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ABSTRACT: The easily prepared hemilabile ligand 1-(PPh,),2-(trans- F  Ph,
CH=CHCOPh)—CF, (PhPEWO-F) and other PEWO ligands are F R, JAr
well-known promoters of C—C reductive eliminations and very effective Ar-l + ZnMe, —| _J?d\ — Ar-Me
in Negishi couplings. As an example, the efficient Negishi coupling of = N/ !
accelerates

(CeFs)—I and Zn(C4F), is reported. The thorough experimental study transmetalation coph
of the steps involved in the catalytic cycle uncovers the potential " 8) a%%ﬂgﬁﬁgsﬂ N@E‘r@%n
weakness of this ligand that could frustrate at some points the desired Ph &S o

cle and provide some simple precautions to keep the catalytic cycle * pr=ay F oo M 1
Cy P P P P yt y FE 5\ : --l\:lle ‘P\P'é!"“Ar thP—Pd--Ar
working efficiently. Density functional theory (DFT) calculations F\@"----.Pg-h‘m F‘@ |=H Fo (H i /<O
complete the experimental study and provide insight into nonobservable FEt S o FE NP y Ph
transition states and intermediates, comparing the potential conflict L H Ph F F

between reductive elimination and olefin insertion. Our results showcase

the importance the transmetalation step, facilitated by the strong trans

effect of the electron-withdrawing ligand, and the choice of organozinc nucleophiles, critical to ensure fast group exchange and a
positive outcome of the catalytic reactions.

B INTRODUCTION can be overcome by integrating the EWO group into a
chelating ligand with a strong coordinating donor atom. This is

Reductive elimination is the irreversible step that pulls forward the case of the PEWO ligands considered here (Figure ),

the whole catalytic cycle in all C—C cross-coupling reactions.
Reported computed C—C coupling activation energies in the H r

gas phase are, for conventional ligands such as phosphines, in H PPh, F PR,
the broad range of 0.6—28.6 kcal/mol, the coupling barrier
increasing in the order vinyl—vinyl < Ph—Ph < Me—Me.'
Experimental observations additionally support the order Me—
Me < C4Fs—Me < C¢Fi—CyFs.” Extremely difficult are Ar—CF,
couplings (also Ar—F), for which only few successful reports Figure 1. Classic and fluorinated PEWO ligands.
are found in the literature.”* For this reason, lowering the
reductive elimination barrier can be critical for the efliciency
and selectivity of any coupling process facing other potentially
competitive courses.

Electron-withdrawing olefins (EWO) are powerful coupling
inducers in Pd chemistry that can lower the coupling barriers
by 10—12 kcal mol™ relative to conventional ligands, as shown
in the case of Me—Me coupling.” The reason is that, when
coordinated to Pd, they behave as electron-withdrawing
groups, stabilizing the transition state for reductive elimination
where evolution from Pd" to Pd increases the electron density
of the Pd center. This explains why the presence of EWO
groups in the reagents can facilitate coupling processes that do
not occur in stoichiometric conditions.’ Since back-donation Received: January 1, 2021
from Pd" is only moderate, EWO groups are not good ligands Published: March 26, 2021
for Pd", and their use as coupling additive might require large
EWO/Pd ratios to achieve coordination. This inconvenience

= Ph ¥ Ph

H (0] F o
PhPEWO-H RPEWO-F

displaying a phosphine (P) and an electron-withdrawing olefin
(EWO) as coordinating functions. Ligands of the kind
RPEWO-H were soon used in Suzuki and, more often, in
Negishi catalysis’ and afforded noticeably better results than
common monodentate phosphines such as PPh;. As expected,
a PEWO/Pd = 1:1 ratio was more efficient than a 2:1 ratio,
since the EWO effect should require chelating coordination.”
These ligands turned out to be very efficient to minimize the
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formation of the so-called “reduction product” Ar—H during
aryl-alkyl coupling. Ar—H was assumed to arise from S-H
elimination of [PdAr(alkyl)] intermediates followed by Ar—H
coupling, and faster aryl-alkyl coupling would prevent slower
formation of the hydride.

Several years later, we reported similar fluorinated ligands
RPEWO-F. Fluorination makes them stronger electron accept-
ors, not only at the EWO but also at the P atom, and more
resistant to P oxidation. Important structural information on
the catalysts can be obtained by '’F NMR, and they are easier
to crystallize, providing some additional information on the
reactions.” We could, for instance, demonstrate that the
“reduction” product Ar—H came from hydrolysis of ZnArMe
byproducts formed in undesired Pd/Zn transmetalations and
not significantly from p-H elimination. Remarkably, the
fluorinated RPEWO-F were found to be noticeably more
effective than their hydrogen homologues in lowering the
activation energy of the reductive elimination step.

In this respect, the experimental coupling activation barriers
for Pf—Pf coupling (Pf = C¢Fs) can be determined from
preformed cis-[M(C¢F;),(THF),] upon addition of PEWO
(M = Pd,” Ni;' THF = tetrahydrofuran). The experimental
energy barriers at 25 °C for Pd complexes, (AGEe_pp)pg, were
determined to be 24.6 kcal mol™' PhAPEWO-H and 22.3 kcal
mol™' for PhAPEWO-E.” Both PEWO hgands behave even
better on Ni: ( AGPf poni = 19.9 keal mol™ for PhAPEWO-H vs
17.7 keal mol™! for PAPEWO-F at 0 °C."° For both metals, the
coupling barriers are much lower for the fluorinated PEWO.
Remarkably, both Ni-PEWO complexes undergo quantitative
coupling in 8 h at —50 °C! It looks that PEWO ligands can be
particularly efficient with challenging groups such as
fluorinated aryls, and no other ligand gets close to this in Ni
catalysis. The difference in activation energy between
PhPEWO-H and PhPEWO-F, whether in Pd or Ni complexes,
translates into effective rates that are tens of times faster for the
later. This can result in significantly lower reaction temper-
atures or outcompeting undesired side reactions.

The Negishi process is often the methodology of choice for
cross-couplings involving alkyl groups.'' The synthetic scope
of this reaction is broad, as organozinc compounds are easy to
make, stable, and compatible with most functional groups.'*~"*
The most frequent couplings, even those involving difficult sp
groups, can be achieved very efficiently using bulky
biarylphosphine or NHC ligands. Mechanistic investigations
on the individual steps of these catalytic cycles are available:
the reversibility of the transmetalation, a step that we have
studied for ZnMe,, ZnEt,, and ZnMeCl reagents,15 which can
give rise to homocoupling in detriment of cross-coupling
products; °*'® the usually positive effect of zincates, true
nucleophiles passing unnoticed to exist in solution in early
catalytic reports but well recognized today;'>'** the role of
additives such as inorganic salts;'* or the influence of the
solvents.' 7

Clearly, without neglecting the importance of the reductive
elimination, catalytic Negishi processes are more complicated
than just this single irreversible step. Although there is
reasonable evidence that a 1:1 PEWO/Pd ratio, favoring
chelation, is needed for their optimal activity, there is
uncertainty about the fate of a multifaceted hemilabile
PEWO ligand throughout the catalytic cycle, the effect, at
each step, of having excess ligand present (which is a frequent
routine procedure to better protect Pd catalysts from
formation of Pd black), the possible weaknesses associated
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with the potential reactivity of the EWO group, or the
consequences of using higher temperatures. Herein, we have
conducted a detailed experimental and mechanistic study on
the model coupling aryl-Me, using Negishi catalysis at room
temperature, and ZnMeCl as the nucleophile. Since the role of
p-H ehm1nat1on with PEWO was investigated in a previous
study using Et,*® we decided to study other aspects of the C—
C coupling with this ligand using a simpler system with Me as
the nucleophile. The first section is dedicated to the
experimental examination of each step in the cycle, and the
second focuses on DFT calculations of the whole catalytic
process and the possible competition of undesired olefin
insertion, observed occasionally under some circumstances.

B RESULTS AND DISCUSSION

Preliminary Test. Only very recently has catalytic CsFs—
C¢Fs coupling been reported, by Pd-catalyzed homocoupling
of highly ﬂuormated arylboronates, using stoichiometric Ag,O
as the oxidant.'® Our plan is to develop a Negishi catalysis that
can afford not only homocoupling but also cross-coupling of
fluorinated aryls, using the appropriate combination of
fluoroaryl electrophile and fluoroaryl zincate. We have tested
the viability of the process in the reaction in eq 1, monitored in

R F 5% PdCly(NCMe), Fr
_5%PhPEWO-F O
F I F+F
dloxane 80°C, 2h Q
F F

+1.5 Zn(CeFs), 89 mol% 11 mol% )

an NMR tube using C4Fy as the internal standard.This very
positive result is now being developed in our group into a full
scope of fluorinated motifs. As far as the present study is
concerned, since it takes place at 80 °C, it invites one to
examine the effect of temperatures higher than ambient on the
activity and stability of Ph-PEWO-F in catalysis.

Part 1: Experimental Study of the Catalytic Steps. The
studies in this section provide experimental information about
each step of the catalytic cycle, analyzing potential
complications of the PEWO behavior when used in PEWO/
Pd = 1:1 or 2:1 ratios. The proposed Scheme 1 is shown in
advance in order to facilitate the discussion that follows. The
desired cycle is shown in black; in blue, we highlight the effect
of a second PEWO molecule when in a 2:1 ratio. We have
considered the sequence of reactions starting from two more
convenient precatalysts 2 and S.

1. Synthesis, In Situ Formation, and Structural Character-
ization of [PdCl,(PhPEWO-F),] (n = 1, 2) Complexes. The in
situ formation of the catalyst from an appropriate precursors is
a frequent methodology in homogeneous catalysis. In our
initial studies on the Negishi coupling of 2-I-C4H,(CO,Et)
with ZnEt,, we reported in situ formation of the precatalyst
[PACL,(PhPEWO-F)] (2) from trans-[PdCl,(NCMe),] and
PhPEWO-F (1:1.0S ratio) in the presence of the electrophile,
allowing 15 min before the nucleophile was added.*
Precatalyst generation required this waiting period, which
can be understood after monitoring by NMR at room
temperature. We found that a two-step reaction takes place
(Scheme 2 and NMR monitoring in Figure S1): Initially, trans-
[PACL,(PhPEWO-F-P),] (1), with two P-monodentate
PhPEWO-F ligands, is instantaneously formed from half of
the available trans-[PdCl,(NCMe),] precursor. Then, 1
rearranges slowly to the desired precatalyst
[PdCL(PhPEWO-F-chel)] (2), containing a chelating PhPE-

https://doi.org/10.1021/acs.organomet.1c00001
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Scheme 1. Catalytic Cycle for the Pd-Catalyzed Coupling of
Ar—1I with ZnRCl, Including Possible Complications”

Precatalyst 2
Precatalyst 5 [Pd"'CI,(PEWO-chel)] (2) .
+ 1 PEWO ——>» [Pd"CIly(PEWO-P
[Pd”(Pf)z(THF)z] ( ) [ 2((1) )2]
(5)

M -2 ZnCl

1PhPEWO'F 2 ZniieCl N2 2 ZnMeCIl-Z ZnCl,
Pd"(Pf),(PEWO-chel [PdMe,(PEWO-chel)]

(Pt )2 ! (+1PEWO)  —== [Pd"Mey(PEWO-P),

Slow
N x }Me Me}/‘/

[Pdo(PEWO-chel)]

}Me Me

Ar-Me (+1 PEWO [PdO(PEWO-chel),
Arl ®
2nd transmet. Arl
Ar-Ar, Me—Me
1 PEWO
slow

[Pd"ArMe(PEWO-chel)]
(9)

[Pd"Arl(PEWO-chel)]
(3)

slow |
thP — Pd 0
fast
2 Ph
Ar

ZniCl  ZnMeClI

F (4)

“PEWO stands for free PhAPEWO-F; PEWO-P stands for mono-
dentate P-coordinated; and PEWO-chel for chelating coordination.

Scheme 2. Pathway Observed in Formation of Precatalyst 2

[PACI,(NCHMe),] +

@ﬁ

2 [PdCIz(NCHMe

Pth F Phy
L THF R R_.C
F PPh, CI Pd c THF, Pd
2 fast slow S
F ~._Ph Cl
F 0 PhOC
PhPEWO-F \_0 [PACI,(PhPEWO-F-chel)] (2)

trans—[PdCIz(PhPEWO—F—P)Z] 0)

WO-F ligand."” This suggests that the second MeCN
substitution on a putative trans-[PdCl,(PhPEWO-F-P)-
(NCMe)] intermediate is faster than the first substitution on
trans-[PdCL,(NCMe),]. This kinetic behavior is to be expected
from the trans-effect of the two ligands involved (phosphine >
NCMe) and also from their trans-influence (phosphine >
NCMe in both cases). Hence, it is the expected result
regardless of the ligand substitution mechanism (associative or
dissociative). It takes 15 min at room temperature to reach
85% conversion to complex 2 (Figure S1). At lower
temperatures (20 °C), a [PdCL{E-(Ph-PEWO-F)}] complex
is observed in the 'H NMR spectra, whereas the X-ray
structure of the final product 2 shows a Z configuration for the
coordinated EWO group.”

Complex trans-[PdCL,(PhPEWO-F-P),] (1) is the final
product for PEWO/Pd = 2:1 ratio. Since the EWO group is
not coordinated, complex 1 behaves quite similar to trans-
[PACL,(PPh,),], at least at room temperature. This makes it
less efficient at the reductive elimination step.g‘1 Moreover,
reductive elimination via double methylation (right side of
Scheme 1) will form the fairly unreactive Pd’ complex
[Pd(PhPEWO-F-chel),] (8), which cannot be easily reinjected
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into the catalytic cycle by oxidative addition (see step 3). It has
a considerable oxidation barrier compared to the reactive Pd°
complex [Pd(PhPEWO-F-chel)] (7). For this reason, the
waiting time of at least 15 min is necessary in order to ensure
that the catalysis starts with most of the Pd in the form of
precatalyst 2.

2. Entering the Cycle via [Pd°(PhPEWO-F-chel)]. Two
precatalysts are most efficient to enter the catalytic cycle via
[Pd(PhPEWO-F-chel)] (7), keeping a Pd/PEWO-F = 1:1
ratio:

(i) Precatalyst 2: [PdCL,(PhPEWO-F-chel)] (2) eventually

provides the Pd° catalyst [Pd(PhPEWO-F-chel)] (7)
after double transmetalation with 2 equiv of the
organometallic nucleophile (e.g, ZnMeCl), followed
by efficient reductive elimination of R—R. This is a
convenient mode of operation.
Precatalyst 5: Alternatively, the storable complex cis-
[Pd(C4Fs),(THF),] (S) is a more general precatalyst
that can be precursor to many Pd" complexes, including
6 and therefrom producing [Pd(PhPEWO-F-chel)] (7)
(left side of Scheme 1). Pd° complexes with other
chelating PEWO species or with many other ligands are
accessible upon ligand substitution of 5,” which only
leaves the quite inert decafluoribiphenyl as a residue.

(i)

Although precatalyst 2 may look more convenient, it will fail
if the pathway to 7 is not efficient because [PdR,(PhPEWO-F-
chel)] is inaccessible. This is observed in the results of the
reaction in eq 2, summarized in Table 1. Catalyst 2 is very

CO,Et CO,Et
™ L™ e
I R

5% 2 or 6, THF
_— >

2.5) ZnRCl
@9) 25°C, 2h @)
Table 1. Catalytic Results for Equation 2%
entry R [Pd] t (h)/T (°C) Ar-R %

1 Et” 2 2/25 94

2 i-Pr¢ 2 2/25 94¢

3 Cy* 2 2/25 91

4 n-Bu? 2 2/25 91

5 -Bu® 2 2/25 14

6 ‘Bu® 6 2/25 s7

“Experimental conditions: Ar—I 1 (0.1 mmol), ZnRCl (0.25 mmol),
[Pd] (0.005 mmol), in THF (total volume = 1.5 mL). Yield was
determined by GC-MS. “ZnRCl was prepared in situ by reactm§ R,Zn
+ ZnCl,. “RZnCl was prepared by reacting RMgX + ZnCl,. “RZnX
was prepared by reacting RLi + ZnCl,. “Linear/branched = 40:60.
fFinal R = CH,CHMe,.

efficient for many nucleophiles susceptible to “reduction”,
including n-Bu (entry 4) but fails in the case of using ‘BuZnCl
(entry S), where two ‘Bu groups would need to overcome
serious steric repulsion to form [Pd(‘Bu),(PhPEWO-F-chel)].
The reaction works much better if [Pd(PhPEWO-F-chel)] is
generated directly from 5 (entry 6). The reaction is anyhow
reluctant to produce the quaternary product, and the product
of H-migration is obtained.

3. Potential Complexity at the Oxidative Addition Step:
[Pd°(PhPEWO-F-chel)] (7) vs [Pd°(PhPEWO-F-chel),] (8)
Reoxidation. The oxidative addition of Ar—I on
[Pd°(PhPEWO-F)] (7) in solution is fast at 25 °C and affords
[PdArI(PhPEWO-F-(chel))] complexes 3, from which the
cycle can continue. If free PEWO is present (blue pathways in

https://doi.org/10.1021/acs.organomet.1c00001
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Scheme 3. Proposed Evolution of the Reaction in Table 1,

Entry 6
//\Pth y PPh, //\Pth
| H readdition | |
H-P —————> ||-Pd or [O-Pd
~— Co,Et Hy/ Co,Et Hy/ o,k

B-H elimination

coupling i\ Pd(PhPEWO-F)
een, ;

O-pPd

HHZC’}\ CO,Et

Scheme 1) it could displace the coordinated EWO group,
giving rise to 8. Luckily, this problem does not occur if 7 has
been correctly preformed, because the coordination of a
second PEWO to 7 turns out to be slower than the oxidation
of 7 by Ar—I, at least in the reactions studied here.

Complex [Pd°(PhPEWO-F-chel)] (7) is a nonisolable and
highly reactive unsaturated species that in solution is probably
somewhat stabilized by interactions with the solvent. In
contrast, complex [Pd°(PhPEWO-F),] (8) can be formed
from 2, 5, or 1 under noncatalytic conditions (absence of Ar—
I), using PEWO/Pd = 2:1 ratio, or directly by ligand
substitution on Pd,(dba)s. It is very stable and can be isolated
as a deep red solid. Its X-ray structure is shown in Figure 2.

: :COZEt
I -

CO,Et
+BuznCl + 6

Figure 2. Structure of [Pd(PhPEWO-F-chel),] (8), with thermal
ellipsoids drawn at the 50% probability level. Co-crystallized hexanes

as well as hydrogen atoms are omitted for clarity. The configuration of
the double bonds is E.

Although produced as a racemic mixture, 8 displays a chiral
distorted tetrahedral coordination around Pd’, defined by the
two P atoms and the centers of the two E double bonds. The
plane formed by Pd and the midpoints of the double bonds
makes a 52.9° angle with the PdP, plane (expected angle: 0°
for square-planar and 90° for tetrahedral). The P1—Pd—P2
angle is 111.91°, and the angle at Pd of the midpoints of the
double bonds is 107.82°. The lengths of the double bonds are
(C1=C2) = 1.442(4) A and (C4=C5) = 1.411(4) A. This
structure is very similar to the one reported for [Pd(PhPEWO-
H-chel),], slightly longer in 8 than in the reported [Pd-
(PhPEWO-H-chel),] (C=C average = 1.406(4) A),”* which
supports higher Pd-to-EWO back-donation in 8.

According to their very unlike nature, 7 and 8 behave very
differently versus Ar—I as oxidant, and different pathways are
possible to continue the cycle, depending on the Pd° complex
formed. These are summarized in Scheme 4.
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Scheme 4. Competitive Reactions at the Oxidative Addition

Step
Al 25°C | by Ar(PhPEWO-F-chel)]

[Pd%(PhPEWO-F-chel)]
(3)

™

PhPEWO-F |slow Al 25°C

Arl 60°C_ 1pdArI(PhPEWO-F),] — = 4

(int.)
[PdAr(PhPEWO-F)] (3)
+

[PdO(PhPEWO-F-chel),]
(8)

Arl = 4-CF3CGH4-|

The oxidative addition of Ar—I on [Pd°(PhPEWO-F)] (7)
in solution is reasonably fast at 25 °C, and it immediately
affords [PdArI(PhPEWO-F-(chel))] (3), from which the cycle
can continue. If free PEWO were present, it might displace the
coordinated EWO group, giving rise to 8 (blue pathways in
Scheme 1). Luckily, this problem does not occur in practice
because the coordination of a second PEWO to 7 turns out to
be slower than the oxidation of 7 by Ar—I, at least in the
conditions studied here.

Complex 8 is remarkably air and moisture insensitive, highly
stable in solution, and quite reluctant to oxidative addition by
Ar—I at room temperature. However, heating at 60 °C in THF
(Pd/4-CF;C4¢H,~1 = 1:3) produces oxidative addition
(Scheme 3) followed by migratory insertion to complex 4
(see structure in Scheme 4), which suggests that this moderate
temperature increase probably induces some entropically
favored EWO decoordination from 8, favoring oxidative
addition through a different intermediate (int.) than in the
case of 7. Evolution of this intermediate in the reaction
conditions leads to 4 instead of 3. Interestingly, the oxidative
addition of 8 at room temperature can be promoted by
addition of [PdCl,(NCMe),], which scavenges PhAPEWO-F to
give 7 (and therefrom 3) and 2. This observation suggests
possible rearrangements that might be operating to restore
PEWO/Pd = 1:1 ratios under catalytic conditions.

We first observed the insertion product 4 in a reaction
planned to obtain 3 according to Scheme 5.”' This suggests
that the nature of the intermediate labeled int. is probably
trans-[PdArI(PhPEWO-F),], which similarly undergoes fast
migratory insertion at 60 °C.

Arl 25°C

[PACI,(NCMe),]
[PACl,(PhPEWO-F)] (2)

Scheme S. Insertion Pathway Observed in the Reaction of
PhPEWO-F with [Pd(4-CF,C4H,)I(AsPh;),]

F
;?\sPh3 F F
O i~ G
AsPhs FPhz o O
QC@P‘d—I 3
AsPhg

In order to evaluate the catalytic significance of the
experiments in Schemes 3 and 4, we have to have to keep in
mind that they are carried out in the absence of a nucleophile.
This means that a subsequent transmetalation following the
oxidative addition of Ar—I is excluded. In the presence of
ZnMeCl (Scheme 1), the catalysis works fine and 4 is not
observed, suggesting that the sequence transmetalation
followed by reductive elimination is faster than migratory
insertion. These observations are supported by our computa-
tional studies in Part 2. In general, however, considering the
reversibility of the transmetalation and instances where
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transmetalation is slow (depending on the nucleophile used),
irreversible migratory insertion might be competitive.

4. Transmetalation Step vs Other Potentially Competing
Processes. From all the previous comments, it is clear that a
slow transmetalation can be the source of different problems as
much as a slow reductive elimination. We have addressed these
questions in the computational section in Part 2. Furthermore,
since transmetalation is the most studied step of cross-coupling
cycles, we refer the reader to the abundant literature
available.*™"*

It is worth mentioning that our DFT studies in Part 2 show
that the strong trans effect of the electron-withdrawing ligand
has an accelerating effect on transmetalations through an
associative mechanism. This is a very interesting observation.

5. Reductive Elimination Step. Coupling from complexes
[PdArRL,] (6, R = alkyl or aryl) is a straightforward process
with conventional aryls and phosphines at room or higher
temperatures. Interestingly, PhAPEWO-F promotes Ar—Ar, Ar—
Et, or Et—Et reductive eliminations at rates that are too fast to
be studied. As mentioned in the Introduction, this step can be
slowed down to rates appropriate for NMR studies using
C¢Fs,” and this conditioned the choice of the molecule for the
experimental study. Monitoring by '"F NMR, reductive
elimination of cis-[Pd(C4F;),(THF),] (S) upon addition of
PhPEWO-F shows that, as an isolated step, the coupling
outcome depends on the Pd/PEWO ratio. Addition of 2 equiv
of PhPEWO-F to S5 leads, in a few minutes, to the
corresponding Pf—Pf biaryl, small amounts (<5%) of Pf—H,
and a quantitative yield of [Pd°(PhPEWO-F-chel),] (8). In
contrast, addition of only 1 equiv of PAPEWO-F produces
coupling of only 50% of 5 to 8 and leaves 50% of unreacted §
(Scheme 6). Kinetic data show that the observed coupling rate

Scheme 6. Outcome of the Pf—Pf Reductive Elimination
Promoted by PAPEWO-F, Using 1 or 2 Equivalents of
PhPEWO-F
Toluene
25°C
Pf—Pf

Tol
cis-[Pd(Pf),(THF),] + PhPEWO-F Ozlf;ge 0.5 [PA(PhPEWO-F),] (8)

®) N
0.5 cis[Pd(Pfy(THF),]

cis-[PA(Py(THF),] +2 PhPEWO-F [Pd(PhPEWO-F),] (8)

does not depend on the concentration of PhPEWO-F
exceeding the 1:1 ratio. This supports that the reductive
elimination occurs on [Pd(Pf),(PhPEWO-F-chel)], and the
second PhPEWO-F ligand, when available, is incorporated at a
later step.

The sequence ligand substitution/reductive elimination
using 2 equiv of PAPEWO-F was monitored in toluene at
low temperature (—50 °C). The *'P NMR spectra showed that
formation of [Pd(Pf),(PhPEWO-F)] (6) is preferred to
monodentate coordination of two phosphines, and the second
equivalent of PhAPEWO-F remains free. When the temperature
is allowed to rise to 25 °C, coupling from 6 proceeds (Scheme
7), and only then the available [Pd°(PhPEWO-F-chel)] (7)
captures free PhAPEWO-F ligand to give [Pd(PhPEWO-F-
chel),] (8).

This ligand behavior is in contrast with the observations
made in the section Preliminary Test for the reaction of trans-
[PACI,(NCMe),] with PhPEWO-F, which affords trans-
[PACL(PhPEWO—-F-P),] (1) first and then slowly rearranges

Scheme 7. Pathway Observed in the Reaction of PhAPEWO-
F with cis-[Pd(Pf),(THF),] (5)

Toluene
cis-[Pd(Pf)y(THF),]  +2 PhPEWO-F T> [Pd(PhPEWO-F),]
(5) (8)
Toluene
-50°C
F Ph, Toluene
P WPf 25°C
Pd + PhPEWO-F [Pd(PhPEWO-F)]
Y 4
;Pf
COPh Pf-Pf + PhPEWO-F

into [PdCL(PhPEWO-F-P)] (2) and free PhAPEWO-F. This
probably happens due to the lower electrophilicity of the
Pd(Pf), moiety, relatively electron-rich compared to PdCL,.
The higher steric congestion expected for cis-[Pd-
(Pf),(PhPEWO-F-P),] may also contribute to the disfavored
formation of this intermediate. The fact is that only after
coupling has occurred, the initial 14-electron reduction
product [Pd(PhPEWO-F-chel)] (7) captures PhAPEWO-F to
form the much more stable 18-electron bis-chelate complex
[Pd(PhPEWO-F-chel),] (8).

The E-EWO coordination depicted in Scheme 7 was
unambiguously confirmed in solution and in the solid state
by NMR studies and X-ray analysis. Complex [Pd-
(CgFs),(PhPEWO-F-chel)] (6) was isolated by adding 1
equiv of PAPEWO-F to 5 at —78 °C. The addition of cold
hexane (—78 °C) provoked precipitation of 6, which in the
solid state is stable at 25 °C.”> Crystallization at low
temperature provided single crystals and X-ray diffraction
confirmed the structural features announced by the NMR
spectra in solution, as well as some other structural details
(Figure 3).

Figure 3. Structure of [Pd(CFs),(PhPEWO-F-chel)] (6), with
thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms
are omitted for clarity. The configuration of the double bond is E.

The Pd atom displays a square-planar coordination defined
by the two C,.,, atoms (C40 and CS50) of the C4Fs groups, the
P atom and the (C7=C8) double bond, with C8 closer to the
fourth coordination position than C7. The double bond shows
an E configuration and is disposed roughly perpendicular to
the coordination plane, although in an asymmetric manner: the
olefin bond and C40 occupy trans positions on Pd, and the
C40—Pd—C7 angle is 158.2(3)° (with C7 somewhat above the
coordination plane), with a bond distance Pd—C7 =
2.2842(8)A; on the other hand, the C40—Pd—C8 angle is
167.6(3)° (with C2 slightly below the coordination plane),
with a bond distance Pd—C2 = 2.320 A. The double bond
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length is 1.35(1)A, which is slightly shorter than that in
[PACL,(PhAPEWO-E-chel)] (2) (1.381(5) A).?

6. Exploring the Temperature Effect. In view of the effects
of moderate increase in temperature observed in Scheme 4, we
tested the temperature effect on a simple Negishi catalysis,
using PEWO/Pd complexes in a 1:1 ratio (2, 7) and 2:1 (1, 8).
Their activities were tested at 25 °C or at 60 °C for the less
efficient cases. The results are gathered in Table 2. The
reactions were also carried out at 60 °C.

5%[Pd]
4-FC,H,I + 2.5ZnMeCl

4-FC,H,Me
THEF, 25 or 60 °C

()

Table 2. Catalytic Results for 4-FC,H,—Me Coupling with
Different Pd Complexes”

[Pd] precatalyst time (h) T (°C) yield (%)
trans-[PACL,(PEWO),] (1) 24 25 32
60 >95
[PACL,(PEWO-chel)] (2) 5 25 >95
[Pd(C,Fs),(PEWO-chel)] (7) 5 25 595
[Pd(PEWO-chel),] (8) 24 25 24
60 86

“PEWO = P-coordinate PhAPEWO-F; PEWO-chel =
PhPEWO-F.

P, olefin chelated

The results show that, regardless of the initial oxidation state
of Pd, the catalysts having a Pd/PhPEWO-F ratio = 1:2
(complexes 1 and 8) perform poorly at 25 °C, giving low yields
after 24 h. In contrast, complexes 2 and 7, both having a Pd/
PhPEWO-F ratio 1:1, perform very well, producing
quantitative yields at 25 °C in less than S h. The low activity
of 1 and 8 can be noticeably improved carrying out the
reactions at 60 °C, still a mild reaction temperature. Whether
this improvement is due to some intervention of the EWO
moiety along the coupling, or is simply due to the electron-
withdrawing effect of these fluorinated phosphines we cannot
say at the moment, but is something to be explored in catalysis.

Part 2: DFT Calculations of the Ph—Me Negishi Cycle

and the Insertion Side-Reaction. The catalytic cycle,
including the coupling vs insertion competition, has been
studied by DFT computations (PBE0-D3). We investigated a
model Pd-catalyzed sp’—sp? coupling between I—Ph and
ZnMe, with PhPEWO-F as a ligand, in THF, affording toluene
and ZnMel as cross-coupling products. In addition to the
description of THF as a polarizable continuum medium, two
THEF molecules were included as additional ligands for the zinc
species (Figure 1a).17 Two structural aspects have to be
considered that increase the number of species to be
calculated. First of all, the initial oxidative addition of Ph—I
o [Pd°(PEWO-chel)] can produce two isomers with very
similar activation energy: one with a cis arrangement of the Ph
and the double bond groups (labeled -cis), and one with a
trans arrangement of these groups (labeled -trans). On the
other hand, the configuration of the double bond can be E or
Z.

The PEWO ligand is a $,6,7,8-F,-9-(PPh,)-chalcone. The
most stable configuration of free chalcones is E. The Z/E
rotational isomerization barriers for other aryl-substituted
chalcones in MeCN have been measured to be in the range
16.5—12.2 kcal mol™".*> We have recently shown that the
fluorine substituents and the P atom (free in the free
phosphine and coordinated to Pd in the P-coordinated
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complexes of the precatalysts) further reduce this rotational
barrier, and E/Z conformational changes are feasible and fast
through similar mechanisms.”” In order to simplify the DFT
analysis, we have assumed that the E isomer remains
throughout the reaction course as long as the alkene
coordination is not disrupted. We use Roman numbers for
calculated species.

Our initial attempts to model the oxidative addition step
with a monoligated [Pd(PEWO)] compound (II-cis and II-
trans, Figure 4) resulted in very low activation energies for the
reaction between [Pd(PEWO)] and Ph—1 (AG¥ = 5.1 kcal
mol™"). Such a low energy barrier seems unlikely, due to the
experimental observation that reactions with Ph—Br are

a) Oxidative addition of Ph-I to [Pd(PEWO)(THF),] leading to cis isomer
t

Phy I\
/Ph

6.

A

o

th ,|~_‘
[R5

&y
]
(e}

TSl-cis

AGOAAA =16.6

i TSI-trans
ll-trans |
i [AGoa2=15.9
6.5/ ‘
2THF,  ——
I-Ph \> .
0.0, =
Ph\fO TSI-trans
— /T HF Ph, Ph
R "pa, F P~/
F [ TSTHF ¢ Pd
PPh, F

lll-trans
PBEO0-D3/Def2TZVP, DEF2QZVP/SDD/SMD(THF)//PBE0-D3/SDD-6-31G(d)

Figure 4. Gibbs energy profile of the oxidative addition step (kcal
mol™) for [Pd(PEWO)(THF),] with Ph—IL (a) Oxidative addition
of Ph—I to [Pd(PEWO)(THF),] leading to the cis isomer. (b)
Oxidative addition of Ph—I to [Pd(PEWO)(THF),] leading to the
trans isomer.
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relatively sluggish and require heating at 60 °C. Therefore, we
surmised that the Pd° complex might be present in solution as
a more stable species. Through the use of cluster-continuum
model,’” we found that THF molecules can stabilize the
complex significantly as [Pd°(PEWO)(THF),] (I), which is
11.5 and 6.5 kcal mol™ more stable, respectively, than the
[Pd°(PEWO)(Ph—I)] adducts II-cis and II-trans.’**® The
relative stability of [Pd(PEWO),] was also investigated and
was found to be a deep thermodynamic sink (AG, = —22.7
kecal mol™!, see the Supporting Information), in line with the
strong decelerating effect observed experimentally in the
presence of extra PEWO. Therefore, without excess ligand
and in THF as solvent, we considered [Pd°(PEWO)(THF),]
(1) as the reactive form of the Pd® complex.

Two different pathways were computed for the oxidative
addition of Ph—I to I, depending on the orientation of the
incoming Ph ring relative to the alkene ligand (cis or trans,
Figure 4). The oxidative addition proceeds through transition
states TSI-cis and TSI-trans leading to two isomers III-cis and
IlI-trans with a slight kinetic preference for Ill-trans (AG§ 4,
= 16.6 vs AGH, = 15.9 keal mol™). Although III-trans was
found to be significantly more stable than III-cis (G = —7.8
keal mol™ vs Gyyans = —10.5 keal mol™) due to the larger
trans influence generated by the strong P and Ph sigma donors
in compound Il-cis, the free energy difference between the
ground states is inconsequential since the oxidative addition
was found to be irreversible and therefore under kinetic
control. The stereochemical outcome of the oxidative addition
step is important because IIl-cis may lead to catalyst
deactivation by migratory insertion whereas IIl-trans may
not, given that a cis arrangement between groups to be inserted
is a known prerequisite.”® Since both isomers are energetically
accessible (a 3:1 ratio between III-trans and IIl-cis is expected
for an energy difference of 0.7 kcal mol™'), subsequent
computational studies considered both isomeric pathways.

Transmetalation with ZnMe,(THF), occurs through
nucleophilic attack to the vacant d,_ orbital of Ill-cis by
the highly electron-rich Me—Zn bond (in green, Figure Sa),
affording a trigonal bipiramidal structure IV-cis (featuring a
bridging Me group, higher in energy than the free species).
This intermediate rearranges into V-cis via TSII-cis by Me/I
group exchange, with both exchanging groups in the equatorial
plane as in classical concerted cyclic transmetalation
mechanisms.”” One of the THF ligands on Zn is released at
this point, probably due to reduced ability to accept electron
density from a highly electron-rich Zn atom. Compound VI-cis
was found to undergo reductive elimination through TS-IV
(AGE:, = 17.3 keal mol™), affording VIII-cis, ultimately
releasing toluene as a cross-coupling product (not shown).

As previously commented, compound IIl-cis may undergo
migratory insertion of the EWO unit into the Pd—Ph bond (in
red, Figure Sa). We were able to locate the corresponding
transition state for this process (TS-III-cis), which occurs with
an overall activation barrier AG{;;; = 14 kcal mol™.
Importantly, the alkene needs to have a planar orientation
with respect to the Pd—Ph bond prior to phenyl insertion
(versus 89.7 deg of the dihedral angle between the alkene and
the Pd—Ph bond in II-cis). This alkene rotation has an energy
cost of 5.9 kcal mol™" (intermediate not shown in the figure).
Intramolecular ¢ bond rotation and carbonyl coordination
affords compound VI-cis, which is very stable (Gyp;; = —33.2
kcal mol™"), causing irreversible catalyst deactivation. Our
computational results support that a fast transmetalating
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reagent able to outcompete the intramolecular migratory
insertion process is critical for a successful coupling with
catalysts based on PEWO ligands, which would otherwise
deactivate after a few catalytic cycles. With ZnMe,, trans-
metalation is much faster than migratory insertion (AGE, =
6.2 kcal mol™ vs AGE, = 142 kcal mol™"). These results
explain the superior performance of organozinc reagents when
Pd—PEWO catalysts are employed, showcasing their strong
transmetalating power. Concentration effects also need to be
taken into consideration (since this is a competition between a
bimolecular and a unimolecular reaction), and some excess of
ZnMe, would probably be optimal for a longer catalyst
lifetime.

Similarly, compound VII-cis can be subjected to a
competition between migratory insertion and reductive
elimination (both unimolecular reactions). For VII-cis, Pd—
Ph insertion across the EWO occurs through TS-V (AGE, =
21.0 kcal mol™) in route to IX-cis, whereas reductive
elimination to form VIII-cis (and ultimately the reaction
products) proceeds through a lower energy barrier (TS-IV,
AGEz, = 17.3 kcal mol™), suggesting that undesired
migratory insertion is probably not a competitive process at
this stage. The higher activation barrier for migratory insertion
for VII-cis than that of III-cis suggest that, despite the fact that
VIl-cis is the more electron rich complex and therefore the
Pd—Ph bond should be more nucleophilic, the most important
factor is the stronger activation of the EWO group at the more
electrophilic ITI-cis.

Regarding the reaction coordinate for the trans isomer
(Figure Sb), we were unable to locate a transition state
analogous to TSIII-cis but corresponding to a concerted cyclic
transmetalation between III-trans and ZnMe,(THF),. Instead,
we found a different and stepwise mechanism for group
exchange that occurs through exergonic association via a
square pyramidal structure X-trans (through similar orbital
interactions to those described for III-cis, Figure 4), followed
by iodide substitution by ZnMe,(THF), via trigonal
bipyramidal TSVI-trans (AG¥ = 14.3 kcal mol™), leading to
an ion pair XI-trans where a cationic Zn fragment is stabilized
by the electron-rich Pd—Me bond. The methyl transfer occurs
with inversion of stereochemistry through a hypervalent
carbon in an open transition state.”” The proximal iodide
anion attacks the highly electrophilic ZnMe(THF)," fragment
via TSVII-trans through a low activation barrier (AGF =23
kcal mol™"), leading to the collapse of the ion pair into XII-
trans, which ultimately can separate into the free species XIII-
trans and ZnMel(THF),.

The preference for an open transition state for the transfer of
a Me group in IIl-trans was unexpected due to the lack of
functional groups able to attenuate the excess of electron
density of typically high in energy hypervalent carbons, as
recently shown by Sakaki.”” We believe that the explicit solvent
molecules included as ligands for ZnMe,(THF), might play an
important role stabilizing the ZnMe(THF)," fragment.

As to why a cyclic mechanism is preferred for IIl-cis, the
electrostatic repulsion generated in the S-coordinate trigonal
bipyramidal TSIII-cis Pd complex is probably alleviated by the
EWO moiety acting as a m-acceptor of electron density,
removing electron density in the equatorial plane. This
stabilizes an associative substitution. By contrast, for the
trans geometry leading to TSIII-trans, the electron density of
the incoming Me ligand cannot be stabilized by the
phosphorus atom, a much weaker 7-acid, precluding formation
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of a trigonal bipyramid like IV-cis with both the exchanging
Me and I groups in the equatorial plane. Thus, stepwise
displacement of the I” ligand is preferred instead. The
drastically different transmetalation activation barriers for III-
cis and Il-trans (AGE, = 6.2 vs AGE, = 14.3 kcal mol™)
exposes the accelerating effects of electron-withdrawing
ancillary ligand in transmetalation reactions, which can also
be regarded as classical ligand substitution reactions.”’

Finally, XIII-trans undergoes reductive elimination via
TSVI-trans into IX-trans, which leads to the reaction products
through an activation barrier of 22.3 kcal mol™". Similar to III-
cis and VII-cis, migratory insertion might be competitive with
reductive elimination for this intermediate (Figure Sb), but it is
significantly higher in energy (AGH 5 = 22.3 keal mol™! vs
AG¥, = 17.3 keal mol™!) and unlikely a source of catalyst
deactivation.

Bl CONCLUSIONS

The easily prepared PAPEWO-F ligand, representative of other
possible RPEWO-F members of the same structure, is an
efficient ligand to promote aryl-alkyl Negishi couplings at room
temperature. The PEWO Pd catalytic species can be easily
formed in situ, either from [PdCl,(MeCN),] or by
spontaneous reduction of [Pd(C¢F;),(THF),] upon addition
of the PEWO ligand. The latter procedure is efficient for
initiation of reactions with bulky R groups such as ‘Bu, which
fails to generate Pd’ through double transmetalation on
[PACL,(PhPEWO-chel)].

It is a frequent practice in Pd-catalysis that excess ligand is
used to protect the transient 14e [Pd°] species from
clusterization to Pd° black or to compensate for loss of ligand
(e.g, by adventitious oxidation, in the case of phosphines). In
contrast, when using PhPEWO-F at room or lower temper-
atures, it is important to avoid ligand excess, which may
detrimental, at least in reactions at room or lower temper-
atures. As shown in the preceding analysis, this excess can
sequester Pd in the form of [Pd(PhPEWO-F),], because this
Pd’ compound can hardly be reoxidized by Ar—1I at room
temperature.

The study shows that many of the potential complications
envisaged for the use of the PEWO ligands do not occur in fact
as far as the transmetalations are fast, because the reactions
keeping the intermediates in the cycle are faster than other
alternatives driving the process out of the cycle (e.g., migratory
insertion or -H elimination). Furthermore, the coordination
of the EWO moiety was found to have a beneficial accelerating
effect on the associative transmetalation step, which proceeds
with remarkably low activation barriers because the strong
trans effect of the EWO moiety stabilizes the transition state. It
is very interesting that the same structural feature, coordination
of the EWO moietty, is beneficial for two critical steps,
transmetalation and reductive elimination.

Notwithstanding the previous caveats, the catalysts with two
PEWO per Pd can become also active (although somewhat
slowly) when increasing the reaction temperature to 60 °C.
Since the ligand is fairly stable and it does not undergo
oxidation readily, the reaction conditions may be extended to
higher temperatures for low reactivity cases, where other
mechanisms could be operating. As mentioned at the
beginning of the Results and Discussion, these directions are
being explored now in more challenging couplings.
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B EXPERIMENTAL SECTION

All experimental descriptions and data are collected in the Supporting
Information.
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