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ABSTRACT: Air-stable palladium (0) precatalysts are advantageous for facilitating a variety of chemical transformations, and are

desirable precursors for high-throughput experimentation studies.
We report investigations into air-stable Pd(0) precatalysts stabilized
by dimethyl fumarate (DMFU) as an electron-deficient alkene. A
Pd(0) DMFU complex with a diazabutadiene (DAB) supporting lig-
and readily undergoes substitution with both monodentate and biden-
tate phosphines to form phosphine-Pd-DMFU complexes in situ.
These complexes undergo oxidative addition with ArBr substrates,
and are also effective precatalysts for Heck coupling, Suzuki-
Miyaura coupling, and Miyaura borylation. Catalytic comparisons of
the DAB-Pd-DMFU precursor to other Pd sources reveals benefits

Alternative Pd(0) sources for HTE Catalytic activity comparisons to MAH systems
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and limitations of this system, including high activity in Heck coupling, and challenges with in situ catalyst generation.

INTRODUCTION

Metal-catalyzed cross-coupling is one of the most widely
used approaches in organic synthesis,* enabling the formation
of new carbon-element bonds. These transformations are criti-
cal to the synthesis of many pharmaceuticals,*® materials,” and
agrochemicals,® as well as other fine chemicals. While great
strides have been made in developing non-precious metal cata-
lysts for these reactions, organopalladium catalysis remains the
most versatile and widely applicable approach, particularly in
complex molecule synthesis. An obvious drawback is the low
abundance and corresponding high cost of palladium, requiring
processes to drive toward minimizing the quantities required.
As a result, extensive catalyst and condition screening cam-
paigns are common when developing a Pd-catalyzed reaction to
identify the most active possible system. There is thus a need
for palladium compounds that are active precursors to catalytic
species and suitable for microscale high-throughput experimen-
tation (HTE).%®

Generally, HTE screening takes place using a combination
of a Pd source and added ancillary ligand (e.g. PR3) to form the
desired catalyst in situ.!*® This maximizes the potential ligand
space available for screening. Another approach is to use single-
component precatalysts that already contain the desired ancil-
lary ligand.19?2 These can be more operationally convenient
and also more active, though not all desired ancillary ligands
are available as part of commercial precatalysts. In both cases,

the oxidation state of the Pd precursor is important. Cross-cou-
pling catalysis is generally initiated by a Pd(0) species under-
going oxidative addition with the electrophilic substrate; there-
fore, in situ systems and single-component precatalysts must
rapidly and reliably convert to an appropriate Pd(0) species.
This is either achieved through reduction of a Pd(ll) precursor,
or by directly using a Pd(0) precursor. There are many prior ex-
amples of Pd(ll) sources and precatalysts, whereas Pd(0) pre-
cursors are less common.?2 Key examples of Pd(0) sources
for cross-coupling catalysis include Pd,dbas (and its crystalline
solvates) for in situ generation,**15%27 and homoleptic
Pd(PR3)» complexes, including Pd(PPhs)., as single-component
catalysts (Figure 1A).282°

More recently, we and others have investigated alternative
Pd(0) sources (Figure 1B). Early work from Beller and co-
workers identified diallyl ether as a chelating diene to stabilize
a Pd(0) complex for Suzuki coupling.®® The Buchwald group
has also reported a series of dipalladium complexes with bridg-
ing COD ligands that accommodate exceptionally bulky phos-
phines.3-% Frantz and co-workers reported a chiral single-com-
ponent Pd(0) precatalyst (BobCat) that takes advantage of a wa-
ter-soluble dba derivative to promote catalysis.* Sato, Kanbara,
and Kuwabara used an alternative strategy to generate an air-
stable Pd(0) species by using a highly electron-deficient phos-
phine PArF; (Arf = 3,5-bis(trifluoromethyl)phenyl).35:%
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In 2021 we reported P"PDAB-Pd-MAH (1) as a convenient
and active Pd(0) source designed specifically to enable HTE
studies (°MPDAB = N,N’-bis(2,6-dimethylphenyl)diaza-
butadiene; MAH = maleic anhydride).®” A key strength of this
complex is its rapid and quantitative ligand substitution chem-
istry, enabling reliable in situ formation of phosphine—Pd—
MAMH species for a wide range of phosphine ligands during ca-
talysis.®®*° We further isolated and characterized several of
these phosphine-Pd-MAH complexes, and used them as active
single-component precatalysts (Figure 1C).%"4° Contemporane-
ously, Fantasia and co-workers reported a series of phosphine—
Pd-DVDS complexes (DVDS = 1,3-divinyl-1,1,3,3-tetrame-
thyldisiloxane), and also demonstrated their efficiency as sin-
gle-component precatalysts.*!

A Simple Pd(0) sources for catalysis

Pd(PPh;), Pd(PRs), R = o-tol, Cy, tBu, etc.

Pd,dbaj * solvent solvent = dba, CHCI3, PhH, efc.

B Single-component Pd(0) precatalysts
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Figure 1. Pd(0) complexes used as precatalysts for cross-coupling
reactions. A) Simple homoleptic Pd(0) sources used in cross-cou-
pling. B) Single-component phosphine—Pd—alkene complexes re-
ported as precatalysts. C) Diazabutadiene (DAB) palladium(0)
complex PMPDAB-Pd-MAH (1) and corresponding single-compo-
nent precatalysts previously reported by us.®” D) Analogous +A™
DAB-Pd-DMFU (2) complex first reported by Vrieze and co-
workers,*? and use to generate phosphine-Pd-DMFU precatalysts.

Herein we report our studies of diazabutadiene (DAB) and
phosphine Pd(0) dimethylfumarate (DMFU) complexes in the
context of cross-coupling catalysis and high-throughput exper-
imentation. Our hypothesis was that the less stabilizing DMFU
ligand would lead to increased catalytic activity compared to
MAH-based precatalysts. We have therefore studied the previ-
ously reported “A"DAB-Pd-DMFU (2) complex as a Pd(0) pre-
cursor, and prepared a series of single-component phosphine—
Pd-DMFU precatalysts (Figure 1D).

RESULTS AND DISCUSSION

Synthesis and Characterization of Pd-DMFU
Complexes with DAB and Phosphine Ligands. o-
Diimine ligands are well-studied in organopalladium chemistry,
most notably for Pd(Il) olefin polymerization catalysts.**
Corresponding Pd(0) complexes with the DAB-variant of a-
diimines (derived from glyoxyl) have also been previously stud-
ied,*2% including as precatalysts in Heck coupling,%°-%* catalytic
alkyne hydrogenation,®*® methoxycarbonylation of sty-
rene,’®™ and the synthesis of carbohydrate derivatives.” Fur-
thermore, several (RsP);Pd—-DMFU complexes are known, ei-
ther with simple monophosphines,”” or with chelating phos-
phines.”®®® This work provides important structural and syn-
thetic guidance toward candidate Pd(0) precatalysts. Specifi-
cally, many different synthetic routes are used to access these
compounds, including reduction of L,Pd(allyl)X species in the
presence of DMFU, coordination of DMFU to Pd(PR3), com-
plexes, or ligand substitution using Pd.dbas.

In 1981, Vrieze and co-workers reported two DAB-Pd-
DMFU complexes that we identified as potential Pd(0) sources
for cross-coupling catalysis: ®'DAB—Pd-DMFU and *A"DAB-
Pd-DMFU (2).4> We prepared the former compound using both
of the procedures described, including using “Pd3(TTAA)sz”
(which is actually Pddtas, dta = ditoluylideneacetone, as iden-
tified by Echavarren and Stille*®); however, we quickly elimi-
nated this compound as a candidate precursor due to its labori-
ous synthesis and purification. As described by Vrieze and co-
workers, it is “very soluble in many organic solvents and ...
extremely labile”.*? In contrast, 2 is readily prepared in high
yield largely due to its very low solubility in the reaction sol-
vent. Unfortunately, this also complicates its characterization;
Vrieze and co-workers did not report NMR spectroscopic data
for 2. In our case, we were able to collect a suitable *H NMR
spectrum of 2, confirming the proposed structure; however, its
solubility in CDCI; was determined to be only 2.13 mg/mL, pre-
venting acquisition of *C NMR spectra.

To assess if 2 could be a precursor for in situ catalyst for-
mation, we examined its ligand substitution chemistry with sev-
eral phosphines (Table 1). Stirring a suspension of 2 in CH,Cl,
with 2 equiv of a monophosphine or 1 equiv of a bis(phosphine)
displaces “*"DAB to generate the corresponding phosphine—
Pd-DMFU complex. Solution yields of these species were de-
termined by 'H NMR spectroscopy. After 2 h, DPPF, Bip-
pyPhos, and P(o-tol); formed complexes in >90% yields (Table
1, entries 1-3), whereas XPhos, XantPhos and DPEPhos fur-
nished their respective Pd complexes in modest yields ranging
from 65-79% (Table 1, entries 4-6). Notably, these latter three
examples exhibit considerably slower ligand substitution than
what we previously observed with PM"DAB-Pd-MAH (com-
plete in minutes). This is likely due to the poorer solubility of 2
leading to slower reaction rates.
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Table 1. Phosphine metalation of “*A"DAB-Pd-DMFU as-
sessed by 'H NMR spectroscopy.?

@ OMe CH,Cly, CO,Me
(RsP) —Pd—(

fNI" rt,2h
=y—Pd— + PRy ——>
MeO MeOZC

o
MG 2 + “AnDAB
Entry Phosphine Yield (%)
1 P(o-tol)s 99
2 BippyPhos 91
3 DPPF 91
4 XPhos 79
5 DPEPhos 67
6 XantPhos 65

8Conditions: 2 (0.1 mmol), phosphine (0.2 mmol), CH2Clz (3 mL),
rt, 2 h under inert atmosphere. 2Crude yields were assessed by H
NMR using 1,3,5-trimethoxybenzene as an internal standard.

Attempts to isolate these phosphine complexes from the re-
action between 2 and phosphines was very challenging. While
we were able to achieve high solution yields with longer reac-
tion times, purification was complicated by the near identical
solubilities of the desired Pd complex and the *“A"DAB byprod-
uct. Attempts at selective extraction and precipitation/crystalli-
zation led to low yields and/or impure material. We instead in-
vestigated chromatographic purification. In one case, we were
able to reliably prepare the XPhos—Pd-DMFU complex from
the reaction of 2 and XPhos (eq. 1). Purification by flash chro-
matography achieved separation of the “A"DAB byproduct, giv-
ing the desired complex in 82% yield. Unfortunately, all other
investigated complexes co-eluted with *“A"DAB due to its pro-
pensity to “streak” on the silica gel. We could partly alleviate
this by complexing the “A"DAB byproduct with ZnBr after lig-
and substitution, followed by flash chromatography; however
this method gave variable and generally lower yields due to
challenges with chromatography.
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While these purification issues are not important in the con-
text of in situ catalyst formation, we required an alternative and
more general means to access single-component phosphine—
Pd-DMFU complexes for structural and reactivity compari-
sons. We therefore prepared five complexes via ligand substi-
tution from Pd.dbas*CHCl; (Scheme 1).

Fortunately, removal of the dba byproduct is feasible
through precipitation of the complex, followed by extraction of
the soluble dba from the crude solid. In addition to the complex
derived from heterobiaryl phosphine BippyPhos, we also iso-
lated four complexes with chelating bis(phosphine) ligands:
DPEPhos, XantPhos, rac-BINAP, and DPPF. Isolated yields of

Scheme 1. Synthesis and isolation of (phosphine)-Pd-DMFU
complexes from Pd,dbas*CHCl3.2
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aConditions: Pdzdbas (0.04 mmol), phosphine (0.09 mmol), di-
methyl fumarate (0.11 mmol), PhMe (9 mL), rt, 1-4 h under inert
atmosphere. Yields are reported after isolation by trituration with
hexane or pentane.

these complexes are good to excellent (70-97%). All six com-
plexes are air stable, and were isolated under ambient atmos-
phere. The solubility of these phosphine complexes is also
much improved compared to 2, enabling full characterization
by NMR spectroscopy and high-resolution mass spectrometry.
Three complexes were also characterized by X-ray crystallog-
raphy, with the solid state molecular structures of rac-BINAP—
Pd-DMFU, DPEPhos-Pd-DMFU, and DPPF-Pd-DMFU
shown in Figure 2.

Table 2 displays a comparison of selected bond lengths and
angles for two pairs of bis(phosphine)—Pd-alkene complexes,
with data for the MAH complexes from our prior work.%” De-
spite the change in electron-accepting character of the alkene,
from a stronger n-acid (MAH) to a weaker one (DMFU), the
metrical parameters are nearly identical when comparing com-
plexes with the same phosphine ligand. The Pd—P lengths are
statistically identical, and the P-Pd-P bite angles are also very
similar for the DPPF pair. Notably, the DPEPhos—Pd-DMFU
complex does have a tighter bite angle than the MAH analogue
by 3°; this is due to a slight conformation change in the ligand
between these two complexes in the solid state. The Pd—C bond
lengths are only slightly longer in the DMFU complexes com-
pared to their MAH counterparts; however, this is barely statis-
tically significant.

In both sets of complexes, the alkene C=C bond is signifi-
cantly elongated from the free alkene length (solid state C=C
lengths: MAH = 1.303 A;* DMFU = 1.318 A%). The A(C=C
length) is approx. 0.9-1 A, consistent with considerable back
donation from a filled d-symmetry orbital on Pd. There is no
clear distinction between the two alkenes in terms of elongation;
in fact, the less electron-deficient DMFU experiences greater
elongation than MAH when coordinated to Pd(0).
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BINAP-Pd-DMFU2

DPPF-Pd-DMFU®

Figure 2. Solid state molecular structures of BINAP-Pd-DMFU,
DPEPhos-Pd-DMFU, and DPPF-Pd-DMFU. Ellipsoids plotted
at 50% probability; phenyl rings on phosphine ligands shown as
wireframe for clarity; H atoms except those on alkene removed for
clarity. Note that C1 and C2 are defined as the two alkene carbons
in the DMFU ligand; atom numbering may be different in Support-
ing Information tables and CIFs. ®Molecule disordered over two
positions; one orientation shown. PDisordered CHCls solvent mol-
ecule not shown. One of two independent molecules in the asym-
metric unit is shown; disordered pentane molecule not shown.

Table 2. Selected bond lengths (A) and angles (°) from solid-
state molecular structures of DPEPhos—Pd-MAH,3” DPEPhos—
Pd-DMFU, DPPF-Pd-MAH,*” and DPPF-Pd-DMFU.

DPEPhos- DPEPhos- DPPF-Pd-  DPPF-Pd-

Pd-MAH?  Pd-DMFU®  MAH? DMFUP
Pd1-P1 2.3140(10)  2.3140(5) 2.324(4) 2.3204(7)
Pd1-P2 2.3211(10)  2.3157(5) 2.302(4) 2.3243(7)
Pd1-C1 2.104(4) 2.146(2) 2.140(16) 2.127(3)
Pd1-C2 2.125(4) 2.124(2) 2.105(16) 2.144(3)
C1-C2 1.396(6) 1.428(3) 1.39(2) 1.422(4)
P1-Pd1-P2 106.32(3)  103.559(19)  105.16(13)  106.23(3)
C1-Pd1-C2 3855(15)  39.08(8) 38.3(6) 38.89(11)
C1-Pd1-P1 106.38(12)  108.31(6) 113.5(5) 105.67(8)
C2-Pd1-P2 108.67(12)  108.45(6) 102.9(5) 109.20(8)

8C1 and C2 are defined as the two alkene carbons in the MAH lig-
and.®” bC1 and C2 are defined as the two alkene carbons in the
DMFU ligand; note that atom numbering may be different in Sup-
porting Information tables and CIFs.

Oxidative addition reactivity of Pd(0) DMFU complexes.
Our major impetus for investigating Pd(0) DMFU complexes is
that the higher lability of the DMFU ligand should result in in-
creased catalytic reactivity. In particular, we wanted to be able
to access Pd(Il) oxidative addition complexes directly from
phosphine-ligated Pd(0) alkene complexes. Isolable oxidative
addition complexes are “on-cycle” precatalysts, and are also
useful in late-stage modification of pharmaceuticals and bio-
molecules.®% Often, these complexes are made from homo-
leptic Pd(PRs)n precursors (for simple phosphines),® 2% or from
in situ combinations of phosphine ligands and Pd.dbas or
(COD)PdR, Species_94,101,14,102,103

A seemingly ideal scenario to access Pd(l1) oxidative addi-
tion complexes is to use Pd(0) precursors with the desired phos-
phine ligand already installed, such as phosphine—Pd-alkene.
Disappointingly, all attempts to observe oxidative addition be-
tween our previously reported phosphine-Pd—-MAH complexes
and a variety of aryl bromide substrates at elevated temperatures
have been unsuccessful. We attribute this to ground-state stabi-
lization of the Pd(0) complex by the strongly n-acidic MAH lig-
and leading to unfavorable thermodynamics for MAH dissoci-
ation, and thus very low concentration of (RsP),Pd(0).

To test our hypothesis that higher DMFU lability would lead
to improved oxidative addition reactivity, we treated several
phosphine—Pd-DMFU complexes with excess 4-bromoaceto-
phenone at elevated temperature (Scheme 2). In contrast to the
aforementioned MAH complexes, we do observe oxidative ad-
dition reactivity. For XPhos, the desired Pd(Il) complex is
formed in 41% solution yield after 8 h; however, unreacted
XPhos-Pd-DMFU is still present, and prolonged reaction
times result in decomposition. For BippyPhos and DPPF, the
oxidative addition complexes are isolable in 81% and 70% yield
respectively. We also re-tested the corresponding Pd(0) MAH
complexes under otherwise identical conditions, with no reac-
tion observed. Thus, single-component phosphine—Pd—-DMFU
complexes provide a convenient pathway to oxidative addition
complexes for mechanistic and/or synthetic studies.
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Scheme 2. Synthesis of oxidative addition complexes from
(RsP)—Pd-DMFU.#

o
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o 0
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Ph=AQ. N—Ph P, Br
N pr Ph
(XPhos)Pd(Br) (BippyPhos)Pd(Br) (DPPF)Pd(Br)

(4-acetophenone) (4-acetophenone) (4-acetophenone)
41%°¢ 81%¢ 70%°

aConditions: (RsP)r—Pd-DMFU (0.025 mmol), ArBr (0.25 mmol),
PhMe (1 mL). "Conditions: XPhos-Pd-DMFU (0.014 mmol),
ArBr (0.28 mmol), PhMe (1 mL). Solution yield assessed by 'H
NMR spectroscopy using 1,3,5-trimethoxybenzene as internal
standard, rxn temp. 85 °C. “Isolated yield, rxn temp. 60 °C. ¢Isolated
yield, rxn temp. 80 °C.

Catalytic evaluation for Heck coupling. To evaluate the
catalytic reactivity of 2 and the phosphine—-Pd—-DMFU com-
plexes derived therefrom, we conducted a series of comparisons
using three exemplar coupling reactions: Heck coupling, Su-
zuki-Miyaura coupling, and Miyaura borylation. In each case,
we performed microscale screening of 2 alongside 3 other Pd
precursors — Pd,dbas*CHCI3, Pd(OAC),, and 1 — for in situ cat-
alyst formation. Follow-up validation experiments on larger
scale provides further comparison under more synthetically rel-
evant conditions.

First, we assessed a Heck coupling reaction between 4-bro-
moacetophenone and methyl methacrylate under conditions
analogous to those initially reported by Littke and Fu.!** We
previously used this reaction as a comparator when evaluating
the °MPDAB-Pd-MAH precursor 1, which is roughly equal in
activity to Pd.dbaz*CHCI; when paired with P(t-Bu)s.>” A 24-
reaction screen involving six ligands, including P(t-Bu); along-
side other simple mono and bidentate phosphines, reveals that
complex 2 is an effective Pd precursor for this reaction (Figure
3). Using only 2 mol% Pd, the top hits are 2/P(t-Bu); and
Pd.dbas*CHCIs/P(t-Bu)s. Interestingly, two other ligands — P(o-
tol)s and JohnPhos — give reasonable conversion to the product
when paired with 2 or Pd,dbas*CHCIs. Pd(OAC), and especially
complex 1 perform relatively poorly, missing these ligand hits.
These data contrast with those from our prior work on 1, where
the microscale array was performed with much higher catalyst
loading (13 mol%).

To validate these screening results, we performed this Heck
reaction on 3-fold larger scale, and 4-fold increased concentra-
tion (Table 3). Here, we observe the formation of the bis-ary-
lated alkene as an overreaction product. With the higher con-
centration, 1 is now a viable precursor, exhibiting slightly in-
creased solution yield of the Heck product relative to 2 when
paired with P(t-Bu)s; however, we also observe slightly more
overreaction product with 1 (4.3:1 for 1 versus 5.7:1 for 2, en-
tries 1-2).

[0}
o o [Pd] (2 mol %)  HsCO
. ligand (2 mol %) ‘
H3CO R
Cy,NMe (1.1 equiv)
Br CPME (0.08 M)
1.1 equiv 0.05 mmol 80°C, 18 h o

P(t-Bu); I 44%
P(o -tol)s 1%
DPPF 1%
PPhj 16%
JohnPhos 2%

P(o -MeOPh)3 1%

Figure 3. Microscale screening results for the Heck reaction be-
tween 4-bromoacetophenone and methyl methacrylate using 4 Pd
sources and 6 ligands.

Table 3. Hit validation and comparison of 1 and 2 as Pd sources
for the Heck reaction between 4-bromoacetophenone and me-
thyl methacrylate on larger scale and at higher concentration.

0]
[Pd] (2 mol %) HSCO)K( mono-Ar
Ilgand (2 mol %)
+ Ar
H3CO
Cyo,NMe (1.1 equiv) o

CPME (0.36 M)

1.1 equiv 0.15 mmol 80°C,18h  y.co

| bis-Ar
Ar Ar
Entry Pd Source Ligand mono-Ar bis-Ar
Yield Yield
(o COF
1 1 P(t-Bu)s 52 12
2 2 P(t-Bu)s 40
3 1 P(o-tol)s 7 0
4 2 P(o-tol)s 90 10
5 1 JohnPhos 6 0
6 2 JohnPhos 27
7 Pd(P(o-tol)3)2 none 64 21

aSolution yield determined by *H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard.

Strikingly, DMFU-based 2 performs much better than 1
with P(o-tol); as the ligand, achieving 90% vyield versus only
7% respectively (entries 3-4). The product ratio is also 9:1, out-
performing all other conditions as well as our prior results with
1 (6:1 mono/bis).*” JohnPhos also performs better when paired
with 2, albeit both results are poor relative to P(o-tol)s (entries

5
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5-6). Finally, we hypothesized that the combination of 2 and
P(o-tol); may simply be generating the known (and commer-
cially available) Pd(P(o-tol)s), homoleptic Pd(0) complex in
situ; however, use of this complex as a precatalyst gives poorer
yield and selectivity relative to the 2/ P(o-tol); combination. As
well, 3P NMR spectroscopy of a 1:1 molar ratio of 2 and P(o-
tol); indicates Pd(P(o-tol)s), is not present. Here, we hypothe-
size that the 1:1 Pd/P ratio, as well as the presence of DMFU as
a stabilizing ligand, modulates the reactivity for maximum
mono-arylation selectivity.

To further compare the reactivity of 1 and 2 as precursors,
we monitored product formation over time during the early
stages of the reaction (Figure 4). In particular, we wanted to
identify any potential induction periods due to slow phosphine
metalation and/or alkene dissociation. For 1, we observe essen-
tially no product during the 4 h reaction time, consistent with
the low yield observed after 18 h (Table 3, entry 3). With 2, we
observe no induction period, with maximum rate occurring at
the beginning of the reaction, confirming that the 2/P(o-tol);
combination rapidly generates a catalytically active Pd species.
In contrast, 1 appears to be essentially inactive under these con-
ditions, presumably due to the presence of the stronger binding
and therefore inhibitory MAH ligand. Finally, small quantities
of the bis-arylated product only become observable at 4 h using
2, with a mono:bis product ratio of 9:1, consistent with the final
selectivity ratio (Table 3, entry 4).

o
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Figure 4. Reaction progress monitoring for initial rate of Heck cou-
pling of 4-bromoacetophenone and methyl methacrylate comparing
1 and 2 as Pd precursors combined with P(o-tol)s. No significant
induction period is observed for 2/P(o-tol)s. Conditions: Ar—Br
(0.30 mmol), methyl methacrylate (0.33 mmol), [Pd] (0.0030
mmol), P(o-tol)s (0.003 mmol), N,N-dicyclohexylmethyl-amine
(0.33 mmol), CPME (0.60 mL), 80 °C, 4 h, under inert atmosphere.
Yield determined by *H NMR spectroscopy using 1,3,5-trimethox-
ybenzene as an internal standard.

Catalytic evaluation for Suzuki-Miyaura coupling. Next,
we evaluated the Suzuki-Miyaura coupling between 2-chloro-
5-methylpyridine and phenylboronic acid, which we previously
tested with 1/XPhos.®” We observed that 1 was inferior to
Pd(OAC), as a precursor for this reaction, and hypothesized that

use of a less strongly bound alkene (i.e. DMFU) should lead to
improved reactivity, as observed for the Heck reaction de-
scribed above.

Under microscale screening conditions with low Pd loading
(2 mol%), low concentration (0.08 M in limiting reagent) and
short reaction time (2 h), we observe that both 1 and 2 are equal
or inferior to the standard Pd sources Pd.dbas;*CHCIl; and
Pd(OACc).. This is especially striking with XPhos, where 1 and
2 produce about 5-fold lower yield than Pd,dbas*CHCls. SPhos,
P(t-Bu)s, and RuPhos give comparable product yields regard-
less of the Pd source, while PPh; appears to work best with
Pd(OACc). (perhaps due to formation of alternative catalyst spe-
cies'®). Overall, there is little difference between the two DAB-
based precursors (1 and 2), despite the different alkene stabiliz-
ing ligands.

[Pd] (2 mol %)
/N ‘ cl B(OH), I|gand (4 mol %
+
X K,COs (2 equiv)
CPME (0.08 M)/ H,O
0.05 mmol 1.2 equiv 80°C,2h

XPhos 27%  14%  11%
SPhos 25% | 28% [WIET)
PPhs 16%
DPPF 20% % 2%

P(t -BU)3 2 26%

RuPhos

Figure 5. Microscale screening results for the Suzuki-Miyaura re-
action between 2-chloro-5-methylpyridine and phenylboronic acid
using 4 Pd sources and 6 ligands.

Evaluating 1 and 2 on larger scale and higher concentration
reinforces their similar reactivity (Table 4). As a baseline,
Pd.dbaz*CHCI3 / XPhos gives 70% solution yield of the product
after 18 hours, whereas 1 performs better (98%) and 2 performs
similarly (71%) (entries 1-3). Complex 1 is again superior to 2
when paired with SPhos (entries 4-5) or RuPhos (entries 8-9),
while both precursors enable only modest conversion with P(t-
Bu)s (entries 6-7). Clearly, using DMFU as a more weakly co-
ordinating alkene does not lead to increased catalytic activity in
this case, contrary to our catalyst design hypothesis and in stark
contrast to the Heck coupling results.

To directly compare the catalytic reaction rates between 1 and
2 as Pd precursors for this reaction, and to identify any potential
induction periods, we monitored the concentration of product
over the first 4 hours. These reactions were also performed at
lower temperature (50 °C) in an effort to accentuate any reac-
tivity differences. Using the in situ combination of 1 or 2 and
XPhos (2 equiv XPhos per Pd) leads to dramatically different
outcomes. While 1/XPhos does not exhibit any clear induction

6

https://doi.org/10.26434/chemrxiv-2024-g4vxk ORCID: https://orcid.org/0000-0002-8726-3318 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-g4vxk
https://orcid.org/0000-0002-8726-3318
https://creativecommons.org/licenses/by-nc-nd/4.0/

period, reaching ~10% product after 4 hours, 2/XPhos leads to
poor conversion over this time period. Only at 4 hours is >1%
product observed.

Table 4. Hit validation and comparison of 1 and 2 as Pd sources
for the Heck reaction between Suzuki-Miyaura reaction be-
tween 2-chloro-5-methylpyridine and phenylboronic acid on
larger scale and at higher concentration.

[Pd] (2 mol %)
NGl . B(OH), ligand (4 mol %)
X | KoCO3 (2 equiv)
CPME (1.1 M)/ H,0
0.22 mmol 1.2 equiv 80°C, 18 h
Entry [Pd] Ligand Yield (%0)?2
1 Pd2dbas-CHCl3 XPhos 70
2 1 XPhos 98
3 2 XPhos 71
4 1 SPhos 73
5 2 SPhos 62
6 1 P(t-Bu)s 20
7 2 P(t-Bu)s 36
8 1 RuPhos 79
9 2 RuPhos 67

aSolution yield determined by 'H NMR spectroscopy using ferro-
cene as an internal standard.

[Pd] (2 mol %)
/CNJ/CI ©/B(OH)2 XPhos (2:1 P:Pd) N
+ —_— -~
X K,CO3 (2 equiv) ‘
CPME (0.5 M)/ H,0
50°C,4h

4

0.30 mmol 1.2 equiv

0.05 | 51/xPhos 02/XPhos
©XPhos-Pd-MAH  ©XPhos-Pd-DMFU

0.04 1%
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©
3
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0 1 2 3 4
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Figure 6. Reaction progress monitoring for initial rate of Suzuki-
Miyaura coupling of 2-chloro-5-methylpyridine and phenylboronic
acid comparing 1 and 2 as Pd precursors combined with XPhos, as
well as the corresponding XPhos-Pd-MAH and XPhos-Pd—
DMFU single-component precatalysts. Conditions: 2-chloro-5-
methylpyridine (0.30 mmol), phenylboronic acid (0.36 mmol), [Pd]
(0.006 mmol), XPhos (0.012 mmol for in situ catalyst formation,
0.006 mmol for single-component precatalysts), K2COs (0.60
mmol), CPME (0.60 mL), degassed H20 (0.40 mL).

To determine the source of this induction period for 2, we
compared these reaction profiles to those obtained with single-
component precatalysts XPhos—Pd—-MAH®" and XPhos—Pd-
DMFU (both with added XPhos to keep the P:Pd ratio con-
sistent at 2:1). For the MAH precatalyst, an identical initial rate
is observed to the in situ system, which is consistent with our
prior observation of rapid phosphine metalation through ligand
substitution of 1. For the DMFU precatalyst, the single-compo-
nent system significantly outperforms the in situ system, with a
near-identical rate to the two MAH-containing catalysts. Thus,
we propose the induction period observed for 2/XPhos is not
due to slow dissociation of DMFU prior to oxidative addition,
but rather slow ligand substitution to generate XPhos—Pd—
DMFU due to the low solubility of 2.

Catalytic evaluation for Miyaura borylation. Pd-cata-
lyzed borylation of aryl (pseudo)halides is another reaction that
often requires extensive catalyst screening to achieve selective
synthesis.®1%-1% \We previously evaluated 1 alongside other
common Pd sources for the catalytic borylation of alkenyl car-
boxylate substrates, with 1 underperforming relative to
Pd(OAC)..1*° Here, we tested a more typical borylation of an
unactivated aryl bromide using Bypin,, with 2-ethylhexanoic
acid as a rate-enhancing additive (Figure 7).1971% Microscale
screening of this reaction reveals that Pd(OAc). does outper-
form the three Pd(0) sources with dppb and Xantphos, possibly
due to formation of alternative, more reactive catalyst species
through phosphine-mediated reduction pathways.''* However,
simple monodentate phosphines (PPhs, P(0-MeOPh);) perform
better with Pd.dbasz*CHC]l; or 1. On larger scale and higher con-
centration, 1 and 2 perform well with both of these ligands, out-
performing the Pd,dbas*CHClI3 / PPh; system (Table 5). In this
reaction, as for the Suzuki-Miyaura coupling, the switch from
an MAH-stabilized to DMFU-stabilized precatalyst does not
make a significant difference in overall reactivity.

[Pd], 3 mol % i
/©/Br ligand, 6 mol % /©/Bpm
Bapiny  + N K,CO3 (3 equiv) N
2-ethylhexanoic acid

o/ (0.5 equiv) o/

2.0 equiv 0.05 mmol THF (0.08 M)
50°C, 18 h
dppb

XantPhos

PPhs
DPEPhos
P(o-MeOPh)3

73% 67% 65%

66% 79% 65%

Figure 7. Microscale screening results for the Miyaura borylation
of N-(4-bromophenyl)-morpholine using 4 Pd sources and 6 lig-
ands.
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Table 5. Hit validation and comparison of 1 and 2 as Pd sources
for the Miyaura borylation of N-(4-bromophenyl)-morpholine
on larger scale and at higher concentration.

Br Ii[gz(vi]d(:(itsmrr?(lnl‘)/‘%) Bpin
Bapiny  + N/©/ K2COs3 (3 equiv) ﬁN/©/
o/ s equy O~
2.0 equiv 0.15 mmol T{I)—IOFOg)ﬁ%I\:)
Entry [Pd] Ligand Yield (%)?
1 Pdzdbas-CHCls PPhs 67
2 1 PPhs 98
3 2 PPhs 99
4 Pdzdbas-CHCls P(0-MeOPh)3 83
5 1 P(0-MeOPh)3 77
6 2 P(0-MeOPh)3 85

aSolution yield determined by 'H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard.

Catalytic evaluation for C-O coupling and insights into
catalyst activation. One of the reactions for which 1 was iden-
tified as a very effective precursor is alcohol arylation.” Prior
screening revealed BippyPhos as a suitable ligand, with 1/Bip-
pyPhos and the corresponding BippyPhos—-Pd-MAH precata-
lyst outperforming other state-of-the-art precursors. To assess
the effect of incorporating DMFU as an alternative stabilizing
ligand on this reaction, we monitored the arylation of n-butanol
with 4-bromoacetophenone at low Pd loading (Figure 8). Con-
sistent with the previously observed reactivity, 1/BippyPhos
and BippyPhos-Pd-MAH are excellent precatalysts, reaching
>95% solution yield after only 3 hours. In stark contrast, 2/Bip-
pyPhos and BippyPhos-Pd-DMFU are worse, forming only
5% and 15% product respectively.

This result is completely counterintuitive based solely on a
consideration of alkene binding strength. Furthermore, this re-
sult and the previously observed parity of activity between 1
and 2 (and/or precatalysts derived therefrom) for the Suzuki-
Miyaura and Miyaura borylation reactions are inconsistent with
the oxidative addition reactivity described previously: L,—Pd—
MAH complexes are inert toward thermal oxidative addition
with Ar-Br substrates, whereas the corresponding L.—Pd-
DMFU complexes convert to the on-cycle L,Pd(Ar)(Br) spe-
cies. Two questions arise from these conflicting observations:
how can MAH-based precatalysts operate at all if oxidative ad-
dition is so sluggish, and how can they perform equally well or
even significantly better than DMFU analogues?

The contrasting results between the Heck coupling (Figure
4) and the C-O coupling (Figure 8) provide a possible explana-
tion (Scheme 3). In the Heck reaction, the reactivity trends are
consistent with alkene binding strength as the major factor:
MAH is a likely strong competitive inhibitor, stabilizing off-
cycle Pd(0) species to a greater extent than the weaker-binding
DMFU. The major difference in the C—O coupling conditions is
the presence of a stronger nucleophile and base. MAH is a re-
active acid anhydride, readily undergoing ring-opening esterifi-
cation by alcohol nucleophiles; here, n- butanol.1!? This would
convert the strongly-binding MAH into a monobutyl maleate
anion, which is more electron-rich and therefore a weaker al-
kene ligand for Pd(0). Similarly, MAH is readily hydrolyzed to

maleic acid salts in reactions with inorganic or aqueous bases,
such as Suzuki-Miyaura coupling and Miyaura borylation.

O [Pd] (1 mol %) o

BippyPhos (2:1 P:Pd)
+ n-BUOH ——MmMmMmMmMm™
Br Cs,CO3 (1.5 equiv) (n-Bu)O

CPME (0.50 M)

0.30 mmol 3 equiv 50°C, 4 h
050 | o1/BippyPhos ° o
02/ BippyPhos o
0.40 .
— < BippyPhos-Pd-MAH
= .
= 030 < BippyPhos-Pd-DMFU
©
3
o 0.20
& <o
= o
0.10 o
0.00 © o ® 8 ©
0 1 2 3 4

Time (h)

Figure 8. Reaction progress monitoring for C—O coupling between
4-bromoacetophenone and n-butanol comparing 1 and 2 as Pd pre-
cursors combined with BippyPhos, as well as the corresponding
BippyPhos-Pd-MAH and BippyPhos-Pd-DMFU single-com-
ponent precatalysts. Conditions: 4-bromoacetophenone (0.30
mmol), n-butanol (0.90 mmol), [Pd] (0.003 mmol), BippyPhos
(0.006 mmol for in situ catalyst formation, 0.003 mmol for single-
component precatalysts), Cs2COs (0.45 mmol), CPME (0.60 mL),
50 °C, 4 h under inert atmosphere.

Scheme 3. Proposed precatalyst activation pathways for
DMFU-stabilized and MAH-stabilized complexes toward oxi-
dative addition.
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To test if the presence of a base and/or nucleophile could
activate L,—Pd—-MAH complexes toward oxidative addition,
and thus increase their catalytic activity, we examined the reac-
tion of XPhos—Pd—-MAH with PhBr under a variety of condi-
tions. In THF at 80 °C (sealed vial), XPhos—-Pd—-MAH (0.010
mmol) is unreactive toward 20 equiv of PhBr, with only starting
materials observed after 1 h. Under analogous conditions, addi-
tion of NaOtBu (0.010 mmol, 1 equiv per Pd) does result in the
formation of the known*® oxidative addition complex (42% 3!P
NMR spectroscopy peak area), with unreacted XPhos—Pd—
MAH (22%) and free XPhos (36%) also observed (along with
Pd black formation). While more in-depth investigations are on-
going to fully elucidate the activation mechanisms for MAH-
stabilized precatalysts, it is clear that simple alkene dissociation
is not the primary pathway in catalytic reactions involving
stronger bases and/or nucleophiles.

CONCLUSIONS

Overall, DAB-Pd-alkene complexes 1 and 2 are effective
Pd(0) precursors for in situ catalyst generation during cross-
coupling reactions. DMFU-stabilized complex 2 undergoes lig-
and substitution with a variety of catalytically-relevant phos-
phines to generate the corresponding phosphine-Pd-DMFU
complexes; however, isolation of these single-component
precatalysts is better achieved from Pd,dbasz*CHCI; due to chal-
lenges removing the diazabutadiene byproduct. In contrast to
our previously reported phosphine—Pd—MAH complexes, these
DMFU complexes undergo thermal oxidative addition with an
Ar—Br substrate. This reactivity difference is due to weaker Pd—
DMFU coordination compared to Pd-MAH. This effect mani-
fests as improved catalytic reactivity for the DMFU-stabilized
systems in a model Heck reaction, where 2 significantly outper-
forms 1 when paired with P(o-tol)s.

However, in other catalytic reactions including Suzuki-
Miyaura coupling and Miyaura borylation, the DMFU and
MAH systems are indistinguishable in terms of catalytic activ-
ity. In C-O coupling, 1 significantly outperforms 2 when paired
with BippyPhos; the superiority of the MAH-based system is
also evident when comparing the single-component Bip-
pyPhos—Pd-alkene precatalysts. These results point to alterna-
tive activation pathways available to the MAH-based systems,
which we propose involve ring-opening acyl substitution of
MAH with the base and/or nucleophile present in these latter
coupling reactions. In-depth mechanistic elucidation of these
and other catalyst activation pathways are currently underway.

EXPERIMENTAL SECTION

General Considerations. All solvents and common organic rea-
gents were purchased from commercial suppliers and used without fur-
ther purification. All palladium sources (except Pd.dbas*CHCIls and
PMPDAB-Pd-MAH) were purchased from Strem Chemicals and used
as received. Pd2dbasz*CHCls was prepared according to the method of
Zalesskiy and Ananikov,?® and “A"DAB-Pd-DMFU was synthesized
using the method of Vrieze and co-workers.*? PMPDAB-Pd-MAH (1)
and (RsP)—Pd—MAH complexes were prepared by our previously re-
ported protocols.¥” N,N’-bis(2,6-dimethylphenyl)ethan-1,2-diimine
and N,N’-bis(4-methoxy)ethan-1,2-diimine were prepared using re-
ported procedures.?*4115 All phosphine ligands were purchased from
Strem Chemicals and used as received. Anhydrous solvents (SureSeal)
were purchased from MilliporeSigma and used as received. All air-free
manipulations were performed under a dry N2 atmosphere using an
MBraun glovebox. Heating/stirring for vial-scale experiements was

achieved using rare-earth magnetic tumble stirrers acquired from V&P
Scientific. All NMR spectra were acquired on either a Bruker
AVANCE 300 MHz spectrometer or a Bruker AVANCE Neo 500 MHz
spectrometer. All *H and 3C NMR chemical shifts are referenced to
residual protio-solvents, and 3P NMR chemical shifts are referenced
to HaPO4 (85%) as an external standard. All NMR spectroscopic data
is processed using Mestrenova. High-resolution electrospray ionization
mass spectrometry (HRESI-MS) was performed on a Bruker Maxis Im-
pact or ThermoScientific Ultimate 3000 ESI-Orbitrap Exactive Plus.

BINAP-Pd-DMFU. Under nitrogen atmosphere, a 9-dram vial was
charged with Pd2dbas*CHCIs (0.05 mmol, 50.0 mg), toluene (8 mL),
and a stir bar. A solution of rac-BINAP (0.11 mmol, 66 mg) in 3 mL
toluene was added dropwise, and the solution stirred for 5 minutes.
Then, dimethyl fumarate (0.14 mmol, 20.1 mg) in toluene (1 mL) was
added in one portion. The reaction mixture was vigorously stirred for 4
hours, during which the solution color changed from maroon to pale
yellow. The following steps were performed under ambient atmos-
phere. The solvent was removed under reduced pressure, yielding a vis-
cous yellow oil. The oil was then dissolved in minimal dichloro-
methane, passed through a pipette filter to remove any palladium black
impurities, and the solvent evaporated under reduced pressure. Hex-
anes (2 mL) was added to precipitate the crude product, which was then
evaporated to dryness. The crude product was then collected over a fine
frit and washed with hexanes (~200 mL) until washings were colorless
and excess phosphine had been removed. The product was then dried
in vacuo for 12 hours, yielding BINAP-Pd-DMFU as a fine pale-yel-
low powder (60 mg, 75 %). *H NMR (500 MHz, CDCls) § 7.93 — 7.85
(m, 4H), 7.50 — 7.42 (m, 10H), 7.36 (d, J = 8.7 Hz, 2H), 7.29 — 7.24 (m,
4H), 7.12 (ddt, J = 11.3, 6.6, 1.4 Hz, 4H), 7.04 (ddd, J =8.3,6.8,14
Hz, 2H), 6.77 (dd, J = 8.6, 1.0 Hz, 2H), 6.68 — 6.63 (m, 2H), 6.50 (t, J
= 7.5 Hz, 4H), 4.10 (d, J = 6.2 Hz, 2H), 3.14 (s, 6H). 3P (202 MHz,
CDCls) & 28.2 (major diastereomer), 28.7 (minor diastereomer). *C
NMR (125 MHz, CDCls) § 173.29, 134.96, 134.90, 134.15, 133.74,
133.45, 133.02, 129.91, 128.81, 128.56, 128.29, 128.25, 128.21,
127.85,127.75,127.54, 127.32, 126.91, 126.87, 126.17, 125.82, 55.71,
55.55, 50.50. HRESI-MS: m/z for CsoH4104P2Pd [M+H]*: calculated
873.1509; found 873.1503.

BippyPhos—Pd-DMFU. Under nitrogen atmosphere, a 9-dram vial
was charged with Pd2dbas*CHCIs (0.039 mmol, 40.0 mg), anhydrous
toluene (8 mL), and a stir bar. A solution of BippyPhos (0.085 mmol,
42.9 mg) in 2 mL toluene was added dropwise, and the solution stirred
for 5 minutes. Then, dimethyl fumarate (0.11 mmol, 16.1 mg) in tolu-
ene (1 mL) was added in one portion. The reaction mixture was vigor-
ously stirred for 4 hours, during which the solution color changed from
maroon to pale yellow. All of the following steps were performed under
ambient air. The solvent was removed under reduced pressure, yielding
a viscous orange oil. The oil was dissolved in minimal dichloro-
methane, passed through a pipette filter to remove any palladium black
impurities, and the solvent evaporated under reduced pressure. Hex-
anes (2 mL) was added to precipitate the crude product, which was then
evaporated to dryness under reduced pressure. The crude product was
then triturated with pentanes (10 x 4 mL) until washings were colorless
and the resulting powder was chromatographically pure, as indicated
by thin layer chromatography (2:1 Hex/EtOAc). The product was then
dried in vacuo for 12 hours, yielding BippyPhos—Pd-DMFU as a fine
yellow-orange powder (41.2 mg, 70%). *H NMR (500 MHz, CD:Cly)
§8.03 (d, J=2.0 Hz, 1H, -CH=N), 7.76 — 7.72 (m, 2H, Ar-H), 7.50 —
7.46 (m, 2H, Ar-H), 7.40 - 7.34 (m, 3H, Ar-H), 7.30 — 7.19 (m, 8H, Ar-
H), 6.61 (d, J = 2.1 Hz, 1H, -CH=C), 3.98 (br, 2H, CH=CH), 3.53 (s,
6H, O-CHs), 1.00 (d, J = 14.8 Hz, 9H, -(CHs)3), 0.65 (d, J = 14.7 Hz,
9H, -(CHa)3). 3'P NMR (202 MHz, CD:Cl2) & 43.5. **C NMR (125
MHz, CD:Clz) & 171.72, 150.92, 145.36, 144.41, 144.36, 140.18,
139.17, 131.89, 131.39, 129.99, 129.22, 129.09, 128.76, 128.68,
128.44, 128.21, 128.04, 126.16, 113.28, 108.58, 50.99, 34.88, 34.78,
34.47, 34.38, 29.80, 29.73, 29.04, 28.97. HRESI-MS: m/z for
CagHasN4O4PPd [M+H]*: calculated 757.2144; found 757.2147.

DPEPhos-Pd-DMFU. Under nitrogen atmosphere, a 9-dram vial
was charged with Pdzdbasz*CHCI3z (0.039 mmol, 40.0 mg), toluene (8
mL), and a stir bar. A solution of DPEPhos (0.085 mmol, 45.8 mg) in
2 mL toluene was added dropwise, and the solution stirred for 5
minutes. Then, dimethyl fumarate (0.11 mmol, 16.1 mg) in toluene (1
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mL) was added all at once. The reaction mixture was vigorously stirred
for 1 hour, during which the solution color changed from maroon to
pale yellow. The following steps were performed under ambient air.
The solvent was removed under reduced pressure, yielding a viscous
yellow oil. The oil was then dissolved in minimal dichloromethane,
passed through a pipette filter to remove palladium black impurities,
and the solvent evaporated under reduced pressure. Hexanes (2 mL)
was added to precipitate the crude product, which was then evaporated
to dryness. The crude product was then triturated with hexanes (8 x 4
mL) until washings were colorless. The product was then dried in vacuo
for 12 hours, yielding DPEPhos—-Pd-DMFU as a fine pale-yellow pow-
der (59.4 mg, 97%). *H NMR (500 MHz, CDxCl») § 7.43 — 7.34 (m,
10H, Ar-H), 7.29 — 7.21 (m, 10H, Ar-H), 7.14 (td, J = 7.7, 1.7 Hz, 2H,
Ar-H), 6.85—6.77 (m, 4H, Ar-H), 6.48 (td, J = 8.0, 1.7 Hz, 2H, Ar-H),
3.86 (d, J=5.0 Hz, 2H, -CH=CH-), 3.15 (s, 6H, O-CHj3). *!P NMR (202
MHz, CDCls) § 13.66. 3C NMR (125 MHz, CD2Cl2) § 172.57, 158.44,
158.36, 135.10, 134.81, 134.11, 134.04, 133.97, 133.91, 133.76,
133.70, 133.64, 133.13, 132.86, 130.86, 129.52, 129.34, 128.21,
128.17, 128.13, 128.08, 126.73, 126.50, 124.13, 120.30, 57.51, 57.486,
57.30, 57.25, 50.36. HRESI-MS: m/z for C42H370sP.Pd [M+H]*: cal-
culated 789.1161; found 789.1162.

DPPF-Pd-DMFU. Under nitrogen atmosphere, a 9-dram vial was
charged with Pdzdbas*CHCI3 (0.039 mmol, 40.0 mg), toluene (8 mL),
and a stir bar. A solution of DPPF (0.085 mmol, 46.9 mg) in 2 mL
toluene was added dropwise and the solution was stirred for 5 minutes.
Then, dimethyl fumarate (0.11 mmol, 16.1 mg) in toluene (1 mL) was
added in one portion. The reaction mixture was vigorously stirred for 2
hours, during which the solution changed from maroon to orange. The
following steps were performed under ambient air. The solvent was re-
moved under reduced pressure, yielding a viscous brown oil. The oil
was then dissolved in minimal dichloromethane, passed through a pi-
pette filter to remove any palladium black impurities, and evaporated
under reduced pressure. Hexanes (2 mL) was added to precipitate the
crude product, which was then evaporated to dryness. The crude prod-
uct was then triturated with hexanes (10 x 4 mL) until washings were
colorless. The product was then dried in vacuo for 12 hours, yielding
DPPF-Pd-DMFU as a fine brown-orange colored powder (52.3 mg,
84%). 'H NMR (500 MHz, CDzCl): § 7.69 (br, 4H, Ar-H), 7.57 (br,
4H, Ar-H), 7.46 — 7.35 (m, 12H, Ar-H), 4.36 (s, 2H, Cp-H), 4.29 (d, J
=16.8 Hz, 4H, Cp-H), 4.05 (d, J =5.0 Hz, 2H, -CH=CH-), 3.90 (s, 2H,
Cp-H), 3.14 (s, 6H, O-CHs3). *'P NMR (202 MHz, CD:Cl2) § 20.24. °C
NMR (125 MHz, CD2Cl2): § 172.67, 139.07, 135.69, 135.62, 135.55,
135.33, 135.06, 133.29, 133.23, 133.17, 130.72, 129.58, 129.36,
128.75, 128.71, 128.67, 128.59, 128.55, 128.52, 75.38, 75.31, 75.23,
73.95, 73.70, 71.08, 55.90, 55.82, 55.75, 55.66, 50.59. HRESI-MS: m/z
for CaoHa7FeO4P2Pd [M+H]*: calculated 805.0563; found 805.0567.

XantPhos—Pd-DMFU. Under nitrogen atmosphere, a 9-dram vial
was charged with Pd2dbas*CHCIs (0.05 mmol, 50.0 mg), toluene (8
mL), and a stir bar. A solution of XantPhos (0.11 mmol, 62 mg) in 3
mL toluene was added dropwise and the solution stirred for 5 minutes.
Then, dimethyl fumarate (0.14 mmol, 20.1 mg) in toluene (1 mL) was
added in one portion. The reaction mixture was vigorously stirred for 2
hours, during which the solution color changed from maroon to pale
yellow. The following steps were performed under ambient air. The
solvent was removed under reduced pressure, yielding a viscous yellow
oil. The oil was then dissolved in minimal dichloromethane, passed
through a pipette filter to remove palladium black impurities, and evap-
orated under reduced pressure. Hexanes (2 mL) was added to precipi-
tate the crude product, which was then evaporated to dryness. The
crude product was then triturated with hexanes (12 x 4 mL) until wash-
ings were colorless. The product was then dried in vacuo for 12 hours,
yielding XantPhos-Pd-DMFU as a fine pale-yellow powder (59 mg,
75 %). 'H NMR (500 MHz, CD2Clz) & 7.49 (dd, J = 7.7, 1.5 Hz, 2H),
7.35 - 7.24 (m, 13H), 7.19 (id, J = 7.7, 1.9 Hz, 5H), 7.11 — 7.00 (m,
6H), 6.37 (td, J=7.5, 1.4 Hz, 2H), 3.85 - 3.79 (m, 2H, -CH=CH-), 3.24
(s, 6H, O-CHs), 1.60 (s, 6H (R-CHs). P NMR (202 MHz, CD2Cl2) &
9.11. 8C NMR (125 MHz, CD:Cl2) § 172.56, 156.17, 156.09, 134.95,
134.93, 134.90, 134.69, 134.47, 134.45, 133.94, 133.82, 133.77,
133.65, 131.97, 129.54, 129.44, 128.45, 128.43, 128.38, 128.36,
126.67, 124.35, 124.31, 123.04, 122.84, 58.37, 58.34, 58.17, 58.13,

50.97, 36.38, 27.84. HRESI-MS: m/z for CsH10sP2Pd [M+H]*: cal-
culated 829.1475; found 829.1480.

XPhos-Pd-DMFU. Under nitrogen atmosphere, a 4-dram vial was
charged with “A"DAB-Pd-DMFU (2, 0.141 mmol, 75.0 mg), XPhos
(0.162 mmol, 77.1 mg) and a stir bar. Degassed dichloromethane (4
mL) was added to dissolve the solids, and the resulting dark brown so-
lution was vigorously stirred for 3 hours. The following steps were per-
formed under ambient air. The solvent was removed under reduced
pressure, yielding a brown solid. The crude solid was dissolved in min-
imum of hexanes/EtOAc and purified via column chromatography,
1:0-2:1 hexanes/EtOAc. The resulting yellow solution was concen-
trated under reduced pressure, yielding a viscous yellow oil. Hexanes
(5 mL) was added to the yellow oil and the solvent was removed under
reduced pressure, yielding a bright yellow solid of XPhos—Pd-DMFU
(84.1 mg, 82%). 'H NMR (500 MHz, CD>Cl») § 7.62 (t, J = 7.1 Hz,
1H), 7.42 — 7.32 (m, 2H), 7.27 (d, J = 1.9 Hz, 1H), 7.09 (d, J = 2.0 Hz,
1H), 6.97 — 6.92 (m, 1H), 4.31 (s, 1H), 3.47 (s, 6H), 3.09 (hept, J =7.0
Hz, 1H), 2.43 (s, 1H), 2.25 (hept, J = 6.8 Hz, 1H), 2.13 — 1.98 (m, 3H),
1.99 — 1.61 (m, 10H), 1.54 — 1.44 (m, 1H), 1.42 (d, J = 6.9 Hz, 3H),
1.35 — 1.18 (m, 16H), 1.16 — 1.01 (m, 2H), 0.92 (d, J = 6.7 Hz, 3H),
0.76 (d, J = 6.7 Hz, 3H). P NMR (202 MHz, CD:Cl2) § 35.19. 13C
NMR (125 MHz, CD2Cl2) & 147.86, 147.61, 147.36, 143.17, 137.40,
137.22, 137.20, 132.27, 132.19, 129.25, 129.23, 127.05, 127.02,
124.93, 124.89, 122.87, 121.86, 53.85, 53.63, 53.42, 53.20, 52.99,
50.28, 35.84, 35.81, 35.70, 33.66, 31.45, 31.37, 30.31, 30.26, 29.48,
29.43, 29.30, 29.25, 28.86, 27.40, 27.36, 27.30, 27.28, 27.17, 27.11,
27.02, 26.26, 26.14, 25.36, 25.30, 25.20, 23.63, 23.01, 22.07. HRESI-
MS: m/z for CagHssO4PPd [M+H]*: 727.3117; found 727.3124.

(DPPF)Pd(Br)(4-Acetophenone). Under nitrogen atmosphere, a 2-
dram vial was charged with DPPF-Pd-DMFU (20 mg, 0.025 mmol),
4-bromoacetophenone (49.5 mg, 0.25 mmol) and anhydrous toluene (1
mL). The orange solution was heated at 85 °C for 12 hours, during
which a light yellow precipitate gradually formed. Under ambient air,
the solvent was removed under reduced pressure, and CPME (1 mL)
was added. The mixture was allowed to stand at -20°C for 1 hour. Then,
the product was triturated with ice-cold CPME (3 x 3 mL) and hexanes
(2 x 2 mL). The resulting solid was placed under vacuum overnight to
remove residual solvent, yielding (DPPF)Pd(Br)(4-Acetophenone) as a
light yellow powder (14.9 mg, 70%). 'H NMR (500 MHz, CDCls) §
8.12 — 7.98 (m, 2H), 7.54 — 7.44 (m, 3H), 7.42 — 7.26 (m, 5H), 7.18 -
7.05 (m, 4H), 4.70 (g, J = 2.1 Hz, 1H), 4.51 (s, 1H), 4.16 (t, J = 1.9 Hz,
1H), 3.64 (q, J = 1.8 Hz, 1H). 3P NMR (202 MHz, CDCls) 5 29.96 (d,
J =329 Hz), 9.48 (d, J = 32.9 Hz). *C data unavailable due to poor
solubility, however 2D NMR data is available in the Supplementary
Information. HRESI-MS: m/z for C42H3ssFeOP2Pd [M — Br]*: calculated
779.0559; found 779.0572.

(BippyPhos)Pd(Br)(4-Acetophenone). Under nitrogen atmos-
phere, a 2-dram vial was charged with BippyPhos—Pd-DMFU (20 mg,
0.026 mmol), 4-bromoacetophenone (52.5 mg, 0.26 mmol) and anhy-
drous toluene (1 mL). The yellow solution was heated at 60 °C for 8
hours, during which time a light yellow precipitate gradually formed.
Under ambient air, the solvent was removed under reduced pressure,
and CPME (2 mL) was then added. The vial was allowed to stand at
-20 °C for 1 hour before trituration with ice-cold CPME (4 x 2 mL)
until washings were colorless. The solid was then triturated with hex-
anes (2 x 2 mL). The resulting solid was placed under vacuum over-
night to remove residual solvent, yielding (BippyPhos)Pd(Br)(4-Ace-
tophenone) as a light yellow powder (17.5 mg, 81%). *H NMR (500
MHz, CDCls) & 8.11 (d, J = 2.1 Hz, 1H), 7.80 — 7.71 (m, 2H), 7.60 —
7.50 (m, 4H), 7.45 —7.27 (m, 9H), 7.24 — 7.12 (m, 4H), 6.69 (d, J = 2.1
Hz, 1H), 2.47 (s, 3H), 0.87 (d, J = 15.4 Hz, 10H), 0.74 (d, J = 15.3 Hz,
9H). 3P NMR (202 MHz, CDCls) § 32.07. NMR spectra match litera-
ture values.

(XPhos)Pd(Br)(4-Acetophenone). Under nitrogen atmosphere, a 2-
dram vial was charged with XPhos—Pd-DMFU (10 mg, 0.014 mmol),
4-bromoacetophenone (54.7 mg, 0.28 mmol), trimethoxybenzene (1.2
mg, 0.007 mmol), and anhydrous toluene (1 mL). The deep yellow so-
lution was heated at 85 °C for 8 h. Under ambient air, the now deep
orange solution was then dried under reduced pressure, and re-dis-
solved in CDCls. The NMR solution yield of (XPhos)Pd(Br)(4-Aceto-
phenone) was 41%, and NMR data match literature values.!'®
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Catalytic reaction progress monitoring. A 1.5 mL crimp cap
HPLC vial was charged with 0.3 mmol of solid substrates, [Pd], and
solid base. Under nitrogen atmosphere, ligand was weighed and added
to the vial. Anhydrous CPME was then added, and the vial was capped
and removed from of the glovebox. If substrate(s) and/or base was lig-
uid at room temperature they were added after the solvent. The vials
were placed in an aluminum block heated to the appropriate tempera-
ture inside a tumble stirrer. At each time point, a 27.5 G needle was
used to withdraw approximately 50 uL of the reaction mixture through
the septum. This aliquot was transferred to a 1-dram vial, and dried
using a centrifugal evaporator. NMR spectra acquired in CDCls.

Supporting Information

Full tables of screening data, NMR and HRMS spectra, and XRD
details. (PDF)

CIFs for BINAP-Pd-DMFU, DPEPhos-Pd-DMFU, and DPPF-
Pd-DMFU are deposited with the CCDC with deposition numbers
CCDC 2329876-2329878.
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