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Palladium Dimers in Synthesis
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- Bridging ligand is often a heteroatom
- Precursor to mono/bisligated Pd(0)
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A Brief History of Palladium(l) Dimers

Synthesis of first ) ] ] . IR structure of
dipalladium(i) First dipalladium(l) complex Prepa,ratlon of First preparation Preparation of [Pd(1-CO)CL 1, (Bu,NI,
complex with hydrocarbon ligands Otsuka’s Complex Of Pd(1)-u-allyl dimer [Pd(dppm)(Br)]2 obtained
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Schoenebeck Hartwig reports
' reports the first . SXRD obtained Balch reports insertion
Prof. Schoenebeck reaction employing W‘Z{féiﬂfgiyb Of[PdS(’;’t’;hejf gy, Of[PA(COICLI{BUN], into Pd-pd bond of
RWTH Aachen Pd(l) dimer as active Us/ 15T obtained [Pd(dppm)(Br)]2

catalyst monoligated Pd(0)

Coord. Chem. Rev. 2002, 231, 207-228; Angew. Chem. Int. Ed. 2021, 60, 3355-3366. 3
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Electronic Structure: Corner-Sharing Pd(l) Dimers

SXRD of [Pd(CNMe),],[PF¢]

com
N D
o
c@
cum NB
N e i L
cE
NG
B C5M

N

(]

Pd-Pd bond: 2.531 A
C(1)-Pd(1)-Pd(2)-C(6) Dihedral: 86.2°

MeNC  cNMe |2
MeNC'F’Id—/Pd—CNMe

Geometry is essentially square planar at both Pd atoms

J. Am. Chem. Soc. 1975, 97, 1961-1962. Inorg. Chem. 1993, 32, 4271-4729.

MO Diagram of [Pd(CNMe),Cl]2
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Extended Hiickel calculations reveal nature
of Pd-Pd bond is predominantly d(c)-d(c) bond.
Bonding is thought to be predominantly from x2-y?2
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Electronic Structure: Edge-Sharing Pd(l) Dimers

SXRD of [Pd(u-CO)Cl,],
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Pd-C-Pd units are planar
SXRD is consistent with IR assignment

MO Diagram of [Pd(u-CO)CI.],
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HF calculations show an interesting interaction is occupied
Pd-Pd interaction is mediated by the ligands
teraction: the total overlap population between the two metal
atoms is practically equal to zero (0.03 ¢), which means that
the Pd(I) atoms are practically not bonded to each other. To

J. Chem. Soc. Chem. Commun. 1981, 1077-1079.; Inorg. Chem. 1983, 4, 666-671. 6



Electronic Structure:

SXRD of [Pd(u-CO)Cl,],

() £(2),-$6)

@ P(1) Pd(1)
\ Cc®)

O&©
Pd-Pd bond: 2.711 A
Pd(1)-C(1) : 2.106 A
Pd(1)-C(2): 2.611 A
Pd(2)-C(2): 2.429 A

Me3P—PUd—PMe3

C(2) is positioned forward towards Pd coordination plane
The phosphine ligands are positioned away from C(2)-H

u-Allyl-Pd(l) Dimers

Key interactions between
allyl and Pd-Pd orbitals

(a)
Bridging allyl M
anti- bondmg
Pd, orbitals dy2.y2

orbitals
bonding
dy2.y2

T[*

bonding
dyy

mm-allyl Pd does not have interactions b and c;
The termini of u-Allyl-Pd(l) Dimers are unreactive

J. Am. Chem. Soc. 2011, 133, 3280-3283.; Chem. Soc. Rev. 2016, 45, 2871-2899.



What about Other Pd(l)-Dimers?

SXRD of [Pd(PtBu,)(u-Br)],

C(6) C(6')

C(8) Br( )

Br

/N
tBusP—Pd—Pd-PtBuj

B

Representative Bond lengths and angles
Pd-Pd bond: 2.628 A
Pd-Br-Pd angle: 63.79°

SXRD of [Pd(PMe)(u-Ptbu,)l,

/
Me;P—Pd—Pd-PMes
\N_/

JP’
tBu 1Bu

Representative Bond lengths and angles
Pd-Pd bond: 2.571 A
Pd-P-Pd angle: 67.0°

DFT calculations of [Pd(PMe,)(u-Pbu,)], seems to suggest Pd-Pd bond is the result of d(oc)-d(o) interactions

J. Chem. Soc. Dalton Trans. 1996, 4313-4314; Inorg. Chem. 1987, 26, 4228-4231.; Inorg. Chem. 1999, 38, 4620-4625. 8



Synthetic Methods for Pd(l) Dimers

Oxidation of Pd(0)

Mingos, 1996:

PtBus (2 equiv)

sz(dba)3'CGH6

tBusP—Pd—P1Bus

CHBr3 (0.5 equiv)

Br

VAR
>  tBusP—Pd—Pd-PBu;
N _/

PhMe, 1 h 57
18 %
Reduction of Pd(ll)
OMe
@Ilstein, 2004: _ Al Barder, 2006: S )
dmobp (2 equiv) Ll AgBF, (2 equiv) ; :
[Pd(n-2-methylallyl)Cl], > {Bu,P—Pd—Pd—PBu, Cl\Pd,SPhos 9BF4 (2 equiv) . Cy‘P P';/j/ F“;;j OMS .
NaOH (1 equiv) « S . - y—P-Pc d—R—Cy
MeOH, 25 °C, 12 h . Cl” SPhos CH,Cl,, 25°C, 3 h eO“‘\\:I,"l Cy
95% y 7 ©
Ar = 2,6-OMePh MeO (BF4)2
\_ 90 % -
Comproportionation
Balch, 1978 Kurosawa, 2000:
.y PhsP” “PPh : ]2+
Pd(PhCN),Cl, (2 equiv) ~ ""3" 3 Pd,(dba)s (0.5 equiv) MeNC CNMe
Pd,(dba)s CHCls dppm (4 equiv) CIFPd™Fd"Cl " pd(MeCN)4(BF.), oo MeNC-Rd—Pd—CNMe
CHzclz, 30 min Ph3P\/PPh3 225 °é 1eh MeNC CNMe [BF 4],
80% :
90 %

J. Chem. Soc. Dalton. Trans. 1996, 4313-4314. Organometallics 2004, 23, 3931-3940, J. Am. Chem. Soc. 2006, 128, 898-904; Organometallics
2004, 23, 3931-3940. J. Am. Chem. Soc. 1978, 100, 6099-6106.; Chem. Commun. 2000, 1689-1690.



Is Pd(l) Dimer Synthesis Really That Simple?

& U
> )
AG* L
PdOL, + Pd™, —— L—Pd—Pd—L
N \,/
& Q'\\ Q'{‘ .
NN
NG NG ¥ NG
Ligand (L) ,\Xs> & \g;"\ & . . . . . ..
Y QY N N O Predicting what ligands will lead to Pd(l) dimers is not trivial.
forgi‘;‘tgn,, v ¥ v X Preparation of most Pd(l) dimers are the result of serendipity
an° and not a planned synthesis!
[kcal/mol]

576 537 -52.1 -48.9 516

= similar AG* (~50 kcal/mol) calculated for all
ligands, although with PCy, no dimer is formed

D  This work: applied machine learning workflow to predict speciation & identify new Pd" dimers

. Initial clustering Problem-specific descriptors Validation
#wm k-Means algorithm with Introduction of in silico descriplors A Experimental testing of
" general descriptors related to Pd" dimer formation final ligand candidates
I
! —_— 0 N\
m
Cluster selection . Problem-specific clustering ‘ New Pf’ dlmers-
Selection of clusters containing ¥%%2 k-Means algorithm with added = 21 ligands predicted & verified
dimer-inducing reference ligands problem-specifc descriptors through synthesis of 8

representative new Pd” dimers

Science 2021, 374, 1134-1140. 10



Data Science-Guided Synthesis for Pd(l) Dimers

Ligand Database
: A Am, AS' P(1-Ad);(n-Bu) v
o 8y erpga-
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Existing database

= similarity reflected by location on map
= differentiation of dimer-inducing
capability not possible

PN T P(1-Ad);(n-Bu) v
- §
" .‘45* P(t-Bu),Ph v
3 h‘ RS P (-Bu).(i-Pr) v
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Initial filtering
by machine learning

= similarity of ligands based on
general descriptors

= no reaction-specific information
included

| Problem-Specific Clustering

PC2 &

Dimer-specific filtering
by machine learning

= introduction of problem-specific
descriplors allows further
subcategorization and filtering

B Introduction of problem-specific descriptors Red
AGH o oo Appap
+A eereeenee TPPAP | pyony £\ NBO charges (NBOp, NBOp,)
P=PR, —aGEw ReP ’(':" s — o RyP "?"’D - o Wiberg bond orders (WBOpy.ny)
} _AG AG‘T": \ Prrerer. Sterimol descriptors for B:
epa™y, Trparls / - +E NN
PR —_ i Pd=—PR - APAC O Pd L
A: AG?“ '>‘E s AGO™e R,ﬁ/‘\|/G\l —_— B,
= DFT-denived descriptors S A ﬂpmg___...{::;____ + Pdl @4_ ,4
related to Pd™ dimer RyP=Pd+PR; or+F-2A /B,

formation or compeling
mechanisms

AGgﬂu

AGRL/ 1 Upat  AGR*
F

Science 2021, 374, 1134-1140.

Alomic distances (deg.e, dpc.ro)

Ligand length

Workflow:

1. Database from a ligand
knowledge base of monodentate
phosphines (349 ligands).

6 k-means clustering was performe(h
on the database. Eight clusters were
identified. C1 and C4 gave a subset
of 89 ligands. Ligand set was further
reduced by eliminating ligands that

Ligand width

contained P-C bonds j

3. 42 new Descriptors were added to
the database, and the system
was clustered with the refined set.
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Data Science-Guided Synthesis for Pd(l) Dimers

A Dimer-specific ligand map

= 3D jllustration of

algorithm defined A‘“ } chsl
clusters after = id
problem-specific r) ey ‘ A I i:
arameterization ---« .
feﬁnement P(t-Bu),Ph v A‘ e % = ‘: ;;;
= ~7% of the original A=A URDILE "A' B " 0.0
database predicted A‘, -;J .;,
to form Pd" dimer 0

Cluster: e C0' e C2' eC(C4' -0. =
eC1' @C3 eC5 P 10 %% peos

Science 2021, 374, 1134-1140. 12



Data Science-Guided Synthesis for Pd(l) Dimers

D Experimental validation of representative examples (new Pd" dimers - all of which are of bridged geometry)

less bulky more bulky phosphinane-based ferrocenyl-based
3P NMR: ""P NMR: P NMR: ""P NMR:

%60.5 ppm 104.6 ppm 89.6 ppm 0 Fe 74.2 ppm
I -Bu 1 t-Bu t-8u | . § 1 t-Bu

U] ()] n
L 180 s AP p_g’d’_‘;",_p\ t-Bu—p—Pd—Pd—r- 1-Bu

\
t-Bu—p—Pd—Pd— -Bu=—pP—pPd—P 5
,_B?a N % Epal N/ N -, 8o’ A% h
D3 D4 D10 D8 Fo

XRay of XRay of XRay of XRay of
D3 D4 D10 D8
Ph Ph
(o}
ph%‘!’h
t-Bu g’d,l\‘ih I;B-';IU B rl":il—l\l;" -8 _'c:l)/'\;g_ c § ) I -8
= = t-Bu— d—f— t-Bu A,P d—Pd—p u
r-B?D N N Y t-Bu —IP—SL:—:J' ~t-Bu
t+-B |
D11 D6 o D23 " D9 Ph\%
7 P NMR: Phﬁph
"P NMR: 88.0 ppm TP NMR: 106.4 ppm TP NMR: 67.5 ppm 79.9 ppm . s

Science 2021, 374, 1134-1140.



Pd(l) Dimers as Catalytic Precursors to Pd(0)

Kinetic Evaluation of Different Pd Sources

Hartwig’s Hypothesis: Start from Pd(l) Dimer

[Pd] (2 mol %) o O
©/ ©)‘\ NaOiBu (2.4 equiv) O
THF, 60 °C 180 min
1.2 equiv

100
90
80
70
60
conversion (%) 50
40
30
20
10

0 % Fa Fas o

0 50 100 150

time (min)
~—— [Pd(p-Br)Pt-Bus); (1) =& Pd(cod)Bry:Pt-Bus 1:1 —==Pd(Pt-Bus); (4)

Monoligated palladium is clearly faster!

What's the fastest way to get L Pd?

J. Am. Chem. Soc. 2017, 139, 5194-5200.; Angew. Chem. Int. Ed. 2002, 41, 4746-4748,;

/B"\ Disproportionation? Br.
RsP—Pd—Pd-PR, [RP=Pd] +  Po-PR,
Ng/ Br’
Br
1: R = P(1-Ad){Bu,: stable to air
2 R = PtBus: unstable in air
Br Reduction
/N — _
RsP—Pd—Pd-PR; ~ 2RsP=Pd  2|RsP—PdBr
\Br/ With base/substrate? Neutral Anionic Pd

1: R = P(1-Ad){Bu,: stable to air
2 R = PtBus: unstable in air

Room Temperature Buchwald-Hartwiq

R
X Rie _R, 1 or 2 (0.005 %) ,{l“
R-F + N ~ T Y Ry
= H NaOtBu (1.5 equiv) R
) THF, 25 °C, 15 min
X =Br, Cl 1.05 equiv 13 Substrates
68-99%
Selected Examples
Me N O MeO NBu, (Bu NHPh
__/
92% 87% 89%
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Scope of [Pd(u-Br)PR;],-Catalyzed Transformations

Mild Cross-Couplings with a Variety of Nucleophiles

E/Z Isomerization

Hartwig, 2002
R, R /Br\ GooRen, 2012
B(OH), 1 (0.005 %) g RsP—Pd—Pd-PR,
Br o N_/ O R>
’ KOH (3.0 equiv) O B PN
.0 equiv 1R =P(- )\]/
Rs R , THF,25°C, 15min  Rg R SR s B Ri™ O
1.08 equiv = PiBus Rs
Hartwig, 2006 5 examples
o) o)
BT = 2 (0.5-2.5 mol %) . 2 (0.5-2.5 mol %)
R4 + 1%NEt2 - NEt, PhMe
— THF-ZnBr ", THF, 25 °C to 70 °C AL 25-50 °C
2 4to24h 2 16 h
) 1.2 equiv 20 + examples
Stambuli, 2013 \
N Br 2 (0.5-2.5 mol %) N S\R 0 R,
R-F + R-SH ~ R )J\
_ _ NaO?Bu (1.1 equiv) = R; o)\ﬁ
1.0 equiv ZnCl, (0.64 equiv) R
THF or PhMe/THF 19 examples 3
. 25°C,4h 22 Examples
Hartwig, 2013 P
X Br R Q 2 (0.5-2.5 mol %) R 0
R-F + 1%08 - 1%08 H ] ]
©/ THF-ZnBr | C THRorPhMemHE A u Pd-H is easily generated from the dimer
2

2 25°C,4h

1.1 equiv 70 + examples

Angew. Chem. Int. Ed. 2002, 41, 4746-4748.; J. Am. Chem. Soc. 2006, 128, 4976-4985.; J. Org. Chem. 2009, 74, 4005-4008. J. Org. Chem. 2013,

78, 8250-8266.; Org. Lett. 2012, 14, 3716-3719.
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Conversion [%]

Determination of the Mechanism of Catalyst Activation

Schoenebeck’s Prosposed Pathways Computation Explains the Selectivity
Disproportionation? Br.
BusP—Pd] +  Pa-PiBu,
B Br’ Lo Optimization: in MeCN (CPCM) OTf 51_,
r . Method: B3LYP/6-31+G(d); C|—<§ i>( <
? "'! ~_ _-R
tBu3P—P€\—:F>d—PtBu3 Reduction? 2 ReP-Pd or 2[Bup—PdBr| @™ |,  ANZDZPO : T
Br Neutral Anionic Pd —ip_\'i"? &~ . :}'( <
reacting as Homolytic Cleavage? | ’ oL~ CH
dimer? > Z[tBusp—Pd Br] \ o [ C-OTf insertion
; MY S

,5-.

A
oK ’g,‘:‘b-‘ﬂ- Lk f
B(OH), o \\ T - 9.8 kcal/mol
©/\ 1.2 equiv )

C-Cl insertion ]

o [Pd(u-Br)PiBus, (1.5 mol %) X

PdLX favors C-OTf -
KF (3.0 equiv), H,O (3.0 equiv) Y = Z =
1 MeCN or THF, 25 °C, 120 min 2 X=0Tf dsertion - a \
o ¥ . I)f i 'Z | S ~\ /..!F(
100 100 Reactivity in THF: & .' i u‘,}'—g. e _@ ~ J»__ )
80 80 qFPd ‘LJ( O'Pd—p— I

60
40
20 1

0 5 15 30 60 120
Time [min]

J. Am. Chem. Soc. 2012, 134, 606-612.

‘-..Af F/% :,’ ‘(

As observed previously, polar solvents generate anionic Pd(0),
nonpolar solvents generate neutral Pd(0)

5 15 3'0 60 120 Control Experiments and DFT calculations ruled out Pd radicals
Time [min] and direct reactivity with the dimer as pathways

16



Determination of the Mechanism of Catalyst Activation

Dissociation Energies of
Proposed Pathways

Dissociation Type AGgjss (kcal/mol)

Pd’L, — PdL+L 27.2
[Pd'LBrl,—> 2 Pd'LBr 24.8
[Pd'LBrl,— 2 Pd"LBr, + Pd°L 38.1
[Pd'LBrl,—> 2 Pd"Br, + Pd°L, 65.4
[Pd'LBrl,—> 2 LPd,Br, + L 36.2

aMOBL(THF)//B3LYP/6-31+G(d) with SDD (for Pd)

Two takeaways:
1. Disproportionation in either
direction is energetically prohibitive!

2. Pd(1) radical is energetically feasible
but how the reductive process takes
place is unclear

J. Am. Chem. Soc. 2012, 134, 606-612. Organometallics 2015, 34, 5191-5195.

31P NMR Studies

B(OH),
©/\ 1.2 equiv O

[Pd(u-Br)PtBusl, (2.5 mol %) O
KF (3.0 equiv), H,O (3.0 equiv) TfO
THF, 25 °C, 20 min

(i) after 20 min:

oM ()]
[Pd(u-BriPBuL B T2 €@ Pd(PiBu;),Im) :
N [

/©/0Tf
Cl

(i) after 5 min:

mmmm#lmww

1I10 1I00 9IO 8I0 7I0 6:0 1I10 1I00 9IO 8I0 7I0 6I0
f1 (ppm) f1 (ppm)
Pd black also noted after 20 mins!
Reagent addition studies determined that the boronic acid,

KF, and H,0 are necessary for formation of [Pd(PtBu,),]

17



Determination of the Mechanism of Catalyst Activation

Dissociation Energies of 31P NMR Studies
Proposed Pathways 5 B(OH),
| /1/ 1.2 equiv Za
Dissociation Type g 7 e SOTT A /L\ |
/N ArB(OH), (1.2 equiv) >
PdOL, —= PdoL+L tBuzP—Pd—Pd-PtBug >  tBusP—Pd—PtBuj, 5 (2.5 mol %) |
| | Nt KF (3.0 equiv) 1,0 (3.0 equiv) TfO
[Pd'LBrl;— 2 PdLBr 5 mol% H,0 (3.0 equiv) CI:, 20 min
[Pd'LBrl,—> 2 Pd'LBr, + Pd°L THF, 25°C, 20 min /©/ (i) after 20 min:
TfO -
[Pd'LBr], — 2 Pd'"Br, + Pd°L, 30 min JFBU3)2]E> ;g
|

ArB(OH),

[Pd'LBrl,— 2 LPd.Br, + L
aMOBL(THF)//B3LYP/6-31+G(d) wit cl [Pd(tBusP)] (5 mol %) ‘
Two takeawc /©/ O
. . o TfO KF (3.0 equiv) TfO
1. Disproportionation in H,0 (3.0 equiv) 5%
direction is energetica.., . -...e.c.._. THF, 25 °C, 20 min | |
! 1

Takehome Message:
Full mechanism for activation is unclear, but a reductive pathway is plausible.

Recent work suggests a nucleophile fragmentation pathway may be involved
! P DIGCK 4150 notea ajter 20 mins!

Reagent addition studies determined that the boronic acid,
KF, and H,O are necessary for formation of [Pd(PtBu,),]

J.Am. Chem. Soc. 2012, 134, 606-612. Organometallics 2015, 34, 5191-5195.



Beyond [Pd(p-Br)PR,],: n—AllylPd(l) Dimers

First report by Millstein, 2004 Ar
- 0 < /C|\
CsF (2.2 equiv) <) )
o-xylene, 40 °C, 46 h 41%, 59% rsm Ar
Allyl-Pd 1
Ar = 2,6-OMePh

Denmark, 2006

- (>\ | - UsF—Fa—Fa— us
\ / W/ SMe0H 5 Allyl-Pd 2 (2.5 mol%) X

N~

X =S, O 50 °C 12 examples
Allyl-Pd 2
Moore, 2009
- 0, —
R@Cl v H——=—R, Allyl-Pd 2 (2 mol%) R R\ S
I/ ZnCl, (10 mol %) \_/
NHiPr, (excess)
THF, 25°C,1h 18 examples

u-allyl Pd(1) Dimers are not as commonly used as catalytic precursors
when compared to their closely related rt-allyl-Pd(ll)
No insight in method of activation or the active speciation

Organometallics 2004, 23, 3931-3940. Org Lett 2006, 8, 793-795. J. Org. Chem. 2009, 74, 8897-8900.



mm-allylPd(ll) Monomers—An Insight into Catalysis

Colacot’s Studies on the Mechanism of Activation

/@Br NHMe [Pd] (1 mol%)
+ -
MeO ©/ NaOtBu (1.5 equiv)

PhMe, 25 °C

1.25 equiv

MezN\ :: /T\\/R
P'Pd‘Cl

By By

AmPhos-Allyl: R=H
AmPhos-Crotyl: R = Me

Me
0
MeO

AmPhos-Allyl: 18%, 22 h
AmPhos-Crotyl: 95%, 22 h

Similar slower rates observed with other ligated allyl/crotyl ligand pairs
What is the origin of the slower rates?
Proposed Activation Pathways from Nolan’s Original Work

Ot
Pd
/P\' Cl

Bu By

Me->N AN
2 \Q i | NaOfBu
-~ P
p/Pd Path A RsP” CI“Oz‘Bu

By’ \tBu Inner Sphere
Reductive Elimination

MesN
NaOtBu \©\ .
Pd
- /\/OtBu p/

Path B By B

Outer Sphere
Substitution

J. Org. Chem. 2010, 75, 6477-6488. J Org Chem 2011, 76, 7918-7932. J. Org. Chem. 2015, 80, 6794-6813. 20



u-allylPd(l) Dimers: Precursor or Parasite?

Stoichiometric 3'P Studies

Oxidative Addition at Different Temperatures

Cl
/7N
tBugP-Pd-PtBus + tBusP—Pd—Pd—PtBu;

~—

//|\\ NaOtBu (1.2 equiv)

BuzP

CeDg, 25 °C

Both bis-ligated Pd(0) and a Pd(l) dimer were observed
Similar speciation observed with AmPhos, NptBu, and QPhos

/ Br
tBu /©/ tBu, tBu Br. /—é
tBu_ MeO

|
5 _ P—Pd—Pd— R~
P P,dN {Bu

NaOtBu (1.2 equiv) ‘B
Cl PhMe, 25 °C

~—

Identified as major product
Confirmed by SXRD

OMe

/©/Br
MeO , Bu_Bu Q
P

NaO?Bu (1.2 equiv) —Pd

SlEe P
P.
L

~

tBU tBU

4 es

P tBu_ tBu ClL Ar
\Pd > P Pd—Pd— P\tBu
NaOfBu (1.2 equiv) Ar v tBu
Me,N °
2 PhMe, 25 °C Confirmed by SXRD

tBu, tBu

Br
/[ j B A
MeO Bu tBu r r

P Pd—Pd— P\tBu

NaOfBu (1.2 equiv)

|
Cl PhMe, 25 °C f crotyl
\ Tentative Assignment/

J. Org. Chem. 2010, 75, 6477-6488. J Org Chem 2011, 76, 7918-7932. J. Org. Chem. 2015, 80, 6794-6813.

o
A’ ~
Me,N cl i
\ Confirmed by SXRD /

Oxidative addition is slower than comproportionation
at room temperature!

PhMe, 40 °C

Is Pd(l) Dimer formation a parasitic pathway?

21



u-allylPd(l) Dimers:

How much of the Dimer Forms under
Activation Conditions?

/l\\»R PhB(OH), (21 equiv) ~_ R
KOtBu (22 equiv)
2 pPd IPr-Pd—Pd—IPr
dg-iPrOH/d5;-MeOD/dg-THF Cl
Allyl: R=H 40 °C Allyl: 79% at 25 °C, formation is slow
Crotyl: R = Me Crotyl: 57%, at 25 °C, formation is slow

Cinnamyl: R =Ph Cinnamyl: 50%, at 25 °C, formation is fast

Full Comparison of all Monomers and Dimers
PhB(OH),(1.05 equiv)

MeO MeO
KOfBu (1.1 equiv)

PrOH/MeOH/THE °C temp

[Pd] (1 mol%)

% Yields for Precatalysts

Temp (°C)  Time (Min) AyMon AlDIm CroMon CroDim CinMon CinDim
ok 30 <1 2 3 5 93 1
60 2 7 14 22 95 3
0 30 20 32 58 92 >99 74
60 81 93 80 99 >99 99

For the monomers, formation of dimers
were observed by NMR
Sequestration of the monoligated Pd is likely

J. Am. Chem. Soc. 2014, 136, 7300-7316.

Precursor or Parasite?

Quantitation of the Dimer Under
Catalytic Conditions

R 4-chlorotoluene (20 equiv)
/r\“\ PhB(OH), (21 equiv)
2 IPr’Pd‘ KO1Bu (22 equiv)

\R

e

IPr-Pd—Pd—IPr
dg-iPrOH/d5-MeOD/ds-THF Cl
40 °C Allyl: 76% by TH NMR
Crotyl: 25% by "H NMR
Cinnamyl: 35% by "H NMR

Low activity of allyl precatalyst appears to be due to

sequestration of active Pd(0) to Pd(l)-dimer
On the formation of u-allylPd(l) Dimers

Allyl: R=H
Crotyl: R=Me
Cinnamyl: R = Ph

X \\\Ph X \\Me X \\\H
IPr-Pd_ Pd—IPr  IPr-Pd—Pd—IPr  IPr-Pd—Pd—IPr
Cl Cl Cl

/l\\,\Me /T\\‘\\Ph /r\‘\\H
IPr’Pd‘C| IPr/Pd“Cl IPr/Pd‘Cl

Rate of Comproportionation

DFT supports these experimental findings
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Summary Slide

On Pdg-u-Brg as a Precursor for Monoligated Pd(0)

Disproportionation?
~ [BusP—Pd| +
/ Br\ Reduction?
(BusP—Pd—Pd-PiBUs eduction:
Br Neutral
reacting as Homolytic Cleavage?
dimer?

- 2[tBu3P—Pd'Br]

Br.
/Pd—PtBuS
Br

> 2 RsP—Pd or 2[tBu3P—Pd°Br]

Anionic Pd

Pd,-u-Br,acts as a reservoir for monoligated Pd(0)
This happens most likely through a reductive pathway,
though the actual mechanism is still unclear

On u—allylPd(l) Dimers as a Precursor for Monoligated Pd(0)

Less reactive form
of Pd Comproportionation
AR slowerwhen R= Me, Ph
L—Pd\—/Pd—L
Cl

/I/\\A\R

Pd
L~ cl

Nucleophile
. o~ Nuc

\

Ar-X

L-Pd°
X= halide

> Catalytic cycle

e N
Whereas u—allylPd(l) Dimers can serve as a precatalyst
for monoligated Pd(0), it often serves to sequester

\Pd(0) through comproportionation. )

The overall activity of the catalyst is determined both
by the rate of catalyst activation to Pd(0) as well as
the ease of comproportionation of the mr-allylPd(ll)

with Pd(0)

\_ J

Organometallics 2004, 23, 3931-3940. Org Lett 2006, 8, 793-795. J. Org. Chem. 2009, 71, 8897-8900.



Pd(l) Dimer as the Active Catalyst: First Report

Stoichiometric Study Exploring the Oxidative Addition
sz u-Br sz uel

/ / N
tBu3P—Pd—Pd-PtBu3 tBuzP—Pd—Pd-PiBu,
N/ N,/

Br |
Pd,-u-Br Pd,-p-l

How does this work?
Investigation with Pd(ll) Oxdiative Addition Adducts
|

Br\Pd,PtBu3 : : : Br

1 equiv
OOO THF, 25°C, 3 h OOO
<3%
PtBu3 Excess Ligand Br
or Pd,-u-Br

THF, 25°C, 3 h

Pd(ll) is not competent! What about the dimer itself?

Chem. Sci. 2013, 4, 4434-4439.

PO(OMe), Br

87 /N
. Internal tBusP—Pd—Pd-PBus
0 min ‘l standard \Br/
U 00 VO 1 i Py Br
87 ppm
103 87 PP
30 min Br

Pd,-u-1,Br
97 ppm

120 min |
|

180 min P
M_ m ¥ 103 ppm
140 110 80 60 40 20 0 -10

Chemical Shift / ppm

No observation of any Pd(ll) intermediates.
Additional control experiments
suggest radical pathway not involved

JON
tBugP—Pd—Pd-PtBuj
N,/

PN
tBusP—Pd—Pd-PtBus
%
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Introduction to Pd(l) Dimer-Catalysis

Breaking/forming Bond Favored \

Disfavored
Distance: ‘
Cc-1 2.38A 3
C-Pd 2.22A _i 3
Pd-1 2.74 A \ 3 .
Angle: ?_"i: ghe T
I--C-Pd 73.07° A~
TS A TSg ) TSc
Oxidative Addition = Substitution Activated Exchange
AG*=14.8 HOMO of TS, AGt= 443 AG*= 428
Br
| e
l. F 4
oo ‘j.::-@ tBu,P -Pd—Pd @ Br
tBusP-Pd—Pd \ | <O
N Br PtBu, © tBusP -Pd—Pd
Br PtBuy Red. Elim. TS tBuyP - Pd—Pd \,
Ox. Add. TS A | PtBu,
Br PtBuJ Red. Elim. TS
Ox. Add. TSA
Br. ' "
148 Pd Pd__
Br tBu;yP \B{ PtBuy /Pd Pd Phi | 1
fBI.IJP N ~ 7\
BuyP-Pd—Pd -~ PtBu;l \—i— . 18.1 PdPd
1 'er 4.0 5 ) /B BuP” g
_I N EE T R IERL N ENSL. tBuyP- Pd——Pd-PtBuJ -
+Phl A - Jes M s 6.7
AG,=12.0 S i © tBuyP Pd—Pd PtBu,

Chem. Sci. 2013, 4, 4431-4439.; For further kinetic studies, see: J. Org. Chem. 2014, 79, 12041-12046. 25



Introduction to Pd(l) Dimer-Catalysis

Catalytic Reactivity Demonstrated Substrate Scope
| Pdy--1 (20 mol%) Br PN | -
- gl 0,
: tBusP—Pd—Pd-PBus Pdz-p (20 mol%)
NBu,4Br (10 equiv) \,/ T > T
THF, 25 or 35 °C ' R=u _ NBu4Br (10 equiv) R P
25°C, 4 d: 81% Pd,-p-| THF, 25, 60 h

35 °C, 20 h: 62%

Br Br Br
/I\ OMe
tBusP—Pd—Pd-PtBu,
\I/

Proposed Mechanism

©Br NBU4Br 18 % 40 % 38 %
Reaction only had three substrates.
Oxidative addition became more challenging,
and it was believed that fragmentation of the mixed
halide dimer occurred
| Ar |
NPZN \
/\Pd/—Pd: Bu,P—Pd—Pd-PtBu,
BuzP \Br/ PtBu, \Br/

o

Chem. 5ci.2013, 4, 4431-4439.; For further kinetic studies, see: J. Org. Chem. 2014, 79, 12041-12046. 26



How to control Pd(l) dimer vs Pd(0)?

Catalyst Comparison

AN N\
tBusP—Pd—Pd-PtBus tBusP—Pd—Pd-PtBus
N _/ N,/
Br |
Pd,-u-Br Pdy-p-l
Optimal for Pd° Does not form Pd° easily

Unstable to air Stable to air

/ Pd,-p-Br \
(2.5 mol %) O:f C
Ar
Cl
B(OH 87 %
. Oz |koH (3 +equiv)
THF, 25°C, 1 h
MeO o
1.5 equiv
2 Pdy-p-| > < > Ar
(2.5 mol %)

\ no reaction /

31p of the reactions showed:
Pd,-u-Br: Pd,-u-Br and Pd(tBu;P),;
Pd,-u-1: only Pd,-p-I.
Is formation of Pd(tBu,P),related to overall catalyst activity?

Organometallics 2015, 34, 5191-5195.

Re-evaluation with More Nucleophilic Bases

-~

Cl

Pd,-p-Br \
25mol %)  Q
> Ar

KOtBuz < 10 %
KOEt: 99 %

Base (3 + equiv)
THF, 25°C, 1-3 h

B(OH),
: 1Y
MeO 0
1.5 equiv -
e Pd,-pu] > < > Ar
0,
\ (2.5 mol %) KOIBuU, < 10 %/
KOEt: 30 %

Mayr nucleophilicity parameter values:

Kol< KO\ KOH
>18 N 16.1 N 105 N
Takeaways:

1. If too strongly activating, Pd black forms, lowering yield.
2. Ultimately, catalyst activation is mediated by a nucleophile
3. Pd,-pu-Br or Pd,-u-I dimer structure can be maintained if
nucleophile is not stronger than 10.5 N or 16.1 N, respectively

27



A Generalized Approach to Functionalization

Generalized Mechanism

N
tBusP—Pd—Pd-PtBus
\l/

©/Nuc Nuc
I /Nu\c Ar /Nu\c
/Pd\—/Pd\ tBu3P—Pd\—/Pd-PtBu3
BusP Bt PBus Br

Cr
Interestingly, transmetalation is before oxidative addition

Hypothesis: If a stronger bond is formed, could reaction
be driven to completion?

Angew. Chem. Int. Ed. 2015, 54, 6809-6813.

Stoichiometric Trifluoromethylthiolation of Arenes

CF,
THF A
Pd(PtBus), + Pd(SCF3), —— tBu3P—Pd\—/Pd-PtBu3
1 equiv 25°C,2h S

CF,
93 %

sz-p.-SCF:;

I ) SCF;

OMe Pd,-u-SCF3 (1 equiv) R OMe
SO ®
\ 80 % /

X-ray of Pdy-u-SCFs

\ 101.51
\.98.81
,93.82

31p.NMR analysis of reaction

/Y\
BuyP "Pd—Pd"-PrBu,
X
101 ppm (X =Y =1)

98 ppm (Y =1,X=5CF;)
93ppm (X=Y=SCF)

'
A

105 100

95 90 85 80 75 70
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Realization of a Catalytic Approach
DFT (B3LYP/6-31G(d) [with LANL2DZ for Pd,l])

8., —=-R
CFs,. ._R A /\Q}
8 " :f; tBu;P-Pd—Pd
tBu,P-Pd Pd N R CF3
"N Ry !+ 3 &2
CFr B {BusP- Pd P BusP—Pd—Pd =
3 Red. Eflim. TS-2 &

F
CF:! BusP” \I/ PitBu,
““““ e e e e e B e e e e e I'BLI3F' Pd—Pd PIBI..I3 """""""""""""""

+ Arl i 12.4 (11.5) | $2e 7 P
AG,,,F-21.5 (-20.3) - —" musp-Pd—\pd—ptBua
' + ArSCF, 9.1(8.8) .

Ox. Add. TS-1 ,»’R R A A s £PBus | PtBuy
T cra r’ Ox. Add TS-3 ik il
" FiCS. ,l\ Lo /5 - 271
S 3 26.4 (-Eusp \ b p:au;, fBua ~‘ e |=-1au,j (32.4) 22 3 Q
31 5 ]
1Bu,P- Pd\S/Pd PBu; (31.9) CF3 (27.6) FiCS. , % :
42{96} 4.0 (11.4) X -

Catalytic Trifluoromethylthiolation of Arenes

Representative Examples:

RL ] ’ ik R S | SCFs SCF, SCF, SCF,
N (MeN)SCF (1.5 equiv) _ N /©/ /©/ @
X =1 Br 80°C, 12:15h 23 Examples o NC O,N
99 % 96 % 95 % 65 %

Angew. Chem. Int. Ed. 2015, 54, 6809-6813. 29



Scope of Chalcogen Nucleophiles

Catalytic Trifluoromethylselenynation of Arenes

| CFs CFs
X Pd,-pi-l; (5 mol%) SeCF, /N Se Se
Zz 7N —Pqd—Pd- /N /N
R | R—()/ HEN R tBusP—Pd—Pd-PBus tBusP—Pd—Pd-PBu,
X (Me4N)SeF5 (2.0 equiv) = | \l/ \Sé
= 80°C, 24 h
X=1Br AL Pda-p-l Proposed Active Catalyst CFs
Catalytic Thiolation of Arenes
P | X Pdy-p-l5 (5 mol%) A {js\R /g\
N NaSR (1.2 equiv) N tBusP~Pd—Pd-PiBu;
X =1 Br 40-80°C, 3-12h 37 Examples \I
’ R = alkyl, aryl Proposed Active Catalyst
Catalytic Selenynation of Arenes
R_/ | X Pd,-p-l; (5 mol%) R{j/SeR /Ee
AN
X NaSeR (1.2 equiv) N tBusP~Pd—Pd-PtBus
X=1 r PhMe, 40-60 °C, 16-24 h 16 Examples |
Proposed Active Catalyst

Catalytic Phosphorothioation of Arenes

OR Os_.OR;y
©/l Pda-yi-l, (5 mol%) NS p—OR; Z\ORZ
R | = R I \
X Me4sNSP(O)(OR4)(ORy) (1.5 equiv) = o tBu3P—Pd/—Pd—PtBu3
PhMe, 100 °C, overnight 38 examples N
Can be used with chiral auxillaries Proposed Active Catalyst

Angew. Chem. Int. Ed. 2015, 54, 10322-10326; Angew. Chem. Int. Ed. 2018, 57, 12425-12429.; Chem. Eur. J.2019, 25, 9419-9422. Angew. Chem. Int. Ed. 2019, 58,
11395-11399. 30



What about Carbon-based Nucleophiles?

Kumada Coupling with Pd,-u-Il,

N
tBusP—Pd—Pd-PtBu,
\I/

\_ Pd-yi-1;

. = | Pd;-p-l; (5 mol%) - ©/Ar
X MgCIAr (1.5 equiv) O
X =1 Br PhMe, 25 °C, 5 min

12 examples

~

/

Recall the Following Experiment

KF (3.0 equiv), H,O (3.0 equiv)
1 MeCN or THF, 25 °C, 120 min

B(OH),
@; 1.2 equiv
OTf
C|/©/ [Pd(p-Br)P{Bus], (1.5 mol %)

X I

2: X = OTf
3. X=Cl
100 Reactivity in THF:
;g 80
3 60
g 40
2
S 20
0 S S R — 1
0 5 15 30 60 120
Time [min] L. . Time [min/_
Can Pd(l) engender similar selective couplings?

Organometallics 2015, 34, 5191-5195. J. Am. Chem. Soc. 2012, 134, 606-612.; Angew. Chem. Int. Ed. 2017, 56, 1581-1585. Tetrahedron Lett. 2015, 56, 554-557.;

Tetrahedron Lett. 2011, 52, 6346-6348.

The challenge of Halogen-Selective Couplings

% Br PdACl,(P(0-tol)3), (cat.) Jéi)h @fr
+
PhMgCI (2 equiv
TfO (el (2 o) TfO Ph
15 : 1

Et,0, 25 °C, 2 h

Mixtures of products obtained

o Br OTf
@ Z_g\(ow’e
N S
OTf ©
Pd(PPh;), couples selectively with bond in bold

Initial Studies
Ph__Ph
N
W

Br  [Pd] (2.5 mol%) Ph
> +
Tfo/©/ MgCIAr (1.5 equiv) Tfo/©/

PhMe, 25 °C, time

Catalyst Time A B
Pdjy-p-l, 5 min 93 % 0%
Pd(OAc),/ SPhos 5h 8 % Complex mixture
RuPhos-G2 5h 2% Complex mixture
PEPPSI-IPr 24 h 15 %

Pho-Cl: 7%; Pha: 4%
Pd,-u-1, enables unique and rapid reactivity
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Site-Selective Couplings

sz-u'lz (2 .5 mol%)

/TBF
RT |
SN

PhCIAr (1.5 equiv)

= Ar
- LY
Y

Pd,-p-l, (2.5 mol%)

= Br
e
Y

Y = OTf, Cl

ArZnCl (1.5 equiv)

PhMe/THF, 25 °C, 5 min

= Ar
- R
Y

15 examples

Y :
_ PhMe, 25 °C, 5 min
Y = OTf, Cl Open flask 14 examples
(C-Br vs C-OTf 1 (c-Brvsc-ci
TfO Ph Ph N X PP
r By
TfO c” N
95 % 93 % 95 %
Ph Ph O
Ph
SORNNp "
~ ~
N TfO~ °N ol
OoTf 86 %
86 % | 95 %
(Other Grignards

92 %

Angew. Chem. Int. Ed. 2017, 56, 1581-1585.

Open flask Ar = 2-tolyl

(c-Br vs C-OTf 1 (c-Brvsc-cl

Cl Ar
MeO Ar Ar
_0
OTf TfO

95 % 98 % 91 %
Ar o, AV Ara -~ CN

N e I

| e s N" cl
N o) 71 %
OTf 92 % h
78 % )
(Other ArzncCl )
S X
TfO \
MeO ’ > l = OMe
S TfO~ N
o)
86 % 86 %




What is the Active Catalyst: Monoligated Pd(0) or Pd(l)?

Addition Studies

84.20

t=0min PN
Pd(PtBu,), Bop—rhpa-pias,
N\
= — Pd;-p-I,
2 ? 3 . 101 ppm
3 ¢ t =30 min
' Pd(PtBu,), + (nBu,N)I + O,
g PhMgCl added at t = 30;
Pd(PtBu,), + (nBu,N)I + O, + PhMgCI t=35min
lmﬂl'mqm » o " - — e Fa——

110 105 100 95 90 8 80 75 70 65 6055?0(45)403530 25 20 15 10 5 O -5 -10 -15
ppm
At t = 35 min, Pd,-u-1,is formed, biphenyl observed by GC-MS
Pd(Buy); — N 10N pg i, Pd,-u-1, can be reversibly generated in the reaction from Pd(0)
i Experiment does not rule out either Pd(0) monomer or Pd(l) dimer
open to air

DFT indicates both Pd(0) monomer and Pd(l) dimer are C-Br selective

Angew. Chem. Int. Ed. 2017, 56, 1581-1585. 33



Scope of Carbon Nucleophiles
Polymerization with Negishi Couplings

C. C .~Couplings
sz-p-lz (2.5 mol%)

/R2
L

Br
LT
\/\Y R,ZnCl or R,MgCI (1.5 equw)
PhMe/THF, 25 °C, 5 min
36 examples

Open flask
R, = alkyl

Y = OTf, Cl

Representative Examples

@"B”

OTf TfO

96 % 81 %
1-Ad

TMS

N %
OMe
90 %

84 % 60 %

94 %
Me
< N
O 3 BinP

56 %

1. nBuLi (0.98 equiv
» Four unique polymers

Br O Br ZnCl, (1.1 equiv)
2. Pd2-p-12 (0.5 mol%) prepared
THF, 25 °C,20-120 s
Representative Examples
nHexyl
4’“)- m
S n
R{R;
=443 kg/mol = 23 1 kg/mol M, = 9.3 kg/mol
MW =80.1 kg/mol =43.2 kg/mol My, = 18.0 kg/mol
PDI=1.80 PDI =214 PDI=1.94
Octvl Open Flask
nOcty
Ry = \©\ Ry = \( |
OnHexyl nOcty

Synthesis of Vinylcyclopropanes
1Zn] Pdy-p-I, (2.5 mol%)
\— . _ R
% RV R,ZnCl or RyMgCI (1.5 equiv) A/AR
PhMe, 25 °C, 25 min
Open flask 40 examples

X=1,Br 1.5 equiv
OTf, ONtf

R

Pd,-u-l, enables a variety of transformations that standard Pd(0) or Pd(ll) precatalysts struggle to perform
34

Angew. Chem. Int. Ed. 2017, 56, 7078-7082.; Angew. Chem. Int. Ed. 2019, 58, 10179-10183.; Angew. Chem. Int. Ed. 2023, 62, €202211167



Modular Synthesis of Arenes

Pd,-p-l; (2.5 mol%)

R,ZnClI (1.1-2.0 equiv)

THF, 25 °C, 5 min;

then NMP

S5
R-C

R

R3ZnClI (1.1-2.0 equiv), 10 min

Open flask;

AR Pdy-pely (2.5 mol%) AR
| - R |
\/\ \,\R
8

(1.1-2.0 equiv)
NMP, 25 °C, 10 min

Open flask 3 Examples

Representative Examples

66 %

/|
S

n-Pentyl

77 %

N\

NS

F

63%

O nBu

72 %

L,

63%

NMP enables OTf-Selective Coupling
Via Anionic Pd
[R—PdO-PtBu3]ZnCI

Potential Speciation:
Step 1: Pd(l) Dimer or Pd(0)
Step 2 and 3: Pd(0)
Together, a highly selective process

Prof. Schoenebeck

Not shown, but selective functionalization with OTf and Cl, Br and Cl are possible as well

Angew. Chem. Int. Ed. 2018, 57, 12573-12577.
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Summary slide

N

/
tBuzsP—Pd—Pd-PtBus;
\l/
©/Nuc Nuc
/N
tBusP—Pd—Pd-PtBu,
\I/
Pd,-p-l
| Nuc Ar L Nuc
N/ N 7 /N
/Pd—/Pd\ tBu3P—Pd—/Pd-PtBu3
BusP” “gf  PtBu, “Bf

~

Nuc = RMgCI, RZnCl, SCF3, SeCF3, SR, SeR, SP(0O)(OR)(OR5)

Angew. Chem. Int. Ed. 2023, 62, €202211167

Takehome Messages
- Pd(I) dimers can react at the Pd(l) center!
- While reactivity as the Pd(l) dimer has
been clearly demonstrated for
chalogen-based nucleophiles, carbon
nucleophiles may exist as either monomeric
Pd(0) or dimeric Pd(l)
- Pd(l) catalysis is best used for installation of
heteroatoms that are traditionally more
challenging in Pd(0) catalysis
- This is because transmetalation/ligand
substitution occurs after the rate
determining step, oxidative addition
- Halogen-selective catalysis is possible by
tuning the solvent alone
- It is unclear if this unique reactivity is
because of the Pd(l) dimer or generation of
a Highly active monomeric Pd(0) species.




Future Directions

Future Directions:

1.

Whereas evidence for Pd(l)-dimers is clear for reactions with heteroatomic nucleophiles, less clear for

carbon-based nucleophiles.
When Pd(l) species are catalytic precursors to monoligated Pd(0), what is the reduction mechanism
which produces Pd(0) so easily? Seems to be highly reaction specific
More unique catalytic Pd(l)-Pd(l) reactivity!
1. Lots of interesting stochiometric reactivity with carbonyls
2. Wild C-C bond insertions with Pd(l) dimers (so many remarkable stoichiometric examples)

S
PhoP” “PPh, H JTolp |2+
l ' L= /‘ZL\ P Wiy —|2+ — —|
X—Pd—Pd—x + Z ——— Rd, =~ Pd p—t
I /L (1) P 2 p-TolC=CH
PhoP _ - PPhz X ‘y CH3CN—P9—F;d—NCCH3 Tﬁ- p-Tol H
) 212 ~ E— -
N - Pus - L \ 2 PF.
= dppm Ph 2PF / \ 6
L L PP @" \Ph 6§ L=CHsCN Phaf UNoph,
71 74

A-frame complexes from Pd(l) dimer
Z= Azide, CO, RNG, S,, SO,
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