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/2.1 Esterification of the a,8-unsaturated acyl azolium

Zeitler P Ph 5 mol% C1+HCl,
H =z 5 mol% DMAP, EtO Ph
9 toluene, 60 °C, 2h \"/\/ (2
O + 'Mes o
N o 10
EtOH { ) % yi
. A a 65% yield
(3 equiv.) @N C1eHCl
Mes T
Mes O Mes H o s
N Ph ., © /N 7
/ = \ — Ph
Mes oH M Med OH 12 s 2! 12
. 30 mol% B2+-HBF,,
Scheidt 16 30 mol% K,COj, 15 mol%
OH 18-crown-6,(MnO5,,)1 equiv.
OH . proton sponge, CH,CI,, —30 °C> OH
HY\/Ph O---@ @) N Ph
® s
R o 17,
O 14 gl’g ° 58% yield,
N.,” BFs B2-HBF, 80% ee
_ Mes -
O-.,@ Ou,@
® o ®
< MnO -
/ T\‘l H — 2% /N
N, Ph N, Ph
5\] X ’\l X

Org. Lett. 2006, 8, 637
Org. Lett. 2007, 9, 371




/2.1 Esterification of the a,8-unsaturated acyl azolium

5 mol% A2+HBr,
7.5 mol% Etsh
Ho _S._Ph 1 eoquiv. THF, T -
\n/\/ 40 C, 40 h - 3 \n/\/ (4)

14 CH3OH ®NZ Br
(1 equiv.) B A2+HBr 77% yield

2 mol% B3-HlI,

3 mol% DBU,
2 equiv. TEMPO,
rt, 6-12 h

CHa HsC 1 CHs

O N-N HaC CH (@) Ph
/4 @ 3 3 \
14 él;\l/) | HaC g'. CHa \(l)l/\/
H
“  BaeH 19,
94% vyield
2 mol% B3-HI,
3 mol% DBU,
1 equiv. O1,
THF, it, 6-12 h Bno\"/\/"h
3 ’ 6
— > I (6)

N— @)
é/N/) o - \ Bu 20, 96% vyield
1 ‘ (>99:1 ester:amide)
(0]

Tetrahedron Lett. 2008, 49, 4003
Angew. Chem., Int. Ed. 2008, 47, 8727
K J. Am. Chem. Soc. 2010, 132, 1190




/2.2 Cascades involving bond formation at the 8- and acyl carbons h
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Scheme 6. Summary of the Mechanism Described in Section

3
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2.2.1 Annulation with enolate bis-nucleophiles

30 mol% C1-HCI, \

L
Hj‘/ . 30 mol% KO™Bu, o N\@
THF, 4 AMS, Ph
fe) Bn\ -..‘-_.._*_‘:‘_‘-‘\‘__.r -

9 N 65°C, 2h _ o
2 equiv. M > Ph  (17)
upten e O’(;@ ry o ° 56,
< 60% yield,
55 @NA c o} 85:15 df,
¢ Mes C1eHCI T plus 23 other
|
10 mol% C1-HCl, B”}\I Bn examples
F ~Ph 20 mol% KO'Bu, o Ph .
\ﬂ/\/ toluene, A, 16 h Mes e
o * Vs - O~ (7) [N S
23 TMSO [N, 5 P ~__Ph o
/) Cl @)
24 N 27, 3
@ C1-HCI 75% yield, Mes 13 Bn
Mes plus 5 other examples N Mes O d
1,4-addition N N
then [
B - tautomerization N/ 3 "

@ Mes ®

10 mol% B6:HBF,, fe)
13 mol% NaOBz,
benzene, 4A MS, 40 °C

g

20 mol% B4-HBF,,

=

1,2-addition/Clai N’MES
,2-addition/Claisen
( ) bl [ Ph
N *ﬂ/\/ Ph 1,4-addition 'I;\l =
Mes O e Mes 0 0
13 o)
2 .
OY\/Ph Ph
OUO 0 o ®
28 9

|
]
6

40 mol% KOBu (0]

toluene, A, 15 h

(O

® 7
N 2

77:% yield,
50% ee

J. Am. Chem. Soc. 2009, 131, 14176
Org. Biomol. Chem. 2011, 9, 8182
Org. Lett. 2012, 14, 1274

Org. Lett. 2012, 14, 4906

byl
jm

+ 0]
(0] CN 62

1,4-addition/
tautomerization

N 60 Ph
N.N/) B6-HBF, g% yield,
®Y o 12:1 dr
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plus 27 other examples




2.2.1 Annulation with enolate bis-nucleophiles

10 mol% B2-HCI,

™~

Ho _~_Ph O Ph
.Ph o, .
1.5 equiv DABCO, - \(\/ 15 mol% B6-HClI,. .
g 15 mol% K,CO4, 1.1 equiv. 01, O
toluene/t-BuOH, rt (o) + 0 & Ac
NG CHz (12) THF, 4 AMS, 65 °C _ N-
14 o N-Ac > (15)
CHs O p
eng-47_, 53 Nf g@ B6-HCI 54,
927, gfld' Lu W % 88% yield,
plus°11 bther examples Mes plus 16 other examples
: Br (e} Ph
o O 10 mol% B6-HCI, : H \ Ph 10 mol% ent-B2-HBF,,
34 1.5 equiv. NaH and O :ﬁls?t?;fé\rqghftEDA' O A\\-Ao
| 01, THF, 50 °C O AN CHa (13 P2 0 \-Ac . : > (16)
Q CH, O S;:O
N® 53 N 54
i . A .
Y, BEHCI 72% yield, NS o 68% yield,
N cl plus 20 other examples N 4 .
) Enders \ 92% ee,
Mes : Mes ent-B2:HBF,  plus 11 other examples
Chi : Lu
H Ph 10 mol% B2+HBF,, :
jl/\/ 50 mol% Cs,CO4, 4 equiv. 01, P Br
0 LiCl, 4 AMS, THF, rt i H 15 mol% C1-HCl,
+ O~ CH; (14) = N A
. 1.5 equiv. CSZCOS. O
49 HSCWCHS O : 0 N LiCl, 1,4-dioxane, N-Bn
CH; O : o” N 50°C, 2 h > O 18
O O & ent-47, : 66 Bn . Yios > (19)
34 I\ © 92% yield, . COEt
N 3 &, 90% oe, Hac\n/\n/oa (,“j 5 g5 CHs 2
) T plus16 other : ® N/ cl 63% yield
~ *  B2.HBF, examples e7 0 O Mes  C1eHCI plus 13 other examples
HS’,—N HS—N%
N . Ph \
N

Mes OH 5p Mes O , 52
N, Ph A
[O1] 1 o [O1]
4 equiv. 01

J. Org. Chem. 2013, 78, 6223

Chem. Eur. J. 2012, 18, 1914

Angew. Chem., Int. Ed. 2013, 52, 8588
Adv. Synth. Catal. 2013, 355, 321
Chem. Asian J. 2014, 9, 1535

Adv. Synth. Catal. 2013, 355, 321
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2.2.2 Annulation with enamine bis-nucleophiles

RO . _Ph
\ﬂ/\/ 20 mol% B2-HBF,, O ~Ph

: R' 1
77 0] + 1 equiv. DBU, N : HWHG 0 R R3
THF, rt, 14 h F . % B2-HCI,
A=r0.0) : B G N 6 SR
TS’N\ CHz Ph : o R O, _N_ _cp.1-2equiv. O1, toluene, 40 °C_ O, N7 @1)
Y ® . 73% vyield, : 76 528 = ° o o”S
Ph N ,Il"\l o 99% ee, : D“’@
. 8 lus 26 other examples . o 5
Chi 78 N~ BF, B2-HBF, P P : N o 48-94% yield
Mes : Bode 74 N, 2 C 50-99% ee,
: N B2-HCI - €e,
.......................................................................................... : r\l.'les 18 examples
: CH CHs
Ho ___R! 10 mol% B2-HCI, o) R1 : 0 «Ph 0 7_\>, ) wPh
Y\/ NH2 15 mol% iPrNEt,, 1.2 equiv. : e CHa o
° . N = O N~ 3 %N
0 68 01, toluene, rt or 40 °C N _= : O, . N NA#
RN > H RS (20 1 28§ 75a, oS 75b, 0%y 75¢,
or + 3 ol R2 : 67%, 82%, 0 69%,
H.C CH R \ 71, : 99% ee 76% ee 91% ee
8 8 & 58-99% yield, :

HO)Q“/\,W 70 &FN» ° 79-96% ee,
N B2-HCI 24 examples
es T
A, @
” L
N

H\H\/R‘ + R2 10 mol% ent-B2-HBF,, 0. Rl
5 N 1.2 equiv 'Pr,NEt, N_

R2 23)
i \ N R |
N x{(\/pp v ’ V 1 X g1
. Mes
b N‘S(\/W HO

O

= toluene, rt, 20 h
79 —_—
X o ,
® ; \/: 43-91% vyield,

7 ] 0,
Mes O Mes™ _N 80 N 5 32-73% ee,
H, = R3 N Y PR 11 examples

N N ent-B2-HBF,
+70 72 H Y RS I - " Enders .
2
L R _ 0\
0] Ph O +~Ph (0] Pr @] Pr

Mes
(0] Ph
N~ N =
COE CN N >co,et
S 0

N _= N~ N~z N

‘ H CN

" o " Ph e H CH woe CH e b ° 3;5 ield
71 a, CH3 71 b, 71 c, 3 71d, 3 7% yle'd, 43:}'&: yle'd, :° yiela,
82% yield, 91% vyield, 60% yield, 63% yield, 65% ee 55% ee 58%ee
92% ee 79% ee 87% ee 92% ee

ngew. Chem., Int. Ed. , 52, ngew. Chem., Int. Ed. , 51,
Bode A Ch Int. Ed. 2013, 52, 8592 A Ch Int. Ed. 2012, 51, 9433

Org. Lett. 2011, 13, 5378 Synlett 2015, 26, 1465




2.2.3 Annulation with other bis-nucleophiles

Ye
20 mol% B2:HBF,, 3.6 equiv.
HO g
\n/\/ Ph PivCl, 4.8 equiv. Pr,NEt, © «Ph
0 *+ toluene, 40 °C
8 > Ph (24)
o) "
TsHN 84,
/\"/ S, 64% yield,
83 ) BF dr 5:1,
\  ee,
Lu 4 96% ee
Br Mes B2-HBF, plus 15 other examples
H j‘/J\, Ph
0 aa 15 mol% B7-HCI, K,CO3,
DME, 45 °C
BocHN O B
Q. 1Bn
N-CH,
51 % yield,
88 ves  BTHOL G ey
plus 4 other examples
Br 25 mol% B8-HCI,
H . _Ph 75 mol% DBU, CHCI,
then
o) “ land 44
i Mes
)LH HOﬂ_N o) / N o 90, O
N\@/) Cl 2 Cl 64% yleld,
N N 90:10 dr,
Ph ® Mes plus 19 other examples
B8-HCI

Angew. Chem., Int. Ed. 2014, 53, 11611
J. Org. Chem. 2015, 80, 11593
RSC Adv. 2015, 5, 26972

! Chi

20 mol% B9-HBF,,
2 equiv. K,CO3,

1.2 equiv. 01, 4 AMS, THF, rt N—N_
NN Q"“Bn 0
Ts 88% vyield,
91 B9-HBF, g7.3¢r,
(2 equiv.) N BF plus 20 other examples
4

15 mol% B2-HCI,

O

1 equiv. DBU, Q o

2 equiv. O1, THF, rt >\ (28)
Ph—N

S0 s
Sﬁ 96, Ph

84% vield,
98% ee,

I\:fles ent-B2-HCI

plus 27 other examples

'
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e
(0] —
\ CH,
Ph 93

Angew. Chem., Int. Ed. 2016, 55, 12280
Angew. Chem., Int. Ed. 2016, 55, 268
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4 I:,h\
'N
AN . _-CHz
Ph
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/2.3 Cascades involving bond formation at the 8-, a- and acyl carbons\

Scheme 26. Summary of the Mecahnism Described in

Section 4
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2.3.1 (4+2) Annulation / B-lactonization

Lupton F\n/\/ Ph

Ph Ph
10 mol% C2,
°© Ph loms THF, 78 °C—-10 °C, 1h__ (29)
23 HoC. Pr “CH
Tow S |
99 HC™ ™7 " 100,
Pr c2 72% vield, >20:1 dr,
l plus 17 other examples
H3C LIPr T
N -0
H3cj)\“/-\/Ph ’
N
;F’r'“@J
101 o Oo + )",
[ ° A
7#" “CH,4
102

Michael
| addition

103

k J. Am. Chem. Soc. 2011, 133, 4694




F\"/\/F’h 10 mol% KHMDS, o}
5 CO.Ar 4 AMS, THF,
-78 °C—RT, 4h > O
TMSO HsC -
23 0—CHa
S:S“ 'Bn
(+)-118 N o
(Ar = 4-(CH50)-CgH,) N.®J BF,
- TMSF Bu B10-HBF,
. . Ph
/%\/\/ Mg\@}l?‘
1 \N Ph »
!
1
COEAT Bu Q0 COgAr
/ 0%
120

-

2.3.2 (3+2) Annulation / 8-lactonization

10 mol% B10-HBF,,

J. Am. Chem. Soc. 2013, 135, 58

Ph

C02Ar
(34)

17,

72% yield, >20:1 dr,
90% ee,

plus 16 other examples

Studer

5 mol% ent-B2-HCI,

50 mol% LiCl,

1.2 equiv. DBU,1.2 equiv. 01,
CHLCly, rt, 1—=72h

co o —@ - CO,CH,
S O CO,CHg
) o’ HsC
) ent-B2-HCI 122,
e 95% yield,
98% ee,

plus 17 more examples

NS_\(@}L

&
N, O CO,CHj3
5 H4C CO,CHy

Mes
52 123

Angew. Chem., Int. Ed. 2014, 53, 9622
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Org. Lett. 2011, 13, 4966

Org. Lett. 2015, 17, 4940

2.3.3 (3+2) Annulation / 6-lactonization
Studer Studer
5 mol% ent-B2-HCI,
H\“/\/Ph 1.2 equiv. DABCO, Ph
CHj; 14 20 mol% LiCl,1.2 equiv. O1, CO.Et
0 THF, 1, 0.5h o 2
o 5 mol% B2-HCI, o * CO,Et o, N CO.Et (38)
1.2 equiv. Et3N, 1.0 > o] 3 H
equiv. O1,THF, rt, 16 h H,C CO,Et 131,
H - (37) N © 97% yield,
132 (o] 90% ee,
o~ + o N‘N/) plus 12 other examples
127 — @1 ent-B2-HCI —
© H,C CH N o 69% yield, (COCH;) Me
(+] N 3
NTY W W 14:1 dr, 2 P
128 0 o) ® | >99% ee, /4 N eo o
24 Mes B2-HCI plus 10 other examples N, Ph N . COEt ~" r Ph
N N COkEt, N._Jw COLEt
l Mes’e) 0 \@| H I ‘ ®
N-N{
l 52 — Mes — > N-N . CO.Et
_ CHs - H,C Mes)\\ 5
O
o) | H:’CWCHS O 133 HaC 134 |
S‘* > o0 © OEt ]
N - = o . P t
‘NZ AN COEL 454 b, ’%\ Proposed
1® Mes o CO,Et 98% yield, |_._ OEt| role of LiCl in
Elles (o) e 99% ee, Michael
129 HsC ) plus 5 other ’\/Ph addition
examples Mes’ ® C; 135




2.3.4 Three-component reactions

Studer
HSCYCHa
H Ph 5 mol% ent-B2-HCI,
\[(\/ 1.1 equiv. DABCO,1.0 0. 0
0 equiv. 01,1.2 equiv. :
o iPrOH, toluene, rt, 6—24 h X Ph
1w G @SO - D7, e

/E o—@ T 136
0 Ph gﬁ 0] 62% yield,
i

© 9:1 dr, 89% ee,
l N. J Cl plus 18 other

ProH examples

9 Fex T

N 137 / :
"N Ph ) Ph Mes - Ph
—_— *s,
Mes 52 — SC,Hg Ph “,.[ H
O| 138

Chem. Commun. 2012, 48, 5190




/2.4 Cascades involving bond formation at the y- and acyl carbons A

Scheme 35. Summary of the Mechanism Described in

Section §
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2.4.1 Annulation with ketones and imines

20 mol% B2:HBF 4,10 mol% Sc(OTf)5 0)

(o) CHg and Mg(OTf),, 50 mol% K,COg,
i 1 equiv. 01, THF, 0 °C or rt, 24-48 h
O “
YCFa S_ C@ ya1,FC Ph
81% yield,
Ph 143 94% ee,

plus 18 other examples

ll ol o S

/N
N
P Ph
S LY
4 Mes
N, _ pn  KoCOs o
&N ey e CFs
Mes CHj
142

20 mol% ent-B2*HBF,,
30 mol% Cs,COg,
X 1.2 equiv. 01, 4 AMS, 0 °C,
i 12t036h

R 'hz

BF,
o 146,
0 i |
entB2-HBF, || 73 o0 be"
26 examples

FC Ph

Chi
H Ph
QS
\Io1/\lc/|.|:3 20 mol% B2:HBF,,
. 1.2 equw 01, O
® 4 equiv. KQCOS, Ox _N Ph
OL _N Ph CHZCIZ.’THF rt ‘N=/
\[{Na = |«
Ph
Ph (+)-156 S« 160, [aldehyde:(+)-156
¢ 2.2 equiv. ) ©8r, 72% yield, 1.2:1]
94% ee, 156,
% Mes plus 16 other examples 38% yield,
B2-HBF 93% ee
4
*n/\r “ N
J'
Mes O CHy
142 N‘S’\ o, N
| K2COg /N 156 NZ
N G)
‘N/ p Ph
1@ "'Ph
Mes Og
157 159 O "'Ph

J. Am. Chem. Soc. 2012, 134, 8810

146a, 146b, 146c, 146d,
88% yield, 66% yield, 81% yield,  82% yield, Angew. Chem., Int. Ed. 2013, 52, 11134
96% ee 94% ee 95% ee 97% ee

J. Am. Chem. Soc. 2014, 136, 1214

-

_4




H_A-CHs o}
15 mol% C1-HCI or B2:HBF,,

0 CHsy 4+ 1.15 equiv. Cs,CO0s3,
THF, rt
147 P 0] (42)
0] N.Mes OH@
0 l ) & H,C
N @ N 3
@ cl /]
N Mes N2 149,
) © . C1: 90% yield,
HyC 148 C1-HCl BF, G)l\l"les B2-HBF, plus 12 other examples

B2: 42% yield, 28% ee

15 mol% B2:-HBF,,

(A = 480Gt HATU. oluine G o .
: (0,
N gr" HaC OCHj
HGC/ OCH; o N‘N/) ;3?3% yield,
148 ? ol Omes B2HBF, 92% ee,

plus 14 other examples

Chem. Eur. J. 2013, 19, 456
Org. Biomol. Chem. 2016, 14, 1485

-

2.4.1 Annulation with ketones and imines

ArOW Ph

O CHj
152
(Ar = 4'N02C6H 4)

+

PhCO.
NH

|
N H

5 mol% B12-HBF,,
1.5 equiv. K;CO3,
THF, 25 °C, 24 h

_N
= PhCOHN” ™

(44)
e CO,Et
N 155,
N, 2 78% vyield,
o N@ B12:HBF, 99:1 er,

BF, Mes plus 19 other examples

@) Ph v
\(\j/ (@) N 3-pyridyl (0] N Ph
PhCOHN’I\I -N N
: PhCOHN” ™ PhCOHN” ™" “CHj,4

CO,Et

78% yield, 78% yield, 39% y|e|d’
92% ee 92% ee 92% ee
HO Ph
\n/\( 20 mol% B13-HBF,, 2 equiv.
0 CH Cs,C04, 2 equiv. HATU,
154 3 2 equiv 01, 0O x Ph
THF, 25°C,12 h -
+ > N (45)
PACO. . o-~<]i> PhCOHN""
| CO,Et
Na H i N 155,
P) B13-HBF, 82% vyield,
153 COQET S} 99% ee,

BF, plus 15 other examples

Org. Lett. 2013, 15, 5028
Org. Lett. 2015, 17, 6234




2.4.2 Annulation with electron-poor olefins

. H Ph 5 mol% C1-HClI, H3C Ph
Chi = 1.5 equiv. Cs,COs3,
o) CH,4 2 equiv. O1, THF, rt
sor 4_\"/[[:’1 Vo » H,COC 1§ (47)
N
HaC [) 167, )
P Q,
COCHj4 o oN 68% yield,

plus 27 other examples
¢ O 162 Cl Mes
C1+HCI T[oﬂ

HaC Ph

Mes
[ \ Ph
=
’Nm H3COC
Mes Og Ph
163

| }-co,

B Mes

&)
—
N N Ph
Mes (o)
HsC
L 164 00 ~
Br
0
H\”/J\(CHg 15 mol% C3-HClI, Q
+ 1.2 equiv. Cs,CO3, >
O CH, THF, 15 °C » HiC—N
147 N
Z “CO.Et Q‘
H3C—N N/%g o 169,
By Cl 63% yield,
168 >20:1 dr,
C3-HCI plus 14 other examples

Nat. Commun. 2014, 5, 5027
K Org. Biomol. Chem. 2015, 13, 1829
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. Summary and Outlook

A
= ph Ph_
@N:\—\ -8 +— OSiMe;
Ph -9 -+
o ,— -10-+
— -1+
Ph
0 12 +
-13 +
O,N AT - 14 O
= = Ph~<_\
Ph — ==
-9 Ph

Angew. Chem., Int. Ed. 2012, 51, 5234

4

> Conjugate
acceptors

3 =N
N_ N2 R
NN ~Mes y
0 cl 0

. 7.5 or 10 mol % 8]

R1/%rCHO . R2 ( 9?; ’

Br NH, CH,Cl,, DABCO, rt H R,

R4 =aryl, alkyl; R, = aryl, alkyl up to 98% yield

> 25:1dr, up to 98.7% ee

Org. Lett. 2013, 15, 4750

@
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Ph
Ph/_0oSsiMe,

DFT calculations and kinetic experiments

Nucleophile N/s\ k/M~"s™
NC~ >CN 4a 19.36/0.67 2.29 % 10°M!
Ox~_.0

W 4b 17.64/0.73 5.84 100
O _~_.0

? 4c 16.27/0.77 9.03 x 10°"
OY_\I&O

OXO 4d 13.91/0.86 2.75x 10"
<}N:j 5 16.42/0.70 4.96 %107

o)

C/fosmne3 6 10.52/0.78 6.19x 10 2




OW Ph 20 mol% B10-HBF,,
20 mol% KHMDS,
0 THF, 66 °C, 14 h
]4\/\ o CHa
HaC” > CO,Et {’:S,“Bn
107 N ©ar, 108,
N,N/) 71% yield, >20:1 dr,
¢ o B10HBF, 98:2 er,

plus 14 other examples

O, 2. . Ph
10 mol% B11-HBF,,
Y\/ 10 mol% KHMDS, ¢ Ph
o) THF, 0°C or 0 °C—rt, 2 h
| . e = (33)
3
7 COLkEt O_SCHS COE
+Bn
H;C CH SfN HsC CH,
8 # ® 118 Ny B 118,
ol 80% yield, >20:1 dr,
H4CO OCH, 99:1 er,
_ N 2,6-(CH30),CeHs B11-HBF, plus 18 other examples
¢ kf\' )
m\l\N,. I ©
O\ Ph
.
CO,Et -co,
H,C CHj H4C
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