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ABSTRACT: The existence of the oft-invoked intermediates containing F "The Missing Links"

the crucial Pd—O—B subunit, the “missing link”, has been established in

the Suzuki—Miyaura cross-coupling reaction. The use of low-temperature, F

rapid injecion NMR spectroscopy (RI-NMR), kinetic studies, and Hofs\ HO~ H
computational analysis has enabled the generation, observation, and O d. O/
characterization of these highly elusive species. The ability to confirm the #PrsP— Pd—P' Prg —
intermediacy of Pd—O—B-containing species provided the opportunity to O

Pd Pi-Prg

clarify mechanistic aspects of the transfer of the organic moiety from boron
to palladium in the key transmetalation step. Specifically, these studies
establish the identity of two different intermediates containing Pd—O—B
linkages, a tri-coordinate (6-B-3) boronic acid complex and a tetra-
coordinate (8-B-4) boronate complex, both of which undergo trans-
metalation leading to the cross-coupling product. Two distinct mechanistic pathways have been elucidated for stoichiometric
reactions of these complexes: (1) transmetalation via an unactivated 6-B-3 intermediate that dominates in the presence of an
excess of ligand, and (2) transmetalation via an activated 8-B-4 intermediate that takes place with a deficiency of ligand.

6-B-3 8-B-4

1. INTRODUCTION known about the intricate details of the transmetalation step for
these cross-coupling reactions.

The formation of transient, pre-transmetalation intermedi-
ates (Pd—O—M linkages) on the borderline of existence makes
their observation and especially isolation difficult in practice. As

Palladium-catalyzed cross-coupling reactions such as the
Kumada—Tamao—Corriu' (Mg), Suzuki—Miyaura® (B),
Stille—Migita—Kosugi3 (Sn), Hiyama—Denmark4 (Si), and
Negishi® (Zn) reactions have fundamentally changed the
practice of organic synthesis in both academic and industrial Pd]

settings alike (Figure 1).° Among these reactions, the Nobel @X + M@ —’
Prize-sharing Suzuki—Miyaura reaction is the premier cross-
coupling process, utilized across all disciplines of chemistry as
well as in the industrial synthesis of fine chemicals’ and
pharmaceuticals® owing to its demonstrated reliability, broad "
functional group compatibility, and access to a wide variety of Py @
commercially available boron-based reagents. At a fundamental

level, all of these reactions share the same basic catalytic cycle,
comprised of three elementary steps: oxidative addition,
transmetalation, and reductive elimination. The oxidative L L
addition and reductive elimination steps are common to all @"D,d‘@ @’P,d_x
cross-coupling variants; however, because the organometallic L L
donor is involved only in the transmetalation step, it is this

event that preparatively and mechanistically differentiates all of {ransmetalation Q
these processes. ©7P|d—M Q

The desire to understand the relationship between chemical ! M
structure and reactivity has led to many mechanistic
investigations of these elementary steps. Particularly, the Figure .1. Palladium-catalyzed cross-coupling reactions and general
oxidative addition” and reductive elimination'’ steps have mechanism.
been extensively studied, and those insights are applicable to all
of the cross-coupling reactions. However, except for the Stille'' Received: December 30, 2016
and more recently the Hiyama—Denmark'” couplings, far less is

M = MgX, BR,, SnR3, ZnX, SiR,
X =Cl, Br, |, OTf, N,*
Palladium Catalyzed Cross-Coupling Reactions

reductive oxidative
elimination addition
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a result, reaction kinetics, supported by computational
modeling, are often used to investigate the mechanism. Because
assumptions must be made about the identity of such
intermediates with these experimental methods, the character-
ization or isolation of a putative intermediate would provide
compelling evidence for their existence. However, here again,
model compounds must be kinetically validated to demonstrate
that the intermediate species is truly on the proposed reaction
pathway.

Despite the ubiquitous practice of the Suzuki—Miyaura
reaction, a fundamental understanding of the transfer of the
organic fragment from boron to palladium remains elusive.
Since the discovery of this reaction, two mechanistic pathways
(Path A and Path B, Scheme 1) that differ in the role of
hydroxide ion have been proposed to initiate the trans-
metalation event. If the “missing link” (intermediates such as
iii) between the starting materials and products could be
identified, it would provide an unprecedented opportunity to
directly interrogate the transmetalation step. Specifically, it
would provide insights into the structural features that influence
the rate of transmetalation from boron to palladium, which is
often the turnover-limiting step.'’
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Building upon our recent mechanistic investigations on the
transmetalation step in palladium-catalyzed coupling of organo-
silanolate salts,'”” a program of study was undertaken to
structurally, kinetically, and computationally characterize
arylpalladium(1I) arylboronate complexes in the Suzuki—
Miyaura reaction. If these intermediates could be prepared
and characterized, then their kinetic competence could be
established with various ligand systems, and the comparison of
these rates of transmetalation could be used to improve
reaction design, especially phosphine ligand selection, along
with other critical parameters for this cross-coupling process.

2. BACKGROUND

2.1. Pathways for Transmetalation. Currently, two
alternative processes (Path A and Path B) have been proposed
to initiate the transmetalation event which differ in the precise
role of the hydroxide ion which is required for the reaction to
proceed.'”"” Path A, the “boronate pathway”, proceeds through
saturation of the boron valence in 1 to yield a metal
trihydroxyarylboronate salt 2, which then displaces halide
from the oxidative addition product 3, generating species 4
containing the critical PdA—O—B linkage. Path B, the “oxo-

palladium pathway”, proceeds through displacement of halide
from the oxidative addition product 3 by hydroxide, thus
creating a palladium hydroxide complex S5, which then
combines with the Lewis acidic arylboronic acid 1, forging
the same pre-transmetalation intermediate 4 (Figure 2).

OH
HOLI OH
85 o HO. . OH
2 1
L
T Mon
PO g-oH
Path A L Path B
4
Pd-0-B
L ot L
Qpld—' QPd—OH
| |
L L
3 5

Figure 2. Proposed transmetalation pathways in the Suzuki—Miyaura
coupling process.

2.1.1. Early Experimental Evidence for the Transmetala-
tion Event. In 1979, Suzuki and Miyaura examined the
formation of 1,3-dienes by cross-coupling reactions between
alkenylboranes and bromoalkenes in the presence of (Ph,P),Pd
as the catalyst.'® They observed that alkenylboronate 6 and
(E)-p-bromostyrene 7 failed to react in the absence of alkoxide
bases, presumably because of the poor transmetalation
reactivity of a non-nucleophilic, tri-coordinate alkenylboronate.
However, upon the addition of NaOEt (2.0 equiv), the cross-
coupling process was activated, and product 8 was obtained in
an 80% yield (Scheme 2). Initially the base was proposed to
react with the Lewis acidic boron center to give a more
nucleophilic boronate (Path A),'” which is then capable of
transferring its organic group to palladium.

Scheme 2
Bu
% Br
=
/B (Ph),Pd (1 mol %)  BUNNF
oPo, 4 b \/\/\©
THF, 2h 8
no base: 0%
NaOEt (2 equiv): 80%
6 7

In 1985, Suzuki and Miyaura established that preformed
alkoxy-palladium complex 9 reacted with alkenylboronate 10 to
form 11, whereas chloropalladium complex 12 did not (Scheme
3)."® The suggestion that the base was capable of activating the
palladium center prior to transmetalation (Path B) created a
controversy that is still not fully settled. In any event, these
studies did not provide unambiguous evidence for the
intermediacy of species containing a discrete Pd—O—B linkage.

Preliminary evidence for the involvement of a Pd—O-B
moiety was provided by an early investigation by Soderquist”
in which the diastereospecificity of the transmetalation step was
examined. Subjecting both syn (13) and anti (14) deuterium-
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Scheme 3
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labeled isomers of B-(3,3,-dimethyl-1,2-dideuterio-1-butyl)-9-
BBN to standard Suzuki—Miyaura cross-coupling conditions
(THF, NaOH, (PhyP),Pd) led to complete retention of
configuration in the coupling product (Scheme 4). Although
no pre-transmetalation intermediate was observed, the
retention of configuration indirectly establishes that a Pd—
O-B linkage is involved in the transmetalation event.
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2.1.2. Computational Studies. Distinguishing the way in
which Pd—O-B linkages are formed in the Suzuki—Miyaura
reaction has proven to be challenging, as mechanistic studies
are complicated by biphasic reaction conditions (e.g., THF and
aqueous base) and by the poor solubility of inorganic bases and
metal organoboronate salts in many organic solvents.
Consequently, density functional theory (DFT) computational
studies have provided insights that suggest Path A is responsible
for the formation of pre-transmetalation intermediates.
Interestingly, in Ph,P-ligated complexes, Maseras and Ujaque™
have calculated that the displacement of bromide from the
oxidative addition product 18 with trihydroxyphenylboronate
(2) was slightly lower (AAG' = 2.6 kecal/mol) in energy than
the reaction of palladium hydroxide complex 19 with 1,
suggesting that both paths are capable of forming Pd—O—B
linkages. However, the displacement of bromide with hydroxide
from complex 18 was found to have a transition-state barrier of
18.6 kcal/mol, which su§gests that Path A is more favorable
than Path B (Figure 3).”" Moreover, the impact of phosphine

ligand on the transmetalation event has been computationally
studied in depth by Lloyd-Jones and Harvey using t-Bu,P,
(CF;)5P, (CH;)5P, and PhyP. In this investigation, the steric
parameters were found to be twice as important as the
electronic parameters in the transmetalation event.””

H
Path A HO\(I),OH HO.__OH Path B
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| | |
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‘ ot T
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Figure 3. DFT-calculated values for transmetalation.

2.1.3. Experimental Studies. Understanding the role of
hydroxide in the formation of the “missing link” iii (i.e, Path A
or Path B) has inspired many investigations by Soderquist,"”
Hartwig,”> Amatore and Jutand,”* and Schmidt.”® By perform-
ing stoichiometric reactions of preformed (Ph,;P),PdPhBr (18)
and (PhsP),PdPhOH*® (19) with 22 and 21 respectively,
Hartwig’s group established that Path B is favored over Path A
kinetically by more than 4 orders of magnitude (Scheme 5).

Scheme §
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Moreover, they established that the equilibrium population of
4-methylphenylboronic acid (21) and potassium 4-methylphe-
nyltrihydroxyboronate (22) in acetone/H,0 in the presence of
2.5 equiv of K,CO; is ca. 1:1. Interestingly, the relative
populations of trans-(Cy;P),(CsHs)Pd(OH) (24) and trans-
(Cy5P),(C¢Hs)PA(I) (5) are also approximately equal under
simulated catalytic reaction conditions (Scheme 6). This
conclusion was reinforced by extensive kinetic studies by
Amatore and Jutand, who also identified multiple antagonistic
roles for hydroxide ion. Although kinetic studies have provided
evidence for these pathways, the actual composition and
structure of the Pd—O—B-containing species have not been
determined.

2.1.4. Attempts To Detect Reactive Intermediates. To
observe pre-transmetalation intermediates, Canary and co-

1.0 equiv 21
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workers used electrospray mass spectrometry (ESI-MS) to
probe the catalytic reaction between phenylboronic acid (1)
and 3-bromopyridine (27) in toluene using (Ph;P),Pd and
sodium carbonate as the base.”” During the course of these
experiments, both [(pyrH) (Br)Pd(Ph;P),]* (28) and [(pyrH)-
(Ph)Pd(Ph;P),]* (29) are detected. The observation of the
oxidative addition intermediate 28 and transmetalation product
29 clearly demonstrates how difficult it is to investigate the
transmetalation step of the catalytic process (Scheme 7).

Scheme 7
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Cid and co-workers’ investigation on the transmetalation step
of the Suzuki—Miyaura reaction involved the use of *'P NMR
spectroscopy and computational methods.”'* The authors
combined 4-bromo-2-phenylpyridine (31) and phenylboronic
acid (1) with (Ph;P),Pd and were able to observe a *'P NMR
signal at 22.41 ppm, which was assigned to (Ph,P),PdAr-
[(HO);BAr] (32) (Scheme 8). The predicted structure is

Scheme 8
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based solely on DFT calculations. Although a new peak is
observed by *'P NMR spectroscopy, no further structure
determination was performed, thus precluding an assignment.

2.2. Formation of Related M—O—-X Complexes. The
transmetalation of arylboronic acids with complexes of late
transition metals such as Pd, Rh, and Pt has been postulated in
cross-coupling reactions as well as conjugate addition reactions.
However, the intermediates involved in the transmetalation
steps have rarely been observed for these processes. To date,
stable Pt and Rh complexes of arylboronic acids have been
characterized by single-crystal X-ray diffraction analysis. For
example, Osakada® prepared Pt—O—B compound 34 by
combining (Me,PhP),Pt(I)Ph (35) and 4-methoxyphenylbor-
onic acid (36) with Ag,0. Complex 34 is stable in THF until
base is added, which induces transmetalation to the diary-
Ipalladium intermediate 37 (Scheme 9).
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A similar Rh—O—B complex 38 prepared by Hartwig
undergoes transmetalation to form (Et,P);Rh(C¢H,OMe)
(39) when heated to 70 °C (Scheme 10).”” Interestingly, the
Rh—O—B complex is proposed to undergo transmetalation
without prior activation of the boron center.

Scheme 10
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A related study from these laboratories on the trans-
metalation step in the Hiyama—Denmark cross-coupling
process described the isolation and single-crystal X-ray
diffraction analysis of several compounds containing Pd—O—
Si linkages. These complexes enabled a systematic study on the
requirements for the transfer of the organic group from silicon
to palladium for both neutral (8-Si-4) and anionic (10-Si-S)
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pathways.'” These conclusions contradicted the paradigm that

organosilicon compounds must be anionically activated to
participate in the transmetalation processes. In general,
arylsilanolates require anionic activation and react via 10-Si-5
intermediate 41, whereas alkenylsilanolates undergo trans-
metalation directly from 8-Si-4 intermediate 42 (Figure 4). The
ability to perform a similar study with Pd—O—B linkages would
be ideal; however, the high propensity for transmetalation at
room temperature makes their isolation and characterization
difficult in practice.

HiC, CHs
sl CHs
HaCQ /CH3 | _CHs

Si—
44  tBusP—Pd—O 9\

(0]
/  activated

CH3
H3C\ /
Si—
/
t-BusP—Pd—O0O

AN neutral Jij
F 43
R\ = Netral ©/ = Activated

Figure 4. Hiyama—Denmark transmetalation pathways.

2.3. Rapid Injection NMR. Because of the apparently
transient nature of species containing Pd—O-B linkages,
routine methods such as ESI-MS and NMR spectroscopy are
often unable to identify and characterize these highly reactive
intermediates. Clearly, fast and low-temperature techniques are
required to probe the mechanism of this crucial transmetalation
step in the Suzuki—Miyaura reaction, as low barriers (AG' =
14—22 keal/mol) to transmetalation have been calculated.”*~**
One such technique that has proven invaluable in similar
mechanistic studies is rapid injection nuclear magnetic
resonance spectroscopy (RI-NMR).”> RI-NMR is a concep-
tually simple technique that was developed by McGarrity and
co-workers in 1981 for the observation and characterization of
reactive intermediates with short lifetimes.>' In practical terms,
an RI-NMR experiment involves charging a substrate, typically
the more sensitive compound, in an NMR tube spinning in the
probe of an NMR spectrometer. Next, a calibrated syringe
assembly is lowered into the magnet to allow for temperature
equilibration, shimming, locking, etc., which are then followed
by the injection of another reagent. Acquisition begins
simultaneously with injection, which allows for rapid data
collection. From the integration of the signals, the quantifica-
tion of each species in solution can be performed with an
internal standard. As a result, detailed quantitative kinetic data
can be accessed even for fleeting intermediates. If pre-
transmetalation intermediates could be generated and charac-
terized by this method, it would provide the first opportunity to
interrogate structure and reactivity relationships of this crucial
step.

2.4. Goals of this Study. The aim of this project is to
provide a complete understanding for the mechanism of the

Suzuki—Miyaura reaction by probing the pre-transmetalation
intermediate by low-temperature and RI-NMR spectroscopy
along with computational analysis. Specific goals include (1)
full characterization of reaction intermediates such as the pre-
transmetalation species 4, (2) validation of structure of the
proposed intermediates through independent synthesis, (3)
demonstration of the kinetic competence of the characterized
species containing Pd—O—B linkages to form cross-coupling
product, and (4) quantum mechanical simulation of the
transmetalation process 1nvolv1ng these intermediates by
computational modeling.*”

3. RESULTS AND DISCUSSION

3.1. Preparation and Structural Analysis of Pd—O—B
Complexes. 3.1.1. Preliminary Investigations of trans-
(PhsP),(4-FCs,H,)Pd(OH) with 4-Fluorophenylboronic Acid.
Previous investigations that employed palladium complex
[(Ph3P)(C¢H)PA(OH)], as described above directed our
preliminary studies to the use of fluorine-labeled derivatives
[(Ph;P)(4-FC¢H,)Pd(OH)], (46) and 4-fluorophenylboronic
acid (47)*° using 'F and 3'P NMR spectroscopy.”*

Addition of 4.0 equiv of Ph;P to a THF solution of dinuclear
complex 46 resulted in only trace conversion to trans-
(PhsP),(4-FC¢H,)Pd(OH) (48), indicating a thermodynamic
preference for the Pd—(u-OH)—Pd moiety (Scheme 11).%°
However, the addition of 4-fluorophenylboronic acid (1.0
equiv/Pd in 46) to this solution at —50 °C resulted in the
observation of a new complex by *'P and "F NMR
spectroscopy. Interestingly, the P NMR spectrum displayed
two singlets at —6.5 ppm (free Ph;P) and 20.60 ppm in a ratio
of 1:1, implying that the complex contained two molecules of
Ph;P based on the initial stoichiometry of starting materials.
The F NMR spectrum displayed a new set of signals at
—116.74 and —125.40 ppm in a 1:1 ratio. The observation of
two "’F NMR resonances excluded the assignment of the new
species as the product of transmetalation, trans-(Ph;P),(4-
FC¢H,),Pd (which should appear as a single resonance), and
was consistent with the assignment of an unsymmetrical species
containing a Pd—O—B linkage such as 49.

However, the complexity of the aromatic region in the 'H
and C NMR spectra prohibited assignments, thus making it
impossible to unambiguously identify the structure of the new

Scheme 11
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PhsP O Ph3P (4.0 equiv) PhsP—Pd—PPhg
pic T
THF-dg
-78 °C to -50 °C
Fa Fa
46 48

Fy

(|)H
B.
OH -
47 | OH
F
b

OH
1.0 equiv/Pd

THF-dg
~78 °C to -50 °C

quantitative

H—

—O---

PhsP—Pd—PPh,

Fa 49

DOI: 10.1021/jacs.6b13384
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/jacs.6b13384

Journal of the American Chemical Society

Scheme 12
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species. Therefore, to clear the aromatic region of interfering
signals, the Ph;P ligand was replaced with a trialkylphosphine, i-
Pr;P, which readily forms stable mononuclear bis-phosphine
palladium hydroxide complexes such as trans-(i-PrsP),(4-
FC¢H,)Pd(OH) (50).>° Thus, our efforts switched to the
study of mononuclear bis-phosphine palladium complexes to
identify the key intermediate.

3.1.2. Reaction of trans-(i-Pr;P),(4-FCsH,)Pd(OH) with 4-
Fluorophenylboronic Acid and 4-Fluorophenylboroxine.
Combination of trans-(i-Pr;P),(4-FC¢H,)Pd(OH) (50) and
arylboronic acid 47 with 2.0 equiv of i-PryP*° in THF-dg at —
°C, followed by warming to —60 °C, did not result in the
formation of a new intermediate. Upon warming the solution at
—30 °C for 3 h, quantitative conversion to a new discrete
species was observed (Scheme 12, left). The bonding
connectivity of the new species was established by the
observation of strong, through-space interactions between aryl
protons Hy, and Hy with the methyl hydrogens on the i-Pr;P
group in the NOESY spectrum. This interaction reveals that
both aryl residues were proximal to the phosphines and thus
establishes the presence of a PdA—O—B linkage (Figure S). The
identity of the carbon bound to the boron atom C(1) was
revealed in the HMBC ("H—"3C) spectrum by the observation
of cross peaks between the BOH hydrogen with a single '*C
signal at 138.68 ppm (red bonds).

PCH(CH,),

a
%
a

PCH

Hy Hy HH,

(l

N

) )
PCHICHy); == _ o Mg
‘ h ' ‘ ﬁ v

Figure 5. NOESY spectrum of complex S1.

The coordination geometry at the palladium atom was
established by the appearance of the *C NMR signal of the
isopropyl methine carbon (PCH) at 25.38 ppm as an apparent
triplet (Jo_c = 10 Hz) owing to virtual coupling,”” along with a
solitary *'P NMR signal at 29.98 ppm. These data indicate a
trans arrangement of phosphine ligands bound to palladium.
The valence state at boron was established by the observation

of a "B NMR si §nal at 29 ppm, indicating a tr1 coordinate
geometry (6-B-3)" that was also seen in the Pt*® and Rh*
complexes, 34 and 38, mentioned above.

Support for the structural assignment of complex 51 was
provided by an independent preparation from 4-fluorophenyl-
boroxine (52) (0.33 equiv) and complex 50 with 2.0 equiv of i-
Pr;P in THF-dg at =78 °C, followed by warming to —60 °C.
Under these conditions, a ca. 50% conversion to complex 51
was observed, with the remainder forming 4,4’-difluorobiphenyl
cross-coupling product 53 (Scheme 12, right). The similarity of
the spectroscopic data from these two independent syntheses,
including the NOE cross peaks and B NMR chemical shifts,
provides compelling support for the structural assignment of 51
as a 6-B-3 palladium(II) complex containing a Pd—O-B
linkage.

3.1.3. Reaction of trans-(i-Pr;P),(4-FCsH,)Pd(l) with 4-
Fluorophenylboronate Salts. An alternative preparation of the
intermediate involves the direct displacement of halide from the
bis-phosphine-ligated oxidative addition product, trans-(i-
Pr,P),(4-FC¢H,)Pd(I) (54).>> However, treatment of a THF
solution of complex 54 with 3.0 equiv of potassium 4-
fluorophenylboronate (55) at —30 °C in THF with 2.0 equiv of
i-Pr;P resulted in no reaction (Scheme 13, left). Even upon
warming to 30 °C, no cross-coupling product 53 was observed.
The lack of reaction is most likely due to the steric hindrance at
the palladium center provided by the bulky phosphine ligands,
as well as the low solubility of 55 in THF.

To activate the palladium center toward nucleophilic attack,
54 was combined with 3.0 equiv of thallium 4-fluorphenylbor-
onate (56) containing 1.0 equiv of i-Pr;P and dibenzo-22-
crown-6> to facilitate halide abstraction (Scheme 13, right).
Although only a 10% conversion to 51 was observed by '°F and
3P NMR spectroscopy, the experiment demonstrated that
intermediate 51 could be formed directly from complex 54.

3.1.4. Attempts To Generate an 8-B-4 Complex from 51.
The formation of 6-B-3 complex 51 may arise either from a
kinetically generated 8-B-4 complex 57 followed by rapid
elimination of a single molecule of water or from displacement
of a molecule of water from ion pair 5§7’, which may be
generated by protonation of complex 50 by boronic acid 47
(Scheme 14)."° Because these experiments were performed in
anhydrous THEF, it is conceivable that the 8-B-4 complex 57 is
thermodynamically unstable. Thus, a number of attempts to
add water back were undertaken, beginning with generating 51
in THF/H,O (99:1) mixtures; however, no changes in the *'P,
F, or "B NMR spectra were observed at —30 °C (Scheme
14).

Next, the use of CsOH-H,O was explored by combining 6-B-
3 complex 51 (from S0 and 47, vide supra) in THF at —78 °C
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with a solution of CsOH-H,0O (5.0 equiv) in methanol. The
sample was monitored at —30 °C, but no changes in the F,
3P, or "B NMR spectra were observed. However, after the
sample was warmed in 10 °C intervals up to 20 °C, cesium 4-
fluorophenylboronate 59 and complex 50 were observed by '’F
and *'P NMR spectroscopy, indicating that the arylboronic acid
had been displaced from the palladium center (Scheme 15).
This experiment supported the notion that arylboronate
complexes such as 57 and 58 are indeed unstable. The reason
for their instability was revealed by thermochemical calculations
as detailed below.

3.1.5. Thermochemical Calculations on 6-B-3 and 8-B-4
Complexes. To gain further insight into the lack of stability of
8-B-4 complex 57, ground-state equilibrium energies were
calculated using M06-2X/6-31G(d) on B3LYP/6-31(d)-opti-
mized structures with a THF continuum solvent field. The loss
of water from an initially formed 8-B-4 complex 57, yielding 6-
B-3 complex 51, was found to be highly exergonic (AG® =

—10.8 kcal/mol). Surprisingly, the entropic advantage (AS°® =
0.048 kcal/(mol-K)) is not offset by the expected enthalpic
disadvantage of creating a coordinatively unsaturated boron
(AH® = 1.0 kcal/mol) (Figure 6).

Inspection of space-filling models of $7 reveals that the OH
groups on boron penetrate the van der Waals radii of the
isopropyl methyl groups on phosphorus, thus destabilizing the
four-coordinate geometry. Therefore, the instability of 57 is not
related to the medium, but rather to the bulk of the two i-Pr;P
groups attached to palladium. The solution to this problem
then became obvious: remove a phosphine ligand from the
complex. Indeed, calculation of the ground-state energies for
monoligated complexes 60 and 61 reversed the equilibrium
position, now substantially favoring the 8-B-4 complex (AG® =
—6.9 kcal/mol) despite an unfavorable entropy (AS°® = —0.045
kecal/(mol'K)). This preference is driven by the overwhelming
enthalpic benefit of saturating the valences on boron (AH® =
—17.9 kcal/mol). Accordingly, the focus of the investigation
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AG°= -10.8 kcal/mol

AH°= 1.0 kcal/mol
AS°= 0.048 kcal/mol+K

j-PrsP H F
F—QPd o, /O/
B

i-PrsP HO “OH

57

AG°= 6.9 kcal/mol
AH°=17.9 kcal/mol
AS°= 0.045 kcal/mol-K

Figure 6. Calculated equilibria for loss of water at —30 °C from 8-B-4 species 57 and 60.
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switched to the study of monoligated arylpalladium(II)
complexes to enable the generation of the long-sought 8-B-4
activated adduct.

3.1.6. Reaction of [(i-Pr;P)(4-FC4H,)Pd(OH)], with 4-
Fluorophenylboronic Acid. Addition of a THF solution of
47 (1.0 equiv/Pd) to dimeric complex [(i-Pr;P)(4-FCsH,)Pd-
(OH)], (62)*" in THF-dg at —78 °C, followed by warming to
—50 °C, resulted in no change in the 'H NMR spectrum
(Scheme 16). However, the "’F NMR spectrum displayed a
sharp signal for F, at —123.35 ppm but an extremely broadened
signal for F, at approximately —111.98 ppm, signifying a
dynamic process. Upon cooling the solution to —100 °C, new
signals appeared in the aromatic region of the 'H NMR
spectrum, along with complete loss of the signals of 62, but
surprisingly with 50% of 47 remaining (Scheme 16, left). The
incomplete consumption of the boronic acid could be
interpreted as an unfavorable equilibrium or a different
stoichiometry of complexation. The former interpretation was

eliminated by the addition of 2.0 equiv/Pd of 47 to complex 62,
whereupon no further incorporation of the arylboronic acid was
observed. The connectivity in complex 63 was established by
the observation of 1D-NOE, positive cross peaks between Hjy,
Hg and the bridging OH group with the methyl hydrogens on
the i-Pr;P group. The observation of positive NOE cross peaks
indicates slow molecular movements (tumbling) consistent
with the larger molecular size of the 2:1 complex. Moreover,
the resonances for Hy, and for the methyl hydrogens on the i-
Pr;P group were exceptionally broadened at —100 °C,
indicating an observable barrier to rotation about both the
P—Pd and aryl-Pd bonds. On the basis of the available data,
the structure of this complex was assigned as the bridged bis-
arylpalladium arylboronate complex 63, which represents direct
insertion of 47 into the dimeric complex 62 without further
dissociation.**

The unexpected 2:1 stoichiometry of complex 63 was
confirmed by combining a THF-d; solution of 47 (0.5 equiv/
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Pd) with a THF-dg solution of 62 at —60 °C, followed by
cooling to —100 °C, whereupon a quantitative conversion to 63
was observed. The ''B NMR spectrum of complex 63 did not
reveal a discrete signal, owing to the rapid exchange between
the arylboronic acid 47 and the palladium hydroxide complex
62, as confirmed by EXSY experiments.

3.1.7. Reaction of [(i-Pr;P)(4-FC4H )Pd(l)], with Thallium 4-
Fluorophenylboronate. To support the structural assignment
of complex 63, an independent synthesis was performed by
combining 1.5 equiv/Pd of thallium arylboronate 56 with [(i-
Pr,P)(4-FC¢H,)Pd(1)], (64)** in THF-dg at —78 °C, followed
by warming to —50 °C. Upon cooling the mixture to —100 °C,
the identity of complex 63 was confirmed in a 1:1 ratio with
cross-coupling product 53 by 'H, 'F, and *'P NMR
spectroscopy, indicating the ability to form the Pd—O-B
linkage in 63 with complex 64 directly (Scheme 16, right).*

3.1.8. Variable-Temperature NMR Analysis of Complex 63.
The activation energy of exchange between complex 63 and
arylboronic acid 47 was measured by variable-temperature
NMR spectroscopy. The 'F NMR spectra of a 1:1 ratio of
complex 63 and unbound 47 were recorded over a course of
multiple experiments at temperatures ranging from —100 to
—10 °C in THF (Figure 7). The rapid exchange of 63 and

D
e | )

=30 °C e h PO |

-40 °C A A

-50 *C—— -
-100 °G-A\ N J J\
47 63 53 STD 63

111 -112 -113 -114 -115 -116 -117 (—118)»119 =120 -121 -122 -123 -124 -12¢
ppm)

Figure 7. Stacked plot of ’F NMR spectra recorded for a THF
solution of 1.0 equiv of 47 and 1.0 equiv of 63 over a range of
temperatures (—100 to —10 °C) at 565 MHz.

unbound 47 is evidenced by the overlapping and broadening of
their "’F NMR signals at higher temperatures (> —50 °C), and
the slow exchange is evidenced at lower temperatures by the
decoalescence of the 'F signals into well-resolved peaks. An

approximate coalescence temperature (T.) was measured at
—40 °C by the signals merging with the baseline. The rate
constant k_ at coalescence was measured using k. = 7Av/ \/ 2,
where Av is the maximum chemical shift difference (1068 Hz)
between 63 and 47 at —100 °C. Using the Eyring equation
AGF = —RT. In(kh/kyT.), the activation of exchange was
measured approximately as AGY & 10 kcal/mol. This low
barrier of exchange between 63 and 47 suggests that the broad
"B NMR signal is caused by rapid changes in the coordination
state of boron.

3.1.9. Reaction of [(t-Bu;P)(4-FC¢H,)Pd(OH)], with 4-
Fluorophenylboronic Acid. In an attempt to form a complex
with 1:1 Pd/B stoichiometry, the larger t-Bu;P ligand was
employed to weaken the Pd—(u-OH)—Pd bonds and form a T-
shaped palladium hydroxide complex. Thus, addition of a THF-
dg solution of complex 65 to a THF-dg solution of 47 (1.0
equiv/Pd) at —78 °C, followed by warming to —60 °C,
produced no new complexes. However, upon cooling the
solution to —100 °C, a new complex emerged with complete
consumption of 67, with 1.0 equiv of 47 remaining (Scheme
17). The structure of this complex was assigned as the bridged
bis-arylpalladium arylboronate complex 67, by analogy to
complex 63. Two discrete Hy signals were observed at —100
°C, wherein the barrier to rotation about the palladium aryl
bond was found to be ~9 kcal/mol.** Thus, even the bulkier t-
Bu;P ligand could not effect dissociation of the 2:1 complex.

3.1.10. Reaction of [(i-PrsP)(4-FCsH)PA(OH)], with 4-
Fluorophenylboronic Acid in THF/CH;0H. The surprising
formation of 2:1 complex 63 raised a number of questions
regarding the origin of its stability. Because this structure is
heavily dependent upon the bridging capability of various
oxygen atoms, it seemed logical to examine the effect of other
donors on the stability of this complex.

Injection of CH;OH™ (60 yL) into a THF-dg solution of 63
with 1.0 equiv of 47 (from 62 and 47, vide supra) at —S5 °C
resulted in the quantitative formation of a new species, 68
(Scheme 18, left). Attempts to confirm the incorporation of
methanol into complex 68 by NMR spectroscopy were
unsuccessful, most likely because of rapid exchange with free
methanol in solution. Therefore, the identity of complex 68 was
verified by the reaction of 1.0 equiv/Pd 4-fluorophenyldime-
thoxyboronate 69 with palladium dimer 62 at —78 °C in THF-
dg/CD;0D, followed by warming to —S55 °C, whereupon a
quantitative formation of complex 68 was observed by 'H and
BC NMR spectroscopy (Scheme 18, right). This experiment
clearly demonstrates that methanol does not convert the
starting binuclear arylpalladium hydroxide complex into a T-
shaped complex but instead creates a more Lewis acidic boron

Scheme 17
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3.1.12. Reaction of [(DPPF)(4-FC4H,)Pd(OH)] with 4-
Fluorophenylboronic Acid in THF. The preference for a tri-
coordinate boron atom in 6-B-3 complex 51 arose from the
presence of two bulky i-Pr;P ligands arranged 1n a trans
configuration about the palladium (F- and B-strain).** It was of
interest to investigate whether arranging the ligands in a cis
coordination geometry would allow the boron atom to adopt a
tetra-coordinate state. Therefore, following literature prece-
dent,” (DPPF)(4-FC¢H,)Pd(OH) was prepared by combining
complex 46 with 2.0 equiv of DPPF in THF to form complex
71 (Scheme 20).

Next, complex 71 was combined with arylboronic acid 47 at
—5S °C, which resulted in the quantitative conversion to a new
species, 72 (Scheme 21). Complex 72 was characterized by 'H,
31c, YF, !B, and *'P NMR spectroscopy, with the HMBC
(*H-"C and 'H-*'P) and HSQC ("H-*'C) experiments
establishing the connectivity.

At =55 °C, the assignment of the P(1) atom (11.47 ppm) in
72 was enabled by the observation of trans couplings across the
Pd center to Hy (*Jp_y;) and to H, (*Jp_y), establishing a trans
relationship between P(1) and the aryl group bound to
palladium.” The "B NMR chemical shift was merged with the
baseline, suggesting a rapid equilibrium between 72 and starting
materials.

3.2. Kinetic Analysis of the Complexes Containing
Pd—O—-B Linkages. The ability to generate pre-trans-
metalation intermediates with different coordination environ-
ments around both the boron and palladium atoms provided
the opportunity to interrogate kinetic aspects of the trans-
metalation event. Specifically, the effect of ligand and
organoboron source was probed by monitoring the decay of
Pd—O—B-containing intermediates and formation of cross-
coupling products by '’F NMR spectroscopy.

3.2.1. Kinetic Analysis of Complex 63 from [(i-Pr;P)(4-
FCsH,)Pd(OH)], and 4-Fluorophenylboronic Acid. Complex
63 was prepared as described in section 3.1.6 by the addition of
a THF solution of 47 (1.0 equiv/Pd) to a THF solution of 62
at =78 °C. To establish the kinetic behavior, the sample was
warmed to —30 °C, and the '’F NMR signals for both 53 and
63 were monitored. This analysis revealed a clean, first-order
decay of the arylpalladium complex 63 and formation of $3
with k= (578 + 0.13) X 10™* and (7.59 + 0.58) X 10757},
respectively. The similarity of rates for appearance of 53 and
consumption of 63 suggests that transmetalation is the rate-
determining step for this process.

The proposal that arylboronate complex 63 converts to 60
prior to transmetalatlon is supported by several lines of
evidence.”” First, the kinetic behavior of arylpalladium complex
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68 in THF/CH;0H (a fully characterized 1:1 complex related
to 60) revealed a clean, first-order decay of 68 and formation of
53 with k = (1.55 + 0.09) X 107> and (1.41 + 0.02) X 107357},
respectively. These values are very similar to the rates observed
with complex 63 in THF. Moreover, the first-order behavior
confirms that the transmetalation is an intramolecular process.
Second, an Arrhenius analysis was performed by measuring the
rates of formation of 53 (from 62 and 1.0 equiv/Pd of 47) at
four different temperatures ranging from —40 to —10 °C in
THF. Upon plotting In(k/T) vs T, a linear slope was
obtained, allowing the enthalpic (AH3,3,5 = 15.98 + 0.79 kcal/
mol) and entropic (AS%,;,5 = —0.0069 + 0.0032 kcal/mol)
activation parameters to be extracted using the Eyring equation.
The similarity of the measured and calculated activation
parameters (see section 3.3.1) strongly suggests that complex
63 rearranges to 60 prior to transmetalation (Table 1).

Table 1. Activation Parameters for the Transmetalation Step

© © H F (-PrsP)Pd
|
PR 0 /©/
N 53
-PrgP—Pd-O—Pd—PiPr, Pd B

0

H‘O\B<O\H Q/ i B(OH)s
0-H F
60

F 63

entry AG¥, 5 keal/mol  AHZ,; s, keal/mol  AS¥, keal/mol-K

measured” 17.7 £+ 1.1 15.98 + 0.79 —0.0069 + 0.0032
calculated 15.38 14.57 —0.003

“Average of triplicate runs.

3.2.2. Effect of Phosphine Ligand on the Rate of the
Transmetalation Step. To establish the effect of phosphine
ligand (DPPF, i-Pr;P, PhyP) on the rate of transmetalation,
complexes 71, 62, and 46 were combined separately with 4-
fluorophenylboronic acid (47) (1.0 equiv/Pd) at —10 °C to
generate 72, 60, and 73, respectlvely, such that their '’F NMR
signals could be monitored.”® Each complex exhibited first-
order decay, providing accurate values for kg, (Table 2). The
slower reaction rate of the DPPF-ligated complex compared to
those of the Ph;P- and i-Pr;P-ligated complexes suggests that a
ligand dissociation event takes place prior to the trans-
metalation event in complex 72. The rate of transmetalation

Table 2. Effect of Phosphine Ligand on Rate”

o @

Pd)g( (2.0 equiv) “oH -10°C
/©/ THE o \H THF *

F
quantltatlve

n=0,1
F
entry complex ligand k%1073 s7! kel
1 72 DPPF 2.75 + 0.0S 1.00
2 60 i-Pr;P 8.09 + 0.86 2.94
3 73 Ph;P 995 £ 0.71 3.61

“Average of triplicate runs.

from the Ph;P complex 73 was slightly faster than that from the
i-Pr;P complex 60, indicating that the increased rate is not
related to the size of the hsgand but rather to the electrophilicity
of the palladium center.” From these data, the rate of the
transmetalation process follows the trend PhyP > i-Pr;P >
DPPF, highlighting the need for generating a coordinatively
unsaturated and electrophilic palladium atom during the
transmetalation process.

3.2.3. Kinetic Analysis of 6-B-3 Complex 51. Complex 51
(generated from 47 and S0, see section 3.1.2) was thermally
stable at —30 °C for more than 24 h in the presence of i-Pr;P,
indicating that a higher temperature would be needed to form
cross-coupling product $3. In fact, warming a THF solution of
51 to 20 °C resulted in the formation of 53. However, it did
not display the first-order behavior observed for the previous
complexes, but rather exhibited S-shaped concentration vs time
curves, indicating that the k,, increases over the course of the
reaction, which is characteristic of autocatalysis or an induction
period. The kinetic order in phosphine was determined by
monitoring the rate of decay of 51 in THF solutions containing
increasing amounts of i-Pr;P, ranging from 97 to 294 mM at 20
°C. The S-shaped kinetic profiles were fitted, and v, was
extracted from the data.’® Plotting log[vy.] vs log[i-PrsP]
provided a straight line with a slope of —1.01 =+ 0.05, consistent
with an inverse dependence on phosphine (Table 3). This
dependence indicates that a phosphine ligand must dissociate in
a pre-equilibrium process that leads to putative 14-electron
palladium complex 61 (Figure 8). The requirement for this
dissociation event is supported by computational studies that
reveal high barrlers for direct transmetalation from inter-
mediates such as S1.”

PPy F , F
| -Pr P i-PrP. fo)
F Pd—0, ik NN
=0y — B

Pd B
from i-PrgP HO/ \OH /@r ? OH
47 and 50 F H
57 60
FH,0 HZO |

Removes H,0 and H,0
increase rate B(OH); «<—— [0=B(OH)],

) PrP reductive elimination |
(-PrgP),Pd <——— (i-PrsP)Pd F Pd

53

F

Figure 8. Proposed mechanism for cross-coupling formation from 6-B-
3 complex S1.

3.2.4. Probing the Transmetalation from 6-B-3 Complex
51: Autocatalysis Explained. The S-shaped kinetic profiles
observed for the reactions outlined above are indicative of an
increase in rate during the reaction, which is likely the result of
a product catalyzing its own formation. The stoichiometrically
mandated products of this cross-coupling reaction are biaryl 53,
(i-PryP),Pd, and boric acid. Because 53 is an inert organic
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Table 3. Rates of Cross-Coupling Product 53 Formation
from 51

F
i-PrgP F i-PrsP O
| THF
F Pd—0, _—
/ 1 B additive
i-PrgP (I)H 50 °C
F
51 53
entry amount of i-Pr;P,equiv additive rate,” 107> mM s~!
1 2.85 - 448 + 0.65
2 3.81 - 324 + 012
3 5.41 - 242 + 048
4 8.62 . 1.37 + 0.96
st 3.81 (i-Pr;P),Pd 2.86 + 0.36
6 541 H,0 L11 + 0.04
74 3.81 - 326 + 017

“Average of triplicate runs. %0.25 equiv of (i-Pr;P),Pd was added. <10
equiv of water was added. dComplex 51 was formed by the addition of
i-Pr;P to complex 73.

compound, it is highly unlikely that it can serve as a catalyst. On
the other hand, the initial palladium-containing byproduct, (i-
Pr,P),Pd, is a more likely candidate for accelerating the process
by scavenging i-Pr;P from 51. However, under the conditions
of the kinetic measurements which employ an excess of i-Pr;P
(2.85—8.62 equiv/Pd), the Pd(0) species should already be
saturated, thus precluding the possibility of autocatalysis.
Interestingly, upon dissolving (i-Pr;P);Pd in THF, both (i-
PryP),Pd and i-PryP are observed, which means the palladium
center cannot accept a third ligand in solution.’® Not
surprisingly, upon the addition of 0.25 equiv of (i-Pr;P),Pd
to a solution of 51 with 3.81 equiv of i-Pr;P, S-shaped profiles
were still observed with v,,, = (2.86 + 0.36) X 107> mM s/,
which was within error of the v,,, (3.24 + 0.12) X 107> mM
s™!, obtained in the absence of the additive (Table 3, entry 5).
The persistence of autocatalytic behavior confirms that no
order dependence is observed for the Pd(0) byproducts during
the reaction, leaving only the boric acid as the remaining culprit
for the S-shaped profiles. Unfortunately, boric acid could not be
tested because of its low solubility in THF, suggesting that no
further options existed. However, inspection of Figure 8 reveals
that, if transmetalation is occurring via 61, boric acid is in fact
not formed directly. Rather, the immediate byproduct of
transmetalation is metaboric acid, which scavenges the water
molecule generated during the formation of 51 to form boric
acid. Thus, the role of water now becomes a factor worth
investigating for the origin of autocatalysis.

One reasonable hypothesis for the role of water is that it can
bind to the boron atom in 61, forming 8-B-4 species 60 (Figure
8), thus opening a second pathway that lowers the equilibrium
concentration of 61.°7 Despite the fact that 60 is itself
kinetically competent for transmetalation (section 3.2.1), in the
presence of excess i-Pr;P this species rapidly reverses back to
51, thus constituting a parasitic as opposed to a productive
pathway. Moreover, if product formation were occurring via 8-
B-4 complex 60, then the highest rate should be observed at the
beginning of the reaction because 60 would be at its highest
concentration. To provide support for this hypothesis, it was
necessary to demonstrate the ability to independently convert
60 to S1 in the presence of i-Pr;P. Thus, a solution of complex
63 was prepared from 47 (1.0 equiv/Pd) and 62 in THF at
—78 °C, followed by warming to —S55 °C. As previously
described, a mixture of 63 (which is in equilibrium with 60)
and 1.0 equiv of 47 was observed by *'P and '’F NMR analysis
(Scheme 22). Upon addition of 60 uL of a 1.6 M THF solution
of i-Pr;P at —78 °C to this solution, followed by warming to 20
°C, 6-B-3 complex 51 was observed, along with minor amounts
of cross-coupling product 53. The kinetic behavior of complex
51 generated by this route was found to have a v, matching
that seen for the formation of 51 from 47 and 50 (Table 3,
entries 2 and 7). Thus, it appears that water is in fact inhibiting
the cross-coupling by shunting 61 to 8-B-4 intermediate 60,
which is captured by excess phosphine to arrive at resting state
5L

Further support for the inhibitory role of water was obtained
by monitoring the reaction of 6-B-3 complex 51 containing
5.41 equiv of i-Pr;P and an additional 10.0 equiv of water. The
Vmax Was indeed found to be slower than with no additional
water present (Table 3, entry 6). This observation suggests
that, if complex 60 were being formed (from 61 and water),
then it reverts to 51 by recombination with i-Pr;P faster than it
undergoes transmetalation at 20 °C. Finally, if the role of water
is to inhibit the transmetalation via 61, then generating 61 in
the absence of water should remove the autocatalytic behavior.

In fact, the water-free preparation of S1 has already been
described as part of the structural proof (Scheme 12) by
combination of complex 50 and arylboroxine 52 (0.33 equiv) in
THEF. Repeating this procedure at —78 °C in the presence of
15.03 equiv of i-Pr;P allowed the intrinsic reactivity of 51 to be
determined (Scheme 23).%® Clean first-order kinetic behavior was
observed for decay of S1 ((1.2S + 0.60) x 107* s7') and
formation of 53 ((7.14 £ 0.43) x 107° s™') (Scheme 23). Thus,
the observation of normal first-order kinetic behavior for 61 in
the absence of water provides a compelling albeit unexpected
explanation for the observation of autocatalysis. The equivalent
of water generated from the combination of 47 and 50 (Figure
8) inhibits the transmetalation via 61 by redirecting this

Scheme 22
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intermediate to 8-B-4 complex 60, which is converted to resting
state 51 in the presence of excess i-Pr;P. However, as the
reaction proceeds, the metaboric acid byproduct (BO(OH))
scavenges the water to form boric acid and consumes the
inhibitor (water), thus accounting for the observed autocata-
lytic behavior (Figure 8). This observation also provides
compelling evidence that a tri-coordinate boron species can
undergo unassisted transmetalation.

3.3. Computational Analysis of the Reaction Profile
for Complexes Containing Pd—O—B Linkages. To gain
further insight into the transmetalation step, transition-state
structures were calculated at the M06-2X/6-31G(d) level on
B3LYP/6-31(d)-optimized structures with a THF continuum
solvent field for the activated 8-B-4 complex 60, along with
unactivated 6-B-3 complex 61. Our previous computational
investigation of arylpalladium arylsilanolate complexes revealed

a significant difference in the energy profiles of isomeric
arylpalladium complexes.'”” These three-coordinate species can
exist in two configurations about palladium in which an empty
site is either trans to the aryl group (TA) or trans to the
phosphine (TP). For completeness, both isomers were
calculated for all the ground states, intermediates, transition
states, and products.

3.3.1. Computational Analysis of Complex 60. The energy
profile for the transmetalation event from 8-B-4 complex 60 is
summarized in Figure 9. The experimentally observed ground-
state structure 60-GS has two bridging hydroxyl groups bound
to the palladium atom; however, for the transmetalation event
to take place, an empty coordination site is needed. The two
bridging hydroxyl groups are nonequivalent: one is trans to the
aryl group (red), and the other is trans to the phosphine
(black). Cleavage of either of these groups will lead to their
respective coordinatively unsaturated complexes described
above, which are “TA” (trans to aryl, red) or “TP” (trans to
phosphine, black). The energies of transition states 60-InterTS-
TA and 60-InterTS-TP for the formation for the two different
T-shaped complexes are 9.37 and 8.44 kcal/mol, respectively,
whereas the energies of the resulting intermediates 60-Inter-TA
and 60-Inter-TP are 8.93 and 5.13 kcal/mol, respectively. The
principal factors contributing to these energies are the
electronic and steric effects of the two different substituents,
the aryl group and the phosphine. The electronic effect would
weaken the bond to the red oxygen to a greater extent than that
to the black oxygen because of the greater kinetic trans effect®”
of the aryl group compared to the phosphine, thus favoring 60-
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Figure 9. Energy profile for the transmetalation of 60. Free energies are calculated using M062X/LANL2DZ-6-31G(d) with CPCM solvation
modeling (solvent = THF) for single-point energies with thermal corrections from B3LYP/LANL2DZ-6-31G(d) at 243.15 K.
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InterTS-TA. The steric contribution arises from interaction of
the B-aryl group with those two substituents as it rotates
toward the empty coordination site on the palladium in the
transition state. Clearly, steric repulsion in 60-InterTS-TA is
greater as the B-aryl group becomes proximal to the bulky i-
Pr;P ligand. Thus, the difference of 0.93 kcal/mol favoring 60-
InterTS-TP suggests that the steric effect dominates in this
process.”’ In fact, the dominance of this steric repulsion can be
seen in the lower energy for all of the transition states and
intermediates in the TP compared to the TA series.

In the critical transmetalation event, the activation energies
for the B-aryl transfer for 60-TS-TA and 60-TS-TP are 25.06
and 15.38 kcal/mol, respectively, reflecting a remarkable
activation energy difference of 9.7 kcal/mol. The greater
activation barrier to B-aryl migration for 60-TS-TA can be
attributed to the significant steric congestion around the
palladium atom caused by the presence of the bulky i-PryP
group, whereas migration of the B-aryl group to the empty
coordination site in 60-TS-TP is free of such repulsions and
thus is energetically more favorable (Figure 10). These
energetic differences are reflected in bonding distances between
the palladium atom and the ipso carbon of the migrating aryl
group, as shown in Figure 10. An additional electronic
contribution comes from migration of the B-aryl group to the
site opposite to the substituent with the stronger trans effect in
60-TS-TA, thus constituting a kinetic deterrent. The activation
barrier for the transmetalation transition state 60-TS-TP (15.38
kcal/mol) is consistent with the experimentally measured value
of 17.7 + 1 keal/mol (Table 2).%!

After the transmetalation event, the immediate product is
either 60-Prod-Trans or 60-Prod-Cis diarylpalladium complex
with the coordinated B(OH); trans to i-Pr;P or the 4-

60-Prod-Trans

g
60-TS-TA

2.052 5 ‘
2.199 B£1.463 [

o
Py 2-200
P,
9

O NV
A

Uuw

60-TsS-TP 60-Prod-Cis

Figure 10. Energy profile for the transmetalation of 60. Free energies
are calculated using M062X/LANL2DZ-6-31G(d) with CPCM
solvation modeling (solvent = THF) for single-point energies with
thermal corrections from B3LYP/LANL2DZ-6-31G(d) at 243.15 K.

fluorophenyl group. The reductive elimination is presumably
initiated by the dissociation of boric acid, thus generating the
active tri-coordinate diarylpalladium complexes which are
poised to form cross-coupling products.®”

3.3.2. Computational Analysis of Complex 61. The energy
surface calculated for the 6-B-3 complex 61 is shown in Figure
11. Inspection of the energy profile reveals that the ground
states 61-React-TP and 61-React-TA differ by 0.99 kcal/mol.
The energies of transition states 61-InterTS-TA and 61-InterTS-
TP for the formation for the two different T-shaped complexes
are 7.62 and 7.92 kcal/mol, respectively. The difference of 0.3
kcal/mol favoring 61-InterTS-TA indicates that the kinetic trans
effect™® of the aryl group is now dominant compared to the
steric repulsion engendered by the i-Pr,P ligand.”> However, in
all succeeding steps on the energy profile, the structures in the
TA family are of significantly higher energy than those in the
TP family. This behavior can be understood in terms of the
same steric and electronic influences as were seen in the 8-B-4
transition-state structures (Figure 11). After the transmetalation
event, the diarylpalladium complexes (61-Prod-Cis, 61-Prod-
Trans) are only 0.78—1.13 kcal/mol downhill, thus indicating
very late transition states.

The existence of late transition states is clearly signaled by
the small difference in lengths of the forming bonds between
the ipso carbon on the migrating group and the palladium atom
for both 61-TS-TP (2.085 A) and 61-TS-TA (2.171 A)
compared to 61-Prod-Cis (2.069 A) and 61-Prod- Trans
(2.154 A), respectively. In this series the bonds are shortened
by only 0.016—0.017 A, whereas in the 8-B-4 series the
corresponding changes for 60-TS-TP (2.199 A) and 60-TS-TA
(2285 A) compared to 60-Prod-Cis (2.046 A) and 60-Prod-
Trans (2.103 A) are much larger (0.153—0.182 A, Figures 10
and 12).

The subsequent reductive elimination is presumably initiated
by the dissociation of the boron species to form free
diarylpalladium complexes (Pd-Prod-Cis, Pd-Prod-Trans). How-
ever, the computational modeling of this event leads to a
prohibitively endergonic process, which is most likely ascribable
to the high energy of the O=B(OH) moiety. To solve this
problem, we assume that some kind of bimolecular
oligomerization takes place to remove O=B(OH) as a
byproduct. Thus, to calculate the energies of the final reductive
elimination products, instead of directly using the energy of
O=B(OH), one-third energy of the O=B(OH) trimer,
metaboric acid, was computed and added to the tri-coordinate
diarylpalladium complexes, which in turn gives reasonable
energies to both Pd-Prod-Trans (1.42 kcal/mol) and Pd-Prod-
Cis (—=10.31 kcal/mol).**

4. CONCLUSIONS

The combination of low-temperature and rapid injection NMR
spectroscopic analysis has allowed the unambiguous demon-
stration that Pd—O—B linkages form prior to the trans-
metalation event in the Suzuki—Miyaura cross-coupling
reaction. Structures of the intermediates identified were
assigned by NMR spectroscopy, with the NOE and HMBC
experiments being crucial in determining the bonding
connectivity. These structural assignments were supported by
independent synthesis, which clearly demonstrated that, under
certain reaction conditions, both Path A and Path B can lead to
pre-transmetalation intermediates. The ability to form Pd—O—
B linkages provided the unprecedented opportunity to probe
the effect of the phosphine ligand on both structure and
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Figure 11. Energy profile for the transmetalation of 6-B-3 species 61. Free energies are calculated using M062X/LANL2DZ-6-31G(d) with CPCM
solvation modeling (solvent = THF) for single-point energies with thermal corrections from B3LYP/LANL2DZ-6-31G(d) at 243.15 K.

v
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Figure 12. Transition-state and complexed product structures for
transmetalation of 61. Free energies are calculated using M062X/
LANL2DZ-6-31G(d) with CPCM solvation modeling (solvent =
THF) for single-point energies with thermal corrections from B3LYP/
LANL2DZ-6-31G(d) at 243.15 K.

reactivity. Furthermore, a series of structural, kinetic, and
computational investigations revealed two mechanistically
distinct pathways: (1) transmetalation via a 6-B-3 intermediate
that dominates in the presence of excess phosphine, and (2)
transmetalation via an anionic 8-B-4 intermediate that

dominates in mono-ligated or cis-chelated systems. The
observation of direct transmetalation from a tri-coordinate
boron center (complex 51) challenges the current dogma that
boron must be activated by base prior to transmetalation.
Overall, the key feature that enables the transfer of the organic
fragment from boron to palladium is the availability of an
empty coordination site on the palladium atom. The
importance of a coordinatively unsaturated palladium atom
was revealed by both the inverse first-order dependence on i-
Pr;P and inhibitory effects of water for the formation of cross-
coupling product from the 6-B-3 intermediate S1. The
importance of a sub-ligated palladium atom was further
demonstrated by the DFT calculations and rapid trans-
metalation observed in 8-B-4 complex 60 that contained a
single i-Pr;P ligand bound to palladium. Further effects of
solvent, boron sources, and additives on the transmetalation
event are currently under investigation and will be reported in
due course.
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