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ANOTACIJA

Enolatu asimetriska protonéSana.
Martjuga M., zinatniskais vaditajs Dr. chem., doc. E. Stina. Promocijas darbs, 107

lapaspuses, 62 att€li, 23 tabulas, 96 literatiiras avoti, 3 pielikumi. LatvieSu valoda.

ENANTIOMERI TIRI 1,3-DIAMINI, DIASTEREOSELEKTIVA REDUCESANA,
HIRALA PALIGGRUPA, SULFINILGRUPA, SULFINILIMINI, E/Z IZOMERI,
M/P  ATROPIZOMERI, AKTIVACIJAS BARJERA, GIBSA BRIVA
AKTIVACIJAS ENERGIJA, LITIJA ENOLATI, ENANTIOSELEKTIVA
PROTONESANA

Promocijas darbs veltits enantioméri tiru 1,3—diaminu sint€zei un
pielietojumam litija enolatu enantioselektivas protonéSanas reakcija. Hiralo 1,3-
diaminu iegliSanai izstradata stereoselektiva sint€zes metode, kura balstas uz ferc-
butansulfiniliminu diastereoselektivu reduceSanu. Noskaidrotas likumsakaribas starp
terc-butansulfiniliminu uzbtvi (E/Z un M/P geometriju) un reducéSanas reakcija
jaunraditd asimetriska centra konfiguraciju. terc-Butansulfiniliminu E/Z un M/P
konfiguracijas pétitas gan kristaliskaja forma (izmantojot rentgenstruktiiras analizes
metodi), gan arT THF-ds Skiduma (lietojot KMR metodes). Noteiktas iminu E/Z
izomerizacijas un M/P atropizomerizacijas atruma Kkonstantes un aprékinatas
izomerizacijas Gibsa brivas aktivacijas energijas.

Sintez&tie enantiomeéri tirie 1,3-diamini izmantoti ka hirali protonu avoti
naproksénamida litija enolata enantioselektivas proton€Sanas reakcija. PEetitas
likumsakaribas starp 1,3-diaminu telpiskam prasibam un protona parneses
enantioselektivitati. Noskaidrots hirala protonu avota pamata strukttirelements, kur§

nodroSina protona donora sp&ju atskirt planara enolata enantiotopas puses.



ANNOTATION

Asymmetric protonation of enolates.
Martjuga M., supervisor Dr. chem., docent E. Siina. Dissertation, 107 pages, 62

figures, 23 tables, 96 literature references, 3 appendices. In Latvian.

ENANTIOMERICALLY PURE 1,3-DIAMINES, DIASTEREOSELECTIVE
REDUCTION, CHIRAL AUXILIARY, SULFINYL GROUP, SULFINYLIMINES,
E/Z ISOMERS, M/P ATROPISOMERS, ACTIVATION BARRIER, GIBBS FREE
ENERGY OF ACTIVATION, LITHIUM ENOLATES, ENANTIOSELECTIVE
PROTONATION

Dissertation is focused on synthesis of enantiomerically pure 1,3—diamines
and their application in enantioselective protonation of lithium enolates. A
methodology for stereoselective synthesis of chiral non-racemic 1,3-diamines has
been developed based on a highly diastereoselective reduction of N-tert-
butanesulfinylimines. A correlation between structure of N-tert-butanesulfinylimines
(E/Z and M/P geometries) and sense of asymmetric induction in their reduction has
been established. E/Z And M/P geometries of N-tert-butanesulfinylimines were
determined both in crystalline form (by X-ray crystallographic analysis) and in THF-
ds solution (by NMR methods). Rate constants for E/Z isomerization and M/P
atropisomerization as well as the corresponding Gibbs free energies of activation for
isomerization were determined.

Synthesized chiral non-racemic 1,3-diamines have been employed as chiral
proton sources in enantioselective protonation of naproxen—derived lithium enolates.
A relationship between steric hinderance of 1,3-diamines and enantioselectivity of
proton transfer was studied. A principal chiral subunit in a 1,3-diamine, which ensures

discrimination of enolate enantiotopic faces has been established.
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Ievads

Asimetriskd protong€Sana ienem nozimigu vietu stereoselektivo sintézes
metozu klasta, galvenokart pateicoties konceptualajai vienkarSibai [1-4]. Metode lauj
kvantitativi parverst rac€misku savienojumu par tiru enantioméru, un tadé] to biezi
sauc par deracemizacijas reakciju. Lai gan jebkuru prohiralu sp’-hibridiz&tu
karbanjonu teor€tiski iesp&ams parverst par tiru enantiom@ru, asimetriska
protongsana galvenokart tiek izmantota dazadu karbonilsavienojumu (ketonu, esteru,
amidu) iegiiSanai enantioméri tira forma. Koncepcijas pamata ir hirala, optiski
neaktiva karbonilsavienojuma parverSana par enolatu (visbiezak — litija enolatu) un
sekojoSa selektiva protona piegadde no vienas enolata puses. Lai panaktu metala
enolata enantiotopo puSu stereodiferenciaciju, jaizmanto hirals protona avots jeb
hirala skabe. Pateicoties kompleksa veidoSanai starp hiralo ska@bi un litijja enolatu,

protona parnese norisinas hirala apkartn€, kas arT nodroSina protona parneses

enantioselektivitati.
IA*
H
R1 R-I Il. ‘\\OLi R
H R3 - = /=\ 1 R
R @ R2 R3 H 3
2 -H Ro
racemats " tirs enantiomérs
|
A*-H: hirals protonu avots A*

Metode atvieglo un padara Ietaku mérksavienojuma sintézi, jo zud
nepiecieSamiba sint€zes gaitd saglabat asimetriska centra konfiguraciju un izvairities
no ta racemizacijas turpmakajas parvertibas. Tomer, par spiti plasajiem petijjumiem un
vairakiem veiksmigiem pielietojuma piemériem [3], metode joprojam izmanto
empirisku pieeju jaunu, agrak neaprakstitu substratu gadijuma. Tam c€lonis ir
ierobeZotas zinasanas par asimetriskas proton€Sanas norises mehanismu, par litija
enolatu — hiralo protona avotu kompleksu Tpasibam (agregacijas pakapi, dazadu
jaukto kompleksu stabilitati) un svarigakajiem faktoriem, kas ietekm& protona
parnesi.

Viena no efektivakajam hiralajam skabém ir anilins I, kura izmantoSana lava
iegiit virkni enantioméri tiru amidu [5]. M@érktieciga parnesama anilina I N-H protona

skabuma varieSana lava izvirzit hipotézi par pK, faktora ietekmi uz protonésanas



enantioselektivitati [6]. Tom&r neatbildets palika jautajums par hirala protona protonu
telpiskas struktiiras ietekmi uz protong&Sanas enantioselektivitati. Tad€] par promocijas
darba meérki izvirzijam noteikt svarigako hirala protonu avota struktiirelementu 1,3-
diamina I, kas nodroSina protona parneses enantioselektivitati.

Izvirzita merka sasniegSanai izvelgjamies sintez€t anila I struktiiranalogus

1I-V.
R R R R
NH NH NH NH NH
] NHMe ] NHMe NHMe NHMe | NHMe
Cl Cl Cl g
n=1,2
| ] 11} v \"
R=H, Me

Ta ka diaminu II-V stereoselektiva sint€ze literatiira nav aprakstita, par vienu
no promocijas darba uzdevumiem izvirzijam izohinolina I struktiiranalogu II-V
stereoselektivo sinté€zi. 1,3-Diaminu II-V sint€ze aprakstita promocijas darba 1.
nodala. Iegiitos enantioméri tiros 1,3-diaminus talak izmantojam ka hiralos protonu
avotus amidu enolatu enantioselektivas proton€Sanas reakcija, un Sie petijumi
apkopoti promocijas darba 2. nodala. Lidz ar to, promocijas darbu veido 2 savstarpgji
saistitas nodalas. Katra nodala ir literatiiras apskats, rezultatu izvert€jums un

eksperimentala dala.
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HIRALO 1,3-DIAMINU DIASTEREOSELEKTIVA SINTEZE
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1.1. Literatiras apskats
1.1.1. Terc-butansulfiniliminu diastereoselektiva reducésana

Litija enolatu asimetriskas protongSanas reakcijas pé€tijumiem izraudzito
diaminu I-IV stereoselektivai sint€zei nolémam izmantot hiralo ferc-
butansulfinilpaliggrupu, jeb t.s Ellmana (Jonathan Ellman) paliggrupu [7]. Izveli
noteica pozitiva pieredze agrakos, tematiski saistitos p&tijumos, kuros hirala terc-
butansulfinil-paliggrupa tika veiksmigi izmantota benzilaminu diastereoselektivaja
sintéze [8].

Ellmana paliggrupa tiek plaSi pielietota enantiom@ri tiru aminu
stereoselektivaja sinteézg, un lielaka dala no metode€m balstas uz dazadu nukleofilu
diastereoselektivu  uzbrukumu terc-butansulfiniliminam [9]. Konceptuali
vienkarsakaja gadifjuma nukleofils ir hidrida dalina, un ferc-butansulfiniliminu
reducéSana parasti norisinas ar augstu diastereoselektivitati. Ka hidrida avoti
izmantoti NaBH, vai L-Selektrids [10], [11], LiBHEt; [12], kateholborans [13],
DIBAL [14], 9-BBN [15], ka arT hirals Ru katalizators [16].

Biitiski, ka dazadu reducétaju izmantoSana viena un ta pasa substrata gadijjuma
lava iegiit reduc€Sanas produktus ar pret€ju jaunraditd hirala centra absolito
konfiguraciju. Piem&ram, terc-butansulfinilimina (Rs)-1.1 reduc€Sana ar
NaBH4/Ti(OEt), sulfinilamida 1.2 diastereoméri veidojas attieciba (R, R):(Rs,S)=96:4
(1.1. Attels). Savukart, ka hidrida avotu izmantojot L-selektridu, augsta
diastereoselektivitate saglabajas, tomér ka pamatprodukts veidojas pret&jais

diastereomérs (Rs,R):(Rs,$)=8:92 (1.1. Attels) [17].

“ s / /
/S\
N N
Me Reducétsjs ©/'\
(Rg)-141 (Rg,R)-1.2 (Rg,S)-1.2
Si + +
O~ —H
\ BN
%S/N\
.l. / Me
Re
1.3 1.4

1.1. att. terc-Butansulfinilimina (Rs)-1.1 reducésana
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Pretgja reduce€sanas diastereoselektivitate imina (Rs)-1.1 gadijuma liecina par
atSkirigiem reducéSanas mehanismiem. Tas, ka reducéSana ar NaBH4/Ti(OEt),
norisinas galvenokart no imina Si puses, liecina par terc-butansulfinil-paliggrupas
skabekla atoma iesaistiSanos parejas stavokli. Attiecigi, autori piedavaja ciklisku
seSloceklu parejas stavokli 1.3, kura ferc-butansulfinil paliggrupas skabekla atoms
nodroSina hidrida piegadi no Si puses (1.1. Att€ls). Savukart reduc€Sana ar L-
selektridu notiek no imina Re puses, t.i. no paliggrupas skabekla atomam pretéjas
puses, kas izslédz cikliska seSloceklu parejas stavokla veidoSanos. Tade] tika
piedavats t.s. ,atvertais” parejas stavoklis 1.4, saskana ar kuru L-selektrids uzbrik
iminam 1.1 no telpiski mazak traucétas Re puses (1.1. Attels).

Pretgja reducéSanas diastereoselektivitate tika novérota ar -hidroksiiminu 1.5
gadijuma. Ta, reducgjot ar kateholboranu, ar 95:5 d.r. veidojas syn reduc€Sanas
produkts syn—1.6, bet LiBHEt; izmantoSana lava iegiit anti—-1.6 ar 99:1 d.r. (1.2.
Attels). [18]

o]
< (L ot Nz
NE o] "S- LiBHEt, i

S /
O NH OH =——— N OH ——= Snu oH
THF, -10 oC THF, -78 oC
F’h/\/\F’h Ph)I\/\Ph
Ph Ph
syn-1.6 1.5 anti-1.6

ot o) [
N';S_gH A(SO /Ljd;h o8 ﬁ Ph
Ph)J\/'\Ph LN s
epi-1.5 1.7 1.8
1.2. att. B-Hidroksiiminu 1.5 diastereoselektiva reducésana

Lai noskaidrotu imina 1.5 [-stereocentra ietekmi uz reducéSanas
diastereoselektivitati, autori ieguva imina f-stavokla epiméru epi-1.5. Gan imina 1.5,
gan ta epiméra epi-1.5 reduceSana veidojas produkts 1.6 ar vienadu absoliito
konfiguraciju, liecinot, ka reducéSanas diastereokontroli nodro$ina ferc-butansulfinil
paliggrupa, nevis P-hidroksigrupa. Lai skaidrotu at8kirfigo reducéSanas
diastereoselektivitati kateholborana un LiBHEt; gadijumos, tika izvirzita hipotéze par
divu alternativu ciklisku parejas stavoklu veidoSanos. Ta, anti-1.6 produkta
veidoSanas skaidrota ar 8-loceklu parejas stavokla 1.7 palidzibu, kura reducétaja Li
katjons ir koordinéts gan ar [-hidroksigrupas, gan ari ar terc-butansulfinil-

paliggrupas skabekla atomiem. Savukart syn-produkta veidoSanas norisinas caur 6-

12



loceklu parejas stavokli 1.8, kura kateholborans veido borata kompleksu ar B-
hidroksigrupu un terc-butansulfinilgrupas slapekla atomu (1.2. Attéls). Interesanti, ka
parejas stavokli 1.7 terc-butansulfinilimins 1.5 ir E-konfiguracija, bet parejas stavoklt
1.8 att€lotais imins ir (Z) forma. Iespgjams, ka (E) un (Z) imini Ellmana apstak]os
reducgjas par pretjiem diastereomériem.

Iminu geometrijas ietekme uz reducéSanas diastereoselektivitati postuléta ari
heterociklisko sulfiniliminu gadijuma. Ta, reducgjot p-toluolsulfiniliminu (Ss)-1.9 ar
DIBAL, ka pamatprodukts (d.r.=92:8) veidojas Si puses reducé$anas produkts (Sg,R)-
1.11, kamér strukttranaloga (Ss)-1.10 gadijuma parakuma diastereomeérs bija Si puses
reducgSanas produkts (Ss,S5)-1.12 (1.3. att€ls) [19]. Reduc&Sanas norises skaidrojumam
tika piedavati seSlocek]u cikliskie parejas stavokli 1.13 un 1.14, kuros sulfinilgrupas
skabeklis koording Liisa skabo aluminija atomu DIBAL reagenta, tad&jadi kontrol&jot
hidrida parneses diastereoselektivitati (1.3. att€ls).

.d .d .d

\ DIBAL
THF
-78 oC
5)-1.9: R=t-Bu (Ss,R)-1.11 (Sg.9)-1.12
(S ) 1.10: R=Me
i—B ¥ 1
*~A|/O 7 \H- \P‘ —Q
5 o2 AN Tol SN A:lN\\S/ToI
I-Bu .| N iBu |
Br ~
1.13 1.14

1.3. att. ImTnu geometrijas ietekme uz reducéSanas diastereoselektivitati

Parejas stavoklt 1.14 sulfinilimins 1.10 att€lots (£) konfiguracija. Aizvietojot
metilgrupu ar telpiski ievérojami lielaku terc-butilgrupu (imins 1.9), stabilaka
actmredzot klust (Z)-konfiguracija (parejas stavoklis 1.13). Piepemot, ka hidrida
parnesi kontrol€ sulfinilgrupas skabekla atoms, pretgjas konfiguracijas iminiem biitu
jareducgjas par sulfinilamidiem ar pret€ju jaunraditd centra absoliito konfiguraciju.
Lidzigas likumsakaribas autori noveroja, hiralas p-toluolsulfinil paliggrupas vieta
izmanotojot ferc-butansulfinilgrupu [20].

Svarigi atzimet, ka reducéSanas diastereoselektivitates atkaribai no

sulfinilimu E/Z konfiguracijas triikt eksperimentalu pieradijumu, un publikacijas §1
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sakariba netiek apspriesta. Actmredzot iemesls ir griittbas ar sulfiniliminu
konfiguracijas noteikSanu reduc@Sanas apstaklos, kuros imini paklauti E/Z

izomerizacijai.

1.1.2. Terc-butansulfiniliminu konfiguracija

Lai gan terc-butansulfinilketiminu konfiguracija ir salidzino$i maz pétita,
krietni vairak zinams par strukturali lidzigu N-alkilketiminu konfiguracijas
likumsakaribam. Ta, paradits, ka alkilarilketimini hloroforma Skiduma parsvara
eksiste E-konfiguracija, kura arilaizvietotajs un N-alkilgrupas savstarpgji ir trans
stavokll. Sads grupu savstarpgjais novietojums samazina destabilizgjo$o stérisko
mijiedarbibu starp imina N-aizvietotdju un arilaizvietotdja orfo-protonu (imins 1.15,

1.4. attels).

Me Me Me.
nMe W\N N N
Me Me Me Me
@A - ©/U\ ﬁ)OMl\e Me
(By1.15 (2115 1.16 117
E:7=93:7 E:Z=42:58 E:Z=24:76

1.4. att. terc-Butansulfinilketimmu konfiguracija skiduma

Savukart orfo—aizvietotaja ievadiSana arilgrupa izraisa imina konfiguracijas
mainu, ievérojami palielinot Z-izom&ra Ipatsvaru. Ta, orto-OMe aizvietotaja klatbiitne
izraisa izome@ru attiecibas mainu uz E:Z=42:58 (imins 1.16), bet orfo-metiliminam
1.17 Z-izoméra forma ir vél lielaka parakuma [21] (1.4. att€ls). Orto—aizvietotaja
ietekmi uz iminu konfiguraciju skaidro ar st€riskiem un elektroniskajiem faktoriem.
Ta, steriska mijedarbiba starp arilgrupas orfo-aizvietotaju un imina slapekla atomu,
(imins (E"), 1.5 attgla) ka arT starp arilgrupas orfo-aizvietotaju un imina C-alkilgrupu
(imins (E%)) izraisa orto-aizvietotds arilgrupas izgrieSanos no imina plaknes.
IzgrieSanas rezultata imnam (E)-konfiguracija paradas destabiliz&josa elektrostatiska
atgrisanas starp imina slapekla nedalito elektronu pari un arilgrupas m-elektroniem,
kas ar izraisa imina E/Z izomerizaciju (1.5 att€ls) [22]. Jaatzimé, ka energétisko
ieguvumu st€risko traucjumu samazinaSanas rezultdtd ieve€rojami samazina
delokalizacijas energijas zaud&ums orto-arilgrupas un ketimina konjugacijas
partrauk3anas dél. So divu efektu pretdarbiba acimredzot ar nosaka salidzinamu E un

Z izoméru daudzumu pastavésanu iminu 1.16-1.17 skidumos.

14



1.5. att. Orto—Aizvietotaja ietekme uz acetofenona iminu konfiguraciju

Savukart orto-aizvietotu benzofenonu rinda novérots visaugstakais Z-izomeéra
parakums. Ta, diarilketimins 1.18 hloroforma skiduma pastav tikai Z-izoméra veida
(1.6. attels). Benzofenonu iminos arilgrupu koplanars novietojums ir Jloti
mazvarbiitigs destabiliz&josas arilgrupu orfo-protonu atgriisanas dé] (imins (E)-1.18,
1.6. att€ls). Tadel no diviem arilgredzeniem konjugacija ar ketiminu paliek orto-
neaizvietota fenilgrupa, bet no konjugacijas plaknes ar iminu tiek izgriezts steriski

“lielakais” orto-aizvietotais arilgredzens.

Q .Me
O i

(E)118 (2)-1.18

1.6. att. Orto—Aizvietotaja ietekme uz benzofenona iminu konfiguraciju

E/Z 1zomerizacijas barjeru noteikSanai N-alkiliminos, ka arT radniecigajos N-
sulfinilimmos visbiezak izmanto KMR metodes. Noteiktie izomerizacijas lielumi ir
atkarigi no imina slapekla aizvietotaja dabas, un tie svarstas plasas robezas no 108.8
lidz 54.4 kJ/mol (sk. 1.1 Tabulu). Jaatzimg, ka N-alkiliminu izomerizacijas barjeras
atkarigas no Skidinataja [23], un tas ieverojami samazinas Brensteda un Liiisa skabju
klatbutné [24]. Ka redzams no tabulas 1.1, N-metiliminiem 1.19-1.22 (Nr. 1-4)
raksturiga augsta E/Z izomerizacijas barjera, un td nav atkariga no arilgrupas
elektroniskajam T1pasSibam. Vienlaikus N-metilaizvietotaja apmaina pret telpiski
ievérojami lielaku #-Bu grupu ((£)-1.23, Nr. 5) butiski samazina izomerizacijas
barjeru, liecinot, ka imina slapekla aizvietotajam ir ievérojami lielaka ietekme uz E/Z
izomerizaciju. Izomerizacijas barjera (N-feniltio)imina 1.24 gadijuma (Nr. 6) ir vél

nedaudz zemaka, turpretim N-sulfinil- un N-sulfonilimini 1.25-1.26 S$kidumos ir
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konfiguracionali diezgan nestabili (Nr. 6-8). E/Z Izomerizacijas barjeras
samazinasanas, palielinoties s€ra oksidacijas pakapei, tiek skaidrota ar slapekla
nedalita elektronu para dal&ju delokalizaciju S-O saites 6-irdinosaja orbital€ jeb ar t.s.

ny—6%*s.o negativo hiperkonjugaciju [25] (sk. iminu 1.27).

1.1 tabula
Diarilketiminu E/Z izomerizacijas barjeras
©O)n
R. Ph—S. ny —>9’s.0 R
N N C.‘Q 2
o\JNL,S\\O
X Me Me R R?
(2)-1.19: X=NMe,, R=Me 1.24: n=0 1.27
(2)-1.20: X=OMe, R=Me 1.25: n=1
(2)-1.21: X=Br, R=Me 1.26: n=2
(2)-1.22: X=NO,, R=Me
(2)-1.23: X=NO,, R=t-Bu
Nr. Imins AG” kJ/mol Temp, °C  Skidinatajs Literatiira
1. (©-1.19 108.8 (Z—E) 35 Ph,O [26]
2. (H-1.20 107.5(Z—E) 35 Ph,O [26]
3. (©-1.21 1079 (Z—E) 35 Ph,O [26]
4. (0-1.22 107.3 (Z—E) 35 Ph,O [26]
5. (D-1.23 84.1 (Z—E) -9 PhCH3 [26]
6. 124 76.9 58 1,2-Cl,-CeHy  [27]
7. 1.25 59.0 -10 CHCl; [27]
8. 1.26 54.4 -32 CHCl; [27]

No N-aizvietotu iminu E/Z izomerizacijas p&tijumiem izriet, ka Skidumos N-
sulfinilimini eksisté lidzsvara esoSu E un Z izoméru veida. PatieSam, atra N-
sulfiniliminu 1.28-1.31 E un Z izoméru savstarp&ja parvérSanas -40 °C temperatiira

tika noveérota ar KMR metodém [28], liecinot par savienojumu salidzino$i zemo

.....

4 ’f,S/
o/S‘N O" "N
R? N/‘\@F@
<N
@ Ph O R’ <Newe R
(2)-1.28: R'=R?=H (2)1.30: R'=R?=H
(2)-1.29: R'=CN, R>=F (2)-1.31: R'=CN, R?>=F

1.7. att. Konfiguracionali nestabilie terc-butansulfinilimni
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Lidztekus E/Z izomerizacijai, (Z)-iminiem raksturiga apgriitinata rotacija ap
C-C saiti starp imina grupu un no C=N konjugacijas plaknes izgriezto arilaizvietotaju.
Ja imina N-aizvietotajs klust pietiekoSi liels, bet imina C-arilgrupa satur orfo-
aizvietotaju, rotacijas barjera ievérojami pieaug, un veidojas lidzsvara esoSu rotacijas

izomeru paris (1.8. Attels) [29].

Me_ CH,Ph
HO N Me CH,Ph
H U
Me N
- C "
(2-(RM)-1.32 (2)R,P)-1.32

1.8. att. KetimTnu (Z)-1.32 atropizomerizacija

Arilgrupu apgriitinata rotacija ir salidzinoSi plasi pétita N-alkilketiminu rinda.
Ar KMR metodem noteiktas atropizomerizacijas barjeras ketiminu (Z£)-1.32-(2)-1.36
gadijuma ir zemakas neka E/Z izomerizacijas barjeras (1.2. Tabula). Savukart
ketiminos (Z)-1.37-(Z)-1.40 noverotas rotacijas barjeras atbilst rotameru dzives
puslaikam lidz pat vairakam stundam istabas temperatiira, bet imina (Z)-1.41 rotacijas
barjera liecina par stabilu rotaméru eksistenci ar izomerizacijas puslaiku istabas
temperattra Iidz pat vairakam dienam (1.2 Tabula). Istabas temperatira ketiminu (Z)-
1.37-(2)-1.41 rotamerus iesp&jams iegiit ka individualus savienojumus, un tapec tie
uzskatami nevis par konformacionalajiem, bet gan par konfiguracionalajiem jeb par
optiskajiem izomériem (atropizomé&riem). Piem&ram, imina (Z)-1.41 (M) un (R)
enantiom@rus iesp&jams sadalit, izmantojot hromatografiju uz hiralas stacionaras
fazes.

Cietvielu KMR metodes lava novérot ketiminu arilaizvietotaju apgriitinato
rotaciju ar kristaliskaja forma, tomér kristalrezZgl rotacijas barjeras ir ievérojami
augstakas (aptuveni, par 8 1idz 12 kJ/mol) [30]. Lidz ar to sagaidams, ka individuals
atropizomérs kristaliskaja forma vartu bt pietiekami stabils, lai to var€tu izdalit,

noteikt fizikali-ktmiskos raksturlielumus un uzglabat.
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Arilgrupas rotacijas barjeras (Z)-ketiminos

1.2. tabula

Me Me RLN
H™ N R
- D
X

(2)-1.33: X=Me (2)-1.37: R=Me; R'=i-Pr

(2)-1.34: X=Ph (2)-1.38: R=R'=j-Pr

(2)-1.35: X=NO, (2)-1.39: R=i-Pr; R'=Et

(2)-1.36: X=MeO (2)-1.40: R=i-Pr; R'=Me

(2)-1.41: R=t-Bu; R'=Et
Nr. Imins AG” kJ/mol Temp, °C  Skidinatajs Literatiira
1. (£)-1.32 85.8 (M—P) 107 1,2,4-Cl;-Cg¢Hj3: 1,4- [31]
(CH3),-CeHy=7:1

2. (2)-1.33 76.6 74 toluols [29]
3. (£)-1.34 74.1 63 toluols [29]
4. (2)-1.35 74.1 56 toluols [29]
5. (2)-1.36 60.2 -6 toluols [29]
6. (2)-1.37 85.8 100 toluols [32]
7. (2)-1.38 102.9 160 DMSO [32]
8. (£)-1.39 96.7 145 DMSO [32]
9. (2)-1.40 95.0 140 dihlorbenzols [32]
10. (2)-1.41 113.0 180 DMSO [32]
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1.1.3. Secinajumi no literatiiras apskata

1. Izmantojot atSkirigus reduc€tajus, no viena un ta paSa terc-
butansulfinilketimina iesp&jams iegiit reduc€Sanas produktus ar pretgju
jaunradita hirala centra absoliito konfiguraciju.

2. Literatura aprakstito reduc€Sanas mehanismu un parejas stavoklu analize lauj
1zvirzit hipotezi, ka terc-butansulfinilketiminu reducésSanas
diastereoselektivitate atkariga no substrata E/Z konfiguracijas.

3. terc-Butansulfinilketiminu E/Z konfiguracija Skidumos nav pétita. Tuvako
struktiranalogu - orto-aizvietoto N-alkilketiminu domingjosa konfiguracija
Skidumos ir Z-forma, kura orto-arilaizvietotajs ir izgriezts no konjugacijas
plaknes ar imina C=N grupu.

4. Domingjosaja N-alkilketiminu Z-forma Skidumos pastav rotaméru vai
atropizoméru para veida, ko nosaka apgriitinata orto-aizvietotas arilgrupas

rotacija.
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1.2. Rezultatu izvértejums
1.2.1. Ievads

Hiralie protonu avoti II-V (sk. att€lu Ievada) literatfira nav aprakstiti, un tadg]
svarigs promocijas darba mérkis bija 1,3—-diaminu II-V stereoselektivas sintézes
metodes  izstrade.  Asimetrisko centru  1,3-diaminos II-V  izveidojam,
diastereoselektivi reducgjot atbilstoSos ketimtnus hiralas Ellmana (Ellman) terc-

butansulfinilpaliggrupas klatbiitng (1.9. Attels).

1 1 1
RoNH HnRe Ronn NP8 R o (é)
X R —— AN R | e— | AN R . H,N ,<
L |// = - Ellmana
R2 R2 R2 paliggrupa

1.9. att. 1,3-Diaminu iegiiSanas retrosintétiska shéma

Ellmana paliggrupu saturo$o sulfiniliminu iegiiSana no atbilstoSajiem
ketoniem aprakstita 1.2.3. nodala, bet ketonu sintéze—1.2.2. nodala. Lai nodroSinatu
augstu diastereoselektivitati sulfinilimnu reduc€Sanas reakcija, veicam sintezeto
hiralo ketiminu struktiiras pétjjumus cieta forma un Skidumos (1.2.4. nodala).
Sulfiniliminu diastereoselektiva reduc€Sana aprakstita 1.2.5. nodala, un to talaka

parveérsana par mérksavienojumiem—1,3-diaminiem—1.2.6. nodala.

1.2.2. Ketonu iegiiSana
1.2.2.1. Diarilketonu un terc-butilketonu sinteze

Diarilketonu 1.43 sintez€jam 3 stadijas no komerciali pieejama 2-amino-5-
hlorbenzofenona. Lai izvairitos no anilina dialkiléSanas, sakotngji veicam anilina
acetiléSanu. N-Acetilanilinu 1.41 talak deprotongjam ar NaH un alkilgjam ar Mel. N-
Acetilaizsarggrupu anilina 1.42 hidroliz&jam skaba vidé un ieguvam vélamo ketonu
1.43. No ketona 1.43 pagatavojam ar1 N,N-dimetilanilinu 1.44, atkartoti alkil&jot
natrija anilidu 1.43-Na ar metiljodidu (1.10 Attels).
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o} o
NH, O )J\NH o] 1. NaH, DMF )LN/ o)

Ac0 0°C
U0 e U0 7
EtOH 2. Mel
Cl

Cl 91% 87% Cl
1.41 1.42

6N HCI
94% | gpoc, 12 st.

AT

~

N" O 1. NaH, DMF NH O
0
<~
530/0 O O
Cl Cl
1.44 1.43

1.10. att. Diarilketonu 1.43 un 1.44 iegiisana

Meérksavienojumu 1.52-1.56 sintzi sakam sakam no komerciali pieejama 4-
hloranilina. Naftilaizvietotaju ievadiSanai anilind nolémam izmantot orto-litijeSanas
metodi [33] [34]. Sim noliikam pagatavojam N-pivaloilanilinu 1.45, kuru litijéjam ar
n-BuLi, un iegiito fenillitija starpsavienojumu dz€sam ar I1-naftil- un 2-naftil-
karbonskabes metilesteriem ka ari pivaloilhloridu. Iegiitos ketonus 1.49-1.51
parvértam par N-metilatvasingjumiem 1.52-1.54, tos secigi deprotongjot un alkilgjot
(1.11. Attels). N-Metilanilinus 1.52-1.54 ieguvam, skaba vidé noskelot N-
pivaloilgrupu. N, N-Dimetilanilinu 1.54 ieguvam, alkilgjot anilinu 1.54 ar Mel, bet N-

neaizvietotu aniltnu pagatavojam, hidroliz&jot N-pivaloilamidu 1.48 (1.11. Att€ls).
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o 0

o)
NH; \{)\NH 1. n-BuLi'TMEDA %NH o) 1. NaH, DMF \{)J\N/ o
PivCI THF, -10°C, 2 st. R 0°C
. - = — > R
ﬁ:fcb 2. ArCO,Me vai PivCl 2. Mel
cl 3 cl 780
0°C 78°C cl cl
1.45 1.46: R=2-naftil (87%) 1.49: R=2-naftil (87%)
99% 1.47: R=1-naftil (89%) 1.50: R=1-naftil (89%)
1.48: R=t-Bu (87%) 1.51: R=t-Bu (86%)
6N HCI
AcOH
90°C
12 st.
NH, O ~NT o Mel SNH O
K,COj5
2% R
DMF
cl Cl cl
1.56 1.55 1.52: R=2-naftil (90%)
94% (no 1.48) 71% (no 1.54) 1.53: R=1-naftil (89%)

1.54: R=t-Bu (94%)

1.11. att. Ketonu 1.52-1.56 sintézes shéma

1.2.2.2. 3,4-Dihidro-8-metilamino-2H-naftalenona 1.70 un 2,3-dihidro-7-

(metilamino)-1H-indenona 1.71 sintéze

Merksavienojunu 1.70 un 1.71 sint€zei izmantojam komerciali pieejamo
biciklisko anilinu 1.57-1.58 regioselektivo oksidéSanu benzilstavokli ar KMnOy,
acetona un tdens Skiduma [35]. Lai gan oksideSana aprakstita N-acetilanilinu 1.59.—
1.60 gadijuma, sakotn€ji nolémam veikt N-metilacetanilida 1.61 oksid€Sanu, jo
sagaidijam, ka N-metilgrupas ievadiSana alkiletajos produktos varétu notikt ar C-
alkilesanas blakusproduktu veidoSanos (sk. zemak). OksideéSana norisinajas ar
kvantitativu konversiju, tomér reakcija veidojas oksidéto produktu 1.62 un 1.63
maisTjums attieciba 1:1. Abu regioizomé&ru struktiru pieradijam, izmantojot KMR
metodes (1H un °C KMR, NOE un HSQC). Diemzél, oksidésanas regioizomérus
sadalit ar hromatografijas metodi neizdevas, tapec pieveérsamies N-acetilanilinu 1.59.—
1.60 oksidéSanai. Abu savienojumu gadijuma oksidéSanas reakcija veidojas tikai
veélamie ketoni 1.64 un 1.65 liecinot, ka N-neaizvietota N-acetilamida grupa nodro$ina
oksidésanas regioselektivitati.

Amida 1.65 alkilésana ar metiljodidu K,COs3 klatbiitn€ norisinajas ar loti zemu
konversiju (<5 %), bet, ka bazi izmantojot Cs,CO3, ieguvam izejvielas 1.60 un C-

alkiléSanas produktu 1.67-1.68 maisijumu. Vélama N-metilatvasinajuma veidoSanos
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nenoveérojam. Nemot véra salidzinamas netidens vides pKa vertibas acetanilida N-H
protonam (pKapmso)=21.5 [36]) un tetralona C—H protonam (pKapmso)=24.7 [37]),
N-alkilesanas produkta trikums acimredzot saistits ar steriskajiem trauc&jumiem
amida apkartng. Lai iegltu velamo N-metilaniliu 1.71, nolémam izmantot N-
neaizvietota anilina nukleofilitati. N-Acetilaizsarggrupu amidos 1.64-1.65
hidroliz&jam skaba vide€, un N-neaizvietotus anilinus 1.68-1.69 parveértam par

mérksavienojumiem Sy2-tipa alkiléSanas reakcija K,COj3 klatbiitné.

n
1.57: n=0
1.58: n=1
Ac,0
EtOH
)OL )OJ\ o o
- -
NH 1. NaH, DMF N KMnO, )LN o )LN/
0°c MgSO,
. .
n 2 Mel H,O/acetons
2 g
1.59: n=0 (95%) 1.61 (75%) 9% konversiia 162 163 O
1.60: n=1 (94%) T
KMnOy4
MgSO,
H,O/acetons
0 0
)J\NH 0 A NH

o :
52 & &y

60% konversua

1.64: n=0 (95%) 1.67
1.65: n=1 (80%) 111
lGN HCl
NH, O Mel SNH O
KoCOs
—
DMF
n n

1.68: n=0 (98%) 1.70: n=0 (50%)
1.69: n=1(91%) 1.71: n=1 (53%)

1.12. att. Ketonu 1.70-1.71 iegiiSana

1.2.2.3. Ketonu 1.72, 1.74 un 1.75 sintéze

Ketonu 1.72 ieguvam ar viduvgjiem iznakumiem, alkilgjot 2-acetilanilinu ar
metiljodidu K,COj; klatbiitné. 2-Izopropilbenzofenonu 1.74 sintez&jam metilbenzoata
reakcija ar litijeto brombenzolu 1.73. Savukart benzofenonu 1.75 pagatavojam,

aizvietojot fluoru ar N,N-dimetilamino grupu SyAr reakcija (1.13. attels).
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Mel NH O

©/“\ K»CO; ©/u\
1.72 (49%)

1. n-BuLi, THF
-78°C
; @
©)J\ 1.74 (59%)

F
MezNHz cl® TN
B
‘ ‘ NEts, K,CO3
0
10°C 1.75 (98%)

1.13. att. Ketonu 1.72, 1.74 un 1.75 sintéze

1.2.3. (Rs)-terc-Butilsufiniliminu iegiSana
1.2.3.1. Hirala (Rg)-terc-butansulfinilamida 1.79 sintéze

Hiralo (Rs)-terc-butansulfinilamidu 1.79 sintez&jam, enantioselektivi oksidgjot
komerciali pieejamo di-terc-butildisulfidu ar VO(acac); hirala imina liganda ($)-1.77
klatbiitng saskana ar literatiiras metodi [38] (1.14. Attels). Savukart hiralo ligandu (S)-
1.77 ieguvam aldehida 1.76 kondensacija ar (S)-terc-leicinolu. Asimetriska
oksidéSana norisindjas ar kvantitativu konversiju un 97% enantioselektivitati.
Sekojosaja nukleofilaja aizvietoSanas reakcija ar litija amidu, kuru in situ generéjam
no metaliska litija Skidraja amonjaka, ar viduvgjiem iznakumiem veidojas

mérksavienojums (Rs)-1.79.

[E— H
N32804
MeOH
1.76 (S)-1.77 (97%)
VO(acac), (5 mol%)
(S)-1 .|'_I|7O(5 mol%) o} / J< Li J<
XS\S 22 >“\\S\S NH3 >r NH2 HS
CHCl3 THF, -78 °c
(Rg)-1.78 (Rs)-1.79
(98%, 97% e.e.) (52%, 99% e.e.)

1.14. att. Hirala (Rs)-terc-butansulfinilamida 1.79 sintéze
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1.2.3.2. (Rg)-terc-Butansulfinilamidu 1.80-1.95 iegiSana

(Rs)-terc-Butilsufiniliminus visbiezak iegiist, kondensgjot terc-
butansulfinilamidu un atbilstoSus ketonus vai aldehidus dazadu udeni saistoSu
reagentu klatbiitné. Aldehidu gadijuma izmanto beztidens MgSO4 vai CuSO,, bet
mazak reagétsp&jigo ketonu gadijuma kondensaciju veic Ti(O-iPr)4 vai Ti(OEt), [38,
39] klatbutne. Lidztekus dehidratéSanai, Ti alkoksidi ka spécigas Luisa skabes aktive
ketogrupu reakcijam ar aminiem. Iminus 1.80-1.94 ieguvam, kondensgjot ketonus
1.43, 1.44, 1.52-1.54, 1.56, 1.70-1.72, 1.74 un 1.75 ar (Rjs)-terc-butansulfinilamidu
(Rs)-1.79 75-90 °C temperatara (1.15. Attéls). Jaatzime, ka ketons 1.55 ar (Rs)-terc-
butansulfinilamidu (Rs)-1.79 nereag€ja pat paaugstinatda temperatira (130° C),
actmredzot st€risku traucgjumu dg]. Tadg] atbilstoSo ketimmu 1.95 ieguvam,
deprotongjot strukturali 1idzigo anilinu 1.94 ar LiHMDS, un iegito litija anilidu
alkilgjot ar Mel. Visi sintezétie sulfinilimini 1.80-1.95 ir pietiekoSi stabili, lai tos
var€tu attirit ar tieSas fazes hromatografijas metodi. Mérksavienojumus 1.80-1.95

ieguvam ar pienemamiem iznakumiem — no 34% Iidz 91% (1.15. Attels).

. o/ o/ .
o) s, S, o/

Y HoN 4 HoN R N”S””A
1

Me,N N’S”’ﬁ Ry O
(Rs}-1.79 (Re)-1.79
N RE— R?
Ti(OEt), TiI(OEt),
THF THF

¢ 130°C X 75-90 °C X
1.95 1.80-1.94
O‘S/"
MeHN N~ ﬁ
1. LIHMDS
-78°C, THF
—— 195
2. Mel
cl
1.94

R S
e
R NS Me<\n B NH N Me,N N
Ar
Me
n al cl
1.80: R=H (88%) 1.82: n=1 (34%)
1.81: R=Me (60%) 1.83: n=2 (56%) 1.84: R=H, Ar=Ph (78%) 1.88: (60%)
1.85: R=Me, Ar=Ph (78%)
1.86: R=Me, Ar=2-naftil (78%)
1.87: R=Me, Ar=1-naftil (37%)

0, K K
I 0, |
) 5

?L):g/@c.

2
1.89: R=Br (60%) R
1.90: R=NMe; (51%) 1.93: R'=R?=H (75%)
1.91: R=i-Pr (67%) 1.94: R'=Me, R?*=H (75%)
1.92: R=OMe (79%) 1.95: R'=R?=Me (91%)

1.15. att. (Rg)-terc-Butansulfinilamidu 1.80-1.95 iegiiSana
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1.2.3.3. Benzotiodiazina 1.96 veidoSanas

Ketona 1.43 kondensacijas reakcija ar (Rs)-terc-butansulfinilamidu (Rg)-1.79
75° C temperatira ar 5-10% iznakumu veidojas blakusprodukts. Blakusprodukta
iznakums palielinajas lidz 58%, veicot kondensaciju 100° C temperatiira. Balstoties uz
KMR un masspektroskopijas datiem, blakusproduktam piedév€jam benzotiadiazina
1.96 struktoiru (1.16. att€ls). Noskaidrotas struktiiras pareizibu velak pieradijam ar
rentgenstaru difrakcijas datiem. Interesanti, ka rentgenstruktiras noskaidroSanai
izmantotajam monokristalam aprékinata pulvera rentgendifraktogramma nesakrita ar
heterocikla 1.96 parauga pamatmasai uzpemto pulvera rentgendifraktogrammu.
Nesakritiba liecina, ka attiecigais monokristals ir enantiomeri tirs, bet paraugs 1.96
kopuma ir racemats. Tatad benzotiadiazins veidojas t.s. racémiska maisTjuma veida,
kur§ sastav no enantioméri tiru kristalu maisijuma attieciba 1:1. Ari parauga 1.96
pamatmasas kuSanas temperatiira (68.2-70.0° C) ir zemaka, neka enantioméri tirajam

kristalam (72.4-72.8° C), kas ir papildus pieradijums racémiska maisTjuma veidoSanai.

1.16. att. Benzotiadiazina (Sy)-1.96 rentgenstruktiira enantiomeéri tiraja kristala

Hiralitati benzotiadiazina 1.96 nosaka asimetrisks anilina slapekla atoms,
kuram homohiralaja kristala ir (S) absolGta konfiguracija. Jaatzime, ka
konfiguracionali stabila asimetriska slapekla atoma noveroSana ir loti reta paradiba, jo
slapekla piramidalas N-inversijas barjera aminos ir arkartigi zema. Ta, piem&ram,
hirala slapekla racemizacijas energijas barjera etilmetilizopropilamina ir tikai 31.4
kJ/mol (=113° C) [40]. sp’-Hibridiz&ta slapekla atoma piramidala inversija norisinas
caur planaru sp’-hibridizétu parejas stavokli, un p-rakstura palielindgjums slapekla

hibridizetajas orbitalés apgriitina piramidalas inversijas barjeru [41]. p-Rakstura
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palielingjumu iesp&jams panakt, pie slapekla atoma ievadot elektronegativu
aizvietotaju vai heteroatomu, visbiezak halogénu (N-hloramini) vai metoksigrupu.
Iespgjams, ka anilina slapekla piramidala inversija benzotiadiazina (Sy)-1.96 ir
apgritinata, pateicoties slapekla saitei ar elektronegativo s€ra atomu. Tai pat laika
jaatzimg, ka strukturali [idzigam benzotiadiazinam 1.97 slapekla inversijas barjeru ar
KMR metodi (izmantojot diastereotopos N-benzilgrupas protonus ka markierus)

neizdevas novérot pat —78° C temperatiira. Tas liecina par slapekla atoma arkartigi

.....

g
Me X “NH; O \< H H
"NH O 179 Me,. .S Me\ s
(Ro179 HENN NN
O O Ti(OEt)4 Ti(OEt)4 O O
THF THF O O
100 °C o
al & 100 °C &
1.43 58% (Sn)-1.96 70% 1.85 1.97

1.17. att. Benzotiodiazina (Sy)-1.96 veidoSanas
Benzotiodiazins 1.96 veidojas no imina 1.85 ar 70% iznakumu paaugstinata
temperatira (100°C un vairak). Reakcijai nepiecieSama Ti(OEt), klatbutne, jo
karsgjot iminu 1.85 bez titana etoksida, nov€rojam tikai ketimtna 1.85 termiskas
sadaliSanas produktus. Benzotiodiazins 1.96 actmredzot veidojas, anilina slapekla

atomam iekSmolekulari pievienojoties sulfinilimina séra atomam (1.18. att€ls).

- J< OEt
", ©
Yas cl).%ét ~\L o—Tl OEt OEt
1

AN il
Mes o Me. . /O eTIE?Et Me @) e
cl cl cl
F EtOH
OEt
e
Ve + EtOH iﬂ OFt X(o\ 'i'iGI;:
N .S \ e. /S\ Me\ .S. N OEf
O=Ti\
OEt

1.18. att. Iespgjamais benzotiodiazina 1.96 veidosanas mehanisms
Benzotiadiazinu blakusproduktu veido$anos novérojam ari citu N-H grupu
saturoSu immu 1.80, 1.81, 1.84-1.87 iegtSanas reakcijas, un tad€l sulfiniliminu

iegliSanas gaita riipigi jakontrol€ reakcijas temperatiira, nelaujot tai parsniegt 70 °C.
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1.2.4. Sulfiniliminu 1.80-1.95 struktiiras analize
1.2.4.1. Sulfiniliminu struktiira Kristaliskaja forma

Lielaka dala sulfiniliminu 1.80-1.95 tika iegti kristaliska veida, kas lava
izmantot rentgenstruktiiras analizi iminu stereokimijas noskaidroSanai. Ta, kristalos
sulfinilimmmi 1.84-1.87 eksisté E-izoméru veida. Interesanti, ka attalums starp anilina

un sulfinilgrupas slapekla atomiem kristaliskaja rezgi ir no 2.68 lidz 2.72 A, kas

liecina par Gidepraza saiti starp anililna N-H un imina slapekli [42] (sk.. N1-N2

attalumus, 1.3. tabula, Nr. 1-4).
1.3. Tabula
e}

b k o K

W A RS

R’ R? - R? /S\ S.

SN Me 1 )
¥ N
C C \ 1 3

| C2 \\ C4 X Z Icl:z'c\cl:l4 N
— > e CLX cs

Cl

4

1.84: R'=R?=R3=H 1.87 1.89: X=Br
1.85: R'=CHj3, R?=R%=H 1.90: X=NMe,
1.86: R'=CHjg, R?=H, R3=-(CH),- 1.92: X=OMe
] w2 5. Cl-C-C-N° C-C*-C-N°
Nr. Imins N-NT(A) Torsijas lenkis ~ Torsijas lenkis
1 (Rs)-(E)-1.84 2.676 -12.1 114.3
2 (Rs)-(E)-1.85 2.676 -7.8 110.8
3 (Rs)-(E)-1.86" 2.721 15.5 91.5
4 (Rs)-(E)-1.87" 2.678 -8.25 88.0
5 (Rs)-(Z)-1.89 - -76.6 -4.0
6 (Rs)-(Z)-1.90 - -66.6 3.5
7 (Rs)-(Z)-1.92 - -64.5 -8.4

“ Vidgja vertiba no divam molekulam, kas kristaliz&jusas viena elementar$ina.

IekSmolekulara tidenraza saite nodroSina anilina cikla un C=N saites syn-
periplanaru novietojumu iminos 1.84-1.87 (sk. C1-C2-C3-N2 torsijas lenkus, 1.3.
tabula, Nr. 1-4), un novieto sulfoksida fragmentu trans stavokli pret anilina ciklu.
Sada novietojuma rezultata otrs ketimina arilaizvietotajs (fenil— vai naftilgrupa)
izgriezas no imina C=N plaknes, tadgjadi samazinot st€riskos traucgjumus ar telpiski
lielo terc-butansulfinilgrupu (sk. C5-C4-C3-N2 torsijas lenkus, 1.3. tabula, Nr. 1-4).
Lidz ar to, E izom@ru parsvaru iminos 1.84-1.87 acimredzot var izskaidrot ar
iekSmolekularas tidenraza saites stabilizgjoSo efektu. Lidzigi, Gidenraza saite stabilizeé
E-izomérus ar1 sulfiniliminos (£)-1.80 un (E)-1.81 (sk. N1-N2 attalumus, 1.4 Tabula,

Nr. 1, 2). Interesanti, ka strukturali radniecigos orfo-aizvietotos acetofenona iminos,
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kuri nespgj veidot iek§molekularo Gidenraza saiti, dominé pretgja, t.i. Z-geometrija. Ta,
pieméram, orto-aizvietotaja (Me, OMe) ievadiSana acetofenona N-metilimina izraisa
parakuma esosa E-izom@ra nomainu pret Z formu [21]. Jaatzimg, ka GidenraZa saites
efekts aprakstits [B-hidroksisulfinilketiminos, kuros E-izom&rus stabiliz&josa
iekSmolekulara tdenraza saite veidojas starp P-hidroksi grupu un sulfinilimina
skabekla atomu [18].
Interesanti, ka imins 1.90 kristaliskaja forma pastav ka Z-izomérs (1.3 Tabula,
Nr. 6). Ta ka imins (Z)-1.90 nevar veidot iek§molekularo Gidenraza saiti, E geometrija
tam ir energétiski neizdeviga, ko iesp&jams nosaka 1) elektrostatiska atgriiSanas starp
aniltna un imina slapeklu nedalitajiem elektronu pariem; un 2) ste€riskas mijiedarbibas
starp orto-aizvietotaju un imina fragmentu. Lai parbauditu iekSmolekularas tdenraza
saites lomu FE-izom@ru stabilizacija, papildus sintez&am vairakus orto-aizvietotus
ketiminus 1.89 un 1.92. Ka sagaidijam, kristaliskaja forma imini 1.89 un 1.92
patiesam pastav Z-izoméru veida (1.3 Tabula, Nr. 5 un 7). Iminos (Z)-1.89 un (Z)-1.92
telpiski apjomigakais orto-aizvietotais fenilgredzens izgriezas no C=N plaknes, bet
neaizvietotais fenilgredzens novietojas periplanari imina C=N saitei (sk. C1-C2-C3-
N2 torsijas lenkus, 1.3 Tabula, Nr. 5 un 7). Ketiminu pastavésana Z-izomeru veida ir
interesants noveérojums, jo parasti stabilaki ir sulfiniliminu izoméri, kuros sulfoksida
fragments ir novietots trans-stavokli pret telpiski apjomigako C-aivietotaju ketiminos
[19].
1.4. Tabula

2

R K RY K
S 2/5‘
i N
1 C 3
| C\\Cz/ Me >'/C\C2 X Cl
Ti
= x/C1 Pz

(E)-1.80; X=NH, (2)-1.93: X=NH,
(E)1.81: X=NHMe  (2)-1.94: X=NHMe
(2)-1.95: X=NMe,

Cc'-Cc*-C°-N* C’-N°-S-0

X N
1

- 1 a2 (A
Nr. Imins N-N(A) Torsijas lepkis  Torsijas lenkis
1 (Rs)-(E)-1.80 2.683 10.9 138.9
2 (Rg)-(E)-1.81 2.658 -6.3 140.6
3 (Rs)-(Z2)-1.93° - 77.9 82.5
b -79.7 (P) 95.5(P)
4 (Ro-(Z)-1.94 84.1 (M) 102.0 (M)
5  (Ry)-(Z)-1.95° - 111.2° 93.5¢

“ Kristalizéts ka individuals (M)-atropizomérs. b Kristalizéts (M):(P) atropizomeru ka 1:1
maisijums viena elementar§ana.  Vidgja vertiba divam molekulam, kuras kristaliz&€ju§as viena
elementarsina.
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Lai gan sulfinilimini 1.93 un 1.94 spgj veidot iekSmolekularo tidenraza saiti,
kristaliskaja forma tie pastav Z-izoméeru veida. Acimredzot steriska mijiedarbiba starp
telpiski loti apjomigajam hiralas paligrupas un imina ferc-butilgrupam parspgj
iekSmolekularas tidenraza saites stabiliz&joSo efektu. Lidz ar to, terc-butilgrupas
sulfinilimmos (Z)-1.93-1.95 ir novietotas savstarpgji trans attieciba pret C=N saiti,
bet orto-aizvietota fenilgrupa ir izgriezta no C=N plaknes (sk. C1-C2-C3-N2 torsijas
lenkus, 1.4. Tabula, Nr. 3-5).

Interesanti, ka kristalrezgl sulfinilimins (Z)-1.94 eksisté atropizoméru
maisfjuma veida (M):(P)=1:1. To acimredzot nosaka kav€ta rotacija ap saiti starp
arilaizvietotaju un imina grupu. Savukart sulfinilimini (£)-1.93 un (£)-1.95
kristalrezga elementars$iina pastav individualu (M)-atropizoméru veida (1.4. Tabula,

Nr. 3-5).

1.2.4.2. Sulfiniliminu 1.80-1.92 struktiira Skidumos

Lai gan sulfiniliminu 1.80-1.95 geometriju kristaliskaja forma izdevas
viennozimigi pieradit ar rentgenstruktiiras analizes palidzibu, skidumos var notikt E/Z
izomerizacija, un domingjosais izoméers kristaliskaja forma un skidumos var atskirties.
Iminu 1.80-1.95 struktiiras novertésanai skidumos izmantojam KMR metodes.

Noskaidrojam, ka skidumos notiek atra individualu konformeru 1.84-1.92 E/Z
izomerizacija, turklat izoméru attiecibu nosaka Skidinatajs [23]. Piem&ram, THF-ds
Skiduma 10°C temperatira imins (E)-1.85 izveido E/Z-izoméru maistjumu
E:7=80:20. Savukart CDCl; $kiduma —15 °C temperatira izomerizacija praktiski
nenotiek (E-izomérs saturs - 96.8%). THF-ds §kiduma 10 °C temperatiira imina (E)-
1.85 anilina N-H protona signals ir nobidits uz vajiem laukiem (8=9.63 m.d.),
salidzinot ar Z-izoméru, kas liecina par iekSmolekularas tidepraza saites klatbiitni.
Temperatiiras pazemina$ana no +10 °C lidz -15°C veicina talaku signali nobidi uz
vajiem laukiem (8=9.67 m.d.), turklat N-'H singlets zemakas temperatiiras sagkelas
kvarteta (Jyenp=4.8 Hz), un paradijas BN-'H sadarbiba (J=93 Hz). Par
iekSmolekularas tidenraza saites klatbiitni liecina arT anilina N-H kimiskas nobides
temperattiras koeficients [43] (Aoun/AT=-1.6 ppb/K). THF-ds Skiduma -15°C
temperatira mazakuma izoméra anilina N-H protons paradas divu kvartetu veida
attieciba 1:1 ar (6=4.72 un 4.69, abiem kvartetiem J=4.8 Hz). Divdimensionalie KMR
eksperimenti (NOESY, BCc-'H HSQC un "“C-'H HMBC) lava noskaidrot, ka
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mazakuma izoméers (Z)-1.85 Skidumos pastav divu rotaméru veida (Z)-1.85A un (Z2)-

1.85B ar apgriitinatu rotaciju ap saiti starp naftilaizvietotaju un imina grupu (1.19.

attéls).
Y.
!
0™y
NOE >
(—\\ Cl ’}‘ ; J< . J<
J< Me H sl H 8
o /H\ /S\o / 9% Me‘N/ \N/ 0 Me‘N/ \N/ /o)
NN -1.85A -
H ) NOE @ : O :() — O
i 3 . cl cl Q
c o, \ >/ /7
82% NOE o (E)-1.87A (E)1.87B
(E)-1.85 HeNMel!
H
cl
9%
(2)-1.85B

1.19. att. Sulfiniliminu 1.85 un 1.87 struktiira Skidumos THF-d

Ari imina 1.87 THF-ds $kiduma —15°C temperatira 1H-KMR spektros
novérojam divus signalu komplektus attieciba 54:44, kas norada uz geometrisko
izomeru klatbitni. Bitiski, ka abiem izom&riem anilina N-H signalu kimiskas nobides
ir vajos laukos (6=9.94 un 9.89 m.d., abi kvarteti ar J=4.8 Hz), liecinot, ka abos
izoméros anilina N-H piedalas tdnraza saites veidoSana. Acimredzot imins 1.87
Skidumos pastav E-izoméra veida, un Z izoméra trikkums liecina par augsto (£)-1.87
konfiguracionalo stabilitati. Savukart KMR spektra novérotos divu signalu
komplektus piedévéjam (F£)-1.87 rotacijas izomériem (E)-1.87A un (E)-1.87B, kuros
ir apgritinata rotacija ap saiti starp naftilgrupu un iminu (1.19. attels). Arl
sulfinilimmu 1.80-1.83 gadijjuma KMR spektros THF-ds un CDCl; skidumos
noverojam tikai E-izomérus, kas liecina par E-izoméru augsto konfiguracionalo

Pargjo imnu 1.84, 1.85 un 1.88-1.92 E un Z izoméru identific€Sanai
izmantojam H* protona kimiskas nobides (1.5. Tabula). Ta, visu pétito Z-izoméru
gadijuma H* protona kimiskas nobides atrodas vajakos laukos (A8=0.04-0.25 m.d.)
neka E-imtos. Acimredzot ketiminu 1.84, 1.85 un 1.88-1.92 E-konfiguracija no

konjugacijas plaknes izgrieztais neaizvietotais arilgredzens ekrané H* protonu.
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1.5. tabula.

O:S\ /N0
R I H
HA B |-|/\“'“Q
X H X
(2)-4 (E)-4
S(HY)
Nr Imins R X
Z E
6.89
1. (Rs)-1.84 NH, Cl 6.72
6.97
6.94
2. (Rs)-1.85 NHMe Cl 6.81
6.90

(R-1.88 NMe, Cl  7.14 7.06
(Rs)-1.89 Br H 732 728
(Ry-191 iPr H 718 7.03
(R)-192 OMe H 7.5 7.03

A

Ar KMR metodém noteiktas ketiminu 1.84-1.92 E un Z izome@ru attiecibas
(sk. 1.6. Tabulu) THF-dg $kiduma —15 °C temperatiira liecina, ka iekSmolekulara
tidenraza saite stabiliz€ iminu E-geometriju gan kristaliskaja forma, gan ari $kidumos.
Ta, skiduma ketimini 1.80, 1.81 un 1.87 pastav tikai £ forma. Lai gan, skidinot
individualus kristaliskus ketiminus (E)-1.84—(E)-1.86 tetrahidrofurana-ds, notiek
dalgja E/Z izomerizacija, vairakuma izomériem ir E-geometrija. Lidz ar to, iminu
1.80-1.87 gadijuma vairakuma izomérs THF-ds $kiduma un kristaliskaja rezgi ir
vienads. Izteiktaka E/Z izomerizacija noveérojama ketiminos 1.88-1.92, kuri neveido
iekSmolekularo tidenraza saiti. Ta, individualu kristalisku ketiminu (Z)-1.89 un (2)-
1.92 tetrahidrofurana-dg Skidumos mazakuma E-izomé&ra patsvars sasniedz 30% (1.6.
Tabula). Savukart kristaliskais ketimina (Z)-1.88 izom&rs THF-ds skiduma

izomerizgjas par pret&ju izomeru (E)-1.88, kura Tpatsvars sasniedz 65% (1.6. tabula).
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1.6. tabula

I:"’SK js’ ' SJ<
R N © 0™y N~ ©
K
X
(E)-1.84-(E)-1.92 (2)-1.84-(2)-1.92 1.96
(E)—(2) (2)—(E) 2
Nr. Imins Z:E, %° e AG7»ss Pl AG7»ss ﬁJ(/AGfSS)’
’ (kJ/mol) "’ (kJ/mol) mo
1. (Ry-1.96 - - 61.7 - 61.7 0
2. (Ry-1.84 2080 020  66.3 0.78 63.4 2.9
n 0.12"  68.3 0.74 64.4 3.9
3. (Ry-1.85 19781 0.04 707 0.45 65.5 5.2
4 (Ry-1.86 23%:77 - - - - -
5. (Ry-1.87 1:99° - - - - -
6. (Rs)-1.88 35:65 0.11  68.5 0.20 67.2 1.3
7. (Rg-1.89 67:33 0.39  65.8 0.20 67.5 1.7
8.  (Rs)-191 39:61 0.13  68.2 0.19 67.3 0.9
9.  (Ry)-1.92 70:30 0.67  63.7 0.30 65.5 1.8

“ Noteikts THF-dg —15 °C temperatiira.” Reakcijas atruma konstantes vértibas noteiktas atseviski
katram rotamé&ram (Z)-1.85A un (Z)-1.85B (1.19. attéls). “ Gibsa briva aktivacijas energija AG5s5
aprekinata atseviSki konversijai no (E)-1.85 uz (Z)-1.85A un uz (Z)-1.85B. 4Z-izoméra rotaméru
summa.’ Rotaméru (E)-1.87A un (E)-1.87B summa (1.19. attéls).

Sulfiniliminu 1.80-1.92 izomerizacija THF-ds Skidumos —15° C temperatiira
liecina par relativi zemam E/Z izomerizacijas barjeram. Lai gan Iidzigi noveérojumi
par radniecigu diarilsulfinilketiminu atru E/Z interkonversiju $kidumos -78 °C ir
aprakstiti [28], izomerizacijas barjeras sulfinilketiminu rinda ir noteiktas tikai di(p-
tolil)toluolsulfiniliminam (62.8 klJ/mol) [44] un difenilbenzolsulfiniliminam (59.0
kJ/mol) [27]. Sulfinilketiminu 1.84-1.92 izomerizacijas Gibsa brivo aktivacijas
energiju un atruma konstantes THF-dg $kiduma noteicam, salidzinot diagonalo un
apmainas Skérssignalu (cross-peaks) intensitates NOESY spektros [45—-48]. Noteiktas
energijas barjeras ir robezas no 63.4 lidz 70.7 kJ/mol (sk. 1.6. tabulu), un tas ir par
1.7-9 kJ/mol lielakas neka aktivacijas barjeras neaizvietotam diarilketiminam 1.96
(1.6. tabula, Nr. 1). Novéroto starpibu acimredzot nosaka orfo-aizvietotdjs. Ta, (E)-
1.85 izoméra pamatstavokla energija ir par 3.9-5.2 kJ/mol zemaka neka (Z)-1.85
izom@ram, un ta ir augstaka energiju atSkiriba starp visiem iminiem (Nr. 3, 1.6.
tabula). Lidzigi, ari (E)-1.84 ir stabilaks neka (Z)-1.84 par 2.9 kJ/mol (Nr. 2).
Augstaku E izoméru stabilitati sulfiniliminos 1.84-1.85 acimredzot nosaka

iekSmolekulara tidenraza saite starp anilina N-H protonu un imina slapekla atomu.
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Energiju atSkiriba starp E un Z izomériem ir mazak izteikta iminos 1.88 un 1.91 (Nr. 6
un 8), kuri nevar veidot iekSmolekularo tidenraza saiti. Visbeidzot, iminu 1.89 un 1.92
gadijuma zemaka pamatstavokla energija ir Z konformériem (Nr. 7, 9). Diemzgl
faktorus, kas nosaka E vai Z izom&ru pamatstavok]u energiju atSkiribu iminos 1.88-
1.92, ir gruti izskaidrot. Tai pat laika, noteikta sulfinilketiminu 1.84-1.92 izomeru
pamatstavok]a energijas starpiba (AAG”,sg) labi korelé ar E un Z izoméru lidzsvara
attiecibu (1.6. tabula). Ta, zemaka barjera ir iminam 1.91 (Nr. 8), kas veido Z:E=2:3
izomé&ru maistjumu THF-dg Skiduma. No otras puses, augsta barjera sulfinilimina 1.85

gadijuma nosaka E:7Z=81:19 izomgru attiecibu.

1.2.4.3. Sulfiniliminu 1.92-1.95 struktiira Skidumos
Pateicoties destabiliz&joSai telpiskai mijiedarbibai starp terc-butilgrupam,

sulfinilimmi 1.92-1.95 pastav tikai ka Z-izomé&ri THF-ds Sskiduma. Lidz ar to, iminu
1.92-1.95 geometrija kristalos un $kidumos ir vienada. Butiski, ka katrs no (Z)-1.92-
1.95 sulfiniliminiem pastav atropizoméru M un P maisijjuma veida. Ta, kristaliska
individuala atropizoméra (Z)-(M)-1.93 'H-KMR spektra THF-ds $kiduma istabas
temperatlira novérojam divas signalu s€rijas attieciba 78:22. Lidzigu rotacijas izom&ru
attiecibu (79:21) noverojam, Skidinot tetrahidrofurana-dg kristalisko (Z2)-1.94
atropizoméru 1:1 maisTjumu.

Kristaliskajam atropizoméram (Z)-(M)-1.95 piemit augsta konfiguracionala
stabilitate THF-ds $kiduma —15° C temperatiira, jo pretg§ja izoméra (Z)-(P)-1.95
veidoSanos nenovérojam pat péc 24 stundam. Savukart istabas temperatira
atropizomerizacija lidz (Z)-(M)-1.95 un (Z£)-(P)-1.95 1:1 Iidzsvara maisijumam notika
6 stundu laika (1.20. att€ls). Pateicoties stabilitatei zemas temperatiiras, sulfinilimina
(£)-1.95 atropizomérus ir iesp&jams hromatografiski atdalit un iegiit individuala
forma. Kristaliskaja forma —18° C temperatiira atropizoméri (Z)-(M)-1.95 un (Z)-(P)-
1.95 ir stabili, un tos var uzglabat vairakas ned€las. Atropizomé&ru paaugstinata
stabilitate kristaliskaja forma skaidrojama ar to, ka cietaja faze rotacijas barjeras ir

augstakas neka skidumos [30].
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1.20. att. Individuala (Z)-(M)-1.95 atropizoméra parverSanas par M:P=1:1
atropizoméru maisijumu istabas temperatiira THF-ds

Iminu (2)-1.93 un (£)-1.94 atra atropizomerizacija THF-ds Skiduma
apgriitindja novéroto 'H-KMR signalu attiecinaganu. To paveicam, balstoties uz H-3
un C-3 kimisko nobizu atSkirtbam M un P atropizoméru sérijas (1.7. Tabula). Par
atskaiti izmantojam attiecigas kimiskas nobides salidzinosi stabilajam atropizom&ram
(2)-(M)-1.95, kura kristalisko struktiru viennozimigi pieradijam ar rentgenstaru
difrakcijas metodi. Imina (£)-1.95 M atropizoméram 'H-3 un ®C-3 kimiskas nobides
paradas vajakos laukos neka P izoméram, acimredzot, pateicoties sulfinilgrupas
skabekla dezekrangjosai (deshielding) ietekmei (sk. Nimena projekcijas 1.7. tabulas
attela). Sadu pienémumu apstiprina ari literatiira aprakstita protona nobide uz
vajakiem laukiem cikliskos sulfoksidos, kuros sulfinilgrupa un protons atrodas sin-
diaksidla orientacija [49—51]. Lidzigas '"H-3 un '*C—3 kimisko nobizu atikiribas tika

novérotas ar pargjos sulfiniliminu (Z)-1.93-1.94 atropizoméros (AS['H]=0.03-0.05
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m.d., A§["’C]=1.5-2.6 m.d.) (sk. 1.7.tabulu). Novérojam ari, ka *C-1 un *C-=2
ktmiskas nobides M atropizom@ru s&rijai ir stiprakos laukos neka P sérijai (1.7.

tabula), tomér §1s sakaribas ir griitak izskaidrot.

1.7. tabula
(2)-(M, Rs)-1.93-1.95 (2)-(P, R5)-1.93-1.95
3('H-3) 8(1PC-3) 8(1C-2) 3(PC-1)
. M:P,
Imins R o
¢ M P M P M P M P

(£)-1.93 NH, 2278  6.85 6.81 128.0 1265 (1239 1267 189.6 193.5
(£-1.94 NHMe 21:79 6.86 683 1279 1264 |1243 127.0 188.0 1934

(£)-1.95 NMe, 1:1 7.04 6.89 1299 1273 |[1347 136.6 191.8 1926

“(2)-(M)-1.95 konfiguracija tika noteikta ar rentgenstaru difrakcijas metodi.

Lidz ar to noskaidrojam, ka iminu (Z)-1.93 un (Z£)-1.94 vairakuma
atropizom@ram tetrahidrofurana-ds $kidumos ir (P) geometrija. KMR rezultatu
interpretacijas pareizibu papildus apstiprindjam ar ab initio kvantu kimiskajiem DFT
aprekiniem ar B3LYP/6-31G(d,p) ki bazes funkciju.® Aprékini paradija, ka
sulfinilimma (Z)-1.94 P atropizoméram ir par 4.7 kJ/mol zemaka pamatstavok]a
energija neka M atropizom&ram.

Sulfiniliminu (Z)-1.93-1.94 atropizomerizacijas aktivacijas energijas un
atruma konstantes eksperimentali noteicam, izmantojot 2D-EXSY eksperimentus
tetrahidrofurana-ds. Atruma konstantes aprékiniem izmantojam vienddojumus (1) un

(2) [52, 53].

k:i.lnr_ﬂ (1)
t, r—1

L AX X Uy 1)

_ 2
Ao +1,0) (Xy —Xp) )

A Autors pateicas Artim Kinénam par veiktajiem DFT ab initio kvantu kimiskajiem aprékiniem.
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kur

k — atropizomerizacijas atruma konstante;

t,n — samaisiSanas laiks (mixing time)

ar P un M apzimétas sulfiniliminu (£)-1.93-1.94 atropizoméru savstarpéji

nesadarbojosas spinu sist€mas;

Xp un Xy ir attiecigo spinu sistému moldalas lidzsvara aapstaklos (noteiktas,

izmantojot 'H-KMR spektrus);

Iyy un Ipp — diagonalo signalu intensitate;

Iyp un Ipy — Sk€rssignalu (cross-peaks) intensitates.

Sakotngji veicam 2D-EXSY eksperimenta apstak]u optimizaciju, nosakot t.s.
samaisiSanas laikus (mixing time), kuros Sk€rssignalu (cross-peaks) intensitate ir
relativi neliela.” Noskaidrojam, ka T=258 K temperatiird piemé&rotakais samaisiianas
laiks (mixing time) ir 1 sekunde. Sajos apstaklos noteicam diagondlo un apmainas
Skerssignalu (cross-peaks) attiecibu izmainu laika atropizomé&riem (Z)-1.93-1.94
(1.21. un 1.22 atteli). Eksperimentali noteiktos lielumus ievietojam vienadojumos (1-
2) un aprékinajam atropizomerizacijas atruma konstanti [52, 53].

Aprekinata atruma konstante ir tieSas un pretreakcijas atruma konstansu
summa, kuras Iidzsvara apstaklos ir proporcionalas P un M atropizom&ru moldalam

Xp un Xy, (vienadojums 3).

k=k +k

wop tkp oy =k-Xp+k-X,, 3)

No aprekinatas atropizomerizacijas atruma konstantes k vertibas ieguvam
atruma konstanti katram atropizoméram (iegiitie dati apkopoti 1.9. tabula). legiitas
atropizomerizacijas atruma konstantes ievietojot Arréniusa vienadojuma (4), katram
atropizoméram aprékinajam Gibsa brivas aktivacijas energiju (AG”5ss) 258 K

temperatira (iegttie dati att€loti 1.9. tabula).

kT TAGT

k eRT 4
P “)

kur

k — atropizomerizacijas atruma konstante
kg — Bolcmana konstante

h — Planka konstante

R — universala gazu konstante

B Sadarbiba ar Prof. E. Liepinu.
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1.21. Att. Sulfinilimina (Z)-1.93 2D-EXSY spektra fragments 258 K temperatiira
THF-ds ar samaisiSanas laiku (mixing time) t,,=1 s
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1.21. att. Sulfinilimina (Z)-1.94 2D-EXSY spektra fragments 258 K temperatiira
THF-dg ar samaisi$anas laiku (mixing time) t,=1 s

DiemZ7gl 2D-EXSY eksperiments nebija piemeérots atropizomerizacijas atruma

konstantes noteikSanai sulfinilimina (Z)-1.95 gadijuma, jo atbilstoSo atropizomé&ru

savstarpgja apmaina ir parak léna 2D-EXSY eksperimenta laika skala. Tadel

individuala tira atropizomera (Z)-(P)-1.95 izomerizacijas reakcijas atrums tika merits

trijas dazadas temperatiiras (T;=298 K, T,=313 K, un T3=333K), izmantojot '"H-.KMR

spektrus (1.20. un 1.22. attels).
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1.22. att. Sulfinilimina (Z)-(P)-1.95 atropizomerizacijas atruma konstantes T;=298 K,
T>=313 K, un T3=333K temperatiiras

1.22. Attela paraditas 'H-KMR signalu intensitates izmainas laika liecina, ka
atropizomerizacija ir pirmas kartas reakcija, kurai taisnes virziena koeficients ir

atropizomerizacijas atruma konstante atbilstoSaja temperatiira (1.9. Tabula).
1.8. tabula

Temperatiira (T, K) 298 313 333
Atruma konstante (k, s) | 0.45¢10% | 2¢107 1710

Iegiitas atropizomerizacijas atruma konstantes izmantojam, lai konstrugtu t.s.
Eringa (Eyring) grafiku Gibsa brivas aktivacijas energijas noteik3anai attiecigaja

temperatiira (1.23. attels).

-35.5 T T T T T T T T
0.00295 0.003 0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034

-36 4

-36.5

-37

-37.5
y = -10009x - 5.9398

R? = 0.9972

-38

In(k*h/(ks*T))

-38.5

-39 4

-39.5

-40
1T

1.23. att. Eringa grafiks Gibsa brivas aktivacijas energijas noteikSanai
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Sulfinilimina (Z)-1.95 atropizomerizacijas aktivacijas entalpijas AH” un
aktivacijas entropijas AS” vértibas nolasijam no Eringa grafika. Ievietojot iegiitos
lielumus (AH"=83.2 kJ/mol un AS"=—49.4 J/(mol*K)) Gibsa (Gibbs-Helmholtz)
vienadojuma (vienadojums 5), aprékinajam atropizomerizacijas Gibsa brivo
aktivacijas energiju 298 K temperattra (1.9. Tabula).

AG” = AH” — T*AS” (5)

Aprékinatais atropizomerizacijas puslaiks (¢, 2:%) 298 K temperatiira ir

4.3 stundas, un §is lielums saskan ar eksperimentalajiem noverojumiem.

1.9. tabula.
(2)-(M, Rs)-1.93-1.95 (2)-(P, Rg)-1.93-1.95

: (P)—(M) (M)—(P) #

- M:P, A(AG1s3),
Nr. Imins R -1 AG¢258 -1 -1 AG¢258

% k, s (moly Ko (Jmop  KJ/mol

1  (2-193 NH, 22:78° 62¢10™ 73.8  22110%  71.1 2.7

2 (2-194 NHMe 21:79° 6610™ 737 247.10%  70.8 2.9

3 (2-195 NMe, 1:1°  0.45¢10* 97.9° 0.45.10% 97.9¢ 0

(a) Noteikts 258 K temperatiira. (b) Noteikts 298 K temperatiira. (c) AG;tzgg (kJ/mol)

Noteiktas atropizomerizacijas barjeras sulfiniliminos (Z)-1.93-1.94 (70.8 lidz
73.8 kJ/mol, sk. 1.9. tabulu) ir salidzinamas ar attiecigajiem lielumiem strukturali
radniecigu arilketiminu gadijuma. Piem&ram, acetofenona iminu atropizomerizacijas
barjeras toluola-ds atrodas diapazona no 60.2 Iidz 85.4 kJ/mol [29]. Novérota
atropizoméru pamatstavokla energiju starpiba (AAG”»sg) labi korel ar M:P lidzsvara
attiecibu (1.9. tabula).

Sulfinilimina (Z)-1.95 atropizomerizacijas barjera ir bitiski augstaka par
interkonversijas barjeram sulfiniliminos (Z)-1.93-1.94, un ta ir salidzinama ar izteikti
steriski trauc€tu ketiminu, piemé&ram, ferc-butilketiminu izomerizacijas barjeram

(102.9 kJ/mol) [32].
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1.2.5. Diastereoselektiva sulfiniliminu 1.80-1.95 reducéSana

Iminu 1.80-1.95 reduc€sanai izmantojam trisvertigos hidrida reduc&sanas
agentus BH;-THF un DIBAL —78° C temperatura THF (1.10. tabula, apstakli A un B,
respektivi). Papildus, reducéSanai izmantojam ari NaBH4-Ti(OEt)4 [10, 11] un NaBHy4
(1.10. tabula, apstakli C un D, respektivi). Trisvértigie hidrida reducgjosie agenti lauj
panakt visaugstako reducsanas diasetereoselektivitati. Lai gan reducéSanas apstakli C
un D ir mazak efektivi, jaatzZimé veiksmiga NaBH, izmantoSana THF vidg, kur
reducgjosais agents ir gandriz neskistoss. lesp&jams, ka sakotng&ji reduc&sana notiek
heterogéni uz cieta NaBH, robeZvirsmas, bet talaka reducgSana jau notiek Skiduma,
no borhidrida veidojoties boranam vai ta atvasindjumiem. Jaatzim&, ka mazakuma
diastereomérus visos gadijumos bija iespgjams viegli atdalit, izmantojot tie$as fazes
kolonu hromatografiju, un $adi paaugstinot pamata diastereoméru 1.97-1.111 tiribu
Iidz > 99:1 dr.

BH;-THF un DIBAL izmantoSana lava panakt lielisku diastereoselektivitati
immu 1.80-1.82, 1.84-1.89 un 1.92-1.95 reducésana (1.10. tabula, apstakli A un B).
Bitiski, ka iegiito diastereoméru attieciba (d.r.) sulfinilamidos 1.97-1.111 parsniedz
imtnu sakuma E/Z attiecibu (1.10. tabula), kas liecina par atru E/Z interkonversiju
reducéSanas apstaklos —78° C temperatiira. Sadu pienémumu apstiprinaja kontroles
eksperiments, kura tirs (E)-1.85 izomérs kristaliska forma tika pievienots atdzes€tam
THF-dg (-78° C), un iegiitai suspensijai nekavéjoties tika uznpemts "H-KMR spektrs (-
80° C temperatiira). Iz8kidusai frakcijai novérojam divus signalu komplektus attieciba
82:18, kuri liecina par imina (E)-1.85 spontanu E/Z lidzsvarosanos THF-dg skiduma
reduc&Sanas apstaklos.

Jaunizveidota asimetriska centra relativo konfiguraciju reduc€Sanas
produktiem 1.97-1.99, 1.101-1.109, ent-1.110 vai to atvasinajumiem (S5)-1.137 (sk.
1.30. att.) noteicam, izmantojot rentgenstruktiiras analizi. Sulfinamidi 1.97-1.104
veidojas ar R absoliito konfiguraciju, bet sulfinamidus 1.105-1.111 ieguvam ar S
konfiguraciju jaunveidotaja centra. Butiski, ka absoltita centra konfiguracija lieliski
korele ar iminu 1.80-1.95 E vai Z konfiguraciju kristaliskaja forma. Ta, E
konfiguracijas imini (E)-1.80-1.87 reducgjas par (Rs,R)-1.97-1.104 sulfinamidiem,
bet (2)-1.88-1.95 izomeri parversas par (Rs,S)-1.105-1.111 sulfinamidiem. Lai gan

noverota korelacija ir speka plasam substratu klastam (15 pieméri), ta ir parsteidzosa,

41



nemot vera spontano individualo sulfiniliminu E vai Z konform@ru izomerizaciju
reduc@sanas apstak]os.

Lai labak izprastu iesp€jamas likumsakaribas starp produkta absoliito
konfiguraciju un izejas sulfiniliminu E/Z konfiguraciju, noveértéjam iekSmolekularas
tdenraza saites ietekmi uz reducéSanas diastereoselektivitati. Ta, imina (E)-1.87
reducgSanu ar NaBH, veicam protonos $kidinatajos, kuri spg&j izjaukt iekSmolekularo
tidenraza saiti starp anilina N-H un imina slapekla atomu. Novérojam, ka imina (E)-
1.87 reducesanas diastereoselektivitate etanola (d.r.=70:30) un metanola (d.r.=67:33)
ir ieveérojami zemaka neka THF (d.r.=91:9, sk. 1.10. tabulu, Nr. 24). Rezultats
apstiprina hipotézi par iekSmolekularas tidenraza saites iesaistiSanos iminu (£)-1.80—
1.87 reducésanas parejas stavokla stabilizacija. Tadgjadi tidenraza saite stabilize

iminu 1.80-1.87 E geometriju, un nodrosina E geometriju ari parejas stavokli.
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1.10. Tabula

b 5 f
Nr. Imins (Rg)“ ZE dr?  Sulfinilamids’ Iznakums;
(%) %
1 2 3 5 7
1 ‘}K 913 HNQS‘K (99)
e 1:99 2
Me Me
2 7
(E)-1.80 93 88 (99)
VR € 99:1 e (99)
% NM 1:99
4 ¢ 99:1 : 97 (99
(E)-1.81 (Rs,R)-1.98 ©9
Q! . q |
5 Me, N/S\K - 99:1  we., S (99)
6 @é 99:1 ©:> 94 (99)
(E)-1.82 (Rs,R)-1.99
T ch‘s“ A 69:31 OSK (99)
1:99 i
8 j B 71:29 68
(E)-1.83 (Rs,R)-1.100
9 Q ‘K A 70:30 o (99)
10 NN B 91:9  HN HY® 77
20:80
Neoas c 7327 )
12 c (E)-1.84 D 66:34 (Rs,R)-1.101 (99)
13 ok A 89:11 (99)
Me s
14 SNH N B 99:1 95
15 RGNS 80:20 74
16 cl (E)-1.85 D 72:28 (Rs,R)-1.102  (99)
17 ok A 81:19 O‘SK (99)
Me. .S
18 N B 82:18 73
23:77
N save ¢ o o
Cl
20 a (E)-1.86 D 65:35 (Rs,R)-1.103  (99)
21 q K A 99:1 (99)
Meswm NS
22 B 99:1 94
1:99
23 O O C 97:3 88
24 cl O (E)-1.87 D 91:9 (Rs,R)-1.104  (99)
25 o A 1:99 Q. (99)
26 SN B 1:99 84
cl 35:65
27 O O C 1:99 O O 84
28 N (2)-1.88 D 1:99

(Rs,S)-1.105 (99
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1.10. Tabulas turpinajums.

1 2 3 4 5 6 7
29 Lo A 10:90 o K (99)
30 Sy s P 298 g oS 93
7:
31 C 14:86 80
32 Br (Z)—1.89 D 19:81 (RS,S)-1.106 (99)
33 ) K A 26:74 o K (99)
34 N wel P 47:53 NS (99)
35 O O ' C 8:92 O O 75
36 (2)-1.91° D 16:84 (Rs.)-1.107 5
37 >t o A 6:94 o K 80
~ /‘S\\
38 Ssn 2030 B 2476  MeO HN (99)
39 7 c 20:80 O O 74
40 OMe™" (2)-1.92 D 20:80 (Rs,5)-1.108  (99)
o
41 O‘SK A 99:1 HoN NS (99)
»
mou 99:1 W
42 H 2193 B 99:1 ! 99
(Rs,S)-1.109
o
(0] o
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mcl 99:1 <>/H<
44 HE B 99:1 a “n'
e (2)-1.94 (Rs,S)-1.110
45 ol A - 0
.S
N™" NMe
46 2 Al 99:1 7
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47 B 99:  MeN HI 97 (99)
S (2)-(M)-1.95 99:1 '
48 o k. A - ©
.S Cl
N
49 % Al - (Rs,)-1.111  (0)
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50 N B - 0)

Me’ e (2)-(P)-1.95

(a) Imina geometrija noteikta ar rentgenstruktiiranalizes metodi. (b) E/Z attieciba THF-dg —15 °C
temperattra. (c) Apstakli A: BH;-THF (1.6 ekviv.), =78 °C, THF, 3 stundas; Apstakli Al: BH;-THF
(1.6 ekviv.), —15 °C, THF, 3 stundas; Apstakli B: DIBAL, 3 ekviv., =78 °C, THF, 3 stundas; Apstakli
C: NaBH,-Ti(OEt),, —78 °C lidz istabas temperattirai; Apstakli D: NaBH,, THF, istabas temperatiira, 3
stundas. (d) Noteikts reakcijas maisijumam ar "H-KMR un hiralas stacionaras fazes AESH metodi.
(e) Relativa konfiguracija vairakuma diastereom&ram noteikta ar rentgenstruktiiranalizes metodi.
(f) Vairakuma diastereoméra izdalitais iznakums; iekavas—konversija. (g) Imina geometrija vairakuma
izoméram noteikta ar KMR. (h) 96% izol&tais iznakums un 99:1 dr tika noteikts, reducgjot ar DIBAL
istabas temperatiira.
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Noverota reducgsanas diastereoselektivitates korelacija ar sulfinilimina E vai Z
geometriju norada uz reduc&s$anas norisi caur ciklisko parejas stavokli un helaté$anas

M= 0

kontrolétu reduc€Sanas mehanismu. Attiecigi, borans vai DIBAL veido “ata
kompleksu ar sulfinilgrupas skabekla atomu (ladinu sadalijuma aprékini
sulfinilimos liecina par iev€rojamu negativo ladinu uz sulfinilgrupas skabekla
atoma) [54]. Talaka sulfoksida skabekla atoma kontroleta hidrida piegade FE
konfiguracijas iminos 1.80-1.87 norisinas no Si puses, bet E konfiguracijas iminos
1.88-1.92 — no Re puses (1.24. attels, PS-1 un PS-2).

Sesloceklu kréslveida parejas stavoklt telpiski liela terc-butansulfinilgrupa un
anilina aizvietotajs novietojas ekvatoriali, bet mazakais neaizvietotais fenilgredzens
nostajas aksiala pozicija (1.24. attéls, PS-1). IekSmolekulara tidenraza saite starp
anilina N-H un imina slapekla atomu stabilizg sulfiniliminu 1.80-1.87 E konformaciju
parejas stavokli, bet sulfinilgrupas skabekla atoms nodroSina hidrida piegadi no Si
puses. Ja hipotéze par cikliska parejas stavokla iesaistiSanos ir pareiza, un ja
sulfiniligrupas skabekla atoms kontrole hidrida piegadi, izomérajiem Z
sulfinilimniem 1.88-1.92 biitu jareducgjas par sulfinilamidiem ar pretgjo, tas ir, S
absoliito konfiguraciju. Tiesam, (RsS)-1.105-1.111 veidojas ka vairakuma
diastereom@ri, kas apstiprina postuléto reducé$anas mehanismu.

Jaatzime, ka noverota reduc@sanas diastereoselektivitate parasti ir augstaka par
sulfiniliminu E/Z attiecibu $kiduma, liecinot, ka diastereoselektivitati nosaka relativa
sulfiniliminu 1.80-1.92 E un Z izom&ru reagétsp&ja E/Z izom&ru lidzsvara maisijuma.
Interesanti, ka augstaka sulfiniliminu (Z)-1.88-1.92 reagétsp€ja jaskaidro ar ciklisku
parejas stavokli, kura lielaka orto—aizvietota arilgrupa novietota neizdeviga aksialaja
pozicija, bet sulfinilgrupas skabekla atoms nodroSina tGdenraZza piegadi no Re puses
(1.24. attgls, PS-2). Sada parejas stavokla izdevigumu ir griiti izskaidrot ar pieejamo
faktu materialu.

Reducesanas diastereoselektivitates skaidrojumam iesp€jams arl alternativs
mehanisms, saskana ar kuru anilinos (E)-1.80-1.87 N-H grupa veido kovalento N-B
saiti ar BH3-THF vai N—Al saiti ar DIBAL. Sekojosa iekSmolekulara hidrida parnese
amidometalohidridos notiek no mazak steriski traucétas C=N saites Si puses, veidojot

(Rs,R)-1.97-1.104 sulfinamidus (1.24. attels, PS-3).
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1.24. att. Sulfiniliminu (E)-1.85 un (Z)-1.88 reducéSanas iesp&jamie parejas stavokli

Lai novertétu iesp&jamo anilina N-H grupas koordinéSanos ar reducétaju,
veicam kontroles eksperimentu, kura parejas stavokla stabilizacija ar Gdenraza saiti
nav iesp&jama (1.25. att€ls). Attiecigi, sulfiniliminu (F)-1.85 deprotongjam ar
KHMDS un radusos kalija sali (E)-1.85-K reducgjam standarta apstaklos ar BH3—
THF (dr=82:18, 99% konversija) un ar DIBAL (dr=82:18, 50% konversija). Kalija
sals (E)-1.85-K gadijuma reduc€Sanas diastereoselektivitate bija zemaka neka
imtnam (E)-1.85 (salidzinajumam sk. 1.10. tabulu, Nr. 13 un 14), turklat produkta
diastereoméru attieciba labi korelé ar imina (E)-1.85 E un Z izomeéru attiecibu (81:19)
THF s$kiduma. Noverota korelacija lauj pienemt, ka anjona (E)-1.85-K gadijuma E/Z
interkonversijas barjera ir paaugstinata, un E/Z izomerizacijas atrums ir samazinats.
Ladinu sadaltjuma aprékini sulfiniliminam (E)-1.85-K liecina, ka uz anjona slapekla
ir lielaks negativais 1adin$ neka uz sulfinilgrupas skabekla atoma. Lidz ar to kontroles
eksperiments neizslédz iespg&jamo BHj3 vai DIBAL sakotn&jo saistiSanos ar anilina
aminogrupu un sekojoSu hidrida parnesei no amidometalohidrida. Visbeidzot,

iesp&jama ari sinergiska anilina slapekla atoma un sulfinilgrupas skabekla atoma

ietekme uz reduc€Sanas parejas stavokli (1.24. attels, PS-4). Lai gan mehanismi ar
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parejas stavokla iesaistiSanos ir iesp&jami, daudz varbiitigaka ir reduc€Sanas norise

caur parejas stavokliem PS-1 un PS-2.

K® )<
S<
Me\Ne N O
DS BHy-THF
(F)-185 ——3 O O OrDIBAL - rs R)-1.102
THF THF
-40°C 0
& 78°C
(E)-1.85-K

1.25. att. Sulfinilimina kalija sals pagatavosana un reduc€Sana

Reducesana ar borhidridiem (Apstakli C un D, 1.10. tabula) norisinas ar tadu
pasu diastereoselektivitati ka BH3;-THF un DIBAL gadijumos (Apstakli A un B, 1.10.
tabula). Ta, (E)-1.84-1.87 reducgjas par (RgR)-1.101-1.104, kamér (Z)-1.88-1.92
veido (Rs,S)-1.105-1.108 (1.10. tabula). Tai pat laika, reduc€Sanas stereokimijas
mehanisma izskaidroSana ir grits uzdevums, jo, piemeéram, NaBH4-Ti(OEt),

[P L)

reducgjosas sisteémas gadijuma (Apstakli C) nav skaidra “istas” reducgjosas dalinas
uzbuve. Ta, zinams, ka reakcija starp TiCly un LiBH4 veidojas divi potenciali
reducésanas agenti: Ti(BHy); un diborans [55, 56]. Savukart reducéSanas reakcijas ar
NaBH,, ciklisks sesloceklu parejas stavoklis acimredzot nav piemé&rots modelis
diastereoselektivitates skaidrojumam, jo bora atoms borhidrida “ata” kompleksa ir
Cetrkoordin&ts un, Iidz ar to, nevar savstarpgji iedarboties ar sulfinilgrupas skabekli.
Acimredzot borhidridu gadijuma péc sakotné&jas hidrida parneses veidojas citi hidrida
donori, kuri iesaistas reducéSanas reakcija.

Ieveérojami vairak steériski apgriitinato (£)-1.93-1.95 sulfiniliminu reducéSana
actmredzot arT norisinas caur sesloceklu parejas stavokli, jo reduc€Sanas produkti
(Rs,5)-1.109-1.111 veidojas ar jaunradita centra S absoltito konfiguraciju. Tai pat
laika, sulfiniliminu (Z)-1.93-1.95 atropizomériem M un P piemit atSkiriga
reagétspéja. Ta, atropizomérs (Z)-(M)-1.95 reducgjas ar kvantitativu konversiju
(d.r.=99:1), kamér pretgjais atropizomers (Z)-(P)-1.95 identiskos reakcijas apstaklos
nereagé vispar (1.10. tabula, Nr. 47 un 50). Lidzigi, BH3-THF —15° C temperattira
reducé imina (Z)-1.95 M atropizoméru ar 47% iznakumu (1.26. attels), bet P
atropizomérs Sajos apstaklos nereducgjas (1.27. attéls; sk. ar1 1.10. tabula, Nr. 47 un

50). Pec 22 stundam —15° C temperattira imina (Z)-(M)-1.95 konversija pieauga 1idz

88%, tomér (Z)-(P)-1.95 joprojam nereducgjas. Interesanti, ka neviens no imina (Z)-
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1.95 atropizomériem nereducgjas ar BH;-THF —78° C temperattra (apstakli A, 1.10.

tabula, Nr. 45 un 48).

T
<

THF, -15 °C

Cl

(2)-(M)-1.95 (Rs,9)-1.111

1.26. att. Imina (Z)-(M)-1.95 reducésana ar BH3-THF (-15° C, THF-djs, 3 stundas).

A A
AN
LN _ﬂM
AL A
A S 16
A B N S
A FaaN
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A M 11
A M
A M
A M
A _:.//\\//\k
A 6
N o
AL
A T
A
A M 1
r T K T /" T T T T
2.80 2.75 2.78 1.20 1.15 1.10 1.05
BH3-THF . ]
—— reakcija nenotiek

THF, -15°C

cl
(2)-(P)1.95

1.27. att. Imina (Z)-(P)-1.95 reducéSana ar BH;-THF (-15° C, THF-djg, 3 stundas)
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Produktu trikums atropizoméra (Z)-(P)-1.95 reduc€Sanas reakcijas ar BHj3-
THF vai DIBAL acimredzot skaidrojams ar otro-dimetilamino grupas izraisitajiem
steriskiem traucgjumiem sulfinilimina Re pus€ (PS-2, 1.28. attels). Turklat, pateicoties
atropizoméra (Z)-(P)-1.95 augstajai konfiguracionalai stabilitatei, P un M izoméru
interkonversija reduceSanas apstaklos (—15°C, THF-ds, 3 stundas) nenotiek. To
apliecina art KMR eksperimenti, kuros pétita imina (Z)-1.95 individualo M un P
atropizoméru reducé$anas norise (1.26 un 1.27. atteli). Savukart imina (Z£)-1.95 M
atropizomeéra gadijuma, reducSanas var netraucéti notikt caur parejas stavokli PS-1

(1.28. attels).

Cl
cl o K
\S\‘
MeoN  HN™
'l. NMe, | NMe,
%ms\ st _
, N W AN -
: Sk
H cl
(2)-(M)-1.95 | PS-1 ] (Rs,9)-1.111
~ BE:
Cl
MeoN —_— —_— nav reakcijas
T
%y\\'S\N
o
(2)-(P)-1.95 = PS-2 -

1.28. att. Iminu (Z£)-1.93-1.95 reduc@sanas iesp&jamie parejas stavokli

Sulfinilimina atropizoméru (Z)-(P)-1.95 iesp&jams reducét ar BH;-THF,
reakciju veicot istabas temperattra (2 stundas, 75% konversija, 99:1 dr). Tomér, $ajos
apstaklos, visticamak, notiek sakotngja atropizoméra (Z)-(P)-1.95 izomerizacija par
reagétspéjigako (Z)-(M)-1.95, kurs talak reducjas. So piengmumu apstiprina noteikta
atropizomerizacijas barjera (97.9 kJ/mol; sk. 1.9. tabulu), kura atbilst 4,3 stundu
izomerizacijas puslaikam 25° C temperatiira (t.i., tira atropizoméra (Z)-(P)-1.95
konversijai 11dz atropizoméru maistjumam P:M=75:25). Realais P—M izomerizacijas
atrums ir vel augstaks, jo izomerizacijas pretreakcija M—P praktiski nenorisinas
pateicoties tam, ka reag€tsp&jigais atropizomérs (Z)-(M)-1.95 reducgjas tiklidz ir
izveidojies.

Imina Re-puses ekrangSana ar arilgrupas orto-aizvietotaju visticamak notiek

ar1 strukturali radniecigo sulfiniliminu (Z)-(P)-1.93-1.94 gadijuma (1.28. att€ls, PS-
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2), padarot tos nereagétspgjigus reduc€sanas apstaklos. Tomér, reducésanas reakcijas
atrumu atskiribu iminu (Z2)-1.93-1.94 atropizomé&riem M un P nav iesp&jams noteikt,
jo reducESanas apstaklos notiek atra atropizomerizacija. Kontroleksperimenta
individuals kristalisks atropizomérs (Z)-(M)-1.93 tika pievienots atdzesétam (-78° C)
THF-dg un iegiitai suspensijai —45° C temperatira tika uznemts 'H-KMR spektrs.
Spektra izskidusai frakcijai novérojam divus signalu komplektus attieciba 78:22, kas
liecina par spontanu atropizomerizaciju THF-ds $kiduma reducé3anas apstaklos. Atra
imtnu (£)-1.93-1.94 atropizomerizacija acimredzot nosaka lielisko reduc€Sanas
diastereoselektivitati. Ta, reducéto produktu 99:1 diastereoméru attieciba ir ievérojami
augstaka par sulfiniliminu (Z)-1.93-1.94 atropizoméru ~4:1 Iidzvara attiecibu THF
Skiduma (1.9. tabula, Nr. 1-2).

1.2.6. Enantiomeéri tiru diaminu 1.112-1.135 iegtiSana

Hiralo ferc-butansulfinilpaliggrupu reducétajos produktos 1.97-1.105 un
1.109-1.111 ar gandriz kvantitativiem iznakumiem nosk&lam ar 4N HCI dioksana
beziidens apstaklos, iegiistot N-neaizvietotus benzilamina atvasinajumus 1.112-1.123
(1.29. attels un 1.11. tabula). Savukart diaminus 1.124-1.132 sintez&jam divstadiju
procesa. Sakuma veicam regioselektivu skabaka sulfinamida N-H deprotoné&Sanu ar
LiHMDS anilina N-H protona klatbiitn€, un iegiito litija sali talak alkilgjam ar Mel.
Ar 72-93% iznakumiem iegiitajos N-metilsulfinamidos hiralo sulfinilpaliggrupu
noskélam 4N HCI dioksana beziidens apstaklos, iegiistot mérksavienojumus (R)-

1.124-1.131 un (5)-1.132 (1.29. attels).

ol ol
s Me ‘o Me

.

P .S .

RiR:N  NH, AN HOI RiRaN - HN 1. LIHMDS RiRN - N ANHCI RiR:N HN
: R dioksana Rs 2. Mel Rs 'dlok-sana Re

Dioksans/MeOH DMF, -20 °C Dioks&ns/MeOH
11 11
Rs 99% Re 72-93% Rs 99% Rs

(R-1.112-1.119 (RsR)-1.97-1.104 (R-1.124-1.131

(5)-1.120-1.123 (Rs,S)-1.105, 1.109-1.111 (SK1.132

1.29. att. Diaminu 1.112-1.132 iegiiSanas vispariga shéma

Mgginajums iegit diaminus (S)-1.132-1.135 secigas deproton&Sanas-
alkilesanas reakcija bija neveiksmigs, jo v€lamo N-metilsulfinilamidu vieta ieguvam
S-metilsulfoksiminus (R)-1.136-1.137. Savienojuma (R)-1.137 struktiiru viennozimigi
izdevas pieradit ar rentgenstaru difrakcijas metodi (1.31. att€ls). AlkiléSanas
regioselektivitates maina no N uz S acimredzot saistita ar ievérojamiem st€riskajiem

trauc€jumiem sulfiniliminu (Rs,S)-1.109-1.111 slapekla atoma apkartn€. Tadgl
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mérksavienojumu (5)-1.132-1.135 sint€zi veicam no diamtniem (S5)-1.121-1.123.
Sakuma nukleofilako benzilaminu parvértam par N-formamidu, kuru reducgjam lidz

N—metilgrupai ar LiAlH,4 (1.30. attels).

oK

.Me
R4R,N Me R{R;N R HN
1R2 1. LIHMDS 1RoN HN” 4N HCI
2Mel dioksana 1. HCOz
DMF, -20 °C Dloksans/MeOH 2. L|AIH4
THF
Cl
(S)-1.136: Ry=Me, Ry=H, 75% (Rs,S)-1.109-1.111 (8)-1.120-1.123 (5)-1.133-1.135

(S)-1.137: R{=R,=Me, 62%

1.30. att. Diaminu (§5)-1.133-1.135 iegiiSanas shema

1.31. att. S-Metilsulfoksimina (R)-1.137 rentgenstruktiira
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1.11. Tabula

Nr. | Sulfinilamids | NH-diamins (iznakums,%) NMe-diamins (iznakumi, %)"
HaN - NH, HN HNME
1 (Rs,R)-1.97 ©ﬁMe ©/’\Nw
(R)-1.112 (98) (R)-1.124 (88, 91)
Me-NH NH; Ve~ NH H-Me
2 | (Rs.R-198 @%Me @Me
(R)-1.113 (94) (R)-1.125 (72, 93)
Me~NH NH, Me N HN-Me
3 (Re,R)-1.99 @O @
(R)-1.114 (95) (R)-1.126 (91, 97)
Me~\H NH; Me-NH HNM
(R)-1.115 (90) (R)-1.127 (79,95)
HoN ’;‘Hz HN HN,Me
5 | (ReR)-1101
Cl (R)-1.116 (99) el (R)-1.128 (80, 99)
Me~NH NH; Me~NH HNM
6 (Rs,R)-1.102
a (R)-1.117 (99) cl (R)-1.129 (93, 99)
e~ NH, Me\NHHNM
1| s | T G
¢l (R)-1.118 (99) a (R)-1.130 (77, 99)
Me~\H NH, Me~\h HNM
s | wwn |70 0
cl O (R)-1.119 (99) c O (R)-1.131 (80, 99)
MeoN  NH, MesN HNNI
9 (R.5)-1.105
cl ($)-1.120 (99) cl (5)-1.132 (80, 99)
HoN NH, HoN HN,Me
10 | (Rs.$)-1.109 W m
“ (8)-1.121 (89) cl (5)-1.133 (89, 63)"
MeNH  NH, Me-~ i Hn-Me
11 | (Rs,S)-1.110 ©/H< @/’\g
cl ($)-1.122 (96) cl (S)-1.134 (96, 78"
Me:N  NH, Me,N  HNME
12| @®eS-1111 ©)\!<

Cl (8)-1.123 (95)

B

cl (8)-1.135 (95, 65)"

(a) Iznakumi NMe-diaminu sint€zes pirmajai un otrajai stadijai (1.29. attéls). (b) Iznakumi NMe-
diaminu sint€zes pirmajai un otrajai stadijai (1.30. attels).
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2. NODALA

LITIJA ENOLATU ENANTIOSELEKTIVA PROTONESANA
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2.1. Literatiiras apskats

Asimetriskas protonéSanas reakcija pirmo reizi aprakstita 1978. gada, kad N-
aizsargata glictna estera enolata 2.1 reakcija ar vinskabes atvasinajumu 2.3 veidojas
enantiom@ri bagatinats glicina esteris 2.2 (50% ee) (2.2. attels).[57] Turpmakajos 20
gados notika intensivi pétijumi asimetriskas proton€Sanas reakcijas likumsakaribu
noskaidroSanai, kuru rezultata tika atrasti vairaki biitiski faktori, kuri nosaka reakcijas
optiskos iznakumus. Starp tiem jamin pK, vertibu attieciba starp enolatu un hiralas
skabes konjugéto bazi, enolata geometrijas ietekme, izmantotas bazes daba u.c.
Neskatoties uz iegiitajam atzinadm, protonSanas reakcija joprojam prasa rupigu
apstaklu optimizaciju katra konkréta substrata gadijuma, kas ir nenoliedzams metodes
trukums.

Literattiras apskata Tsuma apskatiti galvenie faktori, kuri ietekmé asimetriskas
protongsanas reakcijas norisi. Ta, 2.1.1. nodala analizéta hiralo protonu donoru
uzbiive un Ipasibas. 2.1.2. Nodala apskatita enolatu struktiiras Tpasibas un analizes
metodes. 2.1.3. Nodala aplukoti asimetriskas protonéSanas reakcijas svarigakie
raksturlielumi: 2.1.3.1. enolata pretjona ietekme; 2.1.3.2. enolatu iegiiSanai izmantota
baze; 2.1.3.3. salu piedevas; 2.1.3.4. skidinatajs; 2.1.3.5. reakcijas temperatira. 2.1.4.

Nodala ir analiz&ts asimetriskas protonéSanas mehanisms.

2.1.1. Hiralo protonu donoru uzbiive un ipasibas

2.1.1.2. Protonu donoru struktiiras pamatelementi
Hiralajos protonu donoros parnesamais protons visbiezak ir saistits vai nu ar

skabekla, vai ar slapekla atomu. Papildus skabajam protonam lielaka dala hiralo
protonu avotu satur ari vienu vai vairdkas Luisa baziskus heteroatomus vai
funkcionalas grupas, kuras var gan kalpot par protona akceptoru, gan ari nodroSinat

enolata metala katjona koordinéSanu (2.1. att€ls).

(.ra.s> (n
SN % —— &
\ (T

2.1. att. Shematisks hirala protonu avota att€lojums [1]
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Augstas protona parneses enantioselektivitates sasniegSanai svarigi, lai
protondonora grupa A-H un Liisa baziska grupa B atrastos savstarpgji syn
konfiguracija (2.1. attels). Piemeéram, O,O-dipivaloilvinskabes 2.3 gadijuma
domingjosa ir syn konfiguracija, kura acimredzot nodroSina augstaku protong€Sanas

enantioselektivitati (50% ee) neka dioksolana 2.4 gadijuma, kura grupu izvietojums ir

anti (sk. 2.2 attelu).[1]

OCOtBu o)(
o COOH © NP
om oM 00C ooc
o © on e OCOtBu COOH
2 0L o
=N 2.3 vai 2.4 =N i i
70°C, THE H._OCOtBu HACOOH
2.3:50% ee ©o0¢ 0;; é’,‘o
tBuocoX H
2.1 2.2 ©00c H
COOH
2.3 24
syn anti

2.2. att. Protonu avota konformacijas ietekme uz protonésSanas norisi [1]

Grupu novietojums syn konfiguracija nodroSina enolata metdla pretjona
(visbiezak-litija) efektivu helat€Sanu un, Iidz ar to, stabiliz€ kompleksu starp enolatu
un hiralo protonu avotu. Izveidojies komplekss rada hiralu apkartni, kurd notiek
enantioselektiva protona parnese. Ta, litija enolata 2.5 proton€Sanas gaita Luisa
baziskais sulfinilgrupas skabekla atoms piedalas litija katjona koording$ana, veidojot
seSloceklu parejas stavokli PS-1. Lidz ar to, gan spirta, gan arT sulfoksida skabekla

atomi ir nepiecieSami proton€Sanas enantioselektivitates nodrosinasanai.[58]

_ e

J Q HH
z ol I
FsC~ " p-Tol YA o\\L.s)oidba, ? 4
26 Ai--0" TCFy =
Ph 0 = ! . Ph
SR = R
i 6';

Ph

T----

PS-1

2.3. att. Enolata 2.5 protoné$ana ar hiralu sulfoksidu 2.6

Protonu saturo$as un Liisa baziskas grupas savstarp&jo izvietojumu syn vai
gauche konformacija proton&$anas parejas stavokli var atvieglot, ierobeZojot rotaciju
ap saitém protonu donora molekula. Piem&ram, konformacionali ierobeZots cikliskais

teris 2.9 ir selektivaks par konformacionali brivaku analogu 2.8 litija enolata 2.7
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enantioselektivas proton€sanas reakcija (72% ee pret 28% ee. attiecigi). Actmredzot
samazinata rotacijas iesp&ja €tera fragmenta ne tikai atvieglo syn konformacijas
sasniegSanu, bet arT palielina &tera skabekla Liisa baziskumu, kam nozime litija

katjona sp&cigakai koordin€Sanai (2.4. attels).

OLi 0
Me  ROH H
o OO
27 Ar2.8: 28% ee 2.9

Ar2.9: 72% ee

2.4. att. Konformacionalie ierobeZojumi protonu avota molekula

Ar1 daudzu citu hiralo protonu avotu strukttira, pieméram, aminospirta 2.9 [59]
un imidos 2.10 [60] un 2.11 [61], protondonoras grupas A-H un Liisa baziskas grupas
B ir fiks€tas syn vai aizkavétaja (gauche) konformacija (2.5 attels). Ka Liisa baziskas
helatgjosas grupas visbiezak izmanto aminus, &terus, sulfinil-, selenoksi-, esterus u.c.

funkcionalas grupas.

29 2.10 2.1

2.5. att. Hiralie protonu avoti ar fiksétu konformaciju

Optiski aktivie spirti ir starp visbiezak izmantotajiem hiralajiem protonu
avotiem, un tajos parnesamais protons ir saistits ar skabekla atomu. Lai gan valda
uzskats, ka protona parneses stereoselektivitates nodrosinasanai vélams, lai OH grupa
protonu donora molekula atrastos pec iesp€jas tuvak asimetriskajam centram,
hipotezes pieradiSanai triikst sistematisku petijumu. Ta, 2-metiltetralona litija enolata
2.7 protonéSana ar fenolu 2.12, [62] kura parnesamais protons ir attalinats no hirala
centra, notiek ar ievérojami zemaku enantioselektivati, salidzinot ar citiem hiralajiem
spirtiem 2.13-2.15 (2.6. attels). Tai pat laika, starp fenolu 2.12 un spirtiem 2.13-2.15
ir virkne citu biitisku atSkiribu (piem@ram, parnesama protona skabums), kuras var
noteikt atSkirigu proton€Sanas stereoselektivitati. Par spiti atSkirigajam attalumam
starp parnesamo protonu un asimetrisko centru, spirti 2.13, [63] 2.14 [64] un 2.15 [58]

ir vienlidz efektivi enolata 2.7 proton&sanas reakcija.
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2.6. att. 2-Metiltetralona litija enolata 2.7 proton€Sana ar hiraliem spirtiem

ArT aminu rindas hiralajos protonu donoros, pieméram, imida 2.10 [60],
izohinolina 2.16 [65] un amma 2.17 [66], kuros kustigais protons ir saistits ar slapekla
atomu, parnesamais protons visbiezak neatrodas tiesa asimetriska centra tuvuma (2.7

attéls).

2.10 2.16 217

2.7. att. Hiralas N—H skabes

2.1.1.2. Parnesama protona pKa skabums
Enantioselektiva  proton€Sana ir kingtiski  kontroléta reakcija, jo

termodinamiskajos Iidzsvara apstaklos veidojas racémiski produkti. PEdgja gadijuma
enolata protonéSanas (tie$a reakcija) un deprotonéSanas (apgriezeniska reakcija)
atrumi ir salidzinami. Ja pKa starpiba starp enolata konjugéto skabi un protona donoru
ir nepietiekama, enolats un protonétd forma pastav Iidzsvara, un neatgriezeniska
protongSana notiek neselektivi vai ar zemu enantioselektivitati reakcijas maisjjuma
neitraliz€Sanas laika. Savukart liela pKa starpiba starp substratu un protonu padara
protona parnesi neatgriezenisku. Tomer, parak lielas pKa starpibas gadijjuma var
notikt parmerigi atra un tapéc mazselektiva protona parnese uz enolatu apstaklos, kad
protonu avota-enolata komplekss vél nav izveidojies.

pKa Vertibu atskiriba starp enolata konjugéto skabi un protona donoru ir bijusi
vairaku petfjumu mérkis. Piem&ram, strukturali [idzigu esteru litija enolatu 2.18-2.20
proton€Sana ar (-)-N-izopropilefedrinu 2.21 paradija, ka litija enolata baziskuma

samazinasana nodroSina augstaku protonéSanas enantioselektivitati (2.8. attels). [67]
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oLi o)
1. n-BuLi, THF, -100°C L HO \N‘<
ZX X
2.2.21 Jan
PH

2.21
OMe (36%ee)

OPh (77% ee)
=SPh (99% ee)

2.18: X
2.19: X
2.20: X
2.8. att. Strukturali [1dzigu esteru litija enolatu protonéSana

DiemZel pétijuma autori pKa vertibas nav nedz noteikusi, nedz salidzinajusi ar
literattira pieejamajiem datiem. Tomeér, plaSam savienojumu klastam noteiktas pKa
vertibas netidens vides (dimetilsulfoksida) [68] lauj aptuveni novértét esteru relativas
pKa vertibas. Ta, fenilesteris 2.19 ir par ~4 pKy(DMSO) vienibam skabaks, bet
tiofenilesteris 2.20 — par ~5.8 pK,(DMSO) vienibam skabaks neka metilesteris 2.18.
Seit gan janem v&ra, ka ari relativas pKa veértibas dazados skidinatajos var atskirties.
Turklat, datu trikums par protonu avota 2.21 skabumu nelauj veikt secindjumus par
optimalo protona avota-substrata skabumu attiecibu. Strukturali Iidzigu litija enolatu
2.22-2.27 reakcija ar vinskabi 2.3 ari liecina par likumsakaribam starp enolata un
protonu avota pKa vertibam, jo elektroniski atSkirigu aizvietotaju ievadiSana N-
benzilidénaizsarggrupa biitiski ietekm& proton€Sanas stereoselektivitati (2.9. attels).
Ta, elektrondonoras grupas paaugstina protona parneses enantioselektivitati (protonu
donori 2.25-2.27) salidzinot ar neaizvietoto analogu 2.24, kamér elektronakceptorie
aizvietotdji to samazina (protonu donori 2.22-2.23, 2.9. att€ls).[1] Tai pat laika, nevar
izslegt, ka aizvietotaji enolata ietekm€ citus faktorus, kuri iespaido proton&Sanas

norisi, piemeram, stabiliz€ enolatu E konfiguracija.

oM 1. OCOtBu

e B

Ph ﬁ)\ HoOG~ ~CO0H 2.22: X=CN (12% ee)
) z 2.23:X=Cl  (31% ee)
N-—-Li’ 230908 Y 226xH  (s0%ee)

z \‘/§O 2.25:X=Me  (53% ee)
THF, -78°C 2.26: X=OMe (57% ee)

. = 0,
2 HCI/ H,0 2.27: X=NMe, (61% ee)

X
2.22-2.27

2.9. att. Enolata aizvietotaju elektroniska ietekme

Sistematiska hiralo protonu donoru pKa vértibu izmainas lava kvantitativi
novertét optimalo pKa attiecibu starp hirdlo protonu avotu un substratu. Sim nolikam
tika sintez€ta rinda strukturali Iidzigu protonu donoru 2.28-2.33 ar atSkirigu

parnesama anilina protona skabumu. Ka substrats Saja pétijjuma tika izmantots
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naprokséna diizopropilamida litija enolats 2.34, kura konjugetas skabes 2.35 pKa

vertiba dimetilsulfoksida ir aptuveni ~30-31 (2.9. attéls). [6]

NP NP NP
" secBuLi 2| 2228233 ?
:
MeO ° -78°C MeO o MeO °
2.34

rac-2.35 .
O NH O NH
H

2.28: X=H

N_ 229 X=C| NHSO,NMe
O > 230:X=CF, O o
" 2.31: X=CO,Et 233

2.32: X=NO,

(R)-2.35

2.9. att. Hiralie anilini 2.28-2.32 ka asimetriskie protonu avoti

Petijuma izmantoto anilinu pKa vértibas svarstijas plasa diapazona (2.1.
tabula). Visaugstaka litija enolata 2.34 protoneSanas enantioselektivitate tika
sasniegta, izmantojot anilinu 2.29, kura pK, vértiba dimetilsulfoksida ir 27.7 (2.1.
tabula, Nr. 2). Nelielas pKa vertibu svarstibas nedaudz samazina enantioselektivitati
(2.1. tabula, Nr. 1 un 3), tomér talaka skabuma palielinaSana izraisa ievérojamu
enantioselektivitates kritumu (2.1. tabula, Nr. 4 un 5). Balstoties uz Siem rezultatiem,
izvirzits pienémums, ka augstas protongSanas enantioselektivitates sasniegSanai

protonu avotam jabiit apméram ~3 pKa vienibas skabakam neka substratam.

2.1. tabula

Nr. Protonu avots  pK(DMSO) (R)-2.35 (% ee)

1. 2.28 29.0° 90

2. 2.29 27.7 97

3. 2.30 25.3 93

4, 2.31 24.8 40

5. 2.32 19.3 0

6 2.33 ~12 53

(a) Eksperimentali noteikta pK,(DMSO) vertiba [6].

Tai pat laika, negaiditi augsta proton€Sanas enantioselektivitate ievérojami
skabaka izohinolina rindas protonu avota 2.33 gadijuma (2.1. tabula, Nr. 6) liecina, ka
skabumu attiecibai starp protonu avotu un substratu ne vienmér ir izSkiro$a nozime.
Acimredzot papildus litiju helat&josas grupas anilina 2.33 stabiliz€ protona avota-litija
enolata agregatu, kompens€jot atru protona parnesi no salidzinosSi skaba protona
avota.

Parnesama protona sk@abuma hipot€ze izmantota, lai skaidrotu atskirigu
enantioselektivitati litija enolata 2.7 proton€Sana ar strukturali Iidzigiem hiralajiem

spirtiem 2.9, 2.14, 2.36, 2.37 (2.10. attels). [64]
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2.10. attels Enolata 2.7 proton&sana ar strukturali 11dzigiem hiraliem spirtiem

Ta, visaugstaka enantioselektivitate (90% ee) panakta, izmantojot spirtu 2.14,
bet zemaka (56% ee) — dimetilanalogu 2.36. Jaatzimé, ka autoru piedavatais
skaidrojums enantioselektivitates atkaribai no parnesama protona skabuma ir maz
ticams, jo aizvietotdji aromatiskaja gredzena nesp€j biitiski ietekm&t benzilstavoklt
esoSu spirta pK, vertibu, ipasSi tapec, ka OH grupa nav konjugeta ar aromatisko
gredzenu. Turklat pK, kritérija gadijuma spirtam 2.37 biitu jabut selektivakam neka

neaizvietotajam analogam 2.9.

2.1.2. Enolatu struktiiras ipasibas un analizes metodes

Asimetriskas protoneSanas reakcijas enantioselektivitate atkariga gan no
izmantota enolata geometrijas, gan no enolata metala pretjona. Visbiezak izmanto
litija enolatus, retak - magnija, samarija, vara un cinka enolatus. Litija enolatu
uzblives noskaidroSana ir svarigs priekSnoteikums asimetriskas protonésanas
likumsakaribu izpétei. Diemz€l litija enolatu augsta reagétspéja un jutiba pret
mitrumu un skabekla klatbiitni ieverojami apgriitina to Skiduma struktiras

noskaidroSanu.

2.1.2.1. Enolatu E/Z geometrijas ietekme
Lai gan protons reakcija ar enolatu izveido C-H saiti ar B-oglekla atomu,

hirala protonu avota H-A" mijiedarbibu ar enolatu var kontrolét gan enolata o, gan B-
oglekla apkartne jeb o un B centri. Ja B-centra kontrole par proton&Sanas norisi ir
domingjosa, istenojas t.s. reakcijas centra jeb enolata B-centra kontrole (reaction site
control). Saskana ar to, protonu avots H-A" neatskir a-centra Re un Si puses (kuras

9 9

atrodas ar L burtu apzimé&ta loka iekSpus€), un aizvietotaju “a” un ’b” savstarpgja

apmaina loka L iekSpus€ neietekmeé hirala protonu avota uzbrukuma virzienu
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enolatam (to kontrol& B-centrs). Lidz ar to, gan enolata E, gan Z izomé&ri reakcija ar
hiralu protonu avotu H-A" veidos vienu un to paSu enantioméru (2.11. attels). [1]
Savukart blakuscentra jeb enolata o-centra kontroles (neighboring site control)
gadijuma hirala protonu avota H-A" uzbrukuma virzienu enolatam kontrolé a-centrs,
bet aizvietotaju “d” un “e” savstarpja apmaina loka L iekSpuse neietekmé hirala
protonu avota uzbrukuma virzienu enolatam. Sada gadfjuma enolata E-izomé&rs virzis
hirala protonu avotu H-A" uzbrukumu B-centram no vienas, bet Z-izomérs —no
pretgjas plakana enolata puses (2.11 attels). Rezultata £ un Z izoméri reakcija ar
hiralo protonu avotu H-A" veidos pretgjus enantiomérus. Lidz ar to, o-centra
kontroles gadijuma un 100% enantioselektivitates apstaklos enolata E/Z=1:1

maistjums veidos rac€misku produktu. Jaatzime, ka iesp&jamas ari jaukta tipa

reakcijas, kuras dalgji kontrolé gan o, gan B-centri.

o N
H H
i H i
d,. | d. % d,! Reakcijas centra kontrole
S c Ran (B-centra kontrole)
a B o
E z
'?‘,
K
wa d,
@ b c %
P« ! .
E enantioméri A Blakuscentra kontrole
| H (a-centra kontrole)
[ H I a
, Y
o il e b
——— [} o
z

2.11. att. ProtonéSanas reakcijas stereokontrole [1]

Reakcijas centra jeb B-centra kontrole acimredzot doming sililenol&teru 2.40-
2.41 proton€Sanas reakcija ar naftola-alvas kompleksu 2.42, jo proton€sanas
enantioselektivitate nav atkariga no sililenoléteru 2.40-2.41 E/Z izoméru attiecibas
(2.2. Tabula, Nr. 1-3 un Nr. 4-5).[69] Ta, tioesteris 2.43 veidojas ar nemainigu 64-

68% ee enantioselektivitati no sililenolétera 2.40 ar atSkirigu E/Z izom@ru Tpatsvaru.
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Q/
M R i-Bi
5} I-Bu
Me CH,CI S
m 2Cly R SMe

SMe -90°C H Me
Me 243
2.40: R=Me
2.41: R=t-Bu
Nr. Enolats E/Z ee (%)
1. 2.40 15/85 64
2. 2.40 32/68 66
3. 2.40 92/8 68
4, 2.41 15/85 76
5. 2.41 48/52 80

2.2. tabula

Savukart, blakuscentra jeb o-centra kontrole acimredzot istenojas samarija

enolatu 2.44-2.47 asimetriskas protonésanas reakcija, kura paradas lieliska korelacija

starp enolata E/Z izom@ru attiecibu un enantioméro tiribu (2.3. tabula). Ta enolata

(Z)-2.44 protongsana ar diolu 2.48 veidojas ketons ar vairakuma enantioméra S

absoliito konfiguraciju (2.3. tabula, Nr. 1), bet enolatu (£)-2.46 un (E)-2.47 gadijuma

pamatizoméram ir R absoluita konfiguracija (2.3. tabula, Nr. 3-4). Bitiski, ka gandriz

visos gadijumos E un Z izoméru attieciba enolatos transform&jas par tadu pasu

produkta R un § enantiom@&ru attiecibu, kas liecina par praktiski pilnigu asimetriskas

protonéSanas o-centra kontroli. [70]

Ph
/N
©CO OH
OSm O\_<OH
o]
Rix A 248 P R \
ljk/\ THF, -45°C \Ii;)\/\
2.44-2.47
Nr. Enolats R, R, E/Z R/S
1. 2.44 Bn i-Pr  14/86 8/92
2. 245 Et Bn 35/65  35/65
3. 2.46 Ph Me 96/4 96/4
4. 2.47 Ph Et 93/7 92/8

2.3. tabula
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Visbiezak asimetriskas protonéSanas reakcijam ir jaukta o un [-centru
kontrole. Piem&ram, ketona litija enolata (E)-2.49 reakcija ar (-)-N-izopropilefedrinu
2.21 veidojas ketons (§)-2.50 ar 98% ee, bet Z izoméra gadijuma (Z)-2.49
protongsanas enantioselektivitate bija zemaka, un (S5)-2.50 veidojas ar 40% ee. Ta ka
enolata 2.49 E un Z izoméri veido vienu un to paSu vairakuma S-enantioméru,
asimetriskas protonéSanas reakcija dominé reakcijas centra jeb P-centra Kontrole.
Tomeér ta nav pilniga, jo (£)-2.49 izomérs veido ketonu 2.50 ar enantiomeru attiecibu
S$:R=70:30. Tatad, 30% (R)-2.50 enantioméra veidojas blakusgrupas jeb o-centra
kontrol&taja reakcija. Piepemot, ka o un [-centru kontrole notiek ar 100%

enantioselektivitati, ketona litija enolata (E)-2.49 reakcija ar (-)-N-izopropilefedrinu
ir 70% a-centra un 30% P-centra kontroléta (2.12. attéls) [3].

0
98% ee 40% ee
(S)-2.50 (E)-2.49 (2)-2.49 (S)-2.50
o}
22 B
e e | e

(E)-2.49 (S)-2.50 (E)-2.49 (S)-2.50
2.21
Bu / OBuU o)

l!
ll

(2)-2.49 (2)-2.49 (R)-2.50
Reakcijas centra kontrole Blaksucentra
(B-centra kontrole) (o-centra kontrole)
% 30%

2.12. att. Ketona litija enolata (E)-2.49 reakcija ar (-)-N-izopropilefedrinu 2.21

Apliikota enolatu E/Z geometrijas ietekme uz protong€Sanas enantioselektivitati
sniedz vairakas atzinas. Ta, ja viens enolata izomers reakcija ar hiralu protonu avotu
veido racémisku produktu vai produktu ar zemu enantioselektivitati, v€lams Sajos
reakcijas apstaklos parbaudit ari pret€jo enolata geometrisko izoméru. Lidz ar to,
uzsakot jauna substrata asimetriskas proton€Sanas reakcijas pétifjumus, sakotngji

vélams noskaidrot, vai proton&Sana ir o vai B-centra kontroléta. Turklat, ja enolats
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nav pieejams ka tirs £ vai Z izomérs, divu maisijumu parbaude ar E/Z izomériem
dazadas attiecibas ir pietiekoSsi informativa.

Tiras reaggjosa centra (B-centra) kontroles apstaklos iesp&jams izmantot E/Z
izoméru maisijumus, jo tirie E/Z izoméri proton€Sanas reakcijas veido vienu un to
paSu enantiom@ru. Savukart pret€ja substrata izoméra iegiiSanai nepiecieSams
izmantot enantiom&ru hiralu protonu avotu. Turpretim blakuscentra (o-centra)
kontroles apstaklos nepiecieSams izmantot tirus Z un E izom&rus, jo proton&Sanas
reakcija tie veido produktus ar vienadu enantioselektivitati, bet pret€ju hirala centra
absoliito konfiguraciju. Jaatzimg, ka lielaka dala asimetriskas proton&s$anas reakciju ir

jauktas kontroles procesi.

2.1.2.2. Litija enolatu struktiira
Litija enolatu uzbiives noskaidroSana ir svarigs priekSnoteikums asimetriskas

protongsanas likumsakaribu izp€tei. Litijorganiskie savienojumi, tai skaita art litija
enolati, ir Joti baziskas, un, Iidz ar to, nestabilas un augsti reagétspgjigas vielas.
Agregatu veidoSanas veicina litijorganisko savienojumu stabilizaciju, jo agregatos
litija katjons vienlaicigi sadarbojas ar vairakiem negativi ladétiem skabekla atomiem.
Litija koordinacijas skaitlis visbiezak ir 4, tomér, enolati var veidot monomeérus,

dimerus, tetramérus vai heksamérus (2.13. Attels).

R R,
o Li Li 2O—;
L, | —\o R ‘6 | |O/R
Li—O-R R-O, O-R — <L
LI\ LI
O
R
monomeérs dimérs tetramérs heksamérs

2.13. att. Litija enolatu agregati

Litija enolatu agregacijas pakape ir saméra maz atkariga no enolata struktiiras,

bet liela m&ra atkariga no skidinataja un helatéjosam piedevam.

2.1.2.2.1. §l§idinﬁtﬁjs un litija enolatu agregacija

Litija enolatu agregacijas pakapi liela mera nosaka skidinatajs. Luisa baziskas
grupas saturoSie $kidinataji, pieméram, THF un &teris samazina agregacijas pakapi,
koordingjot litija atomu. Piem&ram, ketona litija enolats 2.51 no heksana kristalizgjas
ka nesolvatéts heksamérs, [71] bet no THF skiduma tas kristaliz€jas ka tetramérs
(2.14. att€ls). [72] Heksaméra litija katjons formali ir koordinativi nepiesatinats,

salidzinot ar tetraméru, kura litija atoms saistits ar tris enolatu skabekla atomiem un
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vienu THF molekulu. Iesp&jams, ka heksaméra litija katjona stabilizéSana piedalas
enolata dubultsaites m elektroni, par ko liecina 1saks attalums starp enolata dubultsaiti

un litija atomu heksam@ra kristaliskaja rezgi, salidzinot ar tetraméru [71].

251 2.51
heksans THF

_Li JLi

6 4

2.14. att. Litija enolata 2.51 agregacijas pakape kristalos atkariba no skidinataja. Ar
zalu krasu att€lots Li jons, bet ar sarkanu—skabekla atoms [71, 72]
Lidzigi, arT esteru enolats 2.52 THF s$kiduma veido tetraméru (2.15. att€ls)
[73]. Savukart amida litija enolats 2.53 no THF skiduma kristaliz€jas ka dimers (2.15.
attels), [74] kura litija atomi un skabekla atomi veido Cetrlocek]u ciklu. Interesanti, ka

nedz amida slapekla atoms, nedz arT enolata C=C dubultsaites n-sist€ma nav iesaistiti

litija katjona koordinacija.

252 253

Li MeN |

~ = THF
P o
4 2

2.15. att. Estera litija enolata 2.52 un amida enolata 2.53 struktiira kristalos. Ar zalu
krasu att€lots Li jons, bet ar sarkanu—skabekla atoms [73, 74]
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2.1.2.2.2. HelatéjoSo piedevu ietekme uz litija enolatu agregaciju

Litija enolatu agregacijas pakapi iesp€jams samazinat, pievienojot Luisa
baziskas litiju koordingjoSas piedevas, pieméram, tres€jos bidentatus vai tridentatus
diaminus. Ta, bidentata diamtha TMEDA pievienoSana nodrosina ketona 2.54 enolata
[75], estera 2.55 un amida 2.56 litija enolatu [76] pastavéSanu dimeru veida.
Kristalrezgi enolatu 2.54-2.56 litija katjonu koording divi TMEDA slapekla atomi un

divi enolata skabekla atomi, kuri veido ¢etrlocek]u ciklu.

2.54 2.55

Li\o }\
) LLi

2.56

mTMEDA

2.16. att. Litija enolatu 2.54-2.56 struktira kristalos. Ar zalu krasu att€lots Li jons, bet
ar sarkanu—skabek]a atoms [75, 76]

o
%\o - TMEDA /\/\N/ « TMEDA
1
i I
5 Li 5 )

Savukart tridentatu ligandu, piem&ram, TMTAN 2.58 izmantoSana lauj
samazinat litija enolata 2.57 agregacijas pakapi no diméra A Iidz monoméram B

(2.17. attels). [77]
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2.57-A i 2.57-B

2.17. att. Ketona 2.57 litija enolatu struktiiras maina kristalos. Ar zalu krasu attélots Li
jons, bet ar sarkanu—skabekla atoms [77]

2.1.2.2.3. Salu piedevas un litija enolatu agregacija

Litija halogenidu pievienoSana izraisa litija enolatu agregacijas mainu un
jauktu enolatu agregatu veidoSanos, kuros halogenidu pretjoni piedalas litija katjona
koordinéSana. Litija halogenidu pievienoSana visbiezak izraisa enolatu tetraméru un
dim@ru parverSanos par vienu enolata molekulu saturo§iem jauktiem agregatiem [78].
Pieméram, ketona litija enolats 2.59 litija salu (LiBr un Lil) un TMEDA klatbttng ir
monomgérs, kura litija katjonu stabilizacija iesaistiti diamina ligandi un halogenida

joni (2.18. attels).

2.18. att. Litija enolata 2.59 kristaliska struktiira. Ar za]u krasu att€lots Li jons [78]
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2.1.2.2.3. Litija enolatu agregatu analizes metodes

Rentgenstaru difrakcija ir €rta metode kristaliskas struktiiras noteikSanai
ketonu litija enolatiem. Esteru litija enolati ir gritak analiz€jami, jo, budami
ieverojami mazak stabili, tie bieZi sadalas par keténiem un alkoksidiem pat
kristaliskaja forma. [78] Tomer litija enolatu uzbiive Skidumos var atSkirties no
kristaliskas struktiiras, Tpasi gadijumos, kad energiju starpiba starp dazadiem litija
agregatiem ir neliela. [79] Litija enolatu uzbiives pétijumi Skidumos ir sarezgits
uzdevums, nemot veéra agregatu komplicéto uzblivi un augsto reagétsp&ju. Starp
agrinajam pétisanas metodém minama tvaika spiediena osmometrija [80] un
krioskopija [81], [82], tomér, vairaki trikumi, piem&ram, augsta jutiba pret
piemaisijumiem, biitiski mazina So metozu vertibu. Turklat, ja Skiduma eksiste vairaki
atSkirigi agregati, metodes lauj noskaidrot tikai vid€jo agregacijas skaitli. Daudz
efektivak litija enolatu uzbiivi skidumos iesp&jams analizeét ar UV un KMR metodém,
ka ar1, izmantojot ab initio kvantu kimiskos aprekinus.

Litija enolatu agregacijas pakapi un agregatos iesaistito dalinu lidzsvara
konstantes iespgjams noteikt, izmantojot kvantitativo UV spektroskopijas metodi. Ta
ka UV spektrs dazadiem enolatu agregatiem ir atSkirigs, agregatos iesaistito dalinu
lidzsvara konstantes aprékini balstas uz UV spektra izmainam lidz ar koncentracijas
mainu. Tacu Sai metodei ir prasibas pret substratu: a) substratam ir jasatur labs
hromofors (pamata konjugets arilaizvietotaju o stavokli); b) substrats nedrikst saturét
funkcionalas grupas, kuras var staties paskondensacijas reakcija. Kvantitativa UV
spektroskopijas metode izmantojama tad, ja Iidzsvara ir vismaz divi dazadi enolatu
agregati.

KMR spektroskopija ir visefektivakd metode litija enolatu uzbiives un
agregacijas pakapes noteikSanai $kidumos. Lai gan abi litija izotopi —%Li un "Li ir
KMR aktivi (dabiska attieciba ir %Li-7.42% un "Li-92.58%), pateicoties mazakam
kvadrupola momentam OLi raksturigas daudz asakas signalu linijas neka 'Li izotopam.
Lidz ar to, °Li-KMR spektroskopija ir izdevigakd metode. Jaatzime, ka
viendimensijas Li—-KMR spektrs nelauj noteikt enolatu uzbiivi, bet divdimensiju SLi—
SLi spektri ir gruti interpretéjami mazas °Li—°Li sadarbibas konstantes dgl.
Litijorganisko savienojumu analizei $kidumos izmanto ari BC_KMR spektroskopiju,

jo *C Kkimiska nobide labi korelé ar oglekla atoma elektronu blivumu. Visbiezak,
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tomer, litijorganisko savienojumu Skidumu struktiiras pé&tfjumos izmanto SLi-"N,
"Li=""N ka ar7 °Li-"*C un "Li-"*C divdimensiju spektrus.

Litija enolatu struktiiras analizi skidumos apgriitina augsta enolatu agregatu
simetrija (sk. 2.14-2.16. attelus). Tadel izstradata virkne KMR metozu, kuras balstas
uz simetrisko agregatu izjaukSanu un jaukto agregatu veidoSanu. Litija enolatu
agregatu izjaukSanai izmanto helat§josos ligandus TMEDA, DME vai THF [30].
Jaunizveidoto jaukto litija enolatu agregatu molu frakcijas noteikSanai izmanto oLi
signdlus. Savukart litija helatéanas pakapi jauktajos agregatos nosaka ar °C KMR
spektroskopiju. Ta, virziena no monomeériem uz augstakiem agregatiem BC KMR
signali nobidas uz vajakiem laukiem. Simetrisko litija enolatu agregatu izjaukSanai
izmanto ar titr€Sanu ar HMPA. HMPA stipri koordingjas pie litija, un sadarbibas
konstantes J=y, p ir pietiekosi lielas, lai tas noverotu caur divam sait€m (Li-O-P). So
apmainu novéro 'Li , BC un *'P KMR spektros zemas temperatiiras (-110 ° C 1idz -
150° C).

Litijorganisko savienojumu agregatu analizei Skidumos loti efektiva ir DOSY
metode (Diffusion Ordered Spectroscopy) [83]. DOSY ir divdimensiju KMR
eksperiments, kura viena dimensija reprezent€ kimisko nobizu datus, bet otraja
dimensija ir difuzijas koeficients. Diflizijas koeficients ir atkarigs no tadam molekulas
1pasibam ka izmers, forma, masa un ladins, ka armT molekulas apkartnes $kiduma,
temperatiiras un agregacijas pakapes. 'H DOSY un °C DOSY eksperimenti izmantoti
alkillitija ka arT hiralo litija amida enolatu agregatu petijumos.

Litija enolatu agregatu pétijumi THF skidumos ar KMR metodém paradija, ka
ketonu enolati pastav tetrameru veida, [84], [85] kas apstiprina rentgenstaru
difrakcijas metodes datus (2.51., 2.14. att€ls). Savukart helatgjoSas piedevas,
pieméram, TMEDA samazina litija enolatu agregatus, veidojoties TMEDA-
helatetajiem ketonu litija enolatu dimériem (2.54, 2.57A). KMR eksperimentu sérija,
uznemot 7Li, BCun F spektrus, noskaidrots, ka amidu enolati 2.60-2.62 THF-Et,0O

Skiduma veido dimerus (2.19. attéls). [77]

Ro

N. 2.60: Ry=F, R=Me
X -0V Nq=F, Ro
/©/\( Re LoTHF| 261 R;=Ph, Ry=Me
R O 2.62: Ry=Ph, R,=Et

1
2

2.19. att. Amidu litija enolatu 2.60-2.62 struktiira THF skidumos
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2.1.3. Asimetriskas protonésanas reakcijas svarigakie raksturlielumi
2.1.3.1. Enolata pretjona ietekme

Enolata struktiru (saiSu garumus, lepkus) un agregacijas pakapi ietekmé
enolata pretjona daba. Likumsakarigi, ka pretjona izmaina var biitiski ietekmé&t
asimetriskas protonésanas reakcijas stereoselektivitati. Ta, ketona litija enolata 2.64—
Li reakcija ar hiralu imidu 2.10 optiski bagatinats ketons 2.63 veidojas ar 82% ee (2.4.
tabula, Nr. 1). Savukart atbilstoSo natrija 2.64-Na un kalija 2.64-K enolatu
proton&sana norisinajas ar ieveérojami zemaku enantioselektivitati (5% un 42% ee
attiecigi, 2.4.tabula, Nr. 2, 3). Zemaka proton€sanas enantioselektivitate skaidrota ar
samazinatu kalija un natrija jonu Liisa skabumu, kas samazina enolata-protonu avota

kompleksa stabilitati protonéSanas parejas stavokli. [86]

2.4. tabula
Ph
Ph
H .
Jij/ baze J@/ Jij o</ o0
rac263 1t 2.64-M THF (R)-2.63
2.10
Nr. 2.64-M Baze Ketona 2.63 ee (%)
1. M=Li LDA 82
2. M=Na NaHMDS 5
3 M=K KHMDS 42

Enolata pretjona ietekme uz asimetriskas protonéSanas stereoselektivitati
noverota ari ketona enolatu 2.7-Li un 2.7-Mg proton&Sanas reakcija ar naftolu 2.68.
Litija enolata 2.7-Li aizvietoSana ar magnija enolatu 2.7-Mg ne tikai uzlaboja
protongSanas enantioselektivitati, bet arT nodroSinaja pret€ja enantiomera veidoSanos
(Nr. 1 un 2—4, 2.5. tabula). [87] Interesanti, ka Mgl" ka pretjons lauj panakt augstaku
enantioselektivitati protonéSanas reakcija neka MgBr" un MgCl" analogi (Nr. 24,
2.5. tabula). Enolata pretjona efektu acimredzot izraisa atSkiriga litija un magnija

enolatu agregatu uzbiive.
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2.5. tabula.

H \Y
e @@ O OCONMe,

2.7,2.65-2.67 2.68
Nr. Enolats M ee
1. 2.7 Li ent-10
2. 2.65 MgCl 9
3. 2.66 MgBr 49
4, 2.67 Mgl 58

2.1.3.2. Enolatu iegiiSanai izmantota baze

Metalu enolatus visbiezak pagatavo, izmantojot metalu amidus (LDA,
LiHMDS, KHMDS) vai litija organiskos savienojumus, piemé&ram, n-Bul.i, sec-BuLi,
tres-BuLi un mezitillitiju. Metalu enolatus var generét litijorganisko savienojumu
reakcijas ar silicija enoléteriem un enolacetatiem, ka ar litija organisko savienojumu
1,2-pievienoSanas reakcija ket€niem. Genergjot enolatus ar litija amidiem (piemé&ram,
LDA), janem veéra, ka Iidztekus litija enolatam veidojas arT atbilstoSais amins
(diizopropilamins no LDA), kur§ paliek enolata tie$a tuvuma, veidojot ar to jauktu
agregatu. Lidz ar to, $ada enolata-amina kompleksa TpaSibas (geometrija un
agregacijas pakape) atskirsies no enolata kompleksa, kura pagatavoSanai izmantoti citi
deprotongjosi reagenti, pieméram, alkillitija savienojumi. Turklat ar enolatu
kompleksa esosais nehiralais amins (piemé&rm, diizopropilamins) arT var kalpot par
protona avotu enolata proton€Sanas reakcija caur t.s. ,internal proton return”
mehanismu, [88] tadejadi konkurgjot ar ,,ar&ju” hiralo protona avotu un samazinot
reakcijas enantioselektivitati. Protona parnesi no nehirala amina var inducét gan Liisa
skabe, gan protona avots (Brensteda skabe).

Ar litija bazu dazado ietekmi uz enolata agregatu uzbiivi skaidrota atSkiriga
protongSanas enantioselektivitate fenilalanina enolata 2.69 gadijuma. Ta, enolata 2.69
generéSanai izmantojot LiHMDS, proton&Sanas reakcija ar hiralo spirtu 2.70 ka
pamatprodukts veidojas (R)-2.71 (40% ee). Savukart LDA izmantoSana enolata 2.69
veidoSanai Iidzigos apstaklos nodroSindja pret€ja produkta enantioméra (S)-2.71

veidoSanos (76% ee; sk. 2.20. attelu).
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H OH

OMe OMe 0 OMe
Ph/\(&O Li baze th\ou © 270 Ph/\*/&o
Ph._N Ph._N 859G Ph. N

Ph Ph LiCI (3 ekv.) Ph
rac-2.71 2.69 LIHMDS: (R)-2.71 (40% ee)

LDA: (S)-2.71 (76% ee)

2.20. att. Enolata 2.69 proton&sanas enantioselektivitates atkariba no izmantotas bazes

2.1.3.3. Salu piedevas

Noverots, ka daudzos gadijumos metalu salu (LiCl, LiBr, litija alkoksidu)
pievienoSana uzlabo proton€Sanas reakcijas enantioselektivitati. [1],[89] Visticamak,
salu klatbiitn€ mainas enolata agregatu uzbiive, jo pievienotie litija sali iesaistas
enolata agregatos, veidojot jauktus kompleksus.

Piem&ram, protona parneses enantioselektivitati ketona enolata 2.7 reakcija ar
hiralo spirtu 2.15 izdevas uzlabot, izmantojot LiBr ka piedevu. Jaatzime, ka LiCl bija

ievérojami mazak efektivs (salidzinat Nr. 2,4 ar Nr. 1,3, 2.6. Tabula). [90]

OLi 0
2.15 OH O
= &
O FsC” " p-Tol
2.7

2.15
2.6. tabula

Nr. Piedeva (ekvivalenti) ee (%)

1. LiCl (0.07) 59

2. LiBr (0.7) 80

3. LiCl, tBuOLi (0.15, 1.0) 59

4, LiBr, tBuOLi (1.5, 1.0) 92

5. LiBr' (0.7, 1.2) 67

'LiBr pievienots enolatam 2.15
Interesanti, ka LiBr efekts novérojams, ja litija enolata 2.7 gener&Sanu veic
LiBr klatbutne. Savukart, pievienojot Li salus pie jau izveidota enolata 2.7,
protongsanas enantioselektivitate samazinas (Nr. 5). Acimredzot LiBr nespgj izjaukt
jau izveidojuSos enolata-spirta agregatu, un, lai iegtitu LiBr saturoSu jauktu agregatu,
enolats 2.7 jagenere Li salu klatbutng.
Litija salu ietekme uz proton€Sanas reakcijas enantioselektivitati var bit

atkariga arT no S$kidinataja Luisa baziskuma (2.7. tabula).
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H )\‘
. N N
OSiMe; OLi 0 1) o\.O
n-BuLi 2.10 H
> nCsH > 1inCsH
[/: NCsH11  piedevas st [ /> N&shag
210

Ph

2.72
2.7. tabula.
Nr. Piedeva (ekviv.)  Skidinatajs ee (%)
1. - THF 63
2. - Et,O 74
3. LiBr (1) THF 79
4. LiBr (1) Et,O 83
5. LiBr (5) THF 77
6. LiBr (5) Et,O 90

Ta, enolata 2.72 protonéSanas enantioselektivitate THF un dietiléter1 bez litija
salu piedevam bija 63% un 74% ee, attiecigi. Savukart enolata 2.72 generéSana
ekvimolara LiBr daudzuma klatbiitng Java uzlabot protongsanas reakcijas
enantioselektivitati Iidz 83% dietiletert un 79% THF (salidzin. Nr. 3,4 ar Nr. 1,2; 2.7.
Tabula). [38] Talaka litija salu koncentracijas palielinasana Iidz 5 ekvivalentiem bija
veiksmiga dietiletert1 (90% ee, Nr. 6), kamér Liuisa baziskakaja THF
enantioselektivitate vairs nemaintjas (77% ee, Nr. 5).

Jaatzime, ka literatira sastopami arT piemeri, kuros proton€Sanas reakcijas

enantioselektivitati neietekmé salu klatbiitne .

2.1.3.4. Skidinatajs

ProtongSanas reakcijas enantioselektivitate ir jutiga pret Skidinataju, kurS$
ietekm@ gan litija enolata agregacijas pakapi (2.1.2.2.1. nodala), gan arT agregata
uzblvi un stabilitati. Uzskata, ka Liiisa baziskie $kidinataji (THF, DME) konkuré ar
hiralo protonu avotu par koordinaciju ar enolata litija katjonu, tad€jadi samazinot
enolata-protonu donora kompleksa stabilitati un, Iidz ar to, protonéSanas
enantioselektivitati. Savukart dietileteris, biudams vajaka Liuisa baze, vieglak
aizvietojas enolata kompleksa pret protonu avotu. Visbeidzot, litiju nekoordingjosi
skidinataji, pieméram, toluols un CH,Cl, veicina oligoméro agregatu veidoSanos.
Acimredzami, ka dazadas uzbiives un agregacijas pakapes enolatu kompleksu reakcija
ar protonu avotu var norisinaties ar atskirigu stereoselektivitati.

Pieméram, augstaka enantioselektivitate O-TMS enolata 2.73 protonésanas

reakcija ar spirtu 2.15 nove@rota polaraka skidinataja (Nr. 2 pret Nr. 1, 2.8. Tabula).
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Turpretim atbilstosa litija enolata 2.7 proton€Sanas reakcija ar spirtu 2.38 ar augstaku

enantioselektivitati notika mazak polaraja CH,Cl, (Nr. 3 pret Nr. 4, 2.8. Tabula). [64]

M 9
“/ 2.15vai 2.38 @é Fsc/\/ ~p-Tol
2.15
2.7: R=Li 2.38
2.73: R=SiMe;
2.8. tabula
Nr. Enolats Skidinatajs ee (%)
1 2.73 DCM 58
2 2.73 toluols 36
3. 2.7 DCM 81
4 2.7 THF 2

Pieméri liecina, ka Skidinataja izvele var bitiski ietekm@ protona parneses
enantioselektivitati. Tai pat laika, optimalais skidinatajs konkréta enolata gadijuma

nosakams empiriski.

2.1.3.5. Reakcijas temperatiira

Temperatiira var ietekmé&t dazadus protona parneses reakcijas posmus.
Piem&ram, enolatu agregatu dinamiskais [idzsvars ir atkarigs no temperatiiras. Turklat
temperatiira nosaka arl protona parneses atrumu starp protonu avotu un enolatu.
Protona parnese starp skabi un bazi ir eksoterma reakcija, un parak atra protona
parnese visbiezak notiek ar zemu enantioselektivitati. Likumsakarigi, ka temperatiiras
pazeminasSana bieZi lauj paaugstinat protona parneses enantioselektivitati. Tadel
protonéSanas reakcijas visbieZak tiek veiktas zemas temperatiras (zem -50 °C).
ProtonéSanas enantioselektivitates atkariba no temperatiiras noverota litija enolata 2.7
reakcija ar benzilspirtu 2.38, kur augstdka enantioselektivitate novérota —78 °C
temperatiira (salidzin. Nr. 4 ar Nr.1-3, 2.9. Tabula). Interesanti, vél zemakas
temperatiras noverota enantioselektivitates samazinaSanas (Nr. 5 pret Nr. 4, 2.9.
Tabula), kas, iesp&jams, saistita ar parak 1€nu un tade] mazselektivu protona parnesi.

[90]
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OLi 0]

2,38 o
o =

27 2.38
2.9. tabula

Nr. Temperatira, °C  ee (%)

1. 0 46

2. -25 67

3. 42 71

4. -78 82

5. -98 56

Lai skaidrotu protongSanas enantioselektivitates atkaribu no temperatiras,
izvirzits pien@émums, ka protonu avota pievienoSana vispirms izraisa litija enolata
agregata izjaukSanu un jauna litija enolata-hirala protonu avota kompleksa
veidoSanos. Talaka protona parnese norisinds hiralaja vidé, kuru nodroSina
komplekss. Jo stabilaks komplekss, jo augstaka ir proton€Sanas enantioselektivitate.
Ja protonéSanas temperatiira ir parak zema, litija enolata-hirala protonu avota
komplekss nesp&j izveidoties, un protona parnese notiek neselektivi reakcijas
maistjuma izdaliSanas gaita. Ta, pievienojot hiralo anilinu 2.29 litija enolatam 2.74 —
78 °C temperatira, un péc 60 min izturéSanas (78 °C) ,,dz&Sot” reakciju ar tdeni,
veidojas rac€misks amids 2.75 (2.21. att€ls). [91] Savukart, ja pe€c 60 min izturéSanas
~78 °C temperatiira anilina 2.29 un enolata 2.74 maisTjumu atsildija 1idz —20 °C (30
min. laika), un pirms ,,dz&Sanas” ar tdeni atdzesgja atpaka] 1idz —78 °C temperatiirai,

amidu ieguva ar izcilu enantioselektivitati (96% ee).

. ~N
\o/go ol \o/go © O

2.74 2.75 2.29

-78°C —»-78°C: 1% ee
-78 °C - -20°C — -78 °C: 96% ee

2.21. att. Enolata 2.74 protongSanas enantioselektivitates atkariba no temperatiiras

Acimredzot —78 °C temperatira pievienotais anilins 2.29 nespgj izjaukt
enolata 2.74 agregatu un izveidot jaunu kompleksu, ka rezultatd protongSana notiek

neselektivi (iesp&jams, ka protona avots ir reakcijas ,, dz€Sanai” izmantotais tidens).
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2.1.4. Asimetriskas protonésanas mehanisms
2.1.4.1. Enolata—protonu avota parejas stavokla komplekss

Piegemot, ka protona parneses stereokontroli nodro$ina litija enolata-hiralas
skabes komplekss, protonéSanas enantioselektivitatei jabiit atkarigai no tadam
kompleksa 1pasibam ka stabilitate un konformacionala stingriba. Spécigi litiju
helatgjoSie protonu donori nodrosina kompleksa konformacionalo stabilitati, un lidz ar
to, stabiliz€ protongSanas reakcijas parejas stavokli. Actmredzami, zinasanas par litija
enolata-hirala protonu avota kompleksa uzbtivi lautu izprast protona parneses
mehanismu un enantioselektivitati nosakoSos faktorus. Diemz€l litija enolati
Skidumos pastav sarezgitu agregatu dinamiska lidzsvara veida (2.1.2.2. nodala), tadél
parejas stavoklu modelos enolatu struktiira visbiezak tiek vienkarSota, att€lojot tos
monomeru veida.

Enolata-hirala protonu avota kompleksa stabilitati visbiezak nodroSina
tidenraza saites. Piem&ram, hiralais imids 2.78 Iidztekus parnesamajam skabakajam
imida protonam satur ari amida N-H protonu, kurs§, iesp&jams, veido iekSmolekularo
tdenraza saiti, telpiski orientgjot amida grupas skabekla atomu ta, lai nodrosSinatu
efektivu litija katjona helatéSanu parejas stavokli 2.81 (2.22. att€ls). Par amida N-H
grupas nepiecieSamibu liecina enantioselektivitates trilkums litija enolata 2.76
protongsanas reakcija ar N-metilaizvietoto analogu 2.79 (4% ee). Jaatzime, ka,
aizvietojot parnesamo imida protonu pret N-metilgrupu (protonu avots 2.80),
protong&sana nenotiek vispar. Par to liecina kvantitativa sililenolétera 2.75 atgiiSana

pec litija enolata 2.76 un protonu avota 2.80 maisijuma apstrades ar TMS-CL.

OSiMe, oLi o Mo Ry
Me n-BuLi Me 2.78-2.80 H Ve L oN
- [ —— R1/ O O
2.75 2.76 2.77
85% ee (2.78) 2.78: Ry=R,=H
4% ee (2.79) 2.79: R,=Me, R,=H

2.80: Ry=H, R,=Me

2.81

2.22. att. Litija enolata 2.76 protongSana
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Divas dazada skabuma N-H grupas atrodamas ari hirala izohinolina 2.29
strukttra. Interesanti, ka jebkura N-H protona nomaiga pret metilgrupu izraisija
pilnigi neselektivu proton&Sanu un rac€miska produkta 2.35 veidoSanos (0% ee ar
2.82 un 5% ee ar 2.83). Lai noskaidrotu parnesama protona izcelsmi, skabako anilina
N-H protonu (pKa=27.7; sk. 2.1. tabulu) nomainija pret deit€riju (anilins 2.29-D).
Amida litija enolata 2.34 proton&Sanas reakcija ieguva deiterétu amidu 2.35-D, tatad
parnesamais protons atradas anilina N—H grupa (2.23. attéls). [5] Enantioselektivitates
kritums (no 97% ee uz 5% ee), nomainot izohinolina N—H protonu pret metilgrupu
(diamins 2.83), var biit saistits ar palielinatiem steriskajiem trauc€jumiem izohinolina
slapekla apkartng, kas var apgrutinat litija koording€Sanu un, 1idz ar to, ietekmét litija

enolata-diamina kompleksa geometriju vai stabilitati.

NIPrz 1 sec-Buli, -78 °C N Pry
MeO oL 2. Protonu avots MeO
2.34

2.35; X=H
O N-R? 2.29: R'=R?=H

2.35-D: X=D
N-R 2:29D: R'=D; R%=H
‘ \  282:R'=Me, R%=H
- R1= 2_|
o 2.83: R'=H, R%=Me
2.23. att. Amida litija enolata 2.34 proton&Sana

Lidztekus tdenraza saitei, enolata-protonu avota kompleksa stabilitati var
nodroSinat arT divu aromatisko m-sisttmu mijiedarbiba (t.s. m-m stacking). Ta, ar
stabiliz&joSo m-sistemu mijiedarbibu starp spirta 2.39 un enolatu arilgrupam skaidroti
ieveérojami augstaki optiskie iznakumi proton€Sanas reakcija aromatisko litija enolatu
gadijuma 2.7 (90% ee), 2.84 (87% ee) un 2.85 (79% ee) salidzinajuma ar alifatisko
analogu 2.86 (3% ee) (2.24. attéls). Parejas stavoklt 2.87 litija enolats 2.7 un hiralais
spirts 2.39 novietojas ta, lai samazinatu ste€risko mijiedarbibu starp enolata metilgrupu
un protonu avotu 2.39. Elektronegativie hlora aizvietotaji pazemina aromatiska cikla
ANMO energiju protonu avota 2.39 un nodroSina ta n-m sadarbibu ar enolata

arilgrupas AAMO (2.24. attels). [64]
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OLi OLi 0
n

0
R H
O‘ 2.39 @@HR \Ej/ 2.39
n

2.7: R=Me, n=1 263 2.64
2.84: R=CH,Ph, n=1
2.85: R=Me, n=0
H Cl
I'_i‘\é)o\H B
2.39 2.87

2.24. att. Parejas stavokla modelis

2.1.4.2. Protona parnese: O- vai C—protonéSana?

Viens no svarigakajiem neizpetitiem asimetriskas proton€Sanas reakcijas
mehanisma jautajumiem ir protona parneses kemoselektivitate. Vairums pétnieku
uzskata, ka protons tiek parnests uz litija enolata oglekla atomu, t.i., norisinas C-
protongSana. Pastav ar1 alternativs uzskats, ka sakotngji protons tiek parnests uz litija
enolata skabekla atomu. O-Protongsanas koncepcija balstas uz cieto-miksto skabju un
bazu teoriju, saskana ar kuru ciets protons ka elektrofils labak veidos saiti ar
ambidenta litija enolata skabekla atomu ka cietako nukleofilu. [92] O-Protonésana
veidojas enols, kur§ tautomerizgjas par atbilstoSo karbonilsavienojumu.
Tautomerizacijas process ir enantioselektivs, jo norisinas hirala enolata-protonu
donora kompleksa vide. Par hirala protonu donora svarigo lomu tautomerizacijas
enantioselektivitates nodroSinasana liecina litija enolata 2.34 proton€Sanas
eksperiments ar strukturali lidzigajiem hiralajiem diaminiem 2.88 un 2.89. Ta, n-
propilanilina 2.88 reakcija ar 2.34 norisinajas ar augstu enantioselektivitati (78% ee).
Savukart strukturali lidziga diamina 2.89 gadijuma tika iegiits racemisks amids 2.35.
Lai gan abu diamtnu gadijuma p&c protona parneses uz enolatu veidojas litija anilidi
2.90 un 2.91, savienojums 2.91 spontani iekSmolekulari ciklizgjas par aziridinu 2.92
un izjauc substrata-protonu avota kompleksu. Savukart litijétais anilids 2.90
actmredzot nodroSina jaukta substrata-protonu donora kompleksa pastavéSanu ari pec
O-protongSanas, un piedalas stereoselektivas tautomerizacijas procesa. [5] Savukart
aziridina 2.92 gadijuma tautomerizacija acimredzot norisinas bez izohinolina

Iidzdalibas (2.25. attels).
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NiPr. NiPry NiPr,
? 2.88 vai 2.89 2.90
. — H —_—
ou MeO © MeO ©

MeO
234 (R)-2.35
MeO O MeO MeO
NH O NH O
M ® -
eO H MeO oL Xl veo NH A
SN o
2.88: X=CH 2.90: X=CHj .
289 X=0Cl 2.91: X=0l 292

2.25. att. Enantioselektivas tautomerizacijas petfjumi

O-ProtongSana ar sekojoSu asimetrisku enolizaciju, iesp&jams, norisinas ari
amida litija enolata 2.93 protongSanas reakcija ar efedrinu 2.94 un ta atvasinajumiem
2.95-2.98 (2.26. attels). Lidzigi ka diamina 2.29 un ta lidziniekos, ar1 efedrina rindas
protonu donori satur divas protonus saturoSas funkcionalas grupas: spirta OH grupu ar

skabaku protonu un amina N-H grupu.

1. secBuLi
_78°C Iidz +20° i
%Ni% 2. -78°C lidz +20°C \ NiPr,
N ' 3. H,0

~o X0 OLi \O/&O o
2.93
Ph Me Ph Me Ph Me Ph Me Ph Me
HO  NHMe HO NH, HO NMe; MeO NH; HO  NHMe
2.94: 93% ee 2.95: 0% ee 2.96: 0% ee 2.97: 5% ee 2.98: 26% ee

2.26. att. Enantioselektiva tautomerizacija enolata 2.93 protonéSanas reakcija

Uz litija enolatu tiek parnests skabakais OH protons, jo O-metilatvasinajuma
2.97 gadijuma veidojas praktiski racémisks produkts (5% ee). Tai pat laika, N-
aizvietotajiem ar1 ir biitiska ietekme uz protongSanas enantioselektivitati, jo
norefedrina 2.95 un N-metilefedrina 2.96 reakcija ar litija enolatu 2.97 veidojas pilnigi
rac@misks produkts (0 % ee). Pseidoefedrins 2.98 nodoSinaja zemaku proton€Sanas
enantioselektivitati (26% ee) neka efedrins 2.94 (93% ee). Tatad, aminogrupai
blakusesoSais asimetriskais centrs nodroSina protona parneses enantioselektivitati,
iesp&jams, protong€Sanai sekojosaja asimetriskas enolizacijas gaita.

N-Metilefedrins 2.96 veiksmigi izmantots ari aldehida enola 2.99
enantioselektivas tautomerizacijas reakcija —78° C temperatira (58% ee). Augstaka
enantioselektivitate (71% ee) panakta, par protona avotu izmantojot hinhonidinu

2.100 (2.27. attels) [93].
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o OH Ve

. 0 o}
2.96 vai 2.100 Ph
T tiktiad o s H —
CH,Cl, HO NMe,
Ph

Ph 48h, -70 °C
2.99 2.96 2.100

2.27. att. Aldehida enola 2.99 enantioselektiva tautomerizacija

Enantioselektiva enolu tautomerizacija izmantota ar1 o,-nepiesatinato esteru
un laktonu deracemizacija [94]. AtbilstoSos enolus (pieméram, 2.101, 2.28. att€ls)
generé fotokimiski f-aminospirta 2.102 klatbiitné. Reakcija ir jutiga pret mitrumu un
skidinataja polaritati. Mitruma klatbiitn€, ka arT izmantojot protonus saturoSus vai
baziskus skidinatajus, tika iegiiti racemati, liecinot, ka tidens un $kidinataji konkure ar

hiralo aminospirtu protona parneses stadija.

H
NHBn
0 R

hv (254 nm) OH 21020 9 /'T‘/\(\)

WJ\OBn A 0Bn Z X OBn H [
CH20|2 S H (l) H

-55°C —/

2101 2103

2.28. att. a,B-Nepiesatinato esteru enolu 2.101 tautomerizacija

Tautomerizacijas norises skaidrojumam piedavats 9-loceklu parejas stavoklis
2.103, kura B-aminospirta 2.102 abas funkcionalas grupas iesaistitas protona parnesg.
Protonu avota slapekla atoms veido fidenraza saiti ar enola protonu, tadgjadi
paaugstinot elektronu blivumu pie enola -oglekla atoma un veicinot C-protonésanu.

Ketonu enola 2.104 tautomerizacija veiksmigi izmantots ar1 (-)-N-
izopropilefedrina litija alkoksids 2.21-Li, kur§ reakcija ar enolu 2.104 (molara
attiectba 1:1) veido ketonu ar 92% enantioselektivitati. Tikpat augsta
enantioselektivitate noveérota ari ketona litija enolata 2.105 reakcija ar (-)-N-
izopropilefedrinu 2.21 (93% ee). Autori izvirzija hipot€zi, ka abas reakcijas norisinas
caur vienu un to pasu parejas stavokli 2.106, kas lauj uzskatit, ka bifunkcionalu hiralo
protona avotu gadijuma enantioselektiva enolu tautomerizacija ir asimetriskas

protonéSanas reakcijas noslédzoSais posms [95] (2.29. attels).
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OH o) i
2214 P 1
T L1 X 2.21 AN
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92% ee 93% ee

2.104 T

L
I o
H L

o .
R-O N4<

= A H
Ph

. - 2.21: R=H
2.106 2.21-Li: R=Li

2.105

2.29. att. Enola 2.104 enantioselektiva tautomerizacija

Saja reakcija tika novérota arf nelineara sakariba starp reagenta optisko tiribu
un produkta veidoSanas enantioselektivitati, kas liecina, ka enola 2.104
enantioselektivaja tautomerizacija ir iesaistiti augstakas pakapes agregati. Sads
secindjums saskan ar Vedg&ja hipot€zi par enantioselektivo tautomerizaciju jauktaja
agregata, [5] kuru veido N-litijétais amids 2.90, atbilsto$a hirala skabe 2.88 un amida

litija enolats 2.34 (2.25. attgls).
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2.1.5. Secinajumi no literatiaras apskata

1.

Hiralo protonu donoru struktiira.

1.1. Efektivakie hiralie protonu donori satur Liisa baziskas grupas, kuras
koordin€ enolata litija atomu un nodroSina cieSaku agregaciju starp protonu
avotu un enolatu;

1.2. Parnesamajam protonam ir jabit saistitam ar hiralo centru, vai ar1 jatrodas
tiesa ta tuvuma,

1.3. Skabuma attiecibai starp protonu avotu un substratu ne vienmer ir iz§kiro$a
nozime.

Enolata E/Z geometrija un enolata metala pretjona ietekme.

2.1. Reaggjosa centra (B-centra) kontroles apstaklos iespgjams izmantot E/Z
izom&ru maistjumus, jo tirie E/Z izomeri protongSanas reakcijas veido vienu
un to pasu enantiomeéru;

2.2. Blakuscentra (o-centra) kontroles apstaklos nepiecieSams izmantot tirus Z un
E izomerus, jo protongSanas reakcija tie veido produktus ar vienadu
enantioselektivitati, bet pretgju hirala centra absoliito konfiguraciju.

2.3. Mainoties pretjona Liisa skabumam, mainas protona donora-enolata
kompleksa stabilitate protonéSanas parejas stavokli.

Protona parneses stereokontrole atkariga no litija enolata-hiralas skabes

kompleksa 1paSibam, pieméram, agregacijas pakapes, stabilitdites un

konformacionalas stingribas.

3.1. Litija enolatu agregacijas pakape ir atkariga no $kidinataja un helat€josam
piedevam. Liisa baziskie $kidinatdji un piedevas samazina agregacijas
pakapi, koordingjot litija atomu. Salu piedevas izraisa jaukto agregatu
veidoSanos;

3.2. Luisa baziskie Skidinataji koordin€ enolata katjonu, samazinot enolata—
protonu donora kompleksa stabilitati;

3.3. Enolata-hirala protonu avota kompleksa stabilitati var nodrosinat ar1 tidenraza
saites, ka ar1 divu aromatisko 7-sist€mu mijiedarbiba;

3.4. Litija enolatu agregatu analizei Skidumos izmanto taddas KMR analizes
metodes ka °Li—""N, "Li-"N, °Li-">C un "Li-"*C divdimensiju spektrus, ka
ari 'H DOSY un "*C DOSY eksperimentus. Litija enolatu strukttras analizi

apgriitina augsta enolatu simetrija.
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4. Reakcijas apstakli.

4.1. Jaizvairas no ahiralu amidu izmantoSanas enolatu generéSanai, jo
deprotongsanas reakcija izveidojusies atbilstoSie amini var konkur@t ar hiralo
protonu avotu;

4.2. Reakcijas temperatiira ietekm€ enolatu dinamisko lidzsvaru, ka arT protona
parneses atrumu no hiralas slabes uz enolatu. Reakcijas temperatiirai ir jabtt
pietiekosi zemai, lai veidotos stabils enolata—hirala protonu avota komplekss.

5. Protona parnese no hiralas skabes var notikt uz enolata B-oglekla atomu vai arT uz
skabekla atomu. Pe&dgja gadijuma veidojas enols, kur§ enantioselektivi

tautomeriz€jas par atbilstoSo karbonilsavienojumu.
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2.2. Hiralie benzilamini litija enolatu asimetriskas protonésanas reakcija

Tetrahidroizohinolins 2.29 ir viens no visefektivakajiem hiralajiem protonu
avotiem 2-arilpropanskabju amidu enolatu enantioselektivas protonéSanas reakcija
(2.9. attels). Diemzel strukturali atSkirigu amidu enolatu gadijuma diamins 2.29
nodroSina zemu protona parneses enantioselektivitati, kas norada uz litija enolata-
diamina kompleksa geometrijas butisko ietekmi uz protona parneses norisi. Lai
izprastu protonu avota struktiiras ietekmi uz protonéSanas enantioselektivitati, amida
enolatu protongSanai izmantojam telpiski atSkirigu protonu donora 2.29
struktiranalogu virkni ar lidzigu parnesama protona skabumu. Sagaidijam, ka §1
pieeja lautu noskaidrot nepiecieSsamo strukturalo pamatvienibu protonu donora, kas
nodroSina ta spgju atskirt planara litija enolata enantiotopas puses un nodroSinat
protona parneses enantioselektivitati.

Protonu donora struktiiras modifikacijai izvélgjamies palielinat diamina 2.16
konformacionalo brivibu. 1,2,3,4-Tetrahidroizohinolina cikla noteiktos
konformacionalos ierobeZojumus novérsam, pagatavojot O-fenilbenzilaminu 1.129
(2.30. attels). Telpisko prasibu novertéSanai a-stavoklt pret hiralo centru izmantojam
benzilamtnus 1.125, 1.130, 1.131 un 1.134 ar atSkirigam o-aizvietotdja st€riskajam
prasibam. 1,3-Propiléndiamina struktiirelementa geometrijas novértéSanai ieguvam
benzilamina 1.125 cikliskos analogus 1.126, 1.127.

Sintezéto diaminu 1.125-1.127, 1.129-1.131 un 1.134 salidzinaSanai par
substratu izvelgjamies naprokséna diizopropilamida litija enolatu 2.34, kur§ skiduma
eksiste galvenokart Z izomera forma (Z:E=14:1).[5] Sakuma atkartojam literattra
aprakstito enolata 2.34 enantioselektivo proton€Sanu ar diaminu (R)-2.29. Amidu
rac-2.35 deprotongjam ar 1.75 ekvivalentiem sec-BuLi -78 °C temperatira
tetrahidrofuranad un ieguvam oranZas krasas enolatu 2.34. Péc 1 stundas enolatam
pievienojam 2 ekvivalentus diamina (R)-2.29, maisijam 30 minttes —78 °C
temperattira, un pakapeniski atsildijam lidz 0°C (~1 stundu). Dz&Sot reakcijas
maistjumu ar piesatinatu  NH4Cl tdens Skidumu, ieguvam enantioméri tiru
naproksénamidu (R)-2.35 ar 97% ee (Nr. 1, 2.10. tabula). legiitais rezultats pilniba

sakrit ar literatiira [6] aprakstito (97% ee; sk. tabulu 2.1.).
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: o
R)-1.130 cl

(R)-1.131
NH NH NH
H H E
l N\ |::> O N\ ::> /©/N\
Cl Cl C
(R)-2.16 (R)-1.129 (S)-1.134
(R)-1.125 1.126: n=1
1.127: n=2

2.30. att. Protonu avota 2.16 struktiiranalogi

Vairaki diamini (1.101, 1.112-1.115, 1.121-1.122, 1.124-1.128, 1.133-1.134)
ir ellas, tapec tos ieguvam hidrogénhlorida salu veida. Proton&Sanas reakcijas
nepiecieSamas brivas diaminu bazes ieguvam, hidrogénhloridu (1.101-HCI, 1.112-
HCI-1.115-HCl, 1.121-HCI-1.122-HCl, 1.124-HCI-1.128-HCl, 1.133-HCI-1.134-
HCl) skidumus THF apstradajot ar ekvimolaru n-BuLi daudzumu. Ta ka Sajas
reakcijas veidojas LiCl, veicam papildus eksperimentu, lai noskaidrotu LiCl ietekmi
uz protongsanas enantioselektivitati. Sim nolikam litija enolatam 2.34 pievienojam
ekvimolaru LiCl daudzumu un iegiito kompleksu protongjam ar diaminu (R)-2.35.
Naproksénamidu (R)-2.35 ieguvam ar 96% ee (Nr. 2, 2.10. tabula), tatad, LiCl
klatbiitne proton€sanas enantioselektivitati neietekme.

Naprokséna amida litija enolata 2.34 enantioselektivas proton€Sanas ar

hiralam skabém 1.125-1.134 rezultati apkopoti 2.10. tabula.
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2.10. tabula

NP2 sec-BuL NIPr2 | 4 125.1.134 ”J\WO N
MeO © -78°C MeO oL MeO °©
234

rac-2.35 (R)-2.35

Nr. Protonu avots (R)-2.35 (% ee)
1. (R)-2.29 97
2. (R)-2.29+LiCl (1 ekviv.) 96
3. (R)-1.125 80
4, (R)-1.126 73
5. (R)-1.127 73
6. (R)-1.129 94
7. (R)-1.130 96
8. (R)-1.131 40
9. (5)-1.134 54

(a) Parakuma enantiomérs: (5)-2.35

Vistuvakais izohinolina 2.29 struktiiranalogs ir benzilamins 1.129, kuram
piemit salidzinosi lielaka konformacionala briviba. Noskaidrojam, ka briva rotacija ap
benzhidrilsaiti biitiski neietekmé protona parneses enantioselektivitati (94% ee, Nr. 6,
2.10. tabula). Fenilgrupas aizvietoSana pret 2-naftilaizvietotaju (hirala skabe 1.130)
lauj nedaudz uzlabot rezultatu 1idz 96% ee, kas kliidas robezZas sakrit ar proton&Sans
enantioselektivitati izohinolina 2.29 gadijuma (Nr. 7 pret Nr. 1, 2.10. tabula).
Interesanti, ka 1-naftil strukttranalogs 1.131 ir ievérojami mazak enantioselektTvs—
40% ee (Nr. 8), bet telpiski apjomigu #-butilgrupu saturosa diamina 1.134 gadijuma
protongsanas enantioselektivitate ir viszemaka (5% ee; Nr. 9, tabula 2.10). Salidzinosi
augstu enantioselektivitati (80% ee) nodroSina strukturali vienkarsakais izohinolina
2.29 struktiranalogs — benzilamins 1.125, liecinot, ka pat telpiski vismazakais
aizvietotdjs a-stavokli pret hiralo centru — metilgrupa nodroSina augstu litija enolata
enantiodiferenciaciju. Nedaudz zemaku enantioselektivitati (73% ee) ieguvam
konformacionali ierobeZzotaku diaminu 1.126 un 1.127 gadijuma (Nr. 4,5).

Lai novertétu 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.
Sim noluikam sintez&jam N-neaizvietotus benzilaminus 1.113-1.119, 1.122 un
parbaudijam to efektivitati naprokséna amida litija enolata 2.34 enantioselektivas

protongsanas reakcija (2.11.tabula).
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2.11. tabula

NiPr Nipr 1.113-1.119 NiPr
7 secBuli 21 a2 OO 2
o —— oLi _— o
MeO -78°C MeO : MeO

rac-2.35 2.34 (R)-2.35
NH, NHz NH2 NH xNHz
é h
cl cl cl
(R1.113  (R)-1.114: n=1 (R)1.117 (R)-1.118 (R)1.119 (S)-1.122
(R)1.115: n=2

Nr. Protonu avots (R)-2.35 (% ee)
1. (R)-1.113 93

2. (R)-1.114 43

3. (R)-1.115 52

4. (R)-1.117 7

5. (R)-1.118 31

6. (R)-1.119 15

7. (5)-1.122 16“

(a) Parakuma enantiomérs: (5)-2.35

Visi testétie N-neaizvietotie benzilamini 1.113-1.119, 1.122 proton€Sanas
reakcija nodroSinaja zemaku enantioselektivitati neka to N-metilanalogi (2.10. un
2.11. tabulas). Interesanti, ka N-neaizvietotu benzilaminu serija visefektivakais ir
telpiski vismazakais diamins 1.113 (93% ee; Nr. 1, 2.11. tabula). Ta tuvakie
konformacionali ierobezotakie alicikliskie analogi 1.114-1.115 ir iev€rojami mazak
selektivi (43 un 52% ee, attiecigi; Nr. 2 un 3), bet diarilgrupas saturoSie diamini
1.117-1.119, ka ar1 telpiski apgritinatais benzilamins 1.122 nodroSin3ja loti zemu
proton€Sanas enantioselektivitati (Nr. 4-7, 2.11. tabula). Krasa protongSanas
efektivitates atSkiriba starp diaminiem 1.117-1.118 un to N-metilanalogiem 1.129—
1.130 var bit saistita ar atskirigu diamina-enolata kompleksa geometriju vai ari ar
atSkirigu N-H protonu baziskumu. Ta, N-metilbenzilamini ir baziskaki par N-
neaizvietotajiem analogiem, bet a-alkilbenzilamini 1.113-1.114 ir baziskaki par o-
arilanalogiem 1.117-1.118. Baziskakie slapekla atomi specigak koording litija
katjonu, veidojot stabilaku enolata—diamina kompleksu, un, nodroSinot augstaku
protona parneses enantioselektivitati.

N-Neaizvietotais benzilamins 1.113 ir efektivaks neka atbilstoSais N-metil-
analogs 1.125 (93% ee pret 80% ee, attiecigi), un Sis rezultats neatbilst pret&jai

tendencei, kas raksturiga visiem par€jiem test€tajiem protonu avotiem. Augsta
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enantioselektivitate benzilamma 1.113 gadijuma liecina, ka visvienkarSakais
struktirelements protonu donora ir o-metilbenzilamina fragments, kas pietiekoSi
efektivi atSkir planara Li-enolata enantiotopas puses.

Naprokséna amida litija enolata 2.34 enantioselektivas protonéSanas reakcija
parbaudijam arT hiralas skabes 1.101, 1.112, 1.121, 1.124, 1.128 un 1.133, kuras satur
divus potenciali parnesamos anilina protonus (2.12. tabula). Visos gadijumos
proton€Sanas rezultati ir loti zemi un saskan ar agrak ieglito zemo stereoindukciju

izohinolina 2.107 gadijuma (19% ee) [96].

2.12. tabula
i i i
”sz secBuli ”"fz 14254134 “P”
MeO ° -78°C MeO ou MeO ©
rac-2.35 234 (R)-2.35
W QO SA O
NH NH NH NH
E;:l/NHZ NH, /©/NH2 O NH,
cl O Cl
R=Me: (R)-1.124 R=Me: (R)-1.128  R=Me: (S)-1.133 2.107

R=H: (R)-1.112 R=H: (R)-1.116 R=H: (S)-1.121

Nr. Protonu avots (R)-2.35 (% ee)
1. (R)-2.107 19

2. (R)-1.124 13

3. (R)-1.128 8

4. ($)-1.133 17¢

5. (R)-1.112 2

6. (R)-1.116 8

7. ($)-1.121 21¢

(a) Parakuma enantiomérs: (5)-2.35

Jaatzimge, ka proton€Sanas enantioselektivitate N-neaizvietoto anilinu gadijjuma
(2.12. tabula) ir ievérojami zemaka neka attiecigajiem N-metilanalogiem (2.10. un
2.11 tabula). Pienemot, ka protonéSanas reakcija viens no anilina 1.124 N-H
protoniem nodroSina 80% protonéSanas enantioselektivitati (sk. 1.125, 80% ee, tabula
2.10.), bet otrs aniltna 1.124 N-H protons veido rac€misku amidu 2.35 (0% ee),
anilinam 1.124 tomér butu janodroSina 40% ee proton&Sanas enantioselektivitate.
Faktiski noverota enantioselektivitate anilina 1.124 gadijuma ir ievérojami zemaka
(13% ee), liecinot, ka anilina N-H protona novietojums enolata-diamtna kompleksa

nav procesa enantioselektivitati vienigais noteicoSais kriterijs.
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2.3. Svarigakie secinajumi par protonu donora struktiiras un efektivitates
likumsakaribam

Iegiitie enantioselektivas proton€Sanas rezultati liecina, ka
1) arMetilbenzilamina fragments ir mazakais struktiirelements, kas nosaka protona
donora speju atskirt planara enolata enantiotopds puses un nodroSina augstu
protona parneses enantioselektivitati.

2) Protona parneses enantioselektivitate ir atkariga no oraizvietotdja telpiskajam
prasibam. Telpiski lielas grupas benzilstavoklt samazina protonésanas
enantioselektivitati.

a-Aizvietotaja telpisko prasibu palielinasana lauj nedaudz uzlabot
enantioselektivitati (94% ee, (R)-1.129 un 96% ee, (R)-1.130 pret 80% ee, (R)-1.125),
tomer q-aizvietotaju telpisko izméru talaka palielinasana izraisa enantioselektivitates
ievérojamu kritumu (40% ee, (R)-1.130 un 5% ee, (5)-1.134). Jaatzimg, ka §1 tendence
nav speka N-neaizvietotu benzilaminu gadijuma (2.11. Tabula), kur augstu
protongsanas enantioselektivitati nodroSina tikai o-metilbenzilamins (R)-1.113 (93%
ee), kamer visi pargjie analogi ir neefektivi.

3) Lai nodrosinatu augstu protona parneses enantioselektivitati, gan anilina, gan
benzilamina slapekla atomiem jasatur tikai viena N-H saite.

Visi sintez&tie N-neaizvietotie anilini (2.12. Tabula) nodro$ina loti zemu
protongsanas enantioselektivitati, salidzinot ar atbilstoSajiem N-metilaniliiem (2.11.
Tabula). Zinams, ka reakcija ar litija enolatu iesaistas anilina N-H protons [5].
Enantioselektivitates kritums divu parnesamo N-H protonu klatbiitng lauj izvirzit
pienémumu, ka anilina N-H protoni tiek parnesti katrs uz savu enolatu. Tas teoretiski
ir iesp&jams litija enolata-diamina diméra kompleksa gadijuma (sk. 2.31. att€lu; otra
diamina molekula nav paradita, lai vienkarSotu att€la uztveri). Attels 2.31. iegiits,
veicot litija enolata-diamina diméra struktiiras modeleéSanu ar Hartee-Foka metodi.
Cits skaidrojums balstas uz iesp&jamo divu protonu konkurgjoSo parnesi attiecigi uz
oglekla un skabekla atomiem. Pedgja gadijuma péc skabekla protongSanas biitu
janotiek enantioneselektivai enolizacijai, kura ir maz ticama diamina-enolata
kompleksa hiralaja videé. DiemZ€l nepietickamas zinaSanas par enolata-diamina

kompleksa uzbiivi traucg izskaidrot novérotos rezultatus.

¢ Autore izsaka pateicibu MSc Artim Kinénam par ab initio DFT aprékiniem.
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2.31. att. Litija enolata-diamtna dimera strukttra (lai vienkarsotu att€la uztveri, otra
diamina molekula nav paradita)

Lai gan benzilamina N-H saites protons visticamak netiek tieSi parnests uz
enolatu, ta klatbiitne ir nepiecieSama augstas selektivitates sasniegsanai. lesp&jams, ka
benzilamina N-H saites protons piedalas asimetriskas enolizacijas procesa, kura
sakotngjais O-protong&sanas produkts parversas par hiralu C-protonésanas produktu.[5]
Divu N-H saiSu klatbiitne, iesp&jams, samazina asimetriskds enolizacijas
enantioselektivitati (2.11. tabula pret 2.10. tabulu), kas var biit saistits ar atskirigu
divu N-H protonu telpisko novietojumu attieciba pret abam enolatu molekulam
kompleksa. DiemZeél $adam skaidrojumam ir maza ticamiba, jo N-neaizvietota
diamina (R)-1.113 gadijuma protongSanas enantioselektivitate ir pat butiski augstaka
(93% ee) neka N-metilanalogam (R)-1.113 (80% ee).

Talako enantioselektivas protonéSanas reakcijas norises pétijumu principials

priekSnoteikums ir litija enolata-diamina kompleksa uzblives un geometrijas

noskaidroSana. To paredzéts veikt, izmantojot KMR spektroskopiju, piemeram,
analizgjot 6Li—15N, 7Li—15N, °Li—"*C un "Li-"C divdimensiju spektrus, ka arT veicot
'"H DOSY un "C DOSY eksperimentus. Lidztekus planots ari veikt DFT ab initio

kvantu ktmiskos aprékinus.
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Eksperimentala dala

Kodolu magnétiskas rezonanses spektri uzpemti ar 600 MHz Varian Unity
Inova, 400 MHz Varian Mercury un 400 MHz Varian 400-MR spektrometriem.
Kimiskas nobides pierakstitas 6 skala, un konstantes J méritas hercos. Infrasarkanie
spektri iegiiti ar IR Prestige-21 Shimadzu iekartu, bet elementanalizZ€m izmantots
Carlo-Erba CHNS-0 EA1108 aparats. Optiskie grieSanas lenki noteikti, izmantojot
Perkin-Elmer 141 polarimetru. KuSanas temperatiiras noteiktas ar SRS OptiMelt
kuSanas temperatiiras iekartu. Rentgenstruktiiras analizes veiktas ar automatisko
rentgendifraktometru Nonius Kappa CCD ar molibdéna anoda rentgenspuldzi
(starojuma vilpa garums 0.71073 A).

Planslana hromatografijai izmantotas Merck Silica gel 60 F,s4 plaksnites.
Kolonu hromatografija veikta ar Biotage SP1 Flash Purification System iekartu,

izmantojot Biotage KP-Sil 25+M vai Biotage NH 25+M silikagela kolonas.

Disertacija aprakstito savienojumu 1.41-1.135 sintéZu apraksti un

analitiskie raksturlielumi ir atrodami publikacijas (sk. pielikumus Nr. 1 un 2).

NH, O 8-Amino-3,4-dihidro-2H-naftalin-1-ons (1.69)

5,6,7,8-Tetrahidro-1-naftilaminu 1.58 (12,7 g, 85,2 mmol) tika parversts
©ij par 8-aminotetralonu 1.69 ar 66% iznakumu trijas stadijas (9,38 g)
saskand ar literatira [35] aprakstito metodi; =86-87 °C, Rf=0,14
(EtOAc/petroléteris=1:10). '"H-KMR (400 MHz, CDCl3) & 7.14 (1H, dd, J=7.3 Hz),
6.49-6.43 (2H, m), 6.44 (2H, pl s), 2.87 (2H, t, J=6.2 Hz), 2.62 (2H, t, J=6.5 Hz ),
2.03 (2H, kvint, J=6.2 Hz) m.d. "C-KMR (100.6 MHz, CDCl;) § 201.3, 151.1,
146.0, 131.4, 115.9, 115.4, 114.6, 40.3, 30.9, 22.9 m.d. IR (nujols, cm™) 3393 (NH),
1602 (C=0). Aprekinats: C 74.51, H 6.88, N 8.69, C;oH;NO. Atrasts: C 74.43 H
6.96, N 8.54.

Me<un o 8-Metilamino-3,4-dihidro-2H-naftalin-1-ons (1.71)

8-Aminotetralona 1.69 (3,0 g, 18,6 mmol) skidumam sausa DMF (25
mL) secigi pievienoja K,COs3 (3,09 g, 22,3 mmol) un Mel (3,17 g, 22,3

mmol) $kidumu sausa DMF (5 mL). Péc 16 stundu maisiSanas istabas temperatiira
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pievienoja tdeni (100 mL) un ekstrahga ar MeOtBu (3x75 mL). Apvienotos
organiskos ekstraktus mazgaja ar tideni (50 mL) un pies. NaCl skidumu (30 mL). P&c
zavesanas uz NaySOy4 un ietvaic€Sanas atlikumu attirija ar kolonu hromatografiju uz
silikagela, izmantojot gradienta eluéSanu no 3% EtOAc petroleter 1idz 20% EtOAc
petroléter. leguva baltu kristalisku vielu (1,73 g, 53%) ar t=50°C; Rf=0,28
(EtOAc/petroléteris=1:10). '"H-KMR (400 MHz, CDCl3) & 9.12 (1H, s), 7.29-7.24
(1H, m), 6.51 (1H, d, J=8.5 Hz), 6.42-6.38 (1H, m), 2.90 (3H, d, J=5.1 Hz), 2.87 (2H,
t, J=6.2 Hz), 2.62 (2H, t, J=6.5 Hz), 2.03 (2H, kvint, J=6.2 Hz). "C-KMR (100.6
MHz, CDCls) 6 201.2, 152.8, 146.5, 134.9, 114.7, 114.3, 108.7, 40.4, 31.2, 29.3, 23.0.
IR (nujols, cm’) 3298 (NH), 1629 (C=0). Aprekinats: C 75.40, H 7.48, N 7.99,
C11Hi3NO. Atrasts: C 75.32 H 7.58, N 7.96.

o (Rs)-N-[3,4-dihidro-8-(metilamino)-1(2H)-naftilidén]-2-metil-2-
Me-y NS~ propansulfinilamids (1.83)

8-Metilaminotetralona 1.71 (500 mg, 2,85 mmol), (R,)-terc-

butilsulfinamida 1.79 (346 mg, 2,85 mmol) un Ti(OEt)s (2,6 g,
11,4 mmol) maistjumu spiediena reaktora argona atmosféra Kkarsgja 120 °C
temperatira 12 stundas. P&c atdzes€Sanas Iidz istabas temperatiirai reakcijas
maistjumu izlgja pies. NaCl skiduma un EtOAc maisijuma (20 mL/mmol), maisija 10
mindites un nogulsnes filtrgja caur Celita slani (3x5 cm). Filtru mazgaja ar EtOAc,
organisko slani atdalfja, mazgaja ar pies. NaCl Skidumu, zav€ja uz Na,SOs un
ietvaicgja. Atlikumu attirjja ar kolonu hromatografiju uz silikagela, izmantojot
gradienta elugSanu no 6% EtOAc petroleteri 1idz 37% EtOAc petroléteri. Ieguva
dzeltenu kristalisku vielu (443 mg, 56%) ar t$=93-95°C; Rf=0.32
(EtOAc/petroléteris=1:1). 'H-KMR (400 MHz, CDCl3) 6 9.74 (1H, kv, J=3.8 Hz),
7.24-7.20 (1H, m), 6.54-6.50 (1H, m), 6.41-6.38 (1H, m), 3.35-3.26 (1H, m), 3.03-
2.94 (1H, m), 2.91 (3H, d, J=5.1 Hz), 2.84-2.79 (2H, m), 2.01-1.83 (2H, m), 1.29 (9H,
s). "C—KMR (100 MHz, CDCl3) & 181.3, 152.7, 144.9, 133.8, 115.1, 114.0, 109.1,
56.0, 34.5, 31.6, 29.8, 22.6, 22.5. IR (nujols, cm™) 3199 (NH), 1600 (C=N), 1072
(S=0). Aprekinats: C 64.71, H 7.96, N 10.06, C;5H»N,OS. Atrasts: C 64.67 H 7.90,
N 9.97. [a]*p—123.4 (¢ 1.97, EtOH).
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o (Rs)-2-Metil-N-(R)-[8-(metilamino)-1,2,3,4-tetrahidro-1-naftil]-

A

Me <\ HN’S"' 2-propansulfinamids (1.100)

Lidz —78° C temperatiirai atdzesétam sulfinilimina 1.83 (678 mg,

2,44 mmol) Skidumam sausa THF (5 mL/mol) argona atmosfera
Iénam pievienoja DIBAL (IM 8kidums THF, 7,32 mmol) un maisija —78° C
temperatira 3 stundas. Pievienoja pies. NaCl tidens skidumu (12 mL/mol), reakcijas
maistjumu atsildija 1idz istabas temperatiirai un pievienoja EtOAc (15 mL/mol).
Organisko slani atdalija, mazgaja ar pies. NaCl skidumu, ZavEja uz Na,SOs un
ietvaicgja. Atlikumu attirija ar kolonu hromatografiju uz silikagela, izmantojot
gradienta eluéSanu no 6% EtOAc petrolétert lidz 37% EtOAc petroléteri. leguva baltu
kristalisku vielu (465 mg, 68%) ar t,=96-98 °C; Rf=0,36 (EtOAc/petroléteris=2:5).
'H-KMR (400 MHz, CDCl3) 6 7.17 (1H, t, J=7.8 Hz), 6.51-6.47 (2H, m), 5.0 (1H,
m), 4.35 (1H, kvart, J=4.1 Hz), 3.13 (1H, s), 2.88 (3H, d, J=4.4 Hz), 2.84-2.66 (2H,
m), 2.07-1.99 (1H, m), 1.95-1.81 (1H, m), 1.78-1.64 (2H, m), 1.21 (9H, s). *C-KMR
(100.6 MHz, CDCls) 6 147.1, 138.4, 128.8, 119.3, 117.0, 107.4, 55.1, 47.1, 30.8,
30.3, 29.5, 22.5, 16.5. IR (nujols, cm™) 3349 (NH), 3205 (NH), 1059 (S=0).
Aprekinats: C 64.25, H 8.63, N 9.99, C;5sHxuN,OS. Atrasts: C 64.24 H 8.64 N 9.97.
[0]*’5-10.3 (c 1.0, EtOH).

o (Rs)-N,2-Dimetil-N-[1,2,3,4-tetrahidro-8-(metilamino)-1-
Me \NIZA e /S'aﬁ naftalenil]-2-propansulfinamids (1.136)

Lidz —20° C atdzesétam sulfinamida 1.100 (646 mg, 2,3 mmol)

mz

Skidumam sausa DMF (10 mL) argona atmosféra 1€énam pievienoja
LiHMDS $kidumu (1M 8kidums THF, 2,30 mL, 2,30 mmol), maisija —20°C
temperattra 1 stundu, tad pievienoja Mel (654 mg, 4,61 mmol). Reakciju atsildija lidz
istabas temperatiirai, maisija 2 stundas, pievienoja tideni (30 mL) un ekstrah&ja ar
MeOtBu (3x50 mL). Apvienotos organiskos ekstraktus zaveja uz Na,SOs un
ietvaicgja. Atlikumu attirija ar kolonu hromatografiju uz silikagela, izmantojot
gradienta elu€Sanu no 6% EtOAc petrolétert 1idz 40% EtOAc petroléteri. leguva baltu
kristalisku vielu (582 mg, 79%) ar t,=119-121 °C; Rf=0,28 (EtOAc/petroléteris=2:5).
'"H-KMR (400 MHz, CDCl3) & 7.15 (1H, t, J=7.5 Hz), 6.53 (1H, d, J=7.5 Hz), 6.47
(1H, d, J=8.0 Hz), 4.53 (1H, kvart, J=4.3 Hz), 4.34-4.30 (1H, m), 2.84 (3H, d, J=4.3
Hz), 2.82-2.64 (2H, m), 2.16-2.06 (1H, m), 1.98-1.70 (3H, m), 1.18 (9H, s). *C-
NMR (100.6 MHz, CDCl3) 6 148.3, 139.4, 128.5, 118.7, 117.8, 107.5, 59.4, 57.8,
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30.6, 30.5, 29.8, 28.5, 24.2, 18.9. IR (nujols, cm™) 3391 (NH), 1456 (S=0O).
Aprekinats: C 65.26, H 8.90, N 9.51, C;¢HyN,OS. Atrasts: C 65.22 H 8.94, N 9.37.
[0]*°p =20.9 (¢ 1.44, EtOH).

1,2,3,4-Tetrahidr0-N8 -metil-1,8-naftalindiamins (1.115)
: Sulfinamidu (1.100) (496 mg, 1,77 mmol) skidinaja 1:1 MeOH un 1,4-
©O dioksana maisijuma (10 mL), pievienoja 4M HCl Skidumu 1,4-
dioksana (1.77 mL, 7.1 mmol) un maisfja 1 stundu istabas temperatiira. letvaicgja,
pievienoja tideni (35 mL) un ekstrahgja ar EtOAc (20 mL). Udens slanim pievienoja
pies. NH4OH ddens Skidumu lidz pH=8 un ekstrah§ja ar EtOAc (3x20 mL).
Apvienotos organiskos ekstraktus mazgaja ar pies. NaCl, zavéja uz Na,SOs un
ietvaicgja. Ellaino atlikumu $kidinaja 1,4-dioksana un pievienoja 4M HCI dioksana
(440 pL, 1.77 mmol). Izveidojusas nogulsnes filtr§ja, Zavgja, ieguva 304 mg (90%)
amina hidrogénhlorida ar t=157-159 °C; Rf=0,50 (EtOAc/petroléteris=9:1). "H-
KMR (400 MHz, CDCl3, ppm) 6 7.14-7.09 (1H, m), 6.46-6.41 (2H, m), 4.51 (1H, s),
2.79-2.55 (4H, m), 2.71 (3H, s), 2.21-2.14 (1H, m), 1.93-1.60 (3H, m). “C-KMR
(100.6 MHz, CDCl3) & 147.67, 137.99, 129.31, 117.29, 116.95, 107.62, 43.15, 30.12,
28.65, 27.24, 16.34. [0]*’p —57.7 (c 0.66, EtOH).

Me .- Me 1,2,3,4-Tetrahidro-N 1 N®-dimetil-1,8-naftildiamins (1.127)

: Sulfinamidu (1.136) (460 mg, 1,56 mmol) $kidinaja 1:1 MeOH un 1,4-
©O dioksana maisijuma (10 mL), pievienoja 4M HCI skidumu 1,4-dioksana
(1,6 mL, 6.25 mmol) un maisija 1 stundu istabas temperattira. Ietvaicgja, pievienoja
tideni (35 mL) un ekstrah&ja ar EtOAc (20 mL). Udens slanim pievienoja pies.
NH4OH tdens skidumu Iidz pH=8 un ekstrahgja ar EtOAc (3x20 mL). Apvienotos
organiskos ekstraktus mazgaja ar pies. NaCl, zZaveja uz Na,SO4 un ietvaic€ja. leguva
diaminu 1.127 ka bezkrasainu ellu. Rf=0,30 (DCM/EtOH=9:1). "H-KMR (400 MHz,
CDCls) 6 7.13-7.08 (1H, m), 6.51-6.47 (2H, m), 3.65-3.61 (1H, m), 2.85 (3H, s), 2.81-
2.60 (3H, m), 2.46 (3H, s), 2.33-2.13 (1H, m), 1.76-1.60 (4H, m). 1,3-Diamins 1.127
tika parversts par hidrogé€nhloridu, pievienojot 4M HCI skidumu dioksana (390 pL,
1.56 mmol). Filtrgjot izveidojusas nogulsnes, ieguva 336 mg (95%) kristaliskas vielas

ar t,=179-181 °C. [a]*’p —132.5 (¢ 1.20, EtOH).
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6-Hlor-1-metil-4-fenil-1H-benz[c][1,2,6]tiadiazins (1.96)
Ketona 1.43 (500 mg, 2,04 mmol), (R,)-ferc-butilsulfinamida 1.79
O O (206 mg, 1,7 mmol) un Ti(OEt)4 (1,16 g, 5,10 mmol) maisijumu

spiediena reaktora argona atmosféra karsgja 100 °C temperattra 12

.S.
NN

Cl
stundas. Reakcijas maistjumu atdzes€ja Iidz istabas temperatirai,

izlgja pies. NaCl skiduma (20 mL), pievienoja EtOAc (20 mL) un maisija 10 miniites.
Suspensiju filtréja caur Celita slani (3x5 cm), filtru mazgaja ar EtOAc. Organisko
slani filtrata atdalija, mazgaja ar pies. NaCl skidumu, Zaveja uz Na,SO4 un ietvaicgja.
Atlikumu attirija ar kolonu hromatografiju uz silikagela, izmantojot gradienta
elugsanu no 3% EtOAc petroléteri lidz 20% EtOAc petroléteri. leguva dzeltenu
kristalisku vielu (326 mg, 58%) ar t,=68-70 °C; Rf=0,70 (EtOAc/petroléteris=1:10).
'H-KMR (200 MHz, CDCls) & 7.68-7.59 (2H, m), 7.56-7.42 (4H, m), 7.39-7.34 (1H,
m), 7.23-7.17 (1H, m), 2.93 (3H, m). "C-NMR (100.6 MHz, CDCl;) § 160.5, 146.0,
136.8, 133.1, 131.1, 129.7, 128.6, 128.5, 128.5, 127.8, 126.6, 48.4. Aprekinats: C
61.20, H 4.04, N 10.20, C4H;;CIN,S. Atrasts: C 61.22 H 4.05, N 10.23.

Y N,N-Diizopropil-2-(6-metoksinaftalin-2-il)propan-

OO N amids (2.35)

MeO © (R)-2-(6-Metoksinaftalin-2-il)propanskabes (1,26 g, 5,47
mmol) suspensijai sausa benzola (30 mL) istabas temperatiira caur septu Ieni
pievienoja oksalilhloridu (1,0 mL, 10,94 mmol) un maisija istabas temperatiira 12
stundas. gl,ddinétﬁju ietvaicgja, atlikumu $kidinaja sausa CH,Cl, (30 mL), atdzesgja
ledus vanna lidz 2 °C un pievienoja sausu diizopropilaminu (7,2 mL, 27,4 mmol).
Reakcijas maisijumu 30 min. laikd uzsildija Iidz istabas temperatiirai, mazgaja ar
tideni (100 mL), tad ar 0.5N HCI (3x100 mL), pies. NaHCO; (100 mL) un zavé&ja ar
MgSO.. letvaicgjot $kidinataju, ieguva viegli dzeltenu kristalisku vielu, kuru attirja ar
kolonu hromatografiju uz silikagela, ka eluentu izmantojot 20% EtOAc petrol&teri.
Ieguva optiski aktivu amidu (R)-2.35 (1,38 g, 4,5 mmol, 81%), kuru $kidinaja sausa
THF (10 mL), atdzes&ja lidz -78 °C temperatiirai un pievienoja LDA (15 mL, 22,3
mmol). Maisija 1 stundu -78 °C temperatiira, tad pievienoja pies. NH4Cl tdens
Skidumu (20 mL) un reakcijas maistjumu atsildija lidz istabas temperatiirai. Produktu
ekstrahgja ar Et;0O (3x45 mL), apvienotos ekstraktus zaveja ar MgSQOs, Skidinataju
ietvaicgja un atlikumu parkristaliz€ja no toluola. Ieguva 1,2 g (70%) baltas

kristaliskas vielas ar t,=122-124 °C; Rf=0,70 (EtOAc/petroléteris=3:1). "H-KMR
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(200 MHz, CDCls) § 7.73-7.64 (2H, m), 7.61-7.57 (1H, m), 7.38-7.29 (1H, m), 7.17-
7.08 (3H, m), 4.08 (1H, sept, J=6.7 Hz), 3.94 (1H, sept, J=6.7 Hz), 3.91 (3H, s), 3.38—
3.19 (1H, m), 1.96 (6H, dd, J=6.7, 2.0 Hz), 1.40 (3H, d, J=6.7 Hz), 1.13 (3H, d, J=6.7
Hz), 0.51 (3H, d, J=6.5 Hz).

Naprokséna diizopropilamida 2.35 deracemizacijas vispariga metode

Naprokséna diizopropilamida 2.35 (50,0 mg, 0,16 mmol) skidumu THF (2
mL) argona atmosféra atdzesgja 1idz —78 °C temperatiirai, pievienoja sec-BuLi (215
puL, 0,28 mmol) 1.3M $kidumu heksana (titréts -78 °C temperatiira ar mentolu,
izmantojot 1,10-fenantrolinu ka indikatoru) un maistja -78 °C 1 stundu. Léni (5
minasu laika) pievienoja hirala 1,3-diamma 1.129 (83,5 mg, 0,32 mmol) Skidumu
THF (1 mL), maisiSanu -78 °C temperatiira turpinaja 30 minites, reakcijai lava uzsilt
lidz 0°C 1 stundas laika, un tad to “dzésa” ar pies. NH4Cl Skidumu (1 mL).
Pievienoja &teri (10 mL) un 1.5N HCIl (10 mL), ekstrah&ja, nodalija slanus, idens
slani mazgaja ar €teri (3x10 mL). Apvienotos oganiskos slanus zaveja ar MgSO, un
ietvaicgja. Pec filtréSanas caur silikagela slani (1 mL silikagela, EtOAc ka eluents),
$kidumam tika veikta hirdla AESH analize. Kolona: (R,R)-Whelk-O1 (Regis), eluents:
10% IPA heksana, plismas atrums ImL/min, detektors UV 254. Aiztures laiks (R)-
2.35 enantiom&ram: 15 min, (5)-2.35 enantiomé&ram: 25 min. leguva (R)-2.35 (48 mg,
96%) ar 94% ee enantiom&ro parakumu.

Apvienotajiem udens slaniem pievienoja 1N NaOH lidz pH=10 un ekstrah&ja
ar eteri (3x15 mL). Apvienotos organiskos ekstraktus Zaveja ar beziidens Na,SO4 un

ietvaicgja. Atguva (77 mg, 92%) hirala diamina 1.129.
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Galvenie rezultati

Izstradata vispariga un &rta optiski aktivu 1,3—diaminu asimetriskas sintézes
metode, kura balstas uz terc-butansulfiniliminu diastreoselektivo reducésanu.
Sintezeto 1,3-diaminu 1.112-1.135 izmantoSana naproksénamida litija enolata
2.34 enantioselektivas proton€Sanas reakcija ]ava noteikt protona parneses
enantioselektivitati nosakoSo hirala protonu avota strukttirelementu.
terc-Butansulfiniliminu 1.80-1.95 konfiguracija kristaliskaja forma noteikta ar
rentgenstruktiiras analizes metodi.

Izmantojot KMR metodes, noskaidrota ferc -butansulfiniliminu 1.80-1.95
E/Z izomg&ru attieciba THF-ds Skiduma, ka ar1 noteikta sulfinilketiminu 1.84—
1.92 E/Z izomerizacijas Gibsa briva aktivacijas energija un izm&ritas atruma
konstantes.

Ar KMR metodém noteikta sulfiniliminu (Z)-1.93-1.95 atropizomerizacijas
aktivacijas energija un atruma konstantes.

Sulfiniliminu reduc€Sanas produktu 1.97-1.111 relativa konfiguracija
pieradita, izmantojot rentgenstruktiras analizes metodi. Jaunizveidota
asimetriska centra konfiguracijas noskaidroSana lava izvirzit hipotézi par

diastereoselektivas reducéSanas ciklisko parejas stavokli.
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Svarigakie secinajumi

1. N-terc-Butansulfiniliminu 1.80-1.92 geometrija kristaliskaja forma un
Skidumos atkariga no ketimina arilgrupas orto—aizvietotaja dabas. Orto-
Aizvietotaji ar UdenraZza saites donoram Ipasibam stabiliz€ iminus E-izoméru

forma.

(0] K
R 0 K
/ \\ B
‘NN X

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

2. Terc-Butansulfinilketimini 1.93-1.95 pastav Z-izom@ru forma gan $kidumos,

gan arl kristalos, turklat skidumos Z-immi 1.93-1.95 veido atropizoméru

parus.
o K o K
‘Ss‘ ‘S\‘
N/ NR1R2 N/
= T
P
N’ )
cl R2 R
(2)-(M)-izomérs (2)~(P)-izomérs

3. N-terc—Butansulfiniliminu reduc€$anas diastereoselektivitate atkariga no
substrata E/Z konfiguracijas kristaliskaja forma. Ta, (E)-ketimini reducgjas ar

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

konfiguracijas produktus.

ok ok ok oK
5 S 5 5
X N~ N~ /H

HN” X X X HN
Hs P
Ph - Pn - Ph Ph
Re-puses [idzsvars Si-puses
reducésSana gkiduma reducéSana
Cl Cl ’ Cl Cl
X=NMe, X=NH,, NHMe

(S)-konfiguracija (R)-konfiguracija



4. (Z)-Sulfinilimmu 1.93-1.95 (M) un (P) atropizom&riem piemit atSkiriga
reagétspéja diastereoselektivas reducésanas reakcija. Ta, imins (Z)—-(M)-1.95
veido (S)-konfiguracijas produktu, kamér izomers (Z)—(P)-1.95 Iidzigos
apstaklos nereducgjas. Sulfinilimina (Z2)—(P)-1.95 zema reagétspgja
skaidrojama ar ofro-aizvietotdja izraisitajiem st€riskiem trauc€umiem

sulfinilimina Re pusg€ reducgsanas parejas stavokli.

3 K o K oK

— nereducéjas
Re puses Ildzsvars
reducésana Skiduma

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

(M)-atropizomers | (P)-atropizomérs

IZ

5. o-Metilbenzilamina fragments ir mazakais struktirelements, kas nosaka
protona donora spgju atskirt planara enolata enantiotopas puses un nodroSina

augstu protona parneses enantioselektivitati.
R

@,
H R=

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

CHj: 80% ee
H: 93% ee

prasibam. Telpiski lielas grupas benzilstavokll samazina proton€Sanas
enantioselektivitati.
@A
H\ CHj; ~ Ph ~ 2-naftil > 1-naftil > terc-Bu
9
7. Lai nodro$inatu augstu protona parneses enantioselektivitati, gan anilina, gan

benzilamina slapekla atomiem jasatur tikai viena N-H saite.

Me I\Ille
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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Chiral, nonracemic 1,3-diamines were prepared in a highly diastereoselective reduction of diaryl
N-tert-butanesulfinylketimines. 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 ortho-substituent controls the geometry of N-tert-butanesulfinylketimines in the solid state and
provides additional stabilization of the cyclic transition state.

Introduction

Chiral, nonracemic 1,3-diamines have been successfully
used in asymmetric synthesis' as chiral catalysts,? chiral
reagents,”* and chiral ligands.” Not surprisingly, the deve-
lopment of efficient synthetic methodologies to access
enantiomerically pure 1,3-diamines has been a subject of
intense research.®

(1) For a recent review, see: Kizirian, J.-C. Chem. Rev. 2008, 108, 140.

(2) (a) Pini, D.; Mastantuono, A.; Uccello-Barretta, G.; Iuliano, A.;
Salvadori, P. Tetrahedron 1993, 49, 9613. (b) Vedejs, E.; Kruger, A. W.
J. Org. Chem. 1998, 63, 2792. (¢) Yamashita, Y.; Odashima, K.; Koga, K.
Tetrahedron Lett. 1999, 40, 2803. (d) Yamashita, Y.; Emura, Y.; Odashima,
K.; Koga, K. Tetrahedron Lett. 2000, 41, 209. (e¢) Kano, T.; Maruoka, K.
Chem. Commun. 2008, 5465 and references cited therein. (f ) Kano, T.;
Yamaguchi, Y.; Maruoka, K. Angew. Chem., Int. Ed. 2009, 48, 1838.
(g) Kano, T.; Yamamoto, A.; Shirozu, F.; Maruoka, K. Synthesis 2009, 1557.
(h) Kano, T.; Yamaguchi, Y.; Maruoka, K. Chem.—Eur. J. 2009, 15, 6678.

(3) For arecent review on the use of Troger’s base, see: Sergeyev, S. Helv.
Chim. Acta 2009, 92, 415.

(4) Application of 1,3-diamines as chiral proton sources: (a) Vedejs, E.;
Lee, N.; Sakata, S. T. J. Am. Chem. Soc. 1994, 116, 2175. (b) Vedejs, E.;
Kruger, A. W.; Suna, E. J. Org. Chem. 1999, 64, 7863. (c) Vedejs, E.; Kruger,
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G. A. Acc. Chem. Res. 2007, 40, 1340.
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In connection with our research program directed toward
developing new ligands for asymmetric synthesis, we aimed
to prepare chiral diamines 1 and 2 in enantiomerically pure
form (Figure 1).

rRL R RL R? Me
N NH N HN a: R'=Me, R%=H, Ar=Ph
Ar Ar  b:R'=Me, R?=H, Ar=2-naphthy!
c: R'=Me, R%=H, Ar=1-naphthyl
d: R'=R?=H, Ar=Ph
cl cl e: R'=R?=Me, Ar=Ph
(R)-1a-e (R)-2a-e

FIGURE 1. Target diamines 1 and 2.

(6) For recent selected examples of asymmetric synthesis of chiral 1,3-
diamines, see: (a) Rios-Lombardia, N.; Busto, E.; Garcia-Urdiales, E.;
Gotor-Fernandez, V.; Gotor, V. J. Org. Chem. 2009, 74,2571. (b) Dagousset,
G.; Drouet, F.; Masson, G.; Zhu, J. Org. Lett. 2009, 11, 5546. (c) Terada, M.;
Machioka, K.; Sorimachi, K. Angew. Chem., Int. Ed. 2009, 48, 2553.
(d) Kurokawa, T.; Kim, M.; Du Bois, J. Angew. Chem., Int. Ed. 2009, 48,
2777. (e) Giampietro, N. C.; Wolfe, J. P. J. Am. Chem. Soc. 2008, 130, 12907.
(f) Braun, W.; Calmuschi-Cula, B.; Englert, U.; Hofener, K.; Alberico, E.;
Salzer, A. Eur. J. Org. Chem. 2008, 2065. (g) Lu, S.-F.; Du, D.-M.; Xu, J.;
Zhang, S.-W. J. Am. Chem. Soc. 2006, 128, 7418.
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SCHEME 1. Synthesis of Enantiomerically Pure Diamines 1 and 2
.0 K 0 K o
R R s
N’ : R'R®N  HN
(< : 1. LIHMDS 4N HCI
Ar reduction Ar 2. Mel in dioxane  (R)-2a-d
Ti(OEt), DMF, -20 °C Dloxane/MeOH (S)-2e
Cl
3a-e (RS)-4a-e (Rs,R)-5a-d (RS,R)-Ga-d
(Rs,S)-5e (Rs,S)-6e
4N HCI
in dioxane
Dioxane/MeOH
1:1
(R)-1a-d
(S)-1e

We envisioned that Ellman’s ferz-butanesulfinyl group’
could be a suitable chiral auxiliary for the synthesis of the
desired diamines 1 and 2 in enantiomerically pure form via
the corresponding chiral N-sulfinylketimines. Although a
number of literature examples involving the use of ketone-
derived substrates have appeared,® we anticipated the possi-
bility of unusual directing effects with difunctional sub-
strates as described later. Scheme 1 illustrates the synthesis
of target structures.

Results and Discussion

Synthesis and Structural Analysis of Sulfinylimines 4a—i.
Sulfinylimines 4a—d were prepared in crystalline form by
heating ketones 3a—d’ with (Rs)-tert-butanesulfinamide at
75 °C in the presence of Ti(OEt)s.** The X-ray crystal-
lographic analysis helped to establish that sulfinylimines
4a—d were formed as E-isomers. In crystal lattices of sulfi-
nylimines 4a—d, the distance between the nitrogen of the
aniline and that of the sulfinyl group is 2.68—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—4, Table 1).

The intramolecular hydrogen bond enforces a syn-peri-
planar relationship between the aniline ring and the C=N
bond of the imines 4a—d (see C1—C2—C3—N2 torsion

(7) (a) Ellman, J. A.; Owens, T. D.; Tang, T. P. Acc. Chem. Res. 2002, 35,
984. (b) Morton, D.; Stockman, R. Tetrahedron 2006, 62, 8869. (c) Ferreira,
F.; Botuha, C.; Chemla, F.; Pérez-Luna, A. Chem. Soc. Rev. 2009, 38, 1162.

(8) (a) Liu, G.; Cogan, D. A.; Owens, T. D.; Tang, T. P.; Ellman, J. A.
J. Org. Chem. 1999, 64, 1278. (b) Shaw, A. W.; deSolms, S. J. Tetrahedron
Lett. 2001, 42, 7173. (c) Kochi, T.; Tang, T. P.; Ellman, J. A. J. Am. Chem.
Soc. 2003, 125, 11276. (d) Kochi, T.; Ellman, J. A. J. Am. Chem. Soc. 2004,
126, 15652. (e) Chelucci, G.; Baldino, S.; Chessa, S.; Pinna, G. A.; Soccolini,
F. Tetrahedron: Asymmetry 2006, 17, 3163. (f) Zhao, C.-H.; Liu, L.; Wang,
D.; Chen, Y.-J. Eur. J. Org. Chem. 2006, 2977. (g) Colyer, J. T.; Andersen,
N. G.; Tedrow, J. S.; Soukup, T. S.; Faul, M. M. J. Org. Chem. 2006, 71,
6859. (h) Morton, D.; Pearson, D.; Field, R. A.; Stockman, R. A. Chem.
Commun. 2006, 1833. (i) Denolf, B.; Leemans, E.; De Kimpe, N. J. Org.
Chem. 2007, 72, 3211. (j) Tanuwidjaja, J.; Peltier, H. M.; Ellman, J. J. Org.
Chem. 2007, 72, 626. (k) Watzke, A.; Wilson, R. M.; O’Malley, S. J.;
Bergman, R. G.; Ellman, J. A. Synlett 2007, 2383. (1) Denolf, B.; Mange-
linckx, S.; Tornroos, K. W.; De Kimpe, N. Org. Lett. 2007, 9, 187. (m) Lin,
G.-Q.; Xu,M.-H.; Zhong, Y.-W.; Sun, X.-W. Acc. Chem. Res. 2008, 41, 831.
(n) Guijarro, D.; Pablo, O.; Yus, M. Tetrahedron Lett. 2009, 50, 5386. (0)
Leemans, E.; Mangelinckx, S.; De Kimpe, N. Synlett 2009, 1265.

(9) For preparation of ketones 3a—h, see Supporting Information, pages
S2—S10

(10) Gilli, G. Molecules and Molecular Crystals. In Fundamentals of

Crystallography; Giacovazzo, C., Ed.; Oxford University Press: New York,
2002; pp 590—595.
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angles, Table 1), 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). Thus, the preferential formation of E-isomers of
imines 4a—d was attributed to the stabilization by the
intramolecular hydrogen bond."!

While imine 4e did not crystallize, single crystals of the
closely related sulfinylimine 4i were obtained. Surprisingly,
X-ray analysis showed that imine 4i exists as the Z-isomer in
the crystalline form (entry 7, Table 1). Because imine (Z£)-4i is
unable to form an intramolecular hydrogen bond, we suggest
that, in the absence of stabilizing hydrogen bond interac-
tions, the E geometry for sulfinylimine 4i is unfavorable due
to the electrostatic repulsion between aniline and imine
nitrogen lone pairs and nonbonded steric interactions
between the ortho-substituent and the imine moiety. To
verify the role of the intramolecular hydrogen bond in the
selective formation of E-isomers, additional ortho-substi-
tuted ketimines 4f—h incapable of forming the intramolecu-
lar hydrogen bond were prepared under standard conditions
[(Rs)-tert-butanesulfinamide, 90 °C, Ti(OEt),]. Sulfinyli-
mine 4h was obtained as an oil, but imines 4f,g could be
crystallized. As anticipated, X-ray analysis of single crystals
confirmed that 4f,g exist as the Z-isomers in the crystalline
form (entries 5 and 6, Table 1). In the observed Z geometry,
the large ortho-substituted phenyl moieties of imines 4f,g.i
are turned out of the C=N plane (see C1—C2—C3—N2
torsion angles, Table 1). Consequently, the smaller unsub-
stituted phenyl group in sulfinylimines 4f,g.i is periplanar to
the C=N bond (see C5—C4—C3—N2 torsion angles, Table 1-
). The predominance of the Z-isomers in ketimines 4f,g.i is
noteworthy as it has been traditionally considered that the
most stable isomer has the sulfoxide moiety positioned trans
to the larger C-substituent on the ketimine.'?

Facile E/Z isomerization of individual conformers 4a—h in
solutions was observed by NMR spectroscopy (see Table 2),
and the isomer ratio was found to depend on the solvent."

(11) Stabilization of the E-isomer in -hydroxysulfinylketimines by the
intramolecular hydrogen bond between the f-hydroxy group and the oxygen
of sulfinyl imine has been suggested; see ref 8c.

(12) See for example: Chelucci, G.; Baldino, S.; Chessa, S. Tetrahedron
2006, 62, 619.

(13) For the influence of solvent on ratio of isomers, see: Stassinopoulou,
C. 1.; Zioudrou, C.; Karabatsos, G. J. Tetrahedron 1976, 32, 1147.
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TABLE 1.
4a—d.f,g,i

Selected Crystallographic Parameters for Sulfinylketimines
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4a: R'=CHj, R?=R%=H 4c 4f: X=OMe
4b: R'=CHj, R?=H, R®=-(CH),- 4g:X=Br
4d: R'=R?=R%=H 4i: X=NMe,
imine N'-N* (C'-C-C-N* C°-C'-C-N?

entry (Rs)-4 (A) torsion angle torsion angle

1 (E)-4a 2.676 -7.8 110.8

2 (E)-4b“ 2.721 15.5 91.5

3 (E)-4¢” 2.678 —8.25 88.0

4 (E)-4d 2.676 —12.1 114.3

5 (2)-4f —64.5 —8.4

6 (2)-4g —76.6 —4.0

7 (2)-4i —66.6 3.5

“Average values of two molecules crystallized in a unit cell.

Thus, an 80:20 mixture of E/Z-isomers was obtained upon
dissolving (E)-4a in THF-dy at 10 °C.'* The aniline NH
proton of the major diastereomer was shifted strongly down-
field, appearing as a singlet at & = 9.63 ppm and suggesting
the involvement of the proton in a hydrogen bond. Lowering
the temperature to —15 °C resulted in a further downfield drift
of the chemical shift to 9.67 ppm. Furthermore, the N—'H
signal changed to a resolved quartet (Jyey = 4.8 Hz), and
SN—"H splitting (J/ = 93 Hz) could also be observed. The
temperature coefficient for the chemical shift of the aniline
N—H resonance'® (Aoyn/AT = —1.6 ppb/K) supported the
presence of an intramolecular hydrogen bond. Consequently,
the major isomer of 4a in solution was assigned E geometry.
The minor isomer appeared as two sets of signalsin ca. 1:1 ratio
with the aniline N—H resonance at 0 = 4.72 and 4.69 ppm
(THF-dg, —15 °C, two quartets, J = 4.8 Hz). On the basis of
two-dimensional NMR experiments,'® the minor isomer was
assigned as a mixture of two rotamers, (Z)-4aA and (Z)-4aB,
with hindered rotation about the arylimine axis (see Figure 2).

Imine (E)-4c displayed two sets of signals in a ratio of 54:44
upon dissolving in THF-dg at —15 °C, thus pointing to the

(14) In CHCls-d at —15 °C, the amount of major diastereomer of 4a was
96.8%.

(15) Baxter, N. J.; Williamson, M. P. J. Biomol. NM R 1997, 9, 359.

(16) DQF-COSY, ROESY, NOESY, TOCSY, sensitivity-enhanced
13C—H HSQC, and "*C—"H HMBC experiments.

(17) The E- and Z-isomers could be distinguished by comparing chemical
shits of the H” proton in the "H NMR spectra. Thus, H* protons in
Z-isomers were constantly shifted downfield (Ad = 0.04—0.25 ppm) com-
pared to those in E-isomers, presumably due to the shielding of the H* by the
phenyl ring. See the Supporting Information (Table S1, page S11) for details.

N
R
X HE
(2)-4
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presence of geometrical isomers. Importantly, both isomers
displayed strongly downfield shifted signals of aniline N—H
(9.94 and 9.89 ppm, both quartets with J = 4.8 Hz),
suggesting that the aniline N—H is involved in hydrogen
bonding in both isomers. Consequently, the two sets of signals
in the NMR spectrum of imine 4¢ were assigned to two isomers
of (E)-4¢ with hindered rotation about the naphthylimine axis,
that is, (E)-4cA and (E)-4¢B (see Figure 2). The absence of the
(Z2)-4c¢ isomer in THF-dg (within NMR detection limits)
suggests high stability of the E-isomer in solution.

The E/Z ratio in THF-dg was determined using similar
NMR methods for all of the sulfinylimines 4b,d—h'” (see
Table 2). The major isomers of imines, (E)-4a—d and (2)-4f,g
in THF-dg solution, were the same as those in the crystal
lattice. However, the amount of minor E-isomers of imines
4f,g in THF-d; reached ca. 30%. Furthermore, dissolving the
crystalline (Z)-4e in THF-dg solution afforded the opposite
isomer (E)-4e as the major component (E/Z = 65:35).

The observed fast equilibration of sulfinylimines 4a—h in
solutions at —15 °C would require relatively low energy barriers
to E/Z isomerization.'® Additional NMR experiments were
therefore performed to determine the free energy of activation
and rate constants for the E/Z isomerization of sulfinylimines
4a—h in THF-dg. These data were calculated from NOESY
spectra comparing the intensities of diagonal and exchange
cross-peaks.'” The (E)-4 to (Z)-4 isomerization barriers in
THF-dg range from 63.4 to 70.7 kJ/mol (see Table 2), and
hence, they are higher than the activation barrier by 1.7—9 kJ/
mol for the nonsubstituted diarylketimine 7 (61.7 kJ/mol;* see
Table 2, entry 1).2' The observed difference can be attributed to
the influence of the ortho-substituent. Thus, (E)-4a is more
stable than (Z)-4a by 3.9—5.2 kJ/mol, which is the highest
energy difference in the series (entry 2, Table 2). Similarly, (E)-
4d is more stable than (Z)-4d by 2.9 kJ/mol (entry 5). The higher
stability of (E)-4a—d versus (Z)-4a—d can be tentatively attrib-
uted to the stabilizing effect of the hydrogen bond in the E
configuration. A less pronounced preference for the E-isomer
was observed for imines 4eh (Table 2, entries 6 and 9,
respectively), which are incapable of forming the hydrogen
bond. On the other hand, the Z-conformers have lower ground-
state energy in the case of the structurally related imines 4f,g
(Table 2, entries 7 and 8, respectively). The origin of the small
energetic preferences for 4e—g in THF-ds solution is not clear.

The determined ground-state energy differences (AAG™5s5)
correlate well with the equilibrium E/Z ratio in THF-dg
(Table 2). Thus, the lowest barrier was established for imine
(Rg)-4h (entry 9), which forms a 2:3 mixture of E- and
Z-isomers. On the other hand, the highest barrier for
(E)-4a translates into an 81:19 ratio of E/Z-isomers.

(18) Related diaryl sulfinylketimines were obtained as a rapidly inter-
converting mixtures of Z- and E-isomers; see ref 8b.

(19) (a) Perrin, C. L. J. Magn. Reson. 1989, 82, 619. (b) Dimitrov, V. S.;
Vassilev, N. G. Magn. Reson. Chem. 1995, 33,739. (c) Abel, E. W.; Coston, T. P.J.;
Orrell, K. G.; Sik, V.; Stephenson, D. J. Magn. Reson. 1986, 70, 34.
(d) Sandstrom, J. Dynamic NM R Spectroscopy; Academic Press: London, 1982.

(20) E/Z isomerization barrier in CHCl3-d has been determined for
structurally related p-toluenesulfinylketimines. (a) Di-(p-tolyl)methylene-
p-toluenesulfinamide, 15 kcal/mol (62.8 kJ/mol): Annunziata, R.; Cinquini,
M.; Cozzi, F. J. Chem. Soc., Perkin Trans. 1 1982, 339. (b) Diphenylmethy-
lene benzenesulfinamide, 14.1 kcal/mol (59.0 kJ/mol): Davis, F. A.; Kluger,
E. W. J. Am. Chem. Soc. 1976, 98, 302.

(21) The free energy of activation, AG*, was determined by '*C NMR at
the coalescence temperature (50 °C) of the diastereotopic ipso-carbon atoms
of diphenylsulfinylketimine 7 using the equation K, = 2.22Av and the Eyring
equation (k = 1); see ref 20b.
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TABLE 2. Rate Constants and Free Energy of Activation for £/Z Isomerization of Sulfinylketimines 4a—h in THF-dg
X o X
an -8, an
R N © 0™ N ©
R
X (E)-4a-h (2)-4a-h 7
E—Z Z—E
entry imine Z|E ratio, %"“ ks AG*5sg (kJ/mol) kst AG*)sg (kJ/mol) AAG*zsx (kJ/mol)
1 (Rs)-7 61.7 61.7 0
2 (Rg)-4a 1981 0.12° 68.3° 0.74 64.4 3.9
0.04 70.7 0.45 65.5 5.2
3 (Rg)-4b 2377 nd nd nd nd nd
4 (Rs)-4c 1:99¢ nd nd nd nd nd
5 (Rs)-4d 20%:80 0.20 66.3 0.78 63.4 2.9
6 (Rg)-4e 35:65 0.11 68.5 0.20 67.2 1.3
7 (Rg)-4f 70:30 0.67 63.7 0.30 65.5 1.8
8 (Rs)-4g 67:33 0.39 65.8 0.20 67.5 1.7
9 (Rs)-4h 39:61 0.13 68.2 0.19 67.3 0.9

“Determined in THF-ds at —15 °C by NMR. “Rate coefficient values were determined separately for each rotamer (Z)-4aA and (Z)-4aB
without assignment (see Figure 2). “Free energy of activation AG™,s3 was calculated separately for conversion of (E)-4a to (Z)-4aA and (Z)-4aB.
“Represents the sum of rotamers of the Z-isomer (see Figure 2). “Represents the sum of rotamers of (E)-d4cA and (E)-4¢B which exist in a 56:44 ratio

(see Figure 2).

5!
O™y
. o] H
X N
M /H* / Ss _—= l\llle
e\N < (@) /
(2)-4aA

FIGURE 2. Isomers of imines 4a,c¢ in THF-dg.

Diastereoselective Reduction of Sulfinylimines 4a—h. The
reduction of imines 4a—h was carried out using the two
trivalent hydride reducing agents BH;—THF and DIBAL at
—78 °C in THF (Table 3, conditions A and B, respectively).
Additionally, NaBH,—Ti(OEt),*> and NaBH, were also
examined (Table 3, conditions C and D, respectively). The
trivalent hydride reducing agents afforded superior diastereo-
selectivities in the reduction, DIBAL being the reducing
agent of choice. Conditions C and D were less efficient, but
the successful use of NaBH, is noteworthy because the
reducing agent is virtually insoluble in THF. The initial stages

(22) (a) Borg, G.; Cogan, D. A.; Ellman, J. A. Tetrahedron Lett. 1999, 40,
6709. (b) Tanuwidjaja, J.; Peltier, H. M.; Ellman, J. J. Org. Chem. 2007, 72,
626.
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of reduction evidently occur heterogeneously on the surface
of the solid NaBH,, but subsequent events may take place
in solution as BH;:THF or similar borane adducts are
generated.

Excellent levels of diastereoselectivity were achieved in the
reduction of imines 4a,c—e,g using hydride reducing agents
(Table 3, conditions A and B). Notably, the ratio of diaster-
eomers in all cases exceeded the initial E/Z ratio of the
starting imines (see Table 3), suggesting rapid E/Z intercon-
version at —78 °C on the time scale of the reduction.
In a control experiment, solid (£)-4a was added to precooled
(=78 °C) THF-d; and an 'H NMR spectrum of the
resulting suspension at —80 °C was acquired. Two sets of
signals in a ratio of 82:18 were observed for the dissolved
fraction, showing that spontaneous E/Z equilibration of
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TABLE 3. Diastereoselective Reduction of zert-Butanesulfinylimines 4a—h
. a Z:E ratio in Reduction d . . . . 17
Entry Imine (Rs)-4 THF? (%) conditions® d.r. Major diastereomer 5 Yield/ %
1 % A 89:11 % (99)
9. Q.
2 Moy N B 99:1 Ve HN’S 95
19:81
; c 20:20 "
4 a (E)-4a D 72:28 a (Rs.R)-52a 99)
5 ol A 81:19 ol (99)
6w - B g2:18 | wmmy 73
7 O CO ' C 79:21 O 69
8 “ (£)-4b D 65:35 © (Rs.R)-5b (99)
9 ok A 99:1 ol (99)
10 Mewn N B 99:1 Moy 94
1:99
11 O g C 97:3 O g 88
12 ¢ (E)-4e D 91:9 ¢ (Rs.R)-5¢ (99)
13 o i A 70:30 . (99)
14 o NS B 91:9 HN S 77
20:80
s ¢ 9
6 o (4d D 66:34 ¢ (RRySd (99)
17 N A 1:99 % (99)
o 3
18 S 3565 B 1:99 MeN HN 84
cl B
19 (Z) » C 1:99 e 84
20 D 1:99 “ (Rs.S)-Se (99)
21 N A 6:94 ¢ 80
o Q!
22 Sy 1030 B 24:76 Mo HNS (99)
23 “ ' C 20:80 74
O OM -4f O ( Rs.S)-5f
(Z) Ss
24 D 20:80 (99)
25 A 10:90 (99)
Mo ol
26 S B 2:98 . 93
27 O O 67:33 C 14:86 ‘/'\‘ 80
(2)-4g O (Rs,S)-5g
28 D 19:81 (99)
29 A 26:74 99
o K ‘ o K >
30 = o1 B 47:53 S (99)
31 ) C 8:92 75
AN O Ossn
32 D 16:84 51

“Geometry of the C=N bond in crystalline material was determined by X-ray crystallographic analysis. “The E/Z ratio in THF-dy was determined at
—15 °C by NOESY experiments. “‘Conditions A: BH3-THF (1.6 equiv), —78 °C, THF, 3 h. Conditions B: DIBAL53 equiv), —78 °C, THF, 3 h.

Conditions C: NaBH,—Ti(OEt)4, —78 °C to room temperature. Conditions D: NaBHy, THF, room temperature, 3 h.

Determined by '"H NMR and

HPLC assay for the crude reduction mixture. “Relative configuration of the major diastereomer 5 determined by X-ray crystallographic analysis.”Yield

of the major diastereomer; in parentheses: conversion of imines 4a—h. *Assignment based on structural analogy with (Z)-(Ry)-4i.

Mo
S\N

(£)-(Ry)-4i
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imine (E)-4a occurs in THF-dg solution under the reduction
conditions.?

The reduction of 4b.f h afforded sulfinamides with lower
diastereomeric ratios. Nevertheless, minor diastereomers of
sulfinylamides Sa—h could be readily separated by flash
column chromatography, thus increasing the purity of the
major diastereomers Sa—h to >99:1 dr.

The relative configuration at the newly created asym-
metric carbon was determined for all reduction products
5a—h by X-ray crystallographic analysis. Sulfinylamides
5a—d were formed with the R absolute configuration at the
newly created asymmetric center, while reduction products
Se—h possessed the S configuration. Intriguingly, the sense
of asymmetric induction is in good correlation with the
favored E or Z configuration of the starting imines 4a—g
in the crystalline form. Thus, the reduction of (E)-4a—d
resulted in the formation of (Rg,R)-5a—d, while (Z)-4e—h
afforded sulfinylamides (Rg,S)-5e—h. The observed correla-
tion is striking, given the observed isomerization of indivi-
dual E- or Z-conformers of imines Sa—h upon dissolving in
THF-d.

To better understand the putative relationship between
the sense of asymmetric induction and E/Z configuration of
the starting imines 4a—h, the influence of the intramolecular
hydrogen bond on the diastereoselectivity of the reduction
was evaluated. Thus, NaBH, reduction of imine (E)-4c was
attempted in protic solvents that may disrupt the hydrogen
bond between the aniline N—H and nitrogen of the imine.
The diastereoselectivity of the reduction of imine (E)-4¢ was
considerably lower in ethanol (dr = 70:30) and methanol
(dr = 67:33), compared to that in THF (dr = 91:9, condi-
tions D; see Table 3, entry 12), suggesting an involvement of
the intramolecular hydrogen bond in the stabilization of the
transition state for the reduction of imines (E)-4a—d. Con-
sequently, it appears that the hydrogen bonding may be
responsible both for the solid-state geometry and for the
transition-state preferences of imines (E)-4a—d.

For reductions under conditions A and B (see Table 3), a
chelation-controlled reduction mechanism®* is proposed,
where borane forms an “ate” complex with sulfinyl oxygen,>
ensuring the internal sulfoxide-mediated delivery of hydride
from the Si face of the C=N bond to afford sulfinylamides
(Rs,R)-5a—d.

In the preferred chairlike conformation of the six-center
transition state for the (E)-sulfinylimines (TS-1, Figure 3),
the bulky #-Bu group and 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 4a—d 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 4e—h
should afford sulfinylamides (R,S)-5e—h with the opposite,

(23) An 81:19 mixture of E/Z-isomers was formed in THF-dg at —15 °C
(see Table 3).

(24) Cyclic six-membered transition state has been proposed in the
reduction of sulfinylketimines with DIBAL: (a) Hose, D. R. J.; Mahon, M.
F.; Molloy, K. C.; Raynham, T.; Wills, M. J. Chem. Soc., Perkin Trans. 1
1996, 691. (b) Ref 12.

(25) Atomic charge calculations have demonstrated considerable nega-
tive charge on oxygen in sulfinylimines: Bharatam, P. V.; Uppal, P.; Kaur, D.
J. Chem. Soc., Perkin Trans. 2 2000, 43.
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FIGURE 3. Transition states for the reduction of imines 4a—h.

that is, S absolute configuration. Indeed, (Rg,S)-5e—h are
formed as the major diastereomers (Table 3). However, the
observed diastereoselectivity for reduction of 4e—h does not
correlate with the E/Z ratio in solution, and in some cases (for
example, 4e), diastereomeric ratio is much higher than the
E/Z ratio. This outcome means that the diastereoselectivity
for 4e—h is controlled by the relative reactivity of E- and
Z-isomers in the equilibrating E/Z mixture. Notably, the
more reactive conformation of the cyclic transition state
TS-2 implies that the large ortho-substituted aryl moiety is
placed in an axial position to ensure the delivery of hydride
via a six-membered transition state from the Re face of the
sulfinylimines (Z)-4e—h (see Figure 3). On the other hand, a
simple steric explanation is not sufficient to explain the
detailed trends for 4e—h because the actual diastereomeric
ratio varies considerably depending on the reducing agent
and the ortho-substituent. We do not have sufficient evidence
to comment further on the origins of this diastereoselectivity
preference.

An alternative mechanism is also plausible where the
N—H group of anilines 4a—d forms a covalent N—B or
N—Al bond with BH;—THF or DIBAL. Subsequent inter-
nal hydride transfer from the transient amidometallohy-
drides occurs to the less sterically hindered Si face of the
C=N bond, affording (Rg,R)-5a—d (see TS-3, Figure 3).° A
synergistic directing effect of both the sulfinyl oxygen and
aniline nitrogen could also be envisioned (see TS-4, Figure 3).
We could not rule out these possibilies, although we
regard the mechanism via TS-1 to be sufficiently
plausible and consistent with available data for most
experiments.

The sense of asymmetric induction in the case of Ellman’s
conditions (NaBH4—Ti(OEt)4, —78 °C, THF) as well as by
using NaBH4 (room temperature, THF) matches that ob-
tained in the reduction by BH;—THF complex and DIBAL.
Thus, (E)-4a—d afforded (Rg,R)-5a—d, while (Z)-4e—h
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yielded (Rs,S)-5e—h (Table 3). The highest diastereoselec-
tivity in reductions with anionic hydride sources was ob-
served for 4e (dr = 99:1, see Table 3). Nevertheless,
rationalization of the reduction stereochemistry in the case
of the NaBH,—Ti(OEt), system is a challenging task given
the lack of knowledge about the structure of the “true”
reducing species.”’ In the case of NaBH, reductions, the
cyclic six-membered transition state may not be an appro-
priate model because the four-coordinated BH, “ate”
complex cannot interact with oxygen of the sulfinyl group,
and the reaction may involve additional hydride donors
formed after the initial hydride transfer.

Conversion of Reduction Products 5a—e To Target Di-
amines 1 and 2. The chiral auxiliary was readily cleaved
without racemization of the created chiral center by treat-
ment of sulfinamides (Rg,R)-5a—d and (Rg,S)-5¢ with 4 N
HCl in dioxane (see Scheme 1). Introduction of an N-methyl
group at the benzylic nitrogen was performed prior to the
removal of the chiral auxiliary from (Rgs,R)-5a—d and (Rg,
S)-5e. The regioselective alkylation of N-deprotonated sul-
finamide in the presence of aniline N—H was possible by
using LIHMDS as a base.

Conclusions

The key step in the synthesis of chiral, nonracemic dia-
mines 1 and 2 was the highly diastereoselective reduction of
diaryl tert-butanesulfinylimines. Both the structure of the
starting imines 4a—h and the relative configuration of the
reduction products Sa—h were determined by X-ray crystal-
lographic analysis. The sense of asymmetric induction was
found to be in good correlation with E or Z geometry of the
starting imines 4a—hin the crystalline form. Thus, (E)-imines
4a—d were reduced to (Rs,R)-5a—d with R configuration at
the newly created chiral center, while (Z)-4e—h afforded
sulfinylamides (Rg,S)-5e—h with S configuration. This cor-
relation could be rationalized assuming that the reduction

(26) A control experiment was performed under conditions where the TS
stabilization by hydrogen bonding is not possible. Thus, (E)-4a was depro-
tonated and the resulting salt (E)-4a-K was reduced with BH;—THF (dr =
82:18, 99% coversion) and DIBAL (dr = 82:18, 50% conversion) under
standard conditions (see Table 3, conditions A and B). The diastereoselec-
tivity of the reduction was lower compared to that of parent imine (E)-4a (see
Table 3, entries 1 and 2), and it correlated well with the E/Z = 81:19 ratio of

starting (E)-4a.
® )<
K 2

Me. /9N
e N@ N (6]
BH5-THF
KHMDS DIBAL
(E)-4a O O or (Rs,R)-5a
THF THF
-40 °C CI -78°C
(E)-4a-K

The atomic charge calculation evidenced that the anionic nitrogen has
stronger negative charge than the sulfinyl oxygen. Consequently, a scenario
where the initial binding of BH3; or DIBAL to the anion to afford an
amidometallohydride prior to the H transfer is conceivable. The observed
correlation with E/Z ratio of starting (E)-4a suggests an increased barrier for
E/Z interconversion for the anion, which slows down the rate of equilibration
on the reduction time scale.

(27) It has been demonstrated that the reaction between TiCly and LiBH4
afforded two potent reducing agents—Ti(BH,4); and diborane: (a) Hoekstra,
H.R.;Katz,J.J. J. Am. Chem. Soc. 1949, 71, 2488. See also: (b)Jensen, J. A.;
Wilson, S. R.; Girolami, G. S. J. Am. Chem. Soc. 1988, 110, 4977.

(28) Nevertheless, involvement of the cyclic transition state has been
suggested for reductions with anionic hydride sources: (a) with LiAIHy (ref
20a). (b) with NaBH, (refs 8g and 8i).
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with BH;—THF and DIBAL occurs via the cyclic transition
state and internal sulfoxide-mediated delivery of borane or
via internal hydride transfer from transient amidometallo-
hydrides. In solution, fast E/Z isomerization of sulfinyli-
mines 4a—h was observed and the equilibrium ratio was
found to depend on the solvent. The free energy of activation
for E/Z isomerization in THF-ds for all sulfinylimines 4a—h
was determined by NMR methods to range from 63.4 to 70.7
kJ/mol. Calculated differences of the ground-state energies
of E- and Z-isomers correspond to the equilibrium ratio of
E/Z-conformers in THF-dg.

Experimental Section

General Procedure for the Condensation of Ketones with (R)-
tert-Butanesulfinamide. To a solution of appropriate ketone 3
(1.0 equiv) and (Rg)-tert-butanesulfinamide®® (1.0 equiv) in
anhydrous THF (5 mL/mmol of ketone 3) under an argon
atmosphere in an ACE pressure tube was added neat Ti(OEt),
(Alfa Aesar, Vertec, 99+%, 4.0 equiv). The pressure tube was
sealed and heated for 12 h at 75 °C (sulfinylimines 4a—d) or
90 °C (sulfinylimines 4e—i), cooled to ambient temperature, and
poured into a mixture of brine (20 mL/mmol of ketone 3) and
EtOAc (20 mL/mmol of ketone 3). The resulting slurry was
filtered throught a plug of Celite (3 x 5 cm), and the filter cake
was washed with EtOAc (50 mL/mmol of ketone 3). Organic
layer from the filtrate was washed with brine, dried over
Na,SOy,, and concentrated. The residue was purified by column
chromatography on silica gel.

(Rs)-N-[(E)-[5-Chloro-2-(methylamino)phenyl](phenyl)methy-
lidene]-2-methyl-2-propanesulfinamide (4a). Following the gene-
ral procedure, ketone 3a (500 mg, 2.0 mmol) was converted into
sulfinylimine 4a. Purification of the crude product by column
chromatography using gradient elution from 6% EtOAc/
petroleum ether to 45% EtOAc/petroleum ether afforded 4a
as a yellow solid (500 mg, 78% yield); analytical TLC on silica
gel, 2:5 EtOAc/petroleum ether, R, = 0.14. Pure material was
obtained by crystallization from EtOAc/petroleum ether: mp
126—128 °C; IR (film, cm™') 3213 (NH), 1529 (N=C), 1078
(S=0); 'H NMR (400 MHz, CDCls, ppm) 0 9.69—9.45 (1H, s),
7.52—7.38 3H, m), 7.29—7.13 (3H, m), 6.84 (1H, d, J = 2.2 Hz),
6.66 (1H,d,J = 9.0 Hz), 2.98 (3H, d, J = 4.0 Hz), 1.21 (9H, s);
'3C NMR (100 MHz, CDCl;, ppm) 6 182.0, 150.8, 136.5, 134.3,
129.3, 128.4, 127.7, 118.6, 117.6, 112.4, 55.4, 29.8, 22.2. Anal.
Calced for C1gH,;CIN,OS: C, 61.97; H, 6.07; N, 8.03. Found: C,
61.73; H, 5.98; N, 7.87. Optical rotation [0]*°p —157.4 (c 4.45,
EtOH).

(Rs)-N-[(E)-[5-Chloro-2-(methylamino)phenyl](2-naphthyl)meth-
ylidene]-2-methyl-2-propanesulfinamide (4b). Following the gene-
ral procedure, ketone 3b (500 mg, 1.7 mmol) was converted
into sulfinylimine 4b. Purification of the crude product by
column chromatography using gradient elution from 6%
EtOAc/petroleum ether to 100% EtOAc afforded 4b as a
yellow solid (528 mg, 78%); analytical TLC on silica gel,
2:5 EtOAc/petroleum ether, R, = 0.14. Pure material was
obtained by crystallization from EtOAc/petroleum ether:
mp 129—131 °C; IR (film, cm™") 3215 (NH), 1565 (N=C),
1077 (S=0); '"H NMR (400 MHz, CDCls, ppm) ¢ 9.71—9.58
(1H, brs), 8.02—7.84 (3H, m), 7.76 (1H, s), 7.63—7.53 (2H, m),
7.38—7.27 (2H, m), 6.89 (1H, d, J = 2.0 Hz), 6.72 (1H, d,
J = 9.0 Hz), 3.04 (3H, s), 1.26 (9H, s); '>*C NMR (100 MHz,
CDCls, ppm) 6 180.0, 149.0, 132.3, 132.0, 131.3, 130.5, 126.7,
126.4, 126.0, 125.3, 125.1, 123.2, 116.9, 115.6, 110.5, 53.7,
27.9, 20.3. Anal. Calcd for C,,H»3CIN,OS: C, 66.23; H, 5.81;

(29) Synthesized according to the reported procedure: Cogan, D. A.; Liu,
G.; Kim, K.; Backes, B. J.; Ellman, J. A. J. Am. Chem. Soc. 1998, 120, 8011.
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N, 7.02. Found: C, 66.09; H, 5.76; N, 6.99. Optical rotation
[0]*°5 —121.1 (¢ 4.09, EtOH).

(Rs)-N-[( E)-{5-Chloro-2-(methylamino)phenyl](1-naphthyl)meth-
ylidene]-2-methyl-2-propanesulfinamide (4c). Following the gen-
eral procedure, ketone 3¢ (500 mg, 1.7 mmol) was converted into
sulfinylimine 4c. Purification of the crude product by column
chromatography using gradient elution from 6% EtOAc/petro-
leum ether to 100% EtOAc afforded 4c as a yellow solid
(251 mg, 37% yield); analytical TLC on silica gel, 2:5 EtOAc/
petroleum ether, R, = 0.12. Pure material was obtained by
crystallization from EtOAc/petroleum ether: mp 162—164 °C; IR
(film, cm™") 3210 (NH), 1535 (N=C), 1080 (S=0); '"H NMR
(400 MHz, CDCls, ppm) 6 9.79—9.56 (1H, m), 7.97—7.75 (2H,
m), 7.63—7.50 (1H, m), 7.49—7.40 (2H, m), 7.37—7.28 (1H, m),
7.21-7.07 (2H, m), 6.73—6.59 (2H, m), 2.99 (3H, d, J = 5.0 Hz),
1.18—1.07 (9H, m); *C NMR (100 MHz, CDCl;, ppm; a
mixture of two rotamers (Z)-4cA and (Z)-4¢B) 6 182.7, 180.4,
150.8, 150.8, 134.8, 134.4, 134.3, 134.1, 133.8, 133.7, 133.2,
133.1, 130.2, 130.0, 129.6, 129.6, 128.7, 128.2, 127.6, 127.0,
126.4, 126.3, 125.7, 125.6, 125.3, 125.2, 124.3, 119.0, 118.8,
117.6, 117.4, 112.5, 55.9, 54.5, 29.9, 29.9, 22.3. Anal. Calcd for
C5,H»;CIN,OS: C, 66.23; H, 5.81; N, 7.02. Found: C, 66.01; H,
5.75; N, 6.94. Optical rotation [a]*°p —110.2 (¢ 3.80, EtOH).

(Rs)-N-[(E)-(2-Amino-5-chlorophenyl)(phenyl)methylidene]-2-
methyl-2-propanesulfinamide (4d). Following the general proce-
dure, ketone 3d (500 mg, 2.16 mmol) was converted into
sulfinylimine 4d. Purification of the crude product by column
chromatography using gradient elution from 6% EtOAc/petro-
leum ether to 60% EtOAc/petroleum ether afforded 4d as a
yellow solid (555 mg, 78%); analytical TLC on silica gel, 1:1
EtOAc/petroleum ether, R, = 0.24. Pure material was obtained
by crystallization from EtOAc/petroleum ether: mp 142—143 °C;
IR (film, cm™") 3367 (NH,), 1461 (N=C), 1049 (S=0); 'H
NMR (400 MHz, CDCl;, ppm) 6 7.60—7.38 (3H, m), 7.34—7.08
(2H, m), 7.01—-6.78 (2H, m), 6.69 (1H, d, J = 8.6 Hz), 3.99—3.51
(2H, br s), 1.26 (9H, s); '>*C NMR (100 MHz, CDCl;, ppm)
181.9,149.28, 136.5, 133.5,129.4, 128.4,127.6, 118.3, 55.7, 22.3.
Anal. Caled for C7H9CIN,OS: C, 60.98; H, 5.72; N, 8.37.
Found: C, 61.12; H, 5.63; N, 8.18. Optical rotation [o]*°p
—105.3 (¢ 1.95, EtOH).

(Rs)-N-[(Z)-[5-Chloro-2-(dimethylamino)phenyl](phenyl)met-
hylidene]-2-methyl-2-propanesulfinamide (4e). Following the
general procedure, ketone 3e (300 mg, 1.16 mmol) was con-
verted into sulfinylimine 4e. Purification of the crude product by
column chromatography using gradient elution from, 6%
EtOAc/petroleum ether to 40% EtOAc/petroleum ether af-
forded the desired product as a yellow foam (250 mg, 60%
yield); analytical TLC on silica gel, 2:5 EtOAc/petroleum ether,
Ry = 0.31: IR (film, cm ") 1558 (N=C), 1081 (S=0); '"H NMR
(400 MHz, CDCl;, ppm; a mixture of Z- and E-isomers) 0
7.85—7.73 (2H, m), 7.55—7.48 (1H, m), 7.45—7.38 (2H, m), 7.32
(IH,d,J = 8.0 Hz), 7.10—6.90 (2H, m), 2.72 (6H, s), 1.40—1.17
(9H, m); *C NMR (100 MHz, CDCl;, ppm; a mixture of Z- and
E-isomers) 0 171.8, 150.5, 149.6, 138.9, 137.3, 132.3, 131.7,
130.6, 130.3, 130.2, 129.5, 129.3, 128.8, 128.4, 124.9, 1244,
118.8, 118.6, 57.6, 57.2, 43.2, 42.8, 23.2, 22.2; HRMS-ESI (m/z)
caled for C;oH4N>OS*>CI1[M + H]" 363.1298, found 363.1326.
Optical rotation [a]*’p —134.9 (¢ 1.61, EtOH).

(Rs)-N-[(Z)-(2-Methoxyphenyl)(phenyl)methylidene]-2-meth-
yl-2-propanesulfinamide (4f). Following the general procedure,
ketone 3f (336 mg, 1.59 mmol) was converted into sulfinylimine
4f. Purification of the crude product by column chromatogra-
phy using gradient elution from 6% EtOAc/petroleum ether to
40% EtOAc/petroleum ether afforded 4f as a yellow solid
(394 mg, 79% yield); analytical TLC on silica gel, 2:5 EtOAc/
petroleum ether, R, = 0.20. Pure material was obtained by
crystallization from EtOAc/petroleum ether: mp 99—101 °C; IR
(film, cm ™) 1560 (N=C), 1084 (S=0); '"H NMR (400 MHz,

2364 J. Org. Chem. Vol. 75, No. 7, 2010

Martjuga et al.

CDCl;, ppm) 0 7.73 (2H, d, J = 7.2 Hz), 7.52—7.42 (2H, m),
7.40—7.36 (2H, m), 7.22 (1H, brs), 7.07—6.95 (2H, m), 3.80 (3H,
s), 1.30 (9H, s); '*C NMR (100 MHz, CDCl;, ppm) & 175.3,
155.8, 138.2, 131.9, 130.9, 129.4, 129.1, 128.3, 125.2, 120.1,
111.1, 110.6, 56.7, 55.4, 22.5. Anal. Calcd for C,3H,;CINO,S:
C, 68.54; H, 6.71; N, 4.44. Found: C, 68.42; H, 6.63; N, 4.38.
Optical rotation [a]*’p —126.3 (¢ 4.81, EtOH).
(Rs)-N-[(Z)-(2-Bromophenyl)(phenyl)methylidene]-2-methyl-
2-propanesulfinamide (4g). Following the general procedure,
ketone 3g (500 mg, 1.92 mmol) was converted into sulfinylimine
4g. Purification of the crude product by column chromatogra-
phy using gradient elution from 6% EtOAc/petroleum ether to
20% EtOAc/petroleum ether afforded 4g as a yellow solid
(414 mg, 60%); analytical TLC on silica gel, 2:5 EtOAc/
petroleum ether, R, = 0.32. Pure material was obtained by
crystallization from EtOAc/petroleum ether: mp 72—74 °C; IR
(film, cm™') 1563 (N=C), 1086 (SO); '"H NMR (400 MHz,
CDCl;, ppm) 6 7.72—7.62 (3H, m), 7.56—7.47 (IH, m),
7.47—7.16 (5H, m), 1.33 (9H, s); '*C NMR (100 MHz, CDCl;,
ppm; a mixture of Z- and E-isomers) 0 175.9, 137.5,136.9, 132.6,
132.4, 132.3, 132.2, 130.6, 130.1, 128.9, 128.6, 128.2, 127.1,
126.8, 125.5, 119.8, 58.7, 57.0, 22.8, 22.5. Anal. Calcd for
C,7H §BrNOS: C, 56.05; H, 4.98; N, 3.84. Found: C, 56.09;
H, 4.87; N, 3.87. Optical rotation [0]*°p —123.4 (¢ 0.99, EtOH).
(Rs)-N-[(Z)-(2-1sopropylphenyl)(phenyl)methylidene]-2-meth-
yl-2-propanesulfinamide (4h). Following the general procedure,
ketone 3h (340 mg, 1.51 mmol) was converted into sulfinylimine
4h. Purification of the crude product by column chromatogra-
phy using gradient elution from 6% EtOAc/petroleum ether to
20% EtOAc/petroleum ether afforded 4h as an yellow oil (331 mg,
67%); analytical TLC on silica gel, 4:10 EtOAc/petroleum ether,
Ry = 0.44: IR (film, em ') 1560 (N=C), 1073 (S=0); '"H NMR
(400 MHz, CDCls, ppm; a mixture of Z- and E-isomers) ¢ 7.78—
7.68 (2H, m), 7.53—7.35 (5H, m), 7.33—7.23 (1.5H, m), 7.03—6.97
(0.5H, m), 2.79—2.55 (1H, m), 1.36—1.26 (11H, m), 1.25—1.20
(1H, m), 1.02—0.95 (3H, m); "*C NMR (100 MHz, CDCls, ppm; a
mixture of Z- and E-isomers) 0 180.8, 179.5, 146.0, 144.8, 138.3,
137.9, 135.5, 134.6, 132.4, 129.7, 129.6, 129.4, 128.7, 128.4, 126.9,
126.1,125.6,125.4,56.6, 56.3,31.6,31.2,24.1,24.0,23.9,23.5,22.6,
22.3; HRMS-ESI (m/z) caled for C,0H»sNOS [M + H] " 328.1735,
found 328.1717. Optical rotation [a]*°p —69.7 (¢ 4.73, EtOH).
(Rs)-N-[(Z)-[2-(Dimethylamino)phenyl](phenyl)methylidene]-
2-methyl-2-propanesulfinamide (4i). Following the general pro-
cedure, ketone 3i (342 mg, 1.52 mmol) was converted into
sulfinylimine 4i. Purification of the crude product by column
chromatography using gradient elution from 6% EtOAc/petro-
leum ether to 40% EtOAc/petroleum ether afforded 4i as a
yellow solid (250 mg, 51%); analytical TLC on silica gel, 4:10
EtOAc/petroleum ether, R, = 0.28. Pure material was obtained
by crystallization from EtOAc/petroleum ether: mp 76—78 °C;
IR (film, cm™") 1533 (N=C), 1083 (S=0); 'H NMR (400 MHz,
CDCl;, ppm; a mixture of Z- and E-isomers) 0 7.88—7.75 (2H,
m), 7.54—7.46 (1H, m), 7.44—7.34 (3H, m), 7.21—7.14 (0.5H, m),
7.09—6.88 (2.5H, m), 2.81—2.65 (6H, m), 1.40—1.14 (9H, m);
13C NMR (100 MHz, CDCls, ppm; a mixture of Z- and E-
isomers) 0 177.7, 175.4, 151.8, 150.9, 139.2, 138.0, 132.0, 131.6,
130.9, 130.8, 130.5, 129.7, 129.6, 129.3, 128.2, 127.3, 120.0,
119.3,117.6, 117.4, 56.9, 43.3, 42.9, 23.0, 22.2. Anal. Calcd for
C1oH24N>OS: C, 69.48; H, 7.36; N, 8.53. Found: C, 69.21; H,
7.38; N, 8.47. Optical rotation [0]*°p —88.1 (¢ 1.78, EtOH).
General Procedure A for the Reduction of N-terr-Butanesulfi-
nylimines 4a—h with BH;—THF. Sulfinylimine 4 (1.0 equiv) was
dissolved in anhydrous THF (10 mL/mmol of imine 4) and
cooled to —78 °C under argon atmosphere. Borane—THF
complex (1.0 M solution in THF, 1.6 equiv) was added drop-
wise, and the resulting solution was stirred at —78 °C for 3 h,
whereupon it was quenched at —78 °C with brine (50 mL/mmol
of imine 4). After warming to room temperature, EtOAc
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(50 mL/mmol of imine 4) was added and layers were separated.
The organic phase was washed with brine, dried over Na,SOy,
and concentrated. An aliquot of the crude product was sub-
mitted to '"H NMR and HPLC analysis to determine the
diastereoselectivity of the reduction. Diastereomerically pure
product was obtained after purification by column chromato-
graphy on silica gel.

General Procedure B for the Reduction of N-tert-Butanesulfi-
nylimines 4a—h with DIBAL. Sulfinylimine 4 (1.0 equiv) was
dissolved in anhydrous THF (5.0 mL/mmol of imine 4) and
cooled to —78 °C under argon atmosphere. Diisobutylalumi-
num hydride (1.0 M solution in hexanes, 3.0 equiv) was added
dropwise, and the resulting solution was stirred at —78 °C for 3
h, whereupon it was quenched at —78 °C with brine (12 mL/
mmol of imine 4). After warming to room temperature, EtOAc
(15 mL/mmol of imine 4) was added and layers were separated.
The organic phase was washed with brine, dried over Na,SOy,
and concentrated. An aliquot of the crude product was sub-
mitted to 'H NMR and HPLC analysis to determine the
diastereoselectivity of the reduction. Diastereomerically pure
product was obtained after purification by column chromato-
graphy on silica gel.

General Procedure C for the Reduction of N-tert-Butanesulfi-
nylimines 4a—h with NaBH, in the Presence of Ti(OEt),. NaBH,4
(5.0 equiv) was added to a solution of Ti(OEt)4 (2.0 equiv) in
anhydrous THF (3 mL/mmol of imine 4), and the resulting
suspension was cooled to —78 °C under argon atmosphere. A
solution of sulfinylimine 4 (1.0 equiv) in anhydrous THF (3 mL/
mmol of imine 4) was added dropwise at —78 °C, and the
mixture was gradually warmed to room temperature and left
to stir for 12 h, whereupon it was poured into a mixture of brine
(20 mL/mmol of imine 4) and EtOAc (20 mL/mmol of imine 4).
The resulting slurry was filtered throught a plug of Celite (3 x
5cm), and the filter cake was washed with EtOAc (50 mL/mmol
of imine 4). Organic layer from the filtrate was washed with
brine, dried over Na,SQOy,, and concentrated. An aliquot of the
crude product was submitted to "H NMR and HPLC analysis to
determine the diastereoselectivity of the reduction. Diastereo-
merically pure product was obtained after purification by
column chromatography on silica gel.

General Procedure D for the Reduction of N-terr-Butanesulfi-
nylimines 4a—h with NaBH,. Sodium borohydride (NaBH,)
(5.0 equiv) was added portionwise to a solution of the imine
(1.0 equiv) in anhydrous THF (5§ mL/mmol of imine 4) at room
temperature. After stirring for 3 h, the suspension was poured
into a mixture of brine (30 mL/mmol of imine 4) and EtOAc (30
mL/mmol of imine 4). Layers were separated, and the organic
phase was dried over anhydrous Na,SO,4 and concentrated. An
aliquot of the crude product was submitted to '"H NMR and
HPLC analysis to determine the diastereoselectivity of the
reduction. Diastereomerically pure product was obtained after
purification by column chromatography on silica gel.

(Rs)-N-[(R)-[S-Chloro-2-(methylamino)phenyl|(phenyl)methyl]-
2-methyl-2-propanesulfinamide (5a). Following the general pro-
cedure B for the reduction, sulfinylimine 4a (555 mg, 1.59 mmol)
was converted into Sa. Purification of the crude product by
column chromatography using gradient elution from 6%
EtOAc/petroleum ether to 50% EtOAc/petroleum ether af-
forded 5a as a white solid (526 mg, 95% yield); analytical TLC
on silica gel, 2:5 EtOAc/petroleum ether, R, = 0.19. Pure
material was obtained by crystallization from EtOAc/petroleum
ether: mp 144—146 °C; IR (film, cm ') 3368 (NH), 1052 (S=0);
"H NMR (400 MHz, CDCls, ppm) 6 7.42—7.32 (5H, m), 7.17
(IH,dd, J = 8.6,2.6 Hz), 6.62 (1H, d, J = 9.0 Hz), 6.60 (1H, d,
J =2.6Hz),5.58(1H,d,J = 2.6 Hz), 5.14—4.99 ng, brs), 3.56
(1H, d, J = 1.6 Hz), 2.90 (3H, s), 1.27 (9H, s); "*C NMR (100
MHz, CDCl;, ppm) 6 144.9, 139.8, 129.0, 128.6, 128.6, 128.2,
128.0, 126.9, 120.9, 111.8, 56.6, 55.8, 30.4, 22.5. Anal. Calcd for
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C3H»3CIN,OS: C, 61.54; H, 6.68; N, 7.93. Found: C, 61.59; H,
6.55; N, 7.93. Optical rotation (99% de, HPLC/csp) [0]*’p
—65.8 (¢ 3.65, EtOH). HPLC/csp assay: Daicel CHIRALPAK
1A, 25 cm x 4.6 mm i.d., mobile phase 6% IPA/94% Hex, flow
rate 0.9 mL/min, detector UV 254 nm, retention time 7.5 min
((R,Rs)-5a) major and 10.7 min ((S,Rs)-5a) minor.
(R)-N-[(R)-[5-Chloro-2-(methylamino)phenyl](2-naphthyl)met-
hyl]-2-methyl-2-propanesulfinamide (5b). Following the general
procedure B for the reduction, sulfinylimine 4b (528 mg, 1.32 mmol)
was converted into Sb. Purification of the crude product by column
chromatography using gradient elution from 6% EtOAc/petro-
leum ether to 20% EtOAc/petroleum ether afforded 5b as a white
solid (386 mg, 73% yield); analytical TLC on silica gel, 2:5 EtOAc/
petroleum ether, R, = 0.20. Pure material was obtained by crystal-
lization from EtOAc/petroleum ether: mp 179—181 °C; IR (film,
em™ 1) 3366 (NH), 1049 (S=0); 'H NMR (400 MHz, CDCls, ppm)
0797 (1H, s), 7.92—7.83 (3H, m), 7.57—7.50 (2H, m), 7.44 (1H, d,
J=8.6Hz),7.19(1H,dd,J = 8.6,2.4Hz),6.67—6.63 (2H, m), 5.76
(1H, s), 5.13 (1H, brs), 3.68 (1H, s), 2.93 (3H, s), 1.30 (9H, s); 1*C
NMR (100 MHz, CDCl;, ppm) 0 145.0, 137.3 133.2, 133.0, 129.2,
128.7, 128.5, 128.1, 127.8, 127.1, 126.7, 126.3, 126.3, 126.2, 121.0,
111.8, 56.7, 55.8, 30.5, 22.6. Anal. Calcd for C,,H,5CIN,OS: C,
65.90; H, 6.28; N, 6.99. Found: C, 65.95; H, 6.19; N, 6.90. Optical
rotation (99% de, HPLC/csp) [a]*° —58.2 (¢ 1.94, EtOH). HPLC/
csp assay: Daicel CHIRALPAK IA, 25 cm x 4.6 mm i.d., mobile
phase 7% IPA/93% Hex, flow rate 0.9 mL/min, detector UV
254 nm, retention time 10.2 min ((R,Rg)-5b) major and 12.4 min
((S,Rs)-5b) minor.
(Rs)-N-[(R)-[5-Chloro-2-(methylamino)phenyl](1-naphthyl)me-
thyl]-2-methyl-2-propanesulfinamide (5c). Following the general
procedure B for the reduction, sulfinylimine 4¢ (848 mg, 2.13 mmol)
was converted into 5¢. Purification of the crude product by column
chromatography using gradient elution from 6% EtOAc/
petroleum ether to 50% EtOAc/petroleum ether afforded 5c¢ as a
white solid (801 mg, 94% yield); analytical TLC on silica gel, 2:5
EtOAc/petroleum ether, R, = 0.30. Pure material was obtained by
crystallization from Et,O: mp 153—155 °C; IR (film, cm ") 3350
(NH), 1058 (S=0): 'H NMR (400 MHz, CDCls, ppm) 0
7.92—-7.84 (3H, m), 7.61-7.55 (1H, m), 7.52—7.49 (1H, m),
7.48—7.43 (1H, m), 7.40—7.35 (1H, m), 7.15 (1H, dd, J = 8.6,
2.4 Hz), 6.70 (1H, d, J = 8.6 Hz), 6.47 (1H, d, J = 2.4 Hz), 6.23
(1H,d,J = 1.4 Hz),5.51 (1H,d,J = 40Hz),3.50 (1H,d,J = 14
Hz), 3.01 (3H, d, J = 4.0 Hz), 1.31 (9H, s); '*C NMR (100 MHz,
CDCl;, ppm) 0 144.9,135.7, 133.8, 131.0, 129.4, 128.7, 128.5, 128.3,
126.5,126.5,125.8, 125.4,125.0, 123.4, 120.9, 112.0, 55.8, 53.2, 30.6,
22.6. Anal. Calcd for C,,H,sCIN,OS: C, 65.90; H, 6.28; N, 6.99.
Found: C, 65.70; H, 6.29; N, 6.74. Optical rotation (99% de,
HPLC/csp) [a]®p +6.4 (¢ 1.24, EtOH). HPLC/csp assay: Daicel
CHIRALPAK IA, 25 cm x 4.6 mm i.d., mobile phase 7% IPA/
93% Hex, flow rate 0.9 mL/min, detector UV 254 nm, retention
time 7.5 min ((R,Rs)-5¢) major and 10.9 min ((S,Rs)-5¢) minor.
(Rs)-N-[(R)-(2-Amino-5S-chlorophenyl)(phenyl)methyl]-2-methyl-
2-propanesulfinamide (5d). Following the general procedure B
for the reduction, sulfinylimine 4d (555 mg, 1.66 mmol) was
converted into 5d. Purification of the crude product by column
chromatography using gradient elution from 6% EtOAc/
petroleum ether to 60% EtOAc/petroleum ether afforded 5d
asa white solid (428 mg, 77% yield); analytical TLC onsilica gel,
1:1 EtOAc/petroleum ether, R, = 0.26. Pure material was
obtained by crystallization from Et,O: mp 156—158 °C; IR
(film, cm™") 3350 (NH,), 3234 (NH), 1043 (S=0); '"H NMR
(400 MHz, CDCl3, ppm) 0 7.46—7.30 (SH, m), 7.06 (1H, dd, J =
8.6,2.4Hz), 6.67 (1H,d, J = 2.5Hz), 6.65(1H, d, J = 8.6 Hz),
5.61 (1H,d,J = 2.5Hz),4.58—4.18 (2H, brs),3.67 (1H,d,J = 2.0
Hz), 1.27 (9H, s); >*C NMR (100 MHz, CDCl;, ppm) 6 142.8,
139.7,129.0, 128.6, 128.6, 128.1, 127.9, 127.5, 122.6, 117.9, 57.0,
55.8, 22.6. Anal. Calcd for C;7H,;CIN,OS: C, 60.61; H, 6.28;
N, 8.32. Found: C, 60.49; H, 6.35; N, 8.08. Optical rotation
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(99% de, HPLC/csp) [0]*°p —72.9 (¢ 2.85, EtOH). HPLC/csp
assay: Daicel CHIRALPAK IA, 25 cm x 4.6 mm i.d., mobile
phase 20% IPA/80% Hex/0.1% DEA, flow rate 0.9 mL/min,
detector UV 254 nm, retention time 9.1 min ((S, Rs)-5d) minor and
10.3 min ((R,Rs)-5d) major.
(Rs)-N-[(S)-[S-Chloro-2-(dimethylamino)phenyl](phenyl)met-
hyl]-2-methyl-2-propanesulfinamide (5e). Following the general
procedure C for the reduction, sulfinylimine 4e (150 mg, 0.41 mmol)
was converted into Se. Purification of the crude product by column
chromatography using gradient elution from 6% EtOAc/
petroleum ether to 55% EtOAc/petroleum ether afforded Se as a
white solid (127 mg, 84% yield yield); analytical TLC on silica
gel, 4:10 EtOAc/petroleum ether, R, = 0.22. Pure material was
obtained by crystallization from petroleum ether: mp: 117—119 °C;
IR (film, cm ') 3166 (NH), 1045 (S=0); '"H NMR (400 MHz,
CDCls, ppm) 6 747 (1H, d, J = 2.6 Hz), 7.43—7.34 (2H, m),
7.35—7.26 (2H, m), 7.25—7.15 (2H, m), 7.11 (1H, d, J = 8.6 Hz),
6.24(1H,d,J = 3.0Hz),3.87(1H,d,J = 3.0 Hz), 2.53 (6H, s), 1.23
(9H, s); *C NMR (100 MHz, CDCls, ppm) 6 151.7, 142.4, 139.4,
129.7,128.8, 128.7, 128.2, 127.6, 127.4, 123.0, 56.4, 55.9, 45.7, 22.6.
Anal. Caled for C19H»5CIN>OS: C, 62.53; H, 6.91; N, 7.68. Found:
C, 62.21; H, 6.89; N, 7.57. Optical rotation (99% de, HPLC/csp)
[0*°p —24.2 (¢ 1.34, EtOH). HPLC/csp assay: Daicel CHIRAL-
PAK IC, 25 cm x 4.6 mm i.d., mobile phase 3% IPA/97% Hex,
flow rate 0.9 mL/min, detector UV 210 nm, retention time 13.6 min
((S,Rs)-5¢) major and 21.3 min ((R,Rs)-5¢) minor.
(Rs)-N-[(S)-(2-Methoxyphenyl)(phenyl)methyl]-2-methyl-2-
propanesulfinamide (5f). Following the general procedure A for
the reduction, sulfinylimine 4f (188 mg, 0.60 mmol) was con-
verted into 5f. Purification of the crude product by column
chromatography using gradient elution from 3% i-PrOH/
petroleum ether to 15% i-PrOH/petroleum ether afforded 5f
asawhite solid (151 mg, 80% yield); analytical TLC onsilica gel,
2:5 EtOAc/petroleum ether, R, = 0.19. Pure material was
obtained by crystallization from 5% i-PrOH/hexane: mp
133—135 °C; IR (film, em™ ") 3228 (NH), 1029 (S=0); 'H
NMR (400 MHz, CDCl;, ppm) 0 7.44 (1H, dd, J = 7.6, 1.8
Hz),7.39—7.32(2H, m), 7.31—-7.17 (4H, m), 6.97—6.93 (1H, m),
6.84(1H,dd,J = 8.2,1.0Hz),6.01 (1H,d,J = 3.8 Hz),3.80 (1H,
d,J = 3.8 Hz), 3.75 (3H, s), 1.22 (9H, s); >*C NMR (100 MHz,
CDCl;, ppm) 0 157.0, 142.5, 128.5, 128.5, 128.2, 127.4, 127.3,
120.4,110.9, 56.6,55.9, 55.4,22.7. Anal. Calcd for C;gH,3NO,S:
C, 68.10; H, 7.30; N, 4.41. Found: C, 67.66; H, 7.23; N, 4.28.
HRMS-ESI (m/z) caled for CisH,4NO,S* [M + H] ' 318.1528,
found 318.1558. Optical rotation (99% de, HPLC/csp) [0*’p
—51.9 (¢ 2.25, EtOH). HPLC/csp assay: Daicel CHIRALPAK
IA, 25 cm x 4.6 mm i.d., mobile phase 5% IPA/95% Hex/ flow
rate 0.9 mL/min, detector UV 254 nm, retention time 5.8 min
((S,Rs)-5f) major and 7.1 min ((R,Rg)-5f) minor.
(Rs)-N-[(S)-(2-Bromophenyl)(phenyl)methyl]-2-methyl-2-pro-
panesulfinamide (5g). Following the general procedure B for the
reduction, sulfinylimine 4g (500 mg, 1.37 mmol) was converted
into 5g. Purification of the crude product by column chroma-
tography using gradient elution from 6% EtOAc/petroleum
ether to 45% EtOAc/petroleum ether afforded 5g as a white
solid (466 mg, 93% yield); analytical TLC on silica gel, 2:5
EtOAc/petroleum ether, R, = 0.23. Pure material was obtained
by crystallization from EtOAc/petroleum ether: mp 131—
133 °C; IR (film, cm™!) 3217 (NH), 1039(S=0); '"H NMR
(400 MHz, CDCls, ppm) ¢ 7.53 (1H, d, J = 8.0 Hz), 7.47 (1H,
d,J = 8.0Hz),7.36—7.13 (6H, m), 7.10—7.04 (1H, m), 6.04 (1H,
d,J = 3.0Hz),3.68 (1H,d,J = 3.0 Hz), 1.18 (9H, s); *C NMR
(100 MHz, CDCl;, ppm) 6 141.0 140.4, 133.3, 129.5, 129.0,
128.8,127.9,127.8,127.4,124.0,61.2, 56.1,22.7. Anal. Calcd for
C7H,0BrNOS: C, 55.74; H, 5.50; N, 3.82. Found: C, 55.74; H,
5.37; N, 3.96. Optical rotation (99% de, HPLC/csp) [0]*°p
—35.1 (¢ 0.97, EtOH). HPLC/csp assay: Daicel CHIRALPAK
IA, 25 cm x 4.6 mm i.d., mobile phase 3% IPA/97% Hex/, flow
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rate 0.9 mL/min, detector UV 210 nm, retention time 14.6 min
((R,Rs)-5g) minor and 11.2 min ((S,Rs)-5g) major.

(Rs)-N-[(S)-(2-Isopropylphenyl)(phenyl)methyl]-2-methyl-2-pro-
panesulfinamide (5h). Following the general procedure C for the
reduction, sulfinylimine 4h (328 mg, 1.0 mmol) was converted
into Sh. Purification of the crude product by column chroma-
tography using gradient elution from 6% EtOAc/petroleum
ether to 40% EtOAc/petroleum ether afforded 5h as a white
solid (247 mg, 75%); analytical TLC on silica gel, 2:5 EtOAc/
petroleum ether, R, = 0.28. Pure material was obtained by
crystallization from Et,O: mp 109—111 °C; IR (film, cm ") 3210
(NH), 1062 (5=0); "H NMR (400 MHz, CDCls, ppm) 6 7.53
(1H, dd, J = 7.8, 1.2 Hz), 7.36—7.05 (8H, m), 6.02 (1H, d, J =
3.0 Hz), 3.63 (1H, d, J = 3.0 Hz), 3.23 (1H, septet, J = 7.0 Hz),
1.25 (3H,d, J = 7.0 Hz), 1.23 (9H, s), 1.0 (3H, d, 7.0 Hz); *C
NMR (100 MHz, CDCl;, ppm) 6 146.8, 142.6, 137.5, 128.8,
127.9, 127.79, 127.81, 127.6, 125.7, 57.7, 55.8, 28.4, 24.2, 23 .4,
22.7. Anal. Calcd for C,yH»;NOS: C, 72.90; H, 8.26; N, 4.25.
Found: C, 72.84; H, 8.37; N, 4.18. Optical rotation (99% de,
HPLC/csp) [0’ —57.1 (¢ 0.85, EtOH). HPLC/csp assay:
Daicel CHIRALPAK IC, 25 cm x 4.6 mm i.d., mobile phase
2% IPA/98% Hex, flow rate 0.9 mL/min, detector UV 210 nm,
retention time 17.9 min ((S,Rs)-5h) major and 18.9 min ((R,Rs)-
5h) minor.

General Procedure for the Alkylation of /V-tert-Butanesulfiny-
lamides 5a—e. Sulfinylamide 5 (1.0 equiv) was dissolved in
anhydrous DMF (3 mL/mmol of amide 5) and cooled to —20 °C
under argon atmosphere. A solution of LIHMDS in THF (1 M
solution in THF, 1.0 equiv) was added dropwise, and the yellow
solution was stirred at —20 °C for 1 h, whereupon neat Mel (2.0
equiv) was added. After warming to room temperature and stirring
for 2 h, the mixture was diluted with water (30 mL/mmol of amide
5) and extracted with MeOtBu. Combined organic extracts were
dried (Na,SO,) and concentrated, and the residue was purified by
column chromatography on silica gel.

(Rs)-N-[(R)-[5-Chloro-2-(methylamino)phenyl](phenyl)methyl-
N,2-dimethyl-2-propanesulfinamide (6a). Following the general
procedure for the alkylation, sulfinylamide 5a (543 mg, 1.55 mmol)
was converted into 6a. Purification of the crude product by column
chromatography using gradient elution from 6% EtOAc/
petroleum ether to 20% EtOAc/petroleum ether afforded 6a as a
white solid (527 mg, 93% yield); analytical TLC on silica gel, 2:5
EtOAc/petroleum ether, R, = 0.20. Pure material was obtained by
crystallization from EtOAc/petroleum ether: mp 95—97 °C; IR
(film, cm ") 3393 (NH), 1060 (S=0); '"H NMR (400 MHz, CDCl;
ppm) 6 7.38—7.27 (5H, m), 7.20 (1H, dd, J = 8.7, 2.5 Hz), 7.08
(1H,d, J = 2.6 Hz), 6.59 (1H, d, J = 8.7 Hz), 5.68 (1H, s), 3.73
(1H,d,J = 47 Hz),2.74 (3H, d, J = 5.2 Hz), 2.61 (3H, s), 1.12
(9H, s); '*C NMR (100 MHz, CDCl; ppm) 6 145.3, 138.0, 129.4,
128.7,128.6, 128.3,128.0, 126.3, 121.7, 111.7, 62.0, 58.6, 33.5, 30.7,
23.3. Anal. Calcd for C,9H,sCIN,OS: C, 62.53; H, 6.91; N, 7.68.
Found: C, 62.57; H, 6.77; N, 7.53. Optical rotation [0]*’p —42.4 (¢
3.08, EtOH).

(Rs)-N-[(R)-[5-Chloro-2-(methylamino)phenyl](2-naphthyl)met-
hyl]-V,2-dimethyl-2-propanesulfinamide (6b). Following the gen-
eral procedure for the alkylation, sulfinylamide 5b (1.0 g, 2.49 mmol
was converted into 6b. Purification of the crude product by column
chromatography using gradient elution from 6% EtOAc/
petroleum ether to 50% EtOAc/petroleum ether afforded 6b as a
white solid (800 mg, 77% yield); analytical TLC on silica gel, 2:5
EtOAc/petroleum ether, R, = 0.20 Pure material was obtained by
crystallization from EtOAc/petroleum ether: mp 88—90 °C; IR
(film, cm ") 3412 (NH), 1060 (S=0); "H NMR (400 MHz, CDCl;
ppm) ¢ 7.86—7.78 (3H, m), 7.76 (1H, s), 7.55—7.44 (3H, m), 7.23
(1H,dd J = 8.6,2.6 Hz),7.16 (1H,d,J = 2.6 Hz), 6.61 (1H,d, J =
8.6 Hz), 5.87 (1H,s),3.80—3.65 (1H, brs),2.73 (3H,s), 2.67 (3H, s),
1.15 (9H, s); '*C NMR (100 MHz, CDCls, ppm) 6 145.3, 135.4,
133.2, 132.9, 128.7, 128.6, 128.3, 128.3, 128.2, 127.6, 127.2, 126.4,
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126.3, 126.3, 121.8, 117.8, 61.3, 58.7, 34.1, 30.7, 23.3. Anal. Calcd
for C,3H»7CIN,OS: C, 66.57; H, 6.56; N, 6.75. Found: C, 66.37; H,
6.60; N, 6.57. Optical rotation [0]*°p —35.6 (¢ 1.36, EtOH).

(Rs)-N-[(R)-[5-Chloro-2-(methylamino)phenyl](1-naphthyl)met-
hyl]-V,2-dimethyl-2-propanesulfinamide (6¢). Following the gen-
eral procedure for the alkylation, sulfinylamide 5¢ (640 mg,
1.60 mmol was converted into 6c. Purification of the crude
product by column chromatography using gradient elution
from 6% EtOAc/petroleum ether to 20% EtOAc/petroleum
ether afforded 6¢ as a white solid (533 mg, 80% yield); analytical
TLC onsilica gel, 2:5 EtOAc/petroleum ether, R, = 0.20. Pure
material was obtained by crystallization from EtOAc/petroleum
ether: mp 168—170 °C; IR (film, cm™") 3392 (NH), 1040 (S=0);
'"H NMR (400 MHz, CDCl; ppm) 6 7.86 (2H, dd, J = 8.6, 8.6
Hz),7.76 (1H,d,J = 7.4Hz),7.60 (1H,d,J = 8.6 Hz), 7.54 (1H,
dd, J = 7.4 Hz), 7.48—7.38 2H, m), 7.16 (1H, dd, J = 8.5,2.4
Hz),6.68 (1H,d,J = 6.6 Hz),6.67 (1H,s),6.31 (1H,s),4.41 (1H,
q,J = 5.0Hz),291 (3H,d, J = 5.0 Hz), 2.68 (3H, s), 1.18 (9H,
s); 13C NMR (100 MHz, CDCl; ppm) 6 145.8, 135.1, 133.9,
131.0, 129.9, 128.9, 128.8, 128.6, 126.6, 125.9, 125.8, 125.1,
123.3,121.9, 112.1, 64.7, 58.8, 30.9, 30.5, 24.1. Anal. Calcd for
C»3H,;CIN,OS: C, 66.57; H, 6.56; N, 6.75. Found: C, 66.48; H,
6.54; N, 6.70. Optical rotation [a]*° +97.9 (¢ 1.89, EtOH).

(Rs)-N-[(R)-(2-Amino-5-chlorophenyl)(phenyl)methyl]-/V,2-dim-
ethyl-2-propanesulfinamide (6d). Following the general proce-
dure for the alkylation, sulfinylamide 5d (206 mg, 0.61 mmol)
was converted into 6d. Purification of the crude product by
column chromatography using gradient elution from 6%
EtOAc/petroleum ether to 58% EtOAc/petroleum ether af-
forded 6d as a white solid (180 mg, 80% yield); analytical TLC
on silica gel, 1:1 EtOAc/petroleum ether, R, = 0.30. Pure
material was obtained by crystallization from Et,O/petroleum
ether: mp 88—90 °C; IR (film, cm™ ") 3341 (NH,), 1056 (S=0);
"H NMR (400 MHz, CDCls, ppm) 6 7.39—7.27 (5H, m), 7.13
(IH,d,J = 2.4Hz),7.09 (1H, dd, J = 8.4,2.4 Hz), 6.61 (1H, d,
J = 8.4Hz),5.75(1H,s), 3.61 (2H, s), 2.63 (3H, 5), 1.15 (9H, s);
13C NMR (100 MHz, CDCI; ppm) 6 142.9, 137.9, 129.4, 128.8,
128.7, 128.2, 128.0, 127.0, 123.3, 117.9, 61.8, 58.7, 33.6, 23.3;
HRMS-ESI (m/z) caled for C;gH,4N,OS*Cl [M + H]"
351.1298, found 351.1277. Optical rotation [0]*°p —44.9
(¢ 1.33, EtOH).

(Rs)-N-(S)-[5-Chloro-2-(dimethylamino) phenyl](phenyl)methyl]-
N,2-dimethyl-2-propanesulfinamide (6e). Following the general
procedure for the alkylation, sulfinylamide Se (300 mg, 0.82 mmol
was converted into 6e. Purification of the crude product by column
chromatography using gradient elution from 6% EtOAc/petro-
leum ether to 36% EtOAc/petroleum ether afforded 6e as a white
solid (249 mg, 80% yield); analytical TLC on silica gel, 1:1 EtOAc/
petroleum ether, R, = 0.48. Pure material was obtained by crystal-
lization from Et,O/petroleum ether: mp 116—117 °C; IR (film,
em 1) 1073 (S=0); "H NMR (400 MHz, CDCl; ppm) 6 7.35—7.17
(7H, m), 7.12 (1H, d, J = 8.6 Hz), 6.32 (1H, s), 2.55 (6H, s), 2.52
(3H, s), 1.09 (9H, s); '3*C NMR (100 MHz, CDCl; ppm) 6 151.6,
139.7, 137.9, 129.6, 129.2, 128.5, 128.5, 128.3, 127.3, 122.2, 65.7,
65.7, 58.6, 45.6, 28.2, 23.9. Anal. Calcd for C5,H,,CIN,OS: C,
63.39; H, 7.18; N, 7.39. Found: C, 63.37; H, 7.18; N, 7.26. Optical
rotation [a]*’p +41.8 (¢ 2.79, EtOH).

General Procedure for Cleavage of N-tert-Butanesulfinyl Chir-
al Auxiliary. Sulfinylamide 6 (1.0 equiv) was dissolved in a 1:1
mixture of anhydrous 1,4-dioxane and anhydrous MeOH (6 mL/
mmol of amide 6), and anhydrous HCl in dioxane (4 M solution in
dioxane, 4.0 equiv) was added. After stirring at room temperature
for 1 h, all volatiles were removed in vacuo, and the residue was
dissolved in water (20 mL/mmol of amide 6) and extracted with
EtOAc (10 mL/mmol of amide 6). Water layer was basified to
pH = 8 with aqueous concentrated NH,OH and extracted with
EtOAc. Combined organic extracts were washed with brine, dried
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over Na,SQOy, and concentrated (rotary evaporator) to afford the
1,3-diamine.

2-[( R)-Amino(phenyl)methyl]-4-chloro-/N-methylaniline (1a). Fol-
lowing the general procedure, cleavage of the chiral auxiliary in
sulfinylamide 5a (500 mg, 1.43 mmol) afforded 1,3-diamine 1a as a
white solid (353 mg, 99% yield); analytical TLC on silica gel, 1:1
EtOAc/petroleum ether, R, = 0.48. Pure material was obtained by
crystallization from petroleum ether: mp 57—59 °C; IR (film, cm ™ );
3374 (NH), 3307 (NH); '"H NMR (400 MHz, CDCls, ppm) 0
7.39—7.24 (5H, m), 7.12 (1H, dd, J = 8.8,2.6 Hz), 6.85 (1H,d, J =
2.6Hz),6.52(1H,d,J = 8.8 Hz),5.11 (1H,),2.78 (3H, s), 1.76 (2H,
brs); *C NMR (100 MHz, CDCls, ppm) 0 0.8, 143.3, 129.6, 128.7,
128.0, 127.9, 127.4, 126.9, 120.9, 111.3, 57.6, 30.4. Anal. Calcd for
C4H;5CINy: C, 68.15; H, 6.13; N, 11.35. Found: C, 68.21; H, 6.09;
N, 11.36. Optical rotation (99% ee, HPLC/csp) [0]*°p —31.1 (¢ 3.30,
EtOH). HPLC/csp assay: Daicel CHIRALPAK 1B, 25 cm x 4.6
mm i.d., mobile phase 1% IPA/99% Hex/0.1% DEA, flow rate 0.9
mL/min, detector UV 254 nm, retention time 13.3 min ((R)-1a)
major and 14.6 min ((S)-1a) minor.

2-[(R)-Amino(2-naphthyl)methyl]-4-chloro-/V-methylaniline (1b).
Following the general procedure, cleavage of the chiral auxiliary
in sulfinylamide 5b (250 mg, 0.62 mmol) afforded 1,3-diamine 1b
asa white solid (184 mg, 99% yield); analytical TLC onsilica gel,
1:1 EtOAc/petroleum ether, R, = 0.56. Pure material was
obtained by crystallization from Et,O/petroleum ether: mp
118—120 °C; IR (film, cm™ ") 3301 (NH); '"H NMR (400 MHz,
CDCl;, ppm) 0 7.89—7.81 (4H, m), 7.56—7.47 (2H, m), 7.42 (1H,
dd, J = 8.6, 1.4 Hz), 7.44—7.39 (1H, m), 7.19—7.14 (1H, m),
6.95-6.91 (1H, m), 6.57 (1H, d, J = 8.6 Hz), 5.29 (1H, s), 2.80
(3H, s), 1.91 (2H, br s); ">*C NMR (100 MHz, CDCls, ppm)
146.8, 140.7, 133.3, 132.8, 129.4, 128.4, 128.1, 128.0, 127.9,
127.7,126.2, 125.9, 125.5, 125.0, 121.0, 111.4, 57.6, 30.5. Anal.
Caled for CigH7CIN,: C, 72.84; H, 5.77; N, 9.44. Found:
C,72.55; H, 5.82; N, 9.22. Optical rotation [0]*°, 48.1 (¢ 1.88,
EtOH).

2-[(R)-Amino(1-naphthyl)methyl]-4-chloro- N-methylaniline (1c).
Following the general procedure, cleavage of the chiral auxiliary
in sulfinylamide 5¢ (226 mg, 0.56 mmol) afforded 1,3-diamine 1¢
as a white solid (166 mg, 99% yield); analytical TLC onsilica gel,
1:1 EtOAc/petroleum ether, R, = 0.60. Pure material was
obtained by crystallization from petroleum ether: mp 141—
142 °C; IR (film, cm ") 3384 (NH), 3309 (NH); "H NMR (400
MHz, CDCl;, ppm) 6 7.93—7.89 (1H, m), 7.87—7.82 (2H, m),
7.58—7.41 (4H, m), 7.14 (1H, dd, J = 8.6, 2.4 Hz), 6.67 (1H, d,
J =24Hz),6.64 (1H,d,J = 8.6 Hz), 5.84 (1H, s), 5.49 (1H, br
s), 2.87 (3H, s), 1.82 (2H, brs); '*C NMR (100 MHz, CDCl5) &
146.7, 139.4, 133.8, 131.0, 129.9, 128.9, 128.2, 128.0, 127.6,
126.4, 125.8, 125.4, 123.7, 123.4, 121.4, 111.4, 52.6, 30.6. Anal.
Calced for C;gH7CIN,: C, 72.84; H, 5.77; N, 9.44. Found: C,
72.88; H, 5.78; N, 9.38. Optical rotation [0]*°p —28.7 (¢ 1.86,
EtOH).

2-[(R)-Amino(phenyl)methyl]-4-chloroaniline (1d). Following
the general procedure, cleavage of the chiral auxiliary in sulfi-
nylamide 5d (376 mg, 1.09 mmol) afforded 1,3-diamine 1d as a
yellow oil (253 mg, 99% yield); analytical TLC on silica gel, 1:1
EtOAc/petroleum ether, R, = 0.40: IR (film, cm™ ') 3436 (NH),
3309 (NH); '"H NMR (400 MHz, CDCl;, ppm) 6 7.41—7.27 (5H,
m),7.03 (1H,dd, J = 8.4,2.4 Hz), 7.01 (1H,d,J = 2.4 Hz), 6.58
(1H,d,J = 8.4 Hz), 5.16 (1H, s), 4.35 (2H, brs), 1.86 (2H, br s);
3C NMR (100 MHz, CDCl;, ppm) 6 143.7, 142.2,129.7, 128 8,
128.0, 127.6, 126.9, 123.1, 118.0, 57.1; HRMS-ESI (m/z) calcd
for C;3H4N>*>CI [M + H]* 233.0846, found 233.0785. Optical
rotation [a]*’p —15.6 (¢ 2.35, EtOH).

2-[(:S')-Amino(phenyl)methyl]-4-chloro-V,/V-dimethylaniline (1e).
Following the general procedure, cleavage of the chiral auxi-
liary in sulfinylamide 5e (159 mg, 0.44 mmol) afforded 1,
3-diamine 1le as a yellow oil (115 mg, 99% yield); analytical
TLC on silica gel, 1:1 EtOAc/petroleum ether, R, = 0.48: IR
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(film, cm ™ ") 3374 (NH), 3299 (NH); '"H NMR (400 MHz, CDCl,,
ppm) 6 7.41—-7.38 (2H, m), 7.35—7.30 (3H, m), 7.25—7.21 (1H,
m), 7.18 (1H, dd, J = 8.6,2.4 Hz), 7.12 (1H, d, J = 8.6 Hz), 5.72
(1H,s),2.60 (6H,s), 1.88 (2H, brs); *C NMR (100 MHz, CDCl;,
ppm) 6 150.9, 144.9, 143.5, 129.8, 128.3, 128.1, 127.6, 127.5,
127.0, 126.7, 122.4, 53.6, 45.8; HRMS-ESI (m/z) calcd for
CsH gNL¥Cl [M + H]" 261.1159, found 261.1171. Optical
rotation [0]*°p +2.1 (¢ 2.33, EtOH).

4-Chloro-N-methyl-2-[( R)-(methylamino )(phenyl)methyl]aniline
(2a). Following the general procedure, cleavage of the chiral
auxiliary in sulfinylamide 6a (1.2 g, 3.27 mmol) afforded 1,3-
diamine 2a as a white solid (853 mg, 99% yield); analytical TLC
on silica gel, 1:1 EtOAc/petroleum ether, R, = 0.52. Pure
material was obtained by crystallization from petroleum ether:
mp 93—95 °C; IR (film, cm ') 3274 (NH); '"H NMR (400 MHz,
CDCls, ppm) 0 7.37—7.29 (4H, m), 7.29—7.21 (1H, m), 7.09 (1H,
dd,J = 8.8,2.6 Hz), 6.92 (1H, d, J = 2.6 Hz), 6.49 (1H, d, J =
8.8 Hz),6.21—6.03 (1H, brs), 4.66 (1H, s),2.77 (3H, s), 2.38 (3H,
s), 1.65—1.36 (1H, br s); *C NMR (100 MHz, CDCls, ppm) 0
147.2, 141.3, 128.7, 128.6, 127.9, 127.4, 127.4, 127.3, 120.3,
111.2, 68.0, 34.7, 30.4. Anal. Calcd for C;5H;7CIN,: C, 69.09;
H, 6.57; N, 10.74. Found: C, 69.10; H, 6.58; N, 10.74. Optical
rotation (99% ee, HPLC/csp) [a]*’p —46.0 (¢ 2.84, EtOH).
HPLC/csp assay: Daicel CHIRALPAK IA, 25 cm x 4.6 mm
i.d., mobile phase 1% IPA/99% Hex, flow rate 0.9 mL/min,
detector UV 254 nm, retention time 6.7 min ((R)-2a) major and
7.4 min ((S)-2a) minor.

4-Chloro- N-methyl-2-[( R)-(methylamino)(2-naphthyl)methyl]-
aniline (2b). Following the general procedure, cleavage of the
chiral auxiliary in sulfinylamide 6b (750 mg, 1.81 mmol) af-
forded 1,3-diamine 2b as a white solid (537 mg, 99% yield);
analytical TLC on silica gel, 1:1 EtOAc/petroleum ether, R, =
0.48. Pure material was obtained by crystallization from EtOAc/
petroleum ether: mp 146—147 °C; IR (film, cm ') 3248 (NH),
2853 (NH); '"H NMR (400 MHz, CDCls, ppm) 6 7.86—7.80 (3H,
m), 7.53—7.47 (2H, m), 7.45 (1H, dd, J = 8.6, 1.8 Hz), 7.27 (1H,
s), 7.13 (1H, dd, J = 8.6, 2.6 Hz), 7.01 (1H, d, / = 2.6 Hz), 6.53
(IH,d,J = 8.6 Hz), 6.20—5.95 (1H, brs), 4.85 (1H, s), 2.80 (3H,
s), 2.45 (3H, s), 1.77—1.46 (1H, br s); *C NMR (100 MHz,
CDCls, ppm) O 147.2, 138.335 133.3, 132.8, 128.8, 128.4, 128.0,
127.9, 127.6, 127.3, 126.1, 126.0, 125.9, 125.7, 120.8, 111.3, 67.8,
34.7,30.4. Anal. Calcd for C9H9CIN,: C, 73.42; H, 6.16; N, 9.01.
Found: C, 73.32; H, 6.11; N, 9.03. Optical rotation (99% ee,
HPLC/csp) [o]*°p +17.2 (¢ 1.13, EtOH). HPLC/csp assay: Daicel
CHIRALPAK IA, 25 cm x 4.6 mm i.d., mobile phase 7% IPA/
93% Hex, flow rate 0.9 mL/min, detector UV 254 nm, retention
time 7.0 min ((R)-2b) major and 8.2 min ((S)-2b) minor.

4-Chloro- N-methyl-2-[( R)-(methylamino)(1-naphthyl)methyl]-
aniline (2¢). Following the general procedure, cleavage of the
chiral auxiliary in sulfinylamide 6¢ (601 mg, 1.45 mmol) af-
forded 1,3-diamine 2¢ as a white solid (451 mg, 99% yield);
anaytical TLC on silica gel, 1:1 EtOAc/petroleum ether,
R = 0.46. Pure material was obtained by crystallization from
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petroleum ether: mp 97—99 °C; IR (film, cm ") 3273 (NH), 3059
(NH); '"H NMR (400 MHz, CDCls, ppm) 6 7.96—7.88 (2H, m),
7.83 (1H, J = 8.0 Hz), 7.55—7.45 (3H, m), 7.41—7.38 (1H, m),
7.16(1H,dd,J = 8.6,2.6 Hz),6.85(1H,d,J = 2.6 Hz), 6.64 (1H,
d, J = 8.6 Hz), 6.00—5.85 (1H, br s), 5.46 (1H, s), 2.85 (3H, s),
2.50 (3H, s), 1.78—1.53 (1H, brs); >*C NMR (100 MHz, CDCl5,
ppm) 6 147.5, 135.6, 134.2, 131.6, 129.1, 128.6, 128.2, 127.9,
127.4, 126.5, 125.6, 125.5, 125.0, 122.8, 121.2, 111.3, 62.4, 34.9,
30.6. Anal. Calcd for C19HoCIN,: C, 73.42; H, 6.16; N, 9.01.
Found: C, 73.35; H, 6.12; N, 9.01. Optical rotation (99% ee,
HPLC/csp) [a]*’p —95.7 (¢ 2.78, EtOH). HPLC/csp assay:
Daicel CHIRALPAK IA, 25 cm x 4.6 mm i.d., mobile phase
1% IPA/99% Hex, flow rate 0.9 mL/min, detector UV 254 nm,
retention time 8.5 min ((R)-2¢) major and 12.8 min ((S)-2¢)
minor.

4-Chloro-2-[( R)-(methylamino)(phenyl)methyl]aniline (2d). Fol-
lowing the general procedure, cleavage of the chiral auxiliary in
sulfinylamide 6d (140 mg, 0.31 mmol) afforded 1,3-diamine 2d as a
yellow oil (75 mg, 99% yield); analytical TLC on silica gel, 1:1
EtOAc/petroleum ether, R, = 0.42: IR (film, cm™ ') 3436 (NH),
3309 (NH); "H NMR (400 MHz, CDCls, ppm) 6 7.30—7.16 (5H,
m), 6.96 (1H, d, J = 2.6 Hz), 6.92 (1H, dd, J = 8.6, 2.6 Hz), 6.45
(1H,d,J = 8.6 Hz), 4.60 (1H, s), 4.48 (2H, brs), 2.34 (3H, 5), 1.20
(1H, br s); '*C NMR (100 MHz, CDCl3) ¢ 144.4, 141.1, 128.9,
128.6, 127.9, 127.7, 127.4, 122.4, 117.5, 67.7, 34.8; HRMS-ESI
(mfz) caled for Ci4H;gN,*Cl [M + H]" 247.1002, found
247.0941. Optical rotation [a]*°p —31.2 (¢ 1.72 EtOH).

4-Chloro-/NV,N-dimethyl-2-[(:S)-(methylamino)(phenyl)methyl]-
aniline (2e). Following the general procedure, cleavage of the
chiral auxiliary in sulfinylamide 6e (123 mg, 0.32 mmol) af-
forded 1,3-diamine 2e as a yellow oil (88 mg, 99% yield);
analytical TLC on silica gel, 1:1 EtOAc/petroleum ether, Ry =
0.56: IR (film, cm ') 3327 (NH); "H NMR (400 MHz, CDCl5,
ppm) 0 7.48 (1H, d, J = 2.6 Hz), 7.42—7.40 (2H, m), 7.33—7.28
(2H, m), 7.24—7.18 (1H, m), 7.17 (1H, dd, J = 8.6,2.6 Hz), 7.11
(1H,d, J = 8.6 Hz), 5.30 (1H, s), 2.57 (6H, s), 2.40 (3H, s), 1.76
(1H, br s); *C NMR (100 MHz, CDCl;, ppm) & 151.4, 143.5,
141.5, 129.9, 128.3, 128.0, 127.5, 126.8, 122.5, 62.4, 62.4, 45.7,
35.0; HRMS-ESI (m/z) caled for C1¢HxoN>¥Cl [M + HJ*
275.1315, found 275.1219. Optical rotation [a]*’p +22.2 (¢
1.48, EtOH).
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General.
All reagents were obtained commercially and used as received. THF and Et,O
were purified by passing them under argon pressure through two packed columns of

neutral alumina. All reactions were carried out under an argon atmosphere.

Experimental procedures for synthesis of ketone 3a

L Nok, DMF onkcl SNH O
cl
CAS# 719-59-5 3a
N-(2-Benzoyl-4-chlorophenyl)acetamide (9a).
A solution of (2-amino-5-chlorophenyl)(phenyl)methanone (10 g, 43.2 mmol) in
absolute EtOH (30 mL) was added dropwise to acetic anhydride (8.27 g, 86.3 mmol)
in absolute EtOH (70 mL) at 0 °C. After stirring for 16 h at room temperature,
volatiles were removed (rotary evaporator) and acetamide 9a was obtained as a white
solid (10.8 g, 91%); analytical TLC on silica gel, 2:5 EtOAc/petroleum ether,
Rf=0.29. Pure material was obtained by crystallization from EtOAc/petroleum ether:
mp 111-112 °C. IR (film, cm™) 3311 (NH) 1699 (C=0) 1641 (C=0); '"H NMR (400
MHz, CDCl;, ppm) & 10.62 (1H, s) 8.62 (1H, J=8.6 Hz) 7.71 (2H, dd, J=7.8, 1.0 Hz)
7.67-7.62 (1H, m) 7.56-7.50 (4H, m) 2.22 (3H, s); °C NMR (100 MHz, CDCls, ppm)
0 198.4, 169.1, 138.9, 137.8, 133.9, 133.0, 132.5, 129.9, 128.5, 127.2, 124.5, 123.0,
25.2. Anal. Calcd for C;sH;,CINO,: C, 65.82; H, 4.42; N, 5.12. Found: C, 65.46; H,

4.26; N, 5.06.

N-(2-Benzoyl-4-chlorophenyl)-N-methylacetamide (10a).
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NaH (60% in mineral oil, 1.75 g, 43.8 mmol) was washed under an argon atmosphere
with anhydrous Et,0 (2x10 mL) to remove the mineral oil, then suspended in anhydrous
DMF (20 mL) and cooled to 1-2 °C in an ice-bath. A solution of acetamide 9a (10 g,
36.5 mmol) in anhydrous DMF (35 mL) was added dropwise. When gas evolution
ceased, the ice-bath was removed. After stirring at ambient temperature for 1 h, a solution
of Mel (7.72 g, 54.8 mmol) in anhydrous DMF (10 mL) was added. After stirring for
5 h the solution was diluted with water (100 mL) and extracted with MeOtBu (3x75
mL). Combined organic extracts were washed with water (50 mL), brine (30 mL) and
dried over Na,SO4. Column chromatography on silica gel using gradient elution from
30% EtOAc/petroleum ether to 100% EtOAc afforded 10a as a colorless oil (9.15 g,
87%); analytical TLC on silica gel, 1:1 EtOAc/petroleum ether, Rf=0.26. IR (film,
cm™) 1668 (C=0); '"H NMR (400 MHz, CDCl;, ppm) & 7.78-7.75 (2H, m) 7.66-7.61
(1H, m) 7.56 (1H, dd, J=8.6, 2.6 Hz) 7.51-7.45 (3H, m) 7.26 (1H, d, J=8.6 Hz) 3.0
(3H, s), 1.84 (3H, s); >C NMR (100 MHz, CDCls, ppm) & 193.9, 170.3, 141.1, 139.0,
136.0, 134.0, 133.8, 131.8, 130.5, 130.0, 129.8, 128.4, 128.8, 128.3, ,37.3, 22.3. Anal.
Calcd for C;¢H14CINO,: C, 66.79; H, 4.90; N, 4.87. Found: C, 66.84; H, 4.81; N,

4.78.

(5-Chloro-2-methylamino-phenyl)-phenyl-methanone (3a).

A suspension of N-methylacetamide 10a (4.36 g, 15.2 mmol) in aqueous 6N HCI (150
mL) was heated at 90 °C for 12 h. The resulting clear solution was basified to pH=8
with aqueous saturated NH4OH and extracted with EtOAc (3x75 mL). Combined
organic extracts were washed with brine (30 mL), dried over Na,SO4 and concentrated
to afford 3.5 g of 3a as a yellow solid in 94% yield; analytical TLC on silica gel, 1:10

EtOAc/petroleum ether, Rf=0.33. Pure material was obtained by crystallization from
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EtOAc/petroleum ether: mp 95-97 °C (Lit.": 94-95 °C from EtOH). IR (film, cm™)
3335 (NH) 1626 (C=0); '"H NMR (400 MHz, CDCl;, ppm) & 8.54-8.40 (1H, br s)
7.62-7.58 (2H, m) 7.57-7.52 (1H, m) 7.51-7.42 (3H, m) 7.35 (1H, dd, J=9.0, 2.6 Hz)
6.72 (1H, d, J=9.0 Hz) 3.0 (3H, d, J=5.0 Hz); °C NMR (100 MHz, CDCl;, ppm) &
198.0, 151.2, 139.8, 134.8, 134.0, 131.1, 128.9, 128.2, 118.2, 117.9, 112.7, 29.6.
Anal. Calcd for C,4H;,CINO: C, 68.44; H, 4.92; N, 5.70. Found: C, 68.45; H, 4.87; N,

5.63.

Experimental procedures for synthesis of ketones 3b—c

0O 0
1. n-BuLi/ TMEDA %NH O  1.NaH, DMF %N/ o 6N HCI SNH O
THF,-10°C, 2h 0°C AcOH
Ar ———> Ar Ar
2. ArCO,Me, -78 °C 2. Mel 90°C, 12 h
cl cl cl
3b-c

8  b: Ar=2-naphthyl 9b-c 10b-c
c: Ar=1-naphthyl

N-(4-chloro-2-(2-naphthylcarbonyl)phenyl)-2,2-dimethylpropanamide (9b).

TMEDA (668 mg, 5.75 mmol) was added to a cooled solution (-10 °C) of N-(4-
chlorophenyl)-2,2-dimethylpropanamide 8 (1.22 g, 5.75 mmol) in anhydrous THF
(13 mL) under an argon atmosphere, followed by dropwise addition of n-BuLi (2.2 M
solution in hexane, 6.0 mL, 13.23 mmol). After stirring at -10 °C for 2 h, the yellow
suspension was cooled to -78 °C, a solution of methyl 2-naphthoate (1.5 g, 8.06
mmol) in THF (3 mL) was rapidly added and the mixture was allowed to warm to
room temperature. After stirring for 2 h, aqueous saturated 1N HCI (20 mL) was
added and product was extracted with EtOAc (3x100 mL). Combined organic extracts

were washed with brine (30 mL), dried over Na,SO; and concentrated (rotary

(1) Walker, G. A.; Engle, A. R.; Kempton, R. J. J.Org. Chem. 1972, 37, 3755

(2) Prepared as described by: Pierce, M. E.; Parsons, R. L. Jr., Radesca, L. A.; Lo, Y. S.; Silverman, S.;
Moore, J. R.; Islam, Q.; Choudhury, A.; Fortunak, J. M. D.; Nguyen, D.; Luo, C.; Morgan, S. J.; Davis,
W. P.; Confalone, P. N.; Chen, C.; Tillyer, R. D.; Frey, L.; Tan, L.; Xu, F.; Zhao, D.; Thompson, A. S.;
Corley, E. G.; Grabowski, E. J. J.; Reamer, R.; Reider, P. J. J. Org. Chem. 1998, 63, 8536.
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evaporator). Purification of the solid reside by column chromatography on silica gel
using gradient elution from 6% EtOAc/petroleum ether to 10% EtOAc/petroleum
ether, yielded 2.1 g of 9b as a colorless oil in 87% yield; analytical TLC on silica gel,
1:10 EtOAc/petroleum ether, Rf=0.35. IR (film, cm™) 3326 (NH) 1691 (C=0) 1640
(C=0); '"H NMR (400 MHz, CDCl3, ppm) 8 11.05 (1H, s) 8.74 (1H, d, J=9.0 Hz) 8.21
(1H, s) 8.00-7.84 (3H, m) 7.83 (1H, dd, J=8.6, 1.6 Hz) 7.68-7.63 (1H, m) 7.63-7.53
(3H, m) 1.38 (9H, s); °C NMR (100 MHz, CDCls) & 198.5, 178.0, 139.5, 135.3,
135.3, 134.0, 132.8, 132.1, 131.7, 129.5, 128.7, 128.6, 127.8, 127.2, 127.0, 125.4,
124.8, 123.0, 42.7, 27.5. HRMS-ESI (m/z) caled for Cx»H,NO,°Cl [M+H]

366.1261, found 366.1162.

N-(4-chloro-2-(1-naphthylcarbonyl)phenyl)-2,2-dimethylpropanamide (9c).

The same procedure was used as for 9b. Purification by column chromatography on
silica gel using gradient elution from 6% EtOAc/petroleum ether to 10%
EtOAc/petroleum ether, afforded 9c as white solid (2.3 g, 89% yield); analytical TLC
on silica gel, 1:10 EtOAc/petroleum ether, Rf=0.31. Pure material was obtained by
crystallization from EtOAc/petroleum ether: mp 129-130 °C. IR (film, cm™) 3292
(NH) 1692 (C=0) 1640 (C=0); '"H NMR (400 MHz, CDCl;, ppm) & 11.7 (1H, s) 8.85
(1H, d, J=9.0 Hz) 8.06 (1H, d, J=7.8 Hz) 8.00-7.94 (2H, m) 7.61-7.55 (3H, m) 7.55-
7.51 (2H, m) 7.42 (1H, d, J=2.6 Hz) 1.41 (9H, s); >*C NMR (100 MHz, CDCls, ppm)
6 201.0, 178.4, 140.5, 136.2, 135.0, 133.7, 131.7, 130.5, 128.6, 127.7, 127.5, 126.9,
126.7, 125.1, 124.7, 124.4, 122.4, 40.4, 27.6. Anal. Calcd for C,2H,oCINO;: C, 72.23;

H, 5.51; N, 3.83. Found: C, 72.32; H, 5.43; N, 3.76.

N-(4-chloro-2-(2-naphthylcarbonyl)phenyl)-N,2,2-trimethylpropanamide (10b).
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NaH (60% suspension in mineral oil, 293 mg, 7.32 mmol) was washed under an argon
atmosphere with anhydrous Et,0 (2x3 mL) to remove the mineral oil, suspended in
anhydrous DMF (5 mL) and cooled to 1-2 °C in an ice-bath. A solution of ketone 9b
(2.23 g, 6.10 mmol) in anhydrous DMF (15 mL) was added dropwise. When gas
evolution ceased, the ice-bath was removed. After stirring at ambient temperature for 1 h,
a solution of Mel (1.72 g, 12.2 mmol) in anhydrous DMF (5 mL) was added. After
stirring for 5 h the solution was diluted with water (75 mL) and extracted with
MeOtBu (3x30 mL). Combined organic extracts were washed with water (30 mL),
brine (20 mL) and dried over Na,SOy. Purification by column chromatography using
gradient elution from 10% EtOAc/petroleum ether to 30% EtOAc/petroleum ether
afforded 10b as a white solid (1.81 g, 88% yield); analytical TLC on silica gel, 1:1
EtOAc/petroleum ether, Rf=0.62. Pure material was obtained by crystallization from
EtOAc/petroleum ether: mp 121-123 °C. IR (film, cm™) 1663 (C=0) 1640 (C=0); 'H
NMR (400 MHz, CDCls, ppm) 6 8.25 (1H, s) 7.98 (1H, dd, J=8.6, 1.6 Hz) 7.95-7.87
(3H, m) 7.65-7.60 (1H, m) 7.57-7.52 (2H, m) 7.49 (1H, d, J=2.4 Hz) 7.26 (1H, d,
J=8.6 Hz) 3.23 (3H, s) 1.0 (9H, s); >°C NMR (100 MHz, CDCls, ppm) & 194.2, 177.7,
143.0, 138.5, 135.8, 133.6, 133.0, 132.7, 132.2, 131.4, 130.6, 129.9, 129.6, 128.9,
128.4, 127.7, 126.8, 124.7, 40.8, 39.5, 28.0. Anal. Calcd for C,3H»CINO,: C, 72.72;

H, 5.84; N 3.69. Found C, 73.48; H, 5.85; N, 3.51.

N-[4-chloro-2-(1-naphthylcarbonyl)phenyl]-N,2,2-trimethylpropanamide (10c)

The same procedure was used as for 10b. Purification of the crude product by column
chromatography using gradient elution from 10% EtOAc/petroleum ether to 30%
EtOAc/petroleum ether afforded 10c as a white solid (1.81 g, 85%); analytical TLC

on silica gel, 1:1 EtOAc/petroleum ether, Rf=0.58. IR (film, em™) 1663 (C=0) 1636
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(C=0); '"H NMR (400 MHz, CDCl;, ppm) & 8.64 (1H, d, J=8.6 Hz) 8.02 (1H, d, J=8.0
Hz), 7.92 (1H, d, J=8.0 Hz) 7.66 (6H, m) 7.21 (1H, d, J=8.6 Hz) 3.28 (3H, s) 1.00
(9H, s); *C NMR (100 MHz, CDCls, ppm) & 195.6, 177.6, 143.3, 139.8, 134.4, 133.8,
133.1, 132.6, 132.0, 131.2, 130.9, 130.7, 130.2, 128.4, 128.1, 126.6, 125.7, 124.2,
40.5, 39.3, 27.9. Anal. Calcd for C»3H»CINO,: C, 72.72; H, 5.84; N 3.69. Found C,

72.55; H, 5.75; 3.55.

(5-chloro-2-(methylamino)phenyl)(2-naphthyl)methanone (3b).

A suspension of 10b (1.8 g, 5.3 mmol) in a mixture of aqueous 6N HCI1 (100 mL) and
AcOH (50 mL) was heated at 90 °C for 12 h. The resulting clear solution was basified
to pH=8 with aqueous saturated NH4OH and extracted with EtOAc (3x75 mL).
Combined organic fractions were washed with brine and dried over Na,SO4. Removal
of volatiles afforded 1.42 g of 3b as a yellow solid in 90% yield; analytical TLC on
silica gel, 1:10 EtOAc/petroleum ether, Rf=0.30. Pure material was obtained by
crystallization from EtOAc/petroleum ether: mp 134-136 °C. IR (film, cm™) 3362
(NH) 1623 (C=0); '"H NMR (400 MHz, CDCls, ppm) 6 8.46 (1H, br s) 8.06 (1H, m)
7.97-7.90 (3H, m) 7.72 (1H, dd, J=8.4, 1.6 Hz) 7.64-7.55 (2H, m) 7.52 (1H, d, J=2.6
Hz) 7.38 (1H, dd, J=9.0, 2.6 Hz) 6.75 (1H, d, J=9.0 Hz) 3.00 (3H, d, J=5.0 Hz); "°C
NMR (100 MHz, CDCl3) 6 198.2, 151.1, 137.0, 134.8, 134.5, 134.0, 132.3, 129.7,
129.1, 128.2, 127.8, 126.8, 125.5, 118.3, 118.1, 112.7, 29.6. Anal. Calcd for

CigH14CINO: C, 73.10; H, 4.77; N, 4.74. Found C, 73.12; H, 4.64; N, 4.68.

5-chloro-2-(methylamino)phenyl)(1-naphthyl)methanone (3c).
The same procedure was used as for 3b. Ketone 3¢ was isolated as a yellow solid (1.21

g; 89% yield); analytical TLC on silica gel, 1:10 EtOAc/petroleum ether, Rf=0.26.
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Pure material was obtained by crystallization from EtOAc/petroleum ether: mp 129-
131 °C. IR (film, cm™) 3325 (NH) 1627 (C=0); 'H NMR (400 MHz, CDCls, ppm) &
9.06 (1H, br s) 7.97 (1H, d, J=8.4 Hz) 7.92 (1H, d, J=8.4 Hz) 7.83 (1H, d, J=8.4 Hz)
7.85-7.79 (4H, m) 7.35 (1H, dd, J=9.0, 2.6 Hz) 7.23 (1H, d, J=2.6 Hz) 6.76 (1H, d,
J=9.0 Hz) 3.05 (3H, d, J=5.0 Hz); >C NMR (400 MHz, CDCl3) & 199.8, 151.5, 137.7,
135.6, 134.4, 133.6, 130.5, 129.9, 128.4, 126.9, 126.4, 125.5, 125.4, 124.6, 118.7,
118.3, 112.8, 29.5. Anal. Calcd for CgsH4CINO: C, 73.10; H, 4.77; N, 4.74. Found:
C,73.07; H,4.71; N, 4.67.

SNH O >N o

O O 1. NaH, DMF, 0 °C O O
2. Mel

Cl Cl
3a 3e

(5-chloro-2-(dimethylamino)phenyl)(phenyl)methanone (3e).

NaH (60% in mineral oil, 122 mg, 3.05 mmol) was washed under an argon
atmosphere with anhydrous Et,O (2x3 mL) to remove the mineral oil, then suspended
in anhydrous DMF (5 mL) and cooled to 1-2 °C in an ice-bath. A solution of ketone
3a (625 mg, 2.54 mmol) in anhydrous DMF (5 mL) was added gradually. When gas
evolution ceased, the ice-bath was removed. After stirring at ambient temperature for
1 h, a solution of Mel (716 mg, 5.08 mmol) in anhydrous DMF (5 mL) was added.
After stirring for 5 h the solution was diluted with water (40 mL) and extracted with
MeOtBu (3x30 mL). Combined organic extracts were washed with brine (20 mL),
dried over Na,SO4 and concentrated. Purification by column chromatography using
gradient elution from 10% CH,Cly/petroleum ether to 20% CH,Cly/petroleum ether
afforded 3e as a yellow solid (350 mg, 53%); analytical TLC on silica gel, 1:10

EtOAc/petroleum ether, Rf=0.28. Pure material was obtained by crystallization from
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EtOAc/petroleum ether: mp 88-91 °C (Lit.*: 91-92 °C). IR (film, cm™) 1659 (CO); 'H
NMR (400 MHz, CDCls, ppm) & 7.75 (2H, d, J=7.6 Hz) 7.52-4.46 (1H, m) 7.36 (2H,
dd, J=7.6, 7.6 Hz) 7.25 (1H, dd, J=8.8, 2.6 Hz) 7.20-7.18 (1H, m) 6.84 (1H, d, J=8.8
Hz) 2.61 (6H, s); °C NMR (100 MHz, CDCl3) & 196.7, 150.1, 137.0, 133.0, 131.1,
130.1, 130.0, 129.9, 128.3, 123.8, 117.8, 43.4. Anal. Calcd for C;5H,4CINO: C, 69.37;

H, 5.43; N, 5.39. Found: C, 69.18; H, 5.46; N, 5.21.

1. n-BuLi, THF 0o

Br  -78°C
— J U
2. 9
CAS# 7073-94-1 ©/u\o|v|e 3h

(2-1sopropylphenyl)(phenyl)methanone (3h).

n-BuLi (2.5M solution in hexane, 3.2 mL, 7.91 mmol) was added gradually to a
cooled (-78 °C) solution of 1-bromo-2-isopropylbenzene (1.5 g, 7.53 mmol) in
anhydrous THF (8 mL). After stirring at -78 °C for 45 min, a pre-cooled solution (-
78 °C) of methyl benzenecarboxylate (1.23 g, 9.04 mmol) in anhydrous THF (8 mL)
was added via cannula. The yellow solution was stirred at -78 °C for 30 min,
quenched with aqueous IN HCI (20 mL), extracted with EtOAc (3x30 mL) and
combined organic extracts were concentrated. To hydrolyze an excess of methyl
benzenecarboxylate, the residue was re-dissolved in 1,4-dioxane (50 mL) and aqueous
IN NaOH (50 mL) was added. The resulting mixture was heated at 100 °C for 1 hour,
cooled to room temperature and extracted with EtOAc (3x50 mL). Combined organic
extracts were washed with brine, dried over Na,SO4 and concentrated. The residue
was purified by column chromatography on silica gel using petroleum ether to afford
3h as a colorless oil (1.00 g, 59%); analytical TLC on silica gel, 1:10

EtOAc/petroleum ether, Rf=0.48. IR (film, cm™) 1667 (C=0); '"H NMR (400 MHz,

(3) Brown, E.; Lézé, A.; Touet, J. Tetrahedron: Asymmetry 1996, 7, 2029.
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CDCls, ppm) 8 7.81 (2H, dd, J=7.2, 1.0 Hz) 7.59-7.54 (1H, m) 7.49-7.41 (4H, m)
7.32-7.10 (2H, m) 3.03 (1H, septet, J=6.8 Hz) 1.18 (6H, d, J=6.8 Hz); >C NMR (100
MHz, CDCls) § 199.0, 147.1, 138.3, 137.7, 133.3, 130.1, 130.1, 128.4, 127.5, 126.0,
125.1, 30.2, 24.0. HRMS-ESI (m/z) caled for CigHy,;0 [M+H]™ 225.1279, found

225.1236.

F O N}

Me,NHXHCI
NEt, , K,CO,
CAS# 342-24-5 DMF .
150 °C, 4h
(2-(Dimethylamino)phenyl)(phenyl)methanone (3i).
A mixture of (2-fluorophenyl)(phenyl)methanone (1.0 g, 4.99 mmol), K,CO3 (793 mg,
5.74 mmol), Et;N (581 mg, 5.74 mmol), dimethylamine hydrochloride (469 mg, 5.74
mmol) and anhydrous DMF (5 mL) was heated for 4 h at 150 °C in an ACE® pressure
tube (10 mL). After cooling to ambient temperature the mixture was puried into H,O
(50 mL) and extracted with MeOtBu (3x50 mL). Combined organic extracts were
washed with aqueous 4N HCI (2x50 mL), aqueous layers were combined, basified
with aqueous concentrated NH4OH (to pH=8) and extracted with MeOtBu (3x50 mL).
organic extracts were washed with brine (50 mL) and dried over Na,SO,. Purification
by column chromatography on silica gel wusing gradient elution from 2%
EtOAc/petroleum ether to 10% EtOAc/petroleum ether afforded 3i as a yellow oil
(1.10 g, 98%); analytical TLC on silica gel, 1:10 EtOAc/petroleum ether Rf=0.28. IR
(film, cm™) 1653 (C=0); "H NMR (400 MHz, CDCls, ppm) & 7.88-7.79 (2H, m) 7.58-
7.53 (1H, m) 7.47-7.38 (3H, m) 7.33 (1H, dd, J=7.6, 1.6 Hz) 7.00 (1H, d, J=8.4 Hz)
6.91 (1H, dd, J=7.6, 7.6 Hz), 2.71 (6H, s); *C NMR (100 MHz, CDCls, ppm) & 198.2,

151.6,137.7, 132.6, 131.4, 130.7, 129.9, 129.1, 128.1, 118.8, 116.4, 43.4. HRMS-ESI

(m/z) calcd for C1sH;sNO [MJrH]+ 226.1232, found 226.1213.
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Table S1. Chemical shifts of H*, H® protons and carbon of C=N moiety in E and Z

isomers of sulfinylimines 4a-h.

(E)-4
§(HA §(H"® 8(°C=N
No. Comp. # R ) 9 ( )
YA E YA E YA E
6.94 7.72 174.83
1 (Rs)-4a NHMe Cl 6.81 7.26 182.80
6.90 7.74 178.28
6.89 7.77 178.70
2 (Rs)-4d NH; Cl 6.72 7.27 182.39
6.97 7.77 176.53
3 (Rs)-4e NMe, C(Cl 7.14  7.06 7770 7.73 176.7 171.7
4 (Ro)-4f OMe H 715 7.03 7.67 7.69 17585 175.26
5 (Rs)-49 Br H 732 7.28 7.64 7.67 176.1 173.9
6 (Rs)-4h i-Pr H 7.18 7.03 7.67 770 180.78 179.74
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The X-ray structure of (E)-4a
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Crystal data and structure refinement for (E)-4a

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2
Final R indices [I>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

M-848

CI8H21 CIN2O S

348.88

223(2) K

0.71073 A

Monoclinic

P21

a=10.3542(6) A alpha =90 deg.

b=10.0173(5) A beta=93.511(3) deg.

c=17.2627(9) A gamma = 90 deg.
1787.15(17) A™3

4

1.297 Mg/m"3

0.336 mm"-1

736

0.17x 0.19 x 0.28 mm

55.0 deg.

-13<=h<=13, -11<=k<=12, -22<=]<=22
6932

6932 [R(int) = 0.0000]

Full-matrix least-squares on F/2
6932/1/415

1.177

R1=10.0762, wR2 =0.1791
R1=10.1286, wR2 =0.2156
0.12(12)

0.496 and -0.467 e.A"-3

S12
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The X-ray structure of (E)-4b

— b

7

Crystal data and structure refinement for (E)-4b

Identification code M-719

Empirical formula C22H23CIN20OS

Formula weight 398.93

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system monoclinic

Space group P21

Unit cell dimensions a=17.0011(7) A alpha =90 deg.

b=15.8887(2) A beta=93.1231(18) deg.
¢=20.1269(9) A gamma = 90 deg.

Volume 2012.00(14) A"3

V4 4

Density (calculated) 1.317 Mg/m"3

Absorption coefficient 0.308 mm~-1

F(000) 840

Crystal size 0.30x 0.24 x 0.19 mm

Theta range for data collection 2.41 to 27.50 deg.

Index ranges -21<=h<=22, -6<=k<=7, -26<=1<=26
Reflections collected 8043

Independent reflections 8043 [R(int) = 0.0000]

Max. and min. transmission 0.9438 and 0.9133

Refinement method Full-matrix least-squares on F*2
Data / restraints / parameters 8043 /1 /487

Goodness-of-fit on F*2 1.014

Final R indices [[>2sigma(I)] R1=10.0745, wR2 =0.1339

R indices (all data) R1=10.1377, wR2 =0.1625
Absolute structure parameter 0.03(11)

Largest diff. peak and hole 0.374 and -0.299 e.A"-3
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The X-ray structure of (E)-4c

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2
Final R indices [[>3sigma(I)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

S14

Cl{27a)

C(21a)

L/ C(22a)

C(23a)

2 4
C{17a) fache)

C(9a)
N(10a)
{h--...__ = S(11a)

g~
A~ ‘!{J

_ﬂ%/m?a] O(12a)
CiBa)

C{16a)

Ci14a)

Crystal data and structure refinement for (E)-4c

M-870

C22H23CIN20O S

398.94

193(2) K

0.71073 A

Monoclinic

P21

a=12.1510(4) A alpha =90 deg.
b=9.6705(4) A beta=103.897(2) deg.
c=18.2329(8) A gamma = 90 deg.
2079.77(14) A"3

4

1.274 Mg/m"3

0.300 mm~"-1

840

0.11x0.17 x 0.28 mm

55.0 deg.

-15<=h<=15, -11<=k<=12, -23<=|<=23
7901

5036 [R(int) = 0.032]

Full-matrix least-squares on F/2
3506/ 1/496

1.725

R1=0.0680, wR2 = 0.2051
R1=10.1002, wR2 = 0.2360
0.02(11)

0.798 and -0.780 e.A"-3
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The X-ray structure of (E)-4d

Ci(5)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

e o

C(11}

gﬂm

Crystal data and structure refinement for (E)-4d

VJ-189

CI7HI9CIN20O S

334.869

173(2) K

0.71073 A

Orthorhombic

P212121

a=9.1213(2) A alpha =90 deg.
b=9.5780(2) A beta =90 deg.
¢ =20.1152(6) A gamma = 90 deg.
1757.34(7) A™3

4

1.266 Mg/m”"3

0.339 mm~*-1

704

0.27 x 0.23 x 0.06 mm

60.0 deg.

-12<=h<=12, -13<=k<=13, -28<=I<=28
4999

4973 [R(int) = 0.024]

None

Full-matrix least-squares on F/2
4973/0/199

1.086

R1=10.0566, wR2 = 0.1507
R1=10.0912, wR2 =0.1896
0.01(10)

0.611 and -0.783 e.A"-3
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The X-ray structure of (Z)-4f

Cind)
.

—

S16

>
C“ﬂgﬂ’ E(17) ‘

Crystal data and structure refinement for (Z)-4f

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2
Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

M-806

C18H21NO2S

315.43

188(2) K

0.71073 A

Orthorhombic

P212121

a=10.7047(3) A alpha =90 deg.
b=10.7252(2) A beta=90 deg.
c=14.7684(5) A gamma = 90 deg.
1695.56(8) A™3

4

1.236 Mg/m"3

0.197 mm”-1

672

0.38x0.27x 0.21 mm

58.0 deg.

_14<=h<=14, -14<=k<=14, -19<=1<=19

4357

4338 [R(int) = 0.026]

None

Full-matrix least-squares on F2
4338/0/199

1.177

R1=10.0492, wR2 = 0.1258
R1=10.0697, wR2 = 0.1482
-0.06(9)

0.400 and -0.632 e.A"-3
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The X-ray structure of (Z)-49

i‘é Ci18)
A_"J\V %Enh
]
citd) e .‘-If_._j ™,

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2
Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

Crystal data and structure refinement for (Z)-49

DS-208

C17H20BrNO2S

382.31

193(2) K

0.71073 A

Tetragonal

P 43

a=12.7478(3) A alpha =90 deg.
b=12.7478(3) A beta =90 deg.

c¢=10.8174(3) A gamma = 90 deg.

1757.90(8) A"3

4

1.445 Mg/m"3

2.463 mm"-1

784

0.21 x0.21 x 0.19 mm
60.0 deg.

-17<=h<=17, -12<=k<=12, -11<=I<=15

4257

4257 [R(int) = 0.0000]
None

0.6519 and 0.6258
Full-matrix least-squares on F/2
4257/1/194

0.998

R1=0.0508, wR2 =0.1208
R1=0.0723, wR2 =0.1361
0.029(13)

0.468 and -0.617 e.A™-3
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The X-ray structure of (Z)-4i

Crystal data and structure refinement for (Z)-4i

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*2
Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

M-807

CI9H24N20OS

328.478

258(2) K

0.71073 A

Orthorhombic

P212121

a=17.3755(2) A alpha=90 deg.
b=9.4464(2) A Dbeta =90 deg.
¢ =26.3763(8) A gamma = 90 deg.
1837.69(8) A3

4

1.187 Mg/m"3

0.182 mm~-1

704

0.33x0.27 x 0.24 mm

56.0 deg.

-9<=h<=9, -12<=k<=12, -34<=I<=34
4220

4197 [R(int) = 0.029]

None

Full-matrix least-squares on F*2
4197/0/208

1.148

R1=0.0543, wR2 =0.1436
R1=10.0841, wR2 =0.1794
0.02(13)

0.440 and -0.493 e.A"-3
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The X-ray structure of (Rs,R)-5a

Crystal data and structure refinement for (Rs,R)-5a

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

M-599

CI8H23 CIN2O S

350.89

293(2) K

0.71073 A

Monoclinic

P21

a=7.6984(3) A alpha=90 deg.
b =13.8253(6) A beta=112.762(3) deg.
c=9.5434(3) A gamma = 90 deg.
936.63(6) A3

2

1.244 Mg/m"3

0.321 mm*-1

372

0.36 x 0.27 x 0.19 mm

55.0 deg.

-9<=h<=10, -16<=k<=17, -12<=I<=12
3743

3707 [R(int) = 0.0187]

None

Full-matrix least-squares on F*2
3707 /1/208

1.154

R1=0.0469, wR2 =0.1259
R1=0.0575, wR2=0.1339
-0.03(7)

0.594 and -0.665 e.A"-3
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The X-ray structure of (Rs,R)-5b

gy
Crystal data and structure refinement for (Rs,R)-5b

Identification code M-852

Empirical formula C22 H25CIN20O S

Formula weight 400.95

Temperature 223(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21

Unit cell dimensions a=>5.8283(3) A alpha=90 deg.

b=15.6113(9) A Dbeta=98.277(3) deg.
c=11.4393(8) A gamma = 90 deg.

Volume 1029.99(11) A"3

4 2

Density (calculated) 1.293 Mg/m"3

Absorption coefficient 0.301 mm"-1

F(000) 424

Crystal size 0.27x0.21 x 0.12 mm
Two-theta max. for data 55.0 deg.

Index ranges -7<=h<=7, -18<=k<=20, -14<=1<=14
Reflections collected 4357

Independent reflections 4357 [R(int) = 0.0000]
Absorption correction None

Max. and min. transmission 0.9648 and 0.9231

Refinement method Full-matrix least-squares on F/2
Data / restraints / parameters 4357/1/244

Goodness-of-fit on F/2 1.062

Final R indices [[>2sigma(])] R1=0.0672, wR2 =0.1528

R indices (all data) R1=10.1338, wR2 =0.1954
Absolute structure parameter -0.09(12)

Largest diff. peak and hole 0.293 and -0.427 e.A"-3
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The X-ray structure of (Rg,R)-5¢

S21

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

Crystal data and structure refinement for (Rs,R)-5¢

M-844

C22 H25CIN20O S

400.972

1732) K

0.71073 A

Monoclinic

P21

a=28.7649(2) A alpha =90 deg.
b=13.6787(4) A beta=113.1490(12) deg.
¢=9.6973(3) A gamma = 90 deg.
1069.02(5) A™3

2

1.246 Mg/m"3

0.290 mm~"-1

424

0.27x0.21 x 0.16 mm

55.0 deg.

-11<=h<=11, -16<=k<=17, -12<=I<=12
4255

4247 [R(int) = 0.024]

None

Full-matrix least-squares on F*2
4247/1/252

0.978

R1=10.0357, wR2 =0.0920
R1=10.0405, wR2 = 0.0961
0.02(6)

0.216 and -0.300 e.A"-3
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The X-ray structure of (Rs,R)-5d
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Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [[>3sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole
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Crystal data and structure refinement for (Rs,R)-5d

VIJ-199

C17H21 CIN20O S

336.885

223(2) K

0.71073 A

Orthorhombic

P212121

a=9.5514(3) A alpha =90 deg.
b=11.4813(3) A beta=90 deg.
c=16.0868(6) A gamma = 90 deg.
1764.12(10) A"3

4

1.269 Mg/m"3

0.34 mm™-1

712

031x0.26x0.17 mm

60.0 deg.

-13<=h<=13, -16<=k<=16, -22<=]<=22
5169

2888 [R(int) = 0.034]

None

Full-matrix least-squares on F*2
1736/0/ 199

1.235

R1=0.058, wR2 =0.137
R1=0.126, wR2 =0.369
0.01(12)

0.77 and -1.01 e.A"-3
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The X-ray structure of (Rg,S)-5e
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Crystal data and structure refinement for (Rs,S)-5e

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

RS-13

CI9H25CIN20O S

364.92

173(2) K

0.71073 A

Orthorhombic

P 212121

a=9.6281(3) A alpha=90 deg.
b=10.0335(3) A beta=90 deg.

¢=20.0405(7) A gamma = 90 deg.

1935.98(11) A3

4

1.252 Mg/m"3

0.313 mm~™-1

776

0.26x0.17x 0.15 mm
57.0 deg.

-12<=h<=12, -13<=k<=13, -26<=1<=26

4846

4846 [R(int) = 0.0000]

None

Full-matrix least-squares on F*2
4846/0/217

1.186

R1=10.0509, wR2 = 0.1346
R1=10.0713, wR2 =0.1657
0.10(9)

0.448 and -0.579 e.A"-3
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The X-ray structure of (Rs,S)-5f

Crystal data and structure refinement for (Rs,S)-5f

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges
Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters

Goodness-of-fit on F/2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

M-830

CI8H23NO2S

317.43

193(2) K

0.71073 A

Orthorhombic

P212121

a=9.5631(3) A alpha=90 deg.
b=9.6026(3) A beta =90 deg.
c=18.5489(7) A gamma = 90 deg.
1703.36(10) A"3

4

1.238 Mg/m"3

0.197 mm~-1

680

0.31x0.28 x 0.09 mm

58.0 deg.

-12<=h<=12, -13<=k<=13, -25<=1<=25

4561

4561 [R(int) = 0.0000]

None

Full-matrix least-squares on F/2
4561/0/199

0.947

R1=0.0522, wR2 =0.1230
R1=0.0832, wR2 =0.1418
-0.07(9)

0.238 and -0.253 e.A"-3
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The X-ray structure of (Rs,S)-59

w

cii2y Bri1}

Crystal data and structure refinement for (Rs,S)-59

Identification code DS-1

Empirical formula C17H20BrNO S

Formula weight 366.31

Temperature 158(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P212121

Unit cell dimensions a=9.3092(8) A alpha=90 deg

b=12.0749(11) A beta =90 deg
c=14.8431(14) A gamma =90 deg

Volume 1668.5(3) A3

z 4

Density (calculated) 1.458 Mg/m"3

Absorption coefficient 2.587 mm”-1

F(000) 752

Crystal size 0.20 x 0.20 x 0.32 mm

Theta range for data collection 3.51 to 28.30 deg

Index ranges -12<=h<=12, -16<=k<=16, -19<=1<=19
Reflections collected 19135

Independent reflections 4153 [R(int) = 0.0302]
Absorption correction Semi-empirical from equivalents
Max. and min. Transmission 0.888 and 0.707

Refinement method 0.888 and 0.707

Data / restraints / parameters 4153/0/272

Goodness-of-fit on F/2 1.036

Final R indices [[>2sigma(])] R1=10.0209, wR2 = 0.0505

R indices (all data) R1=0.0247, wR2 =0.0519
Absolute structure parameter -0.010(7)

Extinction coefficient 0.0029(5)

Largest diff. peak and hole 0.261 and -0.341 e.A"-3
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The X-ray structure of (Rs,S)-5h
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Crystal data and structure refinement for (Rs,S)-5h

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

M-887

C20H27NOS

329.506

1732) K

0.71073 A

Orthorhombic

P212121

a=9.3004(4) A alpha=90 deg.
b=13.5899(6) A beta =90 deg.
c=14.7561(7) A gamma = 90 deg.
1865.05(15) A"3

4

1.174 Mg/m"3

0.178 mm~-1

712

0.22x0.17x 0.12 mm

58.0 deg.

-12<=h<=12, -18<=k<=18, -19<=I<=19
4739

4716 [R(int) = 0.033]

None

Full-matrix least-squares on F"2
4716/0/212

1.063

R1=0.0684, wR2 =0.1653
R1=0.1316, wR2 =0.2138
0.09(14)

0.490 and -0.455 e.A"-3
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ABSTRACT:
o kK o kK o kK
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from Re face in solution X
Cl Cl

(S)-configuration (Z)-imine

(M)-atropisomer

X=NH,, NHMe, NMe,

(2)-imine

(P)-atropisomer I

Chiral, nonracemic o-aminobenzylamines were prepared in a highly diastereoselective reduction of atropisomeric N-tert-
butanesulfinylketimines. The ortho-substituent ensures the distinct reactivity of atropisomers 4d—f. The free energy of activation
for atropisomerization of sulfinylimines 4d—f in THF-dg was determined by NMR methods to range from 70.8 to 97.9 kJ/mol.

B INTRODUCTION

Chiral, nonracemic O-methylbenzylamines have found nu-
merous applications in asymmetric synthesis." Introduction of an
ortho-substituent often enhances enantioselectivity and endows
this chiral entity with 1,3-bidentate properties, thus considerably
expanding the scope of potent1a1 applications. Thus, enantiopure
o-hydroxybenzylamines® have been employed as chiral hgands
for asymmetric addition of dialkyl zinc reagents to aldehydes
and in the enantioselective reduction of ketones,* whereas o-
methoxybenzylamines have been used in the design of highly
efficient phosphoramidite hgands for Ir-catalyzed asymmetric
allylic substitution reaction.” Furthermore, chiral o-phosphino-
benzylamines are useful bidentate ligands for enantioselective
hydrogenation.® Finally, o- armnobenzylammes have also been em-
ployed as efficient chiral catalysts’ and chiral reagents.® However,
even broader application of 0-aminobenzylamines in asymmetric
synthesis has been hampered by lack of convenient methods for
their preparation.

Herein we report an efficient approach toward chiral, non-
racemic o-aminobenzylamines 1, 2 (Figure 1) via the dlastereo-
selective reduction of N-tert-butanesulfinylketimines.”'® This
study was stimulated by our recent demonstration of unusual
directing effects by the ortho-substituent in the diastereoselective
reduction of N-tert- butanesulﬁnylketlmmes Thus, we showed
that the ortho-substituent controls the E/Z geometry of diaryl N-
tert-butanesulfinylketimines and established that there is a corre-
lation between facial selectivity of the reduction and the E/Z
geometry of the starting ketimines. Our new investigation reinforces
the observed correlation by increasing the structural diversity of
ketimines as well as provides additional insights into the relationship

v ACS Publications ©2011 american chemical Society

Me

D o a: R=NHj, R'=Me, X=H ®>NH n-R2
R’ R"  b: R=NHMe, R'=Me, X=H
d: R=NH,, R'=Bu, X=Cl
X X e: R=NHMe, R'=tBu, X=ClI
f: R=NMe,, R'=tBu, X=CI (S)-1c (R?=H)
($)-1 (8)-2 (S)-2¢ (R2=Me)

Figure 1. Target diamines 1 and 2.

between the reactivity and structure of N-tert-butanesulfinylketi-
mines. In particular, we demonstrate herein the distinct reactivity of
configurationally stable atropisomers of N-tert-butanesulfinylketi-
mines in the diastereoselective reduction with representative hy-
dride reducing agents.

B RESULTS AND DISCUSSION

Synthesis and Structural Analysis of Sulfinylimines 4a—f.
Following the grocedure reported in the literature,'* heating of
ketones 3a—e ° with (Rg)-tert-butanesulfinamide at 75 °C in the
presence of Ti(OEt), (Scheme 1) afforded sulfinylimines 4a—e.
Sulfinylimine 4f could not be synthesized in the reaction of ketone
3f with (Rg)-tert-butanesulfinamide even under forcing condi-
tions (heating at 120 °C in Ti(OEt), without solvent). There-
fore, 4f was obtained from (Z)-4e by a deprotonation—alkylation
sequence (Scheme 1).

Sulfinylimines 4a,b were formed as E-isomers (entries 1 and 2,
Table 1) as evidenced by the X-ray crystallographic analysis. The
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formation of E-sulfinylimines 4a,b is noteworthy because struc-
turally related ortho-substituted acetophenone imines favor the
opposite, i.e. Z-geometry.'* The preference for E-isomers of
sulfinylimines 4a,b was attributed to stabilization by an intramo-
lecular hydrogen bond between the nitrogen of the aniline and
that of the imino group, as evidenced by the 2.66—2.68 A
distance'® between the two nitrogens in crystal lattices of
sulfinylimines 4a,b (see N1—N2 distances in entries 1 and2,
Table 1). The intramolecular hydrogen bond enforces a syn-peripla-
nar relationship between the aniline ring and the C=N bond of
the imines 4a,b (see C1—C2—C3—N2 torsion angles, Table 1),
and places the sulfoxide moiety in the trans position.'® As
anticipated, sulfinylimine 4c was obtained as E-isomer. Z-
geometry is unfavorable because of nonbonded steric interac-
tions between the ortho-substituent and the sulfinylimine
moiety in the conformationally fixed 2,3-dihydro-1H-indene
scaffold.

Surprisingly, the structurally related sulfinylimines 4d—f
exist as Z-isomers in the crystalline form as evidenced by X-ray
analysis (entries 3—5, Table 1). Apparently, the E geometry
of sulfinylimines 4d—f is unfavorable due to the nonbonded

Scheme 1. Preparation of Sulfinylimines 4a—f
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steric interactions between the bulky chiral auxiliary and the tert-
butyl group of the imine moiety. Hence, the stabilization by the
intramolecular hydrogen bond between the nitrogen of the
aniline and that of the sulfinyl group is overriden by steric
interactions in sulfinylimines (Z)-4d—e. In the observed Z
geometry, tert-butyl groups are positioned mutually trans with
respect to the C=N bond, and the ortho-substituted phenyl
moieties of imines 4d—f are twisted out of the C=N plane (see
C1—C2—C3—N2 torsion angles, Table 1). Furthermore, sulfiny-
limine (Z)-4e exists as a 1:1 mixture of (M) and (P) atropisomers
in the crystal lattice, apparently because of a hindered rotation
about the aryl-imine axis. By intriguing contrast, individual
crystals of sulfinylimines (Z)-4d and (Z)-4f were obtained
exclusively as the (M)-atropisomers (see Table 1).

(E)-Sulfinylimines 4a,b were the only species observed in THE-dg
and CDCl; solutions at ambient temperature. The absence of
(Z)-4a,b isomers (within NMR detection limits) suggests a high
configurational stability of the E-isomers in various solvents,
apparently owing to the stabilizing effect of the intramolecular
hydrogen bond. On the other hand, sterically hindered sulfiny-
limines 4d—f existed solely as the (Z)-isomers in THF-dg solution.
Furthermore, each of the sulfinylimines (Z)-4d—fappeared as
a mixture of (M) and (P) atropisomers. Thus, when a
single crystalline atropisomer (Z)-(M)-4d was dissolved in
THF-dg at room temperature, the '"H NMR spectrum of the
resultjng suspension showed two sets of signals in a ratio of
78:22."" Likewise, a 79:21 ratio of isomers was formed when the
crystalline 1:1 mixture of (Z)-4e atropisomers was dissolved in
THF-dj.

Crystalline atropisomer (Z)-(M)-4f displayed high configura-
tional stability in THF-dg solution at —15 °C, and none of the
isomeric (Z)-(P)-4f was observed after 24 h. However, isomer-
ization to a 1:1 equilibrium mixture of atropisomers (Z)-(M)-4f
and (Z)-(P)-4f occurred within 6 h at room temperature.18
Remarkably, the atropisomers of (Z)-4f could be easily separated
by chromatography on silica gel. The individual atropisomers
(Z)-(M)-4f and (Z)-(P)-4f are stable in the crystalline form
at —18 °C for more than three weeks.

Table 1. Selected Crystallographic Parameters for Sulfinylketimines 4a,b,d—f

-

x N
| 83 ||3
1
e SRy
[
= X/C1 =

(E)-4a: X=NH,
(E)-4b: X=NHMe
entry imine (Rg)-4 N'-N* (A)

1 (E)-4a 2.683

2 (E)-4b 2.658

3 (2)-4a"

4 (Z)-4e"

S (2)-4f

o] k
L
S

NZ

(2)-4d: X=NH,
(2)-4e: X=NHMe
(2)-4f: X=NMe,

C'—C*—C’—N? torsion angle C*—N*>-S—0 torsion angle

—109 —1389
6.3 —140.6
—779 —82.5
79.7 (P) —95.5 (P)
—84.1 (M) —102.0 (M)
—111.2° —93.5°

“ Crystallized as individual (M)-atropisomer. * Crystallized as 1:1 mixture of (M):(P) atropisomers in the unit cell. ¢ Average values of two molecules

crystallized in a unit cell.
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Table 2. Rate Constants and Free Energy of Activation for Atropisomerization of Sulfonylketimines (Z)-4d—f in THF-dg

(P) — (M)

(2)-(P, Rg)-4d-f

(2)-(M, Rg)-4d-f
entry imine R (M):(P) ratio, % kst
1 (2)-4d NH, 22:78° 62 x 107*
2 (2)-4e NHMe 21:79* 66 x 107*
3 (2)-4f NMe, 1:1° 045 x 10°*

M) — (P)
AG¥,54 (kJ/mol) kst A(AG,s5), KJ/mol AG*sg (kJ/mol)
73.8 221 x 10°* 71.1 27
73.7 247 x 10°* 70.8 2.9
97.9° 0.45 x 107+ 97.9¢ 0

“ Determined in THF-dg at 258 K by NMR. ” Determined in THF-dg at 298 °C by NMR. “ Corresponds to AG¢298 (kJ/mol).

The structural assignment of atropisomers (Z)-4d,e in solution
was based on the differences in chemical shifts of H-3 and C-3
between the (M) and (P) atropisomeric series. Thus, the corre-
sponding signals in the case of stable atropisomer (Z)-(M)-4f"’
appeared downfield compared with those in the isomeric
(Z)-(P)-4f, apparently due to the deshielding of the ortho-
position by the sulfoxide oxygen (see Newman projections in
the graphic of Table 2).*° Similar differences between the
chemical shifts of H-3 and C-3 were observed also for all
atropisomeric sulfinylimines (Z)-4d—f (AJ['H] = 0.03—0.05
ppm, AS[PC] = 1.5-2.6 ppm).*" Consequently, the major
atropisomers (Z)-4d,e in solution were assigned (P) geometry.
The predominance of (P) atropisomers of (Z)-4d,e in solution
was further supported by DFT calculations by using a B3LYP/6-
31G(d,p) basis set.”? Accordingly, (Z)-(P)-4e was calculated to
be more stable by 4.7 kJ/mol than the isomeric (Z)-(M)-4e.

To account for the observed fast interconversion of sulfinylimines
(2)-4d,e in solutions, the free energy of activation and rate constants
for the atropisomerization of (Z)-4d—fwere determined in THF-dg
by NMR methods.® Barriers to the rotation around the aryl-imine
bond of (Z)-4d,e isomers in THF-dg varied from 70.8 to 73.8 kJ/
mol (see Table 2), values that are comparable to the isomerization
barriers of related aryl ketimines.”* The observed ground-state
energy differences (AAGjFZSS) correlate well with the equilibrium
ratio of atropisomers in THF-dg (Table 2). The atropisomerization
barrier for (Z)-4f in THF-dg was determined to be 97.9 kJ/mol (see
Table 2), which is considerably higher than the interconversion
barriers for (Z)-4d,e and comparable to the atropisomerization
barriers of the most hindered (Z)-ketimines.>®

Diastereoselective Reduction of Sulfinylimines 4a—f. The
reduction of imines 4a—f was carried out by using BH;+ THF or
DIBAL at —78 °C in THF (Table 3, conditions A and B, respectively).
Both reducing agents ensured excellent levels of diastereoselectivity.
Furthermore, the purity of the major diastereomers Sa—f could be
readily increased to >99:1 dr by flash column chromatography.

The relative configuration at the newly created asymmetric
carbon was determined for reduction products Sa,b,d,e as well as
for derivatives 6c and 7f by X-ray crystallographic analysis.
Sulfinylamides Sa—c were formed with the R absolute configuration
at the newly created asymmetric center, whereas reduction products
Sd—f possessed the S configuration. These results reinforced

previously reported correlation between the sense of asymmetric
induction and the favored E or Z configuration of the starting
imines 4a—f."' Accordingly, the reduction of (E)-4a—c resulted
in formation of (RgR)-5a—c whereas (Z)-4d—f afforded sulfi-
nylamides (Rg,S)-5d—f.

The correlation between the facial selectivity of the reduction
and E or Z geometry of the starting ketimines implies the
involvement of a cyclic transition state for the reduction. Con-
sequently, a chelation-controlled reduction mechanism®® is pro-
posed, where borane or DIBAL forms an “ate” complex with
sulfinyl oxygen,” ensuring the internal sulfoxide-mediated delivery
of hydride from the Si face (for (E)-4a—c) or from the Re face
(for imines (Z)-4d—f) of the C=N bond (Figure 2, TS-1). Less
likely is an alternative mechanism, where the NMe, group of the
aniline controls the diastereoselectivity by forming a covalent
N—B bond with the BH;—THF or N—Al bond with DIBAL. In
the latter case, the internal hydride transfer from (Z)-(M)-4f
derived amidometallohydrides must occur from the Si face and
afford the reduction products with (R) configuration at the newly
created stereogenic center. In fact, (Z)-(M)-4f was reduced with
DIBAL to (Rg,S)-5f with (S) configuration (99% conversion,
99:1 dr), and the outcome is consistent with the involvement of
sulfinyl oxygen in the transient “ate” complex (Figure 2, TS-1).

Notably, the isomeric sulfinylimine (Z)-(P)-4f was completely
unreactive in the reduction with DIBAL (Table 3, entries 16 vs
13). Thus, (Z)-(P)-4f did not react with BH;+ THF at —15 °C
within 3 h, whereas (Z)-(M)-4f was reduced in 47% yield (dr =
99:1) (Table 3, entries 12 vs 15). After 22 h at —15 °C the
conversion of (Z)-(M)-4f increased to 88%, but (Z)-(P)-4f still
was not reduced.”® The reluctance of (Z)-(P)-4f to undergo
reduction by BH;-THF or DIBAL presumably results from
steric shielding of the sulfinylimine Re face by the o-dimethyla-
mino group (TS-2, Figure 2) together with high configurational
stability of (Z)-4f atropisomers under the reduction conditions.”
Eventually, sulfinylimine (Z)-(P)-4f could be reduced with
BH;:THF at room temperature (2 h, 75% conversion, 99:1
dr). In the latter case, however, isomerization of (Z)-(P)-4f to the
more reactive atropisomer (Z)-(M)-4f apparently took place.*

Steric hindrance of the Re-face presumably would also occur in
the structurally closely related sulfinylimines (Z)-(P)-4d,e (see
TS-2, Figure 2), rendering them unreactive under the reduction
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Table 3. Diastereoselective Reduction of tert-Butanesulfinylimines 4a—f

Z:E ratio

Entry Imine (Rs)-4" in THF? Redqgtlonc drd Major diastereomer 5° Yield;/ %
%) conditions
1 ° K A 97:3 3 K (99)
NH, N°° 1:99 HN- HN
2 @A’“ B 93:7 ©/\ Me 88 (99)
K(E)"“‘ (Rs,R)-5a
Q. , Q|
3 Me. NS oo A 99:1 Mo~y S 99)
M ' M
4 ©)L ¢ B 99:1 CjA ° 97 (99)
(E)-4b (Rs,R)-5b
9 Q |
5 Me~\H N,‘S‘K 199 A 99:1 e \H Hy"s\ %99)
6 Cé (B)de B 99:1 ©i> (RsR)5c¢  94(99)
>L o o‘s‘K
7 Sy A 99:1 H,N HN™ 99)
CI\@{* 99:1
8 B 99:1 99
NH (Z)-4d cl (Rs,5)-5d
Ne o kK
9 S\n A 89:11 e in-S 90
C'\@fKﬁ 99:1
10 I B 99:1 @7y
Me  (Z)-de cl (Rs.9)-5¢"
11 >L§»° A - 0
N
12 a@)kﬁ Al 99:1 ok @7)
13 NMe, (Z) (M) -4f B 99:1 Me,N HN” S 97 (99)
14 >L§O 99:1 A _ 0)
15 veN ) Al - ; 0)
¢l (Rs,S)-5¢
16 B - (0)

c (2)-(P)-4f

“ Geometry of the C=N bond in crystalline material was determined by X-ray crystallographic analysis.

® The E/Z ratio in THF-dg was determined at

—15 °C by NOESY experiments.  Conditions A: BH3 -THF (1.6 equlv) —78 °C, THF, 3 h. Conditions Al: BH;- THF (1.6 equlv) —15°C, THF, 3 h.

Conditions B: DIBAL (3 equiv),

—78°C, THF, 3 h.? Determined by 'H NMR and HPLC assay for the crude reduction mixture. ° Relative configuration

of the major diastereomer $ was determined by X-ray crystallographic analysis. TYield of ma]or diastereomer. In parentheses: conversion of imines 4a—f.
¢ Relative configuration was determined by X-ray crystallographic analysis of (Rg,R)-6c. " X-ray analysis was performed for the minor diastereomer (Rs,
R)-Se. '96% yield and 99:1 dr was obtained in the reduction with DIBAL at room temperature. / Relative configuration was determined by X-ray

crystallographic analysis of S-methyl sulfoximine (Rg,S)-7f.

conditions. However, the differences in the reduction rates of
atropisomers (Z)-(M)-4d,e and (Z)-(P)-4d,e cannot be deter-
mined because fast atropisomerization occurs under the reduction
conditions.”® The fast isomerization of sulfinylimines (Z)-4d,e
apparently accounts for the excellent diastereoselectivities of the
reduction. Thus, the 99:1 diastereomer ratio of (RgS)-5d,e
(Table 3, entries 7—10) exceeds the ~4:1 equilibrium ratio of
(Z)-(P)-4d,e and (Z)-(M)-4f in solution (see Table 2).

The isomeric (E)-sulfinylimines 4a—c afforded sulfinylamides
(RgR)-Sa—c with the opposite, i.e. (R) absolute configuration
(Table 3). On the basis of our previous observations a cyclic
transition state involving internal sulfoxide-mediated delivery of
borane is proposed. The intramolecular hydrogen bond between
the aniline N—H and nitrogen of the imine stabilizes the favored E
conformation of sulfinylimines 4a,b in the transition state (TS-3).

Elaboration of Sulfinamides 5a—f To Target Diamines 1, 2.
Following the procedure reported previously,'" sulfinamides Sa—c
were treated with 4 N HCI in dioxane to obtain (R)-la—c in
excellent yields (see Scheme 2). The cleavage of the chiral auxiliary
occurred without racemization of the newly created stereogenic

2638

center. To access the corresponding N-methyl derivatives (R)-
2a—c, introduction of an N-methyl group at the benzylic nitrogen
was performed before the removal of the chiral auxiliary from (R,
R)-Sa—c. This allowed regioselective N-lithiation of sulfonamide
N—H in (RgR)-5a—c with LIHMDS without interference by
aniline N—H, and subsequent addition of iodomethane gave the
desired (RgR)-6a—c. On the other hand, a similar lithiation/
methylation sequence from sulfinamides (Rg,S)-Sd—f afforded
the S-methyl sulfoximines (R,S)-7e—f instead of the anticipated
N-methyl sulfinamides (Scheme 2).** This change from N- to §-
methylation was attributed to considerable steric hindrance near the
sulfinyl nitrogen in sulfinamides (Rg,S)-Sd—f. Therefore, the de-
sired (S)-2d—f were synthesized by an alternative sequence starting
with the desulfinylation of (Rg,S)-5d—f to benzylamines (S)-1d—f,

followed by an N-formylation—reduction sequence (Scheme 2).

B CONCLUSIONS

Synthesis of chiral, nonracemic o-aminobenzylamines
1 and 2 employed highly diastereoselective reduction of

dx.doi.org/10.1021/j01025767 |J. Org. Chem. 2011, 76, 2635-2647
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Figure 2. Transition states for the reduction of imines 4a,f.
Scheme 2. Elaboration of the Reduction Products Sa—f
Me.
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) (R)-1a: 98% (R)-1c: 95%
1. LIHMDS (R)-1b: 94%
2. Mel
DMF, -20 °C
Me, s K Me, = Me O \4 Me  Me.
R N NH  y-S R HN NH pN-Me
H : 4N HCI : =z
Me in dioxane Me
Dioxane/MeOH
(Rs,R)-6a: 88%  (Rg,R)-6¢: 91% (R)-2a: 91% (R)-2¢: 97%
(Rs,R)-6b: 72% (R)-2b: 93%
(0]
//‘S‘\ Me
R N"""Me ; NH. HN”
1. LIHMDS 4N HCI 2
2. Mel in dioxane 1. HCOH
DMF, -20 °C (RsS)M5af G ane/MeOH 2. LIAIH,
1:1 THF
Cl Cl Cl
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tert-butanesulfinylimines as the key step. The configura-
tion of the newly created stereogenic center in the reduc-

tion products depended on E or Z geometry

of the starting
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tert-butanesulfinylketimines. Thus, reduction of (E)-imines
4a—c afforded (Rg,R)-Sa—c with the R configuration at the
newly created stereogenic center, whereas (Z)-4d—f were
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converted to sulfinylamides (Rs,S)-Sd—f with the S config-
uration. These results reinforce the previously reported
correlation between the sense of asymmetric induction and
E/Z geometry of the sulfinylimines."'

Sulfinylimines (Z)-4d,e exist in solution as rapidly equilibrating
mixtures of atropisomers. An individual atropisomer (Z)-(M)-4f
could be reduced with DIBAL and BH;-THF under conditions
where the isomeric (Z)-(P)-4f was completely unreactive. The
reluctance of (Z)-(P)-4f 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. The distinct
reactivity of atropisomers together with the observed correlation
between the sense of asymmetric induction and E/Z geometry of
the sulfinylimines supports the hypothesis that sulfoxide oxygen
plays a major role in control of reduction diastereoselectivity.

B EXPERIMENTAL SECTION

Experimental Procedure for Synthesis of Ketones 3
1-[2-(Methylamino)phenyl]-1-ethanone (3b): To a solution
of 2/-aminoacetophenone 3a (5.0 g, 37.0 mmol) in anhydrous DMF
(25 mL) was added K,COj3 (.11 g, 37.0 mmol), followed by a solution
of Mel (5.25 g, 37.0 mmol) in anhydrous DMF (S mL). After being
stirred for 48 h at room temperature the solution was diluted with water
(100 mL) and extracted with MeOtBu (3 X 75 mL). Combined organic
extracts were washed with water (50 mL) and brine (30 mL) and dried
over Na,SO,. Purification of the crude product by column chromatog-
raphy with gradient elution from 3% EtOAc/petroleum ether to 15%
EtOAc/petroleum ether afforded 3b as a yellow solid (2.7 g, 49% yield);
analytical TLC on silica gel, 1:10 EtOAc/petroleum ether, R;0.36. Pure
material was obtained by crystallization from petroleum ether: mp
37-39 °C. IR (film, em™") 3325 (NH), 1635 (C=0); '"H NMR
(400 MHz, CDCl;, ppm) 0 8.77 (1H, s), 7.74 (1H, dd, ] = 8.0, 1.2 Hz),
7.38 (1H, dd, J = 7.5, 1.2 Hz), 6.69 (1H, d, ] = 8.5 Hz), 6.59 (1H, t, ] =
7.5, 1.2 Hz), 2.91 (3H, d, ] = 5.1 Hz), 2.58 (3H, s). '*C NMR (100.6
MHz, CDCls, ppm) 6 200.7, 151.9, 135.0, 132.6, 117.5, 113.8, 111.2,
29.2,27.8. Anal. Calcd for CoH; | NO: C, 72.46; H, 7.43; N, 9.39. Found:
C, 72.29; H, 7.49; N, 9.34.
2,3-Dihydro-7-(methylamino)-1H-inden-1-one (3c): To a
solution of 7-amino-2,3-dihydro-1H-inden-1-one* (3.19 g,21.7 mmol)
in anhydrous DMF (25 mL) was added K,COj3 (3.0. g, 21.7 mmol),
followed by a solution of Mel (3.08 g, 21.7 mmol) in anhydrous DMF
(SmL). After being stirred for 48 h at room temperature the solution was
diluted with water (100 mL) and extracted with MeOtBu (3 X 75 mL).
Combined organic extracts were washed with water (50 mL) and brine
(30 mL) and dried over Na,SO,. Purification of the crude product by
column chromatography with use of gradient elution from from 3%
EtOAc/petroleum ether to 20% EtOAc/petroleum ether afforded
product as a yellow solid (1.75 g, 50% yield); analytical TLC on silica
gel, 1:10 EtOAc/petroleum ether, R;0.20. Pure material was obtained by
crystallization from hexane: mp 96—98 °C. IR (film, cm ™ ") 3365 (NH),
1680 (C=0); 'H NMR (400 MHz, CDCls, ppm) ¢ 7.37 (1H, dd, ] =
7.8,7.8 Hz),7.18 (1H,s), 6.60 (1H, dd, J= 7.3, 1.0 Hz), 6.41 (1H, d, ] =
8.2 Hz), 3.03—2.98 (2H, m), 2.92 (3H, d, J = 5.2 Hz), 2.65—2.60 (2H,
m). *C NMR (100.6 MHz, CDCls, ppm) 6 207.9, 156.7, 149.5, 136.8,
1199, 112.1, 106.6, 36.1, 29.0, 25.5. Anal. Caled for C,oH,;NO: C, 74.51;
H, 6.88; N, 8.69. Found: C, 74.44; H, 6.92; N, 8.68.
1-(2-Amino-5-chlorophenyl)-2,2-dimethyl-1-propanone (3d):
TMEDA (2.74 g, 23.6 mmol) was added to a cooled solution (—10 °C)
of N-(4-chlorophenyl)-2,2-dimethylpropanamide®* (5.0 g, 23.6 mmol)
in anhydrous THF (45 mL) under an argon atmosphere, followed by
dropwise addition of n-BuLi (2.2 M solution in hexane, 6.0 mL, 13.23
mmol). After stirring at —10 °C for 2 h, the yellow suspension was

cooled to —78 °C, a solution of pivaloyl chloride (3.98 g, 33.04 mmol) in
THF (S mL) was rapidly added, and the mixture was allowed to warm to
room temperature. After the solution was stirring for 2 h, aqueous
saturated 1 N HCI (150 mL) was added and product was extracted with
EtOAc (3 x 100 mL). Combined organic extracts were washed with
brine (30 mL), dried over Na,SO,, and concentrated (rotary evaporator).
Purification of the solid reside by column chromatography on silica gel
with gradient elution from 2% EtOAc/petroleum ether to 10% EtOAc/
petroleum ether yielded 6.05 g of N-[4-chloro-2-(2,2-dimethyl-1-
oxopropyl)phenyl]-2,2-dimethyl propanamide as a white solid (87%
yield); analytical TLC on silica gel, 1:10 EtOAc/petroleum ether, Ry
0.52. Pure material was obtained by crystallization from EtOAc/petro-
leum ether: mp 50—52 °C. IR (film, cm ") 3362 (NH), 1690 (C=0),
1507 (C=0); "H NMR (400 MHz, CDCls, ppm) 6 9.80 (1H, s), 8.37
(1H, d, J = 9.0 Hz), 7.65 (1H, d, ] = 2.4 Hz), 7.38 (1H, dd, ] = 9.0, 2.4
Hz), 1.33 (9H, s), 1.27 (9H, s). *C NMR (100.6 MHz, CDCl;, ppm) 0
211.0, 177.3, 136.5, 131.8, 127.8, 127.6, 127.41, 127.39, 127.3, 127.21,
127.19, 45.5, 39.9, 28.3, 27.4. Anal. Calcd for C;¢H,,CINO,: C, 64.97;
H, 7.50; N, 4.73. Found: C, 65.04; H, 7.64; N, 4.52.

A suspension of N-[4-chloro-2-(2,2-dimethyl-1-oxopropyl)phenyl]-
2,2-dimethyl propanamide (4.36 g, 14.74 mmol; from above) in aqueous
6 N HCI (150 mL) was heated at 90 °C for 12 h. The resulting clear
solution was basified to pH 8 with aqueous saturated NH,OH and
extracted with EtOAc (3 x 75 mL). Combined organic extracts were
washed with brine (30 mL), dried over Na,SO,, and concentrated to
afford 2.93 g of 3d as a yellow solid (94% yield); analytical TLC on silica
gel, 1:10 EtOAc/petroleum ether, R¢0.26. Pure material was obtained by
crystallization from hexane: mp 65—67 °C. IR (film, cm ') 3478
(NH,), 3357 (NH,), 1643 (C=0). "H NMR (400 MHz, CDCl;, ppm)
8771 (1H,d,J=2.4 Hz),7.14 (1H, dd, ] = 8.8, 2.4 Hz), 6.63 (1H, d, ] =
8.8 Hz), 5.58 (2H, s), 1.38 (9H, s). >*C NMR (100.6 MHz, CDCI;,
ppm) & 208.7, 147.8, 132.4, 129.5, 119.8, 119.5, 119.0, 44.8, 28.7, 28.6,
28.5. Anal. Calcd for C;;H4CINO: C, 62.41; H, 6.67; N, 6.62. Found:
C, 62.61; H, 6.66; N, 6.49.

1-[5-Chloro-2-(methylamino)phenyl]-2,2-dimethyl-1-propa-
none (3e): NaH (60% suspension in mineral oil, 389 mg, 16.22 mmol)
was washed under an argon atmosphere with anhydrous Et,O (2 X
10 mL) to remove the mineral oil, then suspended in anhydrous DMF
(5 mL) and cooled to 1—2 °C in an ice bath. A solution of N-[4-chloro-
2-(2,2-dimethyl-1-oxopropyl)phenyl]-2,2-dimethyl propanamide (4.0
g, 13.52 mmol; synthesized as described in the experimental for 3d)
in anhydrous DMF (15 mL) was added dropwise. When gas evolution
ceased, the ice bath was removed. After the mixture was stirred at
ambient temperature for 1 h, a solution of Mel (3.81 g, 27.04 mmol) in
anhydrous DMF (S mL) was added. After being stirred for S h the
solution was diluted with water (75 mL) and extracted with MeOtBu
(3 X 50 mL). Combined organic extracts were washed with water (30 mL)
and brine (20 mL) and dried over Na,SO,. Purification by column
chromatography by using gradient elution from 10% EtOAc/petroleum
ether to 20% EtOAc/petroleum ether afforded N-[4-chloro-2-(2,2-
dimethyl-1-oxopropyl)phenyl]-N,2,2-trimethyl propanamide as a white
solid (3.59 g, 86% vyield); analytical TLC on silica gel, 2:5 EtOAc/
petroleum ether, R;0.20. Pure material was obtained by crystallization
from EtOAc/petroleum ether: mp 83—85 °C. IR (film, cm™") 1689
(C=0), 1636 (C=0); "HNMR (400 MHz, CDCl3, ppm) 8 7.40—7.35
(2H, m), 7.12—7.08 (1H, m), 3.34 (3H, s), 1.30—1.23 (18H, m). *C
NMR (100.6 MHz, CDCl;, ppm) 0 209.5, 177.8, 141.9, 139.8, 131.6,
1304, 130.1, 1262, 44.4, 41.1, 39.2, 282, 28.0. Anal. Calcd for
Cy,H,,CINO,: C, 65.90; H, 7.81; N 4.52. Found C, 66.24; H, 7.89;
N, 4.37.

A suspension of N-[4-chloro-2-(2,2-dimethyl-1-oxopropyl)phenyl]-
N,2,2-trimethyl propanamide (6.7 g, 21.6 mmol; from above) in aqueous
6 N HCI (75 mL) was heated at 90 °C for 12 h. The resulting clear
solution was basified to pH 8 with aqueous saturated NH,OH and
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extracted with EtOAc (3 x 75 mL). Combined organic extracts were
washed with brine (30 mL), dried over Na,SO,, and concentrated to
afford product 3e as a yellow solid (4.58 g, 94% yield); analytical TLC on
silica gel, 1:10 EtOAc/petroleum ether, Ry 0.48. Pure material was
obtained by crystallization from EtOAc/petroleum ether: mp 57—59 °C.
IR (film, cm ™) 3365 (NH), 1635 (C=0). '"H NMR (400 MHz, CDCl,,
ppm) 6 7.97 (1H, s), 7.81 (1H, d, ] = 2.5 Hz), 7.26 (1H, dd, ] = 9.0, 2.5
Hz), 6.65 (1H, d, ] = 9.0 Hz), 2.85 (3H, s), 1.39 (9H, s). *C NMR
(100.6 MHz, CDCl,, ppm) 6 208.6, 150.1, 133.1, 1304, 117.81, 117.79,
113.1,44.8, 29.7, 29.0. Anal. Calced for C1,H,4CINO: C, 63.85; H, 7.15;
N, 6.21. Found: C, 63.94; H, 7.21; N, 6.11.

1-[5-Chloro-2-(dimethylamino)phenyl]-2,2-dimethyl-1-pro-
panone (3f): To a solution of ketone 3e (1.0 g, 4.43 mmol) in anhydrous
DMF (25 mL) was added K,COj3 (1.22 g, 8.86 mmol), followed by a
solution of Mel (1.26 g, 8.86 mmol) in anhydrous DMF (S mL). After
being stirred at room temperature for 48 h the solution was diluted with
water (100 mL) and extracted with MeOtBu (3 X 75 mL). Combined
organic extracts were washed with water (S0 mL) and brine (30 mL) and
dried over Na,SO,. Purification of the crude product by column
chromatography by using gradient elution from 5% CH,Cl,/petroleum
ether to 15% CH,Cl,/petroleum ether afforded product as a yellow oil
(754 mg, 71% vyield); analytical TLC on silica gel, 1:10 EtOAc/
petroleum ether, Ry 0.60. IR (film, em™") 1690 (C=0); '"H NMR
(400 MHz, CDCl;, ppm) 0 7.25 (1H, dd, ] = 8.6, 2.5 Hz), 7.01 (1H, dd,
J=8.6Hz),6.92 (1H,d,J=2.5Hz),2.63 (6H,s),1.19 (9H, s). *C NMR
(100.6 MHz, CDCls, ppm) 0 215.5, 149.1, 139.0, 1292, 127.9, 125.9,
120.5, 44.9, 29.0, 27.4. HRMS-ESI (m/z) calcd for C,3H;3CINO [M +
H]" 240.1155, found 240.1169.

General Procedure for the Condensation of Ketones with
(Rs)-tert-Butanesulfinamide. A mixture of appropriate ketone 3
(1.0 equiv), (Rs)-tert-butanesulfinamide (1.0 equiv), and neat Ti(OEt),
(Alfa Aesar, Vertec, 99+%, 2.0 equiv) in a sealed Ace pressure tube was
stirred and heated for 12 hat 75 °C (ketones 3a,b,d,e) or 125 °C (ketone
3c) under an argon atmosphere. After cooling to room temperature, the
reaction mixture was poured into a mixture of brine (20 mL/mmol of
ketone 3) and EtOAc (20 mL/mmol of ketone 3). The resulting slurry
was stirred for 10 min and filtered throught a plug of Celite (3 x S cm),
then the filter cake was washed with EtOAc (50 mL/mmol of ketone 3).
The organic layer from the filtrate was washed with brine, dried over
Na,SO,, and concentrated. The residue was purified by column chroma-
tography on silica gel.

N-[(E)-1-(2-Aminophenyl)ethylidene]-2-methyl-(Rs)-2-propa-
nesulfinamide (4a): Following the general procedure, ketone 3a (500 mg,
3.7 mmol) was converted into sulfinylimine 4a. Purification of the crude
product by column chromatography by using gradient elution from 6%
EtOAc/petroleum ether to 100% EtOAc afforded product as a yellow solid
(776 mg, 88% yield); analytical TLC on silica gel, 1:1 EtOAc/petroleum
ether, R¢0.24. Pure material was obtained by crystallization from EtOH: mp
189—191 °C. IR (film, cm™ ") 3400 (NH,), 3283 (NH,), 1457 (C=N),
1066 (S=0). "H NMR (400 MHz, CDCl;, ppm) 0 7.57 (1H, dd, J =83, 1.1
Hz), 7.23—7.18 (1H, m), 6.69—6.63 (2H, m), 649 (2H, s), 291 (3H, s),
1.28 (9H, s). *C NMR (100.6 MHz, CDCl;, ppm) 0 179.6, 149.5, 132.9,
130.5, 1183, 1174, 116.1, 563, 22.3, 21.6. Anal. Caled for Cy,H,gN,OS: C
60.47; H 7.61; N 11.75. Found: C 60.51; H 7.60; N 11.63. [a.]*°, —76.4 (c
097, EtOH).

N-[(E)-1-[2-(Methylamino)phenyl]ethylidene]-2-methyl-(Rs)-
2-propanesulfinamide (4b): Following the general procedure, ke-
tone 3b (200 mg, 1.6 mmol) was converted into sulfinylimine 4b.
Purification of the crude product by column chromatography by using
gradient elution from 6% EtOAc/petroleum ether to 38% EtOAc/
petroleum ether afforded product as a yellow solid (241 mg, 60% yield);
analytical TLC on silica gel, 1:1 EtOAc/petroleum ether, Rf0.39. Pure
material was obtained by crystallization from Et,O: mp 81—83 °C.
IR (film, cm™") 3223 (NH), 1543 (C=N), 1071 (5=0). '"H NMR

(400 MHz, CDCls, ppm) 6 9.23 (1H, s), 7.63 (1H, dd, ] = 8.0, 1.0 Hz),
7.37—7.31 (1H, m), 6.69 (1H, d, J = 8.5 Hz), 6.65—6.59 (1H, m), 2.92
(3H, d, ] = 5.0 Hz), 2.77 (3H, 5), 1.29 (9H, s). '*C NMR (100.6 MHz,
CDCl;, ppm) 0 179.6, 151.3, 113.7, 131.1, 117.5, 114.2, 111.2, 56.2,
29.5, 22.2, 21.4. Anal. Calcd for C;3H,(,N,O0S: C, 61.87; H, 7.99; N,
11.10. Found: C, 62.02; H, 7.83; N, 11.09. [a]*’p, —164.5 (c 2.58,
EtOH).

N-[2,3-Dihydro-7-(methylamino)-1H-inden-1-yliden]-2-
methyl-(Rs)-2-propanesulfinamide (4c): Following the gen-
eral procedure, ketone 3¢ (837 mg, 5.19 mmol) was converted into
sulfinylimine 4c. Purification of the crude product by column
chromatography by using gradient elution from 6% EtOAc/petro-
leum ether to 37% EtOAc/petroleum ether afforded product as a
yellow solid (471 mg, 34% yield); analytical TLC on silica gel, 2:S
EtOAc/petroleum ether, Ry 0.36. Pure material was obtained by
crystallization from hexane: mp 100—102 °C. IR (film, cm™") 3325
(NH), 1604 (C=N), 1068 (S=0). "H NMR (400 MHz, CDCl,,
ppm) 0 7.64 (1H,'s), 7.33 (1H, dd, J = 8.2, 7.4 Hz), 6.58 (1H, dd, ] =
7.4,0.8 Hz), 6.44 (1H, d, ] = 8.2 Hz), 3.41—3.32 (1H, m), 3.06—2.95
(3H, m), 2.93 (3H, s), 1.29 (9H, s). *C NMR (100.6 MHz, CDCl;,
ppm) 0 187.7, 153.6, 149.6, 135.6, 120.4, 111.5, 106.8, 56.1, 32.2,
29.3,28.5,22.2. Anal. Calcd for C,,H,,N,OS: C, 63.60; H, 7.62; N,
10.60. Found: C, 63.64; H, 7.54; N, 10.44. [a]*°y —16.3 (¢ 0.93,
EtOH).

N-[(2)-1-(2-Amino-5-chlorophenyl)-2,2-dimethylpropylidene]-
2-methyl-(Rs)-2-propanesulfinamide (4d): Following the general
procedure, ketone 3d (500 mg, 2.36 mmol) was converted into sulfinyli-
mine 4d. Purification of the crude product by column chromatography
by using gradient elution from 6% EtOAc/petroleum ether to 30%
EtOAc/petroleum ether afforded product as a white solid (520 mg, 75%
yield); analytical TLC on silica gel, 2:5 EtOAc/petroleum ether, R;0.20.
Pure material was obtained by crystallization from petroleum ether: mp
116—118 °C. IR (film, cm™") 3442 (NH,), 3339 (NH,), 1586 (C=N),
1069 (S=0). 'H NMR for a mixture of atropisomers (Z)-(M)-4d and
(2)-(P)-4d (400 MHz, CDCl;, ppm) ¢ 7.14—7.08 (1H, m), 6.93
(0.16H, d, ] = 2.2 Hz), 6.73 (0.84H, d, ] = 2.2 Hz), 6.65 (0.84H, d,
J=8.6Hz),6.62 (0.16H,d,]=8.6 Hz),3.74 (2H, s), 1.26—1.21 (18H, m).
3C NMR for a mixture of atropisomers (Z)-(M)-4d and (Z)-(P)-4d
(100.6 MHz, CDCls, ppm) 0 193.0, 142.1, 129.5, 129.4, 127.2, 126.3,
125.5, 122.7, 1182, 1162, 5.8, 43.3, 28.2, 28.0, 22.3, 21.7. Anal. Calcd
for C,sH,5CIN,OS: C, 57.22; H, 7.36; N, 8.90. Found: C, $7.28; H,
7.30; N, 8.81. [0]*°p —56.6 (¢ 0.69, EtOH; determined for a mixture of
atropisomers (Z)-(M)-4d and (Z)-(P)-4d).

N-[(2)-1-[5-Chloro-2-(methylamino)phenyl]-2,2-dimeth-
ylpropylidene]-2-methyl-(Rs)-2-propanesulfinamide (4e):
Following the general procedure, ketone 3e (3.36 g, 14.90 mmol)
was converted into sulfinylimine 4e. Purification of the crude
product by column chromatography by using gradient elution from
6% EtOAc/petroleum ether to 20% EtOAc/petroleum ether af-
forded product as a white solid (3.66 g, 75% yield); analytical TLC
on silica gel, 1:1 EtOAc/petroleum ether, R;0.48. Pure material was
obtained by crystallization from Et,O: mp 154—156 °C. IR
(film, cm™") 3375 (NH), 1458 (C=N), 1053 (S=0). '"H NMR
for a mixture of atropisomers (Z)-(M)-4e and (Z)-(P)-4e (400 MHz,
CDCls, ppm) 0 7.24—7.18 (1H, m), 6.90 (0.13H, d, ] = 2.2 Hz), 6.70
(0.87H,d,J=2.2Hz), 6.63 (0.87H, d, ] = 8.8 Hz), 6.57 (0.13H, d, J =
8.8 Hz),3.79 (0.87H, q,J = 5.0 Hz), 3.17 (0.13H, q, ] = 5.0 Hz), 2.84
(0.44H, d, ] = 5.0 Hz), 2.77 (2.56H, d, ] = 5.0 Hz), 1.24—1.19 (18H,
m). *C NMR for a mixture of atropisomers (Z)-(M)-4e and
(2)-(P)-4e (100.6 MHz, CDCl;, ppm) O 193.3, 144.4, 129.6,
129.5, 126.8, 125.9, 125.3, 121.2, 112.3, 111.2, 55.7, 43.2, 30.9,
28.3,28.1, 22.3, 21.7. Anal. Calcd for C,¢H,CIN,OS: C, 58.43; H,
7.66; N, 8.52. Found: C, 58.39; H, 7.64; N, 8.44. [a]*°p —33.4 (c
2.07, EtOH).
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N-[(2)-1-[5-Chloro-2-(dimethylamino) phenyl]-2,2-dimethyl-
propylidenel-2-methyl-(Rs)-2-propanesulfinamide (4f): Sulfinyl
imine 4e (500 mg, 1.52 mmol) was dissolved in anhydrous DMF (S mL)
and cooled to —20 °C under argon atmosphere. A solution of LIHMDS in
THF (1 M solution in THF, 1.67 mmol) was added dropwise and the
colorless solution was stirred at —20 °C for 1 h whereupon neat Mel (258
mg, 1.82 mmol) was added. After warming to room temperature and
stirring for 2 h, the mixture was diluted with water (30 mL) and extracted
with MeOfBu (3 x 50 mL). Combined organic extracts were dried over
Na,SO, and concentrated. Purification of the crude product by column
chromatography by using gradient elution from 6% EtOAc/petroleum
ether to 38% EtOAc/petroleum ether afforded individual atropisomers®
(2)-(M)-4f and (Z)-(P)-4f as white solids (totally 476 mg, 91% yield);
analytical TLC on silica gel, 2:5 EtOAc/petroleum ether Ry 0.56 (for
(2)-(M)-4f) and R 0.48 (for (Z)-(P)-4f). Pure material was obtained by
crystallization from hexane: mp 76—78 °C. IR (film, cm ") 1489 (C=N),
1084(S=0). Anal. Calcd for C,,H,,CIN,OS: C, 59.54; H, 7.94; N, 8.17.
Found: C, 59.77; H, 7.99; N, 8.08. [a]*’p —122.4 (¢ 0.96, EtOH;
determined for the mixture of atropisomers (Z)-(M)-4f and (Z)-(P)-4f).

(2)-(M)-4f: "H NMR (400 MHz, THF-dg, ppm) 6 7.35 (1H, dd, ] =
8.7,2.2Hz),7.18 (1H, d, J = 8.7 Hz), 7.08 (1H, d, ] = 2.2 Hz), 2.63 (6H,
s), 1.21 (9H, s), 1.19 (9H, s). '*C NMR (100.6 MHz, THF-ds, ppm) &
190.8, 149.2, 1332, 129.2, 1282, 128.9, 1263, 120.7, 56,0 43.7, 42.4,
28.9,21.7.

(2)-(P)-4f: "H NMR (400 MHz, THE-ds, ppm) 6 7.28 (1H, dd, J =
8.7,2.5Hz),7.10 (1H, d, J = 8.7 Hz), 6.92 (1H, d, ] = 2.5 Hz), 2.72 (6H,
s), 1.22 (9H, s), 1.21 (9H, s). '*C NMR (100.6 MHz, THF-ds, ppm) &
191.6,149.2,135.6,129.0, 126.5, 126.3, 120.8, 55.7,43.6,42.4,28.9, 21.5.

General Procedure A for the Reduction of N-tert-Butane-
sulfinyl Imines 4a—f with BH3 - THF. Sulfinylimine 4 (1.0 equiv)
was dissolved in anhydrous THF (10 mL/mmol of imine 4) and cooled
to —78 °C under argon atmosphere. Borane- THF complex (1.0 M
solution in THF, 1.6 equiv) was added dropwise and the resulting
solution was stirred at —78 °C for 3 h whereupon it was quenched at
—78 °C with brine (50 mL/mmol of imine 4). After the solution was
warmed to room temperature, EtOAc (S0 mL/mmol of imine 4) was
added and the layers were separated. The organic phase was washed with
brine, dried over Na,SOy, and concentrated. An aliquot of the crude
product was submitted to "H NMR and HPLC analysis to determine the
diastereoselectivity of the reduction. Diastereomerically pure product
was obtained after purification by column chromatography on silica gel.

General Procedure B for the Reduction of N-tert-Butane-
sulfinyl Imines 4a—f with DIBAL. Sulfinylimine 4 (1.0 equiv) was
dissolved in anhydrous THF (5.0 mL/mmol of imine 4) and the mixture
was cooled to —78 °C under argon atmosphere. Diisobutylaluminium
hydride (1.0 M solution in hexanes, 3.0 equiv) was added dropwise and
the resulting solution was stirred at —78 °C for 3 h whereupon it was
quenched at —78 °C with brine (12 mL/mmol of imine 4). After the
solution was warmed to room temperature, EtOAc (15 mL/mmol of
imine 4) was added and the layers were separated. The organic phase
was washed with brine, dried over Na,SO,, and concentrated. An aliquot
of the crude product was submitted to "H NMR and HPLC analysis to
determine th diastereoselectivity of the reduction. Diastereomerically
pure product was obtained after purification by column chromatography
on silica gel.

(Rs)-N-(R)-[1-(2-Aminophenyl)ethyl]-2-methyl-2-propanesul-
finamide (5a): Following general procedure B for the reduction, sulfiny-
limine 4a (839 mg, 3.52 mmol) was converted into Sa. Purification of the
crude product by column chromatography by using gradient elution from 6%
EtOAc/petroleum ether to 100% EtOAc afforded product as a white solid
(745 mg, 88% yield); analytical TLC on silica gel, 1:1 EtOAc/petroleum
ether, Ry 0.20. Pure material was obtained by crystallization from Et,O: mp
126—128 °C. IR (film, cm™ ') 3459 (NH,), 3369 (NHS,), 3205 (NH), 1038
(S=0). "H NMR (400 MHz, CDCls, ppm) 0 7.22 (1H, d, ] = 7.8 Hz), 7.13

(1H, dd, ] = 7.8, 1.0 Hz), 6.75 (1H, dd, ] = 7.8, 7.8 Hz), 6.69 (1H, d, ] = 7.8
Hz),4.55 (1H, dq, ] = 6.6,2.1 Hz),4.27 (2H,s),3.40 (1H, 5), 1.59 (3H,d, ] =
6.6 Hz), 1.22 (9H, s). *C NMR (100.6 MHz, CDCls, ppm) 6 144.6, 128.9,
126.8,125.7, 118,0 116.6, 5.2, 49.8, 22.5, 19.8. Anal. Caled for C,,HyoN,OS:
C, 59.96; H, 8.39; N, 11.65. Found: C, 60.0; H, 832; N, 11.63. Optical
rotation (99% de, HPLC/csp) [a]*°n —147.7 (¢ 2.2, EtOH). HPLC/csp
assay: Daicel CHIRALPAK IB, 25 cm X 4.6 mm i.d.,, mobile phase 20% IPA/
80% Hex, flow rate 0.7 mL/min, detector UV 210 nm, retention time 8.5 min
((RgR)-5a), major and 9.2 min ((Rg,S)-5a), minor.
(Rs)-N-(R)-1-[2-(Methylamino) phenyl]ethyl-2-methyl-2-pro-
panesulfinamide (5b): Following general procedure B for the reduc-
tion, sulfinylimine 4b (767 mg, 3.04 mmol) was converted into Sb. Purification
of the crude product by column chromatography by using gradient elution
from 6% EtOAc/petroleum ether to 42% EtOAc/petroleum ether afforded
product as a white solid (750 mg, 97% yield); analytical TLC on silica gel,
1:1 EtOAc/petroleum ether, Rr0.20. Pure material was obtained by crystal-
lization from Et,O: mp 81—83 °C. IR (film, cm™ ') 3380 (NH), 1046 (S=0);
"H NMR (400 MHz, CDCl;, ppm) 6 7.29—7.20 (2H, m), 6.75—6.64 (2H,
m), 4.89 (1H,s),4.51 (1H, dq,J = 6.5,2.1 Hz),3.34 (1H,s), 2.87 (3H, 5), 1.59
(3H, d, ] = 65 Hz), 120 (9H, s). *C NMR (100.6 MHz, CDCls, ppm) &
146.8, 1292, 126.5, 1250, 116.1, 110.5, 552, 49.6, 303, 22.5, 199. Anal. Calcd
for Cy3H,,N,OS: C, 61.38; H, 8.72; N, 11.01. Found: C, 61.39; H, 8.80; N,
10.97. Optical rotation (99% de, HPLC/csp) [a]*°p —164.5 (¢ 2.58, EtOH).
HPLC/csp assay: Daicel CHIRALPAK IA, 25 cm X 4.6 mm i.d., mobile phase
10% IPA/90% Hex, flow rate 0.9 mL,/min, detector UV 254 nm, retention time
5.8 min ((Rg,R)-5b), major and 6.3 min ((R,S)-Sb), minor.
(Rs)-N-[(R)-7-(Methylamino)-2,3-dihydro-1H-inden-1-yl]-
2-methyl-2-propanesulfinamide (5c): Following general proce-
dure B for the reduction, sulfinylimine 4c (420 mg, 1.59 mmol) was
converted into Sc. Purification of the crude product by column chroma-
tography by using gradient elution from 6% EtOAc/petroleum ether to
20% EtOAc/petroleum ether afforded product as a white solid (398 mg,
94% yield); analytical TLC on silica gel, 2:5 EtOAc/petroleum ether, Ry
0.26. Pure material was obtained by crystallization from hexane: mp
127129 °C. IR (film, cm™") 3365 (NH), 3220 (NH), 1046 (S=0).
"H NMR (400 MHz, CDCL,, ppm) 6 7.19 (1H, dd, ] = 7.8, 7.8 Hz), 6.58
(1H, d, ] = 7.4 Hz), 6.45 (1H, d, ] = 8.0 Hz), 5.07—5.02 (1H, m), 4.80
(1H, ddd, ] = 8.0, 5.6,2.7 Hz), 3.41 (1H, d, ] = 5.6 Hz), 3.05 (1H, dt, ] =
16.0, 8.0 Hz), 2.84 (3H, d, J = 4.3 Hz), 2.76 (1H, ddd, ] = 16.0, 9.0, 3.6
Hz), 2.46—2.35 (1H, m), 2.07—1.98 (1H, m), 1.21 (9H, s). *C NMR
(100.6 MHz, CDCl;, ppm) O 146.1, 145.2, 130.3, 125.5, 112.4, 107.5,
59.1, 55.3,35.0, 30.5, 30.0, 22.6. Anal. Caled for C,,H,,N,0S: C, 63.12;
H, 8.32; N, 10.52. Found: C, 62.78; H, 8.32; N, 10.41. Optical rotation
(measured for a batch with 86% de, HPLC/csp) [a]*’p —3.3 (¢ 1.0,
EtOH). HPLC/csp assay: Daicel CHIRALPAK IA, 25 cm X 4.6 mm i.d.,
mobile phase 5% IPA/95% Hex, flow rate 0.9 mL/min, detector UV
254 nm, retention time 6.2 min ((Rg,R)-5¢c), major and 10.1 min ((Rs,
§)-5¢), minor.
(Rs)-N-(S)-[1-(2-Amino-5-chlorophenyl)-2,2-dimethylpropyl]-
2-methyl-2-propanesulfinamide (5d): Following general procedure
B for the reduction, sulfinylimine 4d (1.80 g, 5.71 mmol) was converted
into 5d. Purification of the crude product by column chromatography by
using gradient elution from 6% EtOAc/petroleum ether to 100% EtOAc/
petroleum ether afforded product as a white solid (1.79 g, 99% yield);
analytical TLC on silica gel, 1:1 EtOAc/petroleum ether, R;0.19. Pure
material was obtained by crystallization from hexane: mp 147—149 °C.
IR (film, cm™") 3459 (NH), 3355 (NH,), 3245 (NH,), 1055 (S=0);
'H NMR (400 MHz, CDCls, ppm) ¢ 7.17—7.13 (0.81H, m), 7.05—6.95
(1.19H, m), 6.62—6.48 (1H, m), 423 (0.78H, s), 4.04 (0.22H, s), 3.68
(0.25H, s), 3.66 (2H, ), 3.52 (0.75H, 5), 1.27—1.18 (9H, m), 1.05—0.97
(9H, m). *C NMR (100.6 MHz, CDCl;, ppm) & 144.3, 133,0 129.6,
128.5,127.9,125.3, 122.9, 118.4, 117.8, 68.7, 58.8, 55.5, 55.3, 37.4, 36.6,
28.0, 26.5, 22.5. Anal. Calcd for C,sH,sCIN,OS: C, 56.85; H, 7.95; N,
8.84. Found: C, 56.91; H, 8.12; N, 8.78. Optical rotation (99% de,
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HPLC/csp) [0]*’p —97.9 (¢ 1.07, EtOH). HPLC/csp assay: Daicel
CHIRALPAK IB, 25 cm X 4.6 mm i.d., mobile phase 10% IPA/90%
Hex, flow rate 0.9 mL/min, detector UV 254 nm, retention time 6.4 min
((Rs,S)-5d), major and 7.8 min ((Rg,R)-5d), minor.
(Rs)-N-(S)-[1-[5-Chloro-2-(methylamino) phenyl]-2,2-dimeth-
ylpropyll-2-methyl-2-propanesulfinamide (5e): Following gener-
al procedure B for the reduction, sulfinylimine 4e (658 mg, 2.0 mmol)
was converted into Se. Purification of the crude product by column
chromatography by using gradient elution from 6% EtOAc/petroleum
ether to 80% EtOAc/petroleum ether afforded product as a white solid
(636 mg, 96% yield); analytical TLC on silica gel, 1:1 EtOAc/petroleum
ether, R;0.40. Pure material was obtained by crystallization from Et,O:
mp 101—103 °C. IR (film, cm ") 3390 (NH), 1057 (5=0); 'H NMR
(400 MHz, CDCl3, ppm) 0 7.17—7.10 (1.7H, m), 6.97—6.95 (0.3H, m),
6.56 (0.7H, d, ] = 8.7 Hz), 6.49 (0.3H, d, ] = 8.7 Hz), 5.35 (1H, 5), 423
(0.7H,s),4.06 (0.3H, s), 3.58 (0.3H, s), 3.51 (0.7H, ), 2.82 (2H,5), 2.73
(1H, s), 1.26—1.19 (9H, m), 1.02—0.97 (9H, m). *C NMR (100.6
MHz, CDCls, ppm) O 147.4, 146.8, 132.8, 129.4, 128.6, 128.0 124.9,
121.3, 120.7, 111.7, 111.6, 69.0, 58.1, 55.5, 55.3, 37.1, 36.6, 31.2, 30.1,
28.1,26.5,22.6,22.5. Anal. Calcd for C,4H,,CIN,OS: C, 58.07; H, 8.22;
N, 8.47. Found: C, 5§8.15; H, 8.22; N, 8.33. Optical rotation (99% de,
HPLC/csp) [a]*’p —96.0 (¢ 1.01, EtOH). HPLC/csp assay: Daicel
CHIRALPAKIB, 25 cm X 4.6 mm i.d., mobile phase 5% IPA/95% Hex,
flow rate 0.9 mL/min, detector UV 254 nm, retention time 10.4 min
((Rs,S)-Se), major and 8.2 min ((Rg,R)-Se), minor.
(Rs)-N-(S)-[1-[5-Chloro-2-(dimethylamino)phenyl]-2,2-di-
methylpropyl]-2-methyl-2-propanesulfinamide (5f): Follow-
ing general procedure B for the reduction, the individual (M)-atropi-
somer of sulfinylimine 4f (737 mg, 2.15 mmol) was converted into Sf.
Purification of the crude product by column chromatography by using
gradient elution from 6% EtOAc/petroleum ether to 40% EtOAc/
petroleum ether afforded product as a white solid (719 mg, 97% yield);
analytical TLC on silica gel, 2:5 EtOAc/petroleum ether, Ry 0.32. Pure
material was obtained by crystallization from hexane: mp 75—77 °C. IR
(film, cm™") 3443 (NH), 3335 (NH); '"H NMR (400 MHz, CDCls,
ppm) 0 7.22—7.16 (2H, m), 7.13—7.10 (1H, m), 4.98 (1H, d, ] = 2.0
Hz), 3.51 (1H, s), 2.64 (6H, s), 1.22 (9H, s), 0.93 (9H, s). *C NMR
(100.6 MHz, CDCls, ppm) O 153.2, 137.4, 129.7, 128.8, 127.9, 122.1,
59.1, 55.6, 454, 35.9, 26.4, 22.6. Anal. Calcd for C,,H,oCIN,OS: C,
59.19; H, 847; N, 8.12. Found: C, 59.23; H, 8.09; N, 8.05. Optical
rotation (99% de, HPLC/csp) [a]*°, —8.8 (¢ 0.95, EtOH). HPLC/csp
assay: Daice]l CHIRALPAK IB, 25 cm X 4.6 mm i.d., mobile phase 5%
IPA/95% Hex, flow rate 0.9 mL/min, detector UV 254 nm, retention
time 9.2 min ((Rg,S)-5f), major and 12.3 min ((Rg,R)-5f), minor.
General Procedure for the Alkylation of N-tert-Butanesul-
finyl Amides 5a—c. Sulfinyl amide 5 (1.0 equiv) was dissolved in
anhydrous DMF (3 mL/mmol of amide §) and cooled to —20 °C under
argon atmosphere. A solution of LIHMDS in THF (1 M solution in
THF, 1.0 equiv) was added dropwise and the yellow solution was stirred
at —20 °C for 1 h whereupon neat Mel (2.0 equiv) was added. After
being warmed to room temperature and stirred for 2 h, the mixture was
diluted with water (30 mL/mmol of amide 5) and extracted with
MeOtBu. Combined organic extracts were dried (Na,SO,4) and con-
centrated and the residue was purified by column chromatography on
silica gel.
(Rs)-N-(R)-[1-(2-Aminophenyl)ethyl]-N,2-dimethyl-2-pro-
panesulfinamide (6a): Following the general procedure for the
alkylation, sulfinyl amide Sa (1.00 g, 4.17 mmol) was converted into
6a. Purification of the crude product by column chromatography by
using gradient elution from 10% EtOAc/petroleum ether to 100%
EtOAc/petroleum ether afforded product as a white solid (936 mg,
88% yield); analytical TLC on silica gel, 1:1 EtOAc/petroleum ether, Ry
0.12. Pure material was obtained by crystallization from Et,O: mp
93—95°C. 1R (film, cm ") 3433 (NH,), 3343 (NH,), 1054 (S=0). 'H

NMR (400 MHz, CDCl,, ppm) ¢ 7.20 (1H, dd, ] = 7.0, 1.5 Hz), 7.10
(1H, ddd, J = 7.8, 7.8, 1.5 Hz), 6.77 (1H, ddd, ] = 7.8, 7.8, 1.5 Hz), 6.68
(1H,dd,J=7.8,1.0Hz),4.32 (1H, q, ] = 7.0 Hz), 4.01 (2H, s), 2.56 (3H,
s), 1.63 (3H, d,J=7.0Hz), 1.10 (9H, s). "*C NMR (100.6 MHz, CDCl,,
ppm) O 145.1, 128.5, 127.8, 125.9, 118.4, 116.6, 59.9, 57.5, 29.3, 23.6,
16.6. Anal. Caled for C,3H,,N,0S: C, 61.38; H, 8.72; N, 11.01. Found:
C, 61.41; H, 8.84; N, 10.93. Optical rotation [a]*’p —14.9 (c 1.14,
EtOH).
(Rs)-N-(R)-[1-[2-(Methylamino)phenyl]ethyl]-N,2-dimeth-
yl-2-propanesulfinamide (6b): Following the general procedure
for the alkylation, sulfinyl amide Sb (572 mg, 2.25 mmol) was converted
into 6b. Purification of the crude product by column chromatography by
using gradient elution from 6% EtOAc/petroleum ether to 60% EtOAc/
petroleum ether afforded product as a colorless oil (434 mg, 72% yield);
analytical TLC on silica gel, 1:1 EtOAc/petroleum ether, Ry 0.28. IR
(film, cm™") 3385 (NH), 1068 (S=0). '"H NMR (400 MHz, CDCl,,
ppm) 0 7.25—7.17 (2H, m), 6.74 (1H, ddd, ] = 7.5, 7.5, 1.0 Hz), 6.65
(1H,dd,J=7.5,1.0 Hz), 448 (1H,s),4.25 (1H, q,] = 6.8 Hz), 2.86 (3H,
s),2.56 (3H, s), 1.64 (3H, d, ] = 6.8 Hz), 1.07 (9H, s). ">*C NMR (100.6
MHz, CDCl;, pmm) 0 147.5, 128.7, 127.5, 125.2, 116.7, 110.4, 60.4,
57.5,30.5,29.7,23.6,22.5, 16.5. HRMS-ESI (m/z) caled for [M + Na] ™
291.1507, found 291.1518. Optical rotation [t]*°p —155.2 (¢ 0.66, EtOH).
(Rs)-N-(R)-[2,3-Dihydro-7-(methylamino)-1H-inden-1-yl]-
N,2-dimethyl-2-propanesulfinamide (6c): Following the general
procedure for the alkylation, sulfinyl amide Sc (321 mg, 1.21 mmol) was
converted into 6c. Purification of the crude product by column
chromatography on amine-functionalized silica by using gradient elution
from 6% EtOAc/petroleum ether to 60% EtOAc/petroleum ether
afforded product as a white solid (309 mg, 91% yield); analytical TLC
on silica gel, 2:5 EtOAc/petroleum ether, Ry 0.32. Pure material was
obtained by crystallization from Et,O: mp 107—109 °C. IR (film, cm ")
3408 (NH), 1054 (S=0). "H NMR (400 MHz, CDCls, ppm) 6 7.17
(1H,dd, J=7.8,7.8 Hz), 6.57 (1H, d, ] = 7.8 Hz), 642 (1H,d, ] = 7.8
Hz),4.98 (1H,dd, J = 8.3, 6.3 Hz), 4.77 (1H, s), 2.94 (1H, ddd, ] = 16.0,
9.4, 4.6 Hz), 2.84 (3H, s), 2.78—2.69 (1H, m), 2.44 (3H, s), 2.31 (1H,
dtd, J = 9.0, 4.6, 4.6 Hz), 2.08—1.99 (1H, m), 1.24 (9H, s). >C NMR
(100.6 MHz, CDCls, ppm) O 147.1, 1452, 129.9, 122.9, 112.7, 107.2,
69.5, 58.1, 30.3, 30.2, 30.1, 25.5, 23.9. Anal. Calcd for C,sH,,N,0S: C,
64.25; H, 8.63; N, 9.99. Found: C, 64.33; H, 8.75; N, 9.83. Optical
roation [0]*°, —163.8 (¢ 1.71, EtOH).
(Rs)-2-((15)-1-[tert-Butyl(methyl)oxo-A%-sulfanylidene]amino-
2,2-dimethylpropyl)-4-chloro-N-methylaniline (7e): Following the
general procedure for the alkylation, sulfinyl amide Se (200 mg, 0.61 mmol)
was converted into 7e. Purification of the crude product by column
chromatography by using gradient elution from 5% EtOAc/petroleum ether
to 30% EtOAc/petroleum ether afforded product as a white solid (158 mg,
75% yield); analytical TLC on silica gel, 2:5 EtOAc/EtOAc, Ry 0.44. Pure
material was obtained by crystallization from hexanes: mp 134—136 °C. IR
(flm, cm™ ") 3330 (NH), 1513 (N=S), 1231 (S=0). 'H NMR (400 MHz,
CDCls, ppm) 87.32 (02H, d, ] = 2.6 Hz), 7.07—7.02 (1H, m), 689 (0.8H, d,
J=2.6Hz),651 (02H,d, ] = 8.6 Hz), 644 (0.8H, d, ] = 8.6 Hz), 623 (1H, ,
J=49Hz), 407 (02H, s), 405 (0.8H, s), 2.84 (0.5H, 5), 2.74 (2.5H, 5), 2.42
(2.5H;5),2.19 (0.5H, s), 1.47—1.41 (9H, m), 0.93—0.90 (9H, m). "H NMR
(400 MHz, CDCL,, ppm) O 147.9, 1149, 1309, 130.6, 1294, 1272, 127.1,
1267, 1194, 1114, 111.1, 67.5, 594, $9.0, 56.6, 38.1, 37.4, 33.0, 31.1, 304,
27.8,26.5, 237, 23.6. Anal. Caled for C;,HaoCIN,OS: C, 59.19; H, 847; N,
8.12. Found: C, 59.43; H, 8.48; N, 7.99. [a.]*°p —10.4 (c 092, EtOH).
(Rs)-2-((15)-1-[tert-Butyl(methyl)oxo-A°-sulfanylidene]amino-
2,2-dimethylpropyl)-4-chloro-N,N-dimethylaniline (7f): Following
the general procedure for the alkylation, sulfinyl amide Sf (185 mg, 0.54
mmol) was converted into 7f. Purification of the crude product by column
chromatography using gradient elution from 5% EtOAc/petroleum ether to
20% EtOAc/petroleum ether afforded product as a white foam (119 mg, 62%
yield); analytical TLC on silica gel, 2:5 EtOAc/petroleum ether, Ry 0.56. IR
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(flm, cm ™) 1479 (N=S), 1239 (S=0). '"H NMR (400 MHz, CDCl,,
ppm) 0 7.38 (1H,d, ] = 22 Hz), 7.11 (1H, dd, ] = 8.5, 22 Hz), 7.07 (1H, d,
J=8.5Hz),4.80 (1H,s),2.63 (6H,s),2.24 (3H,s), 1.44 (9H,5),0.99 (9H,5).
3C NMR (100.6 MHz, CDCls, ppm) 6 151.5, 142.9, 129.8, 1289, 127.0,
1222, 59.8, 572, 4.5, 37.1, 34,6, 266, 23.7. HRMS-ESI (m/z) caled for
C,sH3N,OSCI [M 4+ H] T 359.1924, found 359.1918. [a]*°, +3.9 (¢ 0.80,
EtOH).

General Procedure for Cleavage of N-tert-Butanesulfinyl
Chiral Auxiliary. Sulfinyl amide Sa—f or 6a—c (1.0 equiv) was
dissolved in a 1:1 mixture of anhydrous 1,4-dioxane and anhydrous
MeOH (6 mL/mmol of amide), and anhydrous HCI in dioxane (4 M
solution in dioxane, 4.0 equiv) was added. After the mixture was stirred
at room temperature for 1 h, all volatiles were removed in vacuo, and the
residue was dissolved in water (20 mL/mmol of amide) and extracted
with EtOAc (10 mL/mmol of amide). The water layer was basified to
pH 8 with aqueous concentrated NH,OH and extracted with EtOAc.
Combined organic extracts were washed with brine, dried over Na,SO,,
and concentrated (rotary evaporator) to afford the 1,3-diamines. The
crude diamines were dissolved in anhydrous 1,4-dioxane and converted
into hydrochloric acid salts by dropwise addition of anhydrous HCl in
dioxane (4 M solution in dioxane, 1.0 equiv), followed by filtration of the
formed precipitate.

(1R)-1-(2-Aminophenyl)-1-ethanamine hydrochloride
(Ta-HCl): Following the general procedure, cleavage of the chiral
auxiliary in sulfinyl amide Sa (250 mg, 1.04 mmol) afforded 1a-HClasa
white solid (176 mg, 98% yield); analytical TLC on silica gel, 9:1
CHCl;/MeOH, Ry 0.28. Pure material was obtained by crystallization
from MeOH/MeCN: mp 125—127 °C. IR (free base 1a, film, cm™")
3364 (NH,), 3359 (NH,), 3324 (NH,), 3294 (NH,). "H NMR (400
MHz, DMSO-ds, ppm) 0 8.41 (2H, s), 7.33 (1H, dd, ] = 7.8, 1.2 Hz),
7.06—6.99 (1H, m), 6.74—6.70 (1H, m), 6.66—6.60 (1H, m), 4.52 (1H,
q,J = 6.6 Hz), 1.44 (3H, d, ] = 6.6 Hz). "*C NMR (100.6 MHz, CDCl,,
pmm) O 145.4, 129.0, 126.3, 123.6, 117.3, 116.6, 44.9, 20.1. HRMS-ESI
(m/z) caled for CgH,,N, [M + H] " 137.1079, found 137.1094. [a]*’p
—7.1 (¢ 1.0, MeOH).

(1R)-1-[2-(Methylamino)phenyl]-1-ethanamine hydrochlor-
ide (1b-HCI): Following the general procedure, cleavage of the chiral
auxiliary in sulfinyl amide Sb (250 mg, 0.98 mmol) afforded 1b- HCl as a white
solid (171 mg, 94% yield); analytical TLC on silica gel, 9:1 CHCl;/MeOH, Ry
0.12. Pure material was obtained by crystallization from MeOH/MeCN: mp
173—175 °C. IR (free base 1b, film, cm ") 3370 (NH), 3309 (NH), 3200
(NH); "H NMR (400 MHz, DMSO-ds, ppm) 0 839 (3H, s), 7.32 (1H, dd,
J=7.7,14Hz),7.22—7.12 (1H, m), 6.70—6.63 (1H, m), 6.62—6.53 (1H, dd,
J=82,08Hz), 5.63 (1H, s), 454 (1H, s),2.70 (3H, s), 143 (3H, d, J = 6.7
Hz). *C NMR (100.6 MHz, DMSO-dg, ppm) O 146.6, 129.5, 125.8, 123.7,
116.3,100.6,44.5, 30.5, 20.2. Anal. Calcd for CoH, sN,Cl: C, 57.90; H, 8.10; N,
15.01. Found: C, 57.88; H, 8.13; N, 14.85. Optical rotation [a(]*’p —19.1
(c 092, MeOH).

(1R)-7-(Methylamino)-2,3-dihydro-1H-inden-1-amine hy-
drochloride (1c-HCI): Following the general procedure, cleavage of
the chiral auxiliary in sulfinyl amide Sc (564 mg, 2.12 mmol) afforded
1c-HCl as a white solid (400 mg, 95% yield); analytical TLC on silica
gel, 9:1 CHCl3/MeOH, Ry 0.20. Pure material was obtained by crystal-
lization from MeOH/MeCN: mp 175—177 °C. IR (free base I,
film, cm™") 3346 (NH), 3189 (NH). 'H NMR (400 MHz, DMSO-
de, ppm) 0 8.22 (3H, s), 7.16 (1H, dd, ] = 7.6, 7.6 Hz), 6.56 (1H, d, ] =
7.4 Hz), 6.40 (1H, d, ] = 8.0 Hz), 4.66 (1H, d, ] = 7.0 Hz), 3.63 (1H, s),
3.16—3.06 (1H, m), 2.77—2.69 (1H, m), 2.72 (3H, s), 2.36—2.24 (1H,
m), 2.14—2.06 (1H, m). "*C NMR (100.6 MHz, DMSO-ds, ppm) 0
146.6, 146.4, 131.3, 123.2, 122.7, 108.1, 53.0, 31.0, 30.5, 30.1. Anal.
Calcd for C,oH,sN,Cl: C, 60.45; H, 7.61; N, 14.10. Found: C, 60.45; H,
7.69; N, 13.85. Optical rotation [a]*’p —77.7(c 0.87, MeOH).

(15)-1-(2-Amino-5-chlorophenyl)-2,2-dimethyl-1-pro-
panamine hydrochloride (1d-HCI): Following the general

procedure, cleavage of the chiral auxiliary in sulfinyl amide Sd (448
mg, 1.41 mmol) afforded 1d-HCl as a white solid (312 mg, 89% yield);
analytical TLC on silica gel, 9:1 CHCl;/MeOH, R;0.28. Pure material
was obtained by crystallization from MeOH/MeCN: mp 225—227 °C.
IR (free base 1d, film, cm ') 3352 (NH), 3334 (NH), 3321 (NH), 3253
(NH); "H NMR (400 MHz, DMSO-ds, ppm) 6 8.37 (3H, s), 7.25 (1H,
d,J=2.4Hz),7.04 (1H, dd, ] = 8.6,2.4 Hz), 6.68 (1H, d, ] = 8.6 Hz), 5.51
(2H, s), 4.34 (1H, s), 0.97 (9H, s). "*C NMR (100.6 MHz, DMSO-d,,
ppm) O 146.4, 128.8, 127.7, 120.9, 119.1, 117.4, 56.0, 35.8, 26.2. Anal.
Calcd for C;H;3CLLN,: C, 53.02; H, 7.28; N, 11.24. Found: C, 52.96; H,
7.24; N, 11.19. Optical rotation [0]*’p —66.9 (¢ 1.11, MeOH).
(15)-1-[5-Chloro-2-(methylamino)phenyl]-2,2-dimethyl-
1-propanamine hydrochloride (1e-HCI): Following the general
procedure, cleavage of the chiral auxiliary in sulfinyl amide Se (371 mg,
1.12 mmol) afforded le-HCI as a white solid (283 mg, 96% yield);
analytical TLC on silica gel, 9:1 CHCl;/MeOH, R(0.32. Pure material was
obtained by crystallization from MeOH/MeCN: mp 234—236 °C. IR
(free base 1e, film, cm ') 3313 (NH), 3230 (NH). '"H NMR (400 MHz,
DMSO-dg, ppm) 0 8.45 (3H,s),7.32 (1H,d,]=2.4Hz),7.18 (1H,dd, ] =
8.8,2.4Hz),6.54 (1H,d, ] = 8.8 Hz), 5.89 (1H, q,] = 4.3 Hz), 4.45 (1H,s),
2.69 (3H, d, ] = 4.3 Hz), 0.96 (9H, s). *C NMR (100.6 MHz, DMSO-d,,
ppm) 0146.9,129.0,127.7,121.9,118.8, 66.8, 55.5, 35.7, 30.6, 26.2. Anal.
Calcd for C;,H,(CLN,: C, 54.76; H, 7.66; N, 10.64. Found: C, 54.87; H,
7.70; N, 10.27. Optical rotation [a]*°, —52.7(c 1.01, MeOH).
(15)-1-[5-Chloro-2-(dimethylamino)phenyl]-2,2-dimethyl-1-
propanamine hydrochloride (1f-HCI): Following the general pro-
cedure, cleavage of the chiral auxiliary in sulfinyl amide 5f (262 mg, 0.76
mmol) afforded 1f- HCl as a white solid (200 mg, 95% yield); analytical
TLC on silica gel, 9:1 CHCl;/MeOH, Ry 0.32. Pure material was obtained
by crystallization from MeOH/MeCN: mp 254—259 °C. IR (free base
1f, film, cm ") 3355 (NH), 3163 (NH). "H NMR (400 MHz, DMSO-
ds, ppm) O 8.64 (3H,s), 7.61 (1H, d, ] = 2.4 Hz), 7.41 (1H, dd, ] = 8.6,
2.4 Hz),7.35 (1H, d, ] = 8.6 Hz), 4.65 (1H, q, ] = 5.7 Hz), 2.57 (6H, s),
0.93 (9H, s). *C NMR (100.6 MHz, DMSO-ds, ppm) 6 152.8, 134.5,
129.5, 128.7, 1283, 123.9, 56.8, 45.6, 35.0, 26.6. Anal. Calcd for
C5H,CLN,: C, 56.32; H, 8.0; N, 10.10. Found: C, 56.33; H, 8.13;
N, 9.96. Optical rotation [a]*°, +78.7 (¢ 0.91, MeOH).
(1R)-1-(2-Aminophenyl)-N-methyl-1-ethanamine hydro-
chloride (2a-HCI). Following the general procedure, cleavage of the
chiral auxiliary in sulfinyl amide 6a (204 mg, 0.80 mmol) afforded
2a-HClI as a white solid (165 mg, 91% yield); analytical TLC on silica
gel, 9:1 CHCl3/MeOH, Ry 0.12. Pure material was obtained by crystal-
lization from MeOH/MeCN: mp 184—186 °C. IR (free base 2a,
film, cm ") 3339 (NH), 3180 (NH). 'H NMR (400 MHz, DMSO-
ds, ppm) O 8.45 (3H, s), 7.56 (1H, d, ] = 7.8 Hz), 7.24—7.16 (1H, m),
7.04—6.88 (2H, m), 4.54 (1H, q, ] = 6.5 Hz), 3.57 (1H, 5), 2.42 (3H, s),
1.53 (3H, d, ] = 6.5 Hz). *C NMR (100.6 MHz, DMSO-dg, ppm) O
1414, 129.9, 124.5, 121.3, 119.3, 52.3, 30.6, 19.0. HRMS-ESI (m/z)
caled for CoH N, [M + H]" 151.1235, found 151.1261. Optical
rotation [0]*°p —18.4 (c 0.84, MeOH).
(1R)-N-Methyl-1-[2-(methylamino)phenyl]-1-ethanamine
hydrochloride (2b - HCI). Following the general procedure, cleavage
of the chiral auxiliary in sulfinyl amide 6b (338 mg, 1.26 mmol) afforded
2b-HCl as a white solid (235 mg, 93% yield); analytical TLC on silica
gel, 9:1 CHCl3/MeOH, Ry 0.20. Pure material was obtained by crystal-
lization from MeOH/MeCN: mp 206—208 °C. IR (free base 2b,
film, cm ') 3286 (NH), 3200 (NH). 'H NMR (400 MHz, DMSO-
dg, ppm) 0 9.78 (1H, s), 8.99 (1H, s), 744 (1H, d, ] = 7.5 Hz),
7.24—7.16 (1H, m), 6.71 (1H, dd, ] = 7.5, 7.5 Hz), 6.63 (1H, d, ] = 8.0
Hz), 4.55 (1H, q, ] = 6.4 Hz), 3.84—3.09 (1H, br s), 2.70 (3H, s), 2.39
(3H, s), 1.49 (3H, d, ] = 6.4 Hz). *C NMR (100.6 MHz, DMSO-ds,
ppm) d 147.0, 130.0, 126.9, 121.8, 116.9, 111.2, 51.9, 30.6, 30.6, 18.8.
HRMS-ESI (m/z) caled for C1oH;-N, [M + H]T 165.1392, found
165.1371. Optical rotation [0]*°, —40.6(c 0.98, MeOH).
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(1R)-N-Methyl-7-(methylamino)-2,3-dihydro-1H-inden-1-
amine hydrochloride (2c-HCI). Following the general procedure,
cleavage of the chiral auxiliary in sulfinyl amide 6¢ (200 mg, 0.713 mmol)
afforded 2c-HCl as a white solid (148 mg, 97% yield); analytical TLC
on silica gel, 9:1 CHCl;/MeOH, R;0.12. Pure material was obtained by
crystallization from MeOH/MeCN: mp 192—194 °C. IR (free base 2c,
film, cm™") 3298 (NH), 3274 (NH). "H NMR (400 MHz, DMSO-d,,
ppm) 6 9.08 (2H, s), 7.17 (1H, dd, J = 7.8, 7.8 Hz), 6.55 (1H, d, ] = 7.4
Hz), 6.39 (1H, d, ] = 7.8 Hz), 4.76—4.69 (1H, m), 3.33 (1H, s),
3.23—3.05 (1H, m), 2.80—2.63 (4H, m), 2.47 (3H, s), 2.30—2.16 (2H,
m). *C NMR (100.6 MHz, DMSO-dg, ppm) & 147.3, 147.0, 131.7,
1209, 112.5, 107.9, 60.6, 30.7, 30.3, 30.0, 28.6. Anal. Calcd for
C1H7N,Cl: C, 62.11; H, 8.06; N, 13.17. Found: C, 62.14; H, 7.98;
N, 13.15. Optical rotation [0t]*’p —148.5 (c 0.91, MeOH).

General Procedure for Synthesis of Diamines 2d—f. To a
solution of diamine 1d—f (1 equiv) in CH,Cl, (5§ mL/mmol of diamine
1d—f) at 0 °C under argon atmosphere was added dropwise neat DIC
(1.0 equiv). The mixture was stirred at 0 °C for 15 min, whereupon neat
HCOOH (1.0 equiv) was added slowly. After being stirred for 1.5 h at
0 °C, the solution was basified to pH 8 with aqueous saturated NH,OH,
extracted with EtOAc (3 x 35 mL), dried over Na,SO,, and evaporated.
The semisolid residue was treated with CH,Cl, (5 mL/mmol of diamine
1d—f), the resulting precipitate was removed by filtration, and the filter
cake was washed with CH,Cl,. Combined filtrates were concentrated,
then the oily residue was dissolved in dry THF (S mL/mmol of diamine
1d—f) and cooled to 0 °C under argon atmosphere. Lithium aluminum
hydride (1 M solution in THF, 3 equiv with respect to the diamine
1d—f) was added dropwise, and the resulting solution was heated under
reflux for S h. After the solution was cooled to 0 °C, the Fieser-type
workup™® (careful successive dropwise addition of water, 15% aqueous
NaOH solution, and additional water followed by filtration of a granular
inorganic precipitate) afforded the diamines 2d—f. Diamines 2d—fwere
dissolved in anhydrous 1,4-dioxane and converted into hydrochloric acid
salts by dropwise addition of anhydrous HCl in dioxane (4 M solution in
dioxane, 1.0 equiv), followed by filtration of the formed precipitate.

(15)-1-(2-Amino-5-chlorophenyl)-N,2,2-trimethyl-1-pro-
panamine hydrochloride (2d-HCI): Following the general proce-
dure, N-formylation of (S)-1d (200 mg, 0.94 mmol) and subsequent
reduction with LiAIH, afforded diamine 2d-HCI as a white solid (156
mg, 63% yield); analytical TLC onsilica gel, 9:1 CHCl;/MeOH, R;0.32.
Pure material was obtained by crystallization from MeOH/MeCN: mp
225—227 °C. IR (free base 2d, film, cm ") 3371 (NH), 3292 (NH), 3180
(NH). "H NMR (400 MHz, DMSO-dg, ppm) 0 9.19 (1H; s), 8.94 (1H, 5),
7.41—7.36 (1H, m), 7.12—7.04 (1H, m), 6.77—6.69 (1H, m), 4.37 (1H, d,
J = 9.8 Hz), 3.88—2.78 (2H, s), 2.35—2.25 (3H, m), 1.01 (9H, s). °C
NMR (100.6 MHz, DMSO-dg, ppm) 0 147.7, 129.3, 127.3, 119.6, 118.0,
117.9, 647, 35.9, 32.7,26.6. HRMS-ESI (m/z) caled for C1,H,oN,Cl [M +
H]" 227.1315, found 227.1297. [0]*°p —16.4 (c 0.94, MeOH).

(15)-1-[5-Chloro-2-(methylamino)phenyl]-N,2,2-trimethyl-1-
propanamine hydrochloride (2e-HCI): Following the general pro-
cedure, N-formylation of (S)-1e (200 mg, 0.88 mmol) and subsequent
reduction with LiAlH, afforded diamine 2e-HCI as a white solid (190
mg, 78% yield); analytical TLC on silica gel, 9:1 CHCl;/MeOH, R;0.40.
Pure material was obtained by crystallization from MeOH/MeCN: mp
237-239 °C. IR (free base 2e; film, cm ') 3284 (NH), 3200 (NH). 'H
NMR (400 MHz, DMSO-de, ppm) 0 9.05 (1H, s), 8.88 (1H, s), 7.34
(1H,d, J=2.4 Hz), 7.20 (1H, dd, ] = 8.8, 2.4 Hz), 6.57 (1H, d, ] = 8.8
Hz), 5.84 (1H, s), 443—4.38 (1H, m), 2.66 (3H, s), 2.27 (3H,t, ] = 5.0
Hz), 0.96 (9H, s). *C NMR (100.6 MHz, DMSO-ds, ppm) O 148.2,
129.6,127.1,119.3, 118.8, 112.4, 64.2, 35.9, 32.8, 30.7, 26.5. HRMS-ESI
(m/z) caled for Ci3H,,N,Cl [M + H]' 241.1472, found 241.1472.
[a]*°p —52.1(c 0.83, MeOH). Anal. Calcd for salt of 2e with picric acid,
C,oH,4CINsO: C, 48.57; H, 5.15; N, 14.90. Found: C, 48.56; H, 5.00;
N, 14.98.

(15)-1-[5-Chloro-2-(dimethylamino)phenyl]-N,2,2-trimeth-
yl-1-propanamine hydrochloride (2f- HCI): Following the general
procedure, N-formylation of (S)-1f (200 mg, 0.83 mmol) and subse-
quent reduction with LiAlH, afforded diamine 2f- HCI as a white solid
(157 mg, 65% yield); analytical TLC on silica gel, 9:1 CHCl;/MeOH,
Ry = 0.48. Pure material was obtained by crystallization from MeOH/
MeCN: mp 221—223 °C. IR (free base 2f; film, cm ") 3210 (NH). 'H
NMR (400 MHz, DMSO-dg, ppm) 0 9.42 (1H, s), 8.90 (1H, s), 7.74
(1H,s), 7.46 (2H, s), 4.70 (1H, s), 2.55 (6H, s), 2.38 (3H, s), 0.98 (9H,
s). C NMR (100.6 MHz, DMSO-dg, ppm) O 154.2, 132.3, 130.2,
129.6, 127.8, 125.3, 65.5, 46.0, 35.3, 33.2, 27.1. HRMS-ESI (m/z) calcd
for C,,H,,N,Cl [M + H]" 255.1628, found 255.1645. [0]*°p +4.2 (¢
0.12, MeOH). Anal. Calcd for salt of 2f with picric acid, C2oH,6CIN5O:
C, 49.64; H, 5.42; N, 14.47. Found: C, 49.63; H, 5.28; N, 14.44.
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© Supporting Information. Kinetics of the atropisomeriza-
tion of (Z)-4f; DFT computed relative energies of (P)-(Z)-4e
and (M)-(Z)-4e atropisomers; X-ray crystallographic data for
imines 4a,b,d—f and sulfinylamides Sa,b,e and 6¢ as well as
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spectra for all compounds. This material is available free of charge
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Table S1. Representative 'H and ">C chemical shifts of atropisomeric sulfinylimines

(M, Rs)-(Z)-4d-f and (P, Rs)-(Z)-4d-f.

(2)-(M, Rg)-4d-f (2)-(P, Rg)-4d-f

3 133 13~2 13~1
M):(P) 8(H’) 5(°C%) 5(°C%) 5(°C')

Imine ratio, %%
’ ™ P (M) (P) (M) (P) (M) (P)

(2)-4d  NH, 22:78 6.85 6.81 128.0 126.5 | 1239 126.7 189.6 193.5
(£)-4e  NHMe 21:79 6.86 683 1279 1264 | 1243 127.0 188.0 1934

(2)-4f  NMe; 1:1 7.04°  6.89 1299 1273 | 1347 136.6 191.8 192.6

& Configuration of (Z)-(M)-4f was confirmed by X-rays analysis.
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Figure S2. Atropisomerization rates of (Z)-(M)-4f at different temperatures (T=333K,

T=313K and T=298K)
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Figure S3. Eyring plot of the atropisomerization

Activation enthalphy AH” and activation entropy AS” were obtained from the

rate constants versus 1/T

Eyring plot: AH"=83.2 kJ/mol and AS"=-49.4 J/(mol*K)

The Gibbs free energy of activation AG” for atropisomerization at T=298 K was
calculated using the Gibbs-Helmholtz equation AG” = AH” — TAS™

AG;&zgg: 97.9 kJ/mol

The half-life value for isomerization (¢, ,

:lnTz) at 298 K is 4.3 hours
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Figure S4. 2D-EXSY data in THF-dg for (Z)-4d at T=258 K and mixing time t=1 s

Y~ \
w0 7{/// \ \ﬁ\»\f
i é \Q&quu/ﬁ// "
A\ ZANY
A AN RN
w (] ) ()
N 4 Y
S

A

f1 (ppm)

;7 12
r714
r716
r718
0
;7 22
;7 24
o
o

r730

T T T T ‘Y T T T T T T T T
726 725 724 723 722 721 720 719 718 717 716 715 714 712
fz (pprr;

Figure S5. 2D-EXSY data in THF—dg for (Z)-4e at T=258 K and mixing time ty=1 s
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The rate constant for chemical exchange k was calculated based on equations
(1-2)" for uncoupled pair of spins (Z)-(P)-4d,e (designated as P) and (Z)-(M)-4d,e
(designated as M), present in mole fractions Xp and Xy, with diagonal intensities Iym
and lpp and cross-peak intensities lyp and Ipy, respectively.

1 r+1
k=t *! I
t, r—1 )
4X X (lyy, + 1
r= M P( MM PP)_(XM _XP)2 (2)

(Tvp + 1oum)

The rate constant represents a sum of forward and reverse rate constants, which are
proportional to the mole fractions Xp and Xy under equilibrium conditions (equation 3).

K=Ky_p+Koy =k-Xp+k- X, 3)

Calculated constants and the energy of activation for atropisomerization of
sulfonylketimines (Z)-4d,e in THF-ds.

# #
X X -1 k -1 AG 258 M—P AG 258 P—>M
P ke ) | Ko ) o (kJ/mol)
(2)-4d | 0.78 | 0.22 | 221-10" | 62-10" 71.1 73.8
(Z)-4e | 0.79 | 0.21 | 247107 | 66107 70.8 73.7

(1) (a) Perrin, C. L.; Dwyer, T. G. Chem. Rev. 1990, 90, 935. (b) Gibson, K. R.; Hitzel, L.; Mortishire-
Smith, R. J.; Gerhard, U; Jelley, R. A.; Reeve, A. J.; Rowley, M.; Nadin, A.; Owens, A. P. J. Org. Chem.
2002, 67, 9354.
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Figure S6. Kinetics of the reduction of (Z)-(M)-4f with BH;-THF at -15 °C in THF-dg
(time scale — 3 hours)
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Figure S7. Lack of the product in the reduction of (Z)-(P)-4f with BH;-THF at -15 °C
in THF-dg (time scale — 3 hours)
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Figure S8. Relative energies of (P)—(Z)-4e and (M)—(Z)-4e atropisomers (in kcal/mol)
with hydrogen bonded THF molecule calculated at B3LYP/6-31G(d,p) level of theory

b3lyp/6-31g(d,p)

Name Converged E(RB+HF-LYP) zpe E(RB+HF-LYP)+zpe AH, kcal/mol
(M)-(2)-4e 4/ -1900.324664 0.505774 -1899.81889 1.13
(P)-(2)-4e 3/4 -1900.326661 0.505967 -1899.820694 0.00
b3lyp/6-31g(d,p)
1.20 |
1.00
S 0.80
£ L
£ i
> i
£ 060 -
T i
S r
0.40 |
020 -
0.00 —
(M)-(2)-4e (P)-(2)-4e
\\\\\\S\ \\S
o" N 5. o™ \N

Cl

,H/N\

Cl

(M)-(2)-4e (P)-(2)-4e




Supporting Information

Table S2. Optimized Cartesian coordinates for (M)—(Z)-4e

Center Atomic Forces (Hartrees/Bohr)

Number | Number X Y Z

1 6 0.000000721 0.000000814 -0.000000663
2 6 0.000000758 0.000000936 -0.000001083
3 6 0.000000870 0.000001159 -0.000001087
4 6 -0.000000896 -0.000001428 | 0.000000273
5 6 0.000000395 -0.000000177 | 0.000000123
6 6 0.000000724 0.000000317 -0.000000372
7 1 -0.000000367 0.000000522 -0.000000201
8 1 0.000000520 0.000000093 -0.000000680
9 1 0.000000585 0.000000134 -0.000000688
10 6 -0.000000229 -0.000000158 | 0.000000163
11 6 -0.000001144 0.000001142 -0.000001412
12 6 -0.000000657 0.000001032 0.000000232
13 1 -0.000000619 0.000000792 -0.000000521
14 1 0.000000152 0.000000991 -0.000000788
15 1 0.000000488 0.000001152 -0.000001034
16 6 0.000001172 0.000000084 -0.000001308
17 1 0.000000293 0.000000433 0.000000103
18 1 -0.000000073 0.000000654 -0.000000417
19 1 0.000000144 0.000000294 -0.000000020
20 6 0.000000294 -0.000000004 | -0.000001326
21 1 0.000001170 0.000000411 -0.000000608
22 1 0.000000778 -0.000000244 | -0.000000336
23 1 0.000000912 0.000000190 -0.000000808
24 7 -0.000000178 0.000000088 -0.000000688
25 16 0.000000628 0.000000799 0.000001696
26 6 -0.000002215 0.000001071 0.000000069
27 6 -0.000000689 0.000000314 0.000000946
28 1 -0.000000665 0.000000333 -0.000000387
29 1 -0.000001250 0.000000468 0.000000449
30 1 -0.000000707 -0.000000546 | 0.000000241
31 6 -0.000001194 0.000000027 -0.000000244
32 1 -0.000000857 0.000000616 0.000000545
33 1 -0.000001126 0.000001346 -0.000000308
34 1 -0.000000255 0.000000355 -0.000000060
35 6 -0.000000733 0.000000112 0.000000499
36 1 -0.000001286 -0.000000113 | 0.000000703
37 1 -0.000001245 0.000000265 0.000000881
38 1 -0.000000851 -0.000000314 | 0.000000829
39 8 -0.000000755 -0.000000737 | -0.000001074
40 17 0.000000245 0.000000818 -0.000000918
41 7 0.000001776 0.000001431 -0.000000725
42 6 0.000001576 -0.000000936 | -0.000000164
43 1 0.000000418 -0.000000179 | -0.000000106
44 1 0.000001569 -0.000000557 | 0.000000249
45 1 -0.000000079 -0.000000522 | 0.000000212
46 1 -0.000001202 -0.000001066 | 0.000001347
47 6 0.000002444 0.000001961 0.000000069
48 6 -0.000002096 -0.000002728 | -0.000001803
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49 6 -0.000001058 0.000001082 0.000004341
50 6 -0.000000820 -0.000000214 | -0.000000005
51 1 -0.000001010 -0.000000120 | 0.000001820
52 1 -0.000001228 -0.000001376 | 0.000000858
53 1 0.000000593 -0.000000179 | 0.000001447
54 1 -0.000000207 -0.000002446 | 0.000000708
55 1 -0.000000767 -0.000002234 | 0.000000075
56 1 0.000001434 -0.000001352 | 0.000001136
57 1 0.000001147 -0.000001415 | -0.000001668
58 1 0.000001016 -0.000000304 | 0.000000646
59 8 0.000003635 -0.000002887 | 0.000000843

Table S3. Optimized Cartesian coordinates for (P)—(Z)-4e

Center | Atomic Forces (Hartrees/Bohr)

Number | Number X Y Z

1 6 -0.000000103 0.000001406 | -0.000002399
2 6 0.000000045 0.000000899 | -0.000001482
3 6 0.000000355 -0.000000039 | -0.000001084
4 6 -0.000000324 -0.000000154 | -0.000001569
5 6 0.000000020 0.000000228 | -0.000002265
6 6 -0.000000152 0.000000928 | -0.000002914
7 1 -0.000000021 0.000000973 | -0.000001336
8 1 -0.000000030 0.000000129 | -0.000002385
9 1 -0.000000033 0.000001447 | -0.000003369
10 6 0.000000592 -0.000000013 | 0.000000197
11 6 0.000000527 -0.000001245 | -0.000001348
12 6 0.000000126 -0.000002066 | 0.000000709
13 1 0.000000081 -0.000001590 | 0.000001200
14 1 0.000000440 -0.000002558 | 0.000000235
15 1 0.000000314 -0.000002198 | 0.000000958
16 6 0.000000474 -0.000000657 | -0.000000770
17 1 -0.000000027 -0.000000574 | -0.000001493
18 1 0.000000199 -0.000001778 | -0.000000963
19 1 0.000000189 -0.000000545 | -0.000000278
20 6 0.000000265 -0.000002050 | -0.000001339
21 1 0.000000437 -0.000002685 | -0.000001446
22 1 0.000000263 -0.000001663 | -0.000001914
23 1 0.000000416 -0.000002250 | -0.000001042
24 7 0.000000234 -0.000000814 | 0.000000790
25 16 -0.000000972 0.000001019 0.000001265
26 6 -0.000000304 0.000001052 0.000002397
27 6 -0.000000235 0.000001127 0.000002379
28 1 -0.000000189 0.000000432 0.000002133
29 1 -0.000000292 0.000001181 0.000003195
30 1 -0.000000311 0.000001797 0.000002004
31 6 -0.000000151 0.000000154 0.000002737
32 1 -0.000000135 0.000000089 0.000002608
33 1 -0.000000192 0.000000197 0.000003624
34 1 -0.000000057 -0.000000450 | 0.000002534
35 6 -0.000000446 0.000002068 0.000002606
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36 1 -0.000000403 0.000002074 0.000003480
37 1 -0.000000356 0.000002012 0.000002536
38 1 -0.000000463 0.000002708 0.000002309
39 8 0.000001131 0.000002406 0.000004498
40 17 -0.000000240 0.000002110 | -0.000003163
41 7 0.000000276 -0.000000511 | -0.000001015
42 6 0.000000048 -0.000001344 | -0.000000185
43 1 0.000000197 -0.000001766 | 0.000000195
44 1 -0.000000026 -0.000000736 | 0.000000377
45 1 -0.000000034 -0.000001694 | 0.000000057
46 1 -0.000000595 -0.000000788 | -0.000001295
47 6 0.000001415 0.000003447 0.000009704
48 6 0.000000001 0.000001067 | -0.000000622
49 6 0.000000698 0.000000687 0.000000113
50 6 -0.000001101 0.000000822 | -0.000002256
51 1 -0.000001790 -0.000003269 | -0.000014412
52 1 0.000000290 0.000001368 -0.000000735
53 1 -0.000000064 0.000000252 0.000000836
54 1 -0.000000489 0.000001570 0.000000570
55 1 0.000000022 0.000000655 -0.000000554
56 1 0.000000013 0.000000185 0.000000134
57 1 0.000000106 -0.000000735 | -0.000002496
58 1 0.000000445 -0.000001084 | -0.000000915
59 8 -0.000000084 -0.000001230 | 0.000000663

S11
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The X-ray structure of (E)-4a
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Crystal data and structure refinement for (E)-4a

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges
Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters

Goodness-of-fit on F/2

Final R indices [[>2sigma(I)]

R indices (all data)

Absolute structure parameter

data_4a

CI2HI8SN20OS

238.34

173(2) K

0.71073 A

Orthorhombic

P 212121

a=9.5330(3) A alpha =90 deg.
b=10.9995(4) A beta=90 deg.
c=11.9696(5) A gamma = 90 deg.
1255.11(8) A3

4

1.261 Mg/m"3

0.240 mm~*-1

512

0.21x0.18 x 0.12 mm

60.0 deg.

-13<=h<=13, -15<=k<=15, -16<=I<=16
3623

3603 [R(int) = 0.0133]

None

Full-matrix least-squares on F*2
3603/0/ 145

1.097

R1=0.0571, wR2 =0.1477
R1=0.0906, wR2 =0.1961
0.17(13)

S12
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The X-ray structure of (E)-4b

P
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Crystal data and structure refinement for (E)-4b
Identification code M-785
Empirical formula C13H20N20OS
Formula weight 252.37
Temperature 193(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group P 212121
Unit cell dimensions a=7.6755(2) A alpha =90 deg.

b=10.2448(3) A beta =90 deg.
c=17.4650(6) A gamma = 90 deg.

Volume 1373.34(7) A"3

Z 4

Density (calculated) 1.221 Mg/m”3

Absorption coefficient 0.223 mm*-1

F(000) 544

Crystal size 0.29x0.18 x 0.11 mm
Two-theta max. for data 56.0 deg.

Index ranges -10<=h<=10, -13<=k<=13, -22<=I<=22
Reflections collected 3287

Independent reflections 3271 [R(int) = 0.0072]
Absorption correction None

Refinement method Full-matrix least-squares on F*2
Data / restraints / parameters  3271/0/ 154

Goodness-of-fit on F*2 1.147

Final R indices [[>2sigma(I)] R1=0.0431, wR2 =0.1052

R indices (all data) R1=0.0609, wR2 =0.1312

Absolute structure parameter  0.02(10)
Largest diff. peak and hole 0.374 and -0.299 e.A"-3
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The X-ray structure of (Z)-(M)-4d

Crystal data and structure refinement for (Z)-(M)-4d

Identification code M-991

Empirical formula CI5SH23CIN20O S
Formula weight 314.86

Temperature 153(2) K
Wavelength 0.71073 A

Crystal system Orthorhombic
Space group P 212121

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2
Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

a=06.5475(2) A alpha =90 deg.
b=16.1647(4) A beta=90 deg.
c=16.3838(6) A gamma = 90 deg.
1734.03(9) A"3

4

1.206 Mg/m"3

0.339 mm*-1

672

0.29 x 0.22 x 0.07 mm

59.0 deg.

-8<=h<=8, -21<=k<=22, -22<=1<=22
4638

4636 [R(int) = 0.0046]

None

Full-matrix least-squares on F*2
4636/0/181

1.117

R1=0.0520, wR2 =0.1320
R1=0.0819, wR2=0.1676
0.10(11)

0.578 and -0.605 e.A"-3
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The X-ray structure of (Z)-4e
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Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2

Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

Crystal data and structure refinement for (Z)-4e

M-975

CI6 H25CIN20O S

328.89

173(2) K

0.71073 A

Triclinic

P1

a=6.3446(3) A alpha=102.652(2) deg.
b=11.0696(5) A beta=95.2089(19) deg.
¢ =13.4095(8) A gamma = 101.729(4) deg.
890.65(8) A3

2

1.226 Mg/m"3

0.333 mm”"-1

352

0.21 x 0.12x 0.03 mm

55.0 deg.

-8<=h<=8, -14<=k<=13, -17<=I<=16
6154

6154 [R(int) = 0.00]

None

Full-matrix least-squares on F/2
6154/3/379

1.004

R1=0.0605, wR2 =0.1451

R1=0.0917, wR2 =0.1706

-0.13(9)

0.298 and -0.305 e.A"-3
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The X-ray structure of (Z)-(M)-4f

Crystal data and structure refinement for (Z)-(M)-4f

Identification code data 4f

Empirical formula C17H27CIN20O S
Formula weight 342.92
Temperature 193(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2
Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

a=13.1060(4) A alpha =90 deg.

b=10.2070(4) A beta = 90.438(3) deg.

c=14.8860(5) A gamma = 90 deg.
1991.29(12) A"3

4

1.144 Mg/m"3

0.300 mm~*-1

736

0.28 x 0.10 x 0.07 mm

55.0 deg.

-16<=h<=17, -13<=k<=12, -19<=I<=19
7838

7830 [R(int) = 0.0104]

None

Full-matrix least-squares on F*2
7830/1/397

1.221

R1=0.0607, wR2 =0.1736
R1=0.1130, wR2 =0.2062
0.15(10)

0.668 and -0.566 e.A"-3
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The X-ray structure of (Rg,R)-5a

ci13)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*2
Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

Crystal data and structure refinement for (Rg,R)-5a

data_Sa

CI2H20N20O S

240.36

173(2) K

0.71073 A

Orthorhombic

P 212121

a=6.4540(2) A alpha =90 deg.
b=12.3310(4) A beta=90 deg.
c=16.1500(6) A gamma = 90 deg.
1285.29(7) A3

4

1.242 Mg/m"3

0.235 mm”"-1

520

0.33x0.10 x 0.05 mm

58.0 deg.

-8<=h<=8§, -16<=k<=16, -21<=1<=21
3298

None

Full-matrix least-squares on F"2
3298 /0/ 145

1.240

R1=0.0543, wR2 =0.1490
R1=0.0952, wR2 =0.1867
0.06(14)

0.673 and -0.825 e.A"-3
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The X-ray structure of (Rg,R)-5b
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Crystal data and structure refinement for (Rs,R)-5b

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta range for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2
Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

M-790

C13H22N20S

254.39

193(2) K

0.71073 A

Orthorhombic

P 212121

a=28.7773(3) A alpha =90 deg.
b=11.8656(5) A beta=90 deg.
c =14.5940(7) A gamma = 90 deg.
1519.93(11) A"3

4

1.112 Mg/m"3

0.202 mm*-1

552

0.28x0.19x 0.17 mm

58.0 deg.

-11<=h<=11, -15<=k<=16, -19<=I<=19
3879

3870 [R(int) = 0.0028]

None

Full-matrix least-squares on F"2
3870/0/ 154

1.117

R1=0.0516, wR2 =0.1294
R1=0.0874, wR2 =0.1670
0.07(11)

0.447 and -0.480 e.A"-3
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The X-ray structure of (Rg,R)-5e

Crystal data and structure refinement for (Rg,R)-5e

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta max. for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2

Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

M-1031

CI6 H27CIN20O S

330.91

173(2) K

0.71073 A

Monoclinic

P21

a=10.2036(4) A alpha =90 deg.
b=28.6192(3) A beta=101.7074(16)
deg.

c=10.5131(6) A gamma = 90 deg.
905.36(7) A™3

2

1.214 Mg/m"3

0.328 mm*-1

356

0.28 x 0.17 x 0.08 mm

55.0 deg.

-13<=h<=13, -9<=k<=8, -13<=I<=13
3697

3655 [R(int) = 0.0067]

None

Full-matrix least-squares on F"2
3655/1/190

1.160

R1=0.0414, wR2 =0.1135
R1=0.0533, wR2 =0.1419

0.05(9)

0.530 and -0.680 e.A"-3
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The X-ray structure of (Rg,R)-6¢

C(17)

Crystal data and structure refinement for (Rs,R)-6¢

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta range for data
Index ranges

Reflections collected
Independent reflections
Refinement method

Data / restraints / parameters
Goodness-of-fit on F/2
Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

M-948

C15H24N20S

280.42

173(2) K

0.71073 A

monoclinic

P21

a=15.9361(2) A alpha =90 deg.
b=7.4642(3) A beta=96.8260(14)
deg.

c=17.4671(9) A gamma =90 deg.
768.41(6) A™3

2

1.212 Mg/m"3

0.206 mm*-1

304

0.32x0.27 x 0.03 mm

58.0 deg.

-7<=h<=7, -10<=k<=9, -23<=1<=23
3364

3356 [R(int) = 0.0031]

Full-matrix least-squares on F*2
3356/1/172

1.216

R1=0.0562, wR2 =0.1482
R1=0.0855, wR2 =0.1896
0.00(12)

0.700 and -0.756 e.A"-3

S20



Supporting Information

The X-ray structure of (Rg,S)-7f
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Crystal data and structure refinement for (Rs,S)-7f

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Two-theta range for data
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*2

Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

M-1050

C36 H66 C12 N4 O3 S2
737.97

173(2) K

0.71073 A

Hexagonal

P 65

a=17.6766(5) A alpha =90 deg.
b=17.6766(5) A beta =90 deg.
c=12.3407(2) A gamma = 120 deg.

3339.4(3) A™3

3

1.101 Mg/m"3

0.274 mm™-1

1200
0.23x0.23x0.16 mm
60.0 deg.

S21

-24<=h<=24, -21<=k<=21, -17<=I<=17

11755

6337 [R(int) = 0.0478]

None

Full-matrix least-squares on F"2
6337/1/212

1.146

R1=0.0653, wR2 =0.1618
R1=0.1078, wR2 =0.2121
-0.05(10)

0.85 and -0.93 e.A"-3
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Diastereoselective Synthesis of Optically Active Diamines
Marina Martjuga and Edgars Suna

Latvian Institute of Organic Synthesis, Aizkraukles 21, LV-1006, Riga, Latvia
E-mail : edgars@psi.ly

Chiral 1-anilinotetrahydroisoquinolines are useful bidentate diamine ligands in asymmetric synthesis. "%
commercially available (R)-1-(2-methylamino-5-chloro)phenyl-1,2,3,4-tetrahydroisoquinoline 1 has alress
found application as a “chiral acid” in asymmetric protonation of amide enolates." As a part of our st

towards synthesis of structural analogs of diamine 1 we synthesized diamines 2-4 in enantiomerically pus

form.
i
NH NH NH, NH,
H H H H
A % %
el cl
1 3 4

2a: R=H
2b: R=Me

Diastereoselective reduction of parent imines 5-7 using fert-butylsulfinyl group as chiral auxillary” wa
employed in synthesis of the target diamines 2-4. Using NaBH,-Ti(OEt), as reducing agent, sulfinylami=: &
was obtained with 60% de. Diastereomerically pure amine 8 was isolated by flash chromatography. Mus
higher levels of diastereofacial control were observed in the reduction of imines 6-7 (92% de and 96%: &
respectively). Absolute configuration of the newly created stereocentre in the amine 8 was established 1 &
(R) by X-ray analysis.

9

(0]
e NaBH BN HN’S><
HN™ N >< 4 :
| Ti(OEY), :
e
O O - THF O O

€l
- 8 (R.R)
o 0

o i :
HN™ N HN™ -S
@5 CdX
6 7

The sulfinyl group could be easily cleaved under acidic conditions (4N HCI in dioxane). Chiral diamine s

was thus obtained in enantiomerically pure form (99 % ee).
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