Mvyth or Reality?
o-Bond Metathesis by d™? Transition Metals

___LATE TRANSITION METALS

R A

A Topical Seminar

September 27th 2022



M-[C]

Oxidative addition/
reductive coupling
(STEPWISE)

The core of this seminar

o-Bond metathesis
(CONCERTED)



M-[C]

Oxidative addition/
reductive coupling
(STEPWISE)

EI
©
|\|/‘~\
C

Mid-Late TM, d" (n#0)

H

The core of this seminar

o-Bond metathesis

(CONCERTED)
- G F
M----H

L e

Early TM, d°



The core of this seminar

M-[C]

Oxidative addition/
reductive coupling

(STEPWISE)
El BRIDGING THE GAP
M7 |
| ™~ H Mounting evidence that
high ox. state / 3d metals
C have concerted mechanisms

Mid-Late TM, d" (n#0)

)

(CONCERTED)
i C -
P i
M----H
'\\ JI
- E' -

Early TM, d°

o-Bond metathesis

+



The Chirik Group: Why Should We Care?



The Chirik Group: Why Should We Care?

Late 3d metals have less / fewer accessible high oxidation states
Redox-neutral operations become more likely / significant

(P2)Co(lll): proposed o-CAM

Me, Me _l +
3 BArT,~



The Chirik Group: Why Should We Care?

Late 3d metals have less / fewer accessible high oxidation states

Redox-neutral operations become more likely / significant

(P2)Co(lll): proposed o-CAM

Me, Me —l +
3 BArT,~

(P2)Co(ll): metallacyclopropane

I:’\Co

Can. J. Chem. 2021, 99, 193.

Hydrogenation TS

N /

JACS 2022, 144, 15764.



The Chirik Group: Why Should We Care?

Late 3d metals have less / fewer accessible high oxidation states

Redox-neutral operations become more likely / significant

(P2)Co(lll): proposed o-CAM

Me, Me —l +
3 BArT,~

(CNC)Fe: proposed o-CAM

?
+ Ar- D

<7 2 X

[Fe]— | fast [Fe]— |

H D

lll-a ll-a

\\_/
ACS Catal. 2020, 10, 8640.

(P2)Co(ll): metallacyclopropane

I:’\Co

Can. J. Chem. 2021, 99, 193.

Hydrogenation TS

/ _

JACS 2022, 144, 15764.



The Chirik Group: Why Should We Care?

Late 3d metals have less / fewer accessible high oxidation states
Redox-neutral operations become more likely / significant

(P2)Co(lll): proposed o-CAM (P2)Co(ll): metallacyclopropane Hydrogenation TS

Me Me

(CNC)Fe: proposed o-CAM

?
+ Ar- D

<7 2 X

[Fe]— | fast [Fe]— |

H D

lll-a ll-a

~_

ACS Catal. 2020, 10, 8640.

I:'\Co

. ¥ i

Can. J. Chem. 2021, 99, 193. JACS 2022, 144, 15764.

(SiNSi)Co: Co(l) not observed

- b2 ; f
@“\j: /m/\l.—\,_«/ X
ST TS

2 > ©

/

ACS Catal. 2022, 12, 8877.



The Chirik Group: Why Should We Care?

Late 3d metals have less / fewer accessible high oxidation states
Redox-neutral operations become more likely / significant

(P2)Co(lll): proposed o-CAM (P2)Co(ll): metallacyclopropane Hydrogenation TS
Me, Me + B *
3 —l BAI’F47 >:_O\ /P
L S P e S
C : \ Sy \\:
Et/ 0\\::\”\_' CO o= H/H
2 i O
(;LQ . / 1
Me~
N\H Can. J. Chem. 2021, 99, 193. JACS 2022, 144, 15764.
(CNC)Fe: proposed o-CAM (SiNSi)Co: Co(l) not observed (ACNC)Co: Co(lll) not observed
: < U3
CeDsH [F N\ s e s " =\ =\
+Ar-D b ""“\_/__\ :\/g f Xy N N~ipr Xy Nz N~ipr
CeDs 0 L\/ //\ TR —N 7/ / —N 7
\f)/@ %0 2OV N + ~/ °
= / 5 @ N F N °
. P
[Fe]— | fast [Fe]— | I/ | , E3>/ ER)/ \/©
;\/" F
: a . I-a ] /‘ F >

ACS Catal. 2020, 10, 8640. ACS Catal. 2022, 12, 8877. Arene



History

Late 70s — Late 80s
Foundational d° M work
L N

1980 1990 2000 2010 2020



History

d® M C-H activation
. 1
1977: Erker Hydrogenolysis of d° M-alkyl

Cp22r© 1978: Schwarz2 | 1979: Brintzinger3

1980 1990 2000 2010 2020
I

MHD Methane exchange (Lu, Y) “o-Bond metathesis”
/ 1983: Watson* 1987: Bercaw®
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(1) Erker, G. JOMC 1997, 134, 189. (2) Schwartz, J. JACS 1978, 100, 3246. (3) Brintzinger, H. H. JOMC 1979, 171, 337. (4) Watson,
P. L. JACS 1983, 105, 6491. (5) Bercaw, J. E. JACS 1987, 109, 203.
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o-Complex Assisted Metathesis: “o-CAM”

Perutz/Sabo-Etienne, ACIE 2007, 46, 2578.
Perutz/Sabo-Etienne/Weller, ACIE 2022, 61, e202111462.

o-CAM: o-Bond metathesis for mid/late-transition metals
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Agostic interactions: “Close to home” examples

Weller, A. S. Organometallics 2008, 27, 2918.
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o0-CH,complexes by NMR: Recently revitalized

“The original”’: Bernskoetter, W. H.; Brookhart M. Science 2009, 326, 553.
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'"H NMR (CDCI,F, —110 °C): '3C-labeled methane

o-Methane revisited: (i) Ball, G. E. Nat. Chem. 2022, 14, 801. (ii) Ball, G. E. JACS 2022, ASAP.
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Bergman, Ir: d3 Ir(I) to d° Ir(IIl) in 10 years

Janowicz, A. H.; Bergman, R. G. JACS 1982, 104, 352.
Me Me -‘-
Me
hv/CgHi2 / \ H PME
Mé 5 \ 2 c5Me5:(Me3p)zr\cH/C &, 3

Me .-H O O

Ir
20\cﬁ:H2 Ir: Graham, W. A. G. JACS 1982, 104, 3723.

/ “y via II" I | |
Me3P H [ ()] H
Rh: Jones, W. D. JACS 1982, 104, 4240.

Prevailing view: Low oxidation state (5d) metal needed for alkane activation
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Bergman, Ir: d3 Ir(I) to d° Ir(IIl) in 10 years

Prevailing view: Low oxidation state (5d) metal needed for alkane activation

Challenging the dogma: Cationic Ir(Ill) activates methane (no hv!)

Burger, P.; Bergman, R. G. JACS 1993, 115, 10462.
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Difficult synthesis (I'm guessing) — no alkane solvent
VACUUM UNSTABLE



Bergman, Ir: The “mechanistic continuum”
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Bergman, Ir: The “mechanistic continuum”

Why couldn’t they experimentally determine the
mechanism? What is the limit of experiment?

Should we care about this mechanistic nuance?

This proposal would spark a 20+ year debate...
...and remains a “borderline case”



Bergman, Ir: Mechanistic studies were not extensive

Tellers, D. M.; Bergman, R. G. JACS 2002, 124, 1400.
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Bergman, Ir: Mechanistic studies were not extensive

Tellers, D. M.; Bergman, R. G. JACS 2002, 124, 1400.
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Bercaw, Pt: d!° Pt(0) to d? Pt(11), and its evolution

Whitesides, G. M. JACS 1988, 7110, 1436.
Labinger/Bercaw, JACS 1997, 119, 848.
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b b
g'fz
- CMe 13
\Pt’ g — ~ 30 atm "“CH,

7 WNC Pentafl dine_ | ~Noua, «NC .
5 e SR [
g‘f‘z .- C!n'z CY2 Q cH
E N 2 p:—@ E N-N = TMEDA + CH,
Cy. Cationic Pt(II) does methane exchange
Pt(0) does C—H oxidative addition ‘ ‘

Same speculation arose...

Tilset, M. JACS 1999, 121, 1974.
oxidative addition

j +
, N P )
—  M————H —
AN
+ CH3 +
M—R M R CF
_ - 3
HyC——H CH; H
JR\
e Kﬂ -~ l\\H —_— foa, at i 'q’r" o
’;PHI\ +RH ol o X FH
C
Hj R-Cl
o-bond metathesis
. PHIV)
1l 1l R 3
Pd / Hg y + ROH+H
= |\ + H

\CHa Shilov H,0 | o PH(II)

electrophilic substitution reaction il TQR




Bercaw, Pt: Kinetic studies

Labinger/Bercaw JACS 2002, 124, 1378. do3

0,36
o
|

R +
apparent rate law: rate = kons[benzene]/[water] l3_< l /
Ar—N/ N —Ar -CH,Dy.
AN /N | [BE,

|

CF,CD,0D

e L 20°C
(L = TFE (i); H,O (ii))

10 No 2,6-substituents
11 2 6-disubstituted

12 No backbone Me

+

7N
Ar—N\P /\T—Ar [BE,]
N

HxDﬁ-xcé

L

(L = TFE (3); H,0 (ii))

R’
17,R = CHg, Ar = 4—_[>—xf
RS

18, R = CHa, Ar = -} EQ R*
R

19,

R=H

3
Ar= —E _Q;Rél
R



apparent rate law: rate = kons[benzene]/[water]

Me;C i
N
H.C L

(L = TFE (i); H,0O (i)

10b

Bercaw, Pt: Kinetic studies

Labinger/Bercaw JACS 2002, 124, 1378.

LMe,

CMe,

[BE,]

Parallel KIE: k., / kp = 2.2 (20 °C)

ASt = +5e.u.

d0,3,6

- } -
] - -CH,Dy,
Ar N\ /N Ari (BE,] 4

|

CF,CD,0D

e L 20°C
(L = TFE (i); H,O (ii))

10 No 2,6-substituents
11 2 6-disubstituted

12 No backbone Me

+

2\
Ar—N\P t/\T—Ar [BE,]
RN

HxDﬁ-xcé

L

(L = TFE (3); H,0 (ii))

R

17,R=CH,, Ar = {—__[S>—R1

A ges

18, R = CHa, Ar = -} F&Q R*
3

19,

R=H

2T
Ar= —E _Q;Rél
R



Bercaw, Pt: Kinetic studies

Labinger/Bercaw JACS 2002, 124, 1378. /do,s,a
(J

s CF,CD,0D
H Hac/P\L | 20°C
< - —Q (L = TFE (i); E1,0 (i)
N <N (BE.]
L

apparent rate law: rate = kons[benzene]/[water] S_(z T /
Ar—N/ N —Ar -CH,Dy.
A | B ———

/P 10 No 2,6-substituents
H,C

(L = TFE (i); HyO (1))
11b 12 No backbone Me

Parallel KIE: k,, / k= 1.1 (35 °C)
ASt =—-16 e.u.

11 2 6-disubstituted

- 1+
Me;C H CMe,

MesC N CMe, | [BE,T
! H3C/P\I |
(L = TFE (i); H,O (if))
10b
Parallel KIE: ki, / k, = 2.2 (20 °C)
ASt = +5e.u.

HxDﬁ-xcé

T

\
Ar—N\P t/\T—Ar [BE,]
RN

L

(L = TEE (4); H,O (i#))

R®
17,R =CH,, Ar = -%_—</_>—R4
RS

18, R = CHa, Ar = -} EQ R*
R

19,

R=H

3
Ar= —E _Q;Rél
R



Bercaw, Pt: Kinetic studies

+

Labinger/Bercaw JACS 2002, 124, 1378. /do,s,a
%

7 N\ “ ~
— — -CH,DD,.,
i i Ar N\ /N Ari (BE,] 4

4§ CF,CD,0D
N TP VI I
Yan _Q (L = TFE (i); H,0 (i)
R <N [BE,)
L

apparent rate law: rate = kons[benzene]/[water]

|

,/P 10 No 2,6-substituents

H,C
(L = TFE (§); HyO (1))
11b 12 No backbone Me

Parallel KIE: k,, / k= 1.1 (35 °C)
ASt =—-16 e.u.

RDS: m-benzene adduct
(reversible activation — H/D scrambling)

11 2 6-disubstituted

- 1+

Me,C H CMe,

MeC o pt CMe, | [BE,I

i H_—..,C/P\L ]

(L = TFE (i); H,O (i)
10b

Parallel KIE: k,,/ kp = 2.2 (20 °C)
ASt = +5 e.u.

RDS: C—H activation

+

2\
Ar—N\P t/\T—Ar [BE,]
/

HxDS-xClS \L
(L = TEE (4); H,O (i#))

R®
17,R =CH,, Ar = -%_—</_>—R4
RS

18, R = CHa, Ar = -} EQ R*
R

19,

R=H

3
Ar= —E_Q;R4
R



Bercaw, Pt: Kinetic studies

Labinger/Bercaw JACS 2002, 124, 1378. /d0,3,a
(J

apparent rate law: rate = kons[benzene]/[water] H T Z — '
] —Ar ‘CHxD -x r— —Ar
s . A N\ /[\I A .[BF4]‘“—4* A N\ /\T A [BE,J
4§ /Pt\ ; CF,CD,0D /l-'t\
C >/—< fay, HyC L J 20°C HXDS-XCG L
] (L = TFE (i); HyO (i1)) (L = TFE (3); H,0 (ii))
4 :\ N /N—Q - : 2 L
_/P l'\ 10 No 2,6-substituents — 17,R=CH, Ar= $—<__ >R
L H:_)'C L Rl . p RS
(L = TFE (i); H,O (1)) 11 2,6-disubstituted 18, R =CH,, Ar = -ER“
11b 12 No backbone Me 19/R = Hj Ar = 4o
R
Parallel KIE: k, / kp,=1.1 (35 °C) vt
ASI =—16 e.u. 11 Zi
RDS: m-benzene adduct / T

(reversible activation — H/D scrambling)

: \ ¢ T+ =,
Me,C 73\ LMe, (N;,,,P‘muCH:, la
—_— \ Nf’ '\,(CGHEJ
Me;C b CMe, | [BE,T - -
_ e ) - A ing O.A
(L = TEE (i); H,0O (i) ssuming O.A.
10b
0 N,  WCHy* Ny wL 1%
Parallel KIE: k, / kp = 2.2 (20 °C) k e Plog: *+ CgHy {(N'Pt“c o
N
ASt = +5e.u. . ! N Hs
At-:: Aﬂ'— Fl : Fit

RDS: C-H activation (L = TFE (), H,0 (i#)) (L= TFE (), H,0 (if))



Bercaw, Pt: Kinetic studies

Labinger/Bercaw JACS 2002, 124, 1378. /d0,3,a
(J

apparent rate law: rate = kons[benzene]/[water] H T Z — '
] —Ar ‘CHxD -x r— —Ar
s . A N\ /[\I A .[BF4]‘“—4* A N\ /\T A [BE,J
4§ /Pt\ ; CF,CD,0D /l-'t\
C >/—< fay, HyC L J 20°C HXDS-XCG L
] (L = TFE (i); HyO (i1)) (L = TFE (3); H,0 (ii))
4 :\ N /N—Q - : 2 L
_/P l'\ 10 No 2,6-substituents — 17,R=CH, Ar= $—<__ >R
L H:_)'C L Rl . p RS
(L = TFE (i); H,O (1)) 11 2,6-disubstituted 18, R =CH,, Ar = -ER“
11b 12 No backbone Me 19/R = Hj Ar = 4o
R
Parallel KIE: k, / kp,=1.1 (35 °C) vt
ASI =—16 e.u. 11 Zi
RDS: m-benzene adduct / T

(reversible activation — H/D scrambling)

i 1+ = i +
Me,C H LMe, N, wCHy | New, 1 wCH; N,
[ (N"P“’(CGH of Dy e (N
Me;C pi CMe, | [BE,I i - D
/P\ +L +L
' o ' Assuming O.A
ssuming O.A.
(L = TFE (i); H,O (i) : g L
10b Direct observation
N, CHj* needed as proof! N WL 1
Parallel KIE: k, / kp = 2.2 (20 °C) k ot oy 3+ CeHg proof (N',Pt“c .
N
ASt = +5 e.u. , ! . i
Al ™ A Fi =™ Fii

RDS: C-H activation (L = TFE (), H,0 (i#)) (L= TFE (), H,0 (if))



Bercaw, Pt: The protonolysis experiment™

Shilov reaction: mechanism of C—H activation

Oxidative addition T
o T -+ B‘ i
Lupll + RH =——= st YA ol = — Pt R + BH
—~OR -
""" Pl + RH —=> "'”'P et H 8 pi 4+ BH
— """-n T l'----...|l|II1 ~———————— ~Q

Electrophilic substitution R



Bercaw, Pt: The protonolysis experiment™

Shilov reaction: mechanism of C—H activation

Oxidative addition T
it '”'Jp .i"-'“' + B‘ Py, ql”“
‘:;- ptil, + R-H — |~ PtV R — P Rt BH
Isa M-H < Microscopic
observed? - OR - reverse
LTIy 11.“"' i””' ‘u“ -+ E_ i ‘”1”

Electrophilic substitution R



Bercaw, Pt: The protonolysis experiment™

Shilov reaction: mechanism of C—H activation

Oxidative addition T
T gt B‘ iy gt
u.P".- '+ RRH —=— _-_: IV__'__-H —— '_'_:_ “:""F{ + BH
Isa M-H < Microscopic
observed? - OR - reverse
Ptrl paitt + H H R "igy, P "1,..11-‘ H +—B_‘___ Tiragg Ft“,n + BH
Electrophilic substitution R

Stahl, S. S.; Labinger/Bercaw JACS 1995, 117, 9371. CH,or C,H; activation

Pt(IV)—H: 'H NMR (CD,Cl,) 5 —24 ppm Ar
D,Cl H | H
EL 04, Nm \CH
"h ] qchz + HCI __'_L LT 2
Cl
1
2 '
(N = N,N,N',N'-tetramethyl- -30°C
N ethylenediamine
m" , ﬂCl
PhCH; + ,,...::Pt“-....c]l

O.A. or o-BM?



Bergman, Ir & Bercaw, Pt: M-H observed?
Initially inconclusive: No M(n+2)-H observed for Ir(I1l) or Pt(1l)

Bergman, R. G. J. Mol. Catal. A: Chem. 2002, 189, 79. Tilset, M. JACS 2006, 7128, 2682.
Me HoT! Me >/ \< >/ \<
Cp*(PMeg)ir_ — > Cp*(PMey)ir Ar—N_  N—Ar Ar—N_ . N—Ar
Me  cp,Cl, oTf Nt HBF 4-Et,0 “pf

_80 oC —— \
CD,Cl,/Et,0-d1q @
78 °C



Bergman, Ir & Bercaw, Pt: M-H observed?
Initially inconclusive: No M(n+2)-H observed for Ir(I1l) or Pt(1l)

Bergman, R. G. J. Mol. Catal. A: Chem. 2002, 189, 79. Tilset, M. JACS 2006, 7128, 2682.
Me HoT Me 7\ 7N\
Cp*(PMeg)ir_ — > Cp*(PMey)ir Ar—N_  N—Ar Ar—N_ . N—Ar
Me CD,Cl, oTf Nof HBF,Et,0 “of

P
80 °C — N
CD,Cl,/Et,0-d1q @
-78 °C

Pt*(phenyl)(benzene): Rapid m-benzene to phenyl exchange observed by NMR/

b ﬂ

Il
= Yo M == _,/“I ‘{ — ez
i —6.00
= :
%
I 6.50
k% @ " ) A z
a ¢ l fl —7.00
d | I
4 i) fo
. \ Ul 5 o
m p p m po m . 750
v ' v ' v ' v ' v ' v ' Al 1 T T = 1 _Ppm
7.2 7.0 6.8 6.6 6.4 6.2 - 7.00 6.50

&/ ppm
TH NMR (-23 °C) 2D EXSY (+ve phase, NOESY protocol)



Bergman, Ir & Bercaw, Pt: M-H observed?
Initially inconclusive: No M(n+2)-H observed for Ir(I1l) or Pt(1l)

Bergman, R. G. J. Mol. Catal. A: Chem. 2002, 189, 79. Tilset, M. JACS 2006, 7128, 2682.
Me Hot Me 7\ 7N\
Cp*(PMeg)ir_ — > Cp*(PMey)ir Ar—N_ N Ar Ar—N_ . N—Ar
Me CD,Cl, oTf _HBF4E40 “of

80 °C N
cnzmsztzo dio @
78 °C

Proposed reaction pathway

5 [P 3t




Bergman, Ir & Bercaw, Pt: M-H observed?
Initially inconclusive: No M(n+2)-H observed for Ir(I1l) or Pt(1l)

Bergman, R. G. J. Mol. Catal. A: Chem. 2002, 189, 79.

y HOTY y
Cp"(PMegir\® — Cp'(PMeIr
212
-80 °C

Tilset, M. JACS 2006, 128, 2682.

\

ArN NA

_HBF,ELO

@ \O CD,Cl,/Et,0-d4q
.78 °C

Mats Tilset decided to add CH;CN to try to “freeze-out” Pt(IV)-H
Proposed reaction pathway

e

7N\
Ar—=N_ N—Ar
pt’ HBF 4-Et,0

—_—
@ @ CD,Cl,/CH,CN
.78 °C

Pt(IV)=H: H NMR (CD,Cl,) &

SO

;!H \<
N\IVN
Pt

/H\
Ar \h N—Ar

s

-21.5 ppm

C%H




3d & 4d analogues: Change in mechanism?

O’Hair, R. A. J. Organometallics 2020, 39, 4027.

HsC-CH; H,

- P H‘M,
M .
'H H,\C/CHz
_ sz i
H2C=C Hz

Reactivity in gas-phase (MS):
Pt > Ni >> Pd



3d & 4d analogues: Change in mechanism?

O’Hair, R. A. J. Organometallics 2020, 39, 4027.

HsC-CH; H,

H2C=CH2

Reactivity in gas-phase (MS):
Pt > Ni >> Pd

DFT: calculated o-CAM pathways

AE (kJ/mol)
A —lt
/ \ 7 N\ - Pd
=N o N= = = s IS
\& "\3/" —
/
H HO Sy oH
™M H CH,
CH,CH
* i TS7M-8M
26.5 Ni barrier is lowest
-51.2
L <539
= -79.5 -62.4
-100.1
4 » / \
i Ny
® M —
/4 \ ‘M N.g N

N H
AnAH 8M H %
o

™ 2M
But Pt has low energy path by O.A. * 1



3d & 4d analogues: Change in mechanism?

O’Hair, R. A. J. Organometallics 2020, 39, 4027.

HsC-CH; H,

H2C=CH2

Reactivity in gas-phase (MS):
Pt > Ni >> Pd

Conclusion
Pt: O.A. / R.E. mechanism
Ni (& Pd): o-CAM mechanism

DFT: calculated o-CAM pathways

AE (kJ/mol)
A —lt
/ \ 7 N\ - Pd
=N o N= = = S
\& "\ﬁv" —
/
H H“‘{"' H
™M H CH,
CH,CH
~ i TS7M-8M
26.5 Ni barrier is lowest
-51.2
N <539
749 -79.5 -62.4
-100.1
/4 \ / Q
= =
@/ - =
/4 \ ‘M N\e/N

N H
AnAH 8M H %
o

™ 2M
But Pt has low energy path by O.A. * 1



3d & 4d analogues: Change in mechanism?

Brookhart, M. JACS 1985, 107, 1443.

Mes | BAf

<<
a-olefin

|
(MeO)sP”~ Go _\\ polymerization
H-"R catalyst



3d & 4d analogues: Change in mechanism?

Brookhart, M. JACS 1985, 107, 1443.

Mes | BAf

<<
Ql a-olefin
o ..
(MeO);P” polymerization
i H_"\\R catalyst

DFT: computed to do methane exchange
via o-CAM mechanism

()—.
32,4 (34.4)

/ﬁr.o (20.6) (1) 17.0(20.6)

(1)— 6.8 (21.4)
MECP-A #5.5 (22.5)
(3)—4: (20.2)

Cp*
| + °”4 P CH
€3 3 Ha CiH H3C HscfH

Cundari/Jones, Organometallics 2015, 34, 4032.



3d & 4d analogues: Change in mechanism?

27 28 . o-CAM
Co~ Ni A
Cobalt Nickel
58.93 58.69

46

"Rh || Pd

Rhodium Palladium
102.91 106.42

78

77
Ir || Pt

Iridium — Platinum
192.22 195.08 O.A./R.C.




History

Ni-catalyzed alkyne hydroarylation
2008: Nakao'

Borylation of Ru—Me
1994: Hartwig®

@\ ~Me i

- ~

Ru
L"" s‘\Ho

- y r\
L Me,P

L-L = bisphosphine

Methane exchange (Ir)
1995: Bergman’

T+
_CICH,CI

B(Ar)4~

Methane exchange (Pt)
1997: Labinger/Bercaw8 4

[ C N05F5
N-"" "'l-

N-N = TMEDA

F

[BAI’[]-

Late 70s — Late 80s

Ir-catalyzed olefin hydroarylation

F F, F
. . Ni(cod), (10 mol %)
PC 10 mol %
+ Hw%RZ w.. z F
H toluene, 80 °C i

I " HF\R2

Fe-mediated borylation

2008: Ohki'®
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L N

1980

Methane exchange (Lu, Y)
1983: Watson*
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A\ M%’N‘I,
2000: Matsumoto/Periana® Fe—N=N—Fe
| b
© ¢ g Toomplex ©/\/

2000

2010 2020

(6) Hartwig, J. F. JACS 1994, 116, 1839. (7) Bergman, R. G. Science 1995, 270, 1970. (8) Labinger, J. A.; Bercaw, J. E. JACS 1997,

119, 848. (9) Matsumoto, T.; Periana, R.
130, 16170.

A. JACS 2000, 722, 7414. (10) Ohki, Y. JACS 2008, 130, 17174. (11) Nakao, Y. JACS 2008,



Periana, Ir: Olefin hydroarylation

Matsumoto/Periana, JACS 2000, 122, 7414. 0O O
" I
H cat. [lr] Me 2 O“‘lr’o )
+ 2 Me - + 0”120
H H o.1_0
( 0"""0 )
1.6 1.0
@] @]
TON =13

I’b =1.6:1




Periana, Ir: Olefin hydroarylation

Matsumoto/Periana, JACS 2000, 122, 7414. O O
e A
H cat. [lr] Me 2 O“‘lr’o )
O + Z Me g Q/\( + 0”120
H H ‘>>:o\ ,o:<<
( IC),,,Ir.,., 0 )
1.6 1.0
O O
Proposed mechanism TON =13
(based on stoichiometric studies) Q /b =1.6:1

§;0"| """ ?

Periana, R. A. Chem. Commun. 2002, 3000.



Periana, Ir: Olefin hydroarylation

Matsumoto/Periana, JACS 2000, 122, 7414.

H cat. [Ir] Ir
O + Z Me > O'g%

o' "'o

O O
Proposed mechanism TON =13
(based on stoichiometric studies) Q /b =1.6:1

§;0"| """ ?

6 & \< /L Py, H,0, Olefin

py

0]
o=
\@/« @ x«//( @ J Potential B-H avoided!!

Periana, R. A. Chem. Commun. 2002, 3000.




Periana, Ir: Olefin hydroarylation

Matsumoto/Periana, JACS 2000, 122, 7414. o O
e A
H cat. [lr] Me 2 O“‘lr’o )
+ Z O Me - + QNG
H H oll_ o
( IC),,,Ir.,., o )
16 1.0 W
O O
Proposed mechanism TON =13
(based on stoichiometric studies) Q /b =1.6:1
O

o1 o _
il
/>—: 0-"’| \0?4

6 & \< /L Py. 1,0, Olefin

o-CAM (DFT) Periana, R. A. Chem. Commun. 2002, 3000.



Periana, Ir: Olefin hydroarylation

Matsumoto/Periana, JACS 2000, 122, 7414.

H Me
+ +

1.6 1.0

cat. [lr]
ZMe >

Oxidative addition ruled out by DFT (barrier >50 kcal mol!)

R . Fast R
+L
=0 | 0= - ahb_o_ﬁ ,,,,,
-——ofl ~SOo=# 1 -—{V'é““'-o
L
R-Ir-L R-Ir-O
CeHe
- \ —F
o J ot .t
S, 5 TR -RH Ly 3 o=
T it Sty ""\,._ =
Ir: ) r
—0-"|T‘“~0% = = 077\ N O
L H
Ph-Ir-L B Ph

Periana, R. A. JACS 2005, 127, 11372.

TON =13
I’b =1.6:1



Periana, Ir: Stoichiometric studies

Periana, R. A. JACS 2003, 125, 14292.

5 CH; . 130°C % R
= I| ______ 0:? + RH .
Ca—— I"'h-.. - - . -

g—ﬂ"’f | L = CI_I4 ;(F"’H |

|' |I :
S S |

- -
R

IS UNYYY

Arene and alkane C—H activation:
What are the elementary steps?




Periana, Ir: Stoichiometric studies

Periana, R. A. JACS 2003, 125, 14292.

N CH 3 130°C “, R #
:.-——_' t.:l'w-\.\_\_\_h II L r? + RH - e L—-:l-\.\_\_\_\_ E| _‘L ":
S—'—- 0 | o= ——— iy
| - CH, ; |
afﬂ:\ 1-Me N 1-R

Arene and alkane C—H activation:
What are the elementary steps?

Facile pyridine exchange (dissociative)

R R
= °--L.- ------- o CDCly/Py-Ds g:m Ow‘ou:\>
L > L ~r .
;O" | T~ Room Temperature - |
| ()
"“\;f—':" a:‘—:\i D5
R= Ph; Ph-Ir-Py R= Ph; Ph-Ir-Py-ds

R = CHj; CHy-Ir-Py R = CH3: CHy-Ir-Py-ds

Trans effect of the hydrocarbyl group

LS CgHg lJr L Q:\_,
Py
e cis-Ph-Ir-Py

cis-isomer more stable (& py non-labile!)

Periana, R. A. JACS 2005, 127, 11372.



Periana, Ir: Kinetic studies

Periana, R. A. JACS 2005, 127, 11372.

(py)[ir}-Me + C;D,
Order in pyridine: —1
Order in arene: +1
ASt = +11.5 e.u.
AGt 44 = +37.7 kcal mol’

. CH; .
—'Uxill ) + RH
;——— o= |"“"E—
N qMe  110°C
@)
tsotopomer? CeDs
CH, ]
CH:D 100

"y
= gtv”

R
|
|
N

C
L. 3 _f-__u

:2



Periana, Ir: Kinetic studies

Periana, R. A. JACS 2005, 127, 11372.

. (I:H3 , Ill &
O | 0= RH O | Ot
.;E.___ L;TH[Q * = ‘:iuh_{_ .= t|r..‘_“0%
(py)[Irl-Me + CgD; N 1me  110°C N 4R
Order in pyridine: —1 |J3_-;:\._..ff.| @)
Order in arene: +1
A Si‘ =+71.5 e.u. isotopomers C:D:
— -1 CH. 0
AG¥ 9 = +37.7 kcal mol S i

v __kiksk,[RIrPy][PhH]
‘T k_[Pyl(k,[PhH]

rate

+{_ 6)

—
W Cr’rl *\‘Dmf .
L '."d____ 0 __._1."‘
+ C¢H, ,: 0=

- RH



Periana, Ir: Kinetic studies

Periana, R. A. JACS 2005, 127, 11372. “, ? - ||1
e D . + RH —0)
gzL; T"““EQ . gnﬂ"'ﬂ | 4’)?
(py)[lr]—Me + C6D6 1-ME 110 °C N
Order in pyridine: —1 |f_-:‘__..ff.| @
Order in arene: +1 C.HJCDs
A Si' = 4 1 1 . 5 e.u. isotopomers C:D: 1,3.5-C:HsDs (1:1 molar mixture)
— -1 CH. 0 76 50
AGHt 95 = +37.7 kcal mol i i L 2
KIE 3.2 1

eV — k;kk;[RIrPy][PhH]
“H k_S[Py](k?[PhH]JF{_ﬁ)

s 0
L __‘J“ 0 ____,.“"
+ CgH, : 0=

R-Ir-Py > S0~ | 0=
- RH




Periana, Ir: Kinetic studies

Periana, R. A. JACS 2005, 127, 11372. “ o ?H:ir i Ill P
e enO=5 + RH S O | Ot
;t; T"‘*t;? - ;:'r'“ ET“"*_—'
(py)[Irl-Me + C;D; N 1me  110°C N 4R
Order in pyridine: —1 @) @)
Order in arene: +1 CeHe/CeDs
A Si' - +11_ 5 e.u. isotopomers C:D: 1,3.5-C:HsDs (1:1 molar mixture)
_ -1 CH. 0 76 50
AGH,4g = +37.7 kcal mol i i L o4
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then Intramolecular competition

facile C—H activation
Jones, W. D. JACS 1986, 108, 4814.



Periana, Ir: The “magic” of this system

/&Ir "_cicH,el' ! c.f. Bergman

Carbon-13 labeling

_—Dhlrwo‘é CEDE
-

1-13CH,CH,

Periana, R. A. Green Chem. 2011, 13, 69.

S

D

major

.H_i'
D

minor

~ -
Meap’ CH, B(Ar),

PN
Cm

/\’\:i +

[ir]\H



Periana,

Carbon-13 labeling

Ir: The “magic” of this system
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Periana, R. A. Green Chem. 2011, 13, 69.
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Periana, Ir: The “magic” of this system

Carbon-13 labeling ‘ S
—Ds
*]/ /
= Oa |, w Ot CEDE b i
: : 3 — 4 = i:_“.o,,,__ 0=
; 'I{‘Oé D D ' "'Dfﬂli.“"'c"""
N
Z _ _ N
U major  minor ~ “|-1 1-Ph-d;
1.13CH,CH, X

Periana, R. A. Green Chem. 2011, 13, 69.
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_CICH,CI c.f. Bergman
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Reversible B-H but...

Rate: C-H activation > B-H
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Nakao, Ni: The “LLHT” mechanism

Nakao/Hiyama, JACS 2008, 130, 16170.

. A
P 1 E Ni(cod), (10 mol %)
:@ ¢ ml— R2 PCyps (10 mol %) _F FH
toluene, 80 °C \
F B 2a-2f F =
r (1.5-3.0 mmol) R RZ2
1a (1.0 mmol) 3aa—3af

>95% regio- and
stereoselectivity



Nakao, Ni: The “LLHT” mechanism

Nakao/Hiyama, JACS 2008, 130, 16170.

F

F
. IT E Ni(cod), (10 mol %)
e Ble— R2 PCyps (10 mol %) _F =
H 2a-9f toluene, 80 °C . H

= \ <
s (1.5-3.0 mmol) R' RZ2
1a (1.0 mmol) 3aa-3af
>95% regio- and
stereoselectivity

Nakao/Ogoshi, Dalton Trans. 2010, 39, 10483.
Note: without alkyne
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Ni—N=N—Ni
PC
CysP Y3
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1 : 4



Nakao, Ni: The “LLHT” mechanism

Nakao/Hiyama, JACS 2008, 130, 16170.

. IT F Ni(cod), (10 mol %)
j@ ¢ ple— R2 PCyps (10 mol %) _F FH
. toluene, 80 °C
g . (1.5—%3.02n:mo|) Fo= o
F R? R

1a (1.0 mmol) 3aa—3af

>95% regio- and
stereoselectivity

Nakao/Ogoshi, Dalton Trans. 2010, 39, 10483.
Note: without alkyne

CysP LPCys
Ni—N=N—Ni’,
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CysP Y3
H
FYF
F
H F
FAF FOAF
F
FYF N 3
Cng—I\ri—F’Cyg Cy3P—r~|Ji—PCy3
- H
1 : 4

(Initially!) Proposed mechanism

R' FYF
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R H

Parallel KIE ~1

CgFsH

Ni(PR3)2

rate determining / H




Nakao, Ni: The “LLHT” mechanism

Eisenstein/Perutz, Organometallics 2012, 31, 1300.

DFT: Oxidative addition pathway
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Nakao, Ni: The “LLHT” mechanism

Eisenstein/Perutz, Organometallics 2012, 31, 1300.

DFT: Oxidative addition pathway
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Revised “LLHT” mechanism
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Nakao, Ni: The “LLHT” mechanism

Eisenstein/Perutz, Organometallics 2012, 31, 1300.

Connection to o-CAM

...#’,Fs I
N/ s
# H |

L—Nil' } — = L—Ni
Y

\>
Ni(Il) metallacycle

“Reduction first” mechanism

Perutz/Sabo-Etienne/Weller, ACIE 2022, 61, e202111462.

Revised “LLHT” mechanism
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coupling

R
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Borylation of Ru—Me
1994: Hartwig®

@\ ~Me i

- ~

T+
e __CICH,CI
I ’ ‘ ‘\Ho

~N
L Me,p” CHs  B(Ar),”
L-L = bisphosphine I

Methane exchange (Ir)
1995: Bergman’

History

F
F F

Methane exchange (Pt) K;F
1997: Labinger/Bercaw8 - ;
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[BAI’[]-
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Methane exchange (Lu, Y)
1983: Watson*

1990

Ir-catalyzed olefin hydroarylation

2000: Matsumoto/Periana®
© + /\R Ir complex ©/\/

+ Rl——
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2

Ni-catalyzed alkyne hydroarylation
2008: Nakao'

Ni(cod), (10 mol %)

FE F
PCyps (10 mol %) FAQF
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F =\
gt R2

Fe-mediated borylation
2008: Ohki'0

2000 2010

2020

(6) Hartwig, J. F. JACS 1994, 116, 1839. (7) Bergman, R. G. Science 1995, 270, 1970. (8) Labinger, J. A.; Bercaw, J. E. JACS 1997,

119, 848. (9) Matsumoto, T.; Periana, R.
130, 16170.

A. JACS 2000, 722, 7414. (10) Ohki, Y. JACS 2008, 130, 17174. (11) Nakao, Y. JACS 2008,



Ohki, Fe: Metallacycle-mediated activation

Ohki/Tatsumi, JACS 2008, 130, 17174.
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Ohki, Fe: Metallacycle-mediated activation

Ohki/Tatsumi, JACS 2008, 130, 17174.

|
Fe

__( Fe\ - /~L
o =
N A{
/3/ Y (under Ar)
Ohki/Tatsumi, Chem. Asian J. 2010, 5, 1657. - i _
I
Catalytic C-H borylation Fe_
Me
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Ohki, Fe: Metallacycle-mediated activation

Ohki/Tatsumi, JACS 2008, 130, 17174.
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Ohki, Fe: Metallacycle-mediated activation

Ohki/Tatsumi, JACS 2008, 130, 17174.
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Ohki, Fe: Metallacycle-mediated activation

Ohki/Tatsumi, JACS 2008, 130, 17174.
¢ Fle MeLi /‘L Fle N % T'
N\ > B Fe—N= N—Fe
N_( Cl Et,0 N/{“Q -N /(
N A{ ® /LN N
Y (under Ar)

C-H activation of heteroarenes \}@/
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/ X
§~/H” ’;‘KY’E

oxidative addition 10 (E = S)
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Ohki, Fe: Pyridine activation

Ohki/Tatsumi, JACS 2008, 130, 17174.




Ohki, Fe: Pyridine activation

Ohki/Tatsumi, JACS 2008, 130, 17174.
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(Surprising?) Selectivity for the 4-position
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Conclusion

Development of new reactions requires...
...Improved chemical intuition, developed through...

...Consideration of alternative / under-explored mechanisms.






Agostic interactions: (The only) Systematic study

Chaplin, A. B. Chem. Eur. J. 2018, 24, 4927 .

RoP— I* N
e | R GCH —>ML
M.
" ML —o*
M = Rh, | cH
=Rh, Ir .
R = Ph, Cy, iPr, Bu XRD NMR DFT (NBO, QTAIM) S"‘(’)’;%Z?_’Z;p’gg;’}elfce
[Csp? vs. Csp] M-C(H) bond  (de)coalescence
[gamma vs. delta] distance temperature

PiBu; > PCy; > PiPr; > PPh;.

The combined data substantiates the adoption of
stronger agostic interactions for the Ir
plexes and, with respect to the phosphine ligands, in the order

" compared to Rh" com-

Conclusions

(1) Ir > Rh
(2) alkyl >> aryl
(3) 6>y



