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ABSTRACT: Recent studies in transition metal catalysis employing chelating phosphines have suggested a role for partial
ligand oxidation in formation of the catalytically active species, with potentially widespread relevance in a number of catalytic
systems. We examine the internal redox reaction of Pd"(bisphosphine)X: (X = Cl, OAc, etc.) complexes to reveal previously
underexplored aspects of bisphosphine mono-oxides (BPMOs), including evaluation of ligand structure and development of
general reaction conditions to access a collection of structurally diverse BPMO precatalysts based on organopalladium oxida-
tive addition complexes. In particular, a series of Pd!(BPMO)(R)(X) (R=Aryl, Alkyl; X=I, Br) oxidative addition complexes
bearing 24 different BPMO ligands were characterized by NMR and X-ray crystallography. Comparison of the catalytic per-
formance of the oxidative addition complexes of phosphine versus bisphosphine mono-oxides as precatalysts is demonstrated
to be an enabling diagnostic tool in Pd catalytic reaction development. Finally, the differences in catalytic behavior between
bisphosphine and bisphosphine mono-oxide complexes were rationalized through solid-state parametrization and stoichio-

metric experiments.

INTRODUCTION

Homogeneous transition metal catalysis is widely applied in
the pharmaceutical, agrochemical, and fine chemical
industries to produce functionally diverse organic small
molecules.!3 Phosphine ligands are widely used in
homogeneous catalysis, and over the past three decades,
the scientific community has devoted intense efforts to the
development of large screening libraries of mono- and
bisphosphine ligands to promote a variety of catalytic
reactions and to understand the mechanisms of these
catalytic processes.*8 Nevertheless, in many cases, the
structure of the catalytically active metal-ligand species,
arguably the most crucial piece of information, remains
poorly understood. This knowledge gap hampers rational
catalyst development, slows the pace of research, and gives
rise to irreproducibility issues across the chemical
community.

The use of bisphosphine ligands in catalysis dates to
Kagan’s report of the chiral ligand DIOP for asymmetric
rhodium-catalyzed hydrogenation.?10 In the realm of Pd°-
catalyzed C-C cross-coupling, chelating bisphosphine
ligands were initially reported to be ineffective in early
studies of Mizoroki-Heck reactions!! but have subsequently
played an important role in both stereoselective and non-
stereoselective transformations (Scheme 1). In 1979,
Kumada found that dppf increased product yield and
decreased competitive chain-walking processes compared
to PPhs in the cross-coupling of a secondary alkyl Grignard
reagent and organohalides.!? Seminal reports by Shibasaki
and Overman in 1989 then disclosed the first examples of
asymmetric intramolecular Heck cyclizations with (R)-

BINAP and (R,R)-DIOP, respectively, in which a cationic
pathway could account for the success of bisphosphine
ligands.13-15 In the field of C-N coupling, Buchwald and
Hartwig showed separately that bisphosphines ligands also
play a beneficial role, including expansion of substrate
scope, suppression of side reactions, and ability to use
milder reaction conditions.1¢-18 Bisphosphine ligands have
also been used to great effect in Suzuki-Miyaura, Stille, and
Negishi couplings; a-arylations of carbonyl compounds;
allylic substitutions; and other widely used Pd°-catalyzed
reactions.2 While extensive efforts have been devoted to
mapping ligand effects in Pd°-catalyzed coupling reactions,
key questions regarding catalyst speciation and the
importance of bidentate coordination versus monodentate
coordination in different systems remain unresolved.1®
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Scheme 1: Early examples of chelating bisphosphine lig-
ands in Pd°-catalyzed C-C and C-N cross-coupling.
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These and other related palladium-catalyzed coupling
reactions begin with initial generation of the active form of
the catalyst, typically from a Pd" or a Pd® precursor and the
bisphosphine ligand combined in situ or alternatively from
a well-defined pre-ligated pre-catalyst.1® When Pd! salts are
used, a common catalytic activation for simple phosphine
ligands20-22 involves an internal redox reaction (i.e.,
disproportionation) that produces Pd° and generates the
corresponding bisphosphine mono-oxide (BPMO) of the
bisphosphine ligand. BPMOs are classically considered to be
mere byproducts in such contexts,?3 although the value of
independently prepared BPMOs as unique ligands in
transition metal catalysis has been established through
important contributions of Grushin and others.2* Notably
Grushin and Yang have independently developed elegant
catalytic methods for preparing BPMOs derived from triaryl
and diarylalkyl bisphosphines.2

Our interest in understanding the role of phosphine
oxidation in catalyst activation and speciation stems from
our previous finding that a bisphosphine ligand, Xantphos,
was the most effective from a screen of >30 ligands during
the optimization of a Pd°-catalyzed direct C-H arylation of
azaheterocycles with heteroaryl bromides.2¢ Initially, this
observation was puzzling as bidentate binding of the ligand
would prevent coordination of the pivalate base needed for
the key concerted metalation/deprotonation (CMD) step,
supported by the observation that addition of excess
Xantphos completely inhibited catalysis. Eventually, kinetic,
structural, and computational data revealed that in-situ
oxidation of Xantphos to Xantphos(0) was responsible for
catalyst activation (Scheme 2A). In particular, the

hemilabile nature of the phosphine oxide arm allows for
binding of the pivalate base to promote CMD. Related work
by other groups has since implicated involvement of in situ
generated BPMOs in diverse Pd?-catalyzed C-C and C-N
bond-forming reactions with bisphosphine precursors,
including QuinoxP*, DPEphos, dppBz, and (R)-BINAP.27-32
The present work focuses on aspects of Pd°(BPMO)
generation and its relevance to catalysis that remain
underexplored (Scheme 2B). Unresolved questions include:
(1) With which bisphosphine ligands and under which
conditions does in situ oxidation take place? (2) What are
the consequences of in situ oxidation on active catalyst
structure and reactivity? (3) What role does the metal-to-
ligand ratio play in the formation of the active catalyst?
Herein, we apply a combination of organometallic
synthesis, X-ray crystallography, and reaction kinetics to
shed light on these questions and other aspects of BPMO
ligands and their role in palladium catalysis.

Scheme 2: Early examples of chelating bisphosphine lig-
ands in Pd°-catalyzed C-C and C-N cross-coupling.
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RESULTS AND DISCUSSION

A central challenge in the early stages of this study was to
identify well-defined Pd(BPMO) complexes with the ligand
in a clearly specified mono-oxidized state and with other
enabling features. First, the complex should combine
stability under ambient conditions with catalytic potency.
Additionally, the complexes should be simple to prepare,
ideally using the parent bisphosphine directly without
independent synthesis of the BPMO,25 which can require
tedious separation and purification on larger scale. Finally,
we chose systems where the non-oxidized Pd(bisphosphine)
counterpart is available, allowing for side-by-side
comparison of the structure and reactivity of Pd(BPMO) and
Pd(bisphosphine) “matched pairs” that are structurally
identical except for the oxidation state of the ligand.

Optimization of synthetic method towards

Pd"(BPMO)(R)(X) complexes
In pilot studies, we determined that Pd°(BPMO)eL, adducts
with various capping ligands were insufficiently stable and
long-lived for these purposes (see Supporting Information).
We thus turned attention to Pd"(BPMO)(R)(X) oxidative
addition complexes as candidates. In addition to being
single-component and stable complexes in many cases,
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Pd"(L.)(R)(X) oxidative addition complexes are commonly
used as well-defined precatalysts;1933 we anticipated that
Pd"(BPMO)(R)(X) oxidative addition complexes could
likewise be directly employed in catalysis. While previous
studies  have  successfully prepared individual
Pd"(BPMO)(R)(X) oxidative addition complexes from the
corresponding bisphosphines or independently
synthesized BPMOs,2226-29 3 generally applicable procedure
that encompasses a variety of BPMOs is lacking.

We initiated our experimental work by developing a robust
and high-yielding protocol for tandem bisphosphine
oxidation and in situ trapping with an aryl iodide
electrophile using (S)-BINAP (L1) as the model ligand. After
some experimentation, we identified optimal conditions by
adapting literature methods;27-28 in our standard procedure:
aqueous KOH solution (1M, 5 equiv KOH) is added into a
pre-stirred mixture of Pd(OAc)2, L1, and 4-CN-C¢H4l at
room temperature for 30 min to furnish oxidative addition
complex 1a in 92% 'H NMR yield (68% isolated by
recrystallization, entry 1). The structure of l1la was
unambiguously assigned by single-crystal X-ray diffraction.
In the solid state L1(0) coordinates through -
P(II),P(V)=0 binding. Additionally, by 3P NMR
spectroscopy, 31P-3!'P coupling is absent, and the PV=0
resonance of 1a is downfield compared to that of the free
bisphosphine mono-oxide ligand (BINAP(O), L1(0)),
indicating that L1(0) also coordinates through a k> mode in
solution. Key observations from our optimization
experiments are summarized in Table 1. In the absence of
KOH, the product could not be detected (entry 2),
demonstrating the importance of base in enabling the
reaction. Additionally, when KOH was added as a solid
without water, the transformation was sluggish even at
extended reaction time (16 h), pointing to the possibility of
the reaction being mass-transfer-limited under these
conditions (entry 3). Weaker inorganic bases, such as KsPOs,
K2CO03, and KHCO3 were also effective (entries 4-6). In the
case of K3POjs, the reaction proceeded at room temperature
as in the case of KOH, whereas with K2CO3 and KHCOs,
heating the biphasic mixture to 80 °C improved conversion.
The soluble organic base, EtsN, was also effective but gave
19% lower yield compared to KOH (entry 7).

Alternative palladium(II) salts beyond Pd(OAc)2 were also
investigated. While both Pd(OAc): and PdCl: have been
previously shown to participate in mono-oxidation, the
reactivity of other Pd(II) salts commonly used in catalysis
remains unknown. We found that Pd(TFA)z2 is as effective as
Pd(OAc): (entry 8). Simple PdX: salts (X = Cl or Br) benefit
from pre-ligation to the bisphosphine due to poor solubility
of the parent palladium salts in toluene (entries 9 and 10).
The effect is particularly pronounced with PdBr2, which was
insoluble and did not coordinate to the ligand but reacted
smoothly when pre-ligated (entry 11). A variety of solvents
spanning different dielectric constants and water
miscibility, such as DCM, THF, and MeCN, were well
tolerated (entries 12-14).

Table 1. Optimization of tandem bisphosphine oxida-
tion / oxidative addition protocol.

CN
Phy
P

N
Ph. I
2 Pd\

oy
1

a

(S)-BINAP

1) KOH (5 equiv) PO Ar'—
. — Pd? [——
P=0

PhMe/H,O
Pd(OAc), rt, 30 min
[standard conditions]

entry deviation from standard conditions? % yield (1a)?
1 (none) 92% (68%)°
2 no KOH, 16 h n.d.
3 KOH (solid), without added H,0, 18 h 26%
4 K3PO, instead of KOH 85%
5 KHCOj instead of KOH 20% [96%]?
6 K,COj instead of KOH 23% [86%]%°
7 Et;N instead of KOH 73%
8 Pd(TFA), instead of Pd(OAc), 98%
9 PdCl, instead of Pd(OAc),, no prestirring 13%°
10 pre-ligated (L1)PdCl, 85%
1" pre-ligated (L1)PdBr, 83%
12 THF instead of PhMe 95%
13 DCM instead of PhMe 88%
14 MeCN instead of PhMe 88%

a Reaction conditions L1 (0.1 mmol), Pd(OAc) (0.1 mmol), 4-CN-Ce¢Hal (0.2
mmol), KOH (aq., 1.0 M, 5 equiv), PhMe (0.04 M); see Supporting Infor-
mation for experimental details. b Yields determined by 31P NMR analysis of
the crude reaction mixture using triphenylphosphate as the internal stand-
ard. ¢ Values in parentheses correspond to isolated yields via precipitation.
dValues in brackets correspond to reactions performed at 80 °C, 30-50 min.
e (R)-BINAP was used instead of (S)-BINAP.

The trapping abilities of various organohalide electrophiles
were next evaluated (Table 2). Electron-deficient, -neutral,
or -rich aryl iodides all reacted efficiently to yield the
corresponding Pd(L1(0))(Ar)(I) complexes 1b-1h.
Interestingly, methyl iodide also reacts competently,
though in this case higher loading of the electrophile was
required (1j). Beyond organoiodides, aryl bromides also
react competently, as exemplified by 1k. In these cases,
however, analysis of crude mixture is complicated by
extensive Br-to-OH (or Br-to-OAc) ligand exchange under
the reaction conditions. Alternative aryl electrophiles, such
as triflates and chlorides, gave little conversion at room
temperature. Complexes 1b, 1e, 1f, 1g, 1h, 1i and 1j were
crystallized and characterized by X-ray diffraction. In all of
the structures, the aryl group is positioned trans with
respect to the oxidized phosphorus atom, demonstrating
the stronger trans influence of the non-oxidized
phosphorus atom compared to the phosphine oxide.

Table 2. Scope of electrophilic trapping reagents
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MeO,C
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a Reaction conditions: 1 (0.2 mmol), 2 (0.2 mmol), 3 (1.15 equiv), KOH (1.0
M aqueous solution, 5eq), Toluene (0.02-0.05 M), rt, 1h. Values correspond
to isolated yields. b Mel (5.0 equiv), KOH (3.0 equiv).

Scope of bisphosphine ligands and organohalides

Next, we evaluated the scope of bisphosphine ligands that
participate in this in situ bisphosphine oxidation-trapping
protocol, focusing on systematically varying the backbone
structure as well as the substituents on phosphorous (Table
3). Previous reports on bisphosphine oxidation have
generally focused on a single ligand relevant to a catalytic
transformation of interest.26-32 A comprehensive study of
different ligand classes under standardized conditions is
lacking, so the structural requirements for in situ oxidation
remain poorly understood. We chose 4-CO2Me-CsHal as the
standard trapping reagent for these experiments because
the corresponding oxidative addition complexes possess a

diagnostic *H NMR signal (ca. 3.8 ppm, Ar-CO.CHs3) and
exhibit generally desirable solubility profiles.33

Ligands derived from biphenyl backbones were first
examined and were found to react efficiently in the in situ
mono-oxidation/trapping sequence. Within the BINAP (L1-
L3) and SEGPHOS (L4-L6) families, increased steric
encumbrance on the phosphorous was tolerated, and in all
cases, the corresponding bisphosphine mono-oxide
oxidative addition complexes can be isolated in good to
excellent yields. (R)-Hs-BINAP (L7), BIPHEP (L8), and MeO-
BIPHEP (L9, L10) ligands all reacted smoothly. With some
of these ligands, performing the reaction in THF instead of
toluene is critical for obtaining high yield, presumably due
to sluggish coordination of the bisphosphine ligand to
Pd(OAc): in toluene at room temperature. Spiro
bisphosphines have recently emerged as powerful ligands
in asymmetric catalysis.35> To our delight, (S)-SDP (L11)
reacted smoothly in THF to give L11(0)-ligated oxidative
addition complex, as confirmed by X-ray crystallography.
Notably, SDP mono-oxide ligands (e.g., L11(0)) have been
shown by Zhou to enable highly enantioselective Mizoroki-
Heck arylation. 3637

Wide-bite-angle Xantphos ligands capable of adopting
trans-spanning coordination modes, L12 and L13, both
reacted efficiently. Interestingly, in the corresponding
oxidative addition complexes, both bisphosphine mono-
oxides, Ph-Xantphos(0) and Cy-Xantphos(0), coordinate in
a cis fashion. A series of bisphosphines based on the o-
phenylene backbone containing alkyl and (hetero)aryl
substituents on phosphorous with different steric and
electronic properties were next considered. All ligands
reacted smoothly in DCM. Alkyl (L14, L15), aryl (L16-L18),
and heteroaryl (L19) substitutions on phosphorus atoms
are well-tolerated, and oxidative addition complexes
derived from L15-L19 were characterized by X-ray
crystallography.
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Table 3. Scope of bisphosphine ligands and selected X-ray structures. (Solvent molecules and disorder are omitted

for clarity).
P | i P
KOH (5 equiv) N PQ Ar
+  Pd(OAc), + PO > Se’
P MeO,C PhMe/H,0 P=0 p=0" N
=50 °C, 2-16 h
L1-L24 (Ar-1, 1.2 equiv)
R
o}
O . 1o x , (OO, O,
r r r r P. Ar
e o L o Preed el e L merd, X e
S S S o ~
o}
R
L1 (R = Ph): 80% L4 (R=Ph): 82%" L7: 77%" L8: 61% [X-ray] L9 (R=H): 60% [X-ray]® L11: 71% [X-ray]?®
L2 (R = 4-Tol): 89% [X-ray] L5 (R=3,5-Xyl): 80% [76%] [X-ray]>¢d L10 (R=OMe): 90% [82%)] [X-ray]’
L3 (R = 3,5-Xyl): 65%":° L6 (R=DTBM-Ph): 82%
R H
O PR, R, p2\ OO A JBu Bu, Me
Me. A Fo Pd  Pd . Ar

P2 A P/ NP A
ST 6 R E R e 6
~ R v R N
Me d ! p=d ' ’ H ? Fe \" "R=0 N Sp=g !
e " < O g
o

L12 (R=Ph): 60% [X-ray] L14 (R="Pr): 50%9 L20 (R=Cy): 70%? L23: 52% [X-ray] L24: 79% [X-ray]
L13 (R=Cy): 61% [X-ray] L15 (R=Cy): 51% [X-ray]9 L21 (R='Bu): 61%"
L16 (R=Ph): 76% [X-ray]¢ L22 (R="Pr): 63% [X-ray]®

L17 (R=4-F-CgH,): 58% [X-ray]9
L18 (R=4-OMe-CgHy): 75% [X-ray]9
L19 (R=2-furyl): 39% [X-ray]9

o

(L2(0))

(L17(0)) (L18(0)) (L19(0))

aReaction conditions L1-L24 (0.1-0.2 mmol), Pd(OAc)2 (1 equiv), 4-COz2Me-CeHal (1.2 equiv), KOH (aq., 1.0 M, 5 equiv), PhMe (0.02-
0.05 M), rt-50 °C; see Supporting Information for experimental details. » THF instead of PhMe. ¢ The (R) enantiomer of the ligand was
used. 4Value in brackets corresponds to reaction with 4-NO2z-CcHal followed by AgOAc in place of 4-COzMe-CsHal; X-ray structure of
the NO2 complex with acetate instead of iodide was obtained. ¢ Isolated yield obtained with (S) enantiomer as drawn; X-ray structure
obtained with (R) enantiomer from an independent experiment. f Value in brackets corresponds to reaction with 4-NO2-C¢Ha4l in
place of 4-CO2Me-CeHal; X-ray structure of the NO2 complex was obtained. 8 DCM instead of PhMe.

intractable product mixture (Scheme 3, see Supporting
Information for details). More strongly o-donating

For the 1,1"-bis(phosphino)ferrocenes, the parent ligand dialkylphosphino variants furnished oxidative addition
dppf, which contains diphenylphosphino groups, led to an

5
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complexes as a mixture of palladium iodides and p-OH
dimers when the standard trapping electrophile, 4-CO:Me-
CeH4-1, was used. Gratifyingly, the p-OH dimers could be
cleanly obtained as the major product when 4-CO:Me-CeHa-
Br was used instead (L20-L22). These dimers are
characterized by their diagnostic 1H NMR signal at -0.5 ppm
(CDCl3). Furthermore, the solid-state structure of the dimer
bearing L22(0) was established by X-ray crystallography.
Chiral-at-phosphorus ligands are not only useful in
asymmetric catalysis but also serve the dual purpose of
providing mechanistic insight into the operative pathway
for phosphine oxidation based on whether P=0 bond
formation is stereoretentive or invertive (vide infra). Both
(1R,1’R,2S5,2’S)-Duanphos (L23) and (R,R)-QuinoxP* (L24)
ligands reacted smoothly. X-ray crystal structures of both
bisphosphine mono-oxide oxidative addition complexes
establish that the oxygen is inserted into the same face of
phosphine coordination. These observations agree with
seminal early studies by Grushin with chiral-at-P
monophophines?! and by more recent studies with (R,R)-
QuinoxP by Ji and colleagues.2s

Some limitations in the scope of this method merit
discussion. In addition to dppf, bisphosphine ligands with
flexible backbones, including DPEphos and dppe, gave
evidence of in situ ligand oxidation but led to intractable
mixtures, potentially because of the weakly coordinating
nature of the BPMO ligand (see Supporting Information).

Scheme 3: Flexible bisphosphine ligands that lead to in-
tractable product mixtures

Do,

Fe oph (o) PhyP PPh,
<" pph,  PPh,
dppf DPEphos dppe
Isotope labeling

To gain insight into the origin of the oxygen atom in the
BPMO product, we performed a series of isotope labeling
experiments using BINAP (L1) as a model ligand (Scheme 4,
top). When pre-ligated complex Pd!(BINAP)(OAc). was
treated with K180H (1.0 M in H2180, >98% !80) under air
with conditions otherwise analogous to those shown in
Table 1, quantitative transfer of the 180 label to the product,
Pd(L1(*80))(Ar)(I), was detected by HRMS analysis (see
Supporting Information for details), showing no evidence of
competitive 10 incorporation from the acetate ligands or
02 in the air. When a similar experiment was performed
with chloride-containing starting complex, Pd!(BINAP)CI,
equally high 180 incorporation was detected (see
Supporting Information). Control experiments with K160H
showed complete transfer of the 160 label. (see Supporting
Information). The isotope labeling data are consistent with
inner- or outer-sphere hydroxide anion as the oxygen atom
source in BPMO formation. Between these two possibilities,
the data above showing stereoretentive P-O bond
formation with chiral-at-P ligands L23 and L24,21%5 is
consistent with inner-sphere P-0 bond formation (Scheme
4, bottom).

Previously Hayashi performed an experiment in which
H2180 EtsN, Pd(OAc)2, and BINAP were combined in
benzene, and the 180:1¢0 ratio of thusly formed BINAP(O)
was measured at several time points and found to increase

over time.?2 The authors rationalized this result by invoking
OAc- as the oxygen atom source in BINAP(O) formation,
which becomes enriched in 180 as the reaction progresses.
In light of the data above, however, an alternative
interpretation of Hayashi’s data is a scenario involving
competitive OAc- versus OH- pathways at low [OH-]
concentration.

Scheme 4: 180-Labeling reveals source of O-atom in
BINAP(O) to be hydroxide.

CO,Me
OO Ph, K'8OH (1 M, 5 equiv) Ph
P, OAc Ar- (1.2 equiv) P.
N
pal —_— F’hz\Pd
p’ oAc PhMe, 23 °C PsT /N
OO Ph, ambient air (0,) OO 80
(>99% 180)

PL X K'®OH ('\ PO AT P'\X KOH PN A
4 Pd“ : 3 /Pd\ /Pd.” s /Pd\
P X (Ar-1) p=180Q X P* X (Ar-l) P*=Q' X
(R) [see Table 3] (R)
« stereoretention at P consistent with

inner-sphere P-O bond formation

« label transfer consistent with inner- or
outer-sphere P-O bond formation

Kinetics of bisphosphine oxidation

We developed a protocol for monitoring BPMO formation
by React-IR that takes advantage of the trapping strategy
described above. Kinetic profiles of the reaction using
BINAP L1 as ligand are shown in Figure 1. The reaction is
found to be zero-order with respect to aryl iodide
concentration, consistent with the notion that oxidative
addition of the aryl iodide to Pd°(BINAP(O)) is not rate-
limiting and that Ar-I serves as a trap of the transient
Pd°(BPMO) complex. Increase in Pd or KOH concentrations
enhances the rate. The fact that higher [KOH] gives similar
rates as higher [Pd] supports the role of KOH in phosphine
oxidation, potentially by driving the equilibrium towards
formation of the reactive Pd!(BINAP)(OH)(X) intermediate
depicted in Scheme 4. Figure 2 compares kinetic profiles for
the reaction using different phosphine ligands, showing
fairly robust reactions with some differences in rates under
identical standard conditions.

" KOH (0.060 M)
(BINAP)P'(OAC), + Al (BINAP(O))Pd"(Ar)()
H,0/MeOH/THF
(0.010 M) (0.015 M) 0°C
0.012
0.009 .
g [ R U O
3 ‘,..r." o
3 0.006 P
g P ® standard
(J
& higher [Pd]
0.003 ' of .
(f‘ higher [Arl]
:‘ higher KOH
0.000
0 5 10 15 20
time (min)

Figure 1. Kinetics of BINAP oxidation monitored by ReactIR.
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Figure 2. Comparative kinetics of the formation of BPMO
oxidative addition complexes of different ligands.

Diagnosis of catalyst activation/deactivation

The broad library of BPMO oxidative addition complexes
made available by the synthetic method described above
presents the opportunity to diagnose various palladium
catalyzed reactions by comparing kinetic profiles and
overall yield of reactions to probe the effectiveness of Pd
oxidative addition complexes with either bisphosphine or
bisphosphine oxide as the precatalyst. We anticipate that
reactions will belong to one of four general types (Types A-
D, Scheme 5). In Type A reactions, both the bisphosphine
and BPMO precatalysts will lead to comparable kinetics and
product yields, indicating a catalytic reaction that is
impartial to the oxidation state of the bisphosphine,
suggesting a process in which many structurally distinct
ligands can be employed interchangeably. In Type B
reactions, on the other hand, the non-oxidized
bisphosphine ligand exhibits more efficient catalysis,
suggesting that in situ oxidation is a catalyst deactivation
pathway. Type C reactions exhibit the opposite behavior to
Type B, in which the pre-oxidized BPMO-containing
precatalysts react with superior kinetics and turnover
efficiency, suggesting that BPMO formation is a catalyst
activation pathway. Lastly, in Type D reactions, neither type
of precatalysts can recapitulate the reactivity of the as-
described protocol, suggesting an alternative species is
responsible for the observed reactivity. Below we provide
several case studies of this workflow—both in the context
of well-studied examples from the literature and previously
unexamined reactions systems—and discuss mechanistic
rationalization of the outcomes observed.

Scheme 5. Use of matched pairs as a diagnostic tool for
catalyst activation/deactivation.

PO AT \/‘P Ar
N s N .
( 'Pd‘ " /Pd\ : .
P X p=0" X diagnosis:
« reaction is impartial to
bisphosphine [O] state

catalyst deactivation

« in situ oxidation leads to
catalyst activation

x « in situ oxidation leads to

* a third party is likely
x the active catalyst

We first considered an unhindered Suzuki-Miyaura cross-
coupling reaction between 3-F-C¢éHsBr and 4-OMe-
C¢H4B(OH)2. While both oxidative addition complexes of
BINAP and BINAP(O) are effective, little behavioral
divergence was noted (Figure 6). The data suggest that
BINAP and BINAP(O) are competent supporting ligands for
this Suzuki-Miyaura cross coupling, making it a Type A
system. This result reflects the robust nature of Suzuki-
Miyaura cross-coupling, and its ability to be promoted by
numerous different phosphine ligands (and ligand-free
conditions), particularly in the unhindered system studied
here. Care should be taken to not over-generalize this result
to all Suzuki-Miyaura couplings, as BPMOs have previously
been found to play a decisive role in atroposelective

variants.2?
! OMe

AN i

+

MeO EtOH, r.t. O
(0.50 M) (0.60 M)

CO,Me CO,Me
e O Y
P\ P\

vs Pha “pgll

cat. [Pd] (0.0005 M)
B(OH) KOH (1.0 M)

Pd!
SO oy
Ph,
Pd'(L1)(Ar)(1) Pd"(L1(O))(Ar)(1)
1.0
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Figure 4. Comparison of Suzuki-Miyaura coupling reactions
using Pd precatalysts developed from L1 (orange symbols) or
L1 mono-oxide (green symbols) (Type A).
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We next applied this workflow to two reaction systems
previously studied by our research groups where a general
mechanistic understanding is already in place. In a model
Buchwald-Hartwig C-N coupling of 3-CF3-CsH4Br and n-
HexNHg, catalyzed by BINAP-ligated palladium, which has
been previously considered to operate with the non-
oxidized bisphosphine as the active form (Figure 5).383° we
found that the Pd"(BINAP)(Ar)(I) precatalyst reacted
rapidly, with a rate exceeding the standard
Pd"(BINAP)(OAc): precatalyst and also led to high final
conversion. In contrast, the matched-pair
Pd!(BINAP(0))(Ar)(I) precatalyst was ineffective, yielding
5% of the desired C-N coupled product, even when the
catalyst loading was tripled. In a separated stoichiometric
experiment treatment of Pd!(BINAP(0))(Ar)(I) with excess
n-HexNH: led to quantitative formation for free BINAP(O)
as monitored by 31P NMR, suggesting facile displacement of
the BPMO by the primary amine in this system (see
Supporting Information). These data are consistent with a
Type B reaction system, in which bisphosphine oxidation is
expected to be a catalyst deactivation pathway. The
possible role of BPMOs in other C-N coupling reactions with
diverse amine and aryl (pseudo)halide coupling partners
under different reaction conditions is a topic of ongoing
investigation in our laboratories.

. B cat. [Pd] (0.0015 M) H
oC r NaO#-Bu (0.225 M) FiC N
+ HoN—n-Hex \©/ n-Hex
(0.15 M) (0.20 M)

CO,Me CO,Me
QL 27 e QY
P
N
\Pd” vs Phy “pgl!

Ps 7
PN Yo !
Ph,

Pd'(L1(0))(Ar)(1)

toluene, 50 °C

Pd'(L1)(Ar)(1)
Yield > 99% Yield = 5%
(w/ 3x cat. loading)
1
§ 0.8
[72)
)
>
S 0.6
o
c
S
‘g 0.4 —Pd(OAc), + L1
- Pd(L1)(A()
0.2 4 —Pd(L1(0))(Ar)(1)
0 ‘ ‘ : :
0 5 10 15 20 25

time (min)

Figure 5. Reaction progress of a representative Buchwald-
Hartwig amination of primary amines (Type B).

We then turned attention to a C-H arylation reaction
between an electron-deficient imidazole and an aryl
bromide catalyzed by palladium with Xantphos as the
ligand (Figure 6). As discussed in the Introduction, prior

mechanistic investigations have shown that this system
requires in situ oxidation to Xantphos(O) for the reaction to
proceed efficiently.25 Indeed, consistent with expectations,
we found that Pd!(Xantphos(0))(Ar)(1),
Pd"(Xantphos(0))(Ar)(OPiv), and Pd!(Xantphos)Clz
provided similar reaction profiles, whereas
Pd"(Xantphos)(Ar)(I) failed to deliver appreciable amounts
of product. Collectively this data is consistent with a Type C
reaction system with Xantphos(0O) as the active form of the
catalyst, where the induction period with Xantphos arises
from an initial in situ oxidation prior to catalytic turnover.

Me~N"XN
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O/Br Moy N PSS Eo.ao M) ) CN
==
F H CN DMAc, 95 °C
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o2 - E”@COZMS R @ |
2
Me o) \Pd o vs Me \’ vs @ P\
e ) o P Me Pdl,
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O o 7 O M| Me [
P 0
Ph, Phy O ghz
Pd'(L12)(Cl), Pd'(L12)(Ar)(1) Pd"(L12(0))(Ar)(X)
X=0Pivorl
1.0
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0 | ®PALI2)AN)
c ’ ©® Pd(L12(0))(Ar)(1) °
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Figure 6. Model C-H arylation of imidazoles (Type C). Trend
lines are added to guide the eye.
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Figure 7. Model Miyaura borylation (Type C). Trend lines are
added to guide the eye.

Finally, we applied this workflow to a Miyaura borylation of
a pharmaceutically relevant aryl bromide which is used for
the synthesis of a BET inhibitor (BMS-986378) (Figure 7).40
The borylation with Pd!(Xantphos(0))(Ar)(I) was found to
proceed with the fastest initial rate. Furthermore, a greater
than 10-fold difference in initial and overall kinetics was
observed  between reactions performed  with
Pd"(Xantphos(0))(Ar)(I) and Pd"(Xantphos)(Ar)(I) as the
precatalyst, respectively. On the other hand, the reactions
proceeded with similar overall rates with Pd'(Xantphos)Clz
and Pd!(Xantphos(0))(Ar)(I) as the precatalyst. These
results suggest that 1) Pd complex containing Xantphos(0)
as the ligand is a more effective catalyst for this borylation
compared to that containing Xantphos as the ligand and 2)
rapid in-situ oxidation of the Xantphos ligand occurs to
generate the more active Pd BPMO catalyst when
Pd"(Xantphos)Cl: is used as the precatalyst. The data
overall support the classification of this Miyaura borylation
as a Type C reaction system where Pd catalyst ligated with
Xantphos(0) is the more active form of the catalyst.

Matched-pair analysis

To understand the differences in catalytic behavior that
arise from in situ bisphosphine mono-oxidation, we
analyzed the solid-state structures of oxidized and non-

oxidized “matched pairs”, that is, oxidative addition
complexes where the only difference is the presence or
absence of the oxygen atom in question (Scheme 6). For this
comparison, a series of bisphosphine palladium oxidative
addition complex were synthesized, crystallized, and
subjected to X-ray diffraction studies (see Supporting
Information for details). This analysis includes seven
previously  unreported non-oxidized bisphosphine
oxidative addition complexes, and one previously reported
example from the literature.#! We compared three
structural parameters (bite angle, buried volume,*2 and Pd-
C(sp?) bond length) that were expected to have relevance to
catalysis across eight different ligands (Table 4).

Scheme 6. General depiction of matched pair analysis.

P_ A “O” insertion P A
/Pd\ : P=0/Pd\|

[X-ray] [X-ray]

matched pair analysis

A in bite angle?
A in buried volume?
A Pd-Ar bond length?

In terms of general considerations, within most of the BPMO
oxidative addition complexes in Table 3 (with the exception
of those derived from L20-L21), the BPMO coordinates in
a P,0-bidentate fashion and the aryl group is situated trans
to phosphine oxide moiety. For the non-oxidized analogs,
the bisphosphine most commonly coordinates in a P,P-
bidentate mode. Because the bisphosphines included in this
study are Cz-symmetric, the remaining coordination sites
are sterically and electronically equivalent.

From the matched pair analysis, the Xantphos ligand family
stands out as possessing unique coordination behavior that
merits comment. Consistent with prior literature,*3 the
parent Ph-containing ligand Xantphos (L12) is trans-P,P-
chelating as it bisphosphine and becomes cis-P,0-chelating
ligand upon mono-oxidation.2¢ We further found that Cy-
Xantphos (L13) adopts a P,0,P-tridentate “pincer-type”
coordination mode in the solid state. The Pd center is
cationic, and a lone pair of the cyclic ether occupies a
coordination site typically held by iodide, rendering it an
outer-sphere counteranion. Upon oxidation, in its BPMO
form, Cy-Xantphos(O) follows the pattern established for
Xantphos(0), adopting a cis-P,0-chelation mode with inner-
sphere iodide.
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Table 4: “Matched-pair” analysis between bisphosphine and bisphosphine mono-oxides.
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/Pd\
P |

[X-ray]

“O” insertion

—

P, Ar
/Pd\
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=0 [

[X-ray] [X-ray]

“O” insertion P

—

g (E\ A (0] |nsen|on(?\ Ar
o\ Pd o'( Pd
4
o 92N — 458

[X-ray] [X-ray]

[X-ray]
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=PP PO
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> 8 8 &8 8 8

o

L1 L8

L9
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L13  L16 L24 L1

L8

L9 L12

Ligand

=PP uP,0

=PP =P,0

< 120
Q
5 100
c
< 80
£
o
40
20
0

L9

L13 L16 L23 L24 L1 L8 L12

Ligand

L13  L16 L23  L24

“O” insertion “O”" insertion
— —
ligand BC) Vour (%) d(Pd=C) (A) ligand B() Vour (%) d(Pd=C) (A) ligand A(C) Vour (%) d(Pd-C) (A)
(S1BINAP (L1)  91.88(4) 523 2.043(5) BIPHEP (L8)  91.52(3) 524 2.061(4) (S)-MeO-BIPHEP (L9)° 91.8(1) 52,0 2.04(1)
(S}BINAP(O)  90.34(8) 49.0 1.990(4) BIPHEP(O)"  90.90(10) 495 1.968(6) (R)-MeO-BIPHEP(0)® 91.9(2) 49.4 1.98(1)
A —1.54 -33 -0.053 A -0.62 29 -0.093 A 0.1 -26 -0.06
“0” insertion “O” insertion «O” insertion
— —
-
-
ligand B() Vour (%) d(Pd—C) (A) ligand BC) Vour (%) d(Pd-C) (A) ligand B() Vour (%) d(Pd-C) (A)
Xantphos (L12)  148.29(3)  55.0 2.006(3) CyXantphos (L13)  167.12(6)  64.4 1.970(7) dppBz (L16)  86.94(2) 418 2.056(3)
Xantphos(0) 94.43(5) 44.9 1.979(3) CyXantphos(O)  90.69(10) 47.8 1.967(6) dppB2(0) 94.14(5) 42.7 1.986(2)
A -53.86 101 -0.027 A -76.43 -16.6 -0.003 A 721 4.9 -0.073
N
“O” insertion “O” insertion
— -— >
ligand B(C) Vour (%) d(Pd-C) (A) ligand B(C) Vour (%)~ d(Pd-C) (A)
Duanphos (L23)  86.73(5) 484 2.053(8) QuinoxP* (L24)*  88.1(1) 488 2.057(11)
Duanphos(0) 81.27(12) 45.8 1.970(6) QuinoxP*(0) 90.08(6) 475 1.967(3)
A -5.46 26 -0.083 A 10 14 -0.090

a Values represent averages of two independent molecules in the asymmetric unit. ® Values as described in Ref 41.

Overall, several patterns can be extracted from this analysis.
First, both Pd-C(sp?) bond lengths and buried volumes
uniformly decreased upon ligand oxidation. In the case of
the Pd-C(sp?) bond distance, this reflects two factors: (1) a

stronger Pd-C(sp?) bonding interaction with BPMOs
compared to bisphosphines due to the metal center being
more electron poor and (2) the trans influence of the -
PR2(0) group being weaker than the PRz group. In the case
of buried volume, the decrease in the case of BPMOs
compared to bisphophines is due to the steric bulk of the
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oxidized phosphine being repositioned one atom further
away from the metal center, which pushes steric bulk
outside of the 3 A radius used in the buried volume
calculation. On the other hand, there is not a consistent
trend of changes of experimentally observed bite angles
upon mono-oxidation, likely reflecting the preference of the
d® metal center to maintain square planar geometry. Here,
the largest effects were seen with the wide-bite angle
Xantphos family ligands, as discussed above.

Structural Evidence of Hemilability

Most BPMO complexes examined in this study coordinate in
a bidentate fashion in the solid state, with the exception of
bisphosphine mono-oxides based on 1,1-ferrocene
backbones, where the PR2=0 sidearm dissociates to afford
u-OH dimers.

To gain further insight into hemilability of the bidentate
BPMO ligands in Table 3 and its potential importance in
catalysis,?#25 we sought to gain structural evidence of
hemilability. We hypothesized that the use of a bidentate k2-
L, X type ligand may weaken the coordination of the P(V)=0
side arm to facilitate dissociation. To this end, the complex
Pd"(dppBz(0))(Ar)(I) was treated with Ag(acac), affording
the Pd"(dppBz(0))(Ar)(acac) (Scheme 7). The solid-state
structure of this complex was studied by X-ray
crystallography, and the dppBz(0) was found to coordinate
in a monodentate fashion, demonstrating the possibility of
both mono- and bidentate coordination modes with
dppBz(0) depending on the other ligands coordinated to
the metal. Notably, hemilability of dppBz(0) has previously
been invoked to rationalize its improved catalytic reactivity
compared to dppBz in an intramolecular Heck cyclization.3?

Scheme 7. Structural comparison between Pd(acac)
complexes ligated by dppBz and dppBz(0)

o,
PPh,
Ph
B AT
\Pd,Ar 1 equiv Ag(acac) /Pd
N —_— AN
@P =c§ I DCM, rt. o \/O
Ph, >95% yield )\)“ Me
Me'
[X-ray] [X-ray]

structural evidence of Ro,P=0 hemilability within a single ligand

Relative binding strengths of bisphosphine and
bisphosphine mono-oxides

Having established the organometallic consequences of
bisphosphine ligand oxidation, we next sought to determine
relative binding energies of bisphosphines versus BPMOs
through DFT calculations supported by experimental
observations. To this end, we computed the
thermodynamics of ligand exchange reactions between
BPMOs and the parent bisphosphines.

In addition to helping rationalize the catalytic performance
of a given organopalladium species, we reasoned that this
information would be useful in determining the expected
catalyst populations under different reaction conditions,
particularly in the context of commonly used methods of in
situ reduction of Pd! salts to active Pd° species with

(bis)phosphines, where a >1:1 ligand-to-metal mixture is
commonly employed in a catalytic reaction of interest.*

For a representative panel of ligands, three
organopalladium oxidative addition complexes were
considered by DFT (with TPSSh-D3B] functional): the
corresponding Pd!(BPMO)(Ar)(I) (I) complex, the putative
mixed ligand Pd(BPMO)(bisphosphine)(Ar)(I)
intermediate (I and the corresponding
Pd"(bisphosphine)(Ar)(I) (III) complex (Figure 84, see
Supporting Information for computational details). For 16-
electron square-planar d® bisphosphine/BPMO oxidative
addition complexes, ligand exchange with an incoming
bisphosphine presumably proceeds via an associative
ligand exchange mechanism that may involve five-
coordinate intermediates, but in our analysis the mixed
ligand Pd(BPMO)(bisphosphine)(Ar)(I) intermediates (II)
were found to be lower in energy (see Supporting
Information). As expected, DFT computation reveals that
the intermediates II bearing both bisphosphine and
bisphosphine mono-oxide are higher in energy compared to
the starting materials in all cases but Xantphos(0),
consistent with our findings that these species are therefore
not readily observable (Figure 8B). Additionally, the
bisphosphine-ligated oxidative addition complexes (III) are
consistently more stable than BPMO oxidative complexes
(I) complexes by 4.58-16.18 kcal/mol depending on the
ligand employed, suggesting that the former will
predominantly coordinate to the metal center with both are
present in solution in near-equimolar ratios. Empirical
validation of the DFT results was obtained by treating the
Pd!(Xantphos(0))(Ar)(I) and Pd"(dppBz(0))(Ar)(D)
complexes prepared in Table 3 with the corresponding free
bisphosphines and observing quantitative ligand exchange
at room temperature in DCM (Figure 8C). The implications
of these results in catalysis are discussed in more detail at a
later section.

A. ligand exchange reactions considered computationally

: Po H,Ar C P\de'Ar
Pd
p=0" NI m PN
—_— Il
+ ’Pd\|
P ( P C P
( P P P=0

P,O complex
+ P,P-ligand (I)

P,P-complex

mixed ligand species (1) + P,O-ligand (Ill)

B. computed free energy differences

P,0-complex P,P-ligand AG°|y (kcal/mol) — AGe1-m (kcal/mol)
BINAP(O) BINAP (L1) 3.93 -11.59

SEGPHOS(O)  SEGPHOS (L4) 0.05 -12.50

Xantphos(O) Xantphos (L12) -1.73 —4.58
dppBz(0) dppBz (L16) 517 -16.18

C. experimental validation of ligand exchange equilibria

P P
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P

(1 equiv) Xantphos (L12):
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Figure 8. Computational studies of ligand exchange of
bisphosphine on Pd!(BPMO) oxidative addition complex.
Zero points are defined as starting materials in each of the
individual systems studied; TPSSh-D3BJ functional. Ar = 4-
(COzMe)CeHa.

Rationalization of Diagnostic Tests and Broader Im-
plications in Catalysis

The structural and computational data presented above
allow more detailed rationalization of the diagnostic test
results shown in the preceding section (Scheme 5, Figure 4-
8), particularly the Type B and Type C cases in which the
oxidation state of the bisphosphine was found to have a
profound impact on reaction performance. In the case of the
C-N coupling with primary amines (Figure 5), BINAP(O)
(L1(0)) is an ineffective ligand because the strongly
coordinating primary amine outcompetes L1(0) for
coordination at the metal center, leading to catalyst
deactivation. In contrast, the more strongly coordinating
bisphosphine ligand BINAP (L1) is able to maintain
bidentate coordination to the metal, keeping the catalyst
on-cycle. In the cases of the C-H activation (Figure 6) and
Miyaura borylation reactions (Figure 7), hemilability of the
PR2=0 arm of Xantphos(0) (L12(0)) is essential for a key
step in the catalytic cycle, as it allows coordination of one of
the coupling partners (the arene substrate to allow for C-H
activation in the case of the former, and the Bzpin. reagent
to allow for transmetalation in the case of the latter). In both
cases, it should also be noted that carboxylate bases
employed are capable of adapting both a k! and a k2
coordination mode, which creates a low-energy pathway
for dissociation of the PR2=0 arm in analogy to the results
shown in Scheme 7. Moreover, inhibition of these reactions
by addition of non-oxidized Xantphos (L12) (1 equiv
relative to Pd) (see Figure 7 and Ref. 26) is consistent with
the stronger binding of L12 relative to L12(0) (Figure 8B)
and the facile nature of ligand exchange (Figure 8C).

The findings of this study have implications beyond the
specific catalytic systems demonstrated above in our
diagnostic workflow as it pertains to rational selection of
precatalysts, ligands, and reaction conditions for widely
used coupling reactions (Scheme 8A).

Given that either the BPMO or bisphosphine forms may be
the catalytically active species, failure to generate the more
active species may result in suboptimal turnover frequency,
turnover number, or selectivity, and could be the source of
irreproducibility. Unappreciated common pitfalls that we
anticipate are depicted in Scheme 8B and C. First, we
consider the importance of ligand stoichiometry (Scheme
8B). Excess bisphosphine is commonly used as a sacrificial
reductant. If 2 equivalent of ligand relative to a Pd!
precatalyst are employed, a theoretical 1:1 mixture of
bisphosphine and BPMO would be formed in solution,
which will lead to nearly exclusive formation of the
bisphosphine complex and free BPMO in solution,
suppressing any reactivity from a potentially reactive
Pd°(BPMO) species. On the other extreme, insufficient
loading of bisphosphine could lead to complete
consumption of bisphosphine, which in turn prevents
formation of Pd°(bisphosphine) in solution. Next, we
consider the importance of precatalyst and base selection
(Scheme 8C.1). The mechanistic studies Scheme 4 and

Figures 1-2 point to a decisive role of hydroxide in
triggering the key redox reaction between Pd! salts and
bisphosphines that leads to BPMO formation. Hence,
various Pd® precatalysts, such as Pds(dba)n or
Pd(COD)(DQ),* would not be expected to form BPMOs or
form them at a much slower rate. Along these lines, in
reactions in which aqueous base is absent, BPMO formation
would likely be suppressed. This consideration is especially
relevant in a rigorously anhydrous system with organic
bases or lipophilic inorganic bases (Scheme 8C.2).23 Such
anhydrous conditions are commonly used for Suzuki-
Miyaura reactions involving sensitive coupling partners
and in Miyaura borylations to avoid side reactions such
protodeboronation and homo-coupling.#¢ For instance, in
the model Miyaura borylation shown in Figure 7, slow
product formation with Pd!(Xantphos)(Ar)(I) as
precatalyst can be attributed to the in-situ oxidation of a
small amount of Xantphos due to trace amount of water
presented in commercial KOPiv (1-2 wt%).47

Scheme 8. Broader Implications of this Study

A. applying lessons from this study to selection of reaction conditions

cat. [Pd]
[c'-m P [c'-c?
or + [€x — C — or
P
N]-H
" [conditions] INIH[C?

B. pitfall 1: inappropriate ligand stoichiometry

1) excess bisphosphine

OH- ;
P P p P,
Pd" 4+ —_— No o H No o
- e P+ : _Pd
p P p=o0 | P=0

(free ligand) | Pd(BPMO) desired but

2 equiv,
(2 equiv) not formed

2) insufficient bisphosphine

P oH- ; b
Pdl 4 — N : oo
— Pl .
P p=0” : P

=0 H
i Pd%(P-P) desired but

(1 equiv) not formed

C. pitfall 2: inappropriate initiation conditions

1) Pd’ source

P P ' P
Pd° — N, N
+ 0 o
D — /Pd H , Pd'
P P : P=0
(1 equiv) t Pd%(BPMO) desired but not

formed or formed slowly
2) lack of aqueous base

(no OH") :
P H
P, 1 /P P,
Pdl 4 P Sear (e Spae
—_— , H Z ,Pd
P ) P ' P or NMp=Q
; i siow Pd° desired but not
(1 equiv) i formed or formed slowly
CONCLUSION

The work described herein constitutes a comprehensive
study of the redox reaction between Pd! salts and
bisphosphines to form Pd(BPMO) complexes and the
practical impact of ligand oxidation on select catalytic
systems. Through combining organometallic synthesis,
reaction kinetics, isotope labeling, structural
characterization, and DFT, we provide a detailed
examination into bisphosphine ligand oxidation in the
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context of precatalyst activation.
We hope that this study will serve as a user’s guide for the
synthesis and catalysis community with utility across wide-
ranging catalytic contexts.
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