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ABSTRACT: Despite the prevalence of N-heteroarenes in small-molecule pharmaceuticals, Pd-catalyzed C−N cross-coupling
reactions of aryl halides and amines containing these rings remain challenging due to their ability to displace the supporting ligand
via coordination to the metal center. To address this limitation, we report the development of a highly robust Pd catalyst supported
by a new dialkylbiarylphosphine ligand, FPhos. The FPhos-supported catalyst effectively resists N-heteroarene-mediated catalyst
deactivation to readily promote C−N coupling between a wide variety of Lewis-basic aryl halides and secondary amines, including
densely functionalized pharmaceuticals. Mechanistic and structural investigations, as well as principal component analysis and
density functional theory, elucidated two key design features that enable FPhos to overcome the limitations of previous ligands. First,
the ligated Pd complex is stabilized through its conformational preference for the O-bound isomer, which likely resists coordination
by N-heteroarenes. Second, 3′,5′-disubstitution on the non-phosphorus-containing ring of FPhos creates the ideal steric
environment around the Pd center, which facilitates binding by larger secondary amines while mitigating the formation of off-cycle
palladacycle species.

Pd-catalyzed C−N cross-coupling of aryl halides with
amines, beyond being one of the most frequently used

transformations for the preparation of pharmaceutical
candidates,1 is useful for applications across the chemical
sciences.2 While N-heterocycles are present in most FDA-
approved small-molecule drugs,3 reported methods for
coupling secondary amines often encounter significant
challenges when faced with N-heteroarene-containing sub-
strates. Among the suite of biarylphosphine ligands developed
by our group to promote efficient C−N coupling between a
variety of substrate classes, RuPhos (L1) is considered to be
generally optimal for coupling secondary amines.4 Yet, while
RuPhos-supported Pd catalysts can couple non-coordinating
substrates efficiently, N-heteroarene-containing substrates
necessitate substantially higher catalyst loadings and longer
reaction times, even for relatively simple substrates (Scheme
1A).5 Pd catalysts supported by the JackiePhos/CPhos hybrid
ligand (L2), designed for coupling α-branched secondary
amines, similarly struggle to accommodate coordinating N-
heteroarenes.6

Several challenges have limited the ability of previously
reported ligand systems to couple secondary amines in the
presence of coordinating N-heteroarenes (Scheme 1B).
Previous studies from our group and others revealed that
phosphine ligands can be displaced due to competitive N-
heteroarene coordination,7,8 rendering catalysts supported by
smaller ligands, such as RuPhos (L1), especially vulnerable to
inhibition.9,10 In contrast, catalysts supported by sterically
encumbered ligands, while more resistant to this mode of
deactivation, do not allow for efficient binding of larger
secondary amines to Pd.11

We reasoned that the design of a new ligand with an
optimized steric profile could promote efficient coupling of
secondary amines in the presence of coordinating N-
heteroarenes. We first assessed the performance of previously
reported catalysts on two model coupling reactions between
N-heteroarene-containing aryl halides and secondary amines
(3b−c, Table 1). Each catalyst’s activity was additionally
benchmarked against a representative non-inhibitory substrate
combination (3a). While L2 resulted in a higher yield of 3a
compared to L1, low yields of N-heteroarene-containing
products 3b−c were observed for both L1−L2. The GPhos
(L3)-supported catalyst, originally developed for coupling
primary amines,7 has been shown to resist catalyst deactivation
due to coordinating substrates.9 However, P3 provided very
low yields of 3a−c, presumably because L3 is too bulky to
accommodate larger secondary amines.12

While several previously reported 2′,6′-dialkylbiarylphos-
phine ligands,4 including BrettPhos (L10, Figure 1B)5,11 and
GPhos (L3),7,9 are too hindered to promote efficient coupling
of secondary amines, ligands lacking substitution on the non-
phosphorus-containing ring are also less effective due to their
propensity to form off-cycle palladacycle species via 2′- or 6′-
C−H metalation.13 We hypothesized that 3′,5′-disubstitution,
an underexplored scaffold, would provide an ideal steric profile
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for coupling secondary amines in the presence of coordinating
N-heteroarenes, allowing secondary amines to bind to Pd while
simultaneously providing the requisite protection of the 2′- and
6′-positions against metalation (Scheme 1C).14

Upon incorporating 3′,5′-di-tert-butyl substitution into the
L3 scaffold, the less hindered L415 accommodated secondary
amines more readily than L3. However, L4 did not
significantly outperform L2, likely due to the remaining large
3-Ot-Bu group. L5, which features a smaller 3-OMe group,
provided a marked improvement in the yields of 3a−c
compared to L1−L4 (Table 1). We therefore set out to
identify the structural features of L5 responsible for its
improved reactivity. Decreasing the size of the 3′,5′-
substituents (t-Bu > i-Pr > Et > Oi-Pr)16 resulted in lower
yields of pyridine-containing 3c, while yields of 3a−b remained
the same or increased (L5−L8). This discrepancy is likely due
to the increased accessibility associated with smaller 3′,5′-
substituents, which promotes binding of both secondary
amines and coordinating N-heteroarenes to Pd. Additionally,
we recognized that inductively electron-withdrawing substitu-
ents (t-Bu < i-Pr, Et < Oi-Pr)17 may facilitate coupling in the
absence of deactivating heteroarenes. Based on these
hypotheses, we designed and synthesized FPhos (L9), which
possesses 3′,5′-bis(trifluoromethyl) substituents that are both
large and strongly electron-withdrawing. In accordance with
the hypothesized steric and electronic trends, L9 demonstrated
the best reaction performance across all three model coupling
reactions (3a−c).18

To better understand the superior performance of L9, its
molecular descriptors were compared against those of
monodenta te phosph ine l i gands in the kraken
organophosphorus(III) descriptor library, a database of >190
conformationally dependent molecular descriptors of 1,558
monodentate phosphine ligands19 (Figure 1A). Principal
component analysis (PCA), a dimensionality reduction
technique, was used to project the 190-dimensional data into
two, more descriptive principal component dimensions;
monophosphines close in PC space exhibit similar molecular
features. Structurally similar dialkylbiarylphosphines are
grouped in a distinct cluster, with L9 appearing in a relatively
low-density region of the PCA plot, an indication of its unique
features. L9 exhibits a natural bond orbital population of the
phosphorus lone pair (NBOLP_P, a descriptor related to σ-
donating ability) in the 80th percentile of dialkylbiarylphos-
phines. However, L9 is best differentiated from other
dialkylbiarylphosphines by its steric profile. L9 can adopt
sterically demanding conformations, as quantified by Ster-

Scheme 1. Challenges of Pd-Catalyzed C−N Coupling of
Secondary Amines in the Presence of N-Heteroarenes

Table 1. Ligand Developmenta

aReaction conditions: aryl halide (1, 0.2 mmol), amine (2, 0.24
mmol), NaOt-Bu (0.24 mmol), Pn (0.5 or 1.0 mol %), 1,4-dioxane
(0.2 mL), 60 °C, 1 h. Yields were determined by gas chromatography
(GC) of the crude product mixtures, using n-dodecane as the internal
standard (3a), or by 1H NMR spectroscopy of the crude product
mixtures, using 1,3,5-trimethoxybenzene as the internal standard
(3b−c). Ar = 4-(2-(trimethylsilyl)ethyl benzoate) (P1, P3−P9) or 2-
naphthyl (P2), cyp = cyclopentyl.18
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imol20 length (L) and maximum width (B5) parameters, both
of which are in the 80th percentile relative to both
dialkylbiarylphosphines and the broader kraken library. Yet
this same ligand allows for relatively high accessibility proximal
to Pd, as measured by its buried maximum width parameter
(buried Sterimol B5), which adopts one of the smallest values
(20th percentile) among dialkylbiarylphosphines. These para-
doxical steric properties, which arise from the ligand’s 3′,5′-
disubstitution pattern, are advantageous: from a global
perspective, L9 behaves like a large ligand, resisting catalyst
deactivation due to N-heteroarene coordination, but it has the
conformational flexibility to adopt a much smaller steric profile
when necessary, allowing larger secondary amines to bind to
Pd.
While nearly all catalysts based on previously reported

biarylphosphine ligands exhibit a reversible π-interaction
between Pd and the ipso-C of the non-phosphorus-containing
ring (C-bound, Figure 1B), the lowered ipso-C electron
density in 3′,5′-disubstituted ligands L5−L9 results in the first
reported example of a unique structural feature in which Pd is
instead predominantly bound to the 3-OMe on the
phosphorus-containing ring (O-bound). Previously, the O-
bound isomer was observed only as a minor conformer for
2′,6′-disubstituted biarylphosphine ligands bearing 3-OMe
substitution, such as BrettPhos (L10).11 Additionally, only
crystal structures of C-bound biarylphosphine oxidative
addition complexes were reported.11 However, the nearly
exclusive preference for the O-bound isomer in P5−P9
enabled us to crystallize O-bound P5, providing the first
reported crystal structure of an O-bound biarylphosphine
oxidative addition complex (Figure 1C).21 Density functional
theory (DFT) calculations indicated a significant difference
between the Pd−Cipso distances in the C-bound isomers of P9
(2.66 Å) and P10 (2.58 Å), a result of the less negative natural
population charge on the ipso-C in P9 (−0.07) compared to
P10 (−0.15) (Figure 1D). Additionally, DFT suggested that
2′,6′-disubstitution (L10) introduces costly steric interactions
between the phosphine alkyl substituents and the non-
phosphorus-containing ring, disfavoring the O-bound isomer,
whereas 3′,5′-disubstitution minimizes this steric penalty.
The dominance of the O-bound isomer presumably provides

P9 with an advantage for coupling secondary amines,
protecting Pd against coordinative deactivation by N-
heteroarenes.22 Although O-bound catalysts were previously
deemed undesirable for the coupling of primary amines, as
they exhibit slower reductive elimination than C-bound
catalysts,23,24 this drawback is less relevant for larger secondary
amines, which reductively eliminate more readily.25 A similarly
fluid boundary between reaction inhibition and deactivation
resistance was previously demonstrated with carbazole, an
additive known to both inhibit C−N coupling6,26 and help

Figure 1. (A) Top: Principal component analysis (PCA) plot of 1,545
monophosphine ligands from the kraken database. Histograms on the
plot axes indicate the relative density of monophosphines across the
plot. Bins containing L9 and L10 are colored red and green,
respectively. Bottom: Parameters that differentiate L9 from other
dialkylbiarylphosphines include NBOLP_P, Sterimol length (L) and
maximum width (B5), and buried Sterimol maximum width (burB5,
measured within a 5.5 Å sphere). (B) C,O-isomerism observed for 3-
OMe biarylphosphine-supported oxidative addition complexes. (C)
X-ray crystal structure of P5 indicating the conformational preference

Figure 1. continued

for the O-bound isomer. Atomic displacement parameter plot drawn
at 50% probability level. Color scheme: H, white; C, gray; O, red; Si,
yellow; P, orange; Br, brown; Pd, blue. (D) DFT analysis (PBE0/
def2-TZVP//PBE/6-31+G(d,p)) indicates that 3′,5′-disubstituted
biarylphosphine ligands favor the O-bound isomer due to a
combination of decreased steric interactions with phosphine alkyl
substituents and less electron density on the ipso-C. Natural
population analysis (NPA) charges: P9 = −0.07, P10 = −0.15.
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prevent catalyst deactivation by coordinating to the Pd
oxidative addition complex.27

The FPhos-supported catalyst P9 enabled facile cross-
coupling of a broad scope of N-heteroarene-containing aryl
halides and secondary amines in good-to-excellent yields with
relatively low catalyst loadings (Figure 2). A variety of N-
heteroarenes were investigated, including pyridine28 (4a−e,
5j), quinoline (4f), isoquinoline (4g−i), quinoxaline (4j),
pyrimidine (4k, 5l), azabenzofuran (4m), azaindole (4n),
indazole (4o), benzothiazole (4p), and benzimidazole (4q).
Halide substitution was tolerated both on non-heteroarene
rings and at unactivated positions on heteroarene rings.29 In
addition to coupling readily available30 and medicinally
prevalent31 aryl chlorides, P9 promoted efficient coupling of
aryl bromides (4h, 4k) and the selective amination of an aryl
iodide (4b) in the presence of an aryl bromide. Ortho-
substituted aryl halides (4e, 4i, 4l) were coupled effectively, as

L9 allows for coordination of secondary amines to hindered
oxidative addition complexes.
Cyclic amines were readily coupled, including four- (5e, 5g),

five- (5i), six- (5a−b, 5f, 5h, 5j−p), and seven-membered rings
(5q). α-Branched secondary amines were arylated efficiently
(5f, 5p), despite the difficulty of coupling such hindered
substrates in the presence of coordinating N-heteroarenes.6

Product 6f was synthesized using less Pd (2-fold) and ligand
(4-fold) with a significantly shorter reaction time (1 h vs 16 h)
than a previous report from our group using an L2-supported
catalyst.6 In addition to aliphatic amines, both cyclic (5p) and
acyclic anilines (5d) were coupled successfully. The mild
reaction conditions also tolerated potentially problematic
functional groups, including an unprotected phenol (5a), an
acidic carbamate (5g), and an electrophilic nitrile (5j).32

To further demonstrate the versatility of catalyst P9,
coupling reactions were performed on a variety of complex

Figure 2. Isolated yields reported as the average of two runs. Reaction conditions: aryl halide (4, 0.5 mmol), amine (5, 0.6 mmol), NaOt-Bu (0.525
mmol), P9 (0.75−3.0 mol %), 1,4-dioxane (0.5 mL), 60−85 °C, 1 h. Legend: aNaOt-Bu (2.25 equiv). bAmine hydrochloride salt (1.2 equiv). c1,4-
Dioxane (2.5 mL). d1,4-Dioxane (1.25 mL). e6 h.
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pharmaceuticals (Figure 3). While C−N cross-coupling
reactions of complex substrates are frequently unsuccessful

with previously reported catalyst systems,33 densely function-
alized pharmaceuticals, including aryl chlorides (4r−t) and
secondary amines (5u−w), were effectively coupled using
relatively low catalyst loadings. Coordinating N-heteroarenes,
including quinoline (4r), pyridine (4s, 4u−v), 1,2,4-triazole
(4t), and pyrimidine (4w), were readily accommodated. Even
in complex contexts, aryl bromides 4u and 4w were aminated
selectively in the presence of aryl chlorides. Acidic functional
groups were also well-tolerated, including an unprotected
alcohol and a carboxylic acid (4r).
In summary, we have developed a new biarylphosphine

ligand, FPhos (L9), which supports a highly reactive and
deactivation-resistant Pd catalyst capable of efficiently coupling
secondary amines in the presence of coordinating N-
heteroarenes. The robustness of P9 arises from two novel
structural features: (1) the preferred O-bound conformation of
the FPhos-supported Pd complex resists catalyst deactivation
by protecting Pd against N-heteroarene coordination, and (2)
3′,5′-disubstitution on the non-phosphorus-containing ring
creates a unique steric environment around Pd, allowing for
effective coupling of larger secondary amines. Together, these
features enable FPhos to efficiently couple a broad scope of N-

heteroarene-containing aryl halides and secondary amines,
including complex pharmaceuticals. We anticipate that the
potent reactivity induced by these new features will motivate
further development of rationally designed catalysts.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.4c09667.

Experimental procedures, NMR spectral data, and
computational details (PDF)

Accession Codes
CCDC 2371332 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Authors

Matthew S. Sigman − Department of Chemistry, University of
Utah, Salt Lake City, Utah 84112, United States;
orcid.org/0000-0002-5746-8830; Email: sigman@

chem.utah.edu
Stephen L. Buchwald − Department of Chemistry,
Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, United States; orcid.org/0000-
0003-3875-4775; Email: sbuchwal@mit.edu

Authors
Kaibo Feng − Department of Chemistry, Massachusetts
Institute of Technology, Cambridge, Massachusetts 02139,
United States; orcid.org/0000-0002-8558-4396

Elaine Reichert Raguram − Department of Chemistry,
Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, United States; orcid.org/0000-
0002-9293-4382

James R. Howard − Department of Chemistry, University of
Utah, Salt Lake City, Utah 84112, United States;
orcid.org/0000-0002-9184-6954

Ellyn Peters − Department of Chemistry, University of Utah,
Salt Lake City, Utah 84112, United States

Cecilia Liu − Department of Chemistry, Massachusetts
Institute of Technology, Cambridge, Massachusetts 02139,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.4c09667

Author Contributions
†K.F. and E.R.R. contributed equally.
Funding
This work was supported by the National Institutes of Health
(Grant No. R35-GM122483) and the National Science
Foundation Graduate Research Fellowship Program (Grant
No. 1122374, to E.R.R.). Researchers in the Sigman group
acknowledge financial support from the NSF under the CCI
Center for Computer Assisted Synthesis (CHE-2202693).
Notes
Any opinions, findings, conclusions, or recommendations
expressed in this material are those of the authors and do
not necessarily reflect the views of the NIH or NSF.

Figure 3. Isolated yields reported as the average of two runs. Reaction
conditions: aryl halide (4, 0.5 mmol), amine (5, 0.6 mmol), NaOt-Bu
(0.525 mmol), P9 (1.0−2.5 mol %), 1,4-dioxane (0.5 mL), 60−85
°C, 1 h. Legend: aNaOt-Bu (2.05 equiv), 1,4-dioxane (1.25 mL).
bAmine hydrochloride salt (1.2 equiv), NaOt-Bu (2.25 equiv), 1,4-
dioxane (1.25 mL). c6 h.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.4c09667
J. Am. Chem. Soc. 2024, 146, 26609−26615

26613

https://pubs.acs.org/doi/10.1021/jacs.4c09667?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c09667/suppl_file/ja4c09667_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2371332&id=doi:10.1021/jacs.4c09667
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+S.+Sigman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5746-8830
https://orcid.org/0000-0002-5746-8830
mailto:sigman@chem.utah.edu
mailto:sigman@chem.utah.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+L.+Buchwald"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3875-4775
https://orcid.org/0000-0003-3875-4775
mailto:sbuchwal@mit.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaibo+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8558-4396
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elaine+Reichert+Raguram"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9293-4382
https://orcid.org/0000-0002-9293-4382
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+R.+Howard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9184-6954
https://orcid.org/0000-0002-9184-6954
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ellyn+Peters"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cecilia+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09667?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09667?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09667?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09667?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09667?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c09667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The authors declare the following competing financial
interest(s): MIT has patents on ligands that are described in
this manuscript, from which S.L.B. and former coworkers
receive royalty payments.

■ ACKNOWLEDGMENTS
We thank MilliporeSigma for the donation of RuPhos. We
thank Dr. Peter Müller (MIT) for performing X-ray
crystallography. We thank Dr. Ryan King (MIT) for the
preparation of P2. We thank Dr. Esben P. K. Olsen for the
preparation of 4l. We acknowledge Drs. Dennis Kutateladze,
Michael Strauss, and Christine Nguyen (MIT) for their help in
editing this manuscript. We thank Dr. Lucas J. Karas (Utah)
for performing initial computational studies.

■ REFERENCES
(1) (a) Roughley, S. D.; Jordan, A. M. The Medicinal Chemist’s
Toolbox: An Analysis of Reactions Used in the Pursuit of Drug
Candidates. J. Med. Chem. 2011, 54, 3451−3479. (b) Schneider, N.;
Lowe, D. M.; Sayle, R. A.; Tarselli, M. A.; Landrum, G. A. Big Data
from Pharmaceutical Patents: A Computational Analysis of Medicinal
Chemists’ Bread and Butter. J. Med. Chem. 2016, 59, 4385−4402.
(c) Brown, D. G.; Bostrom, J. Analysis of Past and Present Synthetic
Methodologies on Medicinal Chemistry: Where Have All the New
Reactions Gone? J. Med. Chem. 2016, 59, 4443−4458.
(2) Ruiz-Castillo, P.; Buchwald, S. L. Applications of Palladium-
Catalyzed C−N Cross-Coupling Reactions. Chem. Rev. 2016, 116,
12564−12649.
(3) (a) Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the
Structural Diversity, Substitution Patterns, and Frequency of Nitrogen
Heterocycles among U.S. FDA Approved Pharmaceuticals. J. Med.
Chem. 2014, 57, 10257−10274. (b) Marshall, C. M.; Federice, J. G.;
Bell, C. N.; Cox, P. B.; Njardarson, J. T. An Update on the Nitrogen
Heterocycle Compositions and Properties of U.S. FDA-Approved
Pharmaceuticals (2013−2023). J. Med. Chem. 2024, 67, 11622−
11655. (c) Taylor, R. D.; MacCoss, M.; Lawson, A. D. Rings in Drugs.
J. Med. Chem. 2014, 57, 5845−5859.
(4) Ingoglia, B. T.; Wagen, C. C.; Buchwald, S. L. Biaryl
monophosphine ligands in palladium-catalyzed C−N coupling: An
updated User’s guide. Tetrahedron 2019, 75, 4199−4211.
(5) Maiti, D.; Fors, B. P.; Henderson, J. L.; Nakamura, Y.; Buchwald,
S. L. Palladium-catalyzed coupling of functionalized primary and
secondary amines with aryl and heteroaryl halides: two ligands suffice
in most cases. Chem. Sci. 2011, 2, 57−68.
(6) Park, N. H.; Vinogradova, E. V.; Surry, D. S.; Buchwald, S. L.
Design of New Ligands for the Palladium-Catalyzed Arylation of α-
Branched Secondary Amines. Angew. Chem., Int. Ed. 2015, 54, 8259−
8262.
(7) McCann, S. D.; Reichert, E. C.; Arrechea, P. L.; Buchwald, S. L.
Development of an Aryl Amination Catalyst with Broad Scope
Guided by Consideration of Catalyst Stability. J. Am. Chem. Soc. 2020,
142, 15027−15037.
(8) For implication/observation of heteroarene displacement of
monophosphine ligands beyond biarylphosphines, see: (a) Paul, F.;
Patt, J.; Hartwig, J. F. Structural Characterization and Simple
Synthesis of {Pd[P(o-Tol)3]2}. Spectroscopic Study and Structural
Characterization of the Dimeric Palladium(II) Complexes Obtained
by Oxidative Addition of Aryl Bromides and Their Reactivity with
Amines. Organometallics 1995, 14, 3030−3039. (b) Wagaw, S.;
Buchwald, S. L. The Synthesis of Aminopyridines: A Method
Employing Palladium-Catalyzed Carbon−Nitrogen Bond Formation.
J. Org. Chem. 1996, 61, 7240−7241.
(9) Reichert, E. C.; Feng, K.; Sather, A. C.; Buchwald, S. L. Pd-
Catalyzed Amination of Base-Sensitive Five-Membered Heteroaryl
Halides with Aliphatic Amines. J. Am. Chem. Soc. 2023, 145, 3323−
3329.

(10) For a discussion of the inhibition of the RuPhos-supported
catalyst by five-membered heteroarenes, see ref 9. See the Supporting
Information for experiments probing the inhibition of the RuPhos-
supported catalyst by coordinating six-membered N-heteroarene
additives.
(11) Fors, B. P.; Watson, D. A.; Biscoe, M. R.; Buchwald, S. L. A
Highly Active Catalyst for Pd-Catalyzed Amination Reactions: Cross-
Coupling Reactions Using Aryl Mesylates and the Highly Selective
Monoarylation of Primary Amines Using Aryl Chlorides. J. Am. Chem.
Soc. 2008, 130, 13552−13554.
(12) L3 is effective for the coupling of secondary amines with
smaller, five-membered heteroaryl halides. See ref 9.
(13) Strieter, E. R.; Buchwald, S. L. Evidence for the Formation and
Structure of Palladacycles during Pd-Catalyzed C−N Bond Formation
with Catalysts Derived from Bulky Monophosphinobiaryl Ligands.
Angew. Chem., Int. Ed. 2006, 45, 925−928.
(14) For examples of sterically controlled regioselectivity in Pd-
catalyzed C−H activation reactions, see: (a) Neufeldt, S. R.; Sanford,
M. S. Controlling Site Selectivity in Palladium-Catalyzed C−H Bond
Functionalization. Acc. Chem. Res. 2012, 45, 936−946. (b) Kalten-
berger, S.; van Gemmeren, M. Controlling Reactivity and Selectivity
in the Nondirected C−H Activation of Arenes with Palladium. Acc.
Chem. Res. 2023, 56, 2459−2472.
(15) L4−L9 were synthesized with cyclopentyl groups on
phosphorus (instead of cyclohexyl groups, as in L1 and L3) due to
ease of isolating the precatalysts P4−P9. L5 and L9 analogs with
cyclohexyl groups on phosphorus performed similarly to L5 and L9,
respectively; see the Supporting Information for details.
(16) Hirsch, J. A. Table of Conformational Energies. In Topics in
Stereochemistry; Allinger, N. L., Eliel, E. L., Eds.; Wiley, 1967; Vol. 1,
pp 199−222. DOI: 10.1002/9780470147108.ch4.
(17) Hansch, C.; Leo, A.; Taft, R. W. A survey of Hammett
substituent constants and resonance and field parameters. Chem. Rev.
1991, 91, 165−195.
(18) See the Supporting Information for a discussion of the
performance of a variety of other biarylphosphine ligands, including
additional newly synthesized 3′,5′-disubstituted ligands.
(19) Gensch, T.; dos Passos Gomes, G.; Friederich, P.; Peters, E.;
Gaudin, T.; Pollice, R.; Jorner, K.; Nigam, A.; Lindner-D’Addario, M.;
Sigman, M. S.; Aspuru-Guzik, A. A Comprehensive Discovery
Platform for Organophosphorus Ligands for Catalysis. J. Am. Chem.
Soc. 2022, 144, 1205−1217.
(20) Verloop, A.; Hoogenstraaten, W.; Tipker, J. Chapter 4 -
Development and Application of New Steric Substituent Parameters
in Drug Design. In Drug Design: Medicinal Chemistry: A Series of
Monographs; Ariëns, E. J., Ed.; Academic Press: New York, 1976; Vol.
7, pp 165−207.
(21) See the Supporting Information for 1H NMR spectroscopic
analysis of P5−P9, which indicates that these oxidative addition
complexes are all predominantly O-bound. The C-bound isomer was
not observed by NMR or by X-ray crystallography.
(22) The FPhos (L9)-supported catalyst is more resistant to
inhibition by coordinating N-heteroarene additives than the RuPhos
(L1)-supported catalyst. See the Supporting Information for details.
(23) Arrechea, P. L.; Buchwald, S. L. Biaryl Phosphine Based Pd(II)
Amido Complexes: The Effect of Ligand Structure on Reductive
Elimination. J. Am. Chem. Soc. 2016, 138, 12486−12493.
(24) Olsen, E. P. K.; Arrechea, P. L.; Buchwald, S. L. Mechanistic
Insight Leads to a Ligand Which Facilitates the Pd-Catalyzed
Formation of 2-(Hetero)Arylaminooxazoles and 4-(Hetero)-
Arylaminothiazoles. Angew. Chem., Int. Ed. 2017, 56, 10569−10572.
(25) Hartwig, J. F.; Richards, S.; Barañano, D.; Paul, F. Influences on
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