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Synthesis and Catalytic Reactivity of Metal-Metal Bond Complexes

History of the pursuit of the shortest metal-metal bond

Crz(OAC)4.2H20 K2[R€2C|8]

Catalytic reactivity of metal-metal bond complexes

(NHC)Cu-FeCp(CO), [Pdo(1-Br),(PButs),] (73-methallyl)Pd(PR3)TiCl,




History of the Pursuit of the Shortest Metal-Metal Bond

Alfred Werner

F. A. Cotton

The concept of a single metal ion surrounded by a set of ligands

NH; T3+ Cl )3+ Cl
HsNu,, nNH; H3N,,,,,.| wnNH;3 HaNun,, | wNH;
HoN"" | NH, H N/C|0‘\NH HN™ | ~¢
NH, Cl NH;

One-center coordination chemistry (1900)

Multicenter coordination chemistry (1963)

First isolation by Peligot (1844)

U

First X-ray by Cotton (1970)

U

Cr,(OAc),02H,0 Cr=Cr Quadruple Bond




History of the Pursuit of the Shortest Metal-Metal Bond

B Tronev (1952) Cotton (1965) &
HCI (conc.) HCI (conc.)
KReO4 KQ[R92C|8] - KReO4
Hy (50 atm) H;PO, (50% aq)
reflux reflux

B Re3* diamagnetic compound

B Eclipse conformation of chloride ligands
W Very short Re-Re bond distance of 2.24 A

B First proposal for a Re=Re quadruple bond

B Proposed ground state configuration: o°1t*2

Structure of [Re,Clg]*>

as reported by Cotton et al. Cotton, F. A.; Harris, C. B. Inorg. Chem. 1965, 4, 330.
(1 964 and 1965) Cotton, F. A; Curtis, N. F., Johnson, B. F. G.; Robinson, W. R. Inorg. Chem. 1965, 4, 326.

Cotton, F. A.; Curtis, N. F., Harris, C. B.; Johnson, B. F. G. et al Science 1964, 145, 1305.

Bondin. S. M.; Tronev, V. G. Dokl. Akad. Nauk SSSR 1952, 86, 87.
Cotton, F. A.; Murillo, L. A.; Walton, R. A. Multiple Bonds Between Metal Atoms 3rd edn (Springer, 2005).



History of the Pursuit of the Shortest Metal-Metal Bond
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McGrady, J. E. Molecular Metal-Metal Bonds (Wiley, 2015).
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History of the Pursuit of the Shortest Metal-Metal Bond

The shortest metal-metal bond for almost 30 years (Cotton, 1978)

MeO OMe
MeO OMe . + 5
L THF, 25 °C Cré?
+ MeO OMe
CrQ(OAC)4
2
(iProPh) B First quintuple bond ever reported
(PhiPr,)
Cr==Cr B Unique trans-bent conformation
(iPryPh)
(PhiPry) B Ground state configuration: o°r*d*

Cr-Cr bond = 1.835 A

Bond length depends more on the ligand framework constraint

Nguyen, T.; Power, P. P. et al Science 2005, 310, 844.
Cotton, F. A.; Koch, S. A.; Millar, M. Inorg. Chem. 1978, 17, 2084.



History of the Pursuit of the Shortest Metal-Metal Bond

~
”

(4 \
(PryPh)—N N—(PhiPr,)

= QO

(ProPh)—N,  N—(PhiPr,) :
\__/ : (ProPh) < AZ~X.. _(PhiPry)

Theopold & Landis (2007) :
Quintuple Cr-Cr = 1.803 A |\{

N\Cr/N

(TMS) 2N—< ”” >— N(TMS), Kempe (2013)  Quintuple Cr-Cr = 1.706 A

N/CF\N

/
Cy Me Cy

- !
Gambarotta (2008) Shortest metal-metal bond ever reported to date!

Quadruple Cr-Cr=1.773 A

| // | — —

Cotton (1978) Power (2005) 2007 2008 2013
1.828 A 1.835 A 1.803 A 1.773 A

Nair, A, K,; Harisomayajula, N. V. S.; Tsai, Y.-C. Inorg. Chim. Acta 2015, 424, 51.



Synthesis and Catalytic Reactivity of Metal-Metal Bond Complexes

History of the pursuit of the shortest metal-metal bond

K2[R62C|8]
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Edited by Stephen T. Liddle

Molecular
Metal-Metal Bonds

Compounds, Synthesis, Properties

MULTIPLE BONDS
METAL AT MS
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Cotton et al (2005) Liddle et al (2015)



Synthesis and Catalytic Reactivity of Metal-Metal Bond Complexes

Catalytic reactivity of metal-metal bond complexes

(NHC)Cu-FeCp(CO), [Pdo(1-Br),(PButs),] (73-methallyl)Pd(PR3)TiCl,




Catalytic Reactivity of Metal-Metal Bond Complexes

B Coordinately unsaturated Pd(0) complex

B Highly reactive catalysts for cross coupling

B Maintaining 1:1 M:L is crucial to high reactivity

PdOPt'BU3
o
Highly reactive catalyst for
cross coupling with aryl chlorides
Pdy(u-Br)o(Pt-Bus), ‘ ‘
First reported by Mingos (1996)

Pd’(dba), / P#-Bug
Pd(l) dimer could serve as air-stable Pd(0) precatalyst
Conventional precursor

Vilar, R.; Mingos, D. M. P.; Cardin, C. J. J. Chem. Soc., Dalton Trans. 1996, 4314.



Cl

R = 0-Me, OMe, CN, NO,

Catalytic Reactivity of Metal-Metal Bond Complexes

HNR, 0.5 mol% Pd(l) dimer

1.5 equiv NaOt-Bu, THF
15 min

/BN
t-BuzP—Pd—Pd—PtBu,
):14

Pd(l) dimer

[PA(PBu,Brl,  # PBu/Pd(dba), A

," after stirring for 300 s 1

g 0.2} ," .
S 015 ./ P'Buy/Pd(dba),
o ,A after stirring for 3600 s
O 5 ’ - ]
0.1 f 7 = -
[ A . .- :
0.05 ‘o . Pd(P'BUS)Z/Pd(dba)Z/Z dba_-
) after stirring for 300 s
[ e T a ]
0 - B — — — —l
- Pd(P‘Bu3)2 1
1 I 1 11 l L L 1 1 l Ll 1 1 l L 1 1 l Ll 1 1 l Ll 1 1
010° 110* 210° 310* 410*
time (s)

Rate studies on the amination of 3-bromothiophene

with different Pd°PtBus sources

Pd(l) dimer

PdOPt'BUS

e Rapid release of active monoligated Pd(0)

e Disproportionation, dissociation or reduction?

e What is the mode of activation to access Pd(0)?

e |What about a bimetallic catalysis scenario?

Hooper, M. W.; Utsunomiya, M.; Hartwig, J. F. J. Org. Chem. 2003, 68, 2861.
Stambuli, J. P.; Kuwano, R.; Hartwig, J. F. Angew. Chem. Int. Ed. 2002, 41, 4746.



Catalytic Reactivity of Metal-Metal Bond Complexes

B —  Pd°PtBu; + Pd'Pt-BugBr, Disproportionation
t—Bu3P—Pd—\Pd—Pt-Bu3
\N_/
Br —
Pd(l) dimer — Pd'PtBusBr + Pd'PtBusBr Dissociation
Pd°(Pt-Buj), — Pd°Pt+Bu; + PtBus AG = 27.2 kcal/mol (DFT)

Often considered the rate-limiting step in Pd(dba) / Pt-Bu; protocols

@

Since rate Pd(I) dimer is more reactive, disproportionation should be more favorable

Pd(l) dimer —— Pd°PtBu; + Pd'"PtBusBr, AG = 38.1 kcal/mol (DFT)

The general assumption that Pd(l) dimer directly disproportionate to Pd(0) in solution seems unlikely

Proutiere, F.; Aufiero, M.; Schoenebeck, F. J. Am. Chem. Soc. 2012, 134, 606.



Catalytic Reactivity of Metal-Metal Bond Complexes

B —  Pd°PtBu; + Pd'Pt-BugBr, Disproportionation
+BugP—Pd—Pd—Pt-Bu;
\N_/
Br -
Pd(l) dimer — Pd'PtBusBr + Pd'PtBusBr Dissociation

Pd(l) dimer ——» Pd'PtBugBr + Pd'P#BugBr AG = 24.8 kcal/mol (DFT)

DFT calculation suggests Pd(0) and Pd(l) should have different selectivity toward Ar-X oxidative addition

Pd°Pt-Bu, |:> ArCl oxidative addition is favored by 9.8 kcal/mol (DFT)

Pd'Pt+-Bu,Br C—>  ArOTf oxidative addition is favored by 8.4 kcal/mol (DFT)

1.5 mol% Pd(l) dimer . . -
Cl_@ OT > Ar_@_OTf C|_©_ Ar Dissociation
ArB(OH),, KF, THF pathway is unlikely

70% yield 0% yield

Proutiere, F.; Aufiero, M.; Schoenebeck, F. J. Am. Chem. Soc. 2012, 134, 606.



Catalytic Reactivity of Metal-Metal Bond Complexes

Br
7 N\
tBusP—Pd—Pd—PtBu;  ——  [Pd'PtBugX]™ or Pd°PtBug
Br
Ar'CI BI’\ /Cl\ /AI’
o /Pd\ /Pd\
oxidative addition t-BugP Br PtBuj

Studies of reduction pathway
have not been reported

Is Bimetallic Catalysis
Possible with Pd(l) Dimer?

Br Br Cl
7 N\
t‘BUsP_Pd_Pd_Pt'BU3
Bf

Pd(l) dimer remains intact, zero reactivity

Bimetallic catalysis is not operative
for aryl chloride/bromide coupling

Br

7 N\
t-BugP—Pd—Pd—Pt-Bug OOO
B

THE l 25 °C

Br
I

/N
t-BuzP—Pd—Pd—PtBu,
N/

Bimetallic O.A. and R.E.?

Bonney, K. J.; Proutiere, F.; Schoenebeck, F. Chem. Sci. 2013, 4, 4434.
Proutiere, F.; Aufiero, M.; Schoenebeck, F. J. Am. Chem. Soc. 2012, 134, 606.

Seechurn, C. C. C. J.; Sperger, T.; Scrase, T. G.; Schoenebeck, F.; Colacot, T. J. J. Am. Chem. Soc. 2017, ASAP.



Catalytic Reactivity of Metal-Metal Bond Complexes

| Br

aryl iodide

NBu4Br (10 eq), THF

I\ /Br Ar
/Pd\ /Pd\

: | t‘BU3P | Pt‘BU3 : Br
aryl iodide Pd(l) Dimer aryl bromide
Catalytic
Bre Cycle AN
t—Bu3P—Pd\—Pd—Pt-Bu3 t—BusP—Pd—/Pd—Pt-Bus

7 N

NBuyl NBu4Br

Pd(l) dimer (20 mol%) Bu,P—Pd—Pd—PtBu,
> \I/

Pd(l) dimer

81% yield, 96 h

Single Pd(ll) does not readily
undergo reductive elimination

Pt-BU3 PdBrz, Pt‘BU3
AV 4 —_—
Pd”\| < Ar—Br

Ar”

&

Formation of Pd-Pd bond lowers
the activation barrier for R.E.

Bonney, K. J.; Proutiere, F.; Schoenebeck, F. Chem. Sci. 2013, 4, 4434.



Catalytic Reactivity of Metal-Metal Bond Complexes

| Br
|

OOO Pd(l) dimer (20 mol%) OOO Bu,P—Pd—Pd—PtBu,
> \I/

NBu4Br (10 eq), THF Pd(l) dimer
aryl iodide 81% yield, 96 h

B . i
AN : 4 B ,@

+-BugP—Pd—Pd’

Br |
@( ; N b
TS for O.A. and R.E.

: | t‘BU3P/ \l/ \Pt'BU3

Pd(l) Dimer

aryl iodide aryl bromide
Catalytic
(]
re
B Cycle AN . f
t-BugP—Pd—Pd—Pt-Bug t-BugP—Pd—Pd—Pt-Bug . —Al
N7 N/ : d
: |
NBuy| NBu,Br : Kff

Bonney, K. J.; Proutiere, F.; Schoenebeck, F. Chem. Sci. 2013, 4, 4434.



Catalytic Reactivity of Metal-Metal Bond Complexes

Br/l Pd(l) dimer (2 mol%) SCF, 27 examples
y
©/ NMe,SCF3 (1.5 eq) ©/ 65 to 99% yield

| Pd(l) dimer (5 mol%) SeCF, 20 examples
’
©/ NMe,SeCF; (2.0 eq) ©/ 62 t0 99% yield

Br/l Pd(l) dimer (0.75 mol%) Nl 20 examples
R . ©/\/ mpk
DIPEA (1.1 eq) 46 to 99% vyield

Pd(l) dimer can serve as an air-stable, reusable catalyst with enhanced reactivity

Sperger, T.; Stierner, C. K.; Schoenebeck, F. Synthesis 2017, 49, 115.
Yin, G.; Kalvet, |.; Schoenebeck, F. Angew. Chem. Int. Ed. 2015, 54, 6809.
Aufiero, M.; Sperger, T.; Tsang, A. S.-K.; Schoenebeck, F. Angew. Chem. Int. Ed. 2015, 54, 10322.



Catalytic Reactivity of Metal-Metal Bond Complexes

First synthesis of heterobimetallic Pd—Ti complex (Nagashima, 2009)

\ CI
/ ~PPh,

Clv, CI—T|<—Pd
Me (—Pd(Acetone)QOTf + Ti & >
< CI/ \‘Pth \ / Rep
A \ Ph
tBu tBu/tBu o Ph

(n3-methallyl)Pd(PR3)TiCl, Strong interaction between Pd and Ti centers

Tsutsumi, H.; Sunada, Y.; Shiota, Y.; Yoshizawa, K.; Nagashima, H. Organometallics 2009, 28, 1988.



Catalytic Reactivity of Metal-Metal Bond Complexes

A 1 mol% Pd-Ti cat

2.2 eq amine
10-20 min, 25 °C

B\)\/NRQ

Cl OT+ J)S
/ + 7/

Cl—Ti <—Pd

N—P

\ Ph
/tBu F>h/ Ph

Bimetallic Pd-Ti exhibits enhanced catalytic reactivity towards allylic amination

Me

Pd-Ti cat
Pd(dppe)(n3-allyl)

Pd(PPh3).(n3-allyl)

Pd-Ti cat
Pd(dppe)(n3-allyl)

Pd(PPh3),(n3-allyl)

>99% yield, 1 min

45% vyield, 6 h

>99% yield, 1 min

>99% yield, 20 min
<5% yield, 24 h

trace vyield, 24 h

Walker, W. K.; Kay, B. M.; Ess, D. H.; Michaelis, D. J. et al J. Am. Chem. Soc. 2015, 137, 7371.
Walker, W. K.; Anderson, D. L.; Stokes, R. W.; Smith, S. J.; Michaelis, D. J. Org. Lett. 2015, 17, 752.



Catalytic Reactivity of Metal-Metal Bond Complexes

Cl OT+ J)S
/ + 7/

Cl—Ti <—Pd

N—P

\ Ph
/tBu Ph/ Ph

A 1 mol% Pd-Ti cat A
'
B\)\/C' 2.2 eq amine B\)\/NRZ

10-20 min, 25 °C

Bimetallic Pd-Ti exhibits enhanced catalytic reactivity towards allylic amination

Me IIEt Me Ii-Pr Me Ii-Pr Me Cl)y
N )\/N )\/N )\/N
)\/ “Et NPy By oy
>99% yield 72% yield 98% yield >99% yield
Me
Me
Me Y Me
)\,N Me e\i/\Me Me  iPr Me  TMS
v PN A A
Me tBu ~Cy ™S
>99% yield <5% yield 82% yield >99% yield

Walker, W. K.; Kay, B. M.; Ess, D. H.; Michaelis, D. J. et al J. Am. Chem. Soc. 2015, 137, 7371.
Walker, W. K.; Anderson, D. L.; Stokes, R. W.; Smith, S. J.; Michaelis, D. J. Org. Lett. 2015, 17, 752.



Catalytic Reactivity of Metal-Metal Bond Complexes

Outersphere
Reductive
Addition

5 +,A

CI—Tl <—Pd

N—P

\ Ph
/tBu F>h/ Ph

Pd—Ti bond: 2.88 A

Cl A
/ + 7/

Cl—Ti =——Pd

il

0.0

-NHR,

1.6

Walker, W. K.; Kay, B. M.; Ess, D. H.; Michaelis, D. J. et al J. Am. Chem. Soc. 2015, 137, 7371.

=+
RoHN

CI—T|\<—Pd
v—/p
N-—r”R \_Ph

Ph Ph

tBu



Catalytic Reactivity of Metal-Metal Bond Complexes

-NHR,

Cl A
/ + 7/

Outersphere
Reductive C'_T'\E /Pd
Addition N—4-R—p
| \ Ph
w0 BY b ph
15.8
o J)S
+ /
CI—T|<—Pd
N—P
/tBu A Ph )
Ph Ph strong Pd—Ti stabilizing

Pd—Ti bond: 2.88 A

[Pd-C5]

B Similar P-Pd-P bite angle
B Boat conformation (X-ray)

B AG? = 23.8 kcal/mol (DFT)

interaction through TS

[Pd-Ti] catalyst

[Pd-C5] catalyst

Walker, W. K.; Kay, B. M.; Ess, D. H.; Michaelis, D. J. et al J. Am. Chem. Soc. 2015, 137, 7371.

DFT Calculated TS with Pd—Ti bond: 2.77 A

: Yoo
.
e
e
.

Me

)\/NEtz

5 mol% [Pd]
10 eq Et,NH

>99% vyield, 1 min

51% vyield, 3 h



Catalytic Reactivity of Metal-Metal Bond Complexes

Initial discovery of stoichiometric C-H Borylation (Hartwig, 1995)

H % Bcat +e %
O~ / \
©/ catB—Fe ©/ H—Fe 1/2 H N / \
\'co \co  “Vere % g

CO CO

solvent
cannot be turned over

‘ Fp, - “catalyst”
decomposition

(IPr)CuCl + KFeCp(CO),

:

Ph(/Pr) Q
[ >—Cu—Fe

Ph(/Pr)

'CO
CO

(IPr)Cu-Fp

Mazzacano, T. J.; Mankad, N. P. J. Am. Chem. Soc. 2013, 135, 17258.
Waltz, K. M.; He, X.; Muhoro, C.; Hartwig, J. F. J. Am. Chem. Soc. 1995, 117, 11357.



Catalytic Reactivity of Metal-Metal Bond Complexes

Initial discovery of stoichiometric C-H Borylation (Hartwig, 1995)

H % Bcat + e \ - \ %
catB—Fe H—Fe \ / \

CO CO

Fp, - “catalyst”

solvent T
decomposition

cannot be turned over ‘

Catalytic C-H borylation via Fe-Cu cooperative catalysis (Mankad, 2013)

H (IPr)Cu-Fp (10 mol%) Bpin
X
= pinBH, hv

solvent 71% yield

Mechanism features a bimetallic oxidative addition
and a bimetallic reductive elimination

Mazzacano, T. J.; Mankad, N. P. J. Am. Chem. Soc. 2013,

135, 17258.

Waltz, K. M.; He, X.; Muhoro, C.; Hartwig, J. F. J. Am. Chem. Soc. 1995, 117, 11357.



Catalytic Reactivity of Metal-Metal Bond Complexes

H-H Bimetallic B—-H Bimetallic
Reductive Elimination Ph(iPr), Oxidative Addition
/
Cu—Fe
"Co
: IPr)2
v-", + HBPIn
\ Borylation
Catalytic
\ Cycle /
v IPh(IPI’)g H—Fe Ph(IPr)2 pinB—~Fe,

N \co \'co
[ :) Cu—H cO [ >—Cu—H Co
N

\
Ph(iPr), Ph(/Pr)

Bpin H
borylated arene
product C-H

Mazzacano, T. J.; Mankad, N. P. J. Am. Chem. Soc. 2013, 135, 17258.
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Catalytic Reactivity of Metal-Metal Bond Complexes

6
B—H Bimetallic O/w
Oxidative Addition o O(\,O ,% n | C-H
o PR, borylation
Do ' \’co
. % A Co
Me Cu--- -Fé, (|3u

\ "/ %
co )\ _ /
N-\-\‘( \CO Me\N N pinB—Fe,

Q/N\ i \'co
Me Me
% 5
[ >—Cu—Fe TS 3 TS2
4 19.6
: | 18.4

: CO
H
Me J/
Y \
B—0 )\ N 5\_'(0“
H \\ Me\N 27 N/Me <\/IN
}\/Ie '\ \—/ “Me
O
. /
[ J Cu—tFe,,
N \"CO
\ CO : :
Me Energetically feasible concerted process could not be located

Parmelee, S. R.; Mazzacano, T. J.; Zhu, Y.; Mankad, N. P.; Keith, J. A. ACS. Catat. 2015, 5, 3689.



Catalytic Reactivity of Metal-Metal Bond Complexes

5
ch H. % H-H Bimetallic
. H e Reductive Elimination
borylation NP
/§\ Cu \CO
Me_N \ - N )\ CO
Y\:Me Me\N AN N/Me
D cy \—/
/ [~
H—~Fe H N /

. Me
7y H_Fe,' /
\c%) \'co N /%
. co 1S3 [ H»—Cu—ré,
N 'CO
\ \CO

Me

0.0

Regeneration of active catalyst via bimetallic R.E. was confirmed experimentally

IPh(/Pr)2 (/Pr)zPh\ lPh(/Pr)2 %
N D S

[ '>_CU\H/CU_<‘ ] + H_Fe"'/ —_— [ ,>—Cu—Fe,\',CO + Ho
A h Neo !

CcO CO

Ph(/Pr), (Pr),Ph Ph(/Pr),

Parmelee, S. R.; Mazzacano, T. J.; Zhu, Y.; Mankad, N. P.; Keith, J. A. ACS. Catat. 2015, 5, 3689.



