksavienojumi I1, III un V);
¢ konformacionalo ierobeZojumu parnesi uz citu molekulas dalu (1,3-diamini I'V);
¢ hirala centra aizvietotaja telpisko prasibu mérktiecigu mainu (anilini I, III un V);

® benzilamina slapekla atoma aizvietotaja variacijas (R=H, Me).
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Merka sasniegSanai izvirzijam sekojoSus uzdevumus:

e izstradat optiski aktivu 1,3-diaminu II-V stereoselektivas sint€zes metodi (hiralie
meérksavienojumi II-V literatiira nav pieminéti);

® sintez&t hiralas skabes II-V;

¢ salidzinat hiralo protonu avotu II-V efektivitati amida litija enolata

enantioselektivas protonéSanas reakcija.



Darba struktiira un apjoms

Promocijas darbu veido divas savstarpgji saistitas dalas. Pirma dala veltita hiralo
1,3-diaminu II-V stereoselektivas sintézes metodes izstradei. Merksavienojumu II-V
legiiSanas metodi balstijam uz hiralu terc-butansulfinilketiminu diastereoselektivo
reducéSanu, un pirmaja nodala apkopoti ferc-butansulfinilketiminu uzbiives un
reduceSanas diastereoselektivitates likumsakaribu pétijumi. legiitos enantioméri tiros 1,3-
diaminus II-V talak izmantojam ka hiralos protonu avotus naprokséna amida litija
enolata asimetriskas protonéSanas reakcija, un Sie pétijumi apkopoti promocijas darba
otraja nodala.

Katru nodalu veido literatiiras apskats un rezultatu izvert¢jums. Eksperimetalaja
dala atspoguloti tikai publikacijas neieklauto eksperimentu apraksti. Savienojumu, tabulu
un att€lu numeracija katrai nodalai ir atSkiriga, bet izmantotas literatliras saraksts —
kopigs.

Darbs uzrakstits latvieSu valoda uz 107 lapam, satur 62 attelus, 23 tabulas, 96

literatiiras avotus un 3 pielikumus.



Galvenie rezultati

1. Izstradata vispariga un érta optiski aktivu 1,3-diaminu asimetriskas sintézes
metode, kura balstas uz ferc-butansulfiniliminu diastreoselektivo reduceSanu.

Par izejvielam optiski aktivu 1,3-diaminu sint€z€ izmantoti atbilstoSi acetofenoni
un benzofenoni 1a-l, kuri iegiiti péc zinamam metodém. Ketoni 1a-1 reakcija ar (Ry)-terc-
butansulfinilamidu 2 parvérsti par sulfinilketiminiem (Rs)-3a-1, kuri diastereoselektivi
reducéti par sulfinilamidiem (Rs,R)-4a—h un (Rs,S)-4i-1. Borana un DIBAL izmantoS$ana
vairuma gadijumu nodroSindja izcilu diastereoselektivitati (1. un 2. attéls), turklat
produktu 4a-1 optisko tiribu iesp&jams uzlabot ar parkristalizacijas metodi. ReducéSanai
izmantojams art NaBH; un NaBHy-Ti(OEt); maisijums, tomér reducéSanas

diastereoselektivitate Sajos gadijumos ir nedaudz zemaka.
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1. att. Optiski aktivu 1,3-diaminu (R)-6a—d un (R)-7a-d iegtiSanas shéma

Hiralie 1,3-diamini (R)-6a-h un (S5)-6i-1 iegtti, skaba vide noskelot hiralo terc-

butansulfinilpaliggrupu. N-Metilgrupu ievadiSanu mérksavienojumu (R)-7a-=h un (S)-7i



sint€zes gaita veicam pirms hiralas paliggrupas noskelSanas, bet hiralie 1,3-diamini (S)-

7j- tika pagatavoti divas stadijas no diaminiem (5)-6j-1 (2. att.).
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2. att. Optiski aktivu 1,3-diaminu (R)-6e-h, (R)-7e-h, (5)-6i—1 un (S5)-7i-1 iegtisanas

shéma



2. terc-Butansulfiniliminu 3a,b,e-1 konfiguracija kristaliskaja forma noteikta ar
rentgenstruktiiras analizes metodi.

Noskaidrots, ka kristalos sulfinilimini 3a,b,e=h eksisté E-izomé&ru veida. Attalums

starp anilina un sulfinilgrupas slapekla atomiem kristaliskaja rezgl ir no 2.66 lidz 2.72 A,

kas liecina par tdenraza saiti starp anilina N-H un imina slapekli (sk. N1-N2 attalumus,

1. tabula, Nr. 1-6).

1. tabula
o . o) . o
i\s\‘k R1\N1,R2 Nz/\s‘ k Mo M NZ)S\‘K >LS? i NZ/‘S\\‘K
X Hz (I;1 /Ic!,3\ . R® » I(;3 Ns c3
_ = R? Z Z SO Cl Ol
NMe,
Cl Cl
(E)}3a:X=NH,  3e:R'=R?=R%=H 3 _ (2)-3): X=NH,
Sentel - R1=CH,, RPR%= 3i (2)-3k: X=NHMe
(E)-3b: X=NHMe 1;1; :T?1zc(:3|-ll-?3,l??2=|:l{-l, RH3=-(CH)4- (2)-31: X=NMe,
T ~2 ~3 2 5 ~4 ~3 2
- 2,5, C-C-C-N C’-C’-C’-N
Nr. - Imins N-N“(A) Torsijas lenkis ~ Torsijas lenkis
1. (Rs)-(E)-3a 2.683 10.9 138.9
2. (Rs)-(E)-3b 2.658 -6.3 140.6
3. (Rs)-(E)-3e 2.676 -12.1 114.3
4. (Rs)-(E)-3f 2.676 7.8 110.8
5. (Rs)-(E)-3g" 2.721 15.5 91.5
6.  (Rs)-(E)-3h" 2.678 8.25 88.0
7.  (Rs)-(Z)-3i - -66.6 3.5
8. (Rs)-(Z)-3j" - 77.9 82.5
9. . -79.7 (P) 95.5 (P)
(Rs)-(Z)-3K 84.1 (M) 102.0 (M)
10.  (Rg)-(Z)-31° - 111.2¢ 93.5¢

“ Vidgja vertiba no divam molekulam viena elementar§iina.
b Kristalizéts ka individuals (M)-atropizomers.
¢ Kristalizéts ka (M):(P) atropizoméru 1:1 maisijums viena elementarsiina.

IekSmolekulara tdenraza saite nodroSina anilina gredzena un C=N saites syn-
periplanaru novietojumu iminos 3e-h (sk. C1-C2-C3-N2 torsijas lenkus, 1. tabula, Nr. 3-
6), un novieto sulfoksida fragmentu frans stavokli pret anilina ciklu. Sada novietojuma
rezultata otrs ketimina arilaizvietotajs (fenil- vai naftil grupa) izgriezas no imina C=N
plaknes, tadejadi samazinot steriskos trauc€jumus ar telpiski lielo ferc-butansulfinilgrupu
(sk. C5-C4-C3-N2 torsijas lenkus, 1. tabula, Nr. 3-6). Lidz ar to E izoméru parsvaru
iminos 3e-h acimredzot var izskaidrot ar iekSmolekularas Gidenraza saites stabiliz&joSo

efektu. UdenraZa saite stabilizé E-izomérus ari sulfiniliminos (E)-3a un (E)-3b (sk. N1-
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N2 attalumus, 1. tabula, Nr. 1, 2). Interesanti, ka imins 3i kristaliskaja forma pastav ka Z-
izomérs (1. tabula, Nr. 7). Ta ka imins (Z)-3i nevar veidot iekSmolekularo tidenraza saiti,
E geometrija tam ir energtiski neizdeviga, ko iesp&jams nosaka elektrostatiska
atgriiSanas starp anilina un imina slapek]u nedalitajiem elektronu pariem un steriskas
mijiedarbibas starp orfo-aizvietotaju un imina fragmentu. Ketimina (Z)-3i pastavéSana Z-
izoméru veida ir interesants noveérojums, jo parasti stabilaki ir sulfiniliminu izomeri,
kuros sulfoksida fragments ir novietots trans-stavokli pret telpiski apjomigako C-
aivietotaju ketiminos.

Lai gan sulfinilimini 3j un 3k spg veidot iekSmolekularo udenraza saiti,
kristaliskaja forma tie pastav Z-izoméru veida. Acimredzot steriska mijiedarbiba starp
telpiski loti apjomigajam hiralas paligrupas un imina ferc-butilgrupam parspgj
iekSmolekularas tdenraza saites stabiliz€joSo efektu. Lidz ar to terc-butilgrupas
sulfiniliminos (Z)-3j-1 ir novietotas sastarp&ji trans stavokli attieciba pret C=N saiti, bet
orto-aizvietota fenilgrupa ir izgriezta no C=N plaknes (sk. C1-C2-C3-N2 torsijas lenkus,
1. tabula, Nr. 8-10).

Interesanti, ka kristalreZgi sulfinilimins (Z)-3k eksisté atropizom&ru maisijuma
veida (M):(P)=1:1. To acimredzot nosaka kave€ta rotacija ap saiti starp arilaizvietotaju un
imina grupu. Savukart sulfinilimini (Z)-3j un (Z)-31 kristalrezga elementars$iina pastav

individualu (M)-atropizomeru veida (1. tabula, Nr. 8-10).

3. Izmantojot KMR metodes, noskaidrota ferc-butansulfiniliminu 3a-1 E/Z izoméru
attiectha THF-dg Skiduma, ka ari noteikta sulfinilketiminu 3ef,i E/Z

izomerizacijas Gibsa briva aktivacijas energija un izméritas atruma konstantes.

Ar KMR metodem noteiktas ketiminu 3e-i £ un Z izomeru attiecibas (sk. 2.
tabulu) THF-ds §kiduma —15 °C temperattira liecina, ka iek8molekulara tidenraza saite
stabilizé iminu E-geometriju gan kristaliskaja forma, gan arT §kidumos. Skiduma ketimini
3a,b un 3h pastav tikai E forma. Lai gan, Skidinot individualus kristaliskus ketiminus (E)-
3e—(E)-3g tetrahidrofurana-ds, notiek dal&ja E/Z izomerizacija, parakuma joprojam ir E-
izoméri. Lidz ar to iminu 3a-3h gadijuma vairakuma izomérs THF-dg Skiduma un
kristaliskaja rezgi ir vienads. Savukart kristaliskais ketimina (Z)-3i izomérs THF-ds

Skiduma izomerizgjas par pretjo izoméru (E)-3i, kura Tpatsvars sasniedz 65% (2. tabula).
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2. tabula

X N, K
~ gf ~
R N © O0™™n N~ ©
TR T ED O
R
X
8

(E)-3e-i (2)-3e-i

(E)—(2) (2)—(E) A(AGHs5)
Nr. Imins Z:E, %° g AG7 555 il g AG7 555 W /m01258 ’
’ (kJ/mol) ’ (kJ/mol)
1. (Rs)-8 - - 61.7 - 61.7 0
2. (Rs)-3e 20:80 0.20 66.3 0.78 634 2.9
0.12 68.3 0.74 64.4 3.9
3 Ro-3t19BL 04 707 045 655 52
4 (R)3g 2377 ] - - - -
5. (R9-3h  1:99 ; ; ; ; ;
6 (Rg)-3i 35:65 0.11 68.5 0.20 67.2 1.3

“ Noteikts THF-dg —15 °C temperatiira.

Sulfiniliminu 3a—i izomerizacija THF-ds $kidumos —15° C temperatiira liecina par
relativi zemam E/Z izomerizacijas barjeram. Sulfinilketiminu 3e-i izomerizacijas Gibsa
brivo aktivacijas energiju un atruma konstantes THF-dg $kiduma noteicam, salidzinot
diagonalo un apmainas Skeérssignalu (cross-peaks) intensitates NOESY spektros.
Noteiktas energijas barjeras ir robezas no 63.4 1idz 70.7 kJ/mol (sk. 2. tabulu), un tas ir
par 1.7-9 kJ/mol lielakas neka aktivacijas barjeras neaizvietotam diarilketiminam 8 (2.
tabula, Nr. 1). Nov@roto starpibu acimredzot nosaka orto-aizvietotajs. Ta (E)-3f izoméra
pamatstavokla energija ir par 3.9-5.2 kJ/mol zemaka neka (Z)-3f izomé&ram, un ta ir
augstaka energiju atSkiriba starp visiem iminiem (Nr. 3, 2. tabula). Lidzigi ari (E)-3e ir
stabilaks neka (Z)-3e par 2.9 kJ/mol (Nr. 2). Augstaku E izoméeru stabilitati sulfiniliminos
le—f acimredzot nosaka iekSmolekulara fidenraZa saite starp anilina N-H protonu un
imina slapekla atomu. Energiju atskiriba starp E un Z izom&riem ir mazak izteikta imina
3i (Nr. 6), kurs nevar veidot iekSmolekularo tidenraza saiti. Noteikta sulfinilketimmu 3e—i
izoméru pamatstavokla energijas starpiba (AAG™,sg) labi korele ar E un Z izoméru

Iidzsvara attiecibu (2. tabula).
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4. Ar KMR metodéem noteikta sulfiniliminu (Z)-3j-1 atropizomerizacijas

aktivacijas energija un atruma konstantes.

Destabilizgjosas telpiskas mijiedarbibas dél starp terc-butilgrupam, sulfinilimini
3j-1 pastav tikai ka Z-izomeéri THF-ds $kiduma. Lidz ar to iminu 3j-1 geometrija kristalos
un Skidumos ir vienada. Butiski, ka katrs no (Z)- 3j-l sulfiniliminiem pastav
atropizoméru M un P maistjuma veida. Ta, kristaliska individuala atropizoméra (£)-(M)-
3j 'H-KMR spektra THF-ds §kiduma istabas temperatiira novérojam divas signalu sérijas
attiectba 78:22. Lidzigu rotacijas izoméru attiecibu (79:21) novérojam, Skidinot
tetrahidrofurana-ds kristalisko (Z)-3k atropizoméru 1:1 maistjumu.

Kristaliskajam atropizoméram (Z)-(M)-31 piemit augsta konfiguracionala
stabilitate THF-ds $kiduma —15° C temperatira, jo pret&ja izoméra (Z)-(P)-31 veidoSanos
nenoveérojam pat péc 24 stundam. Savukart istabas temperatiira atropizomerizacija lidz
(Z)-(M)-31 un (2)-(P)-31 1:1 lidzsvara maisjjumam notika 6 stundu laika. Pateicoties
stabilitatei zemas temperatiiras, sulfinilimina (Z£)-31 atropizomérus iesp&jams
hromatografiski atdalit un iegit individuala forma. Kristaliskaja forma -18°C
temperatiira atropizoméri (Z)-(M)-31 un (Z)-(P)-31 ir stabili, un tos var uzglabat vairakas
nedglas.

Sulfiniliminu (Z)-3j,k atropizomerizacijas aktivacijas energijas un atruma
konstantes  eksperimentali  noteicam, izmantojot 2D-EXSY  eksperimentus
tetrahidrofurana-ds. Diemzel 2D-EXSY  eksperiments nebija  piemeérots
atropizomerizacijas atruma konstantes noteikSanai sulfinilimina (Z)-31 gadijuma, jo
atbilstoSo atropizome@ru savstarp&ja apmaina ir parak 1€na 2D-EXSY eksperimenta laika
skala. Tadel individuala tira atropizoméra (Z)-(P)- 3l izomerizacijas reakcijas atrums tika
mérits trijas dazadas temperaturas (T;=298 K, T,=313 K, un T3=333K), izmantojot 'H-
KMR spektrus. Noteiktas imina (Z)- 31 atropizomerizacijas atruma konstantes atbilstoSaja
temperatlira izmantotas, lai konstruétu t.s. Eringa (Eyring) grafiku Gibsa brivas
aktivacijas energijas noteikSanai attiecigaja temperatira.

Noteiktas atropizomerizacijas barjeras sulfiniliminos (Z)-3j-k (70.8 lidz 73.8
kJ/mol, sk. 3. tabulu) ir salidzinamas ar attiecigajiem lielumiem strukturali radniecigu
arilketiminu gadfjuma, un noverota atropizoméru pamatstavokla energiju starpiba

(AAG#:QSg) labi korel€ ar M:P lidzsvara attiecibu (3. tabula).
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3. tabula.

(2-(M, Rg)-3j-I (2)-(P, Rs)-3j-
. (P)—(M) (M)—(P) +
_ M:P, A(AGs3),
Nr.  Imins R a 1 AG5sg 1 1 AGass
% ks kUmol) K8 (/mopy  </mol
1 (2)-3j NH, 2278  62¢10™ 73.8  221<10"  71.1 2.7
2 (2-3k NHMe 2179 6610 737 247+10*% 708 2.9
3 (2)-31 NMe, 1:1 0.45¢10% 979  0.45.10* 979 0

5. Sulfiniliminu reducéSanas produktu 4a-l relativa konfiguracija pieradita,
izmantojot rentgenstruktiiras analizes metodi. Jaunizveidota asimetriska centra
konfiguracijas noskaidrosana lava izvirzit hipotézi par diastereoselektivas

reducésanas ciklisko parejas stavokli.

Jaunizveidota asimetriska centra relativo konfiguraciju reducéSanas produktiem
4a—c un 4e—j noteicam, izmantojot rentgenstruktiiras analizi. Sulfinamidi 4a—h veidojas
ar R absoluto konfiguraciju, bet sulfinamidus 4i-1 ieguvam ar S konfiguraciju
jaunveidotaja centra. Butiski, ka absoliita centra konfiguracija lieliski korel€ ar iminu 3a—
1 E vai Z konfiguraciju kristaliskaja forma. Ta, E konfiguracijas imini (E£)-3a—h reducgjas
par (RgsR)-4a—h sulfinamidiem, bet (Z)-3i-1 izome&ri parveérSas par (RsS)-4i-1
sulfinamidiem. Lai gan nov@rota korelacija ir speéka plasam substratu klastam, ta ir
parsteidzoSa, nemot véra spontano individualo sulfiniliminu E vai Z konforméru
izomerizaciju reducéSanas apstak]os.

Noverota reduceSanas diastereoselektivitates korelacija ar sulfinilimina £ vai Z
geometriju liecina par reducéSanas norisi caur ciklisko parejas stavokli un helatéSanas
kontrolétu reducéSanas mehanismu. Attiecigi, borans vai DIBAL veido “ata” kompleksu
ar sulfinilgrupas skabekla atomu (ladigu sadalfjuma aprékini sulfiniliminos liecina par

ievérojamu negativo ladinu uz sulfinilgrupas skabekla atoma). Talaka sulfoksida skabek]a
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atoma kontroléta hidrida piegade E konfiguracijas iminos 3a—h norisinas no Si puses, bet
Z konfiguracijas iminos 3i-1 — no Re puses (1.24. attéls, PS-1 un PS-2).

Sesloceklu kréslveida parejas stavokli telpiski liela terc-butansulfinilgrupa un
anilina aizvietotajs novietojas ekvatoriali, bet mazakais neaizvietotais fenilgredzens
nostajas aksiala pozicija (3. attéls, PS-1). IekSmolekulara tidenraza saite starp anilina N-H
un imina slapekla atomu stabilize sulfiniliminu 3a—h E konformaciju parejas stavokli, bet
sulfinilgrupas skabekla atoms nodroSina hidrida piegadi no Si puses. Ja hipotéze par
cikliska parejas stavokla iesaistiSanos ir pareiza un sulfiniligrupas skabekla atoms
kontrole hidrida piegadi, izomérajiem Z sulfiniliminiem 3i-1 biitu jareduc&jas par
sulfinilamidiem ar pret€jo, tas ir, S absoliito konfiguraciju. TieSam, (Rg,S)-4i-1 veidojas

ka vairakuma diastereomeéri, kas apstiprina postul€to reduceéSanas mehanismu.

= %
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o
o Me .S
S| i NH HN
WSS Cl H -
%o’ N %\\\'S»LN : cl
B O~ RTH
. H
N
- cl

(E)-3f PS-1 (Rs,R)-4f

Cl cl
o K
LN
.S
MeaN  HN
NMe; _ . - NMe,

| i —
i ¢
o O0-B5H O
H
- cl

(2)-3i PS-2 (Rs,S)-4i
3. att. Sulfiniliminu (E)-3f un (2)-3i reducéSanas iesp€jamie parejas stavokli

Ievérojami vairak stériski apgriitinato (Z2)-3j-1 sulfiniliminu reducéSana
actmredzot ar1 norisinas caur seSloceklu parejas stavokli, jo reducéSanas produkti (Rs,S)-
4j-1 veidojas ar jaunradita centra S absoliito konfiguraciju. Tomér, sulfiniliminu (Z)-3j-1
atropizomériem M un P piemit arl atSkiriga reagétsp&ja. Ta, atropizomérs (Z)-(M)-31
reducgjas ar kvantitativu konversiju (d.r.=99:1), kamer pret&jais atropizomérs (Z)-(P)-31
identiskos reakcijas apstaklos nereagé vispar (4. attéls). Produktu trikums atropizoméra
(Z2)-(P)-3I reducesanas reakcijas ar BH3-THF vai DIBAL acimredzot skaidrojams ar otro-
dimetilaminogrupas izraisitajiem steriskajiem trauc€jumiem sulfinilimina Re pusé (PS-2,

4. attels). Turklat, atropizoméra (Z)-(P)-31 augstas konfiguracionalas stabilitates dé] P un
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M izoméru interkonversija reducéSanas apstaklos (—15° C, THF-dg, 3 stundas) nenotiek,
un to apliecina art KMR eksperimenti. Savukart imina (Z)-31 M atropizoméra gadijjuma

reducéSanas var netraucéti notikt caur parejas stavokli PS-1 (4. attéls).

r B E
Cl
cl o K
L
.S
MeoN  HN

'|' NMe> . | NMe, ___

S H -

’ \N %\\\S |
o) 4 gl v

O»5 H
H cl
(2)-(M)-31 N PS-1 N (Rs,S)-4l
r It
Cl

Me,N —_— —_— nav reakcijas

T

%\\"S\N

[e)

(2)-(P)-31 = PS-2 -

4. att. Sulfinilimina (Z)-3I atropizoméru reducéSanas iesp&jamie parejas stavokli

Imina Re-puses ekranéSana ar arilgredzena orfo-aizvietotaju visticamak notiek art
strukturali radniecigo sulfiniliminu (Z)-(P)-3j.k gadijuma (4. attéls, PS-2), padarot tos
nereagCtspejigus reducéSanas apstaklos. Tomér reducéSanas reakcijas atrumu atSkiribu
iminu (Z)-3j,1 M un P atropizomériem nav iesp&jams noteikt, jo reducé€Sanas apstaklos
notiek atra atropizomerizacija. Atra iminu (Z)-3j,1 atropizomerizacija acimredzot nosaka
lielisko reduce€Sanas diastereoselektivitati. Ta, reduc€to produktu 99:1 diastereoméru
attieciba ir ieverojami augstaka par sulfiniliminu (Z)-3j,1 atropizoméru ~4:1 lidzvara

attiecibu THF $kiduma.

6. Sintezéto 1,3-diaminu 6a-1 un 7a-l izmantoSana naproksénamida litija enolata 9
enantioselektivas protonésanas reakcija lava noteikt protona parneses
enantioselektivitati nosakoSo hirala protonu avota struktiirelementu.

Deracemizacijas reakcija par substratu izv€l€jamies naprokséna diizopropilamida
litija enolatu 9, kur§ Skiduma eksiste galvenokart Z izoméra forma (Z:E=14:1). Diaminu
7b—d, 7f-h un 7k efektivitati salidzinajam ar izohinolinu 10, kur§ nodro$inaja izcilu

protona parneses enantioselektivitati (97% ee).
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N. 2
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(R)-6g: R'=H, R*>=Me cl

(R)-7g: R'=R*=Me
R)-6h: R'=H, R2=Me

(
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N
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H
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ol O (R)-6e: R'=R?=H (R)-6j: R'=R?=H
(R)-6f: R'=H, R%=Me (R)-6k: R'=H, R?=Me
(R)
(R)

(R)-7e: R'=Me, R2=H R)-7j: R'=Me, R>=H
(R)-7f: R'=R?=Me R)-7k: R'=R?>=Me

@

1 31
NH
H
é/ %/ N‘RZ
R)-6a: R'=R?=H R)-6¢c: R'=H, R2=Me (R)-6d: R'=H, R*>=Me
R)-6b: R'=H, R2=Me (R) -7¢c: R'=R2=Me (R)-7d: R'=R?>=Me

(R)-
(R)-
(R)-7a: R'= Me R2=H
(R)-7b: R'=R2=Me

5. att. 1,3-Diaminu rindas protonu donori

Diamina 10 strukttranalogs ir benzilamins 7f, kuram piemit salidzinosi lielaka
konformacionala briviba. Noskaidrojam, ka briva rotacija ap benzhidrilsaiti biutiski
neietekmé protona parneses enantioselektivitati (94% ee, 4. tabula). Fenilgrupas
aizvietoSana pret 2-naftilaizvietotaju (hirala skabe 7g) lauj nedaudz uzlabot rezultatu lidz
96% ee, kas kliidas robezas sakrit ar proton€Sans enantioselektivitati izohinolina 10
gadijuma (97% ee, 4. tabula). Interesanti, ka I-naftil struktiiranalogs 7h ir ievérojami

mazak enantioselektivs (40% ee, 4. tabula), bet telpiski apjomigu z-butilgrupu saturoSa
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diamina 7k gadijuma protoné€Sanas enantioselektivitate ir viszemaka (5% ee). Salidzinosi
augstu enantioselektivitati (80% ee, 4. tabula) nodroSina strukturali vienkarSakais
izohinolina 10 struktiiranalogs — benzilamins 7b, liecinot, ka pat telpiski vismazakais
aizvietotajs a-stavokli pret hiralo centru — metilgrupa nodroSina augstu litija enolata
enantiodiferenciaciju.

Lai novertetu litija helat€Sanas ietekmi un Iidz ar to protona donora-litija enolata
kompleksa konformacionalas stabilitates ietekmi uz protona parneses enantioselektivitati,
samazinajam benzilamina slapekla atoma aizvietoSanas pakapi. Visi testétie N-
neaizvietotie benzilamini 6b—g, 6k proton€Sanas reakcija nodroSinaja zemaku
enantioselektivitati neka to N-metilanalogi (4. tabula). Interesanti, ka N-neaizvietotu
benzilaminu sérija visefektivakais ir telpiski vismazakais diamins 6b (93% ee). Ta
tuvakie konformacionali ierobeZotakie alicikliskie analogi 6c¢,d ir iev€rojami mazak
selektivi (43 un 52% ee, attiecigi; 4. tabula), bet diarilgrupas saturoSie diamini 6f—h, ka
ar1 telpiski apgrutinatais benzilamins 6k nodroSinaja loti zemu proton&Sanas
enantioselektivitati (4. tabula). Krasa proton€sanas efektivitates atSkiriba starp diaminiem
6f.g un to N-metilanalogiem 7f,g var biit saistita ar atSkirigu diamina-enolata kompleksa
geometriju vai ari ar atSkirigu benzilamina N-H protona baziskumu. Ta, N-
metilbenzilamini ir baziskaki par N-neaizvietotajiem analogiem, bet o-alkilbenzilamini
6b,c ir baziskaki par o-arilanalogiem 6f,g. Baziskakie slapekla atomi spécigak koording
litija katjonu, konformacionali stabiliz€jot enolata—diamina kompleksu un nodroSinot
augstaku protona parneses enantioselektivitati.

Naprokséna amida litija enolata 9 enantioselektivas protonéSanas reakcija
parbaudijam ar1 hiralas skabes 6a,e,j un 7a,e,j, kuras satur divus potenciali parnesamos
anilina protonus. Visos gadijjumos protonéSanas enantioselektivitate N-neaizvietoto
anilinu gadijuma bija ieveérojami zemaka neka attiecigajiem N-metilanalogiem (4. tabula).
Pienemot, ka protonéSanas reakcija viens no anilina 7a N-H protoniem nodroSina 80%
protonéSanas enantioselektivitati (pieméram, 7b: 80% ee), bet otrs anilina 7a N-H
protons veido racémisku amidu 11 (0% ee), anilinam 7a tomér bitu janodroSina 40% ee
protonéSanas enantioselektivitate. Faktiski novérota optiska indukcija anilina 7a

gadijuma ir ievérojami zemaka (13% ee), liecinot, ka anilina N-H protona novietojums
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enolata-diamina kompleksa nav procesa enantioselektivitati vienigais noteicosais
kritérijs.
4. tabula.
R._NHR'
R' NHR?
NP NPr,
9 (R)-11
Nr. Run R’ Protonu donors un enolata 9 protonésanas
enantioselektivitate (%)
R'=Me R'=H R'=Me R'=H
R’=Me R’=Me R’=H R’=H
L. R=Me, R’=H 7b: 80 6b: 93 7a:13 6a: 2
2. R=R’=-(CHy),- 7c: 73 6¢: 43 - -
3. R=R’=-(CH»)s- 7d: 73 6d: 52 - -
4. R=Ph, R’=H 7f: 94 6f: 7 7e: 8 Ge: 8
5. R=2-naftil, R’=H 78: 96 6g: 31 - -
6. R=1-naftil, R’=H 7h: 40 6h: 15 3 )
7. R=t-Bu, R’=H 7k: 5° 6k:16° 7j: 17 6j: 21°

(a) Parakuma enantiomers: (S)-11

Talako enantioselektivas proton€Sanas reakcijas norises pétijumu principials

priekSnoteikums ir

litija enolata-diamina kompleksa uzbiives

un geometrijas

noskaidroSana. To paredzéts veikt, izmantojot KMR spektroskopiju, pieméram, analiz&jot

6Li—15N, 7Li—15N, °Li—BC un "Li-BC divdimensiju spektrus, ka ar1 veicot '"H DOSY un

BC DOSY eksperimentus. Lidztekus planots ari veikt DFT ab initio kvantu kimiskos

aprékinus.
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Svarigakie secinajumi

1. N-terc—Butansulfiniliminu 3a—i geometrija kristaliskaja forma un S$kidumos

atkariga no ketimina arilgrupas orfo—aizvietotaja dabas. Orto-Aizvietotaji ar

tudenraZa saites donoram 1paSibam stabiliz€ iminus E-izomé&ru forma.

o) K
H (I
/ NS
N N

R.

o) K
\S\‘
N

RZJ\Q(H
X

X=NMe,, Br, OMe
R2=Ph, t-Bu

2. Terc-Butansulfinilketimini 3j-1 pastav Z-izoméru forma gan Skidumos, gan ari

kristalos, turklat Skidumos Z-imini 3j-l veido atropizom&ru parus.

o K
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S

N~ NR1R2

0

Cl

(2)-(M)-izomers

Cl
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ay

R R'

(2)-(P)-izomérs

3. N-terc—Butansulfiniliminu reduc€Sanas diastereoselektivitate atkariga no substrata

E/Z konfiguracijas kristaliskaja forma. Ta, (E)-ketimini reduc€jas ar (R)—

konfiguracijas asimetriska centra veidoSanos, bet (Z)-ketimini veido (S)—

konfiguracijas produktus.
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X X N X H
He ;
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Re-puses lidzsvars Si-puses
reducésana &kiduma reducésana
Cl Cl ’ Cl Cl
X=NMe, X=NH,, NHMe

(S)-konfiguracija
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4. (Z)-Sulfiniliminu 3j-1 (M) un (P) atropizomé&riem piemit atSkiriga reag€tsp&ja
diastereoselektivas reducéSanas reakcija. Reakcija ar DIBAL and BH3;—THF imins
(Z2)~(M)-31 veido (S)-konfiguracijas produktu, kamér izomérs (Z)—(P)-31 lidzigos
apstaklos nereducgjas. Sulfinilimina (Z)—(P)-31 zema reaggtsp&ja skaidrojama ar
otro-aizvietotaja izraisitajiem stériskiem trauc€jumiem sulfinilimina Re pusé

reducéSanas parejas stavokli.

o, K o \ 0, K
.S

X N
P—— cl —_— nereducéjas
Re puses lidzsvars
reducésana Skiduma X

X=NH,, NHMe, NMe, )
konflguracua (2)-imins (2)-imins

(M)-atropizomérs (P)-atropizomérs

5. o-Metilbenzilamina fragments ir mazakais struktiirelements, kas nosaka protona
donora sp€ju atSkirt planara enolata enantiotopas puses un nodroSina augstu

protona parneses enantioselektivitati.
R

@,
H
S

6. Protona parneses enantioselektivitate ir atkariga no o-aizvietotaja telpiskajam

R=CHj: 80% ee
R=H

93% ee

prasibam. Telpiski lielas grupas benzilstavokli samazina protoné€Sanas
enantioselektivitati.
@
NH
I H\ CHj ~ Ph ~ 2-naftil > 1-naftil > terc-Bu
7. Lai nodroSinatu augstu protona parneses enantioselektivitati, gan anilina, gan

benzilamina slapekla atomiem jasatur tikai viena N-H saite.

Me l\llle
R__NH R__NH, R_ _NH R__NH,
H
H\M N\Me NH, NH,
¢ > > > A:R=Me
B: R=Ph

A: 80% ee A: 93% ee A: 13% ee A: 2% ee C: R=2-naftil
B: 94% ee B: 7% ee B: 18% ee B: 8% ee
C:96% ee C:31% ee C:- C:-
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The Importance of topic

Asymmetric protonation plays an important role among the methods of
stereoselective synthesis due to the conceptual simplicity of the method. Asymmetric
protonation allows for a quantitative conversion of racemic compound into pure
enantiomers, and therefore the method is also known as deracemization reaction.
Although any prochiral sp’-hybridized carbanion theoretically could be converted into a
pure enantiomer, asymmetric protonation is used mainly for the preparation of different
carbonyl compounds (ketones, esters, amides) in enantiomerically pure form. The
concept is based on an initial conversion of a chiral, racemic carbonyl compound to
enolate (usually — lithium enolate) and the subsequent delivery of proton selectively to
one face of the planar enolate. To achieve a stereodifferentiation of enantiotopic faces of
metal enolate, chiral proton source or chiral acid must be employed. Owing to the
formation of complex between a chiral acid and lithium enolate, proton transfer occurs in

a chiral environment, and thus ensures enantioselectivity of the proton transfer.

R2 - H® R? R2

racemate single enantiomer

é*
H
o) ) j _ o)

R1>HJ\ \ R.Y _.OLi R;)k .

H

A*

A*-H: chiral proton source

The method facilitates and renders less expensive synthesis of the target
compound, because there is no need to preserve configuration of asymmetric center
during synthesis as well as to prevent racemization in subsequent transformations.
However, despite intensive research in the field and a number of successful application
examples, an empirical approach still dominates in choice of reaction conditions for
deracemization of new, previously untested compounds. This is because of insufficient
knowledge about mechanism of the asymmetric protonation, properties of lithium
enolate—chiral proton mixed aggregate (such as level of aggregation, stability of different

mixed complexes) as well as other important factors, which affect enantioselectivity of

proton transfer.
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Research objective and tasks

Chiral aniline I is among the most efficient chiral acids in asymmetric protonation
reaction, and its use allowed for preparation of a series of enantiomeric pure amides.
Aniline I has also been employed in mechanistic studies of asymmetric protonation
reaction. For example, variations of acidity of transferable aniline N-H proton in chiral
acid I have led to hypothesis about relationship between pK, of aniline N-H and
enantioselectivity of protonation. In the meantime, influence of structural features of a
chiral acid on enantioselectivity of protonation remained to be answered. Consequently,
the objective of the PhD Thesis research was to establish a critical structural subunit
in a chiral, nonracemic 1,3-diamine I, which controls enantioselectivity of proton
transfer.

Relationship between a structure of chiral 1,3-diamine and enantioselectivity of
proton transfer was addressed to establish the critical structural subunit in a chiral,
nonracemic 1,3-diamine I, which is responsible for enantiodiscrimination of enolate
enantiotopic faces. The following structural variations in chiral 1,3-diamine were made:

® increase of conformational flexibility (target compounds II, III and V);

¢ transfer of conformational rigidity to another part of a 1,3-diamine (anilines IV);

e change of steric requirements of substituent at the a-position to the chiral centre
(1,3-diamines II, IIT and V);

e variations of substituent at nitrogen atom of benzylamine (R=H, Me).

R R § R
NH NH NH NH NH
l NHMe O NHMe NHMe NHMe { NHMe
cl cl cl O

n=1,2
R=H, Me | Il 11l v \'}

To reach the objective the following tasks were identified:

e develop a method for stereoselective synthesis of chiral nonracemic 1,3-diamines
II-V method (1,3-diamines II-V are not reported in the literature);

® prepare chiral acids II-V;

e evaluate efficiency of chiral proton sources II-V in enantioselective protonation

of amide lithium enolates.
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The structure of PhD Thesis

The thesis comprises two interconnected chapters. The First Chapter describes
the development of stereoselective method for synthesis of target chiral non-racemic 1,3-
diamines II-V. Synthesis of target structures II-V was based on the diastereoselective
reduction of chiral tert-butanesulfinyl ketimines and, therefore studies of the relationship
between structures of fert-butanesulfinyl ketimines and diastereoselectivity of their
reduction are summarized in the first chapter. Prepared enantiomerically pure chiral 1,3-
diamines II-V were employed as chiral proton sources in the asymmetric protonation of
naproxen amide—derived lithium enolate, and these studies are summarized in the Second
Chapter.

Each of chapters comprises a review of relevant literature and description of
results with discussions. There are only unpublished experimental procedures in the
Experimental Section of Thesis. Numbering of compound, tables and figures is different
for each of the chapters, whereas a list of literature references covers all Chapters.

The Thesis is written in Latvian on 107 pages, contains 62 figures, 23 tables, 96

literature references and 3 attachments.
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Main Results

1. A general and convenient method for synthesis of chiral nonracemic 1,3-
diamines was developed based on diastereoselective reduction of ftert-
butanesulfinyl ketimines.

Starting acetophenones and benzophenones la-l1 were prepared by published
methods. Ketones 1a-1 were converted to sulfinylketimines (Rs)-3a-l in the reaction with
(Ry)-tert-butanesulfinamide 2, and then diastereoselectively reduced to sulfinylamides
(Rs,R)-4a-h and (Rs,S)-4i—-1. The use of borane and DIBAL in the most cases ensured
excellent levels of diastereoselectivity (Fig. 1 and 2). Optical purity of the major
diastereomers 4a-l1 could be further improved by crystallization. NaBH4 and NaBH4—
Ti(OEt)4 could also be employed in the reduction, albeit diastereoselectivity of the

reduction with these reagents was somewhat lower.

O\\L o\\L

O
R.NH O N |: RNH HN c ReNH NH
4N HCI NP
Reduction | dioxane B
Dioxane/MeOH
Ti(OEY), 1:1
THF
1a-d (Rs)-3a-d (Rs,R)-4a-d (R)-6a-d
R=H, Me 1. LIHMDS
2. Mel
DMF, -20 °C
o\
R_. Me, R‘NH HN,Me
“NH N 4N HCI :
dioxane
Dioxane/MeOH
1:1
Reduction conditions:
-5a- R)-7a-d
A: BH, THF, -78 °C, THF, 3 hours (Rs/R)-5a-d (R

B: DIBAL, -78 °C, THF, 3 hours

S S . €.

HN  HN” MeNH Hy NH HN/S NH HN®
sl ol NG S
(Rs,R)4a (Rs,R)-4b (Rs,R)-4c (Rs,R)-4d
A: dr=97:3 A: dr=99:1 A: dr=99:1 A: dr=69:31
B: dr=93:7 B: dr=99:1 B: dr=99:1 B: dr=71:29

Figure 1. Synthesis of chiral nonracemic 1,3-diamines (R)-6a—d and (R)-7a—d

The tert-butanesulfinyl chiral auxiliary was readily cleaved under acidic

conditions without racemization of the created chiral center in 1,3-diamines (R)-6a—h and
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(8)-6i-1. Introduction of an N-methyl group at the benzylic nitrogen was performed prior
to the removal of the chiral auxiliary from (R)-7a-h and (S)-7i. Chiral nonracemic 1,3-

diamines (S)-7j-1 were prepared in two stages from diamines (5)-6j-1 (Fig. 2).

L0, K o} K (o} K
1 2
R\N,RO

R1R2N HN
1. LIHMDS
TI(OEt DMF, -20 °C
Cl
-4e-| (RS,R)-5e-h
1e-l (Rs)-3e-1 (Rs,R)-4e-h .
s (Rs, S)4i-1 (Rs,S)-4i
4N HCI 4N HCI
dioxane dioxane
Dioxane/MeOH 1:1 Dioxane/MeOH 1:1
RIR2N HN/Me R'R2N NH, R'R2N HN‘Me
1. HCO,H R SR
2. LiAlH,
THF
Cl Cl Cl
(S)-7j-l (R)-6e-h (R)-7e-h
(S)-6i-l (S)-7i
Reduction conditions:
A: BH3 THF, -78 °C, THF, 3 hours
B: DIBAL, -78 °C, THF, 3 hours
ol
HoN HN
| Cl
(Rs,R)-4e (Rs,R)-4f (Rs,R)-49 (Rs,R)-4h
A: dr=70:30 A: dr=89:11 A:dr=81:19 A: dr=99:1
B: dr=91:9 B: dr=99:1 B: dr=82:18 B: dr=99:1
oK o I o I o I
Me .
Me,N HN HoN HN © NH HN Me,oN HN
Cl Cl Cl Cl
(Rs,S)-4i (Rs,S)-4j (Rs,S)-4k (Rs,S)-4l
A: dr=1:99 A: dr=1:99 A: dr=11:89 B: dr=1:99
B: dr=1:99 B: dr=1:99 B: dr=1:99

Figure 2. Synthesis of chiral nonracemic 1,3-diamines (R)-6e-=h, (R)-7e-h, ($)-6i-1 and
(8)-7i-1
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2. Configuration of terc-butanesulfinylketimines 3a,b,e-1 in crystalline form was

determined by X-ray crystallographic analysis.

It was determined that sulfinylimines 3a,b,e-h exists as E-isomers in crystalline

form. The distance between the nitrogen of the aniline and that of the sulfinyl group in

crystal lattices 1s 2.66-2.72 A, indicating a hydrogen bond interaction between the aniline

N -H and nitrogen of the imine (see N1 -N2 distances in entries 1-6, Table 1).

Table 1
o
R - Rl R? /\S“k H O/‘S K >L o O\S K
% Hz/s SN ﬁz - Me\,ﬁ{ NZ \/? S\NZ ,I\fz
él\ 2/Ci R 2 e (:1\\C2/CS\C4 X 2 03\04 AN 03\02 AN cl
i g OO oo T
Cl Cl °
(E)}3a:X=NH,  3e:R'=R?=R%=H 3 _ (2)-3: X=NH,
Pestoll Ri= o3 3i (2)-3k: X=NHMe
(E)-3b: X=NHMe g;:%:%'ﬁ;‘iz:,:‘ RH3=-(CH)4- (2)-31: X=NMe,
T 2 ~3 2 5 ~ ~3 2
Nr. Imine NLN? (A) C _C. -C-N c _C. -C-N
Torsion angle Torsion angle
1. (Rs)-(E)-3a 2.683 10.9 138.9
2. (Rs)-(E)-3b 2.658 -6.3 140.6
3. (Rs)-(E)-3e 2.676 -12.1 114.3
4.  (Rs)-(E)-3f 2.676 -1.8 110.8
5. (Rs)-(E)-3g° 2.721 15.5 91.5
6. (Rs)-(E)-3h" 2.678 -8.25 88.0
7.  (Rs)-(Z)-3i - -66.6 35
8. (Rs)~(Z)-3§" - 77.9 82.5
9. c -79.7 (P) 95.5 (P)
(Rs)-(2)-3k 84.1 (M) 102.0 (M)
10.  (Rg)-(2)-31 - 111.2° 93.5¢

“ Average values of two molecules crystallized in a unit cell.
» Crystallized as individual (M) atropisomer.

¢ Crystallized as 1:1 mixture of (M):(P) atropisomers in the unit cell.

The intramolecular hydrogen bond enforces a syn-periplanar relationship between

the aniline ring and the C=N bond of the imines 3e-h (see C1-C2-C3-N2 torsion angles,

Table 1, Nr. 3-6), with the sulfoxide moiety placed in the trans position. As a

consequence, the aryl substituent (phenyl or naphthyl group) is twisted out of the C=N

plane to minimize nonbonded steric interactions with the bulky zert-butylsulfinyl group

(see C5-C4-C3-N2 torsion angles, Table 1, Nr. 3-6). Thus, the preferential formation of

E-isomers of imines 3e-h was attributed to the stabilization by the intramolecular
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hydrogen bond. Hydrogen bond stabilizes E-isomer also in sulfinylimines (E)-3a and
(E)-3b (see N1-N2 distances, Table 1, Nr. 1, 2). Interestingly, imine 3i exists as Z-isomer
in crystalline form (Table 1, entry 7). Because imine (Z)-3i is unable to form an
intramolecular hydrogen bond, in the absence of stabilizing hydrogen bond interactions,
the £ geometry for sulfinylimine 3i is unfavorable due to the electrostatic repulsion
between aniline and imine nitrogen lone electron pairs and nonbonded steric interactions
between ortho-substituent and imine moiety. The predominance of the Z-isomers in
ketimine (£)-3i is noteworthy, as it has been traditionally considered that the most stable
sulfinylimine isomer has the sulfoxide moiety positioned trans to the larger C-substituent
on the ketimine.

Although sulfinylimines 3j and 3k are able to stabilize E geometry by an
intramolecular hydrogen bond, they exist as Z-isomers in the crystalline form. Apparently
nonbonded steric interactions between the bulky chiral auxiliary and the terz-butyl group
of the imine moiety overrides stabilization by the intramolecular hydrogen bond. In the
observed Z geometry, fert-butyl groups are positioned mutually trans with respect to the
C=N bond, and the ortho-substituted phenyl moieties of imines (Z)-3j-1 are twisted out of
the C=N plane (see C1-C2-C3-N2 torsion angles, Table 1).

Interestingly, sulfinylimine (Z)-3k exists as (M):(P)=1:1 mixture of atropisomers
in the crystal lattice, apparently because of hindered rotation about aryl-imine axis. By
intriguing contrast, individual crystals of sulfinylimines (Z)-3j and (Z)-31 were obtained

exclusively as the (M)-atropisomers (Table 1, Nr. 8—10).

3. Ratio of E/Z isomers for tert-butanesulfinylimines 3a-1 in THF—-d; solution, the
free energy of activation and rate constants for the E/Z isomerization of

sulfinylimines 3e,f,i were established using NMR methods.

The determined E/Z isomers ratio for ketimines 3e-i (see Table 2) in THF-dg
solution at —15 °C temperature demonstrates, that the intramolecular hydrogen bonding
stabilizes E-geometry of imines both in crystalline form and in solution. Ketimines 3a,b
and 3h exists only in £ geometry in THF-ds solution. Although partial E/Z isomerization
occurs upon dissolving of (?) individual crystalline ketimines (E)-3e—(E)-3g in THF-ds,

E-isomers are predominating. Consequently, E-isomer is the major component for imines
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3a-3h both in THF-ds solution and in the crystal lattice. On the contrary, dissolving the
crystalline ketimine (Z)-3i in THF-dg solution afforded the opposite isomer (E)-3i as the
major component (E/Z=65:35) (Table 2).

Table 2
R N/S\o 05y N/S\o
T
X
(E)-3e-i (2)-3e-i 8

(E)—(2) (£)—(E) ”

Nr. Imine Z:E, %* s AG5ss gl AG7 555 ﬁJ(/AGfSS)’
: (kJ/mol) ~ (kJ/mol) /MO
1.  (Ry)-8 - ; 61.7 - 61.7 0
2. (Rs)-3e  20:80 020 663 0.78 63.4 2.9
_ 0.12 683 0.74 64.4 3.9
3. (Ry-3 19:81 0.04 707 0.45 65.5 5.2
4  (Ry-3g 2377 ; - - - -
5. (Ry)-3h  1:99 ; ; ] ] _
6. (R9)-3i 3565 0.11 685 0.20 67.2 1.3

“ Determined THF-d; at —15 °C temperature.

The observed fast equilibration of sulfinylimines 3a—i in solutions at —15 °C
would require relatively low energy barriers for E/Z isomerization. The free energy of
activation and rate constants for the E/Z isomerization of sulfinylimines 3e-i in THF-ds
were calculated from NOESY spectra by (?) comparing the intensities of diagonal and
exchange cross-peaks. The determined E/Z isomerization barriers range from 63.4 to 70.7
kJ/mol (see Table 2), and hence, they are higher by 1.7-9 kJ/mol than those of the non—
substituted diarylketimine 8 (Table 2, No. 1). The observed difference can be attributed to
the influence of the ortho-substituent. Thus, ground state energy for (E)-3f isomer is 3.9-
5.2 kJ/mol lower than that for (Z)-3f isomer, which is the highest energy differences
among all imines (Table 2, No. 3). Similarly, (E)-3e is also more stable than (Z)-3e by 2.9
kJ/mol (No. 2). The higher stability of (E)-isomers in sulfinylimines 1e—f was attributed
to the stabilizing effect of the intramolecular hydrogen bond in the E configuration. A less

pronounced preference for the E-isomer was observed for imine 3i (No. 6), which is
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incapable of forming the hydrogen bond. The determined ground-state energy differences

(AAG75s) correlate well with the equilibrium E/Z ratio in THF-dg (Table 2).

4. The free energy of activation and rate constants for atropisomerization of

sulfinylketimines (Z)-3j-1 were determined by NMR methods.

Sulfinylimines 3j-l exist solely as the Z-isomers in THF-dg solution, apparently
because of destabilizing nonbonded steric interactions between the bulky chiral auxiliary
and the fert-butyl group of the imine moiety. Consequently, Z-isomer is the major
component for imines 3j-1 both in THF-dg solution and in the crystal lattice.
Furthermore, each of the sulfinylimines (Z)-3j-1 appeared as a mixture of M and P
atropisomers. Thus, when a single crystalline atropisomer (Z)-(M)-3j was dissolved in
THF-d; at room temperature, the 'H-NMR spectrum showed two sets of signals in a ratio
of 78:22. Likewise, a 79:21 ratio of atropisomers was formed when the crystalline 1:1
mixture of (Z£)-3k atropisomers was dissolved in THF-d. .

Crystalline atropisomer (Z)-(M)-3l displayed high configurational stability in
THF-d; solution at —15° C temperature, and none of the isomeric (Z)-(P)-31 was observed
after 24 h. However, isomerization to a 1:1 equilibrium mixture of atropisomers (£)-(M)-
31 and (2£)-(P)-31 occurred within 6 hours at room temperature. Owing to the
configurational stability at low temperatures, the atropisomers of (Z)-3l could be easily
separated by chromatography on silica gel. The individual atropisomers (Z)-(M)-31 and
(2)-(P)-3I are stable in the crystalline form at —18° C for more than three weeks.

The free energy of activation and rate constants for the atropisomerization of (Z)-
4d-f were determined inTHF-dg by 2D-EXSY experiments. Unfortunately, the exchange
rate constant for (Z)-3l could not be determined from the 2D EXSY (NOESY) spectra
because of the very slow interconversion of (Z)-31 isomers on the time scale of the NMR
experiment. Therefore isomerization kinetics of the individual pure atropisomer (Z)-(P)-
31 was measured at three different temperatures (T, = 298 K, T, = 313 K, and T3 = 333
K). The Gibbs free energy of activation at T = 298 K was calculated from the Eyring plot

of the atropisomerization rate constants vs. inverse temperature.
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Barriers to the rotation around the aryl-imine bond of (Z)-3j—k isomers in THF-d
varied from 70.8 to 73.8 kJ/ mol (see Table 3), and these values are comparable to the
isomerization barriers of related aryl ketimines. The observed ground-state energy
differences (AAG”sg) correlate well with the equilibrium ratio of atropisomers in THF-dy

(Table 3).

Table 3.
(2)-(M, Rg)-3j- (2)-(P, Rg)-3j-1

(P)—(M) (M)—(P) #

) M:P, A(AG"2s3),
Nr. Imine R a -1 AGﬂsg a1 AG#258

% k.s (moly K0S (/mopy  X/mol

1 (2)-3j NH, 2278  62¢10™ 73.8  221<10"  71.1 2.7

2 (©-3k NHMe 21:79  66°10™ 737 247¢10%  70.8 2.9

3 (2)-31 NMe, 1:1 0.45¢10% 979  04510* 979 0

5. Relative configuration of sulfinylimine reduction products 4a-1 was established
using X-ray crystallographic analysis. Correlation between facial selectivity of
the reduction and E or Z geometry of the starting ketimines suggests

involvement of a cyclic transition state for the reduction.

The relative configuration at newly created asymmetric carbon was determined
for all reduction products 4a—c and 4e-j by X-ray crystallographic analysis.
Sulfinylamides 4a—h were formed with the R absolute configuration at the newly created
asymmetric center, while reduction products 4i-1 possessed the S configuration.
Importantly, the sense of asymmetric induction is in good correlation with the favored E
or Z configuration of the starting imines 3a-l in the crystalline form. Thus, the reduction
of (E)-3a—h resulted in the formation of (RgR)-4a—h, whereas (Z)-3i-1 afforded
sulfinylamides (Rs,S)-4i-1. The observed correlation is applicable for a wide range of
substrates, however it is striking, given the observed fast isomerization of individual E-

or Z-conformers of imines 3e-1 upon dissolving in THF-dj.
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The observed correlation between a sense of asymmetric induction in the
reduction and E/Z geometry of starting sulfinylketimines suggests the involvement of a
cyclic six-membered transition state and implies a chelation—controlled reduction
mechanism. Accordingly, borane or DIBAL forms an “ate” complex with sulfinyl oxygen
(atomic charge calculations have demonstrated considerable negative charge on oxygen
in sulfinylimines). Subsequent sulfoxide oxygen—mediated delivery of hydride to imines
(E)-3a-h takes place from Si face, whereas to imines (Z)-3i-1 — from Re face (Figure 3,
TS-1 and TS-2).

In the preferred chair-like conformation of the six-center transition state for the
(E)-sulfinylimines (TS-1, Figure 3), the bulky #-Bu group and the large aniline substituent
are placed equatorially and the smaller phenyl group is in the axial position. The
intramolecular hydrogen bond between the aniline N-H and nitrogen of the imine
stabilizes the favored E conformation of sulfinylimines 3a—h in the transition state (TS-
1). Assuming that the reduction of sulfinylimines occurs via a cyclic transition state and
internal sulfoxide-mediated delivery of borane, the isomeric (Z)-sulfinylimines 3i-1
should afford sulfinylamides 4i—1 with the opposite, that is, S absolute configuration.
Indeed, (Rs,S)-4i—1 are formed as the major diastereomers, thus supporting the proposed

mechanism.

K

| “NH HN
%\\"S\N
. - O O
Ho
N
Me -
(E)-3f (Rs R)-4f
Cl
o) K
\\o
) O MesN  HN™
| —_—
B T
o
(2)-3i (Rs S)-4i

Figure 3. Possible transition states for reduction of sulfinylimines (E)-3f and (Z)-3i

Reduction of sterically more hindered (Z)-3j-1 sulfinylimines obviously occurs

via a cyclic six-membered transition state, because the reduction products (Rs,S)-4j-1
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were formed with S absolute configuration at the newly created chiral center. However, M
and P atropisomers of sulfinylimines (Z)-3j-1 have different reactivity. Thus, (Z)-(M)-31
was reduced with DIBAL with quantitative conversion (d.r.=99:1), whereas the isomeric
sulfinylimine (Z)-(P)-3l was completely unreactive in the reduction with DIBAL (Figure
4). The reluctance of (Z)-(P)-3I to undergo reduction by BH;—THF or DIBAL presumably
results from steric shielding of the sulfinylimine Re face by the ortho-dimethylamino
group (TS-2, Figure 4) together with high configurational stability of (Z)- 31 atropisomers
under the reduction conditions (individual atropisomers (Z)-(P)-31 and (Z)-(M)- 31 did not
undergo atropisomerization under the reduction conditions (BH3—THF (1.6 equiv), —
15 °C, THF-ds, 3 h) as evidenced by NMR. In the meantime, the reduction of (Z)-(M)-31

readily occurs from the Re face via cyclic six-membered transition state TS-1 (Figure 4).

Cl cl

% é NMe> . .|.H NMe, —
"y N \\\'S'I-N -
o %O”:EG\H
H cl

2)-(mM)-31 TS (Rs,S)-4l

MeoN — —_— no reaction

|
%l"’S\N
o

(2)-(P)-31 - TS-2 -

Figure. 4. Transition states for the reductions of M and P atropisomers of imine (Z)-31

Steric hindrance of the Re-face presumably would also occur in the structurally
closely related sulfinylimines (Z)-(P)-3j.k (Figure 4, PS-2), rendering them unreactive
under the reduction conditions. However, the differences in the reduction rates of
atropisomers (Z)-(M)-3j,1 and (Z)-(P)-3j,] cannot be determined because fast
atropisomerization occurs under the reduction conditions The fast isomerization of
sulfinylimines (Z)-3j,1 apparently accounts for the excellent diastereoselectivities of the
reduction. Thus, the 99:1 diastereomer ratio of (Rs,S)-4j,l exceeds the ~4:1 equilibrium

ratio of (Z)-(P)- 3j,1 and (Z)-(M)- 3j,1 in solution (see Table 2).
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6. The critical structural subunit responsible for control of enantioselectivity in
transfer of proton from chiral, nonracemic 1,3-diamines 6a-1 and 7a-l to lithium

enolate of naproxen diisopropylamide 9 was identified.

Lithium enolate of naproxen diisopropilamide 9 was chosen as a substrate for
deracemization reaction, because in solution the enolate 9 exists predominantly as Z-
isomer (Z:E=14:1). The efficiency of diamines 7b—d, 7f-h and 7k was compared with

that of isoquinoline 10, which ensured excellent enantioselectivity (97% ee) of proton

% 4

(R)-6g: R'=H, Rz=Me
(R)-7g: R'= R2 Me

transfer.

(R)-6h: R'=H, R2=Me

ﬁ & (R)-7h: R'=R?=Me
oy :
3 NH >I\/NH

H i H
O NH O N-gre ON\RZ
= —> o«

ol O (R)-6e: R'=R2=H (R)-6j: R'=R?=H

ZT

(R110 (R)-6f: R'=H, R?>=Me (R)-6k: R'=H, R?=Me
(R)-Te: R11=I\/Le, R?=H (R)-7j: R'=Me, R?=H
(R)-7f: R'=R?=Me (R)-7k: R'=R?=Me

@

Shoe Ge « G

R)-6a: R'=R2=H (R)-6¢: R'=H, R%=Me (R)-6d: R'=H, R?=Me
(R) 6b: R'=H, R=Me  (R)-7¢:R'= R2-Me (R)-7d: R'=R?=Me
(R)-7a: R'=Me, R2=H
(R)-7b: R'=R?=Me

Figure 5. 1,3-Diamine—derived chiral proton donors
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Benzylamine 7f is conformationally more flexible analogue of 10. It was
demonstrated that free rotation around benzhydryl bond has minor influence on
enantioselectivity of proton transfer (94% ee, 7f vs. 97% ee, 10; see Table 4).
Replacement of phenyl group by 2-naphthyl moiety (chiral acid 7g) led to slight
improvement of enantioselectivity to 96% ee, and this result within limits of error is
similar to the best protonation enantioselectivity (97%) observed in the case of
isoquinoline 10 (97% ee, Table 4). Notably, 1-naphthyl analogue 7h is considerably less
enantioselective (40% ee, Table 4), whereas diamine 7k containing sterically bulky tert-
butyl moiety affords the lowest (5% ee) enantioselectivity in a series. Notably,
benzylamine 7b, a structurally simplest analogue of isoquinoline 10, ensures relatively
high enantioselectivity of protonation (80% ee, Table 4). This result is striking, as it
demonstrates that even the methyl group, a smallest possible substituent at a-position of
the chiral centre can efficiently help to discriminate enantiotopic phases of prochiral
lithium enolate.

To estimate the influence of lithium chelation on conformational rigidity of the
mixed aggregate between a chiral acid and lithium enolate, a degree of substitution at the
nitrogen atom of benzylamine was varied. Interestingly, all tested N-unsubstituted
benzylamines 6b—g, 6k provided lower enantioselectivity in the protonation reaction than
their N-metyl analogues (Table 4). Notably, in N-unsubstituted series the highest
enantioselectivity was achieved by structurally simplest diamine 6b (93% ee).
Furthermore, it’s conformationally restricted analogues 6c,d are significantly less
efficient (43 and 52% ee, respectively; Table 4), whereas aryl group containing diamines
6f-h, as well as sterically hindered benzylamine 6k ensured poor enantioselectivity of
protonation (Table 4). Sharp difference in enantioselectivity between N-H series 6f,g and
their N-metyl analogues 7f,g can be attributed to differences in geometry of the mixed
enolate-chiral acid aggregate or to differences in basicity of the non-transferable benzylic
N-H proton. Thus, N-methylbenzylamine is more basic than the N-unsubstituted
analogue, and o-alkylbenzylamines 6b,c are more basic than their o-aryl counterparts
6f.g. Increased Lewis basicity of nitrogen atom would result in stronger coordination of
lithium and, hence, increased stability and conformational rigidity of the mixed enolate—

diamine aggregate in the transition state of proton transfer.
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Chiral acids 6a,e,j and 7a,e,j possessing two potentially transferable aniline N-H
protons were also tested in enantioselective protonation of naproxen amide—derived
lithium enolate 9. Protonation enantioselectivity ensured by all of the tested N-
unsubstituted anilines was significantly lower than that in the case of the corresponding
N-metyl analogues (Table 4). Assuming that one of the N-H protons in aniline 7a is
transferred with 80% enantioselectivity (see 7b: 80% ee), whereas transfer of the other
N-H occurs completely non-selectively (0% ee), the overall protonation with 7a should
return amide 11 with 40% ee. In fact, protonation enantioselectivity ensured by aniline 7a
is significantly lower (13% ee) indicating that spatial orientation of aniline N—H proton in

a mixed enolate-diamine complex is not the only issue that determines protonation

enantioselectivity.
Table 4
R._ _NHR!
R' NHR2
o NP2 g/j NiPr,
9 (R)-11
Nr. Run R’ Proton donor and protonation enantioselectivity of
enolate 9 (%)

R'=Me R'=H R'=Me R'=H

R’=Me R’=Me R’=H R’=H
1. R=Me, R’=H 7b: 80 6b: 93 7a:13 6a: 2
2. R=R’=-(CH,);- Tc: 73 6¢: 43 - -
3. R=R’=-(CH,)3- 7d: 73 6d: 52 - -
4, R=Ph, R’=H 7f: 94 6f: 7 7e: 8 6e: 8
3. R=2-naftil, R’=H 7g: 96 6g: 31 - -
6. R=1-naftil, R’=H 7h: 40 6h: 15 - -
7. R=t-Bu, R’=H 7k: 5¢ 6k:16“ 7j: 17¢ 6j: 21

(a) The major enantiomer: (S)-11

An important pre-requisite for understanding the mechanism of enantioselective
protonation reaction is elucidation of structure of the mixed enolate—chiral acid
aggregate. This is intended to carry out by using NMR spectroscopy, including °Li-"N,
7Li—15N, °Li—"*C and "Li-"*C two-dimensional spectra, as well as 'H DOSY and *C
DOSY experiments. In addition, DFT ab initio quantum chemical calculations will be

performed.
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Conclusions

1. Geometry of N-fert—butanesulfinylimines 3a—i both in crystalline form and in
solutions is controlled by ortho—substituent of ketimine aryl group. Ortho-
substituent capable of forming an intramolecular hydrogen bond stabilizes E-

isomer of imines.

o) K
H A o K
R\N/ \N/S LI

N,s
X
Cl
R=H, Me X=NMe,, Br, OMe
R2=Ph, t-Bu

2. Sterically hindered tert-butanesulfinyl ketimines 3j-1 exists solely as (Z)-isomers
both in solid state and in solution. Each of ketimines (Z)-3j-1 exists as pair of

atropisomers in THF solution.

o I o |

N /SNR1 R2 N/S
= T
N,
cl rR2 R
(Z2)-(M)-isomer (2)-(P)-isomer

3. The sense of asymmetric induction in the reduction of N-fert-butanesulfinyl
ketimines is in good correlation with E or Z geometry of the starting imines 3a-1
in the crystalline form. Thus, (E)-imines are reduced to sulfinylamides with R
configuration at the newly created chiral center, whereas (Z)-imines afforded
products with S configuration.

o o

ol o, I
5" 'S
N HNH

HN™ ™ X X X
H = Z,
Ph Ph P — Ph — o Ph
reduction ilibri reduction
from Re-face ?ﬁggmgw from Si-face
Cl Cl Cl Cl
X=NMe, X=NH,, NHMe

(S)-configuration (R)-configuration

39



4. (M) And (P) atropisomers of sulfinylimines (Z)-3j-1 demonstrate distinct
reactivity in diastereoselective reduction reaction. An individual atropisomer (Z)-
(M)-31 could be reduced with DIBAL and BH;-THF under conditions where the
isomeric (Z)-(P)-3l is completely unreactive. The reluctance of (Z)-(P)-3l to
undergo reduction presumably results from steric shielding of the sulfinylimine

Re face by the ortho—substituent in a cyclic transition state for the reduction.

ol o k: 0 \k:
's \\
X

HN”
. reductlon
reduction equmbnum
from Re face in solution

o Cl X=NH,, NHMe, NMe, o
(S)-configuration (Z)-imine (2)-imine

(M)-atropisomer (P)-atropisomer

5. o-Methylbenzylamine subunit is a key structural element, which ensures ability of

proton donor to differentiate enantiotopic faces of planar enolate and controls

enantioselectivity of proton transfer.
R

@,
H
S

6. Enantioselectivity of proton transfer depends on steric bulk of o-substituent.

CHs: 80% ee
H

R=
R= 93% ee

Sterically large groups at benzyl position reduce enantioselectivity of protonation.
CHj3 ~ Ph ~ 2-naphthyl > 1-naphthyl > tert-Bu

7. To ensure high enantioselectivity of proton transfer, each of aniline and

benzylamine nitrogen atoms should possess only one N-H bond.

Me I\Ille
R._NH R._NH, R. _NH R._NH,
H
H\M N NH, NH,
¢ > > > A: R=Me
B: R=Ph

A: 80% ee A: 93% ee A 13% ee A: 2% ee C: R=2-naphthyl
B: 94% ee B: 7% ee B: 18% ee B: 8% ee
C: 96% ee C:31% ee C:- C:-
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