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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

Etinilglicinola atvasinajumi A ir vertigi buvbloki farmaceitiski nozimigu savienojumu un
dabasvielu totalaja sintéze.* Triskaria saite §ajos savienojumos nodrogina plasas modificésanas
iesp&jas (1. att.): triskarsas saites ciklopievienosanas reakcijas veidojas dazadi heterocikli C,
reducgjot triskarso saiti, var iegiit (Z)- un (E)-D dubultsaites izom&rus, iesp&jamas terminalas
triskarsas saites alkiléSanas, ariléSanas un alkiniléSanas reakcijas, veidojot produktus E, ka art
reakcijas ar dazadiem O-, N- un S-nukleofiliem iesp&jams izol&t savienojumus F un G.
Oksidgjot hidroksilgrupu savienojuma A, var viena stadija iegiit a-etinilglicinu B (R* = H) —
2-aminobut-3-inskabes atvasinajumu, kam piemit antibakterialas ipasibas pret Streptomyces
aureus.”
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1. att. Alkinilglicinola A modificéSanas iespgjas.

Neskatoties uz etinilglicinolu A augsto izmanto$anas potencialu, literatiira ir zinams loti
ierobezots metozu skaits etinilglicinola A un etinilglicina B atvasinajumu iegiiSanai. Zinamas
metodes pamata balstas uz Garner aldehida atvasinasanu® un terminalu alkinu pievienoanas
reakcijam pie Ellman-tipa N-sulfiniliminiem,* turklat vienkar$ota pieeja C-kvaternaro
ettnilglictnolu A atvasinajumu sintgzei ir karboksilgrupas reducéSana etinilglicina 2. Literatiira
ir zinamas tikai dazas alternativas metodes C-kvaternara etinilglicinola A fragmenta
konstrugsanai: serindla atvasinajumu Seyferth-Gilbert homologgsana,® alkinilepoksidu
aminolize® un nitrénu iespiesanas propargiliska C—H saité.” Balstoties uz iegiito informaciju,
tika iesakti pétijumi jaunu metozu izveidei etinilglicinola A atvasinajumu sintézei, kas ietver
bis-imidatu H propargiliskas amin&$anas reakciju vai etinilglikola kobalta kompleksa | Ritter
reakciju (2. att.).



o~ “ccly HR

Bis-imidatu HN*O\)\ \)V\ = HO\/)V Ritter
ciklizésana A reakcija
CI,C (0C),ct—Co(CO);
H

2. att. Jaunas metodes etinilglicinolu A sintézei.

Aminospirti ir daudzu farmaceitiski nozimigu savienojumu un dabas vielu
struktiirelementi, tapec metodes aminospirtu modificeSanai ir loti pieprasitas. Ipasi pievilciga ir
aminospirtu transformés$ana, izmantojot C—H saites funkcionalizé€Sanu, jo ta lauj iegut
kompleksus atvasinajumus salidzinoSi isa sintéz€, izmantojot katalitisku parejas metala
katalizatora daudzumu. Pikolinamida virzita benzilamidu C-H funkcionalizé$ana ar alkiniem,
izmantojot kobalta katalizatoru, ir literatiira Zinéma,8 tomér zinama metode ir ierobeZota lidz
metil- un fenil- aizvietotajiem benziliskaja pozicija, ka arT metodg ir ierobeZots izmantojamais
alkinu klasts. Miisu p&tTjumi vérsti uz fenilglicinola atvasinajumu J C(sp?)—H saites aktivésanu,
izmantojot 1&tu un komerciali pieejamu kobalta katalizatoru, veidojot starpproduktu K, un tam
sekojoSu  funkcionalizé€Sanu ar terminaliem un diaizvietotiem alkiniem, veidojot
1,2-dihidroizohinolina atvasinajumu L (3. att.).

Co(ll) — Rr
OTBS o OTBS | ——— OTBS
HN. _O C(sp®)-H aktivésana . _N_oO < _N__O

N% ‘ Ln/ \N/ ‘ RN/ ‘

3. att. Jauna metode fenilglicinola J C—H funkcionalizéSanai.
Pétijjuma meérkis un uzdevumi

Promocijas darba meérkis ir jaunu sintézes metoZu izveide etinilglicinolu sintézei un
fenilglicinolu C-H funkcionalizé$anai, izmantojot kobalta katalizatoru.

Darba mérka istenosanai tika definéti $adi uzdevumi:

1) izpétit bis-imidatu iekSmolekularu propargilisku aminésanas reakciju enantiobagatinatu
ettnilglicinolu sintézei;

2) demonstrét etinilglikolu kobalta kompleksu izmantosanu Ritter reakcija C-kvaternaro
ettnilglicinolu sintézei;

3) izstradat efektivu metodi fenilglicinolu C—H funkcionalizésanai ar diaizvietotiem un
terminalajiem alkiniem, izmantojot kobalta katalizatoru.

Zinatniska novitate un galvenie rezultati

P&tijumu rezultata izstradatas jaunas metodes etinilglicinola atvasinajumu sintézei: 1)
bis-imidatu iekSmolekulara propargiliska aizvietoSanas reakcija demonstréta racémisku un
enantiobagatinatu etinilglicinolu iegtsanai; 2) etinilglikolu kobalta kompleksu Ritter reakcija
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izmantota C-kvaternaro etinilglicinolu iegtiSanai; 3) demonstréti jauni apstakli alkina-kobalta
kompleksa noskel$anai, izmantojot DDQ oksidétaju; 4) izstradata jauna un efektiva metode
pikolinamida virzitai, kobalta Kkatalizétai fenilglicinolu C-H funkcionalizé$anai ar
diaizvietotiem un terminalajiem alkiniem. Metode piemérota regioselektivai enantiobagatinatu
dihidroizohinolina atvasinajumu sintézei.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa par: a)
bis-imidatu iekSmolekularu propargilisku aizvietoSanas reakciju; b) etilglikolu kobalta
kompleksu Ritter reakciju; ¢) kobalta katalizétu fenilglicinolu C—H funkcionalizésanu.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati apkopoti piecas zinatniskajas originalpublikacijas.
P&tijuma rezultati prezenteti sesas konferences.

Zinatniskas publikacijas

1. Sirotkina, J., Grigorjeva, L., Jirgensons, A. Synthesis of Alkynyl Glycinols via Lewis
Acid Catalyzed Propargylic Substitution of bis-Imidates. Eur. J. Org. Chem. 2015, 31,
6900-6908.

2. Bolsakova, J., Jirgensons, A. Synthesis of a-Ethynyl Glycines. Eur. J. Org. Chem.
2016, 27, 4591-4602.

3. Grammatoglou, K., Bolsakova, J., Jirgensons, A. C-Quaternary alkynyl glycinols via
the Ritter reaction of cobalt complexed alkynyl glycols. RSC Adv. 2017, 7,
27530-27537.

4. Bolsakova, J.; Jirgensons, A. The Ritter reaction for the synthesis of heterocycles.
Chem. Heterocyc. Compd. 2017, 53, 1167-1177.

5. Bolsakova, J., Lukasevics, L., Grigorjeva, L. Cobalt-catalyzed, directed C-H
functionalization/annulation of phenylglycinol derivatives with alkynes. J. Org. Chem.
2020, 85, 4482-4499.

Darba rezultati prezenteti zinatniskajas konferences

1. Sirotkina, J., Jirgensons, A. Synthesis of enantioenriched ethynyl glycinols via acid
catalyzed cyclization of bis-trichloroacetimidates. Balticum Organicum Syntheticum
(BOS 2014). Vilnius, Lithuania, 6-9 July 2014.

2. Sirotkina, J. The Ritter reaction of cobalt carbonyl complexed propargylic alcohols. 9™
Paul Walden Symposium on Organic Chemistry. Riga, Latvia, 21-22 May 2015.

3. Sirotkina, J., Jirgensons, A. 4-Substituted-4-alkynyl 2-oxaolines via the Ritter
reaction. 19" European Symposium of Organic Chemistry. Lisbon, Portugal, 12-16 July
2015.



4. Grammatoglou, K., Bolsakova, J., Jirgensons, A. Synthesis of 4-alkynyl 2-oxazolines
via the Ritter reaction. Balticum Organicum Syntheticum (BOS 2016). Riga, Latvia, 3-6
July 2016.

5. Bolsakova, J., Grigorjeva, L. Cobalt catalyzed sp?> C—H alkenylation of phenylglycine
and phenylalanine. International Symposium on Synthesis and Catalysis. Evora,
Portugal, 3-6 September 2019.

6. Bolsakova, J., Grigorjeva, L. Cobalt catalyzed sp?> C—H alkenylation of phenylglycine
and phenylalanine. 11" Paul Walden Symposium on Organic Chemistry. Riga, Latvia,
19-20 September 2019.



PROMOCIJAS DARBA GALVENIE REZULTATI
Etinilglicinolu iegiSana bis-imidatu ciklizéSanas reakcija

Promocijas darba izstradata jauna metode rac€misku un enantiobagatinatu etinilglicinola
atvasinajumu iegtiSanai, kas balstita uz Luisa skabes kataliz&tu bis-imidatu 1a-m ciklizéSanas
reakciju (4. att.). Ciklizésanas reakcija vienas bis-imidata grupas slapekla atoms kalpo ka
ickSmolekulars N-nukleofils, savukart otra bis-imidata grupa tiek aktivéta ar Luisa skabi un
tadgjadi kalpo ka laba aizejo$a grupa. Imidatu la-m aktivéSanai ka katalizatori izmantotas
Luisa skabes: TMSOTT, AlICls, BF3-Et,0, FeCls, ka rezultata iegiti oksazolini 2a-m ar loti
labiem iznakumiem (1. tabula). Novérots, ka ciklizé$anas reakcija notiek regioselektivi, pamata
veidojot propargiliskas aizvietosanas produktus 2a-m (4. att., cel§ a), savukart minorie
regioizoméri 2’a-m veidojas mazak par 8 %. Trimetilsililaizvietota bis-imidata 1b gadijuma
regioselektivitati izdevas ieveérojami uzlabot, aizstajot TMSOTT ar AICl3 (1. tabula, 2. un 3.

ailes). Pamatregioizoméra 2b struktiira tika pieradita ar rentgenstruktiranalizes palidzibu.

LS=<—:NH
“/—\ojkccb
NS @ N Cl,C
CCl, S R : >>N o
iy : .
celsa A o N o
0~ “ccl, R e
HN o « L? 2a-m H\%T
&cly S R DCM, 4 AMS, i.t. Cl;C R=TMS (2b)
cel$ b 7—0
1a-m
NH %
(o )kcch 2'a-m < 8% :
HN\ 8
%.f\r{
LS
4, att. Oksazolinu 2 un 2’ veido$anas no bis-imidatiem.
1. tabula
Produktu 2 iznakumi un reakcija izmantotas Luisa skabes®
Nr. p. k. R LS? Produkti 2/2°° 2, Iznakums, %
1 Me TMSOTT >50:1 2a, 71
2 TMS TMSOTT 9:1 2b, 82
3 TMS AlCl; 35:1 2b, 91
4 BnOCH, AlCl; 8:1 2c, 75

?Reakcijas apstakli: Luisa skabe (10 mol %), DCM (0,1 M), molekularie sieti (4 A), i. t., 1-10 min. ® Reakcijas maisijuma
produktu 2/2° attieciba noteikta, izmantojot GH-MS.



1. tabulas turpinajums

Produktu 2 iznakumi un reakcija izmantotas Luisa skabes®

Nr. p. k. R LS Produkti 2/2°° 2, Iznakums, %
5 BnOCH,CH,  AICl; 41:1 2d, 80
6 tBu AlCl3 >50:1 2e, 84
7 Pent TMSOTf >50:1 2f, 82
8 TIPS AICls 23:1 29, 73
9 Ph TMSOTf 25:1 2h, 79
10 2-CICeHs; ~ TMSOTf >50:1 2i, 70
1 3,5-CICsHs AICls 32:1 2j, 95
12 PentC=C AICls 11:1 2k, 86
13 TIPSC=C AICls >50:1 21,69
14 CH,=CH AICls >50:1 2m, 80

? Reakcijas apstakli: Luisa skabe (10 mol %), DCM (0,1 M), molekularie sieti (4 A), i. t., 1-10 min. ° Reakcijas maisfjuma
produktu 2/2 attieciba noteikta, izmantojot GH-MS.

Lai parbauditu hiralitates parnesi bis-imidatu ciklizéSanas reakcija, ka substrati tika
izmantoti enantiobagatinati (R)-bis-imidati 1a-j ar alkil-, trimetilsilil- un aril- aizvietotajiem pie
triskarsas saites. Standartapstaklos alkil-, trimetilsililaizvietotu (R)-bis-imidatu la-e
ciklizéSanas notika ar praktiski pilnigu absolutas konfiguracijas apgrieSanu pie hirala centra.
Produkti (S)-2a-e tika iegiiti ar enantioméro parakumu virs 90 % (2. tabula, 1.-5. aile). Pilniga
hiralitates parnese un konfiguracijas apgrieSana pie hirala centra lava secinat, ka
(R)-bis-imidatu la-e ciklizé$ana par oksazoliniem (S)-2a-€ notiek péc Sy2 tipa mehanisma (5.
att.). Fenilaizvietota (R)-bis-imidata 1h (6. aile) gadijuma tika novérota racemizésana, veidojot
produktu 2h ar enantioméro parakumu 36 %. So rezultatu var skaidrot ar konkurgjosu Syl
mehanismu, ko nodrosina fenilgrupas karbkatjonu stabiliz&josais efekts. Tika noveérots, ka
hlora atoma ievadiSana (R)-bis-imidata 2h benzola gredzena nedaudz samazinaja
racemize$anas procesu (2. tabula, 7. —9. aile). Savukart divu hlora atomu ievadisana benzola
gredzena lava bitiski samazinat racemizé$an0s un iegit (S)-oksazolinu 2j ar 89 % ee (2. tabula,
11. aile). Sos rezultatus var skaidrot ar to, ka hlora aizvietotaju ievadiana benzola gredzena
samazina karbkatjona starpprodukta stabilitati un tadgjadi sekmé reakcijas norisi péc Sn2
mehanisma ar konfiguracijas apgrieSanu.
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LS--NH
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R=A,TMS _ | 7" Q) ccl, =N
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NH R
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R
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5. att. Enantiobagatinatu (R)-bis-imidatu 1a-j ieck§molekulara aminéSana.

2. tabula
Produktu (S)-2 iznakumi un enantiomérais parakums®
Nr. p. k. R 1, (ee, %)" LS (S)-2, Iznakums, % (ee, %)*
1 Me (R)-1a, (90) (S)-2a, 80 (90)
2 TMS (R)-1b, (96) AlCl (S)-2b, 90 (96)
3 BnOCH; (R)-1c, (92) (S)-2c, 70 (92)
4 BnOCH,CH, (R)-1d, (93) (S)-2d, 75 (92)
5 tBu (R)-1e, (93) TMSOTf (S)-2e, 84 (93)
6 Ph (R)-1h, (88)  BF3-Et,0 (S)-2h, 80 (36)
7 BF;-Et,0 (5)-2i, 90 (52)
8 2-CICgH, (R)-1i, (90)  TMSOTf (S)-2i, 75 (57)
9 AICl3 (S)-2i, 89 (52)
10 BF;-Et,0 (S)-2j, 56 (86)
11 3,5-CIC¢H;  (R)-1j,(93) TMSOTf (S)-2j, 50 (89)
12 AICl; (S)-2j, 79 (76)

®Reakcijas apstakli: Luisa skabe (10 mol %), DCM (0.1 M), molekularie sieti (4 A), i. t., I-10 min. ° Produktu enantiom@rais
parakums noteikts, izmantojot AESH (kolonna: Chiralpak IB).

Lai demonstrétu metodes izmanto$anu etinilglicinolu ieglisanai, oksazolini 2 tika
transforméti par attiecigajiem etinilglicinola atvasinagjumiem 3-5 (6. att.). Hidrolizgjot
(S)-oksazolinus 2b-e,j 6 M id. HCl un MeOH maisijuma, ar labiem iznakumiem tika ieguti
(S)-enantiobagatinati etinilglicinoli 3b-e,j (3. tabula). Tika izmantota ari metode, kura
oksazolinu 2h hidroliz€ lidz aminospirtam un, neizdalot starpproduktu, aminofunkciju aizsarga
ar Boc-grupu, veidojot produktu 4. Trimetilsililaizvietota oksazolina 2b gadijuma cikla
uzskelSanai tika izmantoti vaji skabi apstakli (p-TsOH, Py:H,O, 4:1) un iegits
trihloracetamids 5 ar 79 % iznakumu.
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1) ad. HCI (6 M), MeOH NHBoc
2) Boc,0, NaHCO; THF  HO

N
R=Ph A
clC Ph
0,
NH;xHCl G4 werem) =N 4,80%
HO —>" g — o
A R MeOH SN
R 0 HN” >cel
(S)-3b-5, (S)y2b-0j pTSOH, Py, H,0, 80°C o s
2b,h R=TMS
X

T™MS
5, 79%

6. att. (S)-Etinilglicinolu atvasinajumu 3, 4 un 5 iegliSana no oksazoliniem 2.
3. tabula

Enantiobagatinatu etinilglicinolu (S)-3 iznakumi

Nr. p. k. R (S)-3, Iznakums, %
1 H (S)-3b, 90
2 CH,0Bn (S)-3c, 75
3 (CH,),0Bn (S)-3d, 89
4 tBu (S)-3e, 74
5 3,5-Cl,CeH3 (S)-3j, 74

Iegiito etinilglicinolu absoliita konfiguracija tika noteikta, atvasinot (S)-aminospirtus 3b,j ar
(S)- un (R)-1-fluoro-2,4-dinitrofenil-5-feniletilaminu (7. att.). Pateicoties iekSmolekularai
tidenraza saitei, diastereoméri (S,S)-6b,j un (R,S)-6b,j atrodas stabila konformacija. Benzola
gredzena anizotropijas efekta del "H KMR spektra tika novérots, ka diastereoméra (R,S)-6b,j
HOCHo,- grupas protonu signali ir novirziti stipraka lauka, salidzinot ar diastereoméru
(5,5)-6b,j protonu signaliem, turklat diastereoméra (S,S)-6b propargilpozicijas protons ir
novirzits stipraka lauka, salidzinot ar diastereoméru (R,S)-6b.

OH OH

(R)-FDPEA H™/"H_ .Ph H\/ H_ Me
NH, un W H \NM W H \"\Ph
HO (S)-FDPEA ZHN NH"® ®// HN NH
A ”
r R7H, 3,5-Cl,CqH;
) O,N NO, O,N NO,
(S)-3b,j
(5,5)-6bj (R,S)-6b,j

7. att. FDPEA diastereoméri (S,S)-6b,j un (R,S)-6b,j.
C-kvaternaro etinilglicinolu sintéze no kobalta kompleksiem Ritter reakcija

Nemot veéra C-kvaternaro etinilglicinolu plasas izmantoSanas iesp&jas kompleksu
savienojumu sintéze, tika veikts pétijums par jaunu metoZzu izveidi So aminospirtu
konstruéSanai. Sakotn&ji tika izmé&ginata iepriek§ izstradata metode etinilglicinola
atvasinajumu iegtiSanai Luisa skabes kataliz&ta bis-imidatu ciklizé$anas reakcija (8. att.), tomér
§T metode izradijas nepiemérota, jo C-kvaternaro etinilglikolu 7 reakcija ar trihloracetonitrilu
veidojas mono-imidats 8, kas reakcijas maisTjuma in situ ciklizéjas par 1,3-diooksolana

atvasinajumu 9.
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nPent CCly Me

H.N CCls
oH OH M
DBU,CI,.CCN _ [v o . o
HO — _
T DCM, 4 A MS, i.t. RN A= pent
nPent
7 8 9, 66%

8. att. C-kvaternara etinilglikola 7 reakcija ar trihloracetonitrilu.

Ka alternativa pieeja C-kvaternaro etinilglicinolu sintézei tika pétita 1,2-diolu Ritter
reakcija ar acetonitrilu, ko izmanto dazadu heterociklu, pieméram, oksazolinu un imidazolinu
sintézei. Galvenais nosacljums reakcijas veiksmigai realiz€Sanai ir stabilizéta karbkatjona
starpprodukta veidos$anas, tomér, etinilglikolu 7 paklaujot Ritter reakcijas apstakliem (MeCN,
AcOH, H,SO,), sagaidamais oksazolins 10 veidojas ar loti zemu iznakumu (<10 %) (9. att.).
Sadu reakcijas rezultatu var skaidrot ar relativi nestabila propargilkatjona veidosanos, kura
pozitivais ladins ir delokalizéts uz sp2 un sp hibridizétiem oglekla atomiem (I-1 un I-2), turklat
karbkatjoni 1-1,2 var staties dazadas blakusreakcijas (piemé&ram, Meyer-Schuster vai Rupe
pargrupésanas reakcijas), neveidojot veélamo nitrilija starpproduktu Il.

Me
OH Me Me \\N® Me N
Skabe L® MeCN T Me
HO. —~— "5 | HO (od - HO\& = HO —_—

il X N ¢ S v

e nPent nPent “nPent Me nPent N
nPent

7 I-1 12 I 10, < 10%

9. att. C-kvaternara etinilglikola 7 Ritter reakcija.

Turpinot pétijumus, uzmaniba tika pieversta Ritter reakcijai, izmantojot etinilglikola
kobalta kompleksus 11, no kuriem atvasinatais karbkatjona starpprodukts Il ir stabilizets ar
pozitiva ladina delokalizaciju starp rezonanses struktaram Il un IV (10. att.). Stabiliz&tais
karbkatjons 11l var reagé€t ar acetonitrilu, veidojot nitrilija jona starpproduktu V, kas
iekSmolekulara reakcija ar hidroksilgrupu veido oksazolina kobalta kompleksu 12. Izmantojot
tadas skabes ka H,SO,4 un BF3-Et,0, etinilglikola kobalta kompleksi 11 reaggja ar acetonitrilu,
veidojot oksazolinus 12a-h, k-e ar vidgjiem un labiem iznakumiem. Ar reakcijas apstakliem
bija savietojams plass substratu klasts ar aizvietotdgjiem (R® = alkil-, aril-) pie terminala
triskar$as saites oglekla (4. tabula). Substrati 111,m ar hidroksimetilaizvietotaju pie kvaternara
oglekla atoma veidoja Ritter reakcijas produktus 12I,m ar 46 % un 81 % iznakumu (4. tabula,
16. un 17. ailes). ArT otr&jais spirts 11K stajas Ritter reakcija, veidojot oksazolmu 12k ar labu
iznakumu (4. tabula, 15. aile). Tika novérot ka jaunizveidotajai metodei ir arT ierobezojumi.
Substrati 11i,j, kas satur€ja fenilaizvietotaju pie kvaternara oglekla atoma, neveidoja attiecigos
oksazolinus 12i,j, ko var skaidrot ar parak lielu karbkatjona I11 stabilitati (4. tabula, 13. un 14.
aile).
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Ho_ 2 VCV
(0c),cd-7Colco)s Ve
2 \\N’J;\ R2 N 1 2
Skabe MeCN LR AR R
e e R O
7 /. %
{ “’Co(CO); o o (OC)3C0/C°(CO)3 (OC)3Co/C°(C°)~"
11 HOM ' 12
(oc),ed-7colco),

10. att. C-kvaternara etinilglikola kobalta kompleksa 11 Ritter reakcija.

4. tabula

Produkta 12 iznakums un reakcija izmantota skabe

Nr. p. k. R R? Skabe 12, Iznakums, %

1 H,S0, 12

Me nPent 2o b 3,58
2 BF;-Et,O 12a, 78
3 H,S0, 12b, 75

Me tBu e b
4 BF;-Et,O 12b, 82
5 H,S0,

Me T™S el 12¢, 89
6 BF;-Et,O 12c, 84
7 H,S0,

Me Ph 250y i 12d, 57
8 BF;-Et,O 12d, 86
9 Me 2-CIPh 12¢, 61
10 Me 4-MeOPh 12f, 63
11 Me CH,OBnN 12g, 78
12 Me Me 12h, 74
13 Ph nPent BF3-Et,0° 12i,0
14 Ph Ph 12j,0
15 H nPent 12k, 77
16 nPent 121, 46

CH,OH

17 Ph 12m, 81

3 Reakcijas apstakli: MeCN (54 ekviv), H,SO, (9 ekviv), AcOH (8 ekviv), no 0 °C Iidz i. t., 1-10 min. ? Reakcijas apstakli:
BF,-Et,0 (10 ekviv), MeCN (0,1 M),0 °C — i. t., 5-10 min.

Lai iegttu oksazolinu 13a, tika apskatiti vairaki reakcijas apstakli kobalta kompleksa 12a
SkelSanai (11. att.). Literatdra ir zinams, ka pirm&jie amini, reag€jot ar alkina-Co,(CO)g
kompleksiem, atbrivo alkinu. Balstoties uz Siem rezultatiem, tika izpé&titaalkina-Co,(CO)g
kompleksa 12a skelSanas reakcija, izmantojot helatgjosu diamina ligandu — etiléndiaminu.
Diemzgl, izmantojot So metodi, oksazolina 13a iznakums bija tikai 28 %. Talak tika parbauditi
oksidgjosi skelSanas apstakli, izmantojot DDQ, NMO un CAN. P&tijuma rezultata tika atklata
selektiva un efektiva metode alkina-Co,(CO)s kompleksa 12a skelSanai, ka oksidétaju
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izmantojot DDQ (5. tabula). Hidroksimetilgrupu saturo$u kobalta kompleksu 12l,m Skel$anai
DDQ vieta tika izmantots NMO. Tas lava iegiit oksazolinus 13I,m ar vidgjiem iznakumiem (5.
tabula, 12. un 14. aile).

Me ) i Me
%N R! R DDQ vai NMO }:N -
o . DCM, 0°C o
{co(co) A\
(0C);Co— 3 R2
12 13

11. att. Alkina-Co,(CO)s kompleksa 12 skelsana.

5. tabula

Iznakumi un apstakli kobalta kompleksa 12 SkelSanai

Nr. p. k. R R? Metode 13, Iznakums, %
1 DDQ? 13a, 84
2 Me nPent NM?)b 13a, 42
3 Me tBu 13b, 64
4 Me TMS 13c, 88
5 Me Ph 13d, 83
6 Me 2-CIPh . 13e, 92
7 Me 4-MeOPh bDQ 13f, 85
8 Me CH,0Bn 139, 82
9 Me Me 13h, 46
10 H nPent 13k, 78
11 DDQ? 13l, 61

CH,OH nPent b
12 NMO 13l, 65
13 CH,OH oh DDQZ 13m, 26
14 NMO 13m, 65

2 Reakcijas apstakli: DDQ (3 ekviv), DCM (0,1 M), 0 °C, no 30 min lidz 2 h. ® Reakcijas apstakli: NMO (10 ekviv), DCM (0,1
M), 0 °C, 30 min.

Tika demonstréts, ka iegitos oksazolinus 13 var veiksmigi parvérst par attiecigajiem
C-kvaternarajiem alkinilglicinoliem 14d,g,h,I,m, izmantojot skabes hidrolizi (12. att., 6.
tabula).

Me
VAN o 8- HOIE M) NH; x HCI
—_—
MeOH W
\\ R1 IS RZ
RZ
13 14

12. att. C-kvaternaro alkinilglicinolu 14d,g,h,l,m sintéze.
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6. tabula

C-kvaternaro alkinilglicinolu 14d,g,h,l,m iznakumi

Nr. p. k. R! R 14, Iznakums, %
1 Ph 14d, 96
2 Me CH,0Bn 149, 64
3 Me 14h, 62
4 nPent 141, 82
CH,OH
5 Ph 14m, 77

Kobalta katalizéta fenilglicinola C—H funkcionalizeésana ar alkiniem

Otrs pétijuma virziens bija pikolinamida virzita fenilglicinola atvasinajuma 15a C—H saites
funkcionalizés$ana ar alkiniem benzola gredzena orto-pozicija, izmantojot kobalta katalizatoru
(13. att.). Reakcijas apstaklu optimizgSanas posma tika parbauditi dazadi kobalta katalizatori,
oksidetaji, bazes un reakcijas Skidinataji (7. tabula). Sakotn&jos pétijumos tika atklats, ka
fenilglicinola 15a reakcija ar terc-butilacetilénu, izmantojot Co(OAc); katalizatoru, NaOPiv ka
bazi, AgOAc ka oksidétaju metanola, 80 °C temperatira, regioselektivi veidojas
1,2-dihidroizohinolina atvasinajums 16aa ar 5 % iznakumu (7. tabula, 1. aile). Ieguta
regioizoméra l6aa struktira tika pieradita ar 2D-NOESY eksperimentu. P&tijuma gaita
noskaidrots, ka, izmantojot Mn(OAc); ka oksidétaju un molekularo skabekli ka lidzoksidetaju,
produkta 16aa iznakumu iesp&ams uzlabot lidz 16 % (2.-5. aile). Reakcijas veiksmigai
istenoSanai svarigs bija ar1 bazes daudzums. Noskaidrots, ka optimalais bazes daudzums ir 1,2
ekvivalenti, un tas lava uzlabot produkta 16aa iznakumu Iidz 28 % (6. aile). Turpinot reakcijas
apstaklu optimizésanu, tika parbaudita reakcijas Skidinataja ietekme uz produkta 16aa
iznakumu un konstatets, ka labakais skidinatajs ir MeOH. OptimizeSanas gaita tika pieradits, ka
produkta 16aa iegtiSanai izskirosa loma ir kobalta katalizatoram. Parbaudot vairakus Co(II) un
Co(III) katalizatorus, tika atklats, ka efektivakais katalizators fenilglicinola atvasinajuma 15a
aneléSanai ar alkiniem ir Co(dpm),. Izmantojot piemekléto Kkatalitisko sistému
Co(dpm)2/Mn(OAC)s/NaOPiv, produktu l6aa izdevas iegit ar 82 % iznakumu. Palielinot
reakcijas laiku, produkta 16aa iznakums nedaudz uzlabojas lidz 84 %. Kontroleksperimenti
paradija, ka bez oksidétaja vai katalizatora aneléSanas produkts 16aa neveidojas.

=——1Bu (3 ekviv)

Katalizators(20 mol%) OoTBS 0
NaOPiv (2 ekviv) X NPic Pic =% X
OTBS (Gysidatajs (2 ekviv) - |
NHPic tBu N~
MeOH, 80 °C, 16h
15a 16aa

13. att. Kobalta kataliz&ta fenilglicinola 15a reakcija ar terc-butilacetilénu.
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7. tabula

Reakcijas apstaklu optimizesana®

Nr. p. k. Katalizators Oksidétajs 15a/16aa 16aa, Iznakums, %
1 Co(OAC), AgOAcC 17:1 5
2 Co(OAC), MnO, 11:1 4
3 Co(OAc),  Mn(OAc)y4H,0 19:1 5
4 Co(OAc),  Mn(OAc)s2H,0 7:1 12
5 Co(OAc),  Mn(OAc);2H,0/0, 53:1 16
6° Co(OAc),  Mn(OAc);2H,0/0, 25:1 28
7° CoCl, Mn(OAc)s2H,0/0, >10:1 -
g Co(acac), Mn(OAc);2H,0/0, 23:1 30
ghe Co(dpm), Mn(OAc)s-2H,0/0, 1:13,7 82
10 Co(dpm), Mn(OAc);-2H,0/0, 1:16,8 84

dNMR iznakums ir noteikts, izmantojot trifenilmetanu ka ick3gjo standartu. ®NaOPiv (0,12 mmol, 1,2 ekviv). ¢Co(dpm), —
bis(2,2,6,6-tetrametil-3,5-heptanedionato)kobalts (11), CAS: 13986-53-3. ¢ Laiks: 24 h.

Turpinot pétijumus, kobalta katalizéta fenilglicinola 15a reakcija ar terc-butilacetilenu
tika parbauditi pikolinamida atvasinajumi 15 ar dazadiem aizvietotajiem benzilpozicija (14,
att.). Sie pétijumi paradija, ka pikolinamids 15b ar brivu spirta funkciju optimizétos reakcijas
apstaklos neveido produktu 16ba. Savukart TBS-, PMB- un MOM- aizsargatu fenilglicinolu
atvasinagjumu 15a,c,d gadijuma produkti 16aa,ca,da veidojas regioselektivi un ar loti labiem
iznakumiem (70-83 %), turklat benzilamida atvasinajumi 15e,f ari veido produktus 16ea,fa ar
loti labiem iznakumiem, kas palielina metodes izmantoSanas iespgjas.

=——1tBu (3 ekviv)

Co(dpm), (20 mol%)
R NaOPiv (1.2 ekviv) ~__NPic
Mn(OAc); 2H,0 (2 ekviv)
u

i B8
NHPic "~ \1.0H, 80 °C, 0,, 16h
15 16
Me Ph
OH oTBS OPMB OMOM

X NPic X NPic ~_ NPic > NPic . NPic X NPic

tBu tBu tBu tBu tBu tBu
16ba, 0%>° 16aa, 83%2 16ca, 75%? 16da, 70%? 16ea, 82% 16fa, 88%°

3 Izol&tais iznakums. ° Izejviela reakcijas apstaklos degradgjas.

14. att. Kobalta katalizéta pikolinamidu 15 anelésanas reakcija.

Substrata klasta pétijumos tika noskaidrots, ka benzola gredzena para-, meta- un orto-
aizvietoti fenilglicinola atvasinajumi ir pieméroti anelé$anas reakcijai (15. att.). Japiemin, ka
meta- aizvietotu substratu 151 un 15j gadijuma veidojas tikai viens regioizomérs 16ia,ja, ko
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var skaidrot ar kobalta iespieSanos telpiski mazak traucéta C—H sait€. Tomér tiofénu saturosa
glicinola 15¢ gadijuma pamatregioizomérs 16qa veidojas maisijuma ar otru izoméru attieciba
2,5/1 (C-H funkcionalizé$ana tioféna gredzena noris ari 4. pozicija). Tika paradits, ka
fenilglicinola atvasinajumi 15 ar dazadiem aizvietotajiem benzola gredzena, ka alkil- (15i,
15k), metoksi- (15g, 151), metoksimetil- (15m), trifluormetil- (15j), trifluormetoksi- (15n) un
halogéni (15h, 150, 15p), veido atbilstoSos produktus 16 ar labiem iznakumiem.
[-Fenilalaninola atvasinajuma 15r gadijuma attiecigais produkts 16ra veidojas ar labu
iznakumu 71 %.

=
=——1tBu (3 ekviv) R— |
R | Co(dpm), (20 mol%) XN ~OTBS
™ NOTBS NaOPiv (1.2 ekviv) ~__NPic
) Mn(OAc)3 2H,0 (2 ekviv)
NHPic tBu
MeOH, 80 °C, O,
15 16
Me CF;
OMe F Me MeO
oTBS oTBS OoTBS OTBS oTBS OTBS
. NPic X NPic =~ NPic x_ NPic X NPic . NPic
tBu tBu tBu u tBu
16ga, 55%°¢ 16ha, 74%>P 16ia, 78%>4 16ja, 65%€ 16ka, 90%2P 16la, 75%>P
MOomMO CF30 F Br.
S~
~ oTBS OTBS oTBS oTBS oTBS oTBS
Xy NPic X NPic ~__NPic . NPic X NPic ~__NPic
tBu tBu tBu tBu tBu tBu
16ma, 84%>° 16na, 75%*° 160a, 66%>4 16pa, 70%>P 16qa, 84%°f 16ra, 71%>°

2 Izol&ti iznakumi pamtaregioizoméram. ® Laiks: 1617 h. ¢ Laiks: 20 h. ¢ Laiks: 24 h. ¢ Laiks: 40 h. " Izoléts tiofena
regioizoméru maisijums ar attiecibu 2,5 : 1, noradita pamatregioizomera struktira.

15. att. Fenilglicinola 15 atvasinajumu klasta pétijumi.

Fenilglicinolu 15a aneléSanai tika parbaudita ari virkne strukturali atSkirigu alkinu
(16. att.). Alifatiskas un aromatiskas grupas saturo$i diaizvietoti alkini reaggja, veidojot
attiecigos produktus 16ab-af ar loti labiem iznakumiem (70-80 %). Jauzsver, ka aneléSana ar
asimetriskiem alkiniem ir liels izaicinajums metalu kataliz&étas reakcijas, jo ir griiti panakt véra
nemamu regioselektivitati. Izmantotajos reakcijas apstaklos 1-fenil-1-propins reaggja ar
fenilglicinola atvasinajumu 15a, veidojot tikai vienu regioizoméru 16ag ar 73 % iznakumu.
Arl terminalie alkini ar alkil-, aril- un heteroaril aizvietotajiem bija pieméroti reagenti,
veidojot produktus 16ah,j,k,m,n ar augstu regioselektivitati. Trimetilsililacetiléna reakcija ar
fenilglictnola atvasinajumu 15a tika realizéta 1 g m&roga, veidojot produktu 16an ar 80 %
iznakumu. Interesanti, ka 4-nitrofenilacetiléna gadijuma ka blakusprodukts mono C-H
alkénilésanas/ciklizé$anas produktam 16al (50 %) veidojas ari dialkeniléSanas produkts 2al’
ar 16 % iznakumu.
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R'-=—R2(1.5 - 3 ekviv)

Co(dpm), (20 mol%) OoTBS
OTBS NaOPiv (1.2 ekviv) RY ~_NPic
Mn(OAc)s 2H,0 (2 ekviv)

NHPic R2
MeOH, 80 °C, O,
15a 16
OTBS OTBS OTBS OTBS OTBS
Al NPic A NPic Me X NPic X NPic X NPic
Alk Ar Ph Ar
b,d
Alk=Me 16ab, 70%2P Ar=Ph 16ae, 77%%° 16ag, 73%> Ar=Ph 16ah, 73%>P 16aj, 73%>°
Alk=Et 16ac, 76%> Ar=4-BrC¢H, 16af, 76%>P Ar=4-MeOC¢H,16i, 88%>P¢

Alk=nPr 16ad, 80%P

OTBS
~NPic
™S
16ak, 54%°2° NO, 16am, 65%32b:d 16an, 71%bd
80%°
16al, 50%2° 16al’, 16%>P °

31z0léti iznakumi pamtaregioizomeram. ® Laiks: 16-17 h. ¢ Laiks: 20 h. ¢Izdalits tikai viens pamatregioizomérs; ® Gram-scale
sintéze no 1 g pikolinamida 15a.

16. att. Alkinu klasta p&tijumi.

Lai parbauditu, vai kobalta kataliz€ta aneléSana notiek ar hirala centra stereokimijas
saglabasanu, reakcija ar terminaliem un diaizvietotiem alkiniem tika izmantots
enantiobagatinats (S)-fenilglicinola atvasinajums (S)-15a (17. att.). Produktu (S)-16aa-ah
analize liecinaja, ka optimizétajos reakcijas apstaklos C—H funkcionaliz€Sana ar alkiniem
notiek ar pilnigu stereokimijas saglabasanu.

R'-——R?
Co(dpm), (20 mol%)
OTBS NaOPiv (1.2 ekviv) _ OTBS
NHPic Mn(OAc);  2H,0 (2 ekviv) ~_NPic

MeOH, 80 °C, O,, 16h 2

R

(S)-15a >99% ee (S)-16

OTBS OTBS OTBS OTBS
X NPic Me X NPic Ph . NPic . NPic
tBu Me Ph Ph
(S)-16aa (S)-16ab (S)-16ae (S)-16ah

70%, >99% ee 77%, >99% ee 70%, >99% ee 67%, >99% ee

17. att. Anelésanas reakcijas hiralitates saglabasanas p&tijumi.

Lai demonstrétu metodes izmantoSanas iespgjas, tika paradits ka 1,2-dihidroizohinolina
atvasinajuma 16an dubultsaiti iesp&jams reduc€t ar natriju Skidra amonjaka, iegiistot
1,2,3,4-tetrahidroizohinolina atvasinajuma 17an (S,S)-stereoizom&ru ar labu iznakumu un
augstu diastereoselektivitati (18. att.).
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OTBS  Na/NH, OTBS | ;AIH, (1.5 ekviv) oTBS
- —_— i - =
Ny NPic THF, -78 °C NPic THF, 0°C - i.t. NH
™S d.r. >20/1 ™S ™S
(S)-16an (S,5)-17an, 69% (S,5)-18an, 86%, > 99% ee

18. att. 1,2,3,4-tetrahidroizohinolina atvasinajuma (S,S)-18an sintéze.

Tika atrasta arT piemérota metode pikolinamida virzo$as grupas noskel$anai savienojuma
17an, izmantojot LiAlH4 Japiemin, ka produkts 18an veidojas ar loti labu iznakumu 86 %,
saglabajot sakotngjo stereoktmiju (>99 % ee).
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SECINAJUMI

Alkil- un trimetilsilil- aizvietotu etinil-bis-imidatu Luisa skabes Kkataliz&ta
propargiliskas aminés$anas reakcija selektivi veidojas 4-ctiniloksazolina regioizomérs.
Enantiobagatinatu substratu cikliz€Sana notiek ar absoliitas konfiguracijas apgrieSanu
pic hirala centra un ar pilnigu hiralitates parnesi, kas liecina par Sn2 tipa reakcijas

mehanismu.
cl,C
gkcch s HN/\O) ccl, 0>\N
HN O _~ R=Alk, TMS N \)\
T \/\ CC|3\/\ A
ccCl, R R
Sp2 - mehanisms 90-96% ee

Fenilaizvietotu etinil-bis-imidatu Luisa skabes kataliz&ta ciklizéSanas reakcija selektivi
veidojas 4-etiniloksazolina regioizom@rs. Tomér fenilaizvietotu enantiobagatinatu
substratu ciklizéSana notiek ar hirala centra dalgju racemizaciju, kas liecina par jauktu
Snl un S\2 tipa reakcijas mehanismu. Elektronakceptoru hlora atomu ievietoSana
bis-imidata benzola gredzena butiski novers racemizésanas procesu, ko var skaidrot ar
karbkatjona starpprodukta stabilitates samazinasanos, kas sekmé reakcijas norisi pec
Sn2 mehanisma ar konfiguracijas apgrieSanu.

NH

NH S} )k CISC
/\‘ o CC|3 Ar=Ph 0,
ccl, LS =N r=Ph 36% ee
N O - —— HNYO\/\ — Ar=CICgH, 54% ee
~ - 0,
\\r \/\ cel, O~ar % Ar=Cl,CgH; 89% ee
ccl, Ar Ar
Sy1 - mehanisms 36-89% ee

Etinilglikola kobalta kompleksi stajas Ritter reakcija ar acetonitrilu, veidojot
C-kvaternarus oksazolmus. Reakcijas apstakli ir pieméroti plasam substratu klastam,
ierobezojums ir substrati ar fenil- aizvietotaju pie kvaternara oglekla atoma (RY).

Skabe e
OH R MecN_ N R R? R'=Alk, H
HO\/)\V \)V R2=Alk, A
1 =Alk, Ar
R Co(CO), { “Zco(cO),

(0C)3Co (0C);Co

Alkina-Co,(CO)s kompleksu var viegli skelt ar DDQ, veidojot vélamos oksazolinus ar
labiem iznakumiem.

YN R! R2? pbQ }:N R

/CO(CO)s N

(0C);Co
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5. Oksazolini, kas iegiti bis-imidatu ciklizé$anas un Ritter reakcijas, skabes hidrolizes
apstaklos veido etinilglicinola atvasinajumus.

@

Me N H;0 NH,
}; R! HO\/)\
o S
\\ R RZ
R2

6. Pikolinamida virzita C—H saites O-aizsargatu fenilglicinolu funkcionalizéSana ar
alkiniem, izmantojot kobalta katalizatoru, veidojas
1-hidroksimetil-1,2-dihidroizohinolina atvasinajumi. Optimizéeta katalitiska sist€éma un
reakcijas apstakli — Co(dpm)z, Mn(OAC)s, molekularais skabeklis ka Iidzoksidetajs,
NaOPiv metanola, 80 °C. Reakcijas apstaklos terminali un diaizvietoti alkini ir
piemeroti substrati, turklat monoaizvietoti un asimetriski diaizvietoti alkini veido
attiecigus produktus ar izcilu regioselektivitati. Dihidroizohinolina veidoSanas notiek ar
absolutas stereokimijas saglabasanos pie hirala centra, izmantojot enantiobagatinatus
(S)-fenilglicinola atvasinajumus.

Co(ll)

=R
OoTBS —— OTBS
HN (o]

(o] N
N~ ‘ R Vi
N N ‘
7. (S,S)-Tetrahidroizohinolinu var iegit no 1,2-dihidroizohinolina atvasinajuma,

saglabajot hirala centra absoliito konfiguraciju, divas stadijas — diastereoselektiva

reducéSanas reakcija ar Na/NHs un tai sekojosa pikolinamida virzos$as grupas
noskelSanas reakcija ar LiAIHa.

OTBS Na/NH, OTBS | jAIn, OTBS
—_—
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GENERAL OVERVIEW OF THE THESIS

Introduction

Alkynylglycinols A have found application as important multifunctional building blocks
for the construction of complex molecules.® Triple bond in compounds A provides broad
modification possibilities (Fig. 1): a) cycloaddition reactions of triple bond to produce different
heterocycles C; b) reduction of triple bond to form (Z)- and (E)-D double bond isomers; c)
alkylation, arylation and alkynylation of terminal triple bond; and d) triple bond reactions with
different O-, N- and S-nucleophiles to give derivatives F,G. Moreover, oxidation of hydroxyl
group in compound A is straightforward approach to a-ethynylglycine B derivatives the
simplest member of which, 2-aminobut-3-ynoic acid, was shown to exhibit antimicrobial
activity against Streptomyces aureus.

3 NHR?
NHR® | ho.c
| 2002 XX
HOW ! R? " R1
: B
R x  leeeeemezgeneeeee- Ho  NHR®
G R!
NHR3 Ri=H H R?
Ho\/}\/\ - X . .Z
X R-

/ N\

HO RHN R! NHR®
Rz \\ HO 7 HO = R1
E Y R2
A=Aryl-, Alkyl-, Alkynyl- (2)-D (E)D

Fig. 1. Modification potential of alkynylglycinols A.

The literature review revealed that there is limited number of methods for the synthesis of
ethynylglycinols A and ethynylglycines B. Synthetic routes typically rely on derivatization of
Garner’s aldehyde® and Ellman-type addition reactions of terminal alkynes to N-sulfinyl
imines.* Furthermore the direct access to C-quaternary alkynyl glycinols A is limited to few
alternatives beyond the reduction of carboxyl group in glycine B. The literature search revealed
that methods known for the construction of C-quaternary alkynyl glycinols A are the
Seyferth-Gilbert homologation of a serinal derivative®, aminolysis of alkynyl epoxides®, and
the insertion of a nitrene into a propargylic C—H bond’. Thus, we focused our research to
development of new methods for the synthesis of ethynylglycinol derivatives A, which involve
propargylic amination of bis-imidates H and the Ritter reaction of ethynylglycol cobalt
complexes I (Fig. 2).
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Fig. 2. New methods for the synthesis of ethynylglycinols A.

Amino alcohol is a substructure of many pharmaceutically relevant compounds, therefore
functionalization of amino alcohols is of high importance. C—H functionalization is a very
attractive approach as it does not require pre-functionalized starting materials and
stoichiometric amount of transition metal catalyst in contrast to traditionally used methods.
C—H functionalization of benzylamides containing picolinamide directing group using cobalt
catalysts has been shown, nevertheless, the known methods lack diversity of substitution at
benzylic position®. Research was focused on picolinamide directed C—H functionalization of
phenylglycinol derivatives J with internal and terminal alkynes using cobalt catalyst for
intermediate cobaltocycle K formation, which provides dihydroisoquinoline derivatives L

(Fig. 3).
Co(ll) — R
OTBS PRTTIR oTBS | —— OTBS
HN fo) C(sp”)-H activation N o <N o
Xn\Co\
N7 | Ln/ N7 | R N7 |
A
J K . L 2

Fig. 3. New method for C—H functionalization of phenylglycinols J.

Aims and Objectives

The aim of the Thesis is to develop new synthetic methods for the synthesis of
ethynylglycinols and investigate C—-H functionalization of phenylglycinols using cobalt
catalysis.

The following tasks were set:

1) to investigate intramolecular propargylic amination of bis-imidates for the synthesis of

enantioenriched ethynylglycinols;

2) to investigate the Ritter reaction of ethynylglycols cobalt complexes for the synthesis of

quaternary alkynylglycinols;

3) to develop efficient method for C—H functionalization of phenylglycinols using cobalt

catalyst.
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Scientific Novelty and Main Results

As the result of Thesis, several new methods for the synthesis of ethynylglycinol derivatives
were developed: 1) propargylic substitution of bis-imidates was successfully applied for the
synthesis of racemic and enantioenriched ethynylglycinols; 2) Ritter reaction of ethynylglycol
cobalt complexes was applied for the synthesis of quaternary ethynylglycinols; 3) new
conditions for the decomplexation of alkyne-cobalt complexes were established using DDQ as
an oxidant; 4) a new method for cobalt catalyzed C—H functionalization of phenylglycinol
derivatives with terminal and internal alkynes directed by picolinamide auxiliary was
demonstrated. This constitutes efficient and regioselective synthesis method of enantioenriched
dihydroisoquinoline derivatives.

Structure of the Thesis

The Thesis is a thematically linked collection of scientific publications focused on the
development of new synthesis methods of racemic and enantioenriched glycinols involving: a)
intramolecular propargylic substitution of bis-amides; b) Ritter reaction of ethynylglycinol
cobalt complexes; and c) cobalt catalyzed C—H functionalization of phenylglycinols.

Publications and Approbation of the Thesis

Main results of the Thesis were summarized in five scientific publications. Results of the
research were presented at six conferences.

Scientific publications

1. Sirotkina, J., Grigorjeva, L., Jirgensons, A. Synthesis of Alkynyl Glycinols via Lewis
Acid Catalyzed Propargylic Substitution of bis-Imidates. Eur. J. Org. Chem. 2015, 31,
6900-6908.

2. Bolsakova, J., Jirgensons, A. Synthesis of a-Ethynyl Glycines. Eur. J. Org. Chem.
2016, 27, 4591-4602.

3. Grammatoglou, K., Bolsakova, J., Jirgensons, A. C-Quaternary alkynyl glycinols via
the Ritter reaction of cobalt complexed alkynyl glycols. RSC Adv. 2017, 7,
27530-27537.

4. Bolsakova, J., Jirgensons, A. The Ritter reaction for the synthesis of heterocycles.
Chem. Heterocyc. Compd. 2017, 53, 1167-1177.

5. Bolsakova, J., Lukasevics, L., Grigorjeva, L. Cobalt-catalyzed, directed C-H
functionalization/annulation of phenylglycinol derivatives with alkynes. J. Org. Chem.
2020, 85, 4482-4499.
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Results of the Thesis were presented at the following conferences

1.

Sirotkina, J., Jirgensons, A. Synthesis of enantioenriched ethynyl glycinols via acids
catalyzed cyclization of bis-trichloroacetimidates. Balticum Organicum Syntheticum
(BOS 2014). Vilnius, Lithuania, 6—9 July 2014.

Sirotkina, J. The Ritter reaction of cobalt carbonyl complexed propargylic alcohols. 9™
Paul Walden Symposium on Organic Chemistry. Riga, Latvia, 21-22 May 2015.
Sirotkina, J., Jirgensons, A. 4-Substituted-4-alkynyl 2-oxaolines via the Ritter
reaction. 19™ European Symposium of Organic Chemistry. Lisbon, Portugal, 12—16
July 2015.

Grammatoglou, K., Bolsakova, J., Jirgensons, A. Synthesis of 4-alkynyl 2-oxazolines
via the Ritter reaction. Balticum Organicum Syntheticum (BOS 2016). Riga, Latvia, 3—6
July 2016.

Bolsakova, J., Grigorjeva, L. Cobalt catalyzed sp?> C—H alkenylation of phenylglycine
and phenylalanine. International Symposium on Synthesis and Catalysis. Evora,
Portugal, 3—6 September 2019.

Bolsakova, J., Grigorjeva, L. Cobalt catalyzed sp?> C—H alkenylation of phenylglycine
and phenylalanine. 11" Paul Walden Symposium on Organic Chemistry. Riga, Latvia,
19-20 September 20109.
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MAIN RESULTS OF THE THESIS

Synthesis of Alkynylglycinols by Propargylic Substitution of bis-imidates

A new approach was developed for the synthesis of racemic and enantioenriched
alkynylglycinols based on Lewis acid catalyzed intramolecular propargylic substitution of
bis-imidates la-m. In this transformation, one imidate group serves as an internal
N-nucleophile while the other is activated by Lewis acid catalyst and acts as a leaving group to
form oxazolines 2a-m. Cyclization of bis-imidates 1a-m was achieved in good yields with a
wide range of Lewis acid catalysts: TMSOTT, BF;-Et,0, AICl;, FeCl; (Table 1). Cyclization
proceeded highly regioselectively to give 4-alkynyl-oxazolines 2a-m as propargylic
substitution products (Fig. 4, pathway a) while isomeric 5-alkynyl-oxazolines 2’a-m were
formed as minor products in less than 8 %. In the case when trimethylsilyl substituted
bis-imidate 1b, the desired selectivity for propargylic substitution product 2b was improved by
replacing TMSOTT with AICI; (Table 1, entries 2 and 3). Structure of the major regioisomer 2b
was confirmed by X-ray diffraction analysis.

LA=—:NH oo AP
/\‘ojkcm3 {%\ o
HN._O o
\\( \)\ ClsC N -
CCl, R >>N _ )
NH - ] .
pathway a ES o N dyo
o)kcm3 R TR
HN o LA 2a-m O ,?f*
X N A 9
DCM, 4 A M
ccl, g M S, ClsC R=TMS (2b)
pathway b a®) (X-ray)
1a-m

‘NH

)k \)\R
0" cCls 2'a-m < 8%

EDNAEEN
' ccl, R
LA

Fig. 4. Oxazolines by intramolecular amination of bis-imidates 1a-m.

Table 1
Yields and Lewis Acids for Amination Reaction
Entry R LA Ratio of 2/2°® 2, Yield, %
1 Me TMSOTf >50:1 2a, 71
2 TMS TMSOTf 9:1 2b, 82
3 TMS AICl; 35:1 2b, 91

aReaction conditions: Lewis acid catalyst (10 mol %), DCM (0.1 M), molecular sieves (4 A), r. t. , 1-10 min. ® Ratio of 2/2’
regioisomers was determined using GC-MS.
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Table 1 (continued)
Yields and Lewis Acids for Propargylic Amination Reaction

Entry R LA Ratio of 2/2°® 2, Yield, %
4 BnOCH; AlICl; 8:1 2¢, 75
5  BnOCH,CH;  AICl; 41:1 2d, 80
6 tBu AlCl; >50:1 2e, 84
7 Pent TMSOTf >50:1 2f, 82
8 TIPS AlCl; 23:1 29, 73
9 Ph TMSOTf 25:1 2h, 79
10 2-CIC¢H;  TMSOTf >50:1 2i, 70
11 3,5-CICeHs AlCl; 32:1 2j, 95
12 PentC=C AlCl; 11:1 2k, 86
13 TIPSC=C AlCl; >50:1 21, 69
14 CH,=CH AlCl; >50:1 2m, 80

3Reaction conditions: Lewis acid catalyst (10 mol %), DCM (0.1 M), molecular sieves (4 A), r. t., 1-10 min. ° Ratio of 2/2°
regioisomers was determined using GC-MS.

The chirality transfer was explored in cyclization of enantioenriched (R)-bis-imidates 1a-j
containing alkyl, trimethylsilyl and aryl substituents at acetylene terminal position. Under the
standard reaction conditions, enantioenriched (R)-bis-imidates la-e containing alkyl and
trimethylsilyl substituents gave internal amination products (S)-2a-e with complete inversion of
configuration at the chiral center and enantiomeric excess up to 96 % (Table 2, entries 1-5).
These results indicate that cyclization of alkyl and trimethylsilyl substituted (R)-bis-imidates
la-e proceeds by Sy2 type mechanism (Fig. 5). In turn, cyclization of enantioenriched
(R)-bis-imidate 1h (entry 6) with phenyl substituent at acethylene terminal position proceeded
with considerable degree of racemization indicating mixed Sy1 and Sy2 type mechanisms (Fig.
5). Introduction of electron-withdrawing chlorine substituent at the benzene ring of substrate
(R)-1i partially suppressed the racemization (entries 7—9). Moreover, incorporation of two
chlorines at the benzene ring of substrate (R)-1j minimized racemization and oxazoline product
(R)-2j was obtained in 89 % ee (entry 11).
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Fig. 5. Intramolecular amination of enantioenriched (R)-bis-imidates 1a-j.

Table 2

Yields and ee of Amination Reaction of Enantioenriched (R)-bis-imidates 1a-j
Entry R (R)-1, (ee %)° LA (S)-2, Yield, % (ee %)’

1 Me (R)-1a, (90) (S)-2a, 80 (90)

2 TMS (R)-1b, (96) AlCL (S)-2b, 90 (96)

3 BnOCH, (R)-1c, (92) (S)-2c, 70 (92)

4 BnOCH,CH, (R)-1d, (93) (S)-2d, 75 (92)

5 tBu (R)-1e, (93) TMSOTf (S)-2e, 84 (93)

6 Ph (R)-1h, (88) BF;-Et,0 (S)-2h, 80 (36)

7 BF;-Et,0 (S)-2i, 90 (52)

8 2-CICgH, (R)-1i, (90) TMSOTf (S)-2i, 75 (57)

9 AICl; (S)-2i, 89 (52)

10 BF;-Et,0 (S)-2j, 56 (86)

11 3,5-CICgH; (R)-1j, (93) TMSOTf (S)-2j, 50 (89)

12 AICl; (S)-2j, 79 (76)

3 Reaction conditions: Lewis acid catalyst (10 mol %), DCM (0.1 M), molecular sieves (4 A), r. t. , 1-10 min. " ee was
determined by HPLC using chiral column Chiralpak IB.

Oxazolines 2 prepared by bis-imidate 1 cyclization reaction were successfully transformed
to ethynylglycinol derivatives 3b-e,j and 4,5 (Fig. 6). (S)-Alkynylglycinols 3b-e and 3j were
prepared from (S)-oxazolines 2b-e and 2j using strong acidic hydrolysis (Table 3). The
hydrolysis of oxazoline 2h was followed by tert-butoxycarbonyl protection without isolation of
an intermediate to give protected alkynylglycinol 4. Mild acidic hydrolysis of oxazoline 2b
with trimethylsilyl substituent at acethylene terminal position provided N-trichloroacetyl
alkynylglycinol 5.
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Fig. 6. Synthesis of ethynylglycinol derivatives 3b-e,j and 4,5.

Table 3
Yields of (S)-Ethynylglycinol Derivatives 3b-¢,j
Entry R (S)-3, Yield, %
1 H (S)-3b, 90
2 CH,0Bn (S)-3c, 75
3 (CH,),0Bn (5)-3d, 89
4 tBu (S)-3e, 74
5 3,5-Cl,0CgH3 (S)-3j, 74

The absolute configuration of the representive ethynylglycinols (S)-3b,j was determined by
analysis of *H-NMR spectra of the diastereomers (S,5)-6b,j and (R,S)-6b,j resulting from
derivatization with (R)- and (S)-1-fluoro-2,4-dinitrophenyl-5-phenylethylamines (Fig. 7). The
conformation of FDPEA derivatives (S,S)-6b,j and (R,S)-6b,j is fixed by the hydrogen bonding.
Due to the anisotropic effect of benzene ring, HOCH,- group proton signals in derivatives
(R,S)-6b,j are shifted to stronger fields compared to diastereomer (S,S)-6b,j. Additionally,
acetylenic CH group proton signal in derivative (S,S)-6b is shifted to stronger fields compared
to the diastereomer (R,S)-6b.

(R)-FDPEA OH OH

and H\H_ .Ph H\/"H_ Me
NH, S)-FDPEA o7 HION o HOOS
HO _(S)FOPEA ®// HN NHVe ®// HN NHPh
S ] R=H, 3,5-Cl,C¢Hs
O,N NO O,N NO.
S-3b,j 2 2 2 2
S,5-6bj R,S-6b,j

Fig. 7. FDPEA derived diastereomers (S,S)-6b,j and (R,S)-6b,j.
Synthesis of Q-Ethynylglycinols by the Ritter Reaction of Ethynylglycols

Next attention was focused on the synthesis of quaternary ethynylglycinols due to their
broad utility in the construction of complex molecules. First, an attempt to extend previously
developed method was applied for the synthesis of C-quaternary ethynylglycinols using Lewis
acids catalysed cyclization of bis-imidates. Unfortunatelly, this turned out not to be applicable
because C-quaternary ethynylglycol 7 reacted with trichloroacetonitrile to produce
monoimidate 8, followed by in situ cyclization to 1,3-dioxolane derivative 9 (Fig. 8).
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Fig. 8. Reaction of quaternary ethynylglycol 7 with trichloroacetonitrile.

As an alternative approach, the Ritter reaction of 1,2-diols with acetonitrile was explored,
which is known in literature for the synthesis of oxazolines and imidazolines. The prerequisite
for the successfull Ritter reaction is formation of stable carbocation intermediate. However,
when ethynylglycol 7 was directly subjected to the Ritter reaction conditions (MeCN, AcOH,
H.S0O,), the expected oxazoline 10 was obtained in very low yield (<10 %) (Fig. 9). Such an
outcome can be explained by the formation of relatively unstable propargylic cation I in which
the positive charge is delocalysed on sp? and sp hybridized carbon atoms (I-1 and 1-2).
Moreover, the carbocation | can undergo various side reactions (e.g. Meyer-Schuster or Rupe
rearrangements) competing with the formation of nitrilium ion I1I.

Me

I ©
OH Me Me N Me N
; , —N Mme
Ho Acid | Lo te HOV& _MeoN_ =

S U e A &P S o N

Me nPent nPent ~nPent Me “S;pent N

nPent
7 I-1 1-2 I 10, < 10%

Fig. 9. Ritter reaction of quaternary ethynylglycol 7.

Next, Ritter reaction of cobalt complexed ethynylglycol 11 was investigated. Ethynylglycol
11 has higher ability to stabilize carbenium ion intermediate through the resonance structures
11 and IV (Fig. 10). Subsequently, carbenium ion 111 or IV could react with acetonitrile to
produce nitrilium ion V intermediate, which is traped by intramolecular attack of hydroxyl
group to form oxazoline 12. In the presence of acid such as H,SO, or BF3-Et,O, cobalt
complexed ethynylglycol 11 reacted with acetonitrile to give expected oxazolines 12a-h,k-min
moderate to good yields. Wide range of substituents at the terminal alkyne position in substrate
11 were tolerated under reaction conditions (Table 4). Substrates 11I,m with hydroxymethyl
substituent at the reaction center gave Ritter products 12I,m in 46 % and 81 % yields,
respectively (Table 4, entries 16 and 17). Moreover, secondary alcohol 11k could be
successfully subjected to the Ritter reaction conditions to provide oxazoline 12k in good yield
(Table 4, entry 15). Some limitations of reaction were observed: diols 11i,j containing phenyl
group at the reaction center found as poor substrates for Ritter reaction giving no expected
oxazolines 12i,j (Table 4, entries 13 and 14).
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Fig. 10. The Ritter reaction of cobalt complexed ethynylglycols 11.

Yields and Acids Promoters of the Ritter Reaction

Entry R R Acid 12, Yield, %
1 H,SO4 12a, 58
2 Me nPent BF;-Et,0" 12a, 78
3 Me BU H,SO4 b 12b, 75
4 BF;-Et,0 12b, 82
5 Me VS H,SO, b 12c, 89
6 BFs-Et,0 12c, 84
7 Ve on H,S04 b 12d, 57
8 BF;-Et,0 12d, 86
9 Me 2-CIPh 12e, 61
10 Me 4-MeOPh 12f, 63
11 Me CH,0Bn 12g, 78
12 Me Me 12h, 74
13 Ph nPent BF;-Et,0" 12i, 0
14 Ph Ph 12j, 0
15 H nPent 12k, 77
16 CH,0OH nPent 121, 46
17 CH,OH Ph 12m, 81

R2

17,

Co(CO);

Table 4

3 Reagents and conditions: MeCN (54 equiv), H,SO, (9 equiv), AcOH (8 equiv), 0°C — r.t., 1-10 min. ® Reagents and
conditions: BF;-Et,0 (10 equiv), MeCN (0.1 M),0 °C —r. t., 5-10 min.

Next several reaction conditions for the cleavage of cobalt complex 12a to obtain
uncomplexed oxazoline 13a were investigated (Fig. 11). It is described in the literature that
primary amines react with alkyne-Co,(CO)s complexes to liberate alkynes. These results led to
investigation of cleavage reaction of cobalt complex 12a with ethylenediamine. Unfortunatly
uncomplexed oxazoline 13a was obtained in low 28 % yield. Next, oxidative conditions using
DDQ, NMO and CAN as reagents were explored. The best yield of oxazoline 13a was obtained
using DDQ as oxidant (Table 5), which constitutes a new method for the decomplexation of
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alkyne-cobalt complexes. NMO was better suited as oxidant for the cleavage of cobalt
complexes 121,m containing hydroxymethyl group at the quaternary carbon center to provide
oxazoline products 13I,m (entries 12 and 14).

Me
Me%N r' RZ  DDQorNMO N=N
o .

1
(OC)3Co;rc°(co)3 A

12 13

R2

Fig. 11. Cleavage of cobalt complexes 12.

Table 5
Yields and Conditions for Cleavage of Cobalt Complexes 12
Entry R! R? Oxidant 13, Yield, %
1 DDQ? 13a, 84
2 Me nPent NMgb 13a, 42
3 Me tBu 13b, 64
4 Me TMS 13c, 88
5 Me Ph 13d, 83
6 Me 2-CIPh . 13e, 92
7 Me 4-MeOPh bDQ 13f, 85
8 Me CH,0Bn 139, 82
9 Me Me 13h, 46
10 H nPent 13k, 78
11 DDQ? 131, 61
CH,OH nPent b
12 NMO 13l, 65
13 CH,OH oh DDQZ 13m, 26
14 NMO 13m, 65

aReagents and conditions: DDQ (3 equiv), DCM (0.1 M), 0 °C, 30 min to 2 h. ® Reagents and conditions: NMO (10 equiv),
DCM (0.1 M), 0 °C, 30 min.

In order to demonstrate the utility of oxazolines 13, selected oxazolines 13d,g,h,lI,m were
transformed to amino alcohols 14 by using acidic hydrolysis (Fig. 12). The hydrolysis reaction
proceeded in good yields to produce C-quaternary ethynylglycinols 14d,g,h,I,m (Table 6).

Me
N=N | agHCI(6M) NH; x HCI
R ———— HO
o MeOH X
NN R R2
RZ
13 14

Fig. 12. Synthesis of C-quaternary ethynylglycinols 14.
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Table 6
Yields of Quaternary Ethynylglycinols 14d,g,h,Im

Entry R R* 14, Yield, %
1 Ph 14d, 96
2 Me CH,0Bn 14g, 64
3 Me 14h, 62
4  CH,OH nPent 141, 82
5  CH,OH Ph 14m, 77

C-H Functionalization of Phenylglycinols Using Cobalt Catalyst

Second part of research was devoted to picolinamide directed C-H functionalization of
phenylglycinols 15 with alkynes under cobalt catalysis (Fig. 13). During the optimization
studies, a range of cobalt catalysts, oxidants, base additives and reaction solvents were
investigated (Table 7). Initial screening revealed that the reaction between phenylglycinol
derivative 15a and 3,3-dimethyl-1-butyne in the presence of Co(OAc), catalyst, NaOPiv base
and AgOAc oxidant in MeOH at 80°C leads to the regioselective formation of
1-hydroxymethyl-1,2-dihydroisoquinoline derivative 16aa in 5% vyield (entry 1).
Regiochemistry of product 16aa was confirmed by 2D-NOESY spectra. Alternative oxidant
screening showed that product 16aa yield could be slightly improved by using of
Mn(OACc)3 2 H,O in combination with oxygen (entries 2—5). Reducing the amount of NaOPiv
enhanced the product 16aa yield to 28 % (entry 6). Screening of different solvents revealed that
MeOH is the solvent of choice. Alternative Co(ll) and Co(lll) catalysts also were examined,
these revealded that Co(dpm), catalyst is crucial for successful reaction, yielding the product
16aa in 82 % vyield as single regioisomer (entries 7-9). The prolonged reaction time 24 h only
slightly improved yield of product 16aa to 84 % (entry 10). Control experiments excluding
catalyst or oxidant showed no product 16aa formation.

——1tBu (3 equiv) o
Qﬂ Catalyst (20 mol%) oTBS
NaOPiv (2.0 equiv) ~._ NPic Pic = % SN
OTBS Gyidant (2 equiv) = N\

NHPic tBu Z
MeOH, 80 °C, 16h
15a 16aa

Fig. 13. Phenylglycinol 15a reaction with terc-butylacethylene.
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Optimization of Reaction Conditions

Table 7

Entry Catalyst Oxidant 15a/16aa Yield, %°
1 Co(OAC), AgOAcC 17:1 5
2 Co(OAC), MnO, 11:1 4
3 Co(OAC), Mn(OACc),4H,0 19:1 5
4 Co(OAC), Mn(OACc);2H,0 7:1 12
5 Co(OAC), Mn(OACc);-2H,0/0, 53:1 16
6° Co(OAC), Mn(OACc);-2H,0/0, 25:1 28
7° CoCl, Mn(OACc);-2H,0/0, >10:1 -
g Co(acac), Mn(OACc)3 2H,0/0, 2.3:1 30
ghe Co(dpm),  Mn(OAc);-2H,0/0,  1:13.7 82

10°¢4  Co(dpm),  Mn(OAc)s2H,0/0,  1:16.8 84

® NMR vyield using triphenylmethane as an internal standard. ® NaOPiv (0.12 mmol, 1.2 equiv). ¢ Co(dpm), —
bis(2,2,6,6-tetramethyl-3,5-heptanedionato)-cobalt(11), CAS: 13986-53-3. ¢ Time: 24h.

Next, picolinamides 15 with different substituents at the benzylic position were examined
(Fig. 14). It was found that picolinamide 15b with unprotected alcohol function decomposed
under the reaction conditions. On the oher hand, TBS-, PMB- and MOM- protected
phenylglycinol derivatives 15a,c,d gave corresponding products 16aa,ca,da as single
regioisomers in very good vyields (70-83 %). Moreover, benzylamide derivatives 15e-f also
gave products 16ea-fa in excellent yields.

A

NHPic

15

=——1tBu (3 equiv)

Co(dpm), (20 mol%) R
NaOPiv (1.2 equiv) ~_NPic
Mn(OAc); 2H,0 (2 equiv)
tBu

MeOH, 80 °C, O,, 16h
16

Me Ph
OH OTBS OPMB OMOM
X NPic X NPic X NPic X NPic X NPic X NPic
tBu tBu tBu tBu tBu tBu

16ba, 0%P 16aa, 83%?

16ca, 75%° 16da, 70%? 16ea, 82%?

% |solated yields are given. ® Decomposition of substrate.

Fig. 14. Reaction scope with respect to picolinamides 15.

16fa, 88%?

Subsequently, the scope of phenylglycinol derivatives 15 with diverse functional groups at
benzene ring was examined (Fig. 15). The annulation reactions were successful with
phenylglycinol derivatives 15 bearing para-, meta- and ortho-substituents at benzene ring. In
the case of meta-substituted substrates 15i and 15j, the less hindered C—H bonds were
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activiated to produce single regioisomers 16ia,ja, which is consistent with literature examples.
Furthermore, different electron-donating groups, such as alkyl (15i, 15k), methoxy (15g, 15I),
methoxymethyl ether (15m), as well as electron-withdrawing groups, such as trifluoromethyl
(15j), trifluoromethoxy (15n) and halogen substituents (15h, 150, 15p) at benzene ring of
substrates 15 were tolerated. B-Phenylalaninol derivative 15r was also competent substrate
and gave corresponding product 16ra in very good yield — 71 %. Moreover, glycinol 15q
containing thiophene heterocycle gave product 16ga as the main regioisomer in ratio 2.5/1 to
isomer functionalized at the 4™ position of thiophene ring.

tBu (3 equiv) R—/ |
R | Co(dpm), (20 mol%) XN ~OTBS
X ANOTBS NaOPiv (1.2 equiv) - ~__NPic
) Mn(OAc); 2H,0 (2 equiv)
NHPi tBu
MeOH, 80 °C, O,
15 16
Me CF;
OMe F Me MeO
OTBS OTBS OTBS OTBS OTBS OTBS
. NPic X NPic =~ NPic x_ NPic X NPic . NPic
tBu tBu tBu tBu
16ga, 55%*° 16ha, 74%>P 16ia, 78%>4 16ja, 65%>° 16ka, 90%>P 16la, 75%P
MOMO CF30 F Br
S~
~ oTBS OTBS OTBS oTBS oTBS oTBS
Xy NPic X NPic ~__NPic . NPic X NPic ~__NPic
tBu tBu tBu tBu tBu tBu
16ma, 84%>° 16na, 75%*° 160a, 66%>4 16pa, 70%>P 16qa, 84%°f 16ra, 71%>°

3|solated yields are given; All products were isolated as single regioisomers. ® Time: 16—17 h. ¢ Time: 20 h. ¢ Time: 24 h. ® Time:
40 h. "Isolated as 2.5 : 1 mixture of thiophene regioisomers, major product shown.

Fig. 15. Reaction scope with respect to phenylglycinols derivatives 15.

The reaction scope with respect to alkynes (Fig. 16) was also investigated. Aliphatic and
aromatic internal alkynes reacted smoothly to give corresponding products 16ab-af in good
yields 70—80 %. Unsymmetrically substituted internal alkynes are known as challenging
reaction partners for the annulation reactions due to difficulty to achieve high regioselectivity.
Succesfully was found that 1-phenyl-1-propyne reacted smoothly to afford the corresponding
product 16ag as a single regioisomer in 73 % yield. Also terminal alkynes with alkyl, aryl and
heteroaryl substituents reacted smoothly under reaction conditions, affording products
16ah-j,m,n in good yields as single regioisomers. Reaction of trimethylsilylacetylene with
phenylglycinol 15a was performed on 1 g scale, giving product 16an in a very good 80 %
yield. Interestingly, 4-nitrophenylacetylene afforded mono C-H alkenylation/cyclization
product 2al (50 %) together with bis-functionalized product 2al’ (16 %).
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R'-—=—=—R2(1.5 - 3 equiv)

Co(dpm), (20 mol%) OTBS
OTBS NaOPiv (1.2 equiv) RN NPic
Mn(OAc); 2H,0 (2 equiv)

NHPic R2
MeOH, 80 °C, O
15a 2 16
OTBS OTBS OTBS OTBS OTBS
Alk X NPic Ar X NPic Me X NPic X NPic X, NPic
Alk Ar Ph Ar
,b,d
Alk=Me 16ab, 70%2>  Ar=Ph 16ae, 77%> 16ag, 73%"2 Ar=Ph 16ah, 73%32P 16aj, 73%3<
Alk=Et 16ac, 76%3> Ar=4-BrC¢H, 16af, 76%>P Ar=4-MeOCgH,16i, 88%>>d

Alk=nPr 16ad, 80%2P

OTBS
. NPic
™S
16ak, 54%2° No2 N02 16am, 65%3b.d 16an, 71 ‘%a’b’d
80%°
16al, 50%>P 16al', 16%>° °

?|solated yields are given. ® Time: 16-17 h.  Time: 20 h. %Isolated as single regioisomer. ¢ Gram-scale synthesis, starting from
1 g of picolinamide 15a.

Fig. 16. Reaction scope with respect to alkynes.

The reaction of enantiopure (S)-phenylglycinol derivative 15a with terminal and internal
alkynes under the optimized reaction conditions was investigated (Fig. 17). Conservation of
chirality was confirmed by high enantiopurity of products (16aa, 16ab, 16ae, 16ah).

R'-——R?
Co(dpm), (20 mol%)
OTBS NaOPiv (1.2 equiv) ) OTBS
NHPic Mn(OAc)s 2H,0 (2 equiv) 1A NPic
MeOH, 80 °C, O,, 16h 2
R
(S)-15a >99% ee (S)-16
oTBS oTBS oTBS OTBS
X, NPic Mo NPic o N NPic X NPic
tBu Me Ph Ph
(S)-16aa (S)-16ab (S)-16ae (S)-16ah
70%, >99% ee 77%, >99% ee 70%, >99% ee 67%, >99% ee

Fig. 17. Conservation of chirality.

The application of the developed methodology was shown by accessing valuable
tetrahydroisoquinoline derivative (S,S)-18an (Fig. 18). Reduction of enantiopure (S)-16an
with Na in NHj; proceeded in highly diastereoselective manner (>20/1) to give

tetrahydroisoquinoline (S,S)-17an.
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OTBS  Na/NH, OTBS | jAIH, (1.5 equiv) OTBS

. —_— i —_—
Xy NPic THF, -78 °C NPic THF, 0 °C - rt NH
™S d.r. >20/1 ™S ™S
(S)-16an (8,5)-17an, 69% (S,5)-18an, 86%, > 99% ee

Fig. 18. Synthesis of tetrahydroisoquinoline (S,5)-18an.

Subsequent directing group removal using LiAlIH; gave the corresponding
tetrahydroisoquinoline (S,S)-18an in good yield without the loss of stereochemical purity.
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CONCLUSIONS

Bis-imidates derived from ethynylglycols with alkyl and trimethylsilyl terminal
substituents undergo Lewis acid catalysed propargylic amination leading to
regioselective oxazoline formation. Complete inversion of absolute stereochemistry at
chiral center was obserserved starting from enantioenriched substrates indicating Sy2
type mechanism.

J‘\H L cL,c
0", >ccl
0~ >ccl, LS NG s =N
HN O _~ R=Alk, TMS HN\\KO\/\ o\)\
=AlK, N
\\( V\ dei " %
cCl, R R
Sy2 - mehanisms 90-96% ee

Cyclization of bis-imidates derived from ethynylglycols with terminal phenyl
substituent also proceed regioselectively affording propargylic substitution products.
However, enatioenriched substrates gave products with partial racemization of a chiral
center, indicating mixed Syl and Sy2 type mechanisms. Incorporation of
electron-withdrawing chlorine groups at the benzene ring of a substrate significantly
suppressed the racemization as a result of destabilized intermediate carbenium ion.

NH
NH o J cl,C

O~ “ccl -
o)kcm3 LA 7o ’ =N Ar=Ph 36% ee
N o s s HNY \/\ — 0 Ar=CIC¢H, 54% ee
S = 0,
\\r \/\ cel, O~ Ar \)\ Ar=Cl,C¢H; 89% ee
cel, Ar Ar
Sp1 - mechanism 36-89% ee

Etnynylglycol cobalt complexes are suitable substrates for the Ritter reaction with
acetonitrile to produce C-quaternary oxazolines. Reaction conditions tolerates broad
substrate scope, while the limitation are substrates bearing phenyl substituent at the
quaternary carbon.

OH ) Acid Me
R® " MecN =R R? R'=Alk, H
Ho\/)v o\)v R2=Alk, Ar
r' 7'z
(0C),ctf—Co(CO)s (0C),cd—Ce(CO)s

. Alkyne-Co,(CO)s complexes can be successfully cleaved using DDQ oxidant to obtain
the desired oxazolines in good yield.

Me 2 Me
WR DDQ W-iN)i1
o —7. o N
7 N\
(0C),cd—C°(C0)s R?
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5. Oxazolines obtained by bis-imidate cyclization and Ritter reaction can be efficiently
transformed into corresponding ethynylglycinols under acidic hydrolysis conditions.

MerN 1 L°®, NH,
SN s
R?

6. Picolinamide directed C—H functionalization of O-protected phenylglycinols with
alkynes using cobalt catalyst leads to 1-hydroxymethyl-1,2-dihydroisoquinoline
derivatives. Optimized reaction conditions are with Co(dpm), as catalyst, Mn(OAc)s; as
an oxidant, molecular oxygen as a co-oxidant, NaOPiv as a base, and MeOH as a
solvent 80 °C. Both terminal and internal alkynes are suitable reagents for this
transformation. In the case of monosubstituted and unsymmetrically substituted internal
alkynes, the annulation reaction is highly regioselective. The complete conservation of
stereochemistry for dihydroisoquinoline formation was confirmed by transformation of
enantioenriched phenylglycinol derivatives.

Co(ll)

HN__O x,N_O
N/‘ RN/‘
X X

7. (S,S)-Tetrahydroisoquinolines can be obtained in good vyield from
1,2-dihydroisoquinoline derivatives without the loss of stereochemical purity in two
steps, which involves diastereoselective reduction with Na/NH;3; followed by the
cleavage of picolinamide with LiAIH,.

OTBS Na/NH, OTBS | jAlH, OTBS

«__NPic —_— NPic — NH
™S ™S ™S
<99% ee
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Racemic and enantioenriched alkynyl-glycinols can be syn-
thesized by Lewis acid catalyzed cyclization reaction of bis-
trichloracetimidates derived from alkynyl-glycols. The cycli-
zation proceeds selectively to give 4-alkynyl-oxazolines as
the propargylic substitution products. Enantioenriched bis-
imidates that contain an alkyl or trimethylsilyl substituent at
the acetylene gave oxazolines with complete inversion of

configuration. In turn, considerable racemization was ob-
served in the cyclization of bis-imidates that contain a phenyl
substituent. The racemization for these substrates can be
suppressed by introduction of the electronegative substituent
at the phenyl ring. Oxazolines prepared by bis-imidate cycli-
zation reaction can be readily transformed to protected alk-
ynyl-glycol derivatives.

Introduction

Alkynyl-glycinols 3 (Figure 1) have found application as
important multifunctional building blocks for the construc-
tion of complex molecules.l'-!% Nevertheless, the literature
review revealed that there is a limited number of methods
for the synthesis of such compound types.!'='°1 Of particu-
lar interest is the access to enantioenriched alkynyl-glycin-
ols that typically relies on derivatization of Garner’s alde-
hydel>-11:12.20.21] and Ellman-type addition reactions of ter-

minal alkynes to N-sulfinyl imines.l'*!7]
cCly
e
NHR
o/gNH cat. LA O>:N HO\&
ChC__O e — T
| A Q\ R
NH R R
1 2 3

Figure 1. Alkynyl-glycinols 3 by propargylic substitution of bis-im-
idates 1.

Previously we developed the synthesis of unsaturated
amino alcohols based on allylic substitution in bis-imid-
ates.?>?7] In these systems, one of the imidates serves as an
N-nucleophile and the other as a leaving group when acti-
vated by the acid catalyst. Here we report investigation of
the propargylic substitution reaction of bis-imidates 1 de-
rived from alkynyl-glycols (Figure 1). Both regioselectivity
and chirality transfer of the cyclization were explored with
an aim to prepare alkynyl-oxazolines 2, which are precur-
sors of alkynyl-glycinols 3.

[a] Latvian Institute of Organic Synthesis,
Aizkraukles 21, Riga 1006, Latvia
E-mail: aigars@osi.lv
http://osmg.osi.Iv/
Supporting Information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejoc.201500937.
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Results and Discussion

Racemic alkynyl-glycols 6a—6j required for the synthesis
of bis-imidate 1 were prepared by addition of magnesium
or lithium acetylenides to protected acetaldehydes 4a and
4b followed by deprotection of intermediates Sa-5j.

For the synthesis of diinyl-glycols 6k and 6l, intermediate
5b was first de-silylated and then subjected to Glaser cou-
pling with bromoalkynes (Table 1). For the synthesis of vin-
ylacetylenyl-glycol 6m, de-silylation of intermediate 5b was
followed by Sonogashira coupling with vinyl bromide
(Table 1).128]

Enantioenriched ethynyl-glycols R-6a—6e were prepared
by using Noyori asymmetric hydrogenation reaction of pro-
tected hydroxyl ketones 7a-7f as a key step (Table 2).12%]
Ketones 7a-7e were prepared by oxidation of protected di-
ols 5a—5e.

Carreira’s asymmetric addition of alkynes to protected
hydroxy ketone 4b*”] was found to be the method of choice
for the synthesis of enantioenriched aryl-substituted eth-
ynyl-glycols R-6h—6j (Table 3).

The absolute configuration for representative diols R-6b
and R-6j was determined by analysis of the 'H NMR spec-
troscopic data of the diastereoisomeric diesters that resulted
from derivatization with R- and S-e-metoxyphenylacetic
acids (see Supporting Information).*!

Diols 6a—6m were converted into bis-imidates 1a—1m in
good yields by the reaction with trichloroacetonitrile in the
presence of 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU;
Table 4).

Cyclization of bis-imidates 1a—1m was achieved in good
yields with a wide range of Lewis acid catalysts: trimethyl-
silyl (TMS)OTT, BF3-Et,O, AICl;, FeCls (Table 5). In this
reaction, 4-alkynyloxazolines 2a-2m typically were ob-
tained with high selectivity over regioisomers 7a—7m. In the

Eur. J. Org. Chem. 2015, 6900-6908



Synthesis of Alkynyl-Glycinols
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Table 1. Preparation of racemic alkynyl-glycols 6.1

cord;

T8SO R aor TBSO " foa
so A, J\ S
s R e
X
(0] OH e R
o 2 1o — 7 eam
H Y
N
ab shj R
Entry R 5, yield [%] 6, yield [%]
1 Me 5a, 87 6a, 81
2 T™S 5b, 81 6b, 94
3 BnOCH, 5¢, 27 6¢, 93
4 BnOCH,CH, 5d. 45 6d, > 99
5 1Bu 5e, 78 6e, 88
6 Pent 51, 76 6f, 90
7 TIPS 5g. 60 6g, 97
8 Ph 5h, 70 6h, 91
9 2-CICeH, 5i, 70 6i, 95
10 3,5-CIC¢H; 5. 56 6. 82
11 PentC=C - ok, 88
12 TIPSC=C = 61, 791
13 CH,=CH = 6m, 881

[a] Reagents and conditions: (a) 4a, MeC=CMgBr, Et,0, 0 °C for
5a; (b) 4a or 4b, RC=CH, nBuLi, THF, -78 °C for 5b-5j: (c) 5a and
5c-5f, TBAF, AcOH, THF room temp. for 6a and 6¢—6f; (d) 5b, g,
1% HCIl, MeOH, room temp. for 6b, g; (e)5h-5j, 15 mol-%
pTsOH-H,0, MeOH, CH,Cl,, room temp. for 6h-6j; (f) 5b, KF,
MeOH 50 °C then PentC=CBr or triisopropylsilyl (TIPS)C=CBr,
NH,OH-HCI, 20 mol-% CuCl, BuNH,, room temp. for 6k and 6l;
(g) 5b, KF, MeOH 50 °C then 10 mol-% Cul, 2 mol-% Pd(PPh;),,
diethanolamine, vinyl bromide, THF, room temp. for 6m. [b] Diols
6k-6m were prepared from intermediate 5b.

Table 2. Preparation of enantioenriched alkynyl-glycols 6 by using
Noyori asymmetric reduction reaction.!

(o} 6 CY)H
a Tssoyl\ HO
S5a-e — o
% . \/\
Ta—e

R
R-6a—e

Entry R 7, yield [%)] 6, yield [%] (ee [Yo])™!
1 Me 7a, 70 R-6a, 72 (90)
2 T™S 7b, 70 R-6b, 68 (96)
3 BnOCH, Te, 83 R-6¢, 61 (92)
4 BnOCHCH, 7d, 70 R-6d, 43 (93)
5 /Bu 7e, 50 R-6e, 63 (93)

[a] Reagents and conditions: (a) Dess—Martin periodinane, CH,Cl,,
room temp. (b) Cat. 8 (6 mol-%), iPrOH room temp., then TBAF,
AcOH, THF room temp. [b] ee was determined by chiral GC for
6a, 6b, and 6e, or by HPLC by using chiral column Chiralpak 1B
for 6¢ and 6d.

case of TMS-substituted substrate 1b, the desired selectivity
for oxazoline 2b formation was improved by replacing the
TMSOTT catalyst with AICl; (Table 5, Entries 2 and 3).
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Table 3. Preparation of enantioenriched alkynyl-glycols by using
Carreira’s asymmetric alkynylation.[

A 4
Tro 2, HO_ -~
H \/\

4 R6lm R

Entry R 6, yield [%] (ee [Zo])®!

1 Ph R-6h, 79 (88)

2 2-CIC¢H, R-6i, 88 (90)

3 3,5-CICH; R-6j, 60 (93)

[a] Reagents and conditions: (a) RC=CH (2.5equiv.), (-)-N-
methylephedrine (2.2 equiv.), Zn(OTf), (2.0equiv.), TEA

(2.2 equiv.), toluene room temp. then pTsOH-H,O (15 mol-%),
MeOH, CH,Cl,, room temp. [b] ee was determined by HPLC by
chiral column Chiralpak IB.

Table 4. Preparation of bis-imidates 1 from alkynyl-glycols 6.1

CCly
OH 3 O NH
HO.
\)\ e cusc\n,oy\
R NH R
6 1

Entry R 1, yield [%]™
1 Me 1a, 73

2 TMS 1b, 85

3 BnOCH, Ic, 92

4 BnOCH,CH,» 1d, 97

5 tBu 1e, 90

6 Pent 1f, 88

7 TIPS 1g, 99

8 Ph 1h, 80

9 2-CIC4H, 1i, 85

10 3,5-CIC4H; 1j. 88

11 Pent-C=C 1k, 83

12 TIPS-C=C 11, 50

13 CH,=CH Im, 85

[a] Reagents and conditions: (a) CCI;CN, 20 mol-% DBU, molecu-
lar sieves (4 A), CH,Cl,, 0 °C. [b] Enantioenriched bis-imidates R-
1 were prepared by the same procedure as the racemic compound
in similar yields.

Chirality transfer in the cyclization reaction of enanti-
oenriched bis-imidates R-1 was investigated. Substrates R-
la-1e that contained an alkyl or TMS substituent gave ox-
azolines S-2a-2e with complete inversion of configuration
at the stereocenter (Table 6, Entries 1-5). This stereochemi-
cal outcome indicates that the Sy2 type substitution of the
Lewis acid complexed propargylic imidate with the uncom-
plexed imidate (Figure 2). Notably, this is different from all-
ylic substitution reaction with bis-imidates, which proceed
by an Sx1 type reaction mechanism.[?>242 I In turn, phenyl-
substituted bis-imidate R-1h formed oxazoline 2h with a
considerable degree of racemization (Table 6, Entry 6). One
chlorine substituent in the phenyl ring in substrate R-1i
slightly suppressed the racemization in the cyclization to
oxazoline 2i (Table 6, Entries 7-9). With two chlorines in
the phenyl ring in substrate R-1j the racemization was mini-
mal with all the catalysts explored and oxazoline S-2j was
6901
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NHBoc
b HO
mopn =
foRe R=Ph Ph
NH, + HCl N 980%
HO “ a2 o\/\\ — o
=X S
R S HNJ\CCIE
S-3b—ej R = TMS, CH,0Bn, S-Zb—e,_n C HO
74-90%  CH,CH,OBn, tBu, 2nd2hj R =TMS =
3,5-Cl,CgHs 10705 VS

Scheme 1. Transformation of oxazolines 2 into amino alcohol derivatives 3, 9, and 10. Reagents and conditions: (a) Aqueous HCI (6 M),
MeOH, room temp.; (b) Aqueous HCI (6 M), MeOH room temp. then Boc,O, NaHCO;, THF room temp.: (¢) pTsOH, pyridine, H,O

80°C.

Table 5. Substrate scope in the cyclization reaction of bis-imidates
1 to oxazolines 2.4

CCly

1a-n 2a-n 7a.n R

Entry R Cat.[b] 217 2, yield [%)]
1 Me TMSOTT > 50:1 2a, 71

2 TMS TMSOTf 9:1 2b, 82

3 TMS AICIy 35:1 2b, 91

4 BnOCH,  AICI 8:1 2. 75

5 BnOCH.CH, AICI, 41:1 2d, 80

6 tBu AICI; > 50:1 2e, 84

7 Pent TMSOTT = 50:1 2f, 82

8 TIPS AICI; 23:1 2g. 73

9 Ph TMSOTf 25:1 2h, 79
10 2-CIC¢H, TMSOTf = 50:1 2i, 70

11 3,5-CIC¢H;  AICI, 32:1 2§, 95
12 PentC=C AlCl, 11:1 2k, 86
13 TIPSC=C  AICl; = 50:1 21, 69
14 CH,=CH AICI; > 50:1 2m, 80

[a] Reagents and conditions: (a) Lewis acid, CH,Cl,, room temp.
[b] From the range of catalysts screened (TMSOTTf, BF;Et,0,
AICl3, FeCls) only the result for the best performing catalyst is
shown.

Table 6. Chirality transfer in the cyclization reaction of enantioen-
riched bis-imidates 1 to oxazolines 2.

Entry R 1. (ce [%]) Cat. 2, yield [%] (ce [%])
1 Me R-la, (90) AICl;  S-2a, 80 (90)
2 TMS R-1b, (96) AIC,  S-2b, 90 (96)
3 BnOCH, Rle, (92)  AICL,  S-2¢, 70 (92)
4 BnOCHCH, R-1d. (93) AICL,  S-2d, 75 (92)
5 (Bu R-le, (93) TMSOTF S-2e, 84 (93)
6 Ph R-1h, (88) BF5E(,0 S-2h, 80 (36)
7 2-CICeH,  R-1i, (90)  BFyELO S-2i, 90 (52)

] TMSOTS S-2i, 75 (57)

9 AICl;  S-2i, 89 (52)
10 35-CICH;,  R-1j, (93)  BFyELO S-2, 56 (86)
11 TMSOTf S-2j, 50 (89)
12 AICl;  S-2j, 79 (76)

[a] '"H NMR yield. 1.4-bis(trichlordmuthyl)bcnzcnc was used as an
internal standard.
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Figure 2. Proposed mechanisms for bis-imidate 1 cyclization reac-
tion in the case of alkyl and aryl substitution.

observed in high enantiopurity (Table 6, Entries 10-12).
These results indicate a mixed Sy1/Sx2 type mechanism in
the case of substrates that bear a phenyl group in acetylenic
position (Figure 2). The Sy1 pathway is obviously dimin-
ished by decreasing the carbenium ion stabilizing effect of
the phenyl group in substrates R-1i and R-1j.

The synthetic utility of oxazolines 2 was demonstrated
by transforming them into alkynyl-glycinol derivatives
(Scheme 1). Strong acidic hydrolysis of oxazolines S-2b—2e
and S-2j led to alkynyl-glycinols S-3b-3e and S-3j. The ab-
solute configuration for the representative amino alcohols
S-3b and S-3j was determined by analysis of the '"H NMR
spectra of the diastercoisomeric arylamines resulting from
derivatization with R- and S-1-fluoro-2,4-dinitrophenyl-5-
phenylethylamines (see Supporting Information).[32!

The hydrolysis of oxazoline 2h was followed by fert-
butoxycarbonyl (Boc)-protection without isolation of an in-
termediate to give protected amino alcohol 9. Mild acidic
hydrolysis of oxazoline 2b provided N-trichloroacetyl
amino alcohol 10.

Conclusions

In summary, we have developed a new approach to en-
antioenriched alkynyl-glycinols based on cyclization reac-
tion of bis-trichloroacetimidates derived from alkynyl-
glycols. The cyclization reaction of bis-imidates proceeds se-
lectively to give 4-alkynyl-oxazolines as propargylic substi-
tution products. Enantioenriched bis-imidates that contain
an alkyl or TMS substituent at acetylene give oxazolines
with complete inversion of configuration. In turn, consider-
able racemization was observed in the cyclization reaction
of bis-imidates that contain a phenyl substituent. The race-
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mization for these substrates can be suppressed by introduc-
tion of electronegative substituents in the phenyl ring. The
oxazolines prepared by bis-imidate cyclization can be read-
ily transformed into alkynyl-glycinol derivatives.

Experimental Section

General Information: Commercially available reagents were used
without further purification. Ru(p-cymene)[(S.S)-TsDPEN] cata-
lyst S,S-853 and protected aldehydes 4a*¥ and 4bl*] were prepared
in accordance with the procedures described in the literature. iP-
rOH was distilled from CaH,. All air- or moisture-sensitive reac-
tions were carried out under an argon atmosphere with oven-dried
glassware. Flash chromatography was carried out with Merck Kie-
selgel 60 (230-400 mesh). Thin-layer chromatography was per-
formed on silica gel and was visualized by staining with KMnO,.
NMR spectra were recorded with a Varian Mercury spectrometer
(400 MHz) and a Bruker Fourier spectrometer (300 MHz) with
chemical shift values reported relative to tetramethylsilane by using
the residual chloroform signal as an internal standard. Elemental
analyses were performed with a Carlo-Erba EA1108 Elemental An-
alyzer. HRMS were obtained with a Q-TOF micro high-resolution
mass spectrometer with ESI (ESI+/ESI-). Chiral HPLC was car-
ried out with a Chiralpak IB column. Chiral GC was carried out
with 6-TBDMS-2,3-Me-B-CD 50%, 25 m as the chiral stationary
phase.

General Procedure for the Synthesis of Protected Diols 5a—5j: nBuLi
solution in hexanes (2.5 M, 0.44 mL, 1.2 mmol) was added dropwise
to a solution of alkyne (1.1 mmol) in tetrahydrofuran (THF; 8 mL)
at —78 °C. The resulting reaction mixture was stirred at —78 °C for
30 min, then a solution of aldehyde 4a (174 mg, 1.0 mmol) in THF
(2mL) was added dropwise. The reaction mixture was stirred at
78 °C for 2h (TLC control) then saturated aqueous NH,Cl
(5mL) and Et,0O (10 mL) were added. The organic phase was sepa-
rated and the aqueous phase was extracted with Et,O (2 X 20 mL).
The combined organic phase was washed with brine, dried with
Na,SO,, filtered, and the solvents evaporated. The crude residue
was purified by chromatography on silica gel (ethyl acetate/hexanes,
1:10-1:6) to afford alcohols rac-5.

Compounds 5a,%% 5b,7) and Sel**! are known.

5-(Benzyloxy)-1-(tert-butyldimethylsilyloxy)pent-3-yn-2-ol (5¢):
Colorless oil. "H NMR (400 MHz, CDCl;): 6 = 7.39-7.26 (m, 5
H, -C¢Hs), 4.59 (s, 2 H, -OCH,Ph), 4.49-4.43 (m, 1 H. -CHO-),
4.21 (d, J = 1.7Hz, 2 H, -CH,OBn), 3.79 (dd, J = 10.0, 3.8 Hz, 1
H, -CH,0-), 3.67 (dd, J = 10.0, 7.1 Hz, 1 H, -CH,0-), 2.74-2.62
(m, 1 H, -OH), 091 [s, 9 H, -SiC(CH3);]. 0.11 [s, 6 H, -Si-
(CH;),] ppm. '*C NMR (100 MHz, CDCly): 6 = 137.5, 128.5,
128.2, 128.0, 84.6, 81.5, 71.7, 67.0, 63.3, 57.5, 25.8, 18.5, 5.2 ppm.
HRMS (ESI-TOF): m/z caled. for C,3sH,905Si [M + HJ* 321.1880;
found 321.1889.

6-(Benzyloxy)-1-(tert-butyldimethylsilyloxy)hex-3-yn-2-ol (5d): Col-
orless oil. '"H NMR (400 MHz, CDCl;): 6 = 7.38-7.26 (m, 5 H,
-CeHs), 4.54 (s, 2 H, -OCH,Ph), 4.41-4.34 (m, 1 H, -CHO-), 3.74
(dd, J = 10.0, 3.7 Hz, 1 H, -CH,OTBS), 3.63-3.55 (m, 3 H, two
signals overlapping, -CH,OTBS, -CH,CH,OBn), 2.53 (td, /= 7.1,
2.0 Hz, 2 H, -CH,CH,OBn), 0.91 [s, 9 H, -SiC(CHs)s], 0.09 [s, 6
H, -Si(CH3),] ppm. '*C NMR (100 MHz, CDCly): 6 = 138.2, 128.6,
128.2, 128.0, 83.0, 79.1, 73.1, 68.4, 67.4, 63.4, 26.0, 20.3, 18.5,
~52ppm. HRMS (ESI-TOF): m/z caled. for C,oH3,0;Si
[M + H]* 335.2037; found 335.2034.
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1-(tert-Butyldimethylsilyloxy)non-3-yn-2-0l (5f): Colorless oil. 'H
NMR (400 MHz, CDCl;): 6 = 4.41-4.34 (m, 1 H, -CHO-), 3.74
(dd, J = 10.0, 3.7 Hz, 1 H, -CH>0-), 3.60 (dd, J = 10.0, 7.5 Hz, 1
H, -CH,0-), 2.54 (d, J = 42Hz, 1 H, -OH), 2.20 [td, J = 7.2,
2.0 Hz, 2 H, -CH»(CH,);CH;], 1.54-1.46 [m, 2 H, -CH,CH,-
(CH,)>CH3), 1.40-1.25 [m, 4 H, -CH,CH»(CH,),CHj3], 0.93-0.87
[two signals overlapping, 12 H, -SiC(CHs)s, -(CH,),CH3], 0.09 [s,
6 H, -Si(CH),] ppm. '*C NMR (100 MHz, CDCls): § = 86.5, 77.9,
67.5, 63.5, 31.2, 28.4, 26.0, 22.3, 18.8, 18.5, 14.1, -5.2 ppm. GC-
MS (EI): m/z = 270 [M]*. No ionization under HRMS conditions.

1-[(tert-Butyldimethylsilyl)oxy|-4-(triisopropylsilyl)but-3-yn-2-ol
(5g): Colorless oil. '"H NMR (400 MHz, CDCls): 6 = 4.46-4.38 (m,
1 H, -CHO-), 3.77 (dd, J = 9.9, 3.9 Hz, 1 H, -CH,0-), 3.65 (dd, J
=99, 6.5Hz, 1 H, -CH,0-), 2.53 (d, J = 5.4 Hz, 1 H, -OH), 1.11-
1.02 {m, 23 H, -Si[CH(CH};),]5} 0.91 [s, 9 H, -SiC(CHs)3], 0.10 [s,
6 H, -Si(CH;),] ppm. *C NMR (100 MHz, CDCly): 6 = 105.78,
86.29, 67.21, 63.75, 25.99, 18.72, 18.45, 11.26, -5.23 ppm. GC-MS
(EI): m/z = 299.1[M — (Bu]*.

4-Phenyl-1-(trityloxy)but-3-yn-2-ol (5h): Viscous colorless oil. 'H
NMR (400 MHz, CDCly): 6 = 7.57-7.21 [m, 20 H, C¢Hs-,
-C(C¢Hs)s), 4.78-4.69 (br., 1 H, -CHO-), 3.50-3.36 (m, 2 H,
-CH,0-), 2.68-2.56 (br., 1 H, -OH) ppm. '*C NMR (100 MHz,
CDCly): 0 = 143.6, 131.8, 128.7, 128.5, 128.3, 128.0, 127.2, 122.4,
87.4, 86.9, 85.5, 67.3, 62.6 ppm. HRMS (ESI-TOF): m/z calcd. for
Cy9H,50, 405.1849; found 405.1846 [M + H]*.

4-(2-Chlorophenyl)-1-(trityloxy)but-3-yn-2-ol (5i): Viscous colorless
oil. "TH NMR (400 MHz, CDCl,): 6 = 7.39 [m, 19 H, 2-CIC¢H,-,
-C(C¢Hs)s), 4.77 (m, 1 H, -CHO-), 3.50 (dd, J = 9.3, 6.1 Hz, 1 H,
-CH,0-), 343 (dd, J = 9.3, 4.1 Hz, | H, -CH,0-), 2.68 (d, J =
5.5Hz, 1 H, -OH) ppm. '*C NMR (100 MHz, CDCly): 6 = 143.7,
136.1, 133.7, 129.6, 129.3, 128.8, 128.0, 127.3, 126.5, 122.5, 93.0,
87.0, 82.2, 67.2, 62.7 ppm. No ionization under HRMS conditions.

4-(3,5-Dichlorophenyl)-1-(trityloxy)but-3-yn-2-ol (5j): Viscous col-
orless oil. '"H NMR (400 MHz, CDCl3): 6 = 7.49-7.43 [m, 6 H,
3,5-CICsH;-, -C(C¢Hs)s), 7.34-7.22 [m, 12 H, -C(C¢Hs)3], 4.66 (td,
J = 6.0, 43 Hz, 1 H, -CHO-), 3.43-3.35 (m, 2 H, -CH,0-), 2.57
(d, J=5.7Hz, 1 H, -OH) ppm. *C NMR (100 MHz, CDCly): 6 =
143.6, 135.0, 130.1, 129.1, 128.8, 128.1, 127.4, 125.4, 90.0, 87.2,
83.0, 67.1, 62.6 ppm. HRMS (ESI-TOF): m/z caled. for
Cy9H»,Cl,0,Na [M + Na]* 495.0889; found 495.0891.

General Procedure for the Synthesis of Diols 6a, 6¢—6f: To a solution
of substrate 5a, or 5¢-5f (1.00 mmol) in THF (12 mL), AcOH
(0.17mL, 3.00mmol) and tetra-n-butylammonium fluoride
(TBAF; 0.95 g, 3.00 mmol) were added. The reaction mixture was
stirred until complete conversion (TLC control). Then triethyl-
amine (TEA; 0.40 mL) and silica gel were added and the solvent
was evaporated. The residue was purified by chromatography on a
short silica gel column (light petroleum ether/ethyl acetate, 2:1) to
afford the product.

Compound R-6a*" is known. NMR spectroscopic data for racemic
compound 6a matched these reported for enantioenriched com-
pound R-6a.

5-(Benzyloxy)pent-3-yne-1,2-diol (6¢): Colorless oil. '"H NMR
(400 MHz, CDCl;): 6 = 7.38-7.26 (m, 5 H, -CH,C¢Hs), 4.57 (s, 2
H, -OCH,Ph), 4.51-4.44 (m, 1 H, -CHOH), 4.19 (d, J = 1.7Hz, 2
H, -CH,0Bn), 3.76-3.60 (m, 2 H, -CH,OH), 3.45-3.33 (br., 1 H,
-OH), 3.12-3.00 (br., 1 H, -OH)ppm. “C NMR (100 MHz,
CDCl;): 0 = 137.2, 128.6, 128.2, 128.1, 84.6, 82.0, 72.1, 66.5, 63.3,
57.5 ppm. (R-6¢): [a]E = —13.1 (¢ = 1, CH,Cl,).

6-(Benzyloxy)hex-3-yne-1,2-diol (6d): Colorless oil. 'H NMR
(300 MHz, CDCl;): 6 = 7.39-7.33 (m, 5 H, -CH,C¢Hs), 4.57 (s, 2
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H, -OCH,Ph), 4.50-4.40 (m, 1 H, -CHOH), 3.77-3.64 (m, 2 H,
-CH-OH), 3.60 (1. J = 6.9 Hz, 2 H, -CH,CH,OBn), 2.56 (1d, J =
6.9, 1.9 Hz, 2 H, -CH,CH,OBn), 2.16 (br., | H, -OH), 2.06-1.97
(br., 1 H, -OH) ppm. *C NMR (100 MHz, CDCLy): § = 137.8,
128.5, 127.9, 127.8, 83.4, 79.4. 73.0, 68.2, 66.7, 63.3, 20.1 ppm. (R-
6d): [a]) = -9.3 (¢ = 0.8, CH,Cl,).

5,5-Dimethylhex-3-yne-1,2-diol (6e): White powder, m.p. 74-76 °C.
I'H NMR (300 MHz, CDCly): § = 4.37 (dd, J = 7.5, 3.6 Hz, | H,
-CHOH), 3.62 (dd, J = 11.4, 3.6 Hz, | H, -CH,OH), 3.53 (dd, J
= 11.4, 7.5 Hz, 1 H, -CH,OH), 3.47-3.19 (br., 2 H. two signals
overlapping, -OH), 1.15 [s, 9 H, -C(CH;);]ppm. “C NMR
(100 MHz, CDCls): 6 = 95.5, 76.2, 67.0, 63.5, 31.0, 27.5 ppm. No
ionization under HRMS conditions. (R-6e): [a]fy = —18.6 (¢ = 1,
CH,Cly). CeH,.05: € 67.57, H 9.92; found C 67.16, H 9.96.

Non-3-yne-1,2-diol (6f): Colorless oil. '"H NMR (400 MHz, CDCl5):
d = 4.47-4.40 (br., 1 H, HOCH-), 3.75-3.67 (br., 1 H, HOCH,-),
3.63 (dd, 1 H, HOCH,-), 2.39-2.28 (m, | H, HO-), 2.20 [td, J =
7.2, 20Hz, 3 H, two signals overlapping: HO- un -CH,-
(CH,),CHa], 1.56-1.45 [m, 2 H, -CH,CH,(CH.),CH,], 1.40-1.25
[m, 4 H, -(CH,)»(CH,),CH], 0.89 [t, J = 7.1 Hz, 3 H, -(CH,)4-
CH;] ppm. “C NMR (101 MHz, CDCls): 6 = 87.6, 77.9, 67.1, 63.7,
31.3,28.4,22.4,18.9, 14.2 ppm. No ionization under HRMS condi-
tions.

General Procedure for the Synthesis of Diols 6b, and 6g: Substrate
5h, or 5g (1.00 mmol) was dissolved in a methanolic HCI solution
(1%, 10 mL). The reaction mixture was stirred until complete con-
version (TLC control). Then TEA (0.40 mL) and silica gel were
added and the solvent was evaporated. The residue was purified by
chromatography on a short silica-gel column (light petroleum
ether/ethyl acetate, 1:1) to afford the product.

Compound 6g!*" is known.

4-(Trimethylsilyl)but-3-yne-1,2-diol (6b): White powder, m.p. 53-
54°C. '"H NMR (300 MHz, CDCl3): ¢ = 4.52-4.39 (br,, 1 H,
-CHOH), 3.81-3.59 (m, 2 H, -CH,OH), 2.36-2.22 (br., | H. -OH),
2.15-1.98 (br., 1 H, -OH), 0.18 [s, 9 H, -Si(CH3)3] ppm. *C NMR
(75 MHz, CDCls): 6 = 103.1, 91.7, 66.6, 63.9, —0.1 ppm. No ioniza-
tion under HRMS conditions. (R-6b): [a]fy =-24.3 (¢ = 1, CH,Cl,).
C5H 40,80 € 53,12, H 8.92; found C 53.00, H 8.91.

General Procedure for the Synthesis of Diols 6h—6j: To a solution
of substrate 5h-5j (1 mmol) in a mixture of CH,Cl, and MeOH
(2.5 mL/1.35 mL), pTsOH-H,O (0.15 mmol) was added. The reac-
tion mixture was stirred until complete conversion (TLC control),
typically overnight. Then TEA (20 pL) and silica gel were added
and the solvent evaporated. The residue was purified by
chromatography on a short silica-gel column (light petroleum
ether/ethyl acetate, 1:1) to afford the product.

Racemic compound 6h*'T is known.

4-(Phenyl)but-3-yne-1,2-diol (R-6h): NMR spectroscopic data cor-
responded to these reported in the literature for the racemic com-
pound. White powder, m.p. 60-62°C. [a]g = -26.8 (¢ = 1.0,
CH-Cl,). No ionization under HRMS conditions. C,oH ;05"
1/6H,0: C 72.71, H 6.31; found C 72.94, H 6.24.

4~(2-Chlorophenyl)but-3-yne-1,2-diol (6i): White powder, m.p. 110
112°C. '"H NMR (400 MHz, CD;0D): 6 = 7.51 (dd, J = 7.4,
20Hz, | H, -C¢H,), 7.43 (dd, J = 7.7, 1.5 Hz, | H, -CeH,). 7.32
(td, J = 7.7, 20 Hz, | H, -C4Hy), 7.26 (td, J = 7.4, 1.5Hz, 1 H,
-CgHy), 4.59 (dd, J=7.2,4.7 Hz, | H, -CHOH), 3.73 (dd, J=11.2,
4.7Hz, 1 H, -CH,OH), 3.67 (dd, J = 11.2, 7.2Hz, 1 H,
-CH,OH) ppm. C NMR (100 MHz, CDCly): 6 = 136.8, 134.6,
130.8, 130.3, 127.8. 123.9, 94.6, 82.4, 67.3, 64.7 ppm. (R-6i): [a]f}

6904

WWW.eurjoc.org

50

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

=-13.3 (¢ = 0.7, CH,Cl,). No ionization under HRMS conditions.

4-(3,5-Dichlorophenyl)but-3-yne-1,2-diol (6j): White powder, m.p.
115-117 °C. "H NMR (400 MHz, CDCL,): 6 = 7.35-7.29 (m, 3 H,
-CgH3), 4.67 (dd, J = 6.4,3.7Hz, 1 H,-CHOH), 3.84 (dd, J=11.4,
3.7Hz, | H, -CH,0OH), 3.77 (dd, J = 11.4, 6.4 Hz, | H, -CH,OH),
2.46-2.33 (br., 1 H, -OH), 2.16-1.96 (br., 1 H, -OH) ppm. 3C
NMR (100 MHz, CDCly): 6 = 135.1, 130.131, 129.3, 125.0, 89.2,
83.7, 66.4, 63.7 ppm. No ionization under HRMS conditions. (R-
6)): [a]fy = -5.4 (¢ = 0.7, MeOH).

Undeca-3,5-diyne-1,2-diol (6k): To a solution of substrate 5b
(0.20 g, 0.73 mmol) in MeOH (8 mL) KF (0.11 g, 1.83 mmol) was
added. The reaction mixture was heated at 50 °C for 7 h. After
the desilylation reaction was complete (TLC control), the reaction
mixture was cooled to room temp. and CuCl (14 mg, 0.15 mmol),
NH,OH-HCI (76 mg, 1.1 mmol), and PentNH, (0.85mL) were
added. The reaction mixture was stirred at room temp. for 10 min.
A solution of 1-bromoalkyne (0.19 g. 1.1 mmol) in MeOH (3 mL)
was added and stirring was continued for an additional 40 min un-
til TLC showed complete conversion. The reaction mixture was
poured into water (15 mL) and extracted with Et;0 (3 15 mL).
The combined organic phase was washed with saturated aqueous
KHSO, (10 mL), saturated aqueous NaCl (10 mL), dried with
Na,S0,, filtered, and concentrated under reduced pressure. The
residue was purified by flash column chromatography on silica gel
(petroleum ether/EtOAc, 1:1) to give diol 6k (115 mg, 88%) as an
oil. "H NMR (400 MHz, CDCly): 6 = 4.52-4.47 (m, 1 H, HOCH-),
3.70-3.57 (m, 2 H, HOCH,-), 2.47-2.37 (br., 1 H, HO-), 2.28 [td,
J =17.0,09Hz 2 H, -CH,(CH,);CH;], 2.21-2.09 (m. 1 H, HO-),
1.53 [m. 2 H, -CH>CH>(CH»),CH3], 1.42-1.27 [m, 4 H, -(CH,)>-
(CH,),CHs], 0.90 [t, J = 7.1 Hz, 3 H, -(CH,),CH,] ppm. '*C NMR
(100 MHz, CDCl5): 6 = 82.3, 72.9, 71.3, 66.3, 64.1, 63.6, 30.9, 27.7,
22.1, 19.2, 13.9 ppm.

6-(Triisopropylsilyl)hexa-3,5-diyne-1,2-diol (6l): Prepared similar to
compound 6k from but-3-yne-1,2-diol (41 mg). yield 101 mg (79%),
slightly yellow oil. '"H NMR (400 MHz, CDCly): § = 4.50-4.41 (m,
1 H, HOCH-), 3.76-3.61 (m, 2 H, HOCH>-), 2.45-2.33 (br., | H,
HO-), 2.14-2.02 (br., | H, HO-), 1.02 (s, 21 H, 3 iPr) ppm. *C
NMR (100 MHz, CDCls): 6 = 90.5, 87.3, 76.0, 73.2, 68.1, 65.5,
20.5, 13.2 ppm. No ionization under HRMS conditions.

Hex-5-en-3-yne-1,2-diol (6m): Following the reported procedure,*®!

Cul (12.8 mg, 0.067 mmol, 10 mol-%) and Pd(PPh;), (15.6 mg,
0.013 mmol, 2 mol-%) were dissolved in diethylamine (0.6 mL) at
room temp. under an argon atmosphere. To this reaction mixture,
a solution of but-3-yne-1,2-diol (58 mg, 0.67 mmol, 1.0 equiv.) in
THF and vinyl bromide in THF (1M, 1.OmL, L[.0I mmol,
1.5 equiv.) were sequentially added dropwise and the resulting sus-
pension was stirred at room temp. for 4 h. The reaction mixture
was concentrated under reduced pressure. The residue was purified
by flash column chromatography (petroleum ether/EtOAc, 1:1) as
an eluent to give diol 6m (66 mg, 88%) as a colorless oil. '"H NMR
(400 MHz, CD,0D): § = 5.84 (ddd, J = 17.6, 11.1, 1.8 Hz, | H,
-CH=CH,), 5.59 (dd, J = 17.6, 2.2 Hz, 1 H, -CH=CH>), 5.46 (dd,
J=11.1,22Hz 1 H, -CH=CH,), 440 (ddd, J = 6.9, 49, 1.8 Hz,
1 H, -CHO-), 3.58 (dd. J = 11.2, 49 Hz, 1 H, -CH,0-), 3.53 (dd,
J =112, 69Hz, 1 H, -CH,0-)ppm. “C NMR (100 MHz,
CD;0D): 6 = 127.0. 118.0, 89.7, 84.5, 67.3, 64.5 ppm. No ioniza-
tion under HRMS conditions.

General Procedure for the Synthesis of Ketones 7a—7e: To a solution
of alcohol 5a-5e (0.28 g, 1.31 mmol) in CH-Cl, (7 mL) Dess-Mar-
tin periodinane (0.406 m in CH,Cl,, 4.8 mL, 1.97 mmol) was slowly
added. The reaction mixture was stirred until complete conversion
(TLC control). Then the mixture was diluted with Et,O (15 mL),
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filtered through a short Celite” column and the filtrate was evapo-
rated. The residue was purified by flash column chromatography
(petroleum ether/EtOAc, 15:1) to give ketone 7a-7e.

Compounds 7b,57 and 7el*®) are known.

1-|(tert-Butyldimethylsilyl)oxy|pent-3-yn-2-one (7a): Colorless oil.
'"H NMR (400 MHz, CDCly): 6 = 4.30 (s, 2 H, -CH,OTBS), 2.03
(s, 3 H, -CH;), 092 [s, 9 H, -SiC(CH;);], 0.10 [s, 6 H, -Si-
(CH3),] ppm. '*C NMR (100 MHz, CDCl;): 6 = 186.8, 93.3, 78.2,
70.6, 25.9, 18.6, 4.3, =5.2 ppm.

5-(Benzyloxy)-1-(tert-butyldimethylsilyloxy)pent-3-yn-2-one  (7¢):
Colorless oil. '"H NMR (300 MHz, CDCl5): 6 = 7.42-7.28 (m, 5
H, -C4¢H5), 4.62 (s, 2 H, -CH,OTBS), 4.38-4.31 (m, 4 H, two signals
overlapping, -CH,OBn, -OCH,Ph), 0.93 [s, 9 H, -SiC(CH;)], 0.11
[s. 6 H, -Si(CH3),] ppm. '*C NMR (100 MHz, CDCl;): 6 = 186.1,
136.8, 128.7, 128.3, 128.2, 90.6, 83.4, 72.3, 70.5, 57.1, 25.9, 18.5,
-5.3 ppm.

6-(Benzyloxy)-1-(tert-butyldimethylsilyloxy)hex-3-yn-2-one (7d):
Colorless oil. '"H NMR (300 MHz, CDCly): 6 = 7.32-7.14 (m, 5
H. -C¢Hs), 445 (s, 2 H, -CH,OTBS), 4.22 (s, 2 H, -OCH,Ph), 3.54
(t, J = 6.8Hz, 2 H, -CH,CH,OBn), 2.58 (t, J/ = 6.8 Hz, 2 H,
-CH,CH,0Bn), 0.83 [s, 9 H, -SiC(CH;)3], 0.00 [s, 6 H, -Si-
(CH3),] ppm. '3C NMR (100 MHz, CDCly): 6 = 186.4, 137.8,
128.5, 127.9, 127.8, 93.7, 79.3, 73.2, 70.6, 67.1, 25.8, 20.7, 18.5,
5.3 ppm.

General Procedure for the Synthesis of Enantioenriched Alcohols R-
Sa—Se: To a solution of catalyst 8 (20 mg, 0.03 mmol) in degassed
iPrOH (8 mL) a solution of ketone 7a-7e (0.49 mmol) in /PrOH
(2mL) was added. The reaction mixture was stirred until TLC
showed complete conversion (from 40 min to 15 h). Then the reac-
tion mixture was evaporated and the residue was purified by flash
column chromatography (petroleum ether/EtOAc, 15:1) to give diol
R-5a-5e.

1-|(tert-Butyldimethylsilyl)oxy]pent-3-yn-2-0l (R-5a): Enantiomeric
excess (90%) was determined by chiral GC analysis [B-DEX™ 120;
30 m X 0.25 mm, d; 0.25 pm; 160 °C to 220 °C; ¢, (major) 19.4 min,
t, (minor) 19.6 min).

1-|(tert-Butyldimethylsilyl)oxy|-4-(trimethylsilyl)but-3-yn-2-0l ~ (R-
5b): [a] = 9.0 (¢ = 1.0, CH,Cl,). Enantiomeric excess (96 %) was
determined by chiral GC analysis [B-DEX™ 120; 30 m X 0.25 mm,
dp 0.25 pm; 160 °C to 220 °C; ¢, (major) 26.5min, ¢, (minor)
26.2 min).

5-(Benzyloxy)-1-(tert-butyldimethylsilyloxy)pent-3-yn-2-ol  (R-5c):
[a]y = 2.6 (¢ = 0.4, CH,Cl,). Enantiomeric excess (92%) was de-
termined by supercritical fluid chromatography (SFC) analysis on
chiral phase [Lux Cellulose 1; 4.6 X 150 mm; F = 2 mL/min, 10%
IPA + 90% Hex; T = 25 °C; ¢, (major) 9.3 min, 7, (minor) 7.2 min].

6-(Benzyloxy)-1-(tert-butyldimethylsilyloxy)hex-3-yn-2-ol  (R-5d):
[a]?y = 2.6 (¢ = 0.3, CH,Cl,). Enantiomeric excess (93 %) was de-
termined by SFC analysis on chiral phase [Chiralpak IB;
4.6 X250 mm; F = 1 mL/min, 10% IPA + 90% Hex: 7' = 25°C; 1,
(major) 7.6 min, ¢, (minor) 6.6 min].

1-|(tert-Butyldimethylsilyl)oxy]-5,5-dimethylhex-3-yn-2-0l ~ (R-5e):
[a]®) = -4.2 (¢ = 0.3, CH,Cl,) Enantiomeric excess (93 %) was deter-
mined by chiral GC analysis [B-DEX™ 120; 30 m X 0.25 mm, d
0.25 um; 160 °C to 220°C; ¢, (major) 31.0 min, ¢, (minor)
30.8 min].

General Procedure for the Synthesis of Enantioenriched Alcohols R-
5h-5j: Zn(OTY), (2.0 mmol, 2.0 equiv.) was dried under vacuum at
125 °C for 2 h. Then the flask was cooled to room temperature, the
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vacuum was released and (-)-N-methylephedrine (2.2 mmol,
2.2 equiv.) was added. The vacuum was applied for 30 min and then
released. Toluene (3 mL) and triethylamine (2.2 mmol, 2.2 equiv.)
were added and the reaction mixture was stirred at room tempera-
ture for 2 h (in some cases overnight). Alkyne (3.0 mmol, 3.0 equiv.)
was added dropwise and the reaction mixture was stirred at room
temp. for 15 min. A solution of aldehyde (1.0 mmol, 2.2 equiv.) in
toluene (I mL) was added slowly by means of a syringe pump
(within 1 h). The reaction mixture was stirred until TLC showed
complete conversion. The reaction mixture was filtered through a
short silica gel column (toluene) to afford products Sh-5j.

4-Phenyl-1-(trityloxy)but-3-yn-2-ol (R-5h): [a]f} = 12.4 (¢ = 1.0,
CH,Cl,). Enantiomeric excess (88%) was determined by SFC
analysis on chiral phase [Chiralpak IB; 4.6 X250 mm; F = 1 mL/
min, 10% IPA + 90% Hex; T = 25°C; ¢, (major) 11.0 min, ¢,
(minor) 8.0 min].

4-(3-Chlorophenyl)-1-(trityloxy)but-3-yn-2-ol (R-5i): [a]) = 2.6 (¢ =
1.2, CH,Cl,). Enantiomeric excess (90%) was determined by SFC
analysis on chiral phase [Lux Cellulose 1; 4.6 X 150 mm; F = | mL/
min, 10% IPA + 90% Hex; T'= 25 °C; 1, (major) 7.0 min, 7, (minor)
9.1 min].

4-(3,5-Dichlorophenyl)-1-(trityloxy)but-3-yn-2-ol (R-5j): [a]} = 19.9
(¢ = 1.7, CH,Cl,). Enantiomeric excess (93 %) was determined by
SFC analysis on chiral phase [Lux Cellulose 1; 4.6 X 150 mm; F =
2 mL/min, 10% IPA + 90% Hex; T = 25 °C; 1, (major) 6.1 min, ¢,
(minor) 10.2 min].

General Procedure for the Synthesis of Bis-imidates 1: To a solution
of diol 6a-6m (1.0 mmol) in CH,Cl, or THF (10 mL) molecular
sieves (4 A) were added. The reaction mixture was cooled to 0 °C
and DBU (0.25 mmol, 25 mol-%) was added. The solution was
stirred at 0 °C for 30 min, trichloroacetonitrile (4 mmol, 4 equiv.)
was added. The reaction mixture was stirred until complete conver-
sion of the starting material (TLC control). The solvent was re-
moved and the residue was purified by filtering through a short
silica-gel column (CH,Cl,). If needed, the product was purified by
flash column chromatography on silica gel (petroleum ether/
EtOAc, 10:1) to give bis-trichloroacetimidate 1a—1m.

Pent-3-yne-1,2-diyl Bis-trichloroacetimidate (1a): Colorless oil. 'H
NMR (400 MHz, CDCls): 6 = 8.50 (s, 1 H, =NH), 8.43 (s, 1 H,
=NH), 5.88-5.84 (m, 1 H, -CHO-), 4.67-4.53 (m, 2 H, CH,0-),
1.89 (s. 3 H, -CH;) ppm. '*C NMR (100 MHz, CDCly): 6 = 162.3,
161.6, 91.1, 91.1, 84.7, 71.9, 69.2, 66.6, 3.7 ppm. HRMS (ESI-
TOF): ml/z caled. for CoHyCIgN,O, [M + H]* 386.8790; found
386.8786.

4-(Trimethylsilyl)but-3-yne-1,2-diyl Bis-trichloroacetimidate (1b):
White powder, m.p. 4648 °C. '"H NMR (400 MHz, CDCl;): § =
8.54 (s, | H, =NH), 8.43 (s, 1 H, =NH), 5.93 (dd, J = 7.7, 4.1 Hz,
1 H, -CHO-), 4.68-4.57 (m, 2 H, -CH,0-), 0.17 [s, 9 H, -Si-
(CH3)s] ppm. '*C NMR (100 MHz, CDCl;): 6 = 162.5, 161.5, 97.3,
93.8, 77.4, 69.0, 66.6, —0.2 ppm. HRMS (ESI-TOF): m/z calcd. for
C;1H;sCIgN,O,Si [M + HJ* 444.9028; found 444.9029.

5-(Benzyloxy)pent-3-yne-1,2-diyl Bis-trichloroacetimidate (1c): Col-
orless oil. '"H NMR (400 MHz, CDCly): 6 = 8.57 (s, 1 H, =NH),
8.46 (s. 1 H, =NH), 7.37-7.26 (m, 5 H, -CgHs), 6.00-5.94 (m, 1
H. -CHO-), 4.68 (dd, J = 11.7, 3.9 Hz, 1 H, -CH,0-), 4.62 (dd, J
=11.7, 7.7 Hz, 1 H, -CH,0-), 4.58 (s, 2 H, -CH,Ph), 4.21 (d, J =
1.7 Hz, 2 H, -CH,0Bn) ppm. '*C NMR (100 MHz, CDCl,): § =
162.3, 161.4, 137.2, 128.6, 128.3, 128.1, 90.9, 84.0, 79.5, 71.6, 68.8,
66.0, 57.2 ppm. Unstable under HRMS analysis conditions.

6-(Benzyloxy)hex-3-yne-1,2-diyl Bis-trichloroacetimidate (1d): Col-
orless oil. '"H NMR (400 MHz, CDCls): 6 = 8.50 (s, 1 H, =NH),
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8.42 (s, 1 H, =NH), 7.37-7.24 (m, 5 H, -CsH5), 5.90 (ddt, J = 5.9,
4.0, 2.0Hz, 1 H, -CHO-), 4.64-4.56 (m, 2 H, -CH,0-), 4.52 (s, 2
H, -OCH,Ph), 3.57 (t, J = 7.0 Hz, 2 H, -CH,CH,OBn), 2.55 (td, J
= 7.0, 20Hz 2 H, -CH,CH,0Bn) ppm. C NMR (100 MHz,
CDCly): 6 = 162.7, 161.9, 138.4, 128.9, 128.2, 128.1, 91.3, 86.2,
74.3, 73.4, 69.5, 68.3, 66.9, 20.7 ppm. Unstable under HRMS
analysis conditions.

5,5-Dimethylhex-3-yne-1,2-diyl Bis-trichloroacetimidate (le): Color-
less oil. 'TH NMR (400 MHz, CDCl;): 6 = 8.49 (s, | H, =NH), 8.41
(s, 1 H, =NH), 591 (dd, J = 7.0, 4.8 Hz, 1 H, -CHO-), 4.61-4.53
(m, 2 H, -CH,0-), 1.21 [s, 9 H, -C(CH3);] ppm. *C NMR
(100 MHz, CDCls): 6 = 162.6, 161.5, 97.2, 91.2, 91.1, 71.4, 69.4,
66.7, 30.8, 27.6ppm. HRMS (ESI-TOF): m/z caled. for
C,H;5C16N-0, [M + H]* 428.9259; found 428.9248.

Non-3-yne-1,2-diyl Bis-trichloroacetimidate (1f): Colorless oil. 'H
NMR (400 MHz, CDCls): 0 = 8.49 (s, 1 H, =NH), 8.40 (s, 1 H,
=NH), 5.87 (dd, J = 9.2, 43 Hz, 1 H, -CHO-), 4.63-4.56 (m, 2 H,
-CH,0-), 2.21 [td, J = 7.1, 2.0 Hz, 2 H, -CH,(CH,);CHj;], 1.54-
145 [m, 2 H, -CH,CH)CH,),CH;], 1.38-1.22 [m, 4 H,
-CH,CH,(CH,),CHs), 0.87 [t, J = 7.1 Hz, 3 H, -(CH,),CH;] ppm.
13C NMR (100 MHz, CDClLy): 6 = 162.5, 161.7, 89.4, 72.9, 69.4,
66.9, 31.1, 28.1, 22.3, 18.9, 14.1 (-CCl; not detected) ppm. HRMS
(ESI-TOF): m/z caled. for C3H;CeN,O, [M + HJ" 442.9416;
found 442.9408.

4-(Triisopropylsilyl)but-3-yne-1,2-diyl Bis-trichloroacetimidate (1g):
Colorless oil. '"H NMR (400 MHz, CDCl;): § = 8.53 (s, | H, =NH),
8.41 (s, 1 H, =N, 590 (dd, J = 7.6, 42 Hz, 1 H, -CHO-), 4,70~
4.55 (m, 2 H, -CH,0-), 1.04 {s, 21 H. -Si[CH(CHx)]s} ppm. *C
NMR (100 MHz, CDCls): 6 = 162.5, 161.3, 110.2, 99.4, 91.1, 90.2,
69.0, 66.7, 18.6, 11.2 ppm. Unstable under HRMS analysis condi-
tions,

4-Phenylbut-3-yne-1,2-diyl Bis-trichloroacetimidate (1h): Colorless
oil. "H NMR (400 MHz, CDCls): 6 = 8.57 (s, 1 H, =N, 8.45 (s,
1 H, =NH), 7.56-7.41 (m, 2 H, -C¢Hs). 7.41-7.25 (m, 3 H, -C4Hs).
6.13 (dd, J = 7.6, 4.1 Hz, | H, -CHO-), 4.79-4.65 (m, 2 H, -CH,0-
)ppm. *C NMR (100 MHz, CDCly): 6 = 162.5, 161.6, 132.2,
129.2, 128.5, 121.8, 91.1, 87.8, 81.7, 69.0, 66.9 ppm. HRMS (ESI-
TOF): m/=z caled. for C,HeCLLNO [M — C;HNOCI;])" 287.9752;
found 287.9750.

4-(2-Chlorophenyl)but-3-yne-1,2-diyl Bis-trichloroacetimidate (1i):
Colorless oil. "H NMR (400 MHz, cdcls): 6 = 8.55 (s, 1 H, =NH),
841 (s, 1 H, =NH), 740 (d, / = 7.6 Hz, | H, -CoH,Cl), 7.31 (d, J
= 8.0 Hz. 1 H, -CaH,Cl). 7.24-7.17 (m, 1 H, -C4H,Cl), 7.17-7.10
(m, J = 7.5Hz, 1 H, -CaH,Cl), 6.12 (dd, J = 7.7, 40 Hz, 1 H,
-CHO-), 4.76-4.63 (m, 2 H. -CH,0-) ppm. *C NMR (100 MHz,
CDCly): 6 = 162.4, 161.5, 136.5, 133.8, 130.2, 129.5, 126.5, 121.8,
91.0, 91.0, 86.9, 84.4, 68.8, 66.8 ppm. HRMS (ESI-TOF): m/z
caled. for C,HgNOCIl; [M - C,HNOCL]" 321.9360; found
321.9360.

4-(3,5-Dichlorophenyl)but-3-yne-1,2-diyl  Bis-trichloroacetimidate
(1j): Colorless oil. "H NMR (400 MHz, CDCls): § = 8.60 (s, 1 H,
=NH), 8.48 (s, | H, =NH), 7.39-7.27 (m, 3 H, -C¢H>), 6.10 (dd. J
=175, 41Hz, | H, -CHO-), 4.72 (dd, J = 11.7, 4.1 Hz, 1 H,
-CH,0-), 4.68 (dd, J = 11.7, 7.5 Hz, | H, -CH,0-) ppm. *C NMR
(100 MHz, CDCly): 6 = 162.4, 161.5, 135.1, 130.3, 129.7, 124.5,
91.0, 90.9, 85.0, 84.2, 68.6, 66.5 ppm. Unstable under HRMS
analysis conditions.

Undeca-3,5-diyne-1,2-diyl Bis-trichloroacetimidate (1k): Colorless
oil. '"H NMR (400 MHz, CDCly): 6 = 8.57 (s, | H, =NH), 8.46 (s,
1 H, =NH), 5.94 (dd, J = 7.8, 3.9 Hz, | H, -CHO-), 4.71-4.57 (m,
2 H, -CH,0-), 2.28 [t, J = 7.1 Hz, 2 H, -CH,(CH,);CH,], 1.58-
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148 [m, 4 H, -(CH.)(CH,),CHi, 141-124 [m. 4 H,
-CH,CH,(CH>),CHz], 0.90 [t, J = 7.1 Hz, 3 H, -(CH,),CH:] ppm.
13C NMR (101 MHz, CDCLy): 8 = 162.4, 161.4, 90.9, 90.8, 83.3,
73.0, 68.7, 67.7, 66.7, 64.2, 31.1, 27.8, 22.3, 19.4, 14.0 ppm. HRMS
(ESI-TOF): mi= caled. for C,sH,7C,eN2Os [M + HJ* 466.9416;
found 466.9413.

6-(Triisopropylsilyl)hexa-3,5-diyne-1,2-diyl Bis-trichloroacetimidate
(11): Colorless oil. "H NMR (400 MHz, CDCls): ¢ = 8.53 (s, 1 H,
=NH), 840 (s, 1 H, =NH), 591 (dd. J = 8.0, 3.8Hz, | H,
-CHO-), 4.62 (dd, J = 11.7, 3.8 Hz, 1 H, -CH>0-), 4.56 (dd, J =
11.7, 8.0 Hz, 1 H, -CH,0-), 1.01 {s, 21 H, -Si[CH(CH;),]a} ppm.
13C NMR (100 MHz, CDCly): 6 = 162.1, 161.2, 90.7, 90.6, 88.2,
86.7, 72.9, 68.6, 68.4, 66.3, 18.5, 11.2 ppm. Unstable under HRMS
analysis conditions.

Hex-5-en-3-yne-1,2-diyl Bis-trichloroacetimidate (1m): Colorless oil.
'H NMR (400 MHz, CDCly): 6 =ppm. 'H NMR (400 MHz,
CDCly): ¢ = 8.55 (s, 1 H, =NH), 8.45 (s, | H, =NH), 6.03 (ddd, J
=7.7,4.1, 1.6 Hz, 1| H, -CHO-), 5.82 (ddd, J = 17.5, 10.8, 1.6 Hz,
1 H, -CH=CH,), 5.72 (dd, J = 17.5, 2.5 Hz, 1 H, -CH=CH,), 5.57
(dd, J = 10.8, 2.5Hz, | H, -CH=CH,), 4.70-4.60 (m, 2 H) ppm.
13C NMR (100 MHz, CDCly): 6 = 162.5, 161.6, 129.4, 116.1, 91.0,
91.0, 86.4, 82.2, 68.9, 66.7 ppm. HRMS (ESI-TOF): m/z caled. for
CHgClIgN>05 [M + H]* 398.8790; found 398.8793.

General Procedure for the Cyclization Reaction of Bis-trichloroacet-
imidates la—Im: Molecular sieves (4 A) and a Lewis acid catalyst
(0.05 mmol, 10 mol-%) were added to a stirred solution of bis-imid-
ate la—1m (0.50 mmol) in solvent (5 mL) at room temp. After the
reaction was complete (TLC control in the first minute of the reac-
tion), TEA (50 mol-%) was added to the reaction mixture and the
solvent was evaporated. The residue was purified by chromatog-
raphy on a short silica-gel column (light petroleum ether/ethyl acet-
ate, 10:1) to afford product 2a—2m.

4-(Prop-1-yn-1-yl)-2~(trichloromethyl)oxazoline (2a): Colorless oil.
'H NMR (400 MHz, [Dg]dimethyl sulfoxide): = 5.19-5.12 (m, 1
H, -CHN-), 4.86 (dd, J = 10.0, 8.2 Hz, 1 H, -CH,0-), 447 (1. J =
82Hz, 3 H, -CH,0-), 1.84 (d, J = 2.3 Hz, 3 H, -CH;) ppm. ’C
NMR (100 MHz, CDCl; dried with K,CO;): d = 163.7, 86.5, 82.7,
75.8, 58.0, 3.9 ppm. GC-MS (EI): m/z = 225 [M]*. Enantiomeric
excess (90%) was determined by chiral GC analysis [B-DEX™ 120;
30 m % 0.25 mm, d; 0.25 pm; 160 °C to 220 °C; ¢, (major) 19.2 min,
t, (minor) 18.8 min].

4-[(Trimethylsilyl)ethynyl]-2-(trichloromethyl)oxazoline (2b): White
powder, m.p. 53-34 °C. 'H NMR (400 MHz, CDCls): d = 5.07 (dd,
J =102, 9.1 Hz, 1 H, -CHN-), 4.82 (dd, J = 10.2, 8.2 Hz, 1 H,
-CH,0-), 454 (dd, J = 9.1, 8.2 Hz, | H, -CH,0-), 0.19 [s, 9 H,
-Si(CH5)3] ppm. “C NMR (100 MHz, CDCly): 6 = 164.0, 101.2,
91.2, 86.2, 76.4, 58.3, 0.3 ppm. GC-MS (EI): m/z = 283 [M]".
HRMS (ESI-TOF): m/z caled. for CoH;3CLNOSI [M + H]Y
283.9827; found 283.9833. Enantiomeric excess (96%) was deter-
mined by chiral GC analysis [B-DEX™ 120; 30 m % 0.25 mm, d;
0.25um; 160°C to 220°C; ¢ (major) 23.4min, . (minor)
22.9 min].

4-|3-(Benzyloxy)prop-1-yn-1-yI]-2-(trichloromethyl)oxazoline  (2c):
Colorless oil. '"H NMR (400 MHz, CDCls): 6 = 7.37-7.27 (m, 5
H, -C¢Hs), 5.12 (ddt, J = 10.3, 8.7, 1.8 Hz, | H, -CHO-), 4.82 (dd,
J=10.3,83 Hz, 1 H, -CH,0-), 4.59-4.53 (two signals overlapping,
3 H,-OCH,Ph, -CH,0-), 4.23 (d, J= 2.0 Hz, 2 H, -CH,0Bn) ppm.
13C NMR (100 MHz, CDCLy): 6 = 164.4, 137.3, 128.6, 128.2, 128.1,
82.9, 82.3, 77.4, 76.5, 72.1, 57.9, 57.6 ppm. HRMS (ESI-TOF): m/z
caled. for C4H3CLNO, [M + H]' 332.0006; found 332.0011. En-
antiomeric excess (92%) was determined by SFC analysis on chiral
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phase [Chiralpak IB; 4.6 X250 mm; F = 1 mL/min, 10% IPA +
90% Hex: T = 25°C; ¢, (major) 13.0 min, ¢, (minor) 14.0 min].

4-|4-(Benzyloxy)but-1-yn-1-yl]-2-(trichloromethyl)oxazoline  (2d):
Colorless oil. '"H NMR (400 MHz, CDCly): 6 = 7.38-7.26 (m, 5
H, -CyH5), 5.04 (ddt, J = 10.1, 9.0, 2.1 Hz, 1 H, -CHN-), 4.78 (dd,
J=10.1,82 Hz, | H, -CH,0-), 4.56-4.46 (two signals overlapping,
3 H, -CH>0-, -OCH,Ph), 3.59 (t, J = 6.9 Hz, 2 H, -CH,CH,OBn),
2.55 (td, J = 6.9, 2.1 Hz, 2 H, -CH,CH,OBn) ppm. “C NMR
(100 MHz, CDCl,): 0 = 164.0, 138.1, 128.6, 127.9, 127.8, 86.4, 83.8,
777, 76.8, 73.1, 68.1, 58.0, 20.4 ppm. HRMS (ESI-TOF): milz
caled. for CysH, sCI;NO, [M + HJ* 346.0163; found 346.0160. En-
antiomeric excess (92%) was determined by SFC analysis on chiral
phase [Chiralpak IB; 4.6 X250 mm; F = 1 mL/min, 10% IPA +
90% Hex; T = 25°C; 1, (major) 11.9 min, ¢, (minor) 9.7 min].
4-(3,3-Dimethylbut-1-yn-1-yl)-2-(trichloromethyl)oxazoline (le):
Colorless oil. '"H NMR (400 MHz, CDCls): § = 5.02 (dd, J = 10.0,
9.1 Hz, | H, -CHN-), 4.78 (dd, J = 10.0, 8.1 Hz, | H, -CH,0-),
443 (dd, J = 9.1, 81Hz, 1 H, -CH,0-), 1.20 [s, 9 H, -C-
(CH3)s] ppm. 3C NMR (100 MHz, CDCLy): 6 = 163.7, 95.0, 86.5,
77.1, 75.1, 58.1, 30.9, 27.6 ppm. HRMS (ESI-TOF): m/z caled. for
CoH3CINO [M + H]* 268.0057; found 268.0064. Enantiomeric
excess (93%) was determined by chiral GC analysis [B-DEX™ 120;
30 m % 0.25 mm, dy 0.25 pm; 160 °C to 220 °C; 7, (major) 26.3 min,
t, (minor) 26.1 min].
4-(Hept-1-yn-1-yl)-2-(trichloromethyl)oxazoline (2f): Colorless oil.
IH NMR (400 MHz, CDCly): & = 5.02 (ddt, J = 9.9, 8.8, 2.1 Hz,
1 H, -CHN-), 477 (dd, J = 9.9, 8.2 Hz, 1 H, -CH-0-), 447 (dd, J
= 88, 82Hz | H, -CH,0-), 2.19 [td, J = 7.2, 2.1 Hz, 3 H,
-CH,(CH,)sCH3], 1.50 [p, J = 7.2 Hz, 2 H, -CH,CH,(CH,),CHa],
1.38-1.22 [m., 4 H, -(CH,)»(CH»)>CHa], 0.92-0.81 [m. 3 H. -(CH,),-
CHs) ppm. '*C NMR (100 MHz, CDCly): é = 163.9, 87.3, 86.5,
77.0, 76.6, 58.1, 31.2, 28.2, 22.3, 18.9, 14.1 ppm. HRMS (ESI-
TOF): m/z caled. for C;;H,;sCLLNO [M + HJ]* 282.0214; found
282.0219.

4-|(Triisopropylsilyl)ethynyl]-2-(trichloromethyl)oxazoline (2g): Col-
orless oil. '"H NMR (400 MHz, CDCl5): 6 = 5.06 (dd, J = 9.9,
8.2Hz 1 H,-CHN-),4.79 (dd, J = 9.9, 8.2 Hz, | H, -CH,0-), 4.53
(t, J = 8.2 Hz, 1 H, -CH,0-), 1.05 {s, 21 H. -Si[CH(CH,)]z} ppm.
3C NMR (100 MHz, CDCly): é = 164.2, 103.6, 87.9, 86.5, 77.1,
58.6, 18.7, 11.2 ppm. GC-MS: 368 [M]".

4-(Phenylethynyl)-2-(trichloromethyl)oxazoline (2h): Colorless oil.
'"H NMR (400 MHz, CDCly): 6 = 7.49-7.43 (m, 2 H, 0-CHs-),
7.37-7.28 (m, 3 H, p.m-C¢Hs-), 5.30 (dd, J = 10.0, 8.5Hz, 1 H,
-CHN-), 490 (dd, J = 10.0, 8.5Hz, 1 H, -CH>0-), 4.66 (1, J =
8.5Hz, 1 H, -CH,0-) ppm. *C NMR (100 MHz, CDCl;): 6 =
164.3, 132,0, 129.0, 128.5, 122.2, 86.4, 86.1, 85.4, 76,7, 58.5 ppm.
HRMS (ESI-TOF): m/z caled. for C;HyCl3NO [M + H]*
287.9750; found 287.9749. Enantiomeric excess (36%) was deter-
mined by SFC analysis on chiral phase [Chiralpak IB;
4,6 X250 mm; F = | mL/min, 10% IPA + 90% Hex; T = 25°C; 1,
(major) 6.9 min, ¢, (minor) 11.8 min].

4-|(3-Chlorophenyl)ethynyl]-2-(trichloromethyl)oxazoline (2i): Col-
orless oil. '"H NMR (300 MHz, CDCly): 6 = 7.43 (dd, J = 7.4,
2.0 Hz, 1 H, -C¢H,), 7.32 (dd, J = 7.9, 1.3Hz, 1 H, -CH,), 7.25~
7.10 (m, 2 H, -Cgf1,), 5.27 (dd, J = 10.0, 8.5 Hz, 1 H, -CHN-), 4.85
(dd, J = 10.0, 8.5Hz, 1 H, -CH-,0-), 4.63 (t, J = 8.5Hz, 1 H,
-CH,0-) ppm. '3C NMR: § = 164.5, 136.4, 133.8, 130.0, 129.4,
126.6, 122.2, 90.6, 86.4, 82.8, 58.6 ppm. HRMS (ESI-TOF): m/z
caled. for C,H,CI,NO [M + HJ* 321.9355; found 321.9346. Enan-
tiomeric excess (52-57%) was determined by SFC analysis on chi-
ral phase [Chiralpak IB; 4.6 X 250 mm; F = 1 mL/min, 10% IPA +
90% Hex: T = 25 °C; ¢, (major) 9.7 min, ¢, (minor) 10.9 min).
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4-|(3,5-Dichlorophenyl)ethynyl]-2-(trichloromethyl)oxazoline  (2j):
Colorless oil. 'H NMR (400 MHz, CDCly): 6 = 7.27 (m, 3 H,
-CeH3), 5.24-5.17 (m, 1 H, -C4H,). 4.83 (dd. J=10.1, 84 Hz. 1 H,
-CHN-), 4.62-4.54 (m, 1 H, -CH>0-) ppm. *C NMR (100 MHz,
CDCly): 6 = 164.7, 135.1, 130.2, 129.4, 124.9, 87.8, 86.2, 83.4, 76.4,
58.2 ppm. Unstable under HRMS analysis conditions. Enantio-
meric excess (76-89%) was determined by SFC analysis on chiral
phase [Chiralpak IB; 4.6 X250 mm; F = 1 mL/min, 10% IPA +
90% Hex; T = 25°C; ¢, (major) 5.8 min, ¢, (minor) 6.4 min].

4-(Nona-1,3-diyn-1-yl)-2-(trichloromethyloxazoline (2k): Colorless
oil. '"H NMR (400 MHz, CDCly): 6 = 5.13-5.07 (m, 1 H, -CHN-),
4.79 (dd, J = 10.1, 8.4 Hz, 1 H, -CH,0-), 4,56 (t, J = 8.4 Hz, |
H, -CH,0-), 2.27 [td, J = 7.1, 0.8 Hz, 2 H, -CH,(CH,);CHj], 1.53
[p, J = 7.1 Hz, 2 H, -CH,CH.(CH,),CH;], 1.42-1.24 [m, 4 H,
-(CH,):(CH5),CH3), 0.89 [t, J = 7.1 Hz, 3 H, -(CH,),CH;] ppm.
13C NMR (100 MHz, CDClLy): 6 = 164.6, 86.2, 82.7, 76.2, 71.4,
71.3, 64.5, 58.3, 31.1, 27.9, 22.3, 194, 14.1 ppm. GC-MS (EI): m/z
290 [M* — Me]. Unstable under HRMS analysis conditions.

4-|(Triisopropylsilyl)buta-1,3-diyn-1-yl]-2-(trichloromethyl)oxazoline
(21) Colorless oil. '"H NMR (400 MHz, CDCl3): 6 = 5.13 (dd, J =
10.2, 8.5 Hz, | H, -CHN-), 481 (dd, J = 10.2, 8.5 Hz, 1 H, -CH,0-
), 460 (t, J = 8.5Hz, | H, -CH,0-), 1.08 {s, 21 H. -Si[CH-
(CH3)o)s) ppm. *C NMR (100 MHz, CDCly): 6 = 164.6, 88.5,
86.0, 85.9, 75.8, 72.2, 71.2, 58.0, 18.5, 11.2 ppm. Unstable under
HRMS analysis conditions,

4-(But-3-en-1-yn-1-yl)-2-(trichloromethyl)oxazoline (2m): Colorless
oil. "H NMR (400 MHz, CDCl;): 6 = 5.82 (ddd, J = 17.6, 10.9,
1.8 Hz, 1 H, -CH=CH,), 5.70 (dd, J = 17.6, 23Hz, 1 H,
-CH=CH,), 5.54 (dd, J = 10.9, 2.3 Hz, | H, -CH=CH,), 5.18 (ddd,
J =10.1, 8.6, 1.8 Hz, 1 H, -CHN-), 4.83 (dd, J = 10.1, 8.6 Hz, 1
H. -CH>0-), 4.56 (t, J = 8.6 Hz, 1 H, -CH,0-) ppm. 3C NMR
(100 MHz, CDCl;): 6 = 164.3, 128.6, 116.4, 86.4, 86.0, 84.7, 76.6,
58.3 ppm. HRMS (ESI-TOF): mi/z caled. for CgH;CI;NO [M +
H]* 237.9593; found 237.9593.

General Procedure for the Synthesis of Alkynyl-Glycinols (S-3):
Aqueous HCI (6 M, 1 mL) was added dropwise to a solution of
oxazoline S-2 (0.15 mmol) in MeOH (1.5 mL) at room temperature.
The reaction mixture was stirred at room temperature for 2 h and
the solvent was evaporated. Toluene (1 mL) was added to the reac-
tion mixture and the solvents evaporated. This procedure was re-
peated one more time. The residue was suspended in EtOAc and
filtered to give amino alcohol S-3.

2- Amino-4-(trimethylsilyl)but-3-yn-1-0l Hydrochloride (S-3b): White
powder, vield 90%, m.p. 136-139°C. 'H NMR (400 MHz,
CD;OD): é = 4.11 (dd, J = 8.2, 42 Hz, | H, -NCH-), 3.85 (dd, J
=11.6, 4.2 Hz, 1 H, -CH,0H), 3.65 (dd, 1 H, -CH,0H), 0.20 [s, 9
H. -Si(CH;)3] ppm. *C NMR (100 MHz, CD;0D): 6 = 98.5, 94.4,
63.2, 49.6, 46.6, 0.5 ppm. HRMS (ESI-TOF): m/z caled. for
C;H,¢NOSi [M]* 158.1001; found 138.0994. [a]) = 15.6 (¢ = 1.0,
MeOH).

2-Amino-7-(benzyloxy)hepta-3,5-diyn-1-ol Hydrochloride (5-3¢):
White powder, yield 75%, m.p. 110-114 °C. '"H NMR (400 MHz,
CD;0D): ¢ = 7.39-7.27 (m, 5 H. -C4H5s), 4.59 (s, 2 H, -OCH,Ph),
4,26 (d, J = 1.8 Hz, 2 H, -CH-0Bn), 4.18 (ddt, J = 7.7, 4.0, 1.8 Hz,
1 H, -CHN-), 3.87 (dd, J = 11.6, 4.0 Hz, 1 H, -CH,0), 3.70 (dd, J
=11.6, 7.7 Hz, 1 H, -CH,0) ppm. '*C NMR (100 MHz, CD;0D):
0 =137.3,128.0,127.7, 127.6, 84.0, 78.3, 71.5, 61.7, 56.5, 44.7 ppm.
HRMS (ESI-TOF): m/z caled. for C;;H;(NO, [M]" 206.1181;
found 206.1175. [a]fy = 4.1 (¢ = 0.4, MeOH).

2-Amino-8-(benzyloxy)octa-3,5-diyn-1-0l  Hydrochloride  (S-3d):
White powder, yield 81%, m.p. 120-124 °C. '"H NMR (400 MHz,
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CD,0D): § = 7.38-7.25 (m, 5 H, -C4H), 4.54 (s, 2 H, -OCH,Ph),
4.05 (ddt, J = 8.3, 4.1, 2.1 Hz, | H, -CHOH), 3.83 (dd, J = 11.6,
41Hz, 1 H, -CH,N-), 3.69-3.57 (m, 3 H, -CH,CH,OBn,
-CH,0H), 2.57 (td, J = 6.5, 2.1 Hz, 2 H, -CH,CH,0Bn) ppm. '*C
NMR (100 MHz, CD;0D): § = 137.9, 128.0, 127.5, 127.4 ppm.
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Abstract: a-Ethynyl glycine derivatives have a high potential
for functionalization by derivatization of the amino acid or acet-
ylene moiety, and, as a result, are important intermediates in
the construction of biologically active compounds, including
natural products. The main methods for the synthesis of ethynyl
glycines and glycinols can be divided into six different transfor-
mations: (a) homologations of serinal derivatives, (b) nucleo-
philic alkynylations of a-imino esters/alcohols or their precur-

sors a-halo glycinates, (c) derivatizations of alkynyl imino esters,
(d) electrophilic alkynylations of a-nitro esters and azlactones
by using hypervalent iodine reagents, (e) intra- and intermolec-
ular aminolysis reactions of epoxides, and (f) propargylic amina-
tions through the cyclization of bis(imidate). This microreview
summarizes the methods that were published from 1996 to
2015.

Introduction

The simplest a-ethynyl glycine, 2-aminobut-3-ynoic acid (1, FR-
900130), was isolated in 1980 from Streptomyces catenulae and
was shown to exhibit antimicrobial activity against Streptomyces
aureus strains (Figure 1)."-3! It has been proposed that amino
acid 1 covalently binds to bacterial alanine racemase after the
formation of its imine conjugate with pyridoxal phosphate (PLP)
cofactor. Several other alkynyl glycines are also known as mech-
anism-based inhibitors of PLP-dependent enzymes, including
ornithine decarboxylase® and -amino acid decarboxylase.”!
In addition to the biological activity of a-ethynyl glycines,
their derivatives are versatile building blocks for biologically ac-
tive compounds as exemplified by the syntheses of -erythroid-
ine (2),'®! fluoromethyl thalidomide 3,7# tumor necrosis factor-

[al Latvian Institute of Organic Synthesis,
Aizkraukles 21, Riga 1006, Latvia
E-mail: aigars@osi.lv
osmg.osi.lv

NH>
HO\[H\
S
0

1 (FR-900130)

Figure 1. a-Ethynyl glycine (1).

alpha converting enzyme (TACE) inhibitors 4, and (+)-lactacys-
tin (5)"'% from key intermediates 6-9, respectively (Figure 2).
The potential for alkynyl group derivatization in a-ethynyl
glycines has also been demonstrated in the construction of di-
verse five-membered heterocycles such as 1,2,3-triazoles,!""-'?!
oxazoles,"? isoxazoles,!' dehydroprolines,!'” and benzoprol-
ines.l'%)

This wide range of applications has enabled the develop-
ment of methods for the syntheses of a-ethynyl glycines and
their synthetically equivalent ethynyl glycinols (Figure 3). These
approaches can be divided into six different transformations:
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Figure 2. Examples of biologically active compounds prepared from a-ethynyl

glycine derivatives (Boc = tert-butyloxycarbonyl, TMS = trimethylsilyl, TBS =
tert-butyldimethylsilyl).

(a) homologations of serinal derivatives 10 and 11, (b) nucleo-
philic alkynylations of a-imino esters/alcohols 12 or their pre-
cursors a-halo glycinates 13, (c) derivatizations of alkynyl imino
esters 14, (d) electrophilic alkynylations of a-nitro esters 15 and
azlactones 16 by using hypervalent iodine reagents, (e) intra-
and intermolecular aminolysis reactions of epoxides 17 and 18,
and (f) propargylic aminations through the cyclization of bis(im-
idate) 19.

Derivatization of

NHR alkynyl iminoesters
NHR RO CJ\
s
RO,C™ Cl © Electrophilic
Nucleophilic ~ (Br) 13 % a\E;rr\:)lgt\”o‘r({
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Figure 3. General synthetic approaches toward a-ethynyl glycines.

Several minireviews have been published that focus on the
syntheses and applications of serinals 10 as alkynyl glycinol
building blocks.!'7'®1 The last comprehensive review of syn-
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thetic approaches to alkynyl glycines and glycinols was pub-
lished in 1996 by Meffre and Goffic.l'! Since then, a number of
new methods have been developed, which was the impetus for
us to summarize them in a review article. Herein, we provide
an overview of the methods for the syntheses of a-ethynyl
glycines and glycinols in racemic and enantioenriched form that
were reported from 1996 to 2015. Previously reviewed methods
regarding serinals 10, however, have been excluded.

1. Alkyne Addition to Imines

1.1. Addition to N-Aryl and N-Acyl Imines

The addition of terminal alkynes to a-imino esters is a straight-
forward approach for the synthesis of racemic and optically ac-
tive a-alkynyl glycine derivatives.?”) Because of the low stability
of most a-imino esters, however, their synthesis, purification,
and handling can be difficult.?"’ For this reason, relatively stable
N-para-methoxyphenyl-substituted (N-PMP-substituted) imino
esters are often used as substrates for the addition reactions of
alkynes. The PMP group in the product can then be cleaved by
treatment with cerium ammonium nitrate (CAN).

Chan's group developed the addition of alkyl acetylenes 21a
and phenylacetylene 21b to N-PMP-substituted ethyl glyoxylate
imine (20) under Ag' (10 mol-%, Scheme 1) catalysis.'??! Among
the examined catalysts, AgOTf (OTf = trifluoromethanesulfon-
ate), AgNO;, AgPFg, and AgClO, showed acceptable activity,
whereas AgOAc was less effective. With AgOTf as the catalyst
and hexane as the solvent at room temperature, five examples
of a-alkynyl glycine derivatives 22 were prepared in good to
excellent yields. McNulty et al. observed that prolonged expo-
sure of alkynyl glycine 22b to the AgOTf catalyst led to the
formation of the quinoline-2-carboxylic acid derivative. This
renders Ag-mediated tandem imine alkynylation/annulation as
a useful method for the construction of quinolines.'??!

NPMP cat. AGOTf NHPMP
| = —_—
Et0,C hexane, r. E10:C7 "y
R
20 21ab 22ab

yield 79-93%
R = alkyl (a), Ph (b)

Scheme 1. AgOTf-catalyzed alkynylation of N-PMP-substituted ethyl glyoxyl-
ate imine (20).

Enantioselective alkynylations of glyoxylate imines can be
problematic because of the racemization of the product under
basic conditions. Chan's group was the first to demonstrate the
asymmetric addition of alkynes to glyoxylate imine 20 by using
a nonbasic catalytic system that consisted of CuOTf-0.5C¢Hs and
chiral bis(oxazoline)-pyridine (PyBOX) ligands 23 and 24
(Scheme 2).124-281 This procedure allowed for the synthesis of
enantioenriched amino acid derivatives 22 in high yields with
high enantiomeric excess values. The lowest yield (55 %) and
enantioselectivity (48 % ee) was obtained by using trimethyl-
silylacetylene 21a (R = TMS). However, the addition of phenyl-
acetylene was less enantioselective than that of the alkyl acet-
ylenes.'>®) PyBOX 23 was the best ligand for the addition of
alkylacetylenes 21a, whereas PyBOX 24 was best for that of
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phenylacetylene 21b. Interestingly, for the addition of phen-
ylacetylene 21b, a change of the Cu catalyst/ligand 24 ratio
from 1:1 to 1:1.5 reversed the enantioselectivity to lead to the
opposite enantiomer (R)-22b as the major product.” The pro-
posed reaction mechanism involves complexation of imine es-
ter 20 and alkyne 21 to the Cu'-PyBOX catalyst A (Scheme 2,
to form intermediates B and C). The imine group of the ester
activates the alkyne to act as a base for proton transfer. The
protonated imine becomes more electrophilic, which facilitates
the addition of the alkyne to the C=N bond and leads to com-

plex D, which releases product 22 and copper-ligand complex
ARA

10 mol-% CuOTF0.5CsHs

= Ak 10 mol-% 23 ?HPMP
(TMS)  CHoCly, rt. E‘OZC/\R
21 .
NPMP 213 eld 55-00%; ee 48-01% (228
Et0,C
20 CuOTF0.5CgHg NHPMP
— % 24 £
= ph 10 mol-% E0,C7 s
CH,Cly, . Ph

21b (S)-or (R)-22b

Cu(l)/24 = 1:1; yield 80%; ee 63% of (S)-22
Cu(l)/24 = 1:1.5; yield 55-90%; ee 70% of (R)-22

@ % ”‘{h
e

Cu(lyL
o N-PMP

N >_/ “PMP

AN R\/21

'Cu(l)

D\/

Ei0 ¢

Cu(l)'

~PMP

Scheme 2. Cu'-PyBOX complex catalyzed alkynylation of glyoxylate imine 20.

Rueping's group reported a procedure for the enantioselect-
ive addition of aryl alkynes 21b to methyl glyoxylate imine 25
by using the catalytic system that consisted of AgOAc and chiral
1,1"-bi-2-naphthol  (BINOL) derived phosphoric acid 26
(Scheme 3).127) Catalyst screenings revealed phenanthryl-substi-
tuted phosphoric acid 26 as the optimal cocatalyst to lead to
the formation of (R)-27 in good yields high enantioselectivity.
According to the proposed mechanism, chiral phosphoric acid
26 activates imine 25 to form chiral ion pair E. In a concurrent
catalytic cycle, AgOAc activates alkyne 21 to form silver acet-
ylide F, which then undergoes a reaction with complex E to
give product 27 (Scheme 3).
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5 mol-% AgOAc

NHPMP
NPMP A 10mok%26 1
MeQ.C toluene, 30 °C MeO2C
Ar
% 20 eid 60-93% (R-27
er 91:9-96:4

PMP Ar

26, R = phenanthryl
26 27

Scheme 3. AgOAc/chiral phosphoric acid catalyzed enantioselective alkynyl-
ation of glyoxylate imine 25.

Stefani et al. have shown that more reactive potassium alkyn-
yltrifluoroborate salts 28 can be used, instead of terminal alk-
ynes, in the addition reaction to glyoxylate imines 20 and 29
to give a-alkynyl glycine derivatives 22 and 30 (Scheme 4).12%!
The reaction requires Yb(OTf); as the Lewis acid catalyst, which
was superior among the catalysts that were screened. There
was also a broad scope of substrates that could be employed
with alkynyl borates 28. Besides N-PMP imines 20, some N-aryl-
imines 29 were used as substrates. For a reaction mechanism,
the authors proposed that Yb(OTf); acts as a defluorinating
agent. Yb(OTf); converts alkynyltrifluoroborate 28 into the
more electrophilic alkynyldifluoroborate 31, which coordinates
to imine 20 or 29 to form nitrogen-boron complex G. The mi-
gration of the alkynyl group of G leads to the formation of
the C-C bond. Dissociation of resulting complex H releases the
corresponding product and the catalyst to initiate the next re-
action cycle (Scheme 4).

1
j‘R' L 10 mol-% Yb(OTf), NHR
go,c” TR BFK El0,C
CH,Cly, it -
20,29 28 ) 22,30
yield 50-90%
20:R" = PMP 22: R' = PMP, R? = Alk, Ar, Me;Si
29: R' = 2-Me-4-MeO(CgHs) 30: R' = 2-Me-4-MeO(CsH:)

4-1(CgHs), 4-Br(CgH5)
R? = Alk, Ar, Me;Si

22,30
F Yb(OTf) \Q
1

F-By-

o

TiO.,./
o~ 0 OFt
E

4-1(CgHs), 4-Br(CgHs), R? = Ar

H k\&“"w} 20,29

Tfo’vb OE‘
G

Scheme 4. Yb(OTf);-catalyzed addition of potassium alkynyltrifluoroborates
to glyoxylate imines 20 and 29.

Li's group reported synthesis of a-alkynyl glycines 33a by
the C-H bond functionalization of N-PMP-protected glycine
amides 32a using a cross-dehydrogenative coupling reaction
with aromatic alkynes (Scheme 5).29 In this case, the reaction
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conditions involved CuBr as the catalyst and tert-butyl hydro-
peroxide (TBHP) as an oxidant. According to the proposed
mechanism, Cu' has a dual role in this reaction. It is involved in
the oxidation of amine 32 to give the corresponding imine 34
and the formation of the copper acetylide nucleophile from
alkyne 21b. Notably, only glycine amides 32a were suitable
substrates for this transformation, whereas glycine ester 32b
gave a complex mixture of products. The higher oxidation po-
tential of ester 32b compared with amides 32a and the lower
stability of imine intermediates 20 formed from the ester may
be an explanation. Only aryl-substituted acetylenes 21b, which
were used in threefold excess amounts, were reported as the
alkyne components.

NHPMP
. 10 mol-% CuBr, o)
R' /[ TBHP Z
PMPHN ™" + ?@ T chct 7 1
& Mgz CHChrt el p NHR
32ab 21b  yield (a) 50-78% 33a

(b) no reaction
R" = NHAIk, 1-pyrrolidinyl (a); OEt (b)

CI.I”
R? = Br, Ph, Me, OMe, H

PMP. R'
32ab —— NFY
o]

34a, 20

34a: R' = NHAIK, 1-pyrrolidinyl
20: R'= QEt

Scheme 5. Functionalization of glycine amides by cross-dehydrogenative cou-
pling with aromatic alkynes.

In general, ketimino esters are much less reactive than ald-
imine esters towards the addition of alkynes. However, ket-
imines that are derived from fluoropyruvates are considered ac-
tivated substrates. Osipov's group reported the synthesis of ra-
cemic a-ethynyl trifluoroalanine esters 37 by using the addition
of sodium acetylide 36 to N-protected imines 35, which were
derived from a-triflucropyruvate (Scheme 6).2% The best yield
(67 %) was obtained from N-Cbz-protected (Cbz = carbobenzyl-
oxy) imine 35b. The protected a-ethynyl trifluoroalanine esters
37 were then subjected to Sonogashira coupling reactions with
a range of iodobenzenes to give derivatives 38.

Na ? H 36 HN’PQ
-Pg . FaC e
NI THF, =50 °C MeO,C = H
F4C” "CO;Me 37a—c
3 7 yield 61-69%
35a-c

Arl, cat. Pd(Ph;),Cly
cat. Cul, Et;N yield 68-91%

DMF, rt.
Pg = a) Bog; b) Cbz; c) PhSO, Hn-Fo
FC R
R=H, 2-Me, 4-Me, 2-Me0, ~ MeOC b2
2-NO;, 2-NH; 38a-c Z

Scheme 6. Addition of sodium acetylide to trifluoropyruvate imines 35a-35¢
(Pg = protecting group, THF = tetrahydrofuran, DMF = N,N-dimethylform-
amide).
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Zhang's group reported the first enantioselective BINOL (40)
catalyzed alkynylations of a-fluoroalkyl ketimine esters 39a,
which were promoted by a stoichiometric amount of ZnMe,, to
give amino acid esters 41 (Scheme 7).B" Less reactive a-phenyl
ketimine esters 39b could also successfully undergo the enan-
tioselective alkynylation when a nitro group was introduced as
an aryl substituent to enhance the electrophilicity.2? For this
substrate, the enantioselectivity considerably improved when
the substrate contained a tert-butyl ester group. Notably, sub-
stituents at the 3,3"-positions of BINOL catalyst 40 had a crucial
effect on the enantioselectivity of the reaction. The best ligand
for the enantioselective addition of the alkyne to fluorinated
substrates 39a was trimethylsilyl (TMS)-substituted BINOL 40a,
whereas for aryl imino esters 39b, it was trifluoromethanesulf-

onyl (Tf)-substituted BINOL 40b.
R2\©:OME
NH

CO,R?

=R 21

+ ZnMe;

Rz\@%"e 5 mol-% 40a or 40b
N

toluene, r.t.
A

R!'” TCOsR®
3%ab

R

W

a)R' = CF;, CF,Cl, CF,Br, R2=H,
R® = Me, R* = Ar, Alk, TMS
ligand: 40a, yield 76-93%; ee 89-99%

IlOH
R

40a, R = TMS
40b, R = Tf

b) R' = Ar, R? = NO, R®=1Bu,
R* = Ar, Alk, TMS
ligand: 40b, yield 84-98%; ee 86-98%

Scheme 7. Zn/substituted BINOL catalyzed acetylene addition to ketimine
esters 39a and 39b.

A slight modification to the reaction conditions along with
an increased loading of both ZnMe; (2 equiv.) and ligand 40a
(10 mol-%) was then used for the highly enantioselective addi-
tion of diynes 43 to trifluoroalkyl imine esters 42 (Scheme 8).%3!

=R & ZnMe;, R
+ 10mol-% 408 .
R1 —_—=
@\ toluene, 0 °C = NH
| 2
x yield 76-94%; o COR
/.']‘\ e6 86-97% Chy Wy
F,C” “CO,R? YRR \N
42 R
R = Ar, Alk, TIPS
R' = 2-MeO; 4-MeO; 2,4-diBr-6-MeO
R? = Et, Me

Scheme 8. Zn/substituted BINOL catalyzed diyne addition to ketimine esters
42 (TIPS = triisopropylsilyl).

Ohshima's group developed an enantioselective procedure
for the synthesis of a-alkynyl glycine derivatives 47, which
avoids the use of stoichiometric amounts of organometallic rea-
gents. The addition of terminal alkynes 21 to trifluoropyruvate
imine 45 was achieved by using rhodium=-bis(oxazolinyl)phenyl
(Rh-PheBOX) catalyst complex 46 (Scheme 9).*! For addition of
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alkyl- and silyl-substituted acetylenes 21a, the loadings of the
catalyst and alkyne components were increased twofold relative
to those for reaction with aryl-substituted acetylene 21b to af-
ford product 47 with high enantioselectivity. Moreover, for
alkyl-substituted acetylene 21a, premixing the Rh-PheBOX cat-
alyst with the alkyne component at 30 °C followed by the addi-
tion of imine 45 at 0 °C was very important to achieve high
enantioselectivity. A reason for this may be that a higher tem-
perature was needed to form the catalytically active Rh-acet-
ylide complex, whereas a lower temperature was required for
the enantioselective addition step.

=—R 21ab

+ Cat 46 I
NCbz toluene EtO,C = R
FiC™ "COEt 47
45

for 21a: 5 mol-% 46, 0 °C
for 21b: 2.5 mol-% 46, r.t.

yield 82-99%, ee 79-96%

R = a) Alk, Me3Si; b) Ar

NO;

46

Scheme 9. Rh—PheBOX catalyzed addition of alkynes to pyruvate imine 45.

1.2. Three-Component Coupling Reaction of Aldehyde,
Amine, and Alkyne

Chan's group was the first to describe the synthesis of pro-
tected alkynyl amino acids by employing the copper(l)-cata-
lyzed three-component reaction of ethyl glyoxylate (48), p-
anisidine (49), and terminal alkynes 21 (Scheme 10).*% Both
alkyl-substituted alkynes and phenylacetylene were suitable re-
agents to provide products 22 in good yields. For the reaction
mechanism, the authors proposed that the copper(l) catalyst
activates the C-H bond of terminal alkyne 21 to form the corre-
sponding copper acetylide I. The further reaction of I with a-
imino esters J, which are generated in situ from ethyl glyoxylate
(48) and p-anisidine (49), then release 22 and the copper(l)
catalyst (Scheme 10).

OMe 10 mol-%

0 CuOTH0.5CsHs NHPMP
H +
E“})Hf CHyCly, rt Ei0.C” "y .
o} )
ield 61-81%
48 NH, © 22,R=Alkyl, Ph
R—= 4
21
o
R————=Cu 4
] Et0,C” H '? 8+ 49
J
+H" H,0
21 cu* 22

Scheme 10. Copper(l)-catalyzed three-component coupling reaction of ethyl
glyoxylate (48), p-anisidine (49), and terminal alkynes 21.
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The same group also reported an enantioselective version of
the above reaction by using PyBOX ligand 23 and a copper(l)
triflate-benzene complex as the catalyst (Scheme 11).5°! The
enantioselectivity of this reaction was similar for both alkyl- and
phenyl-substituted alkynes 21.

10 mol-% CuOTF0.5C4Hs

NHPMP
10 mol-% PyBox 23
48 + 49 + 21 Et0.C
CH,Cl, 1. 2 /\R
22
yield 61-80%
ee 66-74%

Scheme 11. Copper(l)/PyBOX complex catalyzed enantioselective three-com-
ponent reaction.

Singh's group investigated the use of several PyBOX 23 ana-
logues in the three-component reaction of ethyl glyoxylate
(48), p-anisidine (49), and terminal alkynes 21.1¢! High yields of
the product 22 were achieved, but the ee values did not exceed
56 %.

Stefani et al. reported the Yb(OTf);-catalyzed three-compo-
nent reaction of alkynyltrifluoroborate salts 28 with ethyl glyox-
ylate (48), and either aniline 49 or 50 to give protected alkynyl
amino acids 22 and 51, respectively (Scheme 12).27) Both alkyl-
and aryl-substituted alkynyltrifluoroborates were suitable com-

ponents in the reaction.
R
10 mol-% Yb(OTf); HNQ

+ 48
o NaySO,
CH,Cl, r.t. R
49, R' = OMe 28 yield 53-84% 22 R' = OMe
50,R'=Br  RZ=Alkyl, Aryl, TMS 51,R'=Br

Scheme 12. Yb(OTf);-catalyzed coupling of alkynyl trifluoroborates with ester
48 and anilines 49 and 50.

1.3. Addition to a-Halo Glycinates

Early approaches to the synthesis of racemic alkynyl amino
acids were carried out by coupling a-halo glycinate 52 either
with bis(trimethylsilyl)acetylene (53) and promoted by AICl;
(Scheme 13),1%8] with alkynyl tin reagents in the presence of
ZnCl,,B% or with alkynyl Grignard reagents.*% These methods
have been previously reviewed.!'*!

o

JOL iMes AICI MSOJLNH
HN™ “OMe 3 —

+ [ ———)
I CH,Cly, 0-25 °C # COMe "—&
ClI~ “CO;Me SiMey Me;Si
"
52 53 69% 54

Scheme 13. Addition of bis(trimethylsilyl)acetylene to a-chloro glycinate 52.

A recent application of a-chloro glycinate 52 alkynylation
involved the synthesis of TACE inhibitor 4, which was reported
by Girijavallabhan et al., and includes AICl;-promoted coupling
of compound 52 with bis(trimethylsilyl)acetylene 53 to give key
intermediate 54 (Scheme 13). Ren et al. used the same condi-
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tions to prepare '*C- and ">N-labeled intermediate 54 for the
synthesis of a labeled analogue of another TACE inhibitor.#"!

1.4. Addition to N-Sulfinylimines

Barrow et al. showed the first example of the diastereoselective
addition of phenylacetylene to an N-tert-butylsulfinyl aldimine
55 to obtain the N-sulfinyl-protected ethynyl glycinol derivative
56a and 56b in high yield but with moderate diastereoselectiv-
ity (Scheme 14).4?) Later, Wang's group developed an improved
version of this reaction by changing the hydroxyl protecting
group of sulfinimine 55 to the tert-butyldiphenylsilyl (TBDS)
group and using alkynylmagnesium chloride instead of the
bromide.*3! These modifications resulted in almost exclusive
formation of anti-Ellman diastereomer 56b (dr >1:99) in the ad-
dition reactions of Grignard reagents derived from phenyl-,
TMS-, and n-propylacetylene to sulfinimine 55. Importantly, the
chiral auxiliary in addition products 56 can be conveniently re-
moved under mild acidic conditions.
R? R?
g o RZ—=-Mgx @ | 0 |=h
oS P OR! — tBu'S'H oR! tBu,S,H/\,DR'
55 X =Cl, Br

yield 73-93%

2 —

56a

"Ellman"

56b
"anti-Ellman"

R'=TBS, R? = Ph, X = Br 56a:56b = 1:3.4
R'=TBDS, R? = Ph, TMS, nPr, X = Cl 56a:56b >1:99

Scheme 14. Addition of alkynyl Grignard reagents to N-tert-butylsulfinyl
aldimines 55 (DCM = dichloromethane).

According to the stereoinduction model that was proposed
by Ellman, the addition of Grignard reagents to N-sulfinyl ald-
imines proceeds through chair-like transition state K, which re-
sults from the coordination of imine (E)-55 with the organo-
metallic reagent, to lead to diastereomer 56a (Scheme 15).
When sulfinyl imine 55 contains a protected hydroxyl group,
the selectivity is reversed. To explain, Barrow et al. proposed
the formation of bicyclic-chelated transition state L, which in-
volves the coordination of the imine (2)-55 and the additional
coordination of the oxy group with the magnesium atom of the

0 H  RMgX “Ma-R o R
n /Mg
" |Bu-g—N; —_— S. OR
IBu'S‘ N i TOR Bu” NJ\/
55 OR K 56a
"Ellman"

O-Mg-R
fBu~S’~N g

<H
o Ra';r

o H o R
n RMgX : L : rog
P . R
rBu'S‘N)\ B> ”’\/0
55 OR OR 56b

H.,
MgO-,

-~ RMgX “anti-Ellman"
.

|

tBu
M

Scheme 15. Stereoinduction models for Grignard addition to sulfinyl
aldimines.
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incoming nucleophile. Alternatively, anti-Ellman selectivity can
be explained by open transition state M, which was proposed
by Davis. In this case, the six-membered transition state is hin-
dered by the chelation of the magnesium atom of the Grignard
reagent to the sufinyl group, which results in an acyclic transi-
tion state and the addition of another organomagnesium mol-
ecule.

O'Shea's group reported one example of the alkynylation of
N-tert-butylsulfinimine ester 57 with alkynylsilane 58 by em-
ploying the TMSO/Bu,N* system as the Lewis base activator
(Scheme 16).441 As a result, a-alkynyl glycine derivative 59 was
produced in moderate yield and good diastereoselectvity.

Ph
0 COEt TMSOK, BuyNCI 9\\1 CO,Et
BN Py * Ph—=——TMS ——————= Y

THF,-60°c  (BuTN” “Ph
57 58 59
yield 47%, dr 9:1

Scheme 16. Addition of alkynylsilane 58 to N-tert-butylsulfinimine ester 57.

Zanda's group performed the synthesis of enantiomerically
pure a-ethynyl trifluoroalanine ester (S)-64 by using the stereo-
selective addition of ethynylmagnesium bromide to N-tolyl-
sulfinimine ester 62 (Scheme 17)."%! Sulfinimine (S)-62 was pre-
pared by a Staudinger (aza-Wittig) reaction of ethyl 3,3,3-tri-
fluoropyruvate (61) with iminophosphorane (5)-60 and then
used, without isolation, in the alkynylation. The reaction pro-
ceeded with good diastereoselectivity and overall yield. After
purification, major diastereomer (25,5)-63 was obtained with a
diastereomeric excess value of 97.5 %. The cleavage of the p-
toluenesulfinyl group from (5,5)-63 was successfully accom-
plished by treatment with TFA/MeOH to give a-ethynyl tri-
fluoroalanine ethyl ester 64.

CF3COCO,Et
N0 0 FOFE | —_mger
S PP e SN e | T
To™ N THF, 40 °C 3
(S)-60 (5)-62
yield 75% for 2 steps; de 84%
A0 COEt TEA CF,C00 COZEt
I s, L . +
Tol”~ "N % CF3 HaN "~ 5CF3
A MeOH W
(28,55)-63 (S)-64

Scheme 17. Synthesis of a-ethynyl trifluoroalanine through the stereoselect-
ive ethynylation of N-tolylsulfinimine (Tol = p-tolyl, TFA = trifluoroacetic acid).

2. Derivatization of Alkynyl Imino Esters

Shimizu et al. developed a tandem reaction that involves an
umpolung of imino esters 65a-d by the addition of the Gri-
gnard reagent to the nitrogen atom followed by an o-acylation
of intermediate 66 (Scheme 18).1%¢! The one-pot procedure pro-
vided quaternary a-ethynyl glycine derivatives 67 in moderate
to good yields. Sterically hindered pivaloyl or isobutyryl chlor-
ide either gave very low yields or failed to react. It was also
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observed that 67 was unstable under the reaction conditions.
However, by decreasing the reaction time, the yield of 67 con-
siderably improved.

1.1 equiv.

N EtMgBr
i —_ \
THF,-78°C 0
'/\COQEI /H/

R R! OEt
65a-d 66
5 equiv. R?COCI
yield 54% to quant.
MeO
R'= Ar (a), TIPS (b), TES (c), cyclohexeny! (d) \©\Na

R?= Ar, Alk
1// CO,Et
)
67

Scheme 18. Tandem N-alkylation and a-acylation of alkynyl imino esters 65a—
d (TES = triethylsilyl).

When N-alkylation intermediate 66 was oxidized with 1,3-
dibromo-5,5-dimethylhydantoin (DBDMH), iminium ion 68 was
generated in situ (Scheme 19). This intermediate was then
treated with EtMgBr to give products 69 in moderate yields.

then 1.5 equiv.

MeO. MeO.
L Clgee
IN DBDMH, r.t. INEt
/\coza . p

65a,b,d

3 equiv. EtMgBr,
THF, -78 °C,

CO,Et
R

R = Ar (a), TIPS (b), cyclohexenyl (d) 3 equiv. EtMgBr,

yield 39—73%J 78°C

NEt
= CO,Et
/ET 2

69

R

Scheme 19. Tandem N-alkylation, oxidation, and a-alkylation of f3,y-alkynyl a-
imino esters 65a,b,d.

The same group reported a related approach for the in situ
generation of iminium salt 71 by oxidation of amino silyl ketene
acetal 70 with DBDMH. This was followed by treatment with
Grignard reagents to give C-quaternary ethynyl glycine deriva-
tives 72 in low to moderate yields (Scheme 20).147!

Ishihara's group developed a synthesis for alkynyl glycines
73 by using a highly regio- and diastereoselective alkyl addition
to the carbon atom of the imino group in ester 65a
(Scheme 21). The addition reaction was achieved by using a
zinc(ll)ate complex ([RsZn] [MgX]*[{MgXy},]), which was pre-
pared in situ from a Grignard reagent (RMgX) and ZnCl,.®! It
was proposed that the Lewis acidic [MgX]* ion activates the
carbon atom of the imino group by N- and O-chelation of the
(E) isomer (complex N, Scheme 21) to promote attack by the
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s N _—
ph””  Otes EfCN.-78°C = COkE
70 71
; 2 equiv. RMgBr
_E79
yield 24-57% | gioN, -78 °Ctort.
NBn,
Vi A CO,Et
Ph
R = Me, Et, vinyl, Ph 72

Scheme 20. Tandem oxidation/a-alkylation of amino silyl ketene acetal 70.

MeO MeO.
\©\ iv. RMgClI \©\(E
N 3.3 equiv. RMgCl N

) +
"-MgCl
| 1.1 equiv. ZnCl, | O
————————
L N
Ph Ph OEt
i yield 95-97% ii R‘inRz
Me°©l
NH
R=Et, iPr h R COEt
73

Scheme 21. C-Selective addition of zinc(l)ate reagents to alkynyl imino esters
65a.

nucleophilic zinc(ll)ate [R;Zn]". These conditions were also suc-
cessfully used in the case of the less reactive iPrMgCl Grignard
reagent.

The diastereoselective addition of zincate reagents to chiral
8-phenylmenthyl esters 74 was also developed (Scheme 22).
However, for this type of substrate, the regioselectivity of the
addition decreased significantly to lead to N-alkylation products
along with the desired product 75. To suppress the N-alkylation,
a more reactive mixed zinc(ll)ate complex ([R(Me;SiCH,),Zn]~
[MgX]*[{MgX,},]) was used. In some cases, the use of LiCl as an
additive or the use of Me;SiCH,Li, instead of the Grignard rea-
gent, improved the reactivity and regioselectivity of the reac-
tion. These modified procedures made it possible to obtain 75
in good yield and high diastereoselectivity.

In proposed stereoinduction model O, the bulky 8-phenyl-
menthyl group shields the re face of imino group to direct at-
tack of the nucleophilic [R3Zn]~ moiety exclusively from the si
face (Scheme 22).

Chen's group has reported synthesis of three alkynyl glycine
derivatives 80 by employing an enantioselective aza-Morita—
Baylis-Hillman reaction of N-tosyl alkynyl imino esters 76 with
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dr=99:1
H
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' 1
RZ=Alkyl, Bn, cyclohexyl 75

Scheme 22. Diastereoselective zinc(ll)ate addition to chiral imines 74.

acrolein (77, Scheme 23).%%' Good yields and high chiral induc-
tion was achieved by using a combined catalytic system that
consisted of B-isocupreidine (78) and (R)-BINOL (79).

NTs 10 mol-% 78
10mol-% 79  TsHN, CO,Et
—_—

/L rCHc)
Et + CHO
. z TCoE || THF, —40 °C /<ﬂ’
76 77 R™ g0

yield 70-90%

R =3-CICgHy, Ph, 4-MeOCgH,  ee 88-92%

¢ 90
OH
N/ N P OH
= N
78 79

Scheme 23. Enantioselective aza-Morita-Baylis—Hillman reaction of alkynyl
imino esters 76 with acrolein (Ts = para-toluenesulfonyl).

3. Alkynyl lodonium Salt Mediated
Alkynylation

Waser's group reported the first electrophilic alkynylation of a-
nitro esters 83 by using the hypervalent iodine reagent TMS-
ethynyl-1,2-benziodoxol-3(1H)-one (81b) to give nitro esters 84
(Scheme 24).°% For the alkynylation reaction, tetra-n-butyl-
ammonium fluoride (TBAF) was used both as a base for the
enolate formation and as a desilylating agent for the generation
of reagent 82. A control experiment showed that desilylation
does not occur at the product stage, which led the authors to

R3Si Q
\ \\ OEN\A\OR‘
-0 TBAF 1-0 R® 83  O,N__COR'
o ——~ o — = Tr
THF yield 75-93% N
81 82

R=a)iPr,b)R =Me R' = Me, Et, tBu; R? = Me, Bn, Ph

Scheme 24. Alkynylation of a-nitro esters 83 with ethynyl benziodoxolone
81.
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propose that reagent 82 is involved in the ethynylation reac-
tion.

a-Nitro ester 84 (R' = Et, R? = Bn) was converted into the
corresponding a-ethynyl a-amino acid derivative 86 by em-
ploying a two-step sequence (Scheme 25). First, the reduction
of 84 by using Zn dust afforded hydroxylamine 85. Forcing this
reaction to obtain the amine resulted in the concomitant reduc-
tion of the triple bond. However, a selective reduction could be
performed by using Sml; in a THF/tBuOH solution. The acyl-
ation of the amino group provided derivative 86.

Zn,NH,Cl HOHN_ COLEt  Smly FiC. .0
o Smbe
EtOHH,0 57 Sy THF, fBuOH HN><0251
then TFAA B S
94% 85 67% 86

Scheme 25. Reduction of propargylic nitro ester 84 to give «-amino acid
derivative 86 (TFAA = trifluoroacetic anhydride).

The reaction mechanism of the alkynylation was investigated
by using 'C-labeled hypervalent iodonium reagent 82 to
discriminate  between two possible reaction pathways
(Scheme 26). Pathway A involves the addition of the enolate
of ester 83 to the iodine atom in reagent 82. The resulting
intermediate P then undergoes a reductive elimination to pro-
duce '*C-labeled 84a. The authors, however, did not observe
the formation of this product, and '*C-labeled 84b was de-
tected instead. The formation of such a product can be ex-
plained by Pathway B, which involves the conjugate addition of
the enolate to the alkyne to form intermediate Q. Elimination
of the aryl iodide gives carbene R, which undergoes a 1,2-
hydride shift to lead to product 84b.

Nachtsheim et al. developed the efficient alkynylation of
azlactones 87a,b by using phenyl iodonium salt 88ab as an
electrophilic alkyne source (Scheme 27).1*" The resulting alkyn-
ylation product 89a-c can then be readily converted into C-
quaternary amino acid derivatives 90 through a methanolysis
of the azlactone ring.

During the reaction mechanism, the authors propose the for-
mation of vinylidene carbene intermediate S followed by a
[1,2]-migration to give product 89b-d (Scheme 28, Pathway A).
Products 92 and 93, which were generated from a [1,5]-inser-
tion of carbene into the C-H bond of the side chain, were also
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Scheme 26. Proposed mechanism of alkynylation with ethynyl benziodoxol-
one 82 (EWG = electron-withdrawing group).

DIPEA .
2_— | 3 1 R
gt R IPhTsO R = R!
1 _ BBap ,le NaOMe BZHNQ\
—= MeO.C”
Ph/& Ph~g =0 quant. = R?
87a,b 89ab.c 20
87a: R' = Alk, CH,Ar 88a: RZ=TMS 89a: R' = Alk, Ar R? = TMS; yield 60-94%
87b: R' = jBu 88b: R?=Ph 89b: R' = iBu, R? = Ph; yield 84%

89c: R' = jBu, R?= TMS; yield 96%

Scheme 27. Alkynylation of azlactones 87a,b with alkynyl iodonium salt
88a,b (DIPEA = N,N-diisopropylethylamine).

observed (Scheme 28, Pathway B). The chemoselectivity of the
reaction was dependent on the hypervalent iodane reagent
that was employed. TMS-ethynyl-substituted iodane 88a (R =
TMS) gave the best results and exclusively formed [1,2]-migra-
tion products 89¢ in up to 96 % yield. Interestingly, TMS-ethy-
nyl-1,2-benziodoxol-3(1H)-one (81b) formed desilylated prod-
uct 89d (R = H) in 85 % yield. Phenylacetylene-containing ioda-
nes 88b and 91 preferably formed the desired product 89b
(R = Ph). In contrast, 1-hexyne-substituted iodinane 91 (R = Bu)
gave a mixture of [1,5]-insertion products.

An additional example of the alkynylation of azlactone 87
(R = Bn, Scheme 27) with benziodoxolone 81b was reported
by Kamlar et al.®? Under the optimized reaction conditions

Eur/OC
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(20 mol-% triethylamine as the base and chloroform as the sol-
vent), desilylated alkynylation product 89 (R' = Bn, R? = H,
Scheme 27) was obtained in 85 % yield.

4. Ring-Opening Reaction of Ethynyl
Epoxides

Nishibayashi's group reported the enantioselective copper-li-
gand complex catalyzed ring-opening of racemic ethynyl epox-
ides 94 with amines 95 to give ethynyl amino alcohols 97
(Scheme 29).13! Product 97 was obtained in high enantiomeric
excess from model substrates 94a and 95 (R' = Ph, R? = H) by
using several axially chiral biphenyldiphosphine ligands. Among
these ligands, (R)-DTBM-MeO-BIPHEP 96 (DTBM = 3,5-di-tert-
butyl-4-methoxyphenyl, BIPHEP = biphenylphosphine) was
used to explore the scope of substrates for the reaction. The
enantioselectivity markedly depended on the substituents of
epoxide 94 and amine 95. Anilines 95 afforded moderate to
high enantioselectivities (57-94 % ee) in reactions with epoxide
94a. The best results were obtained by amines 95 that con-
tained electron-withdrawing groups such as 4-trifluoromethyl-
aniline and 4-methoxycarbonylaniline (93-94 % ee). In the case
of primary aliphatic amines 95 such as tert-butylamine and 1-
adamantylamine or secondary amines, the enantioselectivity of
the reaction significantly dropped (26-52 % ee). The ring-open-
ing reaction of 2-aryl-2-ethynyloxiranes 94a with anilines pro-
ceeded to give considerably higher enantioselectivities (87—
94 9% ee) than those obtained by 2-alkyl analogues 94b (54-
77 % ee).

Resonance stabilized copper-allenylidene complex U is pro-
posed as a key intermediate of this reaction (Scheme 30) and
is a tautomer of protonated copper acetylide T, which is formed
from alkyne 94 and a chiral copper-ligand complex. The pre-
ferred conformer U’, which minimizes the interaction between
the phenyl group of the acetylide and the bulky aryl group of
the phosphine ligand, is also proposed. Aniline addition then
occurs from the si face of carbenium ion U’ to give intermediate
V, which undergoes a proton transfer and releases the copper
catalyst to provide product 97.

Me Me .
Me Pathway A y
N 81b, 88a,b, 01 [1,2}-migration M€
d I
ph/Lo yield 84-96% Ph/l‘o
87b s 89b-d 89b: R = Ph
89c: R =TMS
89d: R = H
Pathway B Me Me
. . Me
\ \ [1,5]-insertion
TsO Me
R
N N
° N =0 1
ph” O ph” O
88a:R=TMS 81b:R=TMS 92: R =Ph, Bu 93
88b:R=Ph  91:R=Ph,Bu

Scheme 28. The proposed pathways (A and B) for the reaction of azlactones 87 with iodinanes 81b, 88a,b, and 91.
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Scheme 29. Enantioselective ring-opening reaction of ethynyl epoxides 94
with amines 95.

CuL' CuL" Cu‘L"
Ph = Ph
—
(0]
94a T
Ar
CuL* F/_\;
H| ArNH,
97<—Ar\w _— Me
Ph=\_-OH
v —

Scheme 30. Proposed mechanism for enantioselective aminolysis of epoxides
94,

Vasella's group was the first to report the intramolecular
aminolysis of chiral 3-ethynyl epoxide 98a, which contained a
trichloroacetimidate moiety, by employing an excess amount of
AlEts. The reaction proceeded with inversion of configuration
at the propargylic carbon atom of the epoxide to lead to enan-
tioenriched dihydrooxazine 99a (R' = H, Scheme 31).5% Later,
Schmidt et al. developed a procedure for the synthesis of opti-
cally active a-amino acids from 3-ethynyl-substituted epoxides
98b.5% These substrates, when exposed to a catalytic amount
of BF3-Et,0, underwent a regioselective aminolysis with an in-
version of configuration to provide enantioenriched dihydroox-
azines 99b, which contain a C-quaternary stereocenter. 1,3-Di-
hydrooxazines 99b were hydrolyzed into amino alcohols 100b,
which were then converted into the corresponding amino acid
derivatives 101b by using a three-step sequence that involving
diol cleavage by treatment with NalO,, a Pinnick oxidation, and
esterification reactions.

Hatakeyama's group employed the cyclization of trisubsti-
tuted epoxide 102 into 1,3-dihydrooxazine 103 to obtain enan-
tioenriched amino acid derivative 104, which served as key in-
termediate in the total synthesis of [-erythroidine
(Scheme 32).1
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Scheme 31. Intramolecular aminolysis of epoxides that have a trichloroacet-
imidate moiety.

HO,
o —
H ;
MeO 0._NH BFsEO. n;g: O Ssteps
(o)
4 CCls ChzCly CCly
102 103

93% from alcohol

B-erythroidine (2)

Scheme 32. Synthesis of 1,3-dihydrooxazine 103, a precursor of f3-erythroid-
ine, through the aminolysis of epoxides.

On the basis of previous work by Hatakeyama et al. on the
aminolysis of epoxides that have a trichloroacetimidate moi-
ety,* Pattenden's group performed the Et,AlCl-promoted re-
gioselective cyclization of enantioenriched 3-ethynyl epoxide
105a (Scheme 33). The reaction proceeded with complete in-
version to provide enantioenriched oxazoline 106a. Protection
of the silyl group followed by hydrolysis gave amino alcohol
107a, which was used as the key intermediate in the total syn-
thesis of lactacystin (5).57) In an alternative approach towards
lactacystin (5), Pattenden and Rescourio accessed key amino
alcohol 107b in enantiomerically and diastereomerically pure
form through the cyclization of trisubstituted epoxide 105b to
afford oxazoline 106b.""%!

5. Lewis Acid Catalyzed Propargylic
Substitution of Bis(imidate)s

Our group has developed an approach for the synthesis of ox-
azolines 109 by employing a Lewis acid catalyzed propargylic
substitution reaction of bis(imidate)s 108 (Scheme 34).581 A
wide range of Lewis acids, including TMSOTf, BF3-Et,0, AICl5,
and FeCls, were suitable for this transformation. The cyclization
reaction of bis(imidate)s 108 proceeded with high regioselectiv-
ity and in good yields to provide a mixture of propargylic sub-
stitution isomers 109 and 110. In the case of trimethylsilyl-sub-
stituted bis(imidate) 108 (R = TMS), the regioselectivity of the
reaction improved from 9:1 to 35:1 by employing TMSOTf in-
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Scheme 33. Synthesis of oxazolines 106a and 106b, precursors to lactacyctin,
through the aminolysis of epoxides.

stead of AICl;, respectively, as the catalyst. The resulting ox-
azolines 109 were then hydrolyzed under acidic conditions to
give ethynyl glycinols 111.

ccl
® che ClsC
O"SNH catlA )=y =0
_— versus N
ClC__O. CH O
s B, ek AN A
NH R R R
108 109 110

R =Alkyl, Aryl, TMS  yield of 109 69-91%
regioselectivity
109:110 = 8:1-50:1

6M NH,-HCI
aq. HCl  po \)\

MeOH A R
yield 74-80% 111

Scheme 34. Synthesis of ethynylglycinols 111 by the propargylic substitution
reaction of bis(imidate)s 108.

The chirality transfer in the cyclization of enantioenriched
bis(imidate) (R)-108 has also been investigated (Scheme 35). In
the case of alkyl- and trimethylsilyl-substituted bis(imidate)s (R)-

CCly

O SNH

C|3c\n/o S

NH (R)-108 R
| cat. LA

l l

Sy2-type s
N LA
(:)\\'

T OH ChC O~ N
Cl;C 0\/\0&!.LA 3 \n/ \/\
e |,
X

R = Alkyl, TMS, ee 90-96%
R = Aryl, ee 36-89%
C
=N

o\/\
™
(509

Scheme 35. Chirality transfer in the cyclization reaction of enantioenriched
bis(imidate)s (R)-108.
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108, the cyclization reaction proceeded with complete inver-
sion of configuration at the stereocenter. This indicates that an
Sn2-type of reaction mechanism may be occurring through
transition state W. In contrast, the cyclization of aryl-substituted
bis(imidate)s 108 proceeded with a considerable degree of ra-
cemization, which is presumably from the contribution of an
Sn1-type mechanism through cationic intermediate X. The in-
troduction of two electron-withdrawing atoms to the benzene
ring of substrate (R)-108 (R = 3,5-Cl,C4Hs) decreased the carb-
enium ion stabilizing effect of the aryl group and considerably
suppressed the racemization process (89 % ee).

Conclusions

During the last two decades, a number of new methods have
been developed to synthesize a-ethynyl glycine derivatives. No-
table progress has been achieved to access enantioenriched a-
ethynyl glycines and synthetically equivalent glycinols by using
substrate-controlled (chiral auxiliary and chirality transfer) and
catalyst-controlled asymmetric induction. These are milestone
discoveries that enable the use of ethynyl glycines/glycinols as
multifunctional intermediates in the syntheses of value-added
products. However, there is still a need for improved methods
for the synthesis of ethynyl glycines/glycinols. It is expected
that new approaches will emerge to overcome the limitations
of substrate scope, particularly regarding the N-protecting
group, to rely on less expensive catalytic systems, and to pro-
vide greener alternatives.
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