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Abstract. Zerovalent palladium complexes are ubiquitous active species in modern cross-coupling 

reactions that comprise many premier methods for the construction of C–C and C–heteroatom bonds in 

organic synthesis. While palladium(0) complexes stabilized by two or more dative ligands are widely known, 

the most active form of Pd(0) coordinated by a single ancillary ligand (“monoligated Pd(0)”) has long 

eluded direct characterization. We report the synthesis and unambiguous solution- and solid-state 

characterization of functionally 12-electron Pd(0) complexes coordinated by a single tri(1-

adamantyl)phosphine (PAd3) ligand. Access to these fleeting intermediates was achieved by enabling B-

to-Pd transmetalation reactions that occur at cryogenic temperature. This work opens new avenues to 

experimentally interrogate highly reactive on-cycle Pd(0) catalysts and their structure-dependent reactivity 

and speciation, which should be broadly informative in continuing studies of catalytic processes featuring 

the prevalent Pd(0)/Pd(II) redox couple. 

 

Introduction 

Palladium complexes catalyse an unrivaled diversity of cross-coupling reactions that forge carbon-carbon 

bonds and carbon-heteroatom (e.g., C–N, C–O, C–S) bonds1, which comprise some of the most utilized 

organometallic reactions in the synthesis of pharmaceutical intermediates, agrochemicals, fine chemicals, 

and organic electronic materials2. The general features of cross-coupling catalytic cycles have been 

confirmed through extensive experimental and computational mechanistic studies, and factors that affect 

each elementary step are widely known. A typical reaction mechanism proceeds by transfer of an organic 

group to the zerovalent catalyst by oxidative addition (OA) of an electrophile, followed by transfer of a 

second organic group from a nucleophilic reagent by transmetalation (TM) to the catalyst then product 

formation through bond-forming reductive elimination (RE)3. Trapping of a Pd(0) complex by organic 

electrophiles or oxidants is a universally conserved first step across all cross-coupling reactions as well as 

related transformations that rely on a Pd(0)/Pd(II) redox couple, such as Tsuji-Trost allylation4, 

carbonylation5, C–H functionalization6,7, and Wacker-type oxidations8. However, the coordinatively-

unsaturated active state of zerovalent Pd catalysts bound by a single ancillary ligand lack has long eluded 

direct experimental characterization in the solution state. Uncertainties about the structure and structure-

dependent reactivity of such key catalytic intermediates constitute an impediment toward continuing 

development of more efficient, selective, and sustainable cross-coupling processes. 
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Figure 1. (A) Illustrative examples of stable Pd(0) complexes of the general formula LnPd(0) where n >1 
and L = dative ligands (e.g., phosphines, alkenes)9-11, (B) typical, unfavorable ligand dissociation equilibria 
to form the most active state of a Pd(0) catalyst12, and (C) structure of an on-cycle Pd(0) complex 
coordinated by a single ancillary ligand characterized in this work (ArF2 = 2,6-F2C6H3).   

Monoligated Pd(0) species have been frequently proposed in catalytic cycles and implicated from 

kinetic studies13, but they have been exceedingly difficult to detect due to their coordinatively unsaturated 

and consequently highly reactive nature14. Conversely, Pd(0) complexes that contain more than one 

ancillary ligand, such as strong σ-donors (i.e., phosphines or N-heterocyclic carbenes) or π-acceptors 

(alkenes), can be sufficiently stable to isolate (Fig 1A)9-11,15-18, but these complexes are generally inactive in 

their native form and must undergo one or more thermodynamically unfavorable ligand dissociations to 

enter a catalytic cycle. These pre-equilibria strongly suppress the concentration of the active Pd(0) catalyst 

and throttle catalytic efficiency as a consequence and can even gate selective OA reactions.19 Consider 

the classic cross-coupling catalyst (Ph3P)4Pd(0) as a representative case, which only reluctantly dissociates 

phosphine (Kd ≤ 1.5 × 10–5 M)12 to generate (Ph3P)2Pd(0). Assuming additional phosphine dissociation from 

the bis(phosphine) complex is at least as unfavorable as from the tris(phosphine) complex, the equilibrium 

concentration of monoligated Pd(0) generated from (Ph3P)4Pd(0) would be sub-nanomolar under normal 

circumstances and thus kinetically inconsequential (Fig 1B). This accounts for the well-documented inability 

of PPh3-coordinated Pd(0) to activate electrophiles possessing strong carbon-halogen bonds, such as 

chloroarenes20,21, because OA of this electrophile class requires access to functionally 12-electron Pd(0)22. 

On the other hand, modern catalysts competent to promote difficult oxidative addition reactions featured 

in contemporary cross-coupling methods take advantage of hindered ancillary ligands that disfavor the 

formation of inactive Pd(0) species with higher coordination numbers22. 

It should be of little surprise that monoligated Pd(0) species have been suggested to be difficult, or 

even impossible, to characterize unambiguously in solution23. The detection of such species in the gas 

phase by mass spectrometric techniques has been a notable advance in this regard, using either a charge 

tagged phosphine ligand24 as a ligand or by analysis through desorption electrospray ionization mass 

spectrometry25. However, the ionization processes may be sufficiently energetic to eject weakly associated 

molecules from the metal coordination sphere thus introducing some potential limitation of these methods 
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to divine the full solution phase structures. In that regard, theoretical investigations have gleaned insights 

into the solution phase23,26-29. Ab initio molecular dynamic simulations by Lledós suggested (Ph3P)Pd(0) 

may exist as a solvent-coordinated species29, but to date experimental validation has been lacking. 

Condensed phase characterization of these species has remained an outstanding challenge and could 

unlock important new details about their structure and the dependence of stability and reactivity on 

ancillary ligand identity at this oxidation state. In this study, we report definitive solution spectroscopic 

and crystallographic characterization of catalytically relevant Pd(0) complexes coordinated by a single 

monodentate ancillary ligand PAd3 (Ad = 1-adamantyl) (Fig 1C). The use of PAd3, recently reported by our 

group, was key to accelerating B-to-Pd TM at a sufficiently low temperature to stabilize coordinatively 

unsaturated Pd(0)30-34.  

 
Results 
A first-generation synthesis of a (Ad3P)Pd(0) complex was adapted from a previously reported 

stoichiometric TM reaction by our group, which was shown to occur between the organopalladium cation 

[(PAd3)Pd(p-FC6H4)(THF)]+BF4
– (1) and arylboronic acids even below room temperature (Fig 2)32. When 

excess C6F5B(OH)2 was added to a THF solution of 1 at -70 °C, biaryl products were spectroscopically 

detected as a result of rapid TM then RE. Additionally, analysis by 31P NMR spectroscopy at -70 °C 

indicated complex 1 was cleanly converted to a single new phosphorus-containing product 2 (δP 95.1 

ppm), which was tentatively assigned to be a (Ad3P)Pd(0) species based on the concomitant formation of 

biaryl. While species 2 was persistent at -70 °C, it gradually disappeared upon raising the solution 

temperature to -50 °C. Decomposition to (Ad3P)2Pd(0) (3, δP 79.1 ppm) was detected upon warming to 

room temperature, which presumably occurs by bimolecular ligand disproportionation between two 

monoligated species along with formation of a proportional amount of Pd black (Fig 2). In a separate 

  

 
Figure 2. Reactivity profile of 2 generated from cationic TM supports its identity as (Ad3P)Pd(0) (ArF = 4-
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experiment, a solution of 2 generated with C6F5B(OH)2 (2 equiv) at -70 °C was trapped by addition of the 

electrophile p-FC6H4Br (100 equiv). Exclusive formation of the known T-shaped oxidative addition complex 

(Ad3P)Pd(p-FC6H4)Br (4) was observed by NMR spectroscopy after warming slowly to room temperature 

(Fig 2). Both the ligand disproportionation and fast oxidative addition reactions are consistent with the 

expected high reactivity of an on-cycle (Ad3P)Pd(0) intermediate. 

While preliminary reactions of 2 implicated a potential monoligated Pd(0) species, several reasonable 

structures of this complex 2 must be considered, such as mononuclear (Ad3P)Pd(0), [(Ad3P)Pd0]n clusters,  

π-arene and solvento complexes (Fig 3A). The large excess of boronic acid required to cleanly form 2 
under these conditions complicated initial efforts to fully characterize the monoligated Pd(0) species. We 

thus turned to extended X-ray absorption fine structure (EXAFS) to differentiate between plausible 

structures in solution35,36. The collected spectra were interpreted by real-space multiple-scattering theory 

and compared to the simulated spectra of the proposed structures. The presence of a Pd–Pd bond 

expected for Pd(0) clusters was ruled out based on the absence of an intense peak at ca. 2.7 Å associated 

with Pd–Pd scattering in the spectrum of a Pd-foil standard (Fig 3B). A 12-electron mononuclear structure 

(5) was also excluded because of poor fitting of the simulated spectrum to the experimental data. On the 

other hand, the simulated spectra for a THF complex 6 and a model π-arene complex (Ad3P)Pd0(η2-C6H6) 

both agree well with the experimental data. While these latter two structures are not readily differentiated 

by the EXAFS measurements, other experimental and computational studies were conducted to illuminate 

important structural details of the zerovalent species.  

Density functional theory (DFT) calculations were performed to interrogate the relative ground-state 

energies of a variety of potential solvento and π-arene complexes.  Optimization of structures with general 

formula (Ad3P)Pd0(THF)n (n = 1–3) led to convergence of higher coordinate 16- and 18-electron species to 

the low coordinate complex (Ad3P)Pd0(THF) (6), which is 9.6 kcal/mol lower in free energy than 

mononuclear (Ad3P)Pd(0) species 5 (Fig 3A). Similarly, optimization of putative 18-electron (Ad3P)Pd(0)(η6-

arene) complexes (arene = 2,3,4,4’,5,6-hexafluorobiphenyl (HFB) or pentafluorophenylboronic acid) 

converged to low coordinate η2-arene species 7 or 8 that are 11.9 and 11.3 kcal/mol lower in free energy 

than 5, respectively (see ESI for structures and energies of other solvento or π-arene Pd(0) complexes). 

Consistent with EXAFS measurements, the DFT data support 14-electron Pd(0) complexes as 

thermodynamically most favorable. The calculated free energies of the (Ad3P)Pd(THF) 6, 

(Ad3P)Pd(η2C2 ′ ,C3 ′-HFB)  7, and (Ad3P)Pd(η2C1,C2-C6F5B(OH)2) 8 differ by only ca. 2 kcal/mol thus 

precluding clear differentiation between these candidate structures. Related (Ad3P)Pd(0) complexes 

coordinated by an aryl halide (e.g., 9) also favor the η2-coordination mode (Fig 3C), similar to 7 and 8. 
Interconversion of 9 to an η1-arene species (10) by π-walking is facile and nearly isoergic, which facilitates 

concerted oxidative addition with an energy barrier of only ΔG‡
203 = 7.5 kcal/mol relative to the η2-arene 

ground state. These data suggest arene coordination to (Ad3P)Pd(0) is dynamic and the monoligated π-

arene complexes are highly reactive toward OA, as expected.
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Figure 3. (A) Plausible structures for the Pd(0) product formed in Fig 2 and lowest free energy DFT-
optimized structures. (B) EXAFS spectra of the Pd(0) species (solid blue line) and best-fit interatomic 
distances for Pd foil (dashed blue line), (Ad3P)Pd0(THF) (dashed green line), or (Ad3P)Pd0(η2-C6H6) (dashed 
red line) species. (C) Calculated energetics for oxidative addition to (Ad3P)Pd(0). Free energies (enthalpies) 
in kcal/mol (203.2 K); distances in Å. M06/6-311+G(d,p)-SDD/SMD(THF)//B3LYP-D3/6-31G(d)-SDD.  
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NMR spectroscopic analysis, was desirable to facilitate structural disambiguation of the low coordinate 
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fluorine effect in mind, Denmark and coworkers previously established stoichiometric TM of [Pd(PtBu3)(p-

C6H4F)(µ-OH)]2  (12) with p-FC6H4B(OH)2 arrested at a pre-transmetalation Pd-boronate complex at ≤–

60 °C (Fig 4B), which facilitated the first characterization of those catalytic interemediates39,40. We found 

 that a pre-transmetalation intermediate was not detected upon treatment of complex 12 with C6F5B(OH)2 

rather than p-FC6H4B(OH)2 in toluene/THF at -70 °C. Instead, we observed complete consumption of 12, 
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assigned to be a (tBu3P)Pd(0) species analogous to 2 based on the similarity of 31P NMR chemical shifts 

(and the general similarity between δP values of other known Pd congeners coordinated by PtBu3 or PAd3).  

 
Figure 4. (A) Large substituent effect on rates of protodemetalation (B-to-H+ transfer) that, by the isolobal 
analogy, inspired a strategy for (B) accelerated B-to-Pd TM via the classic hydroxo pathway to access 
detectable levels of monoligated Pd(0) species in solution. 

Improved chemical stability of coordinated PAd3 over PtBu3 toward certain metal-mediated 

decomposition pathways has been noted previously30. We thus synthesized an analogue of 12, 

[Pd(PAd3)(p-CF3OC6H4)(µ-OH)]2  (14), to test whether formation of side products is suppressed by this 

ligand exchange to potentially aid attempted isolation of a low coordinate Pd(0) species. We observed 

that reaction of complex 14 with C6F5B(OH)2 indeed afforded a single observable species by 31P NMR (δP 

= 91.6 ppm, 75%, Fig 5A) under otherwise identical conditions that generated a mixture of products from 
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cleanly to form a product (15) even with reduced boronic acid loading compared to those in the earlier 

cationic TM reactions at low temperature. Peak broadening is observed in the 31P NMR spectrum when 

the reaction is conducted in THF but without added toluene, which leads us to propose the product 15 is 

a toluene adduct of (Ad3P)Pd(0). Addition of p-FC6H4Br (120 equiv) to a solution of (Ad3P)Pd(0) in THF at -

78 °C led to formation of the oxidative addition complex 4 in excellent yield (96%) within 1 min upon 

warming to -50 °C. The facile reaction from the p-fluorobromobenzene-coordinated species is qualitatively 

consistent with the low calculated oxidative addition barrier (vide supra). Despite repetitive attempts, we 

were unable to characterize the labile solvent ligand or to obtain single crystals of 15. 

The behavior of (Ad3P)Pd(0), generated from 14, was subsequently tested in the presence of additives 

(20 equiv each) such as phenanthrene, 1,3,5-tris(trifluoromethyl)benzene, or 1-nitronaphthalene to aid 

crystallization and structure characterization. Upfield 31P NMR chemical shifts (81–84 ppm) were observed 

suggesting favorable coordination of these exogenous arenes to the Pd complexes (see ESI, Fig S61–S64). 

The phenanthrene-containing Pd species (16) in particular was persistent under nitrogen at -80 °C over 3 

days, which was a sufficient period of time to obtain a single crystal suitable for analysis by X-ray diffraction. 

The solid-state structure of 16 confirmed this complex to be (Ad3P)Pd0(h2C33,C46-phenanthrene) shown 

in Fig 5A consistent with the favorability of an h2-arene structure from earlier EXAFS and DFT data. The P–

-60 °C to
-100 °C

tBu3P
Pd

ArF
2

H
O

-70 °C
ArArFP Pd0 +

93%
(Ar = C6F5)

Denmark (2016)

ArF = 4-FC6H4; 
[Pd] = Pd(PtBu3)ArF

12

“                      ”

ArFB(OH)2

C6F5B(OH)2

[Pd]

HO

[Pd] O

B

O
H

H

ArF

OH

this work

O

B H

O
H

Ar

B
OHHO

OH
δ–

HO
HO

Hδ–
‡

H2O
Ar H

F F

FF
F

– B(OH)3
(Ar = C6F5)

Lloyd-Jones (2017)

krel = 1

A.

– OH

– B(OH)3

F

B.

H2O
(Ar = ArF) -60 °C to

-100 °C

13 (49%)

krel > 4 × 108



 7 

Pd–centroid angle of 169.5° indicates complex 16 adopts a slightly distorted linear, two-coordinate 

geometry. 

 

Figure 5. (A) Second-generation route to (Ad3P)Pd(0) species by the hydroxo pathway for TM; synthesis of 
complex 16 in the presence of phenanthrene and its solid-state structure (thermal ellipsoids shown at 50% 
probability; H atoms omitted), (B) Synthesis and NMR spectroscopic characterization of an on-cycle, 
product-bound catalyst 18. Free energies (enthalpies) in kcal/mol (203.2 K) and normalized to 5; distances 
in Å. M06/6-311+G(d,p)-SDD/SMD(THF)//B3LYP-D3/6-31G(d)-SDD (ArF2 = 2,6-F2C6H3). 

Analysis of geometric parameters for this complex also provided insight into the nature of the bonding 

between Pd and the coordinated arene, which appears to be weaker than coordination of alkenes in stable 

Pd(0) complexes. The bond length of C33–C46 in complex 16 (1.396(5) Å) is slightly longer than that in 

free phenanthrene (1.372 Å)41 but shorter than that in (Et3P)2Ni0(h2-phenanthrene) (1.428(2) Å)42, which is 

consistent with relatively weaker p back-bonding from Pd(0) to arene. Furthermore, the Pd–C33 and Pd–

C46 bond lengths in 16 (2.205(3) and 2.177(3) Å, respectively) are close to the values (2.23 Å and 2.24 Å) 

calculated using DFT. These values are longer than metal-carbon bonds in common palladium(0) π-alkene 

B.

P
Pd Pd0P

tol./THF, –70 °C
– biaryl (78%)

15 (75%)
δP 91.6 ppm

14
2

H
O

P
Pd

THF-d8 , CD2Cl2
–70 °C

18 (66%)
δP 82.7 ppm

17
2

H
O

Pd0P

ArF2

NO2Ha

Hb

Hg

Hf

Hh

Hc
Hd

He

A.

C6F5B(OH)2

phen

2,6-F2C6H3B(OH)2

Pd0P

Me

THF,  –70 °C
– biaryl

CF3O

NO2

(          NOE-correlated resonances)

C6F5B(OH)2

–17.9, (–28.7)

–12.3, (–21.1)

16 (87%)
δP 85.4 ppm –17.1, (–27.1) 16

≡

≡

≡



 8 

complexes (ca. 2.04-2.13 Å)43. This likely reflects weaker bonding of an arene to Pd(0) versus common π-

acceptors, such as  dibenzylideneacetone (dba) and 1,5-cyclooctadiene (see examples in Fig 1A).  

Calculation of Ittel-Ibers parameters44 provided an additional quantitative assessment of back-bonding 

based on the nonplanarity of coordinated phenanthrene carbons in the solid-state structure of 16 (see ESI 

for full details). The value α	is defined as the angle between the normals to the planes comprised of the 

substituent groups bonded to C33 or C46 in coordinated phenanthrene; β and	β’ are defined as the angles 

between the C33–C46 bond and C33 or C46 substituent planes, respectively. Increasing values of α and 

decreasing values of β and	β’ reflect enhanced metal back-bonding that bends the ligand substituents 

away from the metal center. The α	value is 40.5° for complex 16, which is lower than the aforementioned 

(Et3P)2Ni0(h2-phenanthrene) complex (44.2°) and significantly less than for a representative π-alkene 

complex (1,5-cyclooctadiene)2Pd(0) (50.2°). Likewise, the angles β and β’ are 70.4° and 69.1° for 16 and 

are comparably larger than the respective angles in the aforementioned Ni(0) complex (67.6° and 68.3°) 

or in (COD)2Pd(0) (64.7° and 65.2°). The smaller α and larger	β	and β′ values for 16 reinforce that p back-

bonding to coordinated phenanthrene is relatively weak in this monoligated Pd(0) complex.  

We also observed solution-state behavior supporting weak, dynamic coordination of arene. The NMR 

resonances corresponding to protons attached to C33 and C46 of phenanthrene within 16 were shifted 

significantly upfield (ΔδH >1 ppm) relative to free phenanthrene. This facilitated analysis by Exchange 

Spectroscopy (EXSY) NMR, which indicated bound and free phenanthrene undergo fast exchange on the 

NMR time scale at -70 ºC. Together these spectroscopic data along with geometric (Ittel-Ibers) parameters 

support the notion that π-arene association to (Ad3P)Pd(0) is dynamic and can be considered distinct from 

the tightly binding π-alkenes of most Pd(0) and Ni(0) complexes. This also may help to rationalize the highly 

reactive nature of (Ad3P)Pd0 species compared to more stable Pd(0) complexes, such as the illustrative 

examples shown in Fig 1A. 

The structure of a biaryl-bound Pd(0) species that is formed immediately after RE – a true on-cycle 

(active) form of a contemporary Suzuki-Miyaura coupling (SMC) catalyst – was also unambiguously 

characterized in solution. Because coordination of 1-nitronaphthalene to (Ad3P)Pd(0) was more favorable 

than solvent coordination (vide supra), we postulated a biaryl containing a 1-nitronaphthalene fragment45 

that is generated from C–C bond forming RE might associate to (Ad3P)Pd(0) long enough to characterize 

in solution. A suitable palladium hydroxo complex [Pd(PAd3)(8-nitronaphthalyl)(µ-OH)]2 (17) was prepared 

to test this hypothesis. Reaction between 17 and 2,6-F2C6H3B(OH)2 (5 equiv) in THF-d8 and CD2Cl2 at -

70 °C occurred to form a new product 18 as observed by 31P NMR (δP = 82.7 ppm) in 66% yield (Fig 5B).  

The structure of 18 was determined by 1H NMR spectroscopy, 1H-1H correlated spectroscopy (COSY) 

and nuclear Overhauser effect spectroscopy (NOESY). Nuclear Overhauser effect between protons Hc, Hd, 

and He (shown in Fig 5B) in the biaryl ligand, 7-(2,6-difluorophenyl)-1-nitronaphthalene (FPNN), and 

protons Hf, Hg, and Hh in PAd3 confirms 18 to be a biaryl-bound (Ad3P)Pd(0) complex. The resonances for 

protons Ha and Hb are shifted upfield by ΔδH 2.08 and 1.54 ppm, respectively, relative to free FPNN; the 
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chemical shifts of other protons on the naphthyl fragment in 18 are not significantly changed upon 

coordination (ΔδH < 0.23 ppm). These data are consistent with Pd coordination to C3 and C4 in the 

naphthyl ring distal to the nitro group and corroborate the NOESY structural assignment of 18 as a π-

arene complex (Ad3P)Pd0(h2C3,C4-FPNN) with Pd bound to the less hindered side of the FPNN naphthyl 

ring. As observed for complex 16, we also observed fast exchange between Pd-bound and free FPNN on 

the NMR time scale at -70 ºC as determined by EXSY NMR. These data are indicative of labile coordination 

of FPNN to (Ad3P)Pd(0) complexes and suggest complex 18 and related (Ad3P)Pd0(h2-arene) complexes 

can be regarded as functionally monoligated 12-electron species at ambient temperatures, such as under 

typical conditions for catalytic cross-coupling reactions.  

Lastly, we confirmed that the biaryl FPNN was cleanly formed in excellent yield (88%) when the SMC 

between 1-bromo-9-nitronaphthalene and 2,6-F2C6H3B(OH)2 was conducted using complex 4 as a catalyst 

under our previously reported conditions33. This supports the conclusion that complex 18 represents the 

product-bound form of an on-cycle Pd(0) catalyst formed immediately after turnover of a catalytic cycle. 

To our knowledge, this is the first unambiguous structural characterization of a post-reductive elimination 

Pd(0) intermediate coordinated by a single ancillary ligand. Access to such monoligated Pd(0) 

intermediates in solution could thus provide new opportunities to study catalytic phenomena not 

previously possible in an experimental context and elucidate new mechanistic information relevant to 

contemporary challenges in cross-coupling, such as fidelity control of catalyst transfer in cross-coupling 

polycondensation46-48 and ligand-dependent site selectivity in OA as a few representative examples11,49,50.  

Conclusion 

We report the first solution spectroscopic and crystallographic characterization of monoligated Pd(0) 

complexes, which unambiguously addresses outstanding questions about the existence and structure of 

very low coordinate Pd(0) intermediates involved in contemporary palladium-catalysed cross-coupling 

reactions24. The synthesis and characterization of on-cycle (active) (Ad3P)Pd(0) intermediates was 

accomplished by leveraging exceptionally facile transmetalation (TM) reactions at cryogenic temperatures 

beginning from T-shaped organopalladium complexes. The structure of these catalytic intermediates in 

solution was determined from EXAFS, DFT computational, and multi-nuclear one- and two-dimensional 

NMR spectroscopic analyses in addition to single crystal X-ray diffraction. Collectively these data suggest 

(Ad3P)Pd(0) complexes adopt exclusively low coordination states and associate only weakly with arene or 

solvent molecules in solution. These (Ad3P)Pd(0) species may thus be considered as functionally 12-

electron species, which helps to rationalize their exceptional reactivity in catalytic processes. We anticipate 

these results will be broadly informative in continuing investigations of modern cross-coupling reactions.
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Methods 
Representative synthesis of (Ad3P)Pd(0) by cationic transmetalation. A solution of complex 1 was first 

generated as follows: Pd(PAd3)(p-FC6H4)Br, 4 (9.0 mg, 12.5 μmol) was dissolved in THF (2.5 mL) in a 4 mL 

vial inside an inert atmosphere glove box. In a separate 4 mL vial, AgBF4 (19.5 mg, 100 μmol) was dissolved 

in THF (2 mL). Both solutions were chilled at -35 ºC (MeOH/H2O dry ice bath). An aliquot of the latter 

AgBF4 solution (50 μL, 2.5 μmol) was added to the solution of 4 (2.5 μmol, 0.5 mL) in a 4 mL vial at -35 ºC. 

The mixture was quickly shaken and then left in the cooling bath for 10 min to ensure full conversion to 

the cationic complex 1. Separately, an aliquot of a 100 mM solution of C6F5B(OH)2 in THF (40 μmol, 0.40 

mL, 40 equiv) was transferred to an NMR tube under nitrogen and cooled at -78 °C (acetone/dry ice bath). 

An aliquot of the solution of 1(1 μmol, 0.20 mL) was then added via syringe to the NMR tube maintained 

at -78 °C. The mixture was shaken vigorously for 10 s, let stand for 10 min at -78 °C, then inserted into the 

NMR probe. Complete conversion of 1 was determined from 19F and 31P{1H} NMR spectra at -70 °C; 

complex 2 was generated as the only observable phosphorus-containing product as determined by 31P{1H} 

NMR spectroscopy. 

Representative synthesis of (Ad3P)Pd(0) by neutral “hydroxo” transmetalation.  [Pd(PAd3)(p-CF3OC6H4)(µ-

OH)]2, 14 (5.4 mg, 3.75 μmol) and arene (7.5 μmol, 1 equiv to [Pd]total) were dissolved in THF-d8 (0.4 mL) in 

a 4 mL vial inside an inert atmosphere glove box. The resulting solution was transferred into an NMR tube 

containing a sealed capillary tube containing external standard (PCl3 and C6F7 in CD2Cl2) then capped with 

a rubber septum. Separately, a solution of pentafluorophenylboronic acid (8.0 mg, 38 μmol, 5 equiv to 

[Pd]total) dissolved in THF-d8 (0.2 mL) was drawn into a 1 mL syringe; the needle tip was inserted into a 

rubber stopper to prevent air exposure during transport. Both the NMR tube and syringe were taken out 

of the box, and an initial NMR was acquired at -70 °C. The boronic acid solution was then injected into the 

NMR tube while cooling in an acetone/dry ice bath (–78 °C). The NMR tube was shaken gently for 1 min 

after the addition then inserted in the NMR probe. 1H, COSY, and NOESY/EXSY NMR spectra were 

acquired at -70 °C. 

 

LnPd0 LnPd0 LnPd2+
Kd

 << 1

独Common “precatalysts”
独Extra ancillary ligands
    (n ≥ 2)

独Highly reactive
独Structurally elusive
    (n=1)

 On-Cycle ‘Monoligated’ Pd0

Solution-, Solid-State Characterization

On-cycleOff-cycle
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