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Original Report: ACIE 2002, 41, 2596
Mechanism: Science 2013, 340, 456

Valery Fokin

Barry Sharpless

“The_fa_lct that this ‘unstoppgble’ “Despite this ‘azidophobia,” we
reactivity of copper(l) acetylides 1 aye |earned to work safely with
with organic azides remained azides because they are the

unrevealed until now, despite  mqgt crucial functional group for

the great body of research on  gjick chemistry endeavors.”
copper-mediated organic

synthesis over the last seventy @ very robust catalytic process,
years, is extraordinary.” which is so insensitive to the

usual reaction parameters as to
strain credulity.”

Glaser / Hay Coupling:

Cul, base, O,

2 R—— R————R

'

Cu(l) salts also useful: Cul, CuOTf, [Cu(MeCN)4]PFg but must
use 2,6-lutidine and exclude O, to prevent byproducts

Fokin, Sharpless and Jia (2005):

N
“ SN\
N N Ph

Cp*RuCI(PPhy), (1%)
>

Ph + N pPh

PhH, 60 °C
Ph

— internal alkynes are

competent substrates as well JACS 2005, 127, 15998
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Fokin, Sharpless and Chang (2007):

Cu catalyst (10%) N
additive N” N-R
Ph——— + R—N3 —m— —
solvent
Ph' 5695%
Catalyst Additive Solvent  Temperature Yield (R =Ts)
CuSO, hydrate sodium ascorbate H,0/BuOH 25°C 12%
Cul DIPEA CHCI; 0°C <1%
Cul 2,6-lutidine CHCI; 25°C 37%
Cul 2,6-lutidine CHCI; 0°C 80%
o Me
N:N\
N=N
Ph '~
//SQO
o
61%
56%
ACIE 2007, 46, 1730
Croatt (2011):
i. "BuLi, -78 °C N
ii. NH,CI NZ SN—SOAr
R — + ArSOZN3

\=<

R

— 1,5-triazoles isomerize to 1,4-triazoles on silica gel
— crystallization can produce pure 1,5-triazoles
— storage at —20 °C for 1 week still results in isomerization to

1,4-triazoles

Org. Lett. 2011, 13, 2984

Early Studies:

Gevorgyan (2007):

— follows up on a report from Davies (J. Org. Chem. 2001, 66,
6595) and establishes triazoles as precursors of Rh carbenoids

C02M9

——Ph
Rh,(OAc),

DCM, rt

Proposed mechanism:

C02Me

[Rh]

=——Ph
—»

z | N,
~ N
R

C02Me C02Me
Rh,(OAc),; (1%)
Et;SiH I SiEt;
—»
DCM, rt X N
R
R = H, no reaction
R =Cl, 88%

Cl

Stepan Chuprakov (Left)
: Vladimir Gevorgyan (Right)

_ COZMe
\
N 7 COMe 2 =
N7
Ph cl Ph
68% 28%
COzMe
o z —
/ > N/

ACIE 2007, 46, 4757
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Gevorgyan and Fokin (2008):

N Ph CHO
N? “N—TS Rh,(Oct) (1%) s
— + App ———
DCE, 80 °C
Ph Ph

99%, >20:1 dr

R3
Rhy(Oct), (0.5%)
CHCI;, 140 °C, 15 min

+ N=—R3 >
or ha(S‘DOSP)4 —_—
R! DCE, 80 °C, 12—24 hr
R1
one-pot
i. CuTC (1%), rt Ph
ii. Rhy(Oct), (1.25%), 140 °C )\
N=—~Ph
Ph—=— + TsNj » N7ZONTS
CHCl, ) /
Ph 52%
N=—Ph Ph
Rh,(Oct), (0.5%)

N
N? “N—TS CHCl,, 140 °C, 15 min

N
Ph\)_/

Ts

Ph
42% 26% (2.4:1 E/2)
via:
[Rh])  N—Ts © y _ _
/ [RA] /N Ts /N
ph—{LD _//_/
H Ph Ph

H ®

JACS 2008, 130, 14972

Rearrangements:

Fokin (2012):
Ring expansion:

N”N

// “N-TS O  NHTs
HO CuAAC HO )— Rhy(Oct)4 (0.5%) P
CHCl,
70 °C
91%
Rearrangement: o
Rh,(Oct), (0.5%) _NTs
> z
CHCl,
70 °C
92%
N % \ /TS OAc
(<)
J— ha(Oct)4 (05 /o)> Me P _ NTs
AcO CHCI,
Me Me 70°C Me

96%

ACIE 2012, 51, 13054

Murakami (2012):

Ho>//

Me

H

i. Cu(OAc), hydrate (10%)
2-aminophenol, rt
ii. Rhy(Oct), (1%), 140 °C

CHCl,

Masahiro Murekami

JACS 2012, 134, 17440
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— amino group
stabilizes the ring-

NZ \N/Ts N, N—Ts
_ —_— 4 opened isomer
Me
Ph) '\NMez Ph NMe,
N N—T
2 S Rh,(S-PTAD), (0.5%) o ®
0=S
Ph NMe, CHCl, \
0 °C, 10 min (o) N
Y/
. . Ph NMe
— increased steric demand on o ero 2
sulfonyl group improves ee 98%, 65%ee  Me
N N—SO,R Me
2 7 2" Rhy(S-PTAD), (0.5%)
> @o—@é Me
Ph NMe, CHCl, \
0°C, 10 min (o) N
/
OA /R' O\\ /’O Ph Nmez
0"s th/l No $S-g 98%, 96% ee
Ar N - |/\R|h/ Ar)KfN
NR, . NR,
1 [Rh7] 9
N, Proposed
mechanism
0
- IR o. 0
* ‘“S * N
Rh MR Rh S<p!
[ V;ia(w B@gn §
Ar Al
( r C
NR, ‘NR,
12 ~_ "

JACS 2012, 134, 2477

Huw Davies
Davies (2013):
N
2 S, ~Ts
& TN N“ N A
CuTC (10%) — Rhy(esp), (1%) |
_——
PhMe, rt DCE, 60 °C N
81% 93% Ts
‘ CuTC (3%), then Rhy(esp), (1%), 60 °C T
90%
Proposed mechanism:
([Rh]
>N
N
T
Shi (2014):
Ts
/
N 0
/,N _—
N PhMe, reflux

74%

ACIE, 2014, 53, 6645
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Shi (2014): : Fokin (2010): Me
1a == N
‘ | T
’ ‘B N/ ‘B I!l
N u u N DAL N
—_ ' et —_ + + —_
[4+2] )—/ DCM )—/ )_/ )—/
Ph Ph Ph Ph
1 : 1 “negligible”
3a + 2a
A minor major OHC‘. Ph OHC‘. CeHia OHC'« P
retro-Diels-Alder "CSH13 Ph Ph
ACIE, 2014, 53, 6645 35% in CHCl, 49%, 96% ee 45%,1.1:1dr
Cyclopropanation: 70%, 90% ee in CCl, 66% ee major
Et0.C Ph 0% ee minor
Fokin (2009)1 Conditions: 2 /
i. Rhy(S-NTTL), (0.5%) i. Rhy(S-NTTL), I
N. _so.CH R3 DCE OHC, Ph (0.5%), base, N
N? “N-—SO2CeH17 ii. K,CO3, MeOH (wet) - olefin, =30 °C; N~ Ph I OMe
—_ + > ii. Tf,0, =30 °C | Tf
> -/ 7 “R2 - = R3 Srt Tf

Ph R R2

OHC Ph

-

OHC Ph OHC Ph

"By Me*” Ph Me Ph
72%, 96% ee 62%, 98% ee 59%, 8% ee

S

/
OHC \ OHC

- -
.

Ph Ph
57%, 93% ee 57%, 98% ee

JACS 2009, 131, 18034

Davies (2013):

92%, 72% ee
75%, 0% ee

JACS 2010, 132, 2510

N
" 2 n-NH .
CO,R
| COR ——> W 2
R
R1 R2
o)

IMs 24

N \ Rhy(S-NTTL),4 (1%)
I \N DCE, 60 °C

PALEE - —_— ' o
N P then NaOME, MeOH (wet)

Ph
77%, 94% ee

ACIE 2013, 52, 10044
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Davies (2013):
Me

N
A N“ “N-MS Rh,(sPTAD), (1%)

+ i

N
\
Me

Ph

Proposed mechanism:

cyclohexane, 65 °C

N\
---------- >
10 , NE bl\JSOzR NTSN
[Rh] witterionS- » . 28 g H SOR
. _NSO,R _?.-‘—)-31\;’3 | R 27
+ R f
N _ ?
m -2/%0propg R NSOR r R
26 R Pathp™=-» ! %7
---------- > |
\’ - k_\
'N) y R N NSO,R
R 29 R 30
Fokin (2014): JACS 2013, 135, 6802
Pathway A
o o+ +
B/\@\ OMe OMe OMe
[RO*] NTT oM
3\_//\l ~ e R — R! |<—> R! |— product
R’ —[Rh*] B B |—g.\ B |—\g\
aN/ H (XN/ H 0~N H
b L b TTe
Rh-azavinyl cyclopropylaldimine
carbene, Il m v
Pathway B
o —
B~ S [Rh*) NTE _
[Rh7]
[RR"] T Z>om 1 o 1
3\—}/\' T OMeI R BN — R . — product
R +N -[Rh*]
OMe T ove
+
Rh-azavinyl
carbene, Il \' Vi

' groups.

Ph
CDCl, Z/ \.
RS N7 R
60°C,10h é Me
0=
o7
0 [Rha(S-NTTL),]
N, “S’/O (0.5 mol%), O\\S/,O oh 7
NN ¢y Me v N“'& (54% yield; 12% ee)
Ph 7 =\R1 7 R!
CDCl3, 60 °C, 2.5h y o\\s/p -
d 6 LAH, — MeyySN
— 7 H
Rl = ﬁ@\ dry THF, R!
OMe -78°C > RT 8

(51% overall yield; 88% ee)

— 7 not detected prior to complete conversion of 5 to 6
with or without [Rh],

No reaction
CDCl,, 60 °C
0.0
N\
EANER UL — Ph
A .
R1
9 MsOH (1 mol%), N
] -
ﬁ@\ CDCls, RT (< 5 min) O’S?(\)\(
R'=
OMe 10rac
(58% overall yield)
Ph
o0 HA
7 !
S 7 ePh (8 mol%) Z > YR

[Dgltoluene, .

R' RT O"Su{
0

9 10

(59% overall yield;
v
OMe

58% ee)

“Proton activation, however, may have limited importance in the
rearrangement of triflated cyclopropylimines, because of the
increased
trifluoromethanesulfonyl group compared with alkyl- sulfonyl

ACIE 2014, 53, 3452

electron-withdrawing power of

”

the
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Tang (2014):

N/’N\N’TS

=N

\\_ / Rh,(Oct), (1%), DCE

120 °C, 10 min

&R ,,}7 »

Ph or140 °C, 12 hr
aza-Cope-rearrangement
path a | major pathway for 1-aryl- and 2-aryl-1,3- dlenes /CNTS
formal [4+3]
R, a
/\
= [2+1] Rth aII
ylic amine
%i b )a /_|_\ 1,3-migration | R = 2-Ar
Ar NTs A
(&
formal [3+2] R
p—
path b major pathway for 1-alkyl-1,3-dienes N

cyclopropylimine rearrangement

2"
mh
zZ
_|
w

ACIE 2014, 53, 5662

Sarpong (2014):

N g NTs
| N [Rh] (1%) M
Y —» +
N CHCI,
S Me

Rh,(Oct),, 140 °C, 15 min = 54% (34%)
Rh,(Adc),, 140 °C, 15 min = 68% (17%)
Rh,(Adc),, 60°C, 16 hr = 74% (14%)

Proposed mechanism:

NTs NTs

7
[Rh] —> O

o Me H

a)
& [Rhy(Adc)s]
| ,\N (1 mol%)
N’ CHCl3,
O~ Ph 00°C
1j
b) Ts
[Rhx(Adc)s]

(1 mol%)

N 0] 'R
Ts /R
R H

R = Me, 1k R = Me, 67% (5b) 2k or 2|
R=Ph, 1l R = Ph, 82% (5¢) <5%
c Ts
) )
K[N»,N [Rhy(Adc),] (3.3] ~~NTs
(1 mol%) ( N. o Ph 2m
O CHCl, o~ ? Ts =X _ <5%
“ 60°C Ph” S H
1m 5d
Ph 70% l
H H
Ph "+ H H +r\/ Ph

ACIE 2014, 53, 9904
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Murakami (2014):

' Addition to Carbenoid:

Rhy(S-NTTL), (2.5%) Ms Fokin (2013): _, ,
40°C, 8 hr | H R R
then 120 °C, 2 hr N - )\
’ 3
> |l 0" N-Ms R-NN
CHCl, oh X )_( : Iy
1 R3~ 1
R N R
88%, 97% ee 0 t
§ R?
H R2 Rhy(pi
2(Piv)y
ME Rhy(S-NTTL), (1%)
—> | ph. N —»  pdt. (1%) CHCI,
CHCl, 120 °C
rt then DBU

: N? “N-Ms
Murakami (2017): : /
NS H R1
Rh[(S)-NTTL H Ny - SO2Me
" (0.5mol %) Q Mg s//c/,N\Rz
N
CHCl; (02M)  MeO,S H Rhy(S-NTTL), Rhy(S-NTTL),
N. mol. sieves 4 A H H H (0.5%) (0.5%)
N—-N 28°C,12h 2 439, N CHCI;, CHCI;
\ () N rt
SOzMe SOzMe rt
1
H./\_CHO 0 RN
basic Al,O5 )j\
(b) 1 (2] + 46% R2. 7 “N-Ms

28°C,3h OHC 1§RH tetramer
H CHO

R1
3 33% (>99% ee)

ACIE 2013, 52, 1507

ACIE 2017, 56, 3334 JACS 2013, 135, 4652
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Proposed mechanism:

N=N, )
R3 k/N—sozR
o~ Rh' R' 3
J\/N—SOZRZ
S
R1
4
[Rh]
N-SO,R?
] JR3 J‘l\/
"> N sulfonyl
O R3 O*gN_ SO.R? azavinyl carbene
R? )) R.]/‘)\/ 2 I
NS
N [Rh]
3
m Ms [ O+ R
) ACIE 2013, 52, 1507
Davies (2013):
sl;oznz
N Rh,(S-DOSP
N7 \N’sosz . 0 » 2( )a Ré \N/
—_— +
) U DCE,70°C  Q
R1 R1
R3

Proposed mechanism:

3
Ts Tsa Me R Me S, R
N RhL, IN U TSN /

" / —_— Ph — > | Ph
N
70 °C Rt
Ph n RhL,
4f 9 © 10
TsMe

Sep Sy

via vinyl carbene 'Irs

from triazole:

0
TBDMSO\[H]\c:OZMe + @ — wl\

N,

Me N

o N\ J

Me
70%

Compared to rhodium
vinylcarbenes derived from
diazo compounds:

OTBDMS

o

Sarpong (2013):

Me!

Cycloprodigiosin (23)

18

Hp_Me

TsN3, CuTc (1 mol %)
then

-

Rhy(oct)y (1 mol %)
83% (over 2 steps)

Me
TBDPSQ—

17
] p=-13.2
(c 1.1, CH,Cl,)

1. AcCl (1 equiv), MeOH
2. NaOMe, MeOH

N\ 71% (over 3 steps)

Me02C
OoTBDMS | >

COzMe

JACS 2013, 135, 4716

QQ

Me TsHN

20
(Rat/o of 19:20 of 1:1)

LAH
THF/diglyme

@:1)
100 °C, 20 h

Me

21
(used crude)

JACS 2013, 135, 4696
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Proposed mechanism: Shi (2014):
NS
N
Me Me Me Me
Me. _CP X\ /_<\/ I Rh,(Oct), (5%), 80 °C NHTs
[Rh] — e ®> )[Féh] N\ — /\ Bs—N N\Ts then NaBH,CN, rt Bs<\
- >
N\/ \_/N\/ Me 'il Me 'il DCE K/N —
Ts Ts Ts Ts =

JACS 2013, 135, 4696

Gevorgyan (2013):

>

‘ N‘Ts

Rhy(esp), (1%)

/ \

N
I
Ts

CHCl3, 90 °C

Proposed mechanism: Rh-carbene alkyne metathesis

R—> - —>
[Rh] | | [Rh]\kl
[Rh] NTs ¢ R
/ \ < e [Rh] <
\ \
@ N[Rh])

Org. Lett. 2013, 15, 5394

a

86%

ACIE 2014, 53, 5142

Gevorgyan (2016):

R3 R3
N ”N\s [Rh(cod)Cl], (2%)
dppf (5%) 4
>_< + | | » R s
PhClI, 60 °C —
R! R2 "
R R1 R2
= CO,Et, Ph
R2 = H, CO,Et, Ph

— Rh'" dimers proved to be ineffective

— Rh' employed

— 4,5-substituted thiadiazoles more active than 4-
substituted counterparts

|
COZME

Org. Lett. 2016, 18, 1804
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R

JACS 2012, 134, 194 JACS 2014, 136, 195

Insertions: » Murakami (2013):
Fokin (2011): E N o)
: AN t 8
Rhy(S-NTTL) : N7 N Rh,('BuCO,), (1%) NHTs
N s or Rhy(S-PTAD), 5 )=/ + Me -~ OH E— > Ph :
N“ N- 0.5% : e, mol. sieves
_ + U\ OF9 o msN=T N\ ; Ph 100 °C Me” NF
CHClI;, rt Ar :
Ar cosolvent ; — OH insertion then Claisen rearrangement
JACS 2011, 133, 10352 : G 5014)- ACIE 2013, 52, 3883
Murakami (2012): ; aevorgyan ( )
N R' _ HNR?R® R if R? = COR R’
N? “N—TS Rha(Oct), (0.5%) 0 ; Rhy(esp); (1%) n2  TsOH =
)_ f ) > )j\/NHTs 14 /N—>| = N I W
Ph (10 equiv) CHCI3, 140 °C Ph i A N\Nll DCE, 120 °C _ N R3 ACZO, 120 °C \<2
: R
\ ! R'=CO,R, Ph id dines f g
No _1s ) o'B L — imidazopyridines forme
) + 1BuoH 20N 05%) \u NHT : Serzr;lt()j;riates without activating group on
— s 1] — . .
i) CHCl,, 140 °C : o ridin
Ph (10 equiv) ® Ph i — pyridazinones pyridine
] ACIE 2014, 53, 14191
Proposed mechanism: + Fokin (2014):
E N ’/N N ~Ts 0o Rh(21((/)§t)4 )(L R (o)
' % o)
NoN~N—SOQR2 N NrSOZRZ Rh(Il)  [Rh] N/SOQRQ ' — + )j\ ——> R O —FF— Y
_ = —_— : HO R CHCI; NTs
>—( ) _N H ! Ph 75 °C X NHTs  Ph
R H R H 2 R H : Ph
1 1' A E 0
-SO,R? H 5 N T Rh,(Oct), aVa NHTs
H,O  HO H N-9%2 HO  N-SO,R2 ! N”°N“° R R (1%) [3,3] Ph
3 3 J— — 2 : - + &—» (o) \\—>
—Rh(ll 1 : /\ CHCI AN
an R II-3| T Hg P HO" N 750 Ph)\/NHTs CYR
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Sarpong (2015):

JACS 2015, 137, 8368

Non-Rh-mediated methods:

— Ni (Chem. Commun. 2009, 1470)

— Cu (Chem. Sci. 2015, 6, 1928; Org. Lett. 2020,
22, 8500)

— hv (Chem. Sci. 2019, 10, 8399)

Rh,(tpa), 5
(2%), 70 °C ;
N then NHTs '
N=R1 LAH, 0 °C :
N< —_— '
NS Ts ,
R o DCM o” R :
Rhy(tpa), '
(2%), 70 °C '
then NHTs ;
N=N  LAH,0°C (j\/\NHTs :
\ +{ &- :
PMP___O ™ N~Ts DCM ;
<10% 43% ;
Proposed mechanism: 5
Ts '
il f
Rh '
SN A0
PMP o) N '
PMP 5
¢ Ts E
7
lilHTs LAH N 5
O\/ o I :



