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B Facts about cobalt

Electron configuration

LDs5q of cobalt salts

Safety

Nobel Prize

Background

27

Co

Cobalt
58.9332

[Ar] 3d” 4s2

150 — 500 mg/kg

8!h-most-prevalent allergen
(15t is nickel)

Alfred Werner, 1913

for his contribution to coordination
chemistry: proposed correct
structure of [Co(NH3)e]**

contains CoCl,

O°H +



Background

B QOxidation state of cobalt

e Most common: +1, +2, +3
e Co(ll) forms both Td and Oh complexes (L dependent)

e Co(Ill) prefer Oh complexes

Co3*(aq) + € —> Co?**(aq) E=+1.82V

B Cobalt in Nature: Vitamin By,

e Most complex of all vitamins

e Play a key role in function of brain and nervous system =F'>\ </ :@:
/

and the formation of red blood cells 0 O OHN

e Isolated in 1948 (Shorb) O
HO Vitamin B,

e First total synthesis 1972 (Woodward)
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Overview of cobalt catalysis

Metal carbonyl chemistry
Cross-coupling

Vit. B like Co compounds

Will not be covered

C—H activation

Cyclization




Metal carbonyl chemistry

B Reaction with alkyne

co
~2C0 OC~~C0
Co,(CO)g + RI———R? S R1%I>_R2
room temp. OC’C|°‘CO
co
B Serve as an alkyne protecting group
HO HO
Me Me HBF, / HOAc HO\ Me
[ EEEE—
== M ==
) | 0 °C, 15 min © / |
Co,(CO)s 91% yield Me o0

Nicholas, K. M.; Pettit, R. Tetrahedron Lett. 1971, 12, 3475-3478.



Nicholas reaction

B Highly stable propargylic carbocation

OH

Co,(CO
Me)\\/ 0,(CO)g

B Nicholas reaction

OR
COE(CO)G

R i/\\

Co,(CO
RJI\\/ 0(CO)e

A S

3

LA

EI*

I

HBF,

®
— v e 2% | B
3
60 grams isolated
burgundy-red salt
R
@\ C05(CO)g Nu- r U
R \\4 — . - Co,(CO)s
: , ~N
key intermediate

Nu = electron rich ArH,
ketone, allyl-SiR3, and etc.

Varghese, V.; Saha, M.; Nicholas, K. M. Org. Synth. 1989, 67, 141.



Pauson—Khand reaction

B General reaction scheme

RL O
2 .
RL_R Co,(C0)g (1 equiv.) AL R
o - .
R DRt solvent / heat RO
terminal alkyne strained cyclic > terminal > alkene regioselectivity
gave better yield disubstituted >> trisubstituted, hard to predict unless
size: Rt > RS electron poor alkene intramolecular

B Recent total synthesis using Pauson-Khand

OH

iPr

Me OH
OH

e
HO H
HO OH
(+)-ryanodol (Reisman 2016) lancifodilactone G acetate (Yang 2017)

Khand, I. U.; Knox, G. R.; Pauson, P. L.; Watts, W. E.; Foreman, M. I. J. Chem. Soc., Perkin Trans. 1, 1973, 0, 977—981
Chuang, K. V.; Xu, C.; Reisman, S. E. Science 2016, 353, 912-915.
Liu, D.-D.; Yang, Z. et al J. Am. Chem. Soc. 2017, 139, 5732-5735.



Reaction mechanism

RS RL —

RS——RL M
OC~cd2Co(cO), co
7\
oc” %o

Co,(CO)sg
/ RS RL
highp
CO ----"71 //\Co—‘Co(CO)3
1 OC/ \
Cco
002(00)6 T CO4(CO)12
migratory
insertion
R RS
RS
RS
RL
0 ’ RL OC—Clo-Co(CO)3
OC—/Co—Co(CO)s CcO
oc” ko R® ‘/\
migratory RL
insertion

0C—Co0%Co(CO)3
7\
OC co

Gibson, S. E.; Mainolfi, N. Angew. Chem. Int. Ed. 2005, 44 3022—-3037.



B Amine as additive

Additives promote CQO dissociation

Co,(CO)g dioxane : co-solvent

Ph

i‘—Ph (1:3 v/v, 0.1 M)
\ 100 °C, 30 or 45 min ©

B Sulfide as additive

additive Ph
(3.5 equiv.)
- TsN o)
83 °C, 30 min

co-solvent SM

H,0 91%
1 M NHg+H,0 0%

additive

CyNH,
n-BuSMe

Sugihara, T. et al. ACIE, 1997, 36, 2801-2804.
Sugihara, T. et al. Synlett, 1999, 6, 771-773.

product

0%
96%

yield

15%
79%



Catalytic Pauson-Khand

B Catalytic Pauson-Khand with cobalt

— o CoBr, (10 mol%) J]\
/T Zn (2 equiv.) Ph Mesn” Sy e
TsN - I I
\_\\ TMTU (60 mol%) TN 0 ve  Me
4AMS, toluene TMTU
70 °C, CO balloon 93% yield
B Other metals (eg. Pd, Rh, Ir and etc.) also work
0 o)
BnO BnO M
X [RhCI(CO),], (1 mol%) 0 e
Me — > Me
— Me CO (1 atm)
Bno. O™ m-xylene, 110 °C Bno. oM H

85% yield, > 20:1 dr

e Catalytic PKR often require fine tuning of reaction conditions

Wang, Y.; Xu, L.; Yu, R.; Chen, J.; Yang, Z. Chem. Commun. 2012, 48, 8183-8185.
Chuang, K. V.; Xu, C.; Reisman, S. E. Science 2016, 353, 912-915.



aryl
halides

Cobalt catalyzed cross-coupling reactions

X

/=/

R

vinyl
halides

Co

o8
alky!
halides

reductive
coupling

C—-heteroatom
bond formation



Coupling with aryl halides

using aryl nucleophiles

B Kumada-type coupling

COF2‘4H20 (83 mol%) Me
Cl Me IPr-HCI (6 mol%) O
'
MeO BrMg THF, 60 °C, 24 h O
MeO

1.2 equiv.

94% isolated yield
(FeF3: 92%, NiF,: 88%)
B Scope of reaction (Co vs. Ni)

F F
F Bu
o C
Cl Cl Cl = Br F
+ + + +
MgBr MgBr MgBr MgBr
Me0/©/ F/©/ MeO Me/©/
Co: 97% Co: 86% Co: 95% Co: 20%
Ni : 46% Ni : 39% Ni : 37% Ni : 95%
(C—F red.) (e™ poor Nuc) (ArCl recv.) (Nuc dimerize)

Nakamura, M. et al. JACS, 2009, 7131, 11949-11963.



Coupling with aryl halides

using aryl nucleophiles

B Proposed mechanism

Ar2X >f\
F- -MgX F- -MgX
Ar'MgX | o NI
Co'F, —— > L—Co'—F Ar2—C(I)Q’—F
L Ar1 X Ar’
MgX,
F- -MgX
Ar’MgX L—Co!'—F
)I( Arl—Ar?

metalate mechanism

Nakamura, M. et al. JACS, 2009, 7131, 11949-11963.



Coupling with aryl halides

using aryl nucleophiles

B Suzuki-Miyaura-type coupling

OTf
AN
F3C

NaOCH(Ph)Me

1 equiv.
A (iPrPNP)CoCI (5 mol%)

THF, 60 °C, 24 h

PinB

PiPr2
N—Co—Cl
\ 7
PiPr2

(P"PNP)CoCI

Neely, J. M.; Bezdek, M. J.; Chirik, P. J. ACS Cent. Sci. 2016, 2, 935-942.



Coupling with aryl halides

using alkyl nucleophiles

B Kumada-type coupling

CoCl, (5 mol%)

Br IMes+HCI (6 mol%) n-CgHy7
+ Bng/n-Can - /©/
MeO TMPDA (1.5 equiv.) MeO

Et,0, 25 °C, 1 h

87% yield

e The ONLY example of Co-catalyzed coupling between ArX and R—M reported to date

B “Scope” of nucleophiles

n-BuMgl MeMgl Allyl-MgBr i-PrMgCl Z‘e xe
Me” N e
66% vyield 0% vyield 0% vyield 9% vyield TMPDA

Oshima, K. et al. Chem. Lett. 2008, 37, 1178—1179.



Coupling with vinyl halides

B Coupling with Co(acac), — THF/NMP system

Co(acac),
R (3-8 mol%) Re
R%X + XMQ\R > R%R
R2 _ NMP (4 equiv.) R2
1.1-1.5 equiv. THF

52-90% yield

e Addition of NMP is crucial to supress dimerization of Grignard reagent

Scope of halide Scope of RMgX
Me
Ph Me Za T PhMgX MeMgX PhCH,MgX
\/\Br \/\Br \M(\
° MaX MgCl
Hox | Ph N Me\)\M
Dec Bu e
\K \(\I \__/
Br Bu pdt Z Me [\
e —)—MgX <o
¢ Cl Me up to Me
C B 36% vyield
I r
\/\CI \/\Br
AN MAC
5eq. = pdt E Me Me CIMgO

Cahiez, G.; Avedissian, H. Tetrahedron Lett. 1998, 39, 6159-6162.



Coupling with vinyl halides

B Co(acac);—PPhg allowed use of triflates as electrophiles

Co(acac)s (3 mol%)

OTf PPh3 (12 mol%) R
17 R TN
R /\r N Bng/ _ R /\r

R? THF, 3 h R?
R = Ar or alkenyl 67-93% yield
Scope of triflate Scope of RMgBr
OTf Me
Pent _~ 7 MgBr S
N o /& MgBr MgBr
Me
€~ rich or poor
oTf ore ! oTt e

: ! Me
: ! /\MQCI Me\)\ %\MgBr
! 1 MgBr
: : Me
Loup to 20%

Shirakawa, E.; Imazaki, Y.; Hayashi, T. Chem. Lett. 2008, 37, 654—655.



Coupling with alkyl halides

using aryl nucleophiles

Kumada-type coupling

Co(acac)s (5 mol%)
TMEDA (5 mol%)
Alk—Br + Ar—MgBr > Alk—Ar
THF, 0 °C, 40 min

(1.1 equiv.)

Scope of halide

X Br Me Br
Me/\/\Br Me\)\ Meh/
Me Me

up to 94% y 92-94%y (X =1, Br) up to 97%y trace
4%y (X =ClI)
0]
@] 0]
Me
Cl/\ﬁs/\Br )]\M/\ JI\M/\ NBr
EtO 4 Br Et,N 4 Br
Me
up to 89% vy up to 90% up to 84% y up to 88%

Cahiez, G.; Chaboche, C.; Duplais, C.; Moyeux, A. Org. Lett. 2009, 11, 277—-280.



Coupling with alkyl halides

using aryl nucleophiles

B Reaction mechanism

PhMgBr (2 equiv.) o
Co(dppe)Cl, (10 mol%)

Me
M
C’Io\tnne - M: 84% yield
TS THF, 0°C, 30 min (62/38)

Ph

© O Me radical-based

Me Me mechanism
\/ e

[Co''(dppe)Ph,](MgBr)
[Co'(dppe)Ph,](MgBr)

O j\@é

/\ [Co®(dppe)Ph](MgBr)
E;[ \t [Co®(dppe)Ph.](MgBr),
PhMgBr

Ohmiya, H.; Wakabayashi, K.; Yorimitsu, H.; Oshima, K. Tetrahedron 2006, 62, 2207-2213.



Coupling with alkyl halides

using alkyl nucleophiles

B Allylation works with sterically hindered halides — a “free” radical reaction

Me Br /
Me Co(dppe)Cl, (10 mol%) Me
Me T CIMg/\/ > Me
ve THF, -20 °C, 2 h Me
MeO MeO Me
73% vyield
Me Me Br
n-Hex
| | Br Ph
Ph” TN m
-Bu
76% Y|e|d 83% yleld 82% y|e|d 84% yleld

B Alkyl nucleophiles also works in presence of iodide anion

o CoCl,eLil (5 mol%) o

TMEDA (20 mol%)
MeMBr + BrMg—n-Pent > Me\Hj\/\/\n-Pent
THF, 10 °C, 1 h

Me Me

primary, secondary primary 73% isolated yield

Oshima, K. ACIE, 2002, 41, 4137—-4139.
Cahiez, G. et al. Adv. Synth. Catal. 2008, 350, 1484—1488.



Coupling with alkyl halides

B [ntermolecular Heck-Type coupling

Me Me
Co(dpph)Cl, (5 mol%)
@)

0O O/,. TMSCHQMQCI (25 eqUiV.) @) 1y,
g + Ph
", Et,0, reflux, 6 h "o,
Br l 1
Me

)

Ph
68% yield
B Radical nature of the reaction
A ph Me A pn Me ~ y—Fh
Br — NN Me+Br —_— Me%—/i
Co Me Co Me
50% yield 67% yieId

Oshima, K. et al. J. Am. Chem. Soc. 2002, 124, 6514—6515.



Reductive coupling

B Dimerization of halides

Co(PPhj3)5Cl
(1.2 equiv.)
- COgMe
acetone (0.1 M)
23 °C, 15 min . “CO,Me
\
SO,Ph
an(CO)m ° Mn(CO)S 60% yleld

system gave up to 30% yield
® Aryl chloride/bromide with vinyl acetates
CoBr; (5 mol%) Me
Ac Mn (10 equiv.) Q )\ /J\
é OMF/pyrdine Q AN
MeO,C idi
o2 by MeO,C

50 °C via
79% vyield

Movassaghi, M.; Schmidt, M. A. ACIE 2007, 46, 3725-3728.
Amatore, M.; Gosmini, C.; Périchon, J. EJOC 2005, 989-992.



C—-N bond formation

B Coupling with aryl iodides

CoCl,*6H,0 (20 mol%) Z | A\
= N\ | DMEDA (40 mol%) x \
] ; j@ -

NT N K3POy4, H,O
120 °C, 36 h
86% yield
B Coupling with chloropyridine
CoCl, (10 mol%) F5C N
FsC X dppp (10 mol%) |
| + > N N
NZ el N p-xylene, 135 °C O
75% vield

Teo, Y.-C. Chua, G.-L. Chem. Eur. J. 2009, 15, 3072-3075.
Toma, G.; Fujita, K.; Yamaguchi, R. Eur. J. Org. Chem. 2009, 4586-4588.



Other C—heteroatom bonds

B C-0O bond formation

o Z CO(OAC)2'4H20 (20 mOIO/o)
| Ag,O (1 equiv.)
N \N + EtOH o
Ho b NaOAc, 60 °C, 12 h, air

e Only two reports demonstrated C—O formation via Co catalysis

o) =z |
N
N N
H {
OEt

e For cobalt—catalyzed C—H activation. See review: ACS Catal. 2016, 6, 498-525.

B C-B bond formation

(CYAPDI)CoCHj BPin

Me/W\\ > /\/\/\)
R Mo P~

HBPin, THF

Song, M.—P. et al. ACIE, 2015, 54, 272-275.
Chirk, P. J. et al. JACS 2015, 137, 5855-5858.

|\

Me s Me
Y
N——Co——N

o’ 1 oy

Me

(°YAPDI)CoCHS3



Vitamin B like Co complexes

Some vitamin B, like Co compounds

—N N—
AN
/C°<
(@) (@)

Co(salen)

e Enzyme mimics: reversibly binds O,
replicate certain aspects of vitamin B4,

e Jacobsen hydrolytic kinetic resolution

Co porphyrin

e High “radical character” on Co

e No cis—coordination sites available



Co''(salen) chemistry

B Jacobsen hydrolytic kinetic resolution

0 HO R2
( 5 > S aR4
R1\" "'lRZ R1“‘
3 4 3 OH R
R R catalyst R NN
_ o ) ) N\ 72T
(0.5-5 mol%) enantio-enriched Co{
— diol +Bu o” [ o +Bu
H,>0 (0.5 equiv.)
Rj \Rz RJ ~R2 Bu -Bu
RS ’, N R4 R3 ‘. S R4
<o7 (07 L = OAc, Cl, OH, OTs, SbFg, OPh
racemic mixture or enantio-enriched catalyst
meso epoxide epoxide

B Mechanism: second order dependence on the catalyst

R R

RDS —lco—
H,0—[Cor—0H bo— CorL — » _)‘O Coy—L
A H,0—[co} - -0 5
@

Tokunaga, M.; Larrow, J. F.; Kakiuchi, F.; Jacobsen, E. N. Science 1997, 277, 936-938.



Co(salen) radical chemistry

B General reactivity

red. R—X
col-L —» oL —» R + Co-L == R-Co-L
alkyl or aryl Aorhv
B Aryl halides
J/ salen Co'(salen) ©j§
i : dark ©j§ hv, O,
NaBH,4

® Alkyl halides: michael addition

Br Col(salophen) . _CO,Et
<:|/ + A Co,Et > G/\/
CH20|2, hv

Patel, V. F.; Pattenden, G.; Russell, J. J. Tetrahedron Lett. 1986, 27, 2303—2306.

Patel, V. F.; Pattenden, G. J. Chem., Chem. Commun. 1987, 871-872.



Co''—porphyrin catalysis

B Structure of Co'-porphyrin: metalloradical catalysis (MRC)

Co' porphyrin

B Porphyrin ligand can be fine tuned and achieve asymmetric catalysis

R* R
0= N—o
N—H R H—N
O555)
N—H R H—N
o= Vo
R* R*

Lu, H.; Zhang, X. P. Chem. Soc. Rev. 2011, 40, 1899-1909.



Modes of reactions

B Cylcopropanation of alkenes

i-PrHN\n/\ + NZ/\COZFBU -
toluene, rt, 20 h

@)

B Aziridination of alkenes

\
| | +
Br

Co—Por* (1 mol%)

DMAP (0.5 equiv.) ¢O2+Bu

A

96% isolated yield
99:1 trans/ cis
96% ee

-PrHNOC

Co—Por* (1 mol%)
DMAP (0.5 equiv.)

N
N7 SO4CH,CCl, >
toluene, rt, 20 h

Zhang, X. P. et al. JACS, 2007, 129, 12074-12075.
Zhang, X. P. et al. CC, 2009, 4266—4268.

t‘BUOzC
\%\ N
C N | N=

9

$ Co”
N~ °N
N — —

carbene radical

Tces

92% isolated yield

9% ee



Summary

27

Co

Cobalt
58.9332

e Excellent catalyst for carbon—centered radicals reactions

R—X
Coel —> R + Co-L =—= R-Co'-L
A or hv

alkyl or aryl

e Versatile reactivity w/ moderate efficiency. Less studied area.



