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The observation of post-transition-state dynamic dynamics control cis/trans ratio of Pd" intermediates
effects in the context of metal-based transformation is rare. To S t Nz
date, there has been no reported case of a dynamic effect for the Frcosity Fur 6Si\“|=
widely employed class of palladium-mediated coupling reactions. We G LF_PGS_"I'_V F i \;}_‘\P/d_l_
performed an experimental and computational study of the  §Fs ' ® 15 L-Pd-L / cFs
trifluoromethylation of Pd'™F, which is a key step in the Pd®/ """ S
Pd(ll)-catalyzed trifluoromethylation of aryl halides or acid fluorides. @M
Our experiments show that the cis/trans speciation of the formed v
PdWCF, is highly solvent- and transmetalation reagent-dependent. FiC-Pd-L T S i
We employed GFN2-xTB- and B3LYP-D3-based molecular dynamics @ nfedium me,f,-um F,C—Pd—L
trajectory calculations (with and without explicit solvation) along

= impact of solvents & reagents rationalized

with high-level QM calculations and found that depending on the | explicit solvation dynamics (xTB) & BOMD applied

medium, different transmetalation mechanisms appear to be

operative. A statistically representative number of Born—Oppenheimer molecular dynamics (MD) simulations suggest that in
benzene, a difluorocarbene is generated in the transmetalation with R;SiCF;, which subsequently recombines with the Pd via two
distinct pathways, leading to either the cis- or trans-Pd"WCF,. Conversely, GFN2-xTB simulations in MeCN suggest that in polar/
coordinating solvents an ion-pair mechanism is dominant. A CF; anion is initially liberated and then rebinds with the Pd™ cation to
give a cis- or trans-Pd"™. In both scenarios, a single transmetalation transition state gives rise to both cis- and trans-species directly,
owing to bifurcation after the transition state. The potential subsequent cis- to trans isomerization of the PA™CF, was also studied
and found to be strongly inhibited by free phosphine, which in turn was experimentally identified to be liberated through
displacement by a polar/coordinating solvent from the cis-Pd"CF, complex. The simulations also revealed how the variation of the
Pd-coordination sphere results in divergent product selectivities.

transmetalation, computational, dynamic effect, palladium, trifluoromethyl

transmetalation step is still the least well understood (Figure
1C).° This study focuses on the trifluoromethylation of pd™,
which constitutes a key step in the Pd(®/ Pd(H)—catalyzed
trifluoromethylation of aryl halides.” While this transformation
is one of the most challenging transformations in the cross-
coupling arena, with only three catalytic protocols of pd©/
Pd™-catalyzed trifluoromethylations existing to date,”™'" it is
also one of significant interest owing to the widespread industrial

The advent and discovery of dynamic effects on reactivities have
fundamentally changed conventional rationalizations and
understanding,l as the region after the transition state dictates
the product outcome in these cases, and as such, a single
transition state may give rise to several products (i.e., in the so-
called “bifurcation”, see Figure 1A)"” or multiple paths might be

available from a transition-state region (in the so-called o ) ; S
« . . 2 and academic interest in fluorinated molecules and fluorination
roaming” phenomenon, see Figure 1B).” How the post-

12 : () _ i
transition-state region affects the product outcome is currently met‘hods. The ‘transmetalatlon step of Pd X, (where X 'S not
still largely unknown and subject to intense research efforts.'*’ F) is accompanied by the formation of reactive CF; anions,
Dynamic reactivity effects have been found to be crucial in Ig{e I;ieéalge(iln tf;lzmretsh;c(e:(;nfl;lizliltli}x’/e;l?;i f;;gg:i‘iiiﬁg;ﬁ?;
numerous pericyclic reactions, especially cycloadditions and 3 3 P ) 3
carbocation reactivities,” including examples that occur under
enzyme catalysis.” The identification of such phenomena in the November 17, 2023
context of organometallic reactivities and catalysis is rare.' % December 11, 2023

To date, there is no reported dynamic reactivity effect in Pd- December 12, 2023
catalyzed cross-couplings. This reaction class belongs to the December 29, 2023
most impactful and most studied organometallic transforma-
tions,” and consists of various elemental steps, of which the
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Figure 1. Dynamic effects: (A) bifurcation and (B) roaming. Pd-catalyzed trifluoromethylation: (C) catalytic cycle and previously identified transition
state for transmetalation with Me;SiCFs; (D) importance of additive-free, direct transmetalation of Pd'-F; and (E) this work.

can cause more weakly bound ligands to be displaced from Pd™
and thus deactivate the catalyst.'”"* If X = F on the other hand,
transmetalation can take place directly without the need for
exogenous additives,">® which avoids this detrimental side
reaction and allows more weakly binding ligands for the similarly
challenging reductive elimination'® to be used. This concept was
recently successfully leveraged in a catalytic protocol based on
aromatic acid fluorides which yielded ArCF; upon additive-free
decarbonylative trifluoromethylation'' (via the key Pd™.-F
intermediate) and related transformations,'”'® see Figure 1D.
As such, a precise understanding of the mechanism of the direct
and additive-free transmetalation of Pd"VF is critical to advance
the further development of such catalytic protocols.

In this context, we recently communicated that the direct
transmetalation of a PA™WE complex with trialkyl (trifluor-
omethyl) silane (R;SiCF;)"? proceeds via an unusual transition
state. In contrast to other transmetalations of Pd™ **° the
reaction with [L,Pd"™(F)(Ar)] does not occur via a cyclic 4-
membered transition state, but instead the CF;—Si group is
cleaved as to transfer only a fluoride to the palladium under
liberation of a difluorocarbene (see Figure 1C)."

The CF, carbene then reacts with PA'VF to give the Pd"WCF,
complex. We supported these findings experimentally by
demonstrating that a separately synthesized difluorocarbene is
directly reactive with Pd"VF to give Pd™CF,. The mechanism
was found to be independent of the phosphine ligand (L).

This manuscript describes our more comprehensive studies
on the transmetalation mechanism as a function of reaction
medium and transmetalating agent with a focus also on the
resulting cis/trans speciation of the formed Pd™CF, complex,
which in turn is key for subsequent catalytic steps to happen. We
show that the cis/trans distribution correlates with dynamic
reactivity effects and that a single transmetalation transition state
can result in cis- and trans-intermediates directly due to post-
transition-state bifurcation.

We set out to experimentally study the transmetalation of trans-
[(PPh3)2Pd(H)(F)(Ph)] complex 1 with R;SiCF; exclusively as
well as a separately generated difluorocarbene as a function of
solvent (Figure 2). We observed that difluorocarbene reacts with
trans-Pd™F 1 to form the trans-[(PPh;),Pd"™(CF;)(Ph)]
(trans-2) complex exclusively, regardless of the solvent that was
employed (i.e., benzene, DCM, and DMF gave analogous
results, see Figure 2, top).

By contrast, our systematic investigation of cis/trans ratio for
the transmetalation of trans-[(PPh3)2Pd(H)(F)(Ph)]2] 1 with
Et;SiCF; instead of the free difluorocarbene predominantly led
to the cis-isomer (cis-2) in PhCN, DMF, and DMSO, whereas
the trans-isomer (trans-2) was predominant in benzene (see
Figure 2, bottom).

Interestingly, Grushin and co-workers previously also
reported a solvent dependence on the cis/trans ratio in
transmetalation with RySiCF; despite starting from the trans-
precursor exclusively.">

The origin of this solvent effect and the formation of cis-
isomer, despite the trans-configuration of the precursor, is
unexplained to date. On the other hand, monophosphines
[LIPd(H)(CF3) (Ar)] have been characterized and observed only
in cis-configuration (with L = PtBu,, BrettPhos).”'9***

Our systematic analysis of the transmetalation of 1 with
Et;SiCF; over time showed that in the polar solvents PhCN or
DMF, the reaction was rapid (being complete in less than 10
min) and that the initially set cis/trans ratio remained
configurationally stable over 24 h at room temperature. By
contrast, the same process in benzene proceeded more slowly
(evolving over 24 h) and the cis/trans ratio changed over time
from an initial 1:3 ratio (after 10 min and 1 h) to nearly complete
observation of the trans-Pd"CF; after 24 h (Figure 2). While
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Figure 2. Transmetalation with CF, generated in situ (top) vs Et;SiCF;
(bottom) with 1 in different solvents after 10 min, 1 h, and 24 h. L =
PPh, * including exchange of one L by solvent (vide infra).

the observations in the nonpolar solvents suggest that cis-to-
trans isomerization can occur as a competitive process to the
transmetalation, the different reaction outcomes observed in the
polar media for the different transmetalating agents, i.e.,
Et;SiCF; (giving predominantly cis) vs CF, carbene (giving
exclusively trans), are particularly striking and imply that the cis/
trans ratios at room temperature under these conditions do not
arise from isomerization or thermodynamic equilibration of the
product PA™CF, complexes.

We set out to separately synthesize the cis—[(PPh3)2Pd(H)(CF3)—
(Ph)] complex to gain greater insight of its potential to
isomerize to the corresponding trans-complex. To date, only the
corresponding trans-complex had been made and/or charac-
terized. To access the cis-complex, we first prepared the
literature known tmeda-coordinated precursor (tmeda =
tetramethylethylenediamine), i.e., cis-[(tmeda)Pd(H)(CF3)-
(Ph)]** and subsequently displaced tmeda with two equivalents
of PPh;. To our delight, the displacement was stereospecific,
resulting in the first synthesis (and characterization) of the cis-
[(PPh3)2Pd(H)(CF3)(Ph)] complex (cis-2). See Figure 3 for the
synthesis and X-ray crystallographic support.”*

With the cis-2 complex in hand, we studied its isomerization to
the trans-complex as a function of solvent. Interestingly, while
we observed a relatively short half-life (¢, = 19 min) and low
isomerization barrier in benzene (experimentally determined as
AG* = 23.7 kcal/mol), we observed a much slower isomer-
ization in acetonitrile and DMF, with only 6% trans-Pd"VCF,
being formed within 36 h at room temperature in DMF. These
results are consistent with the above observations that the
established cis/trans ratio remained configurationally stable for
24 h at room temperature for DMF and PhCN, but

265

A. Stereoselective Synthesis
of cis-Pd"CF,

MesN I|3Ph3
U
F;C-Pd-NMe, PPh3 F3;C=Pd=PPh;
- tmeda
cis-2

= stereospecific ligand
substitution

PPhs 1 solvent

NCMe <
= ligand displacement | o
in polar solvents F3C-Pd—PPhg
(DMF, DMSO, PhCN); e
isolated for MeCN | <
cis-3
B. cis-trans Isomerization
t1/2 =19 min
fast  AG*=23.7 keal/mol
[ CeHe, 50°C v
PPhs CFs
F3C—Pd—PPh;, t, = 511 min PhsP-Pd—PPh,
SIOW " AG* = 25.8 kcalimol
PPhs (2.5 equiv), C¢Hg, 50°C
cis-2 trans-2

Inhibition under catalytic reaction conditions in non-polar solvent:

d Pd
\I/
dimerization @

Figure 3. Independent synthesis of cis-2 by ligand substitution and

subsequent reactivity with solvent as well as X-ray structures of cis-2 and
. 24

cis-3.

| PPh
PhsP-Pd-PPh; PhaP I\
_LL P

*PPh,

isomerization occurred in benzene as the transmetalation
proceeded.

Interestingly, we also observed that the cis-Pd"CF, complex
partially exchanges a phosphine ligand for a solvent molecule in
the polar solvents (57% observed in DMF, 68% observed in
MeCN), see Figure 2. The trans—Pd(H)CF3 (as well as trans-
pPdWF starting complex 1), on the other hand, does not undergo
a solvent/ligand exchange and remains unchanged in all
solvents.

Since the isomerization requires an initial dissociation of a
phosphine ligand, followed by isomerization from cis- to trans-
Pd"WCEF, from the tricoordinate, monophosphine complex, we
speculated that the origin of slower isomerization in polar
solvent might stem from the excess phosphine that is liberated
upon formation of the solvent-coordinated cis-Pd"VCF,
complex cis-3. Indeed, when we studied the cis—trans isomer-
ization of cis-PdWCF; (cis-2) in the presence of 2.5 equiv of
PPh; in benzene, we saw the isomerization being significantly
slowed and we observed only 2% conversion to the trans-
PAd™CF, (trans-2) after 36 h at room temperature (50%
conversion to trans-2 after 9 h at 50 °C). We determined the
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Figure 4. Outcome of 100 BOMD trajectory calculations after $ ps starting from TSyy, in the transmetalation of trans-[ (PPh;)Pd™(F)(Ph)] with
Me;SiCF;. B3LYP-D3/6-31G(d) was used for BOMD. Energies (in kcal/mol) refer to Gibbs free energies obtained after optimization of key points
(of the dynamics simulation) at the SMD (benzene) MO6L/def2-TZVP//B3LYP-D3/6-31G(d,p), SDD(Pd) level of theory. L = PPh,. [See also the
Supporting Movies (S1 and $2) of these processes.] Reproduced with simulations in ORCA as an NVT ensemble at 300 K.*?

experimental activation barrier of AG* = 25.8 kcal/mol (t, n=
511 min) for isomerization in the presence of excess PPh, in
benzene.

Extrapolated to catalytic reaction conditions, where Pd™
intermediates are only formed in small quantities and coexist
with other species, excess ligand could well be encountered and
post-transmetalation isomerization hence be of low(er)
significance. In this context, our additional tests with added
water or Et;SiCF; showed no effect on the extent and speed of
isomerization. In stark contrast, the presence of
[(PPhs)de(H)(I)(Ph)] (which is the precursor to the “trans-
metalation-active” PA™F complex, and would likely coexist in a
catalytic context) was found to suppress the cis—trans isomer-
ization of the PACF, complex when we studied the
transmetalation. We speculate that this is due to its known
dynamic equilibrium to form a [ (PPh,),Pd"(1)(Ph)], dimer,*®
which would liberate a ligand that in turn inhibits the
isomerization. These observations imply that cis—trans isomer-
ization under catalytic reaction conditions may be of lower
significance in nonpolar solvents than encountered under
stoichiometric conditions. On the other hand, the observation
of the ability of polar/coordinating solvent to displace PPhy is of
importance also for the effectiveness of a ligand to trigger the
challenging subsequent reductive elimination.

266

Overall, these data confirm that the observed cis/trans
speciation (especially at the early stages of conversions) cannot
be rationalized through thermodynamic considerations and cis/
trans isomerization of the Pd(II>CF3 complex. Instead, the cis/
trans geometry appears to be set at the preceding trans-
metalation event. We therefore set out to gain more detailed
information on the transmetalation under various mechanistic
scenarios.

As our prior studies had shown that the direct transmetalation of
a monophosphine [L,Pd™(F)(Ph)] complex with Me;SiCF;
involves an unusual transmetalation TS in which difluorocar-
bene is released (see Figure 1C), which subsequently
recombines with the Pd, we reasoned that an analysis of a
representative number of reaction trajectories for this
recombination would be useful to gain a comprehensive
reactivity picture.

The monophosphine complex would be representative of
PtBu; and BrettPhos that react via monophosphine catalytic
intermediates. Similarly, previous studies of the transmetalation
of [LZPd(H)(X)(Ar)] complexes concluded that a palladium
bisphosphine complex initially undergoes dissociation of one

https://doi.org/10.1021/jacsau.3c00724
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theory (L = PPh,).

ligand (L) upon interaction with the transmetalation agent to productive trajectories and the red pathway in 83% of the
create an open coordination site.”® Thus, detailed information product-forming trajectories. [Movies S1 and S2 of these
on the monophosphine [L,Pd™(F)(Ar)] complex would be pathways are provided as the Supporting Information for clarity
valuable for further interpretation. Using Born—Oppenheimer and visualization].

molecular dynamics (BOMD),”” we set out to run MD These results were obtained through Gaussian’s BOMD
trajectories at room temperature from the initial transmetalation implementation as an NVE ensemble.”’ To more closely
transition state (TSty), which releases the difluorocarbene. We resemble experimental conditions, we also ran 100 trajectories
initially ran 100 trajectories (in the gas phase), starting from the using ORCA™ under NVT conditions at room temperature
key transmetalation transition state TSty (see Figure 4) using (300 K), which resulted in the analogous 3:1 distribution of
B3LYP-D3/6-31G(d) level of theory (see the Supporting trans- and cis-2 (see the SI for additional information).””
Information on the precise parameters of dynamics simu- To gain quantitative information about the free energies of the
lations).”® We calculated the full complex; no simplifications simulated pathways, we also turned to high-level DFT

were applied. At the B3LYP-D3/6-31G(d) level of theory, a calculations and explored the crucial stationary points observed
single trajectory calculation of 5 ps took about 6 days of running during BOMD simulations (see Figure 4). At the SMD

time on one of our supercomputers (CPU: Intel Broadwell EP (benzene) MOGL/def2-TZVP level of theory,>* the critical
with 24 cores), showcasing that such demanding calculations are transmetalation TSty is 16.7 kcal/mol in energy. We calculated
nowadays feasible. transition states for the subsequent difluorocarbene attack

Of the 100 calculated trajectories, 10% fell back to the reactant directly at PdF relating to the blue path, which is at 11.3 kcal/
Pd™F complex 1, the remaining 90% of trajectories led to a mol (relative to the starting [L,Pd™(F)(Ph)] and hence lies 5.4

liberation of the difluorocarbene in the transition state TSy, at kcal/mol below TSty,). The red path via initial difluorocarbene
about 200 fs (via Me;Si---CF,---F cleavage, see Figure 4).” attack at Pd"V, followed by a 1,2-F shift is calculated to have the
The :CF, then weakly associates with the Pd complex but highest energy point at —1.3 kcal/mol. The direct Pd—F
overall shows an extensive and random-like motion. In other insertion is thus AAG* = 12.6 kcal/mol higher in energy than
words, the difluorocarbene “roams”. Overall, 52 trajectories the TSk g of the competing path. Clearly, any rationalization
ultimately led to the product PA™WCF, 2 within 2—5 ps with a Curtin—Hammett analysis or transition-state theory
simulation time, while the remaining 38 trajectories had retained would conclude that the blue path would not be undergone.
“free difluorocarbene” at the time of termination of simulation However, since TSy, is higher in energy than any subsequent
(ie., after S ps). TS, there is sufficient energy “in the system” to access the
Interestingly, for the recombination of :CF, with Pd"F, the subsequent T'Ss; characteristic of reactivity scenarios that are

dynamics revealed two different pathways that overall lead to the dictated by nonstatistical dynamic effects.
two different PA"VCF; complex configurations, i.e., cis and trans. The starting [L,Pd™(F)(Ph)] can overall exist in two
In one pathway (red in Figure 4), the difluorocarbene initially different T-shape configurations. Our calculations suggest that
binds to the palladium center to produce the [Pd™W] = CF, the energy difference between the two T-shaped configurations
complex, which is followed by a 1,2-fluoride shift to generate the is small (1.1 kcal/mol); transmetalation via TSty is favored
trans-[ (PPh;)Pd"™(CF,)(Ph)] (trans-2).*° In the other path- however (by AAG* = 0.8—2.1 kecal/mol, depending on method
way (blue in Figure 4), the difluorocarbene directly attacks the and solvent, see the SI for further details). We also launched
fluoride on the Pd center, generating cis-[(PPh;)Pd™(CF;)- BOMD trajectory runs for the higher-energy isomeric transition
(Ph)] (cis-2). The blue pathway underwent 17% of the state (i.e, resulting from the alternative T-complex) and
267 https://doi.org/10.1021/jacsau.3c00724
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observed the analogous post-transition-state dynamic effect,
resulting in cis- and trans-Pd"CF, complexes also.

The overall selectivity will therefore be a Boltzmann-weighted
average of the post-transition-state dynamic effects of all
accessible transition-state isomers of TSty (which is predom-
inantly dictated by the lowest-energy TSy, here).

Although the trajectory calculations suggest that a distribution
of cis and trans complexes of [L,Pd"(CF,)(Ar)] results after
transmetalation with R3SiCF;, the known monophosphine
PA™CF; complexes [such as (BrettPhos)Pd™(CF,)(Ar)]
have been experimentally detected solely as cis.” In line with
this, our calculations of the monophosphine [(PPh;)-
Pd™(CF,)(Ph)] showed that there is a clear preference for
the T-shaped complex that has CF; and phenyl cis to each
other.”” The preference for the cis-complex is very pronounced
(>6 kcal/mol) and was found to be independent of solvent (see
Figure SA and Table S7 in the SI). Moreover, the activation free-
energy barrier from trans to cis was also calculated to be relatively
small, requiring only AG* = 9.1 kcal/mol. These data suggest
that although post-transition-state dynamic effects were
observed, a monophosphine [LlPd(H)(CF3)(Ar)] species will
generate the cis-configuration, unless the isomerization process
is outcompeted (see below).

Transmetalation of a bisphosphine [Lde(H)(F)(Ar)] com-
plex as experimentally studied.

Given the calculated facile isomerization of a monophosphine
Pd™ complex, the dynamically observed cis/trans distribution
after TSty should only be of relevance if either no complete
dissociation of one phosphine or very rapid “trapping” of the
generated cis-monophosphine Pd species takes place. As we will
discuss below, the “trapping” indeed appears to be feasible.

It is widely assumed that transmetalation of a bisphosphine
complex would involve the initial formation of a mono-
phosphine [L,Pd"™)(F)(Ar)]; in line with frequent assumptions
that transmetalation at Pd" with typical transmetalating
reagents would require an open coordination site. > Our
previous computational studies with complex 1 supported that
ligand dissociation, followed by transmetalation with R;SiCF;
via TSty is favored over the corresponding alternatives, such as
direct transmetalation without ligand dissociation."”

Consistent with this view, we saw inhibition of trans-
metalation of complex 1 with R;SiCF; in benzene when excess
PPh, (10 equiv) was added. The activation free-energy barrier
for the transmetalation of [L,Pd™(F)(Ph)] is calculated to be
16.7 kcal/mol (Figure 4), which is consistent with the observed
transmetalation at room temperature. However, when the
initially required ligand dissociation from [L,Pd™(F)(Ar)] is
included in the energetic consideration, the overall activation
free-energy barrier rises to 32.7 kcal/mol in benzene (Figure
SA), which is high for the relatively facile reactivity seen in
benzene. While the quantitative reproduction of ligand
dissociation/association events with DFT has historically been
challenging,®* this high barrier could potentially originate from
computational limits. Of our assessment of various computa-
tional methods, solvation models and basis sets gave free
energies ranging from 15 to 26 kcal/mol for the dissociation of
PPh; from [L,Pd"™(F)(Ph)] in benzene.*® We include a more
detailed discussion on this point in the Supporting Information
(see page S28 f).

Alternatively, the transmetalation of [L,Pd"(F)(Ph)]
complex 1 might not proceed through dissociation of PPh; to
form [L,Pd"™(F)(Ph)]. If a small amount of [L,Pd™(F)(Ph)]
were to be formed, subsequently undergoing transmetalation,

the formed [L,Pd"(CF,)(Ph)] is calculated to have a greater
affinity for PPh, than Pd'"WF. In other words, our calculations
show that the abstraction of a ligand from [L,Pd™(F)(Ph)] by
[LlPd(H)(CF3) (Ph)] should kinetically and thermodynamically
readily occur, which would constitute an alternative generation
of [L,Pd"™(F)(Ar)] that is energetically much more feasible
(see Figure SB).

Notably, the ligand abstraction with 7.2 kcal/mol is calculated
to be more facile than the corresponding isomerization of a
monophosphine pd™® complex (9.1 kcal/mol). As such, the
observed cis/trans speciation through dynamic reactivity events
could indeed be “trapped” through the ligand exchange.

Could a pathway that does not involve transmetalation also
play a role?

The dynamics calculations showed that after S ps of
simulation, some difluorocarbene was still “roaming”. Although
we did not observe it in the simulation, there is in principle the
possibility that it eventually might also escape from the Pd
sphere and recombine with another complex of 1. However,
since the experiments of 1 with separately generated
difluorocarbene exclusively led to the trans-PdCF; complex
(regardless of the employed solvent), any “escaped” difluor-
ocarbene should also give rise to trans-PdCF;. Moreover,
Me;SiCF; can also be a source of difluorocarbene, although this
has been observed primarily in the presence of additives,'* while
our study is additive-free. Again, the trans-complex would result
and the formation of the cis-PdCF; complex would not be
accounted for in such scenarios.

The direct transmetalation of L, PdF, and post-transition-state
speciation, followed by rapid trapping of the resulting species
with phosphine is fully consistent with the observed early
product distribution in nonpolar medium. Subsequently, as
discussed above cis/trans isomerization can take place in
nonpolar medium, unless excess ligand is present.

We next investigated the dynamic reactivity of “free
difluorocarbene” reaction conditions, in which we had generated
:CF, in situ from a suitable precursor reagent and subjected it to
trans-[(PPh3)2Pd(H)(F)(Ph)] 1 (Figure 2). To this end, we
started BOMD simulations from the reactant complex of 1
together with CF,. Overall, we ran 20 simulations, of which 7
were productive (Figure 6). We observed that all productive
trajectories exclusively proceeded via the direct Pd—F attack
pathway and hence led to the trans-product, i.e., trans-
[(PPh;),Pd™(CF,)(Ph)] 2. These results are in full agreement
with our experimental results that gave trans-2 exclusively,
regardless of the reaction medium. Since the bisphosphine
complex, [(PPh3)2Pd(H) (F)(Ph)] 1, remained intact during the
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Figure 6. BOMD for blocked Pd-coordination sphere by a ligand with
difluorocarbene :CF, leading to direct Pd—F insertion.
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Figure 7. Transmetalation of Me;SiCF; to [(PPh3)2Pd(H)(Ph)F] complex 1 in polar solvents (in benzonitrile): Results of xTB trajectory calculations
and localization of stationary points at the SMD (PhCN) M06L/def2-TZVP//B3LYP-D3/6-31G(d,p),SDD(Pd) level of theory constructed based on
the reactive events from molecular dynamics simulations. Representative snapshots from MD simulations (conducted with xTB; Sol = MeCN) in S0
MeCN molecules. [See also the Supporting Movies (S3—S6) of these processes]. Results were reproduced with DFT-based BOMD in ORCA (100
trajectories, NVT ensemble, 300 K, with only a single explicit solvent molecule; Sol = PhCN).

simulation, all coordination sites were blocked, and as such, the effect on the initial transition state, TSy, with AAG* being only
only available reaction channel for the difluorocarbene was that 0.5 kcal/mol for transmetalation in benzonitrile vs benzene.
resulting from direct Pd—F bond insertion. This reactivity is The difference of reaction speed might therefore potentially
independent of the reaction medium (solvent), corroborating stem from an entirely different mechanism being operative in
the experimentally observed solvent indifference. polar solvents with R;SiCF; in reactions with 1, especially in
A key difference between transmetalation with RySiCF; and light of the fact that any open coordination site (as, e.g., required
“free difluorocarbene” reactivity, therefore, appears to originate in the PPh; exchange outlined above in Figure SB) would be
from the different coordination sphere and available reaction quenched by the coordinating solvent. To this end, we
pathways. hypothesized and explored whether an alternative mechanism

might be possible in which (partial) fluoride abstraction by
R;SiCF; occurs, which would resemble a mechanism that is of
greater ionic character and hence potentially more favored in

While the above data and discussion indicate post-transition- polar solvents.

state dynamic effects in the transmetalation of Pd""-F with As the location and energetic evaluation of ionic species with
R;SiCF;, a key experimental observation is not yet fully static DFT calculations is associated with challenges,”” we set
accounted for. For the transmetalation of [(PPh;),Pd™’(Ph)- out to identify a potential reaction pathway with dynamic
(F)] 1 in Figure 2, we observed that while reactions with calculations of the entire reaction pathway. Recently, Grimme
R3SiCF; in benzene proceeded rather slowly over time, evolving and co-workers have developed a rapid semi-empirical (tight
over the course of 24 h at room temperature, the transmetalation binding) quantum chemical method that is capable to
in PhCN, DMF, and DMSO by contrast was very rapid and had dynamically study systems up to 1000 atoms and implemented
already completed within 10 min (to give high cis-selectivity). it in the xTB package.”® The main advantage of this approach is
Our calculations of the transmetalation barrier for the various the improved computational speed. For comparison, to calculate
different media with implicit solvation suggest no pronounced the single-point energy of the system [(PPh,),Pd"(Ph)(F)]
269 https://doi.org/10.1021/jacsau.3c00724
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and Me;SiCF; embedded in 50 MeCN molecules using Intel
Broadwell EP CPU with four cores takes several days at DFT
level of theory [i.e., B3LYP-D3/6-31G(d,p), SDD(Pd)],
whereas xXTB uses only a few seconds. As such, with xXTB the
entire reaction path can, in principle, be explored (rather than
only the trajectory from the transition state as above), and
hence, this program can be used for the discovery of reaction
mechanisms. However, given the cost-efficient computational
methodology, an accurate reflection of absolute energies or a
quantitative reproduction of experiment is likely not feasible;
qualitative trends are nevertheless within reach and of value in
the context of our study. Recently, it also found application in
the study of post-TS bifurcation events.>

We therefore next embarked on studying the entire
transmetalation event in polar solvent using Grimme’s xTB
approach. To this end, we embedded starting complex trans-
[(PPh;),Pd™(F)(Ph)] 1 and Me;SiCF, in SO acetonitrile
molecules. We used MeCN instead of PhCN (for reasons of
computational cost) and subsequently calculated SO trajectories
with xTB molecular dynamics (at 400 K, NVT ensemble; see the
SI for the precise simulation parameters). Interestingly, instead
of phosphine ligand dissociation from the bisphosphine pd
complex, followed by transmetalation via TSy, we observed
that the phosphines remain fully bound to Pd in the 50
trajectories that we ran. Instead, one trajectory led to the
abstraction of the fluoride of [L,(Ph)Pd'VF] by Me,SiCF,
which is assisted by a molecule of solvent (MeCN)), illustrated in
Figure 7 (TSp) (and movie S3), and overall results in the
generation of the ion pair [(PPh;),Pd")(Ph)(MeCN)]*
[CF;—SiR;-F]~ (Int 1).7o Interestingly, when we performed
the analogous simulations in benzene instead of MeCN, we were
able to observe only significant elongation of the Pd-PPh; bond
(details in the SI), but no fluoride abstraction, which would be
consistent with the above discussion of mechanistic divergence.

We subsequently performed xXTB molecular dynamics also on
the latter ion pair that we obtained in polar solvent (embedded
in 50 MeCN molecules, at 400 K, NVT ensemble) and observed
the release of CF; anion from [CF;—SiRy-F]7, illustrated in
Figure 7 (TS,). We then calculated 500 molecular dynamics
trajectories from the DFT-optimized transition state TS, (at
300 K, NVT ensemble). For 495 of these 500 trajectories, we
observed the release of the CF; anion from [CF;—SiR;-F]~
during the initial 2 ps of simulation. The CF; anion then
remained configurationally stable in the simulation and did not
fragment further to a difluorocarbene.”” Ultimately, upon
rotation, it recombined with the solvent-coordinated
[(PPh3)2Pd(H)(MeCN)(Ph)]+ cation to give a transient
pentavalent Pd" species (II; in 347 (69%) of the trajectories).
The “lifetime” of this transient species was estimated to be
between 0.5 and 3.5 ps in the various simulations. Depending on
the collapse of this species (II) which expels solvent or ligand,
the trans- or cis—[(PPh3)2Pd(H) (CF,)(Ph)] results. (In the other
148 trajectories (30%), the CF; anion remained at a roaming
stage within 8 ps).

We observed the formation of trans-2 for 86 of the 347
trajectories (17%; path A, Movie S4), while 159 of the 347
trajectories (32%; path B, Movie SS) resulted in cis—solvent
complex 3 and 102 of the 347 trajectories (20%; path C, Movie
S6) gave cis-2. Overall, the distribution of cis/trans is 75:25 in the
trajectory calculations, which is in agreement with the observed
cis-preference in the polar/coordinating solvent. This result was
also reproduced with DFT-based BOMD in ORCA (100
trajectories, 300 K, NVT ensemble, with only a single explicit
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PhCN solvent molecule), resulting in a 76:24 ratio of cis:trans
(for details see the SI).

To get an idea of the approximate energies associated with
these reactive events, we also performed quantum mechanical
searches of key stationary points (Figure 7). The formation of
ion pair Int I consisting of [(PPhs)ZPd(H)(Ph) (PhCN)]* [CF;—
SiMe;-F]™ is calculated to require an activation free-energy
barrier of only AG* = 19.3 kcal/mol.*® From the intermediate
ion pair, a CF, anion is then released from [CF;—SiR;-F] ™. The
activation free-energy barrier, TS, for the process is AG* = 4.4
kcal/mol relative to the preceding intermediate (and AG* = 20.7
kcal/mol overall).**

The TS,,-generated “free” CF; anion then recombines with
cationic Pd'". However, all our attempts to locate the resulting
pentavalent species II seen in the dynamics also with static DFT,
unsurprisingly, led to its collapse. However, using DFT-based
BOMD in the gas phase, starting from TS, (using ORCA, 100
trajectories, NVT ensemble, at 300 K, with one explicit PhACN
solvent molecule present), trajectories also proceeded through
the transient pentavalent species, and so did higher-level IRC
calculations starting at TSy, As such, both gas-phase DFT-based
and explicit solvent xTB-based dynamics reveal analogous
reactive events, which are not identifiable through static DFT
calculations of stationary points. Consequently, also in the
current scenario post-transition-state dynamic effects influence
whether trans- or the cis—[(PPh3)2Pd(H)(CF3)(Ph)] 2 is
generated.45

Our calculations also show that this CF;-anion release via TS
as the key transition state is only favored in polar/coordinating
solvent, as our calculation of the same process in the nonpolar
solvent benzene gave a barrier AG* = 35.1 keal/mol for TS,
which is higher than the difluorocarbene releasing path via
TSty This suggests that the fluoride abstraction pathway is
unlikely in benzene, in line with the different reaction speeds
(and selectivities) seen in polar/coordinating versus nonpolar
solvents.

Our systematic experimental study of the trifluoromethylation
of trans-[(PPh3)2Pd(H)(F)(Ph)] 1 in different solvents revealed
that mixtures of cis- and trans-Pd"VCF, species are formed at
room temperature when R;SiCF; is employed. The polar
coordinating solvents (PhCN, DMF) lead to predominantly cis-
and noncoordinating solvents (benzene) to majorly trans-
Pd"CF,. By contrast, when free difluorocarbene is used, only
trans-Pd"WCF,; is generated, regardless of the solvent. Our
experimental studies showed that cis/trans isomerization does
not take place at room temperature for the polar/coordinating
solvents as a consequence of a phosphine ligand being liberated
through exchange with a solvent molecule in the cis-Pd™CF,,
which in turn causes inhibition of the isomerization due to the
free PPh;. In benzene, the cis/trans isomerization can occur. A
statistically representative number of trajectory calculations of
the bond-making and -breaking events revealed that different
mechanisms are likely undergone. In nonpolar reaction medium,
Born—Oppenheimer molecular dynamics simulations suggest
that a difluorocarbene is liberated in the transmetalation of
Pd™.F with RySiCF;. The difluorocarbene subsequently roams
and either directly inserts into PA")-F (ultimately leading to the
cis geometry) or initially binds to PA™Y, followed by a 1,2-F shift
(leading to trans). As such, a single transmetalation TS (and
difluorocarbene release) can give rise to both the cis- and trans
Pd™ intermediates directly through post-T'S bifurcation, which
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is not usually considered in reactivity analyses of organometallic
transformations. The fate of the cis/trans distribution of
generated [LnPd(H)(CF3) (Ph)] is dependent on the phosphine
ligand and ligation state.

Through the use of Grimme’s xXTB program, which allowed us
to perform 500 trajectory calculations with explicit MeCN
solvation, we found that for polar (and coordinating) solvents a
zwitterionic mechanism is likely favored. The transmetalating
agent Me;SiCF; initially abstracts a fluoride anion to form the
ion pair [(PPh;),Pd™(Ph)(MeCN)]* [CF;—SiR;-F]~ from
which a CF; anion is subsequently expelled, which then roams
and rebinds to the Pd™ cation to form the trans- or cis-product,
respectively. Again, post-transition-state dynamic effects led to
both possible intermediates directly.

This study manifests the value of dynamic calculations to
reveal mechanisms and post-transition-state reactive events and
constitutes the first identification of a post-transition-state
dynamic reactivity effect (bifurcation) in the widely employed
Pd-catalyzed cross-coupling class.

All reactions were performed under inert conditions inside an argon-
filled glovebox, unless otherwise noted. All reagents were purchased
from Sigma-Aldrich, TCI, or ABCR except for silver fluoride, which was
purchased from FluoroChem. Complex [(PPh;),Pd(C¢Hs)E] 1,"”
[(tmeda)Pd(Ph)CF,],** and PPh,;CF,CO,"” were synthesized accord-
ing to known procedures. Reagents were used as received, unless noted
otherwise. Only anhydrous solvents were used and either purchased
from Aldrich or purified using a solvent drying system from Innovative
Technology Pure Solvent PS-MD-5 under an argon atmosphere.

All '"H NMR, C NMR and "F NMR, and *'P NMR spectra were
recorded at ambient temperature on Bruker Avance Neo 600, Varian V-
NMRS 600, or Varian V-NMRS 400 spectrometers. Chemical shifts are
reported in parts per million, relative to solvent residual peaks or
internally by the instrument after locking and shimming to the
deuterated solvent (for '°F). Quantitative '’F NMR spectra were
recorded using 10 s relaxation delay, 90° pulse angle, and 16—32 scans.
High-resolution mass spectrometry (HRMS) was performed using a
Bruker Maxis I LC-MS-System (APCI). IR spectra were measured on a
PerkinElmer Spectrum 100 FT-IR using the universal ATR (UATR)
accessory.

4.1.1. Transmetalation with In Situ-Generated Difluorocar-
bene (Figure 2, Top). In the glovebox, 1 (36.3 mg, 0.0S mmol, 1.0
equiv) and [PPh;CF,CO,] (26.7 mg, 0.075S mmol, 1.5 equiv) were
added into an oven-dried scintillation vial (4 mL) and dissolved in 1 mL
of anhydrous solvent (DCM, C¢Hg, or DMF). The reactions were
allowed to stir at room temperature, and the yield of cis-2 and/or trans-2
was determined by quantitative '°F NMR analysis after 1 h (for DCM)
or 24 h (for C¢Hy, DMEF).

4.1.2. Transmetalation with Et;SiCF; (Figure 2, Bottom). In
the glovebox, in a scintillation vial (4 mL), a stock solution of Et;SiCF;
(5 uL, 27.69 pumol) and internal standard (4,4'-difluorobiphenyl) in a
given solvent (1.5 mL) was prepared. An NMR tube was then charged
with 1 (ca. 5.5 ymol, 1.0 equiv) and sealed with a rubber septum and
parafilm. The stock solution (0.75 mL) was then added to the NMR
tube via a syringe directly before starting the quantitative '’F NMR
analysis.

4.1.3. Synthesis of Cis-[(PPh;),Pd"(CF;)(Ph)] (Cis-2, Figure
3A). In the glovebox, [(tmeda)Pd(Ph)CF;] (150 mg, 0.4 mmol, 1
equiv), PPh; (470 mg, 1.8 mmol, 4.5 equiv), and KHSO, (800 mg)
were dissolved in DCM (5 mL) in 2 20 mL vial. The vial was sealed with
a screw cap and was taken out of the glovebox and stirred at room
temperature for 12 h with all further manipulations performed open to
air. After the stated time, the reaction was filtered through cotton and a
plug (ca. 2 cm in a glass pipette) of Na,SO,. The reaction was then
concentrated to ca. 1 M before double the volume of 1:1 Et,O/pentane
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was added, causing instant crystallization. The solid was then rinsed
with 1:1 Et,O/pentane to yield cis-2 (272 mg, 0.35 mmol, 87%). CCDC
2172315 contains the supporting crystallographic data for this
compound. '"H NMR (600 MHz, methylene chloride-d,): § 7.34
(ddd, J = 10.1, 8.1, 1.3 Hz, 6H), 7.30 (ddd, ] = 7.4, 7.4, 1.6 Hz, 3H),
7.26—7.20 (m, 11H), 7.18 (ddd, J = 7.8, 7.7, 2.0 Hz, 6H), 7.07 (ddd, ] =
8.0,7.8,2.1 Hz, 6H), 6.60 (ddd, ] = 7.7, 7.4, 2.0 Hz, 2H), 6.54 (dd, ] =
7.1, 7.1 Hz, 1H). F NMR (565 MHz, methylene chloride-d,): &
—18.77 (dd, ] = 45.7, 15.0 Hz, 3F). 3'P NMR (243 MHz, methylene
chloride-d,): 6 25.72 (qd, ] = 46.3, 26.2 Hz, 1P), 21.14 (dq, ] = 25.6,
14.9 Hz, 1P). IR (neat, cm™"): 3050, 1562, 1478, 1433. HRMS (APCI):
calculated C;;H;F;P,Pd [M-Ph]*: 699.0818, found 699.0841.

4.1.4. Synthesis of Cis-[(PPhs)(MeCN)Pd"(CF,)(Ph)] (Cis-3,
Figure 3A). Under inert atmosphere, [(tmeda)Pd(Ph)CF;] (200 mg,
0.54 mmol, 1 equiv) and KHSO, (S g) were dissolved in MeCN (15
mL) and stirred at room temperature for S h. After the stated time, the
reaction was filtered through a plug of Na,SO, and washed with DCM
(3 X 10 mL). The reaction was then concentrated to ca. 2 mL before
being diluted with DCM and reduced to ca. 2 mL again. To this was
added PPh; (142.0 mg, 0.54 mmol, 1 equiv) in DCM (1S mL) and
stirred for 2 min. After this time, the reaction was concentrated to ca. 1
mL and filtered by a syringe filter to yield a yellow solution. The title
compound could be obtained by recrystallization by layering with 40%
diethyl ether in pentane (85.3 mg, 0.15 mmol, 28%). Note: In solution,
it was found that the compound was unstable to light/heat, leading to
deposition of Pd black and degradation of purity. CCDC 2172314
contains the supplementary crystallographic data for this compound.
"H NMR (600 MHz, methylene chloride-d,): 6 7.41 (ddd, J = 7.3, 1.6
Hz, 3H), 7.33 (ddd, ] = 7.8, 2.2 Hz, 6H), 7.30—7.25 (m, 6H), 7.06 (d, J
=7.2Hz, 2H), 6.74—6.67 (m, 3H), 1.70 (s, 3H). 'F NMR (565 MHz,
methylene chloride-d,): § —25.42 (d, J = 46.4 Hz). 3P NMR (243
MHz, methylene chloride-d,): § 18.97 (dddt, J = 56.3, 45.6, 34.4, 10.6
Hz). IR (neat, cm™"): 3653, 3059, 1567, 1478, 1434. HRMS (APCI):
calculated for C,;H,sF;PNPd [M-Ph]*: 478.0167, found 478.0168.

4.1.5. Cis—Trans Isomerization of Cis-2 in Presence or
Absence of PPh; (Figure 3B). In the glovebox, into an NMR tube
was weighed cis-2 (4.2 mg, 0.005 mmol, 1 equiv), PPh; (3.8 mg, 0.015
mmol, 2.5 equiv), and 4,4’-difluorobiphenyl (as an internal standard).
In one portion was added 0.75 mL of C4Dg, and the reaction mixture
was immediately transferred to a preheated NMR machine at 50 °C.
The isomerization was monitored by quantitative '°’F NMR spectros-

copy.

All static DFT calculations were performed with the Gaussian 09
program package (revision D.Ol).28 Gas-phase structural optimizations
and frequency calculations were performed with B3LYP*°-D3 along
with 6—31G(d,p)47 basis set on C, H, F, P, and Si atoms, and the
effective core potential (ECP) SDD* on Pd. D3 corrections were
applied using the original D3 damping functions proposed by Grimme
and co-workers.* Single-point energy calculations were performed
with MO6L>® and def2-TZVP®' basis sets. Solvation energies were
described using the SMD** model (for benzene of benzonitrile).
Frequency calculations were performed to confirm whether the
structure is a minimum or a transition state. Intrinsic reaction
coordinate (IRC) analysis was used to confirm that the obtained
transition states connect the corresponding reactants and products.
Molecular dynamics calculations at the DFT level (Born—
Oppenheimer molecular dynamics, BOMD) were performed at the
B3LYP-D3/6-31G(d)(SDD on Pd) level of theory in the gas phase
using either Gaussian 09, revision D.Ol,28 or ORCA 5.0.3.>* BOMD
calculations using Gaussian (“BOMD” keyword) were run as a
microcanonical ensemble (NVE), ie., under conservation of total
energy. The calculations were run at a temperature of 300 K,
implemented through the initial kinetic energy (“nke” keyword) as
nke = (numberofatoms — l)ng, where k is Boltzmann’s constant
and T is the temperature. A step size of 1 fs was used, and initial
velocities were generated through a random number seed (“random-

velocity” keyword). BOMD calculations in the ORCA were run as a
canonical ensemble (NVT), ie., at a constant temperature of 300 K,
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implemented through the Berendsen thermostat and using a step size of
0.5 fs. Initial velocities were generated through a random number seed
(using the “Randomize” keyword).

Molecular dynamics calculations in solvent were performed using xtb
6.5.1 with GEN2-xTB.*® Explicit solvent molecules (30 benzene or 50
acetonitrile molecules) were placed randomly around the solute and
preoptimized (only optimizing the solvent while fixing the solute)
before molecular dynamics calculations. To avoid solvent dissociation,
the explored systems were confined within a ball with radii according to
the density of the employed solvent (using “logfermi” potential). xT'B-
MD calculations were run as a canonical ensemble (NVT) using the
Berendsen thermostat at either 300 K (when starting from a transition
state) or 400 K (when starting from reactants; to facilitate reactivity).
The mass of all hydrogen atoms was set to 4 (default settings) to allow
for a larger time step size of 2 fs.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00724.
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turn would give rise to trans-Pd"™CF, complex and not the observed
cis-species.)

(44) Our xTB single point energy calculations of the same stationary
points indicated that xTB energetically follows the same pathway
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difluorocarbene releasing pathway (as found to be favored in non-polar
medium by DFT), xTB energies suggest different selectivities of the
mechanistic pathways. XTB-based difluorocarbene post-transition state
dynamics are hence not applicable.
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