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Alkynes

[ R1%R2]

Why are they so relevant?

Introduction

-Synthetic
intermediates

H o

a4

R? R2
ketones

H (0)
H
R'" H
aldehydes
%
R'-C_
OH

carboxylic acids

H H H H
H_ H-é—eH
R1 R2 R1 R2
alkenes alkanes
X H
HO R -Ns ¥=(
c—R2 N"°N R' R?
J 1)—(_ , addition
R R products

triazoles

-Natural products

X N

HNf) [/
v,
MeO

OMe "'I'
9‘/
Antrocamphin A, X = CH, =

Antrocamphin B, X =0
anti-inflammatory

Me

MeO //

Histrionicotoxin
frog poison

Gephyrotoxin
frog poison
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Terbinafine
fungicide

-Pharmaceuticals and agrochemicals

H
NYO
(o)
Cl 7
// CF,
Efavirenz Norethisterone
antiretroviral birth control pills

F. Diederich, P. J. Stang, R. R. Tykwinski, Acetylene Chemistry: Chemistry, Biology and Material Science, Wiley-VCH, 2005.

V. P. Ananikov, et al. Molecules 2018, 23, 2442.



Synthesis of alkynes

First approach

Corey-Fuchs

O ©CBr, Br<_Br 1)nBuLi
I — ]/ - R—=

R

E. J. Corey, P. L. Fuchs, Tetrahedron Lett. 1972, 13, 3769.

Seyferth-Gilbert

o) cz\P,OMe KOBu
.+ \ ~ R'——R?
R1” “R2 ,\}rz OMe THF, -78 °C

D. Seyferth, et al. J. Org. Chem., 1971, 36, 1379.

Second approach

terminal alkyne

base
R2: _OH \f P
R? R™ X
Rl?P—=- —— | |
| | addition substitution
R' R’
B. M. Trost, et al. Adv. Synth. Catal. 2009, 351, 963.
.- Pd (cat) . Z
; \\/X + RlI— S o A Z
3 .'. Cu (cat) ' !

R. Chinchilla, C. Ndjera, Chem. Rev. 2007, 107, 874.
V. Gevorgyan, et al. Angew. Chem. Int. Ed. 2010, 49, 2096.




Alkynylation of C(sp3) bonds

R? Alkyne R _Alkynyl
R2 — R,
R3 R3
C(sp3)-X

Prefuctionalization is required...

Ideal scenario

Rl H Alkyne R _ Alkynyl
R2T,

R3 R3

1. Alkynylation on activated C(sp3)-H bonds

-Acidic proton
Carbonyl compounds - Electrophilic alkynylation

0 R2 S @)
H\HI\R1 > \/U\R1
R R
C(sp®)-H

J. Waser, et al. Chem. Soc. Rev. 2012, 41, 4165
J. Waser, et al. Chem. Eur. J. 2010, 16, 9557

-Easily oxidizable positions
Allylic, benzylic, a to heteroatoms = Cross-dehydrogenative coupling

O
H\rX\R1 [ ] I//)(\R‘I —_— \/X\ 1
R
R R

C(sp°)-H

C.-). Li, et al. Angew Chem. Int. Ed. 2014, 53, 74



-
2. Unactivated C(sp3)-H bonds

-Direct alkynylation

R’ [0] R’
YH + X—==—R T ==R
R? R?

X =H, SO,R

-Alkynylation mediated by C-H activation

— 3 R! R’
R DG IMIL,, R pG X—R DG\ML DG
I B —— B —— \[ ]n-1 B ——
5 9 R2 L R2 N
R "H R “IMILn1 x = H, halogen N R N R

-Distal alkynylation mediated by 1,5-HAT

R3
Y
X H R XH R? X——R® x|
X =805R, R
EBX derivative R1



_ New C(sp3)-H Alkynylation Reactions
Seminal work

Direct Alkynylation of C(sp3)-H Bonds
R F3COZS\ AIBN (20 mol%) R
+ >
R1J\H S R2 reflux R1J\

R2
solvent Triflones
HL Mo R=Ph  78% L

X=CH2, n=1, R=Ph 63% MZHLCEC-FI R=n-CcH13 49% Ab,c"‘

E ﬁ—c..c-n X=CH2, n=2, R=Ph 83% Me 25%
(CH,), X=CH2, n=2, R=n-C6H13 62%
X=CH2, n=3, R=Ph 64% @—cac-—n R=Ph 60%
R=n-C6H13 40%*
Advantages:

-Moderate to good yields
-Saturated heterocycles, Et,0 and
DCE were also alkynylated
-Triflones are easily synthesized
-Metal-free protocol

-Aromatic and aliphatic alkynes

Disadvantages:
-Few examples
-Large excess of the alkane

P.-L. Fuchs, et al. J. Am. Chem. Soc. 1996, 118, 4486.



R F;CO,S AIBN (20 mol%)
L+ X - RN
R “H R2 reflux N R2
solvent
Mechanism
socha

Z=initor R’ R=Ph .
{ } R =n-CgHy4 SO.CF3

F"HI/‘ HCF4 + SO,CF,
.CF, _59% .s0,CF, 4

Z R

T =

C

Fragmentation

R—C=C—S0,CF; <4 _-R
- . X Wiﬁ ~1,2

N—CO=C—2

Fritch-Buttenberg-Weichell
rearrangement

P.-L. Fuchs, et al. J. Am. Chem. Soc. 1996, 118, 4486.
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SiMe;

R
(0) R
Ts hv, PhoC=0 R R SO0 DTBP
JR\ + \ R1 \ 1J\ + o > R1 \\
R OH SiMe, 'BUOH, rt AN R H Ar, 100 °C

solvent

TIPS

SiMes

P =

Z O/ TIPS \O TIPS%
OAc \O \3

83% =TIPS, 72% 52%
= Si'BuPh?, 41%

t cl
OH NH Ph,'BuSi
2 TIPS __ TIPS =X
~=
@\ \O b
———
T SiMes S —siMe;

71% 67% 53%°2 65'%(>2551 )d

OHC
Advantages: - - -
-Good to high yields Disadvantages: O/Q\O 12 5 N h
-Metal-free protocols -Large excess
-Predictable regioselectivity of the alkanes 42%° 55%° a 39%*

Photochemical reaction: M. Inoue, et al. Org. Biomol. Chem. 2013, 11, 164.
Hypervalent iodine: H.-J. Xu, et al. Green Chem. 2016, 18, 4185.



Mechanism

1 Ts—=—=—SiMe; 1
XR hv, Ph,C=0 XR
RZJ\H — R?
R3 C—-H alkynylation R X\
(X = NH, O, CH,)
S
Ph”” “Ph
A XR!
R2.
hv 3
R
TsH Tse
E D
j\ i Ts—==—SiMe;
Ph” “Ph Ph”_Ph

M. Inoue, et al. Org. Biomol. Chem. 2013, 11, 164.

SiMe3

Tse
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Cu(OTf),, Ni(acac),

AgOAc, dppb
Alkyl“H) + .%R J PP Alkyl———R

Y

DTBP, PhCI
130 °C
Advantages:
N -Good chemical yields
-Terminal alkynes were used
. ) :
R = Me. 70% R = Me. 76% . Catalyst are not expensive
R = OMe, 91% R=Cl,71% °
R ="CsHy4, 83%
R=F,61% S
R = Cl, 78% X s Nkl Disadvantages:
R = Br, 65% _Regi ity i in i
~ o A oo | Alkyl = "CeH 1, 63% Regioselectivity issues in linear alkanes
R = COOMe, 65% 69% Alkyl = Cy, 86% -Large excess of alkane
7
35 “
n % % N
Alternative to CDC
2
n=1,52% . 47% Ho X, [0] % AN
n =3, 44% 49% [C(1):C(2):C(3) = 3:6:2] TR —— R — \rxw
R R R
C(sp®)-H

Aiwen Lei, et al. Nat. Commun. 2016, 7, 11676.

11
Aiwen Lei, et al. J. Am. Chem. Soc. 2018, 140, 6006.



Mechanism

Nickel cycle Copper cycle
t -
BuooBy U0
Ni'(acac),
(TfO)Cu!"
\

‘BuQe
Ni'acac
'‘BuOH )
acac 'BuO-

‘aCaC)ZN'\ cu'(0T),

oo A p-Tol
p- o)

Aiwen Lei, et al. Nat. Commun. 2016, 7, 11676.
Aiwen Lei, et al. J. Am. Chem. Soc. 2018, 140, 6006.

Silver cycle
T
- Agloac
p-Tol ¢
tBUOH H
p-Tol
Ag'OAc

12



Seminal work 4 Alkynylation through C(sp3)-H Activation

N 1 Pd(OAC), (5 mol%)
4 N . O
7 H X AgOAc (1 equiv.)

LiCl (1 equiv.) N
1a tol g N |
oluene S .
+ 110 °C. 15 h N Advantages: | N
Br—=—TIPS TIPS -Tolerant to several functionalities
(1.5 equiv.) ) 65% (88%)" -y-Position was also alkynylated
Based on reacted 12 -Quinoline scaffold is easily detachable
0 0 Br 0 0
Q Q 9 Q Q
- N; . ’
N N H,C: /@TPS N
\\\\ TIPS N TIPS x g x
TIPS sy Limitations:
66 (78
64 (80) (78) 60 (81) 33 (48) o 59 (71) \-Q ~Mostly on secondary carbons
0 7 0 Q H -No full conversion
Ph Q Q Q Bn N
N~ MeQ N” MeO,C N” N
H H H Boc X TIPS
\i\ TIPS \\:\\ TIPS Q\\ TIPS e . "
, X 62 (72) AcO H OAc
59 (75 60 (80
e 59 (75) 3f 60 (77) (80) 67 (70)
Mechanism

Y/

o B-Bromo
Insertion N elimination
— Pd-N | |
Br—=—SiR; R~ \= X PdBIX R Nx
B/ SiRs SiR3

13
N. Chatani, et al. J. Am. Chem. Soc. 2011, 133, 12984.



= 5 mol% [Pd(allyl)Cl], =
H R |IAd*HBF, H
+ R'=-Si—2Br - N
R SAr N
5 B Cs,COs Et,O R Ar
85 °C, N,, 8 h O
TIPS TIPS H TIPS TIPS
Z =
/I; ..r;l 3 NﬁAr /-:’ Me ’:::’
nPr Ar Me N‘Ar Il N“Ar MEQ N“Ar
0 0
. TIPS © O 0
81% b 70%
’ mono:di = 3:1 61%° 82%
N TBS
TIPS TIPS TIPS “Ar
Z 7 Z I Z
H H
M N FsC N t Il N
© “Ar 3 “Ar BnQ Nuar nPr “Ar
o o o TIPS o
70%°¢
8% 7% 79% mono:di = 6:1 5%
nPr TIPS
- Side product detected during
o)

\\ optimization
J.-Q. Yu, et al. J. Am. Chem. Soc. 2013, 135, 3387. TIPS

o\
R4-g{5’N~R4

BF, F CF,
IAd*HBF,: R* = Ad F
Ar
Advantages:

-Broad scope and good yields
(primary over secondary carbons)
-Oxidant is not required

Limitations:
-Amides possessing a quaternary
carbon at C-2 gave poor yields

0

R! i
\I)I\NHAr

Me

14



¥}
NPhth 10 mol% Pd(OAc)-

12 mol% L TIPS NPhth
HoANHAE 4+ TIPS——8r » X N
\/\rcl; AgOAc, toluene S NHArF »
110 °C, 20 h 0 LN
AI"F = (4'CF3:IC.5F4
TIPS NPhth  (n-Pr),Si NPhth NPhth  Ph,C NPhth
\/\anHAFF \/YNHArF \/\n,NHArF \/ﬁ‘rNHArF
Advantages:
81% 40% 29% 5201 -Broader scope and good yields
(primary and secondary carbons)
NPhth . :
NPhth NHAr -Amides possessing a quaternary
N NHNF NHAre NHAr carbon at C-2
-Alkynylation at C-3 position is feasible
T|P8 TIPS T|PS TIPS TIPS
46% 50% 65%[)
dr. > 20:1 (mono/di=4.6:1) 53%° 58% 0%

{mono/di = 5:1)

Limitations:
NHA . ey
MHNF B"O/\QHNF NHAT NHAr " -Reaction conditions are not the same
TIPS N os for each substrate

TIPS
TIPS TIPS

70°/o[d] 65% 30%[e]

o o,
65% 51% (mono/di = 2.5:1)

15
J.-Q. Yu, et al. Angew. Chem. Int. Ed. 2017, 56, 1873.



Pdl, (10 mol%)

K»CO; (2.5 equiv) °eT " R PG
,CO3 (2.5 equiv ‘O N
HH O - L (20 mol%) o on O \NG
M _PIP + TIPS———Br > - 5 . Pd”
R N Toluene : t-Amyl-oH A L _pip N~ O‘ TN E
03mL:02mL) R N - H™"
. PIP 3,3'-F,-BINOL
105 °C, 16 h, Air : | H |
TIPS
At _oTBs TIPS s JIPs
Ar— Ar = Ph, 64% yield, 94% ee |‘| 0 /‘ |‘|
| | Ar = p-MeCgHy4, 55% yield, 90% ee ph ' 0O /\/\/\)J\ o|P - - 0
20 Ar = p-CICgH,4, 61% yield, 95% ee - _PIP N~ '_'Nw\ _PIP
: Ph N H N
/\)J\N,Plp H ~— H
H 81% yield, 90% ee 73% vyield, 93% ee 43% yield, 93% ee
T
TIPS TBSOJ TIPS 3n, R=H, 78% yield, 96% ee Remarks:
|‘| ‘ 30, R=Cl, 84% vyield, 94% ee ] ° ) ) )
/;\)CJ)\ Il o R\@\Nﬁ 3p, R=Br, 80% vyield, 95% ee -First enantioselective C(sp3)-H alkynylation
- PIP - : 34, R=Me, 76% yield, 95% ee i L) .
N /.\)LN’F”P (PP 3r, RENO,, 56% yield, 96% ee BINOL was crucial in for both the reactivity
3s, R=F, 84% vyield, 96% i ivi
70% yield, 96% se H H b yie > ee and enantioselectivity

66% yield, 88% ee

B.-F. Shi, et al. J. Am. Chem. Soc. 2019, 141, 4558.
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Other remarkable works on this field:

1. Y.Zhang, etal. J. Am. Chem. Soc. 2015, 137, 12990

Q

0 !
R! o Co(OAc),*4H,0, Ag,CO3, TBAI Oz-N L Q=
R2 NHQ + H=—7R? — 1 =\ ! |
NasCOs3, pyridine R R3 ' N
H R? ;
R', R = aryl or alkyl; R® = aryl, alkyl, alkenyl
2. G.Chen,etal Org. Lett. 2014, 16, 6260
R, 0
0 R PhthN ,,_ AQ
PhthN ,,, ﬁL \R',/ R: R H
1 1~
(AQ) Pd(OAc), (cat.) R>* “Rs
TFA promoter
3. X.Shi, etal. Org. Lett. 2016, 18, 2970
0

. Pd(OAc), cat. L~

f KOAc i TAM

by dioxane v

N
60 °C, Ar, 12 h TIPS

17



Seminal work

Meﬁ/COZH

R,N,O 5

OJ\X/\(R”

X=Y

Me Me

ZI

Ph N
Hl}l Me
Cbz O

47%

photocatalyst (5 mol%)

K2CO3 or Cs,CO3 (1.0 equiv.)

> R1
rt. A |
blue LEDs X R2
R R' R2 Yield (%)
Cbz.
Me Me Me 80 “
Me Me H 65
Me Ph H -
Bn Me Me 30
H Me Me 28
Me Me Me
\\Me /
Y “Me HN “Me
! .
54%, 2:1 dr 65%

D. Leonori, et al. Angew. Chem. Int. Ed. 2018, 57, 12945.

-Cl
~SPh

Distal Alkynylation
. Based on 1,5-HAT
O%-0
‘|—=—ph
Ph Ph Me\NH Br
Me\NH || Me\NH || 5
o © I
NBoc Ph
76% 79% 58%
Advantages:

-Carbamoyl and amidyl radicals performed well
-Broad FG tolerance

-Functionalization of secondary and tertiary positions
-Good yields

Limitations:
-Functionalization in a benzylic position failed

-Only phenyl acetylene moiety was installed

18



Proposed mechanism YO
hv PC

PCs

*PC

Ly :’K"
X RI! 4CzIPN

' |

Me -CO
cO 2
Meﬁ/ H — acetone

amines

PFé

ol
l—=—Ph /_ S
X-Y [NJ@ N-SPh
F® (BFy),

20
D. Leonori, et al. Angew. Chem. Int. Ed. 2018, 57, 12945.



Bz. ":j'

78% (R =H)
72% (R = OMe)
70% (R = {-Bu)
74% (R = n-Hex)
85% (R = CF3)
B5% (R=F)
B1% (R = Cl)
80% (R = Br)

PG‘szfi,X\T:R

0=

Bz.

Bz..

4o

ﬁ\/%“/

N

H f "
53% =

0 0

Y/

S
1 F1sC _
R 3 \R

5 :
SH (2 equiv)

$=0 R

|
allyl EtOAc, 85 °C, 24 h

M

A

I=

47%

e \Sf
= !
BZHN/\/{\/\/ EZ" /\J% K
H M
H
36%
45%

-Aromatic and aliphatic alkynes

A. Studer, et al. Org. Lett. 2018, 20, 5817.

AIBN (0.3 - 0.4 equiv)

R‘l

. PG...H/%,X

19-86% yield
52 examples

83% (n=1)
72% (n = 2)
65% (n = 3)

Ph

ZT

Bz”

60%

P Ph | |
Bz,n/v{ H
Bz"
n

/ R
=
R? R?
Ph
81%
568%
oh Ph
I If
H H
BZ Bz" vﬂo
66% 69%
N
BI ""rH
=
Ph
T5%

-Tertiary carbons »



¥/

P

R1 F,C N
PG. X R’ R R’ R
| \|<H (2 equiv) - PGMN/%/X

=
0=S=0 R?
iy AIBN (0.3 - 0.4 equiv) H RZR3
Le)
52 examples
P P on on
Z
Bzam/\/\/ BZ\nW\( BZHN/“WO\/,’:;/ %
2
R R’ H \f BZ. o S
59% (R2 = Me) 63% (R' = Cl) 57% H 5, NH Ph
61% {Rz Et) 70% {R' =0TBS, r=1:1 .2) B0% (dr=T7:1
70% (R? = n-hexyl) 56% (R' = CO;Me) oxo o 66% (dr=1:1) ar=r 53% (dr=1:1)
49% (R? = Ph) Bz
“N O
/\_/\/ ’\A/ i I I
Ph H
19% 39% (dr = 1.3:1)
51% (dr > 98:2) 67% (dr = 1:1)
-Secondary and primary carbons
22

A. Studer, et al. Org. Lett. 2018, 20, 5817.



Mechanism

A. Studer, et al. Org. Lett. 2018, 20, 5817.

¥/

-5
R’ F4C N <
N :
i \||Q<2H (2 equiv) X PG\,N/%/X\/

0=S=0
y AIBN (0.3 - 0.4 equiv) H R2 R3
EtOAc, 85 °C, 24 h 19-86% yield
52 examples
0. 0 X
s FSC; = 2 R3
PG. _ — R
G N SWB \R4 PG\NH — H4
R - |
2 _—
RL"A/TR initiator .
l c CF3+ SO, qu
F3 B
e RRJ«
Ay . 3
. H R 3
PG‘N’SW;;CF3 B E||Y|CF3__ PG«,URE HAT PG"‘NH X RR2
L1</\ILRR2 — SOQ L’Cf
R H (both volatile) R’ R

23



OOH 2e (5 mol%), LiBH,4 (1.3 equiv) ) R
R3 L (4-MeQ)PhOH ( 20 mol%) RR2
R + R—S0,CF; . - R R 2e, R = 1-yapnin F(TNP)CI
RZ CH4CN, RT, 10 min | |
H
R R
OH OH OH OH OH
CsHi1 CsHy CsH14 CsHiy CsHay
I | I l l
C4H o “CsH or C7H OBn . . L.
% =37 74% st 1% =78 0% 469 Other performed functionalizations:
OH OH OH o
CeHs, CeH s CoHe CaH, ChI(.)rln?tlon (TsCl)
Il I I I Amination (DEAD)
1BS Bh b Lipr, Fluorination (NFSI)
7% 66% 53% 80%

-Aliphatic or aromatic alkynes
-Primary and tertiary hydroperoxides

24
L. Liu, et al. Angew. Chem. Int. Ed. 2018, 57, 11413.



Real catalytic specie
Clock experiment

0
Mechanism
Ph—==—50,CF; Ph o
OOH 2e, LiBH, I
M (4-MeO)PhOH _ OH
CsH44O0H gH,  CTCN.RT = CH, Ph Ph =

Fe(TPP)" 15%
) LiBH, oh
OJ[Fe(TPP)"']

3

CH
HO/\/\]/ 3

OH SO
| R—==—S0,CF alkyne ?
1,5HAT OH 23 CHs ) ) H-abstraction
I\/\/CHS . > R -S0,CF3
- a-addition R. 2 B-elimination / \
Z " 30,CF,

/_\ CsH100  CsHq4O0H

D-[-Fe{TPP)'”lE Fe(TPP)!

/

LiBH,

25
L. Liu, et al. Angew. Chem. Int. Ed. 2018, 57, 11413.



Conclusions

-Direct alkynylati
New C(sp3)-H/alkynylation reactions Irect alkynylation

A

: . -Mediated by C-H activation ‘ SUpp|emen'tary to other
on unactivated positions well-established procedures

-Mediated by 1,5-HAT

-Good chemical yields

_ } ‘> [cul, INiL [Ag]
-Terminal alkynes can be used SATES

R

Unactivated alkanes Radical intermediate
Pdl; (10 mol%) TIPS
Lo K,CO; (2.5 equiv) m
-High enantioselectivities are feasible I e v Ts—=—p —-@OmO%) LI
R H Toluene : {- Amyl-OH /\)J\ _PIP
_ R N
(0.3 mL: 0.2 mL) H

105 °C, 16 h, Air

CCL
OH

O
F

3,3-F,-BINOL
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