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Aryne Chemistry
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Aryne Chemistry

Three Categories
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Goetz, A. E.; Bronner, S. M.; Cisneros, . D.; Melamed, . M.; Paton, R. S.; Houk, K. N.; Garg, N. K. Angew. Chem. Int. Ed. 2012, 51, 2758.
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Aryne Chemistry
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Aryne Chemistry
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Aryne Chemistry
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Aryne Chemistry—Aryne Distortion Model

TSs for Azide Addition to 4,5-Indolyne 29

e (

TSs for Aniline Addition to 4,5-Indolyne 29

I Nuc 1# i © T
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Im, G-Y.].; Bronner, S. M.; Goetz, A. E; Paton, R.S.; Cheong, P. H.-Y.; Houk, K. N.; Garg, N. K. J.Am. Chem. Soc. 2010, 132, 17933.
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Aryne Chemistry—Aryne Distortion Model

EwG| 3-fluoro- 3-chloro- 3-bromo- 3-iodo-
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15 Medina, |. M.; Mackey, |. L.; Garg, N. K.; Houk, K. N.
J-Am. Chem. Soc. 2014, 136, 15798.
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Aryne Chemistry

X OTf  CsF XN 7 OTf  CsF X RS
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Me > | _ Me P < 2 2
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Goetz,A. E.; Garg, N. K. Nat. Chem. 2013, 5, 54.
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Cycloalkyne Chemistry
O~ |0 — QO

T™MS agent
OTf X
X - | = X
Trapplng y
TMS agent

Medina, J. M.; McMahon,T. C.; Jiménez-Osés, G.; Houk, K. N.; Garg, N. K. J.Am. Chem. Soc. 2014, 136, 14706.
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( 3 Q! X
, Cbz - N 3 NS 3 &\ £
3, 4-piperidyne (1a) 3,4-pyridyne (3) .
lane p-7*
inductive effect inductive effect in-p
Significant Distortion Insignificant Distortion orbital interaction
‘ . Inductive effects Competing factors
High Regloselectivity Poor Regioselectivity cause distortion counteract one another
(predicted) (experimental)

McMahon,T. C; Medina, . M.;Yang,Y.-F; Simmons, B. J.; Houk, K. N.; Garg, N. K. J.Am. Chem. Soc. 2015, 137, 4082.
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Cycloalkyne Chemistry

OTf CsF X Nuc
N rappin A
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Selected Examples

entry trapping agent products yield (ratio)
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McMahon,T. C; Medina, . M.;Yang,Y.-F; Simmons, B. J.; Houk, K. N.; Garg, N. K. J.Am. Chem. Soc. 2015, 137, 4082.
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Applications of Aryne Chemistry

Me
Me o
(-)-indolactam V (-)-pendolmycin (-)-lyngbyatoxin A (-)-teleocidin A-2
J.Am. Chem. Soc.201 1, 133, 3832. Chem. Sci. 2014, 5,2184. Chem. 5ci.2014, 5,2184. Chem. 5¢i.2014, 5,2184.
M Cl M M
e - e e
\.. H OH |
SCN ~Me
Me X N
Me*™
o "W OC
N N
Me Me H
(-)-N-methylwelwitindolinone N-methylwelwitindolinone (-)-N-methylwelwitindolinone tubingensin A
C isothiocyanate D isonitrile B isothiocyanate

J-Am. Chem. Soc. 2011, 133, 15797.  Angew. Chem. Int. Ed. 2013, 52,12422. |.Am. Chem. Soc.2014, 136, 14710.  J.Am. Chem. Soc. 2014, 136, 3036.
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(—)-N-Methylwelwitindolinone C Isothiocyanate—Retrosynthetic Analysis

Late-Stage
Bridgehead
Functionalization

(-)-N-methylwelwitindolinone
C isothiocyanate

Indolyne Me
Cyclization \\

)

7

Huters, A. D.; Quasdorf, K.W,; Styduhar, E. D.; Garg, N. K. J.Am. Chem. Soc. 2011, 133, 15797.
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(—)-N-Methylwelwitindolinone C Isothiocyanate—Total Synthesis
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Huters, A. D.; Quasdorf, K.W;; Styduhar, E. D.; Garg, N. K. J.Am. Chem. Soc. 2011, 133, 15797.
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(—)-N-Methylwelwitindolinone C Isothiocyanate—Total Synthesis

i. KHMDS; 78 °C,
i. TBAF Comins' reagent CuCl,
ii. Dess—Martin [O] ii. (Me3Sn),, Pd(PPhg)g, LiCl 759,

95%, 2 steps 74%, 2 steps

AgOTf, Phl(OAc),

i. NBS i. Bu,AlH bathophenanthroline
: oin
ii. HCI, 80 °C ii. CI3C(O)NCO;

K2CO3, MeOH 33% yield +

89%, 2 steps 86%, 2 steps 25% recovered C10

Cl
. s
i. Ba(OH)»*8H,0 H,oN \Me | £
i 1BX, TFA e DMAP. 90 °C
48%, 2 steps O 77%
Me
C13 (-)-N-methylwelwitindolinone

C isothiocyanate

Huters, A. D.; Quasdorf, K.W; Styduhar, E. D.; Garg, N. K. J.Am. Chem. Soc. 2011, 133, 15797.

18



Contents

— Interrupted Fischer Indolization

19



Fischer Indole Synthesis

Fischer, 1883
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R2 4
+ 0] H > \ R1
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H R1 H
R2 R2 R2
R? xR’ R1
-N .NH H
N N N
lH+
R2 R2 H R2
N —NH, N GNH- ONH,
H Hoe/ NH,

Fischer, E.; Jourdan, F. Chem. Ber. 1883, 16,2241.
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Interrupted Fischer Indolization

RII
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n o H o R IJ)n
-
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HO o7 H
N R
- + A
N N J_ _NH R ONH, A
N N7 Z NH
H H 2
R..n( HX ,,n( HX R" )
R N n
— > gL He NS 4) —>» R'— X
A NH R L ~Z~N H
a N 3 S N@ R
H

Boal, B.W,; Schammel, A.W,; Garg, N. K. Org. Lett. 2009, | |, 3458.
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Applications of Interrupted Fischer Indolization

~

@)

Br
(+)-phenserine o perophoramidine
Alzheimer's therapeutic tetracyclic indoline core \-
of perophoramidine

J. Org. Chem. 2012, 77,725. Org. Lett. 2012, 14,4556.

N N

Me Me
COQMe COzMe
(+)-Aspidophylline A Picrinine Strictamine

J.Am. Chem. Soc.201 1, 133,8877. J.Am. Chem. Soc. 2014, 136,4504. J.Am. Chem. Soc. 2014, 136,4504.
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(*)-Aspidophylline A—Retrosynthetic Analysis

Late-Stage Interrupted HO
Fischer Indollzatlon | Qm
Me

COQMe
(x)-Aspidophylline A
H R Heck RN Z “Me R
RO : N Cyclization RO /\X/\ O N
— RO@ > RO —> 0
“ CO.H
H M 2
COMe ' ° CO,Me CO-H

Zu,L.; Ben,W.B,; Garg, N. K. . Am. Chem. Soc. 201 I, 133, 8877.
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(£)-Aspidophylline A—Total Synthesis

= Bn Bn  i. HC(OCHg)s heat H
O N on i. HC( 3)3; O N
BnO | N 0= o O BnO H o Cu,0, H,0 o p-TsOH, MeOH Meo%
— — —
N“ S0  PhMe, reflux - o 150 °C, microwave Y, i. Na, NHz  MeO Y
Bn 50-69% 87%, 2 steps Ad
IVlﬁlle ’}l Mg/le T
NHTs - Br 7" Me TsN” N7 "Me Me MeO 1N
. . MeO | MeO Pd(PPhg),
i. nBuLi, TsClI O A4 | MeO
ii. K,COq, MeOH oo Me© MeCN, 70 °C 3
° H Me
90%, 2 steps CO,Me CO,Me 95-99% COMe
A5 A6 A7
H NS
i. FeCly*6H,0 Oy~ i. LIHMDS, DMPU
i In, EtOH, 90 °C . i. allyl iodide
M
aq. NH,CI CO,Me e 25%
90% dr 8:1
A8
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(£)-Aspidophylline A—Total Synthesis

= Bn Bn  i. HC(OCHs)s, heat H
O N on i. HC( 3)3; O N
BnO | N 0= o O BnO H o Cu,0, H,0 o p-TsOH, MeOH Meo%
—_— — —
N“ S0  PhMe, reflux - o 150 °C, microwave Y, i. Na, NHz  MeO Y
Bn 50-69% 87%, 2 steps Ad
IVlﬁlle ’}l Mg/le T
NHTs - Br 7" Me TsN” N7 " Me Me MeO 4 N
_ _ MeO | MeO Pd(PPhy),
i. nBuLi, TsClI O A4 | MeO
ii. K,COq, MeOH oo Me© MeCN, 70 °C 3
° H Me
90%, 2 steps CO,Me CO,Me 95-99% COMe
A5 A6 A7
H NS
i. FeCly*6H,0 Oy~ i. LIHMDS, DMPU
i In, EtOH, 90 °C . i. allyl iodide
M
aq. NH,CI CO,Me e 25%

90% dr 8:1




(£)-Aspidophylline A—Total Synthesis

I OSO4, Na|0>4 I. H2804 >
ii. NaBH, ii. Dess—Martin [O]
Me
COMe 83%, 2 steps 76%, 2 steps
A9 A14 A15
NH
HN” 2
| X Ts\N
I. Mg, NH,CI
S - K,COs4 - Me . IVIg, 4C
TFA ii. formic acid, DIC, DMAP
CO.Me 68%, 2 steps
A16 70%
A17 (not isolated) (one pot, from A16) A12

(z)-Aspidophylline A
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C-0O Bond Activation

Traditionally difficult when anything other than OTf

OR transition L\M,OR M A Ar
metal catalyst —Ar N
S - R —L L > R—r
| 1 |
Z S Z
C-C Bond
Formation
I \ B(OH)2 NIC|2(PCy3)2, K3PO4 y \ Ar
Ar—OPiv + R—I R—:
— toluene, heat, 24 h _

Quasdorf, K.W,;Tian, X.; Garg, N. K. J.Am. Chem. Soc. 2008, /30, 14422.

N|C|2(Pcy3)2, K3PO4

1— Ar2—B(OH > Arl— Ar2
Ar'—OR + (OH)2 toluene, heat, 24 h

R = C(O)NEt,, CO,tBu, SO,NMe,

Quasdorf, K.W;; Riener, M.; Petrova, K.V,; Garg, N. K. . Am. Chem. Soc. 2009, 131, 17748.
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C-0O Bond Activation

©/O\"/NM92
O

five-centered TS three-centered TS TS31
éle'a:eSr;Ok bolr'bd | «éb?:ezgrﬁ:;mm three-centered TS

AG’,‘ = 16.1 kcal/mol

MM = 14.2 kealimol AH::: = 24.2 keal/mol AG_ ! = 17.4 kcal/mol

AG,,* = 22.9 kecal/mol
AH_* = 20.7 kcal/mol

Quasdorf, K.W.; Antoft-Finch, A ; Liu, P; Silberstein, A. L.; Komaromi,A.; Blackburn, T.; Ramgren, S. D.; Houk, K. N.; Garg, N. K. J. Am. Chem. Soc. 2011, 133, 6352.
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C-0O Bond Activation

AGsol
(kcal/mol) 2

TS17
S\ K
20 L}
MeN-COO" 8.7~ TS24
19.7 -
20 OHk™ 23 Pey,

25.2 PhB(OH);"

X I ; 8 Ho -263 Ph-Ph
1.28 19
18 -43.4
25
149 Ni(PCys)

Quasdorf, K.W.,; Antoft-Finch, A; Liu, P; Silberstein, A. L.; Komaromi, A.; Blackburn, T.; Ramgren, S. D.; Houk, K. N.; Garg, N. K. J.Am. Chem. Soc. 2011, 133, 6352.
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C-0O Bond Activation

RI
| [Ni(cod)] I{l
R— L NaOiBu R _
\/ R dioxane, heat

Ramgren, S. D;; Silberstein,A. L.;Yang,Y.; Garg, N. K. Angew. Chem. Int. Ed. 201 1, 50, 2171.

RI
| [Ni(cod),] N
N OCONEt; . HN’R SIPr-HCI - XY R
R— L NaOiBu R _
N~ R dioxane, heat

Mesganaw, T; Silberstein, A. L.; Ramgren, S. D.; Fine Nathel, N. F; Hong, Xin; Liu, P; Garg, N. K. Chem. Sci. 201 1, 2, 1 766.

- NiCl(DME) R

-’ ' SIPf'HCl I

— HN N.

(Het)Ar—X o NaOBu, Ph—B(piy Ar(Het)” “R"
R 2-Me-THF, heat

green solvent
X = Cl or OSO,NMe,

Hie, L.; Ramgren, S. D.; Mesganaw, T.; Garg, N. K. Org. Lett. 2012, 14,4182.
Fine Nathel, N. F; Kim, J.; Hie, L.; Jiang, X.Y.; Garg, N. K. ACS Catal. 2014, 4, 3289.
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C-0O Bond Activation

TMDSD, kRO &
(Het)Ar—OC(O)NEt, RePOaol  (Het)Ar'-H Me” 0" "Me
toluene, heat H H
TMDSO
X X = C(O)R,
OC(O)NEt, . o Alkyl,
L R cine substltutlony R R Silyl

N~ Z

carbamate-directed
functionalization

reductive cleavage
X of carbamates

‘. OC(O)NEt,

R'—
=

Mesganaw, T,; Fine Nathel, N. F; Garg, N. K. Org. Lett. 2012, 14,2918.
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C—N Bond Activation

[Ni(cod)5] O

O
SIPr )]\ R2
2 _ I + -
Ar)LI}I'R + HO-R toluene, heat Ar OR Hl\ll1
R1 R
R1, R2%H

Hie, L.; Fine Nathel, N. F; Shah, T. K.; Baker, E. L.; Hong, X.;Yang,Y.-F; Liu P; Houk, K. N.; Garg, N. K. Nature 2015, 524, 79.

(Het)Ar2-B(OH)., [Ni(cod),] JOI\ -
SIPr -
(Het)Ar' Jj\ Ry or > (Het)Ar'” “(HetArz 7 HN
K4PO,, H,0 Boc
Boc (Het)Ar2-B(pin) toluene, heat

R =Me or Bn

Weires, N.A.; Baker, E. L.; Garg, N. K. Nat. Chem. 2016, 8, 75.
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C—N Bond Activation

Bn”

Z-T

0] @)
O |
Boc (o) / H ) i.Boc,0, DMAP, CH,CN, rt. Me-Me
I}l A an/N O y \‘,O
Bn [Ni(cod),], SIPr T ii. B, [Ni(cod),], SIPr
KaPOy4 HO toluene, heat
toluene, heat |\7|
e

Me Me
+OH

AY

: (=)-menthol N
Me B H : i. Boc,O, DMAP, CH4CN, rt.

H,0, toluene, heat

I @)
[Ni(cod),], SIPr, toluene, heat o \Q ii. A, [Ni(cod)s], SIPr, KzPO,4
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C—N Bond Activation

Oxidative | : Reductive Product
addition ! Ligand exchange ” elimination " extrusion
. -3 - M s - 1
oipp~ NN Dipp Dipp~ NN~ pipp . _N__N
Y 5 Dipp Y ~Dipp
" o Me—0O---Ni—{ N
ph'N---"\:; ’I'i"ril ‘M : Me()'--‘%,""
: Me Ph pn @ Ph
1" 14 17
200 248

PhNHMe

11 (oxidative addition transition state) 14 (ligand exchange transition state) 17 (reductive elimination transition state)
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Other Metal-catalyzed Coupling Reactions

Pd(OAc),
©\/\/ PPhg resin, Et3N> - gram scale
* useful compound
~-OAc EtCN, 105 °C NNF | XY (fluorescent probes)
&
diphenylhexatriene
Mesganaw, T.; Im, G-Y.].; Garg, N. K. J. Org. Chem. 2013, 78, 3391.
4 )

| FeCl, ©

XOR SIMes+HCI L !
RT + CIMg_alkyI > R+ N ~ N*Mes
Z DCM-THF Z Mes” g~/
SIMes-HCI

R' = OCONEt2 or OSOzNMe2 \_ )

Silberstein, A. L.; Ramgren, S. D.; Garg, N. K. Org. Lett. 2012, 14, 3796.

N|C|2(F’Cy3)2
K4PO
(Het)Ar'-X  + (Het)Ar2-B(OH), S —1 3 (Het)Ar'—(Het)Ar2
2-Me-THF or tamyl alcohol
heat
X =Br, I, Cl or OSO,NMe, green solvent
Ramgren, S. D;; Hie, L.;Ye,Y.; Garg, N. K. Org. Lett. 2013, 15, 3950.
O
') Pd(PPh3),
(Het)Ar—X  + )L KF » (H t)A)LM
et)Ar— et)Ar e
TMS™ Me DCM, heat

X =Br, | or OTf

Ramgren, S. D,; Garg, N. K. Org. Lett. 2014, | 6, 824.
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Summary

— Aryne Chemistry

* Aryne Distortion Model
- Alkaloid Total Synthesis (e.g., (—)-N-methylwelwitindolinone C Isothiocyanate)

— Interrupted Fischer Indolization

- Methodology Development
- Alkaloid Total Synthesis (e.g., (£)-Aspidophylline A)

— Metal-catalyzed Cross Coupling Reactions

« C—-0O Bond Activation
« C-N Bond Activation
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Outlook and Possible Future Directions

- Total Synthesis and Drug Development

* Develop Ni(ll)-Catalyzed C—N Bond Activation Reactions
» Kinetic Study of the C—N Bond Activation Reactions

* Photoredox Chemistry
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