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ABSTRACT: Mechanistic details pertaining to the Pd’/PCy;-catalyzed Wl PROYPR, (P

intermolecular arylation of a terminal A-C(sp*)—H bond aryl amide H"’E;(""“’% ’(I__(""‘"

substrate (SM = EtCONH-Ar, where Ar = C¢H;, C(F; and CONH-Ar © °

is a directing group (DG)) in the presence of CsF base were elucidated. ~ , o--scs_ ."'--?“5- DF Q-G _
Key mechanistic features of this reaction are (1) oxidative addition of H~—= Nl s i "ﬂf’s‘-.l Pd’ I 2

the aryl halide PhI to Pd’/PCy;,, (2) deprotonation of SM by CsF to H;™w /Iid—PCys o WK i Sa—pey,
form DG’ = [EtCON-Ar]Cs* for subsequent coordination to " bn o "
intermediate I-Pd"(PCy,;)Ph (the substantially lower pK, of the
EtCONHCF; in comparison to EtCONHC4H; is instrumental for the
presence of a larger population of the reactive deprotonated amides for Ar = C¢F;), (3) “Cs,—I—F” cluster formation upon
external (the second) CsF molecule approach to the active site of the I-Pd"(PCy,;)Ph(DG’) intermediate, (4) “Cs,—I—F
cluster” assisted B-C(sp’)—H bond activation via a concerted metalation—deprotonation (CMD) mechanism, and (5)
reprotonatlon of the amide directing group to facilitate the C(sp*)—Ph reductive elimination. The energy barriers, AG*
(AG*F gisp), associated with the “Cs,—I—F cluster” mediated f-C(sp*)—H bond activation transition state are 6.5 (8.7) and 10.2
(12.9) kecal/mol when DG = CONHC H;, CONHCF;, respectively. It was shown that (a) the PCyj, ligand only semidissociates
upon B-C(sp*)—H bond cleavage and (b) the I-to-F substitution in I—[Pd"](Ph)(PCy;)(DG’) is a facile process that makes the
“direct-halide” assisted #-C(sp*)—H bond activation relatively less energy demanding and opens the possibility for a competing
Ph—F bond formation reaction. It was shown that the “direct-1” assisted C—H bond activation TS, which associates with a
relatively large energy barrier, is an H-atom insertion transition state into the Pd—I bond, while the “direct-F” assisted C—H bond
activation TS, which occurs with a relatively low energy barrier (but still is much larger than that required for the “Cs,—I—F
cluster” assisted pathway), is a direct proton abstraction transition state.

*
Cluster Formation Csl+ HF

I. INTRODUCTION However, the proposed mechanistic model (Figure la),
Selective C—H functionalization has been a longstanding based on the reported intramolecular reactions, calls into
challenge due to the inert and ubiquitous nature of the C—H PR PR

bond. Therefore, the development of transition-metal catalysts
that can facilitate selective C—H modification has occupied the
minds of many scientists. Success in this field is expected to
open overwhelming potential for a myriad of useful chemical
transformations.' Extensive studies have shown Pd catalysts to

©\/F3// ©/Pd/ I

be especially effective for a large number of C—H
functionalization reactions, partially due to the diverse reactivity
of the Pd—carbon bonds leading to a variety of carbon—carbon
and carbon—heteroatom bonds.' ™

Among the various type of redox catalysis employed in Pd-
catalyzed C—H functionalizations, including (but not limited
to) Pd°/Pd" and Pd%/PdV catalysis,za the Pd°/Pd" manifold
initiated by the oxidative addition of aryl halides has a unique
advantage: no external oxidant is needed in this reaction. Pd’/
PR;-catalyzed arylation of C(sp?)—H bonds with aryl halides
have been extensively reported since the 1970s.”” Pioneering
works on Pd’/PR;-catalyzed intramolecular arylation of
C(sp®)—H bonds with a tethered aryl halides has also been
reported.*
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Figure 1. (a) Transition state for intramolecular sp> C—H arylation.
(b) Precursor for intermolecular sp> C—H activation.

question whether an analogous intermolecular C(sp®)—H
arylation is feasible.® Following the same mechanistic model,
an intermolecular C(sp®)—H activation using directed C—H
activation (Figure 1b) would require an additional (i.e., fifth)
coordination site to coordinate the directing group and about
to be activated C—H bond.

Intriguingly, Yu and co-workers have recently reported the
first experimental example of the Pd’/PR;-catalyzed intermo-
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lecular selective terminal B-C(sp’)—H functionalization with
aryl iodides (Scheme 1).” The reaction conditions (i.e., ligands,
bases, solvents, and coupling partners) were screened to
improve the yield for the desired monoarylated products.

Scheme 1. Selective f-C(sp*)—H Bond Arylation using N-
Aryl Amides in Conjunction with Pd°/PR; Catalysts, Phl,

and CsF*
H Pd(0)/PR;
l/E",NHAr Phi, CsF l/E'rNHAr l/ngHAr
PhMe 100 °C
H O

“Ar = C¢Fs. Adapted with permission from ref 7.

Bulky electron-rich PR; ligands such as PCy; and Buchwald
ligands were found to be optimal. CsF is reported to be the
most efficient base and gave appreciable amounts of the desired
products. Interestingly, when Cs,CO; was used, a diminished
yield of the product was obtained for substrates containing a-
hydrogens; however, substrates that did not contain a-
hydrogens give arylated products in moderate yields. Addition-
ally, only aryl iodides were found to give the desired product.
Other aryl halides and pseudohalides such as aryl bromides,
chlorides, triflates, and tosylates did not carry out the reaction.
The substrate (SM = EtCONH-Ar), containing an aryl
component (Ar = C¢H;, C4Fs), was found to greatly improve
the reactivity when decorated with electron-withdrawing
substituents. Overall, the desired f-C(sp®)—H arylation was
found to be optimal when Ar = C(F;, PR; = Buchwald’s
cyclohexyl JohnPhos ligand, and base = CsF.”

However, the presented experimental results’ raise several
questions.

(1) In light of the requirement for the directing group DG
(DG = CONHAr or its deprotonated derivative CONAr) to
remain coordinated for the C—H bond cleavage, which would
require an additional coordination site (Figure 1), an apparent
question arises: does the directing group DG and/or PR; group
dissociate in the course of the reaction? This event was a
subject of recent discussion in the literature.®

(2) Why does placing electron-withdrawing substituents on
the aryl component of the DG greatly improve the reactivity of
the system? A better understanding of this phenomenon could
lead to beneficial modifications on the directing group that, in
turn, could result in the design of more efficient catalytic
systems.

(3) Why is CsF the most efficient base for this reaction?
Delineation of the role of base in C—H bond arylation is
currently under debate.” Several computational studies, which
focus on carbonate, bicarbonate, or acetate as the model for the
base, suggest the base plays a crucial role in promoting C—H
bond activation either through a concerted metalation—
deprotonation (CMD) or a stepwise mechanism.”°

Since the reaction reported by Yu (see Scheme 1) is a rare
example of selective -C(sp®>)—H functionalization, a better
understanding of the aforementioned key mechanistic
implications could facilitate the design of more eflicient
catalysts that will expand the substrate scope of this important
reaction. Therefore, herein, we report a joint computational and
experimental study to shed light on the mechanistic aspects of
the reaction outlined in Scheme 1. The results of this study will
guide future experimental efforts in designing successful

catalysts for the activation and subsequent arylation of
C(sp*)—H bonds.

Il. COMPUTATIONAL PROCEDURES

Calculations were carried out using the Gaussian 09 suite of
programs.'’ The geometries of all reported reactants, intermediates,
transition states, and products were optimized without symmetry
constraints at the MO6-L level of density functional theory'® in
conjunction with the Lanl2dz basis set and corresponding Hay—Wadt
effective core potential (ECP)" for Pd, I, and Cs. Standard 6-
31G(d,p) basis sets were used for all remaining atoms (below we call
this approach M06-L/{Lanl2dz+[6-31G(d,p)]} or M06-L/BS1).

The structure and energy of the important C(sp®)—H activation
step for both substrate modifications for Ar = C4H;, C4F; were
improved by using larger basis sets with diffuse functions on light
atoms, Lanl2dz+[6-31++G(d,p)] (below we call this basis set BS2).
Several other density functionals such as M06, B3LYP, and B3LYP+D
were also validated.

We briefly compare results obtained at the M06-L/BS1, M06-L/
BS2, M06/BS2, B3LYP/BS2, and (B3LYP+D)/BS2 levels of theory.
In general, the M06-L/BS1, M06-L/BS2, M06/BS2, and B3LYP/BS2
approaches provide very similar (within a few kcal/mol) difference in
the C(sp’)—H activation barrier for Ar = C¢H;, CiFs (ie,
AGopt[(Ar = CgH;) — (Ar = C¢Fy)]); see the Supporting
Information for more details. However, inclusion of the Grimme
dispersion correction slightly changes these values. The larger changes
were found for the direct-F assisted C—H activation barriers (i.e., upon
use of (B3LYP+D)/BS2):"* in this case the M06-L/BS2 and (B3LYP
+D)/BS2 calculated AGeyp¥[(Ar = CgHy) — (Ar = C¢F)] values are
14.3 and 4.3 kcal/mo], respectively. For the Cs,—I—F cluster mediated
transition states these methods show smaller differences: the M06-L/
BS2 and (B3LYP+D)/BS2 calculated AGeyp¥[(Ar = C4H;) — (Ar =
CgF;)] values are found to be 3.7 and 4.2 kcal/mol, respectively. See
below for more discussion of the (B3LYP+D)/BS2 calculated values of
the C(sp*®)—H bond activation barriers.

The nature of each stationary point was characterized by the
presence of zero or one imaginary frequency for minima and transition
states, respectively. Energetics were calculated under standard
conditions (1 atm and 298.15 K) and are reported as relative free
energies and enthalpies in kcal/mol with the notation of AG (AH).
Solvent effects were accounted for in an implicit fashion using the
PCM"® formalism in toluene (& = 2.38) as in the experiments.”
Cartesian coordinates for all reported structures are given in the
Supporting Information.

lll. RESULTS AND DISCUSSION

Below, we discuss the elementary steps of the Pd°/PCys-
catalyzed intermolecular arylation of the terminal 5-C(sp*)—H
bond of an aryl amide (SM = EtCONH-Ar, where Ar = C¢H,
C¢Fs and CONH-Ar is a directing group (DG)) in the presence
of CsF base.

ll.1. Oxidative Addition of Ph—I to Pd’/PR; Catalyst.
Oxidative addition of aryl halides to Pd°/PCys is expected to be
the initial step. Previous studies®® have shown that the use of
electron-rich bulky phosphine ligands facilitates oxidative
addition of Ph—X by enhancing the electronegativity on the
metal center and imposing coordinative unsaturation. Aryl
iodides (Ph—I), which are especially reactive, are shown to
undergo facile oxidative addition at room temperature.'®
Consistently, in experiments reported by Yu and co-workers’
only aryl iodides were found to react with Pd’/PCy, catalyst
and yield the desired product.

The presented calculations show that the formation of the
oxidative addition product I-Pd"(PCy,)Ph (4) upon reacting
Pd’/PCy, (1) and Ph—I (2) is a facile process. The overall
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reaction 1 + 2 — 4 is exergonic (AG = —20.4 kcal/mol) and
proceeds essentially without an energy barrier (Figure 2).
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0.0

3 TS3-4 by pe
N — T Y3
— 7.0(19.8 Q
7.4(19.9) (-19.8) iso
. 18.4(29.0
<?\/r>d—|=c;«3 84(:29.0)
e 4
-20.5(-32.9)
I—Pd-PCy,

Figure 2. Gibbs free energy profile of the Ph—I (2) oxidative addition
to Pd°/PCy; (1). Energies are given as AG (AH) in keal/mol.

It is worth noting that the oxidative addition product I—
Pd"(PCy,)Ph may have another isomer, iso-4, which lies only
2.1 kcal/mol higher in energy than 4 (see Figure 2).
Calculations show that the overall mechanisms of the arylation
reaction originating from iso-4 and 4 are the same.
Furthermore, the arylation reaction originating from iso-4 is
slightly less exergonic than that for isomer 4. Therefore, below
we discuss only the mechanism of the reaction originating from
4. Analogous intermediates, transition states, and products
arising from iso-4 are given in the Supporting Information.

ll.2. Deprotonation of Aryl Amide (SM = EtCONH—Ar)
by CsF. Deprotonation of the amide directing group of SM, i.e.
CONH-Ar, by CsF to form DG’ = [EtCON-Ar]Cs* is
necessary for its coordination to the Pd center of the previously
formed oxidative addition product 4 (Figure 3). It is worth

H H Hy
H-Z, 0 - CoF HG 0—‘,‘3?
s Jr .,I S
-~ —— - " r "-
H 'I“J:\Z - HF H N*&i

Ar = CgHs or CgFs

Figure 3. Deprotonation of the aryl amide substrate by CsF.

noting that the coordination of the imidate (DG’) to the Pd
center minimizes the dihedral angle between C—H bonds and
Pd center that facilitates the C—H bond activation.®®
Calculations suggest that deprotonation of SM by CsF is
exergonic (AG = —24.1 and —24.8 kcal/mol for Ar = C¢H,,
CgFs, respectively) and proceeds with a small free energy
barrier (AG* = ~1.6 kcal/mol). Thus, the change in acidity of
the N—H bond in the amide directing group CONH-Ar by a
change of the Ar component from C4H; to C4Fs has no
significant effect on the energetics of substrate deprotonation.
However, the substantially lower pK, of EECONHCF; (which
is calculated to be approximately 6.8 units lower than that for
EtCONHC¢H;) is expected to shift equilibrium to the
deprotonated amide species. Consequently, this would lead to
the presence of a larger population of the reactive deprotonated
amides for Ar = C¢Fs. This conclusion is supported by detailed
"H NMR studies of the reactions of these two amide substrates
with CsF. Indeed, in the 'H NMR spectrum of the amide
substrate, a broad singlet peak at 10.06 ppm was observed,
which corresponds to the amide N—H peak. This peak was not
observed in the spectrum of CONHC4F;/CsF mixture, and a

general shift of the peaks toward higher field was observed. This
experimental evidence implies that SM with Ar = C.Fs is
indeed being deprotonated in the presence of CsF base. In
contrast, the simple amide directing group CONHC4H;
remains only partially deprotonated in the presence of CsF,
as the broad singlet peak (9.84 ppm), which represents amide
N—H bond, does not completely disappear in the
CONHC¢H;/CsF mixture. The NMR spectra supporting
these findings and additional experimental details have been
placed in the Supporting Information.

It is important to point out that after deprotonation of SM by
CsF and consequent removal of FH the Cs* counterion stays
weakly coordinated in DG’ = [EtCON-Ar]Cs" to the z-
electronic density of its OCN-Ar directing group. The
performed population analysis suggests a slight increase in
negative charge on the carbonyl oxygen atom (O = —0.70 e
with Cs and O = —0.65 e without Cs) upon coordination of the
Cs cation. Below, we will discuss the role of the coordinated Cs
cation in the following A-C(sp®)—H bond activation step in
more detail.

l.3. Terminal p-C(sp®)—H Bond Activation. For
simplicity, in this section and in section IIL4, we mainly
discuss the mechanistic aspects of (a) the 5-C(sp*)—H bond
activation and (b) the C(sp’)—Ph coupling based on the
substrate with the group Ar = C¢Hs.

The first step of this process is the coordination of DG’ =
[EtCON-Ar]Cs* to 4, which could occur via either a k'O or
k!N center, leading to the formation of the intermediates Sa,b,
respectively. The geometries of the intermediates 5a,b are given
in Figure 4. Calculations show that the formation of Sa is 8.1
keal/mol less exergonic (AG = —13.3 kcal/mol) than the
formation of 5b (AG = —21.4 kcal/mol).

Pd-O = 2.26 ® Pd-N=2.29
Pd-C'(sp®) = 3.36 Pd-C'(sp®) = 4.66
Pd-1 = 2.83 Pd-1 = 2.87
Pd-Ar = 2,02 Pd-Ar = 2.01
Pd-P = 2.40 Pd-P =2.37

O-coordinated N-coordinated
5a 5b

Figure 4. Optimized important geometries of adducts Sa,b. For clarity,
PCyj, ligands are presented as PC;. Bond lengths are given in A.

Furthermore, the reactions initiated from Sa proceed via the
same patterns as those started from the energetically more
stable isomer Sb and are energetically less favorable (see the
Supporting Information). Therefore, below we report only the
reactions initiated from the intermediate Sb.

The next step of the reaction is the C(sp*)—H activation of
DG’ within intermediate Sb, which could proceed via several
pathways (see Scheme 2).

IIl.3.A. Oxidative Addition or “Direct-1" Assisted Deproto-
nation Pathways. Classic C—H oxidative addition (which we
dubbed the P-side pathway) proceeds via transition state TS
Sb-6a and forms the intermediate 6a with a Pd—H bond, where
the H ligand is trans to the I ligand (see Figure S). This process
requires a large activation barrier of AGF = 49.1 kcal/mol.
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Scheme 2. Possible -C(sp®)—H Activation Pathways from Intermediate 5b: C—H Oxidative Addition via P-Side (Green),
Direct-I Assisted C—H Activation (Orange), and Direct-F Assisted C—H Activation and Cs,—I—F Cluster Assisted C—H

Activation (Black) Pathways
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bond activation through both oxidative addition and direct-I
assisted pathways is still high (>40 kcal/mol) in energy.
Therefore, it is unlikely that the reaction outlined in Scheme 1
will proceed through these pathways.
AN = 2.27 PAN = 2.21 Thl}s, the question remains: What is ghe operative mechanism
Pd-C'(sp®) = 2.15 Pd-C'(sp®) = 212 of this reaction? Since experiments’ show that CsF base
Pd-H = 1.54 Pd-H = 1.62 facilitates this reaction, we set out to explore the effect of the
1 3 - 1 3 = . .
Cl(sp)-H=1.76 Clspi)yH =182 CsF base on the -C(sp*)—H bond activation, at the next stage.
Pd-1=3.31 H-l = 2.38 . ) .
Pd-Ar = 2.04 ! ) Pd-Ar = 2.05 For this reason, at first, we studied the CsF-mediated I-to-F
Pd-P =264 TS 5b-6a TS sb-6b Pd-P =2.58 ligand substitution in intermediate Sb followed by direct-F
o a:;%:;m TS C"};‘::,:“:,’;:,"T";‘ assisted C—H bond activation (instead of the direct-I assisted
! pathway).
IIl.3.B. CsF-Mediated I-to-F Substitution and Following
a ™ ik . ® Direct-F Assisted f-C(sp®)—H Activation and Competing
> | . @& C(sp®>)—Ph Coupling Reactions. The first step of this
Pd-N =228 01(5,'3? i w5l i Pd-N = 2.21 mechanism is the CsF-mediated I-to-F substitution in 5b (i.e.,
- Eaes / Otsp‘}/-‘.__ Fd . Rk |
Pd-C(sp® = 2.09 Pd %-a "{"Pdc 1(sp®) = 2.07 Sb — Sc transformation; eq 1). Calculations show that this
Pd-H=153 ¥ [ar 1@ WL\ PdH=167
Clisp)-H=247 " Cl(sp’)H = 2.59 L Pd—I + CsF — L ,Pd—F + Csl (1)
Pd-1=3.08 H-1=1.98
Pd-Ar = 2.05 X / Pd-Ar = 2.05
Pd-P =274 6 6b Pd-P = 2.69
"Paide” "direct-I" assisted reaction is thermodynamically highly favorable: AG = —32.9

C-H activation product  C-H activation product

Figure 5. Optimized important geometries of P-side and direct-I
assisted C(sp*>)—H bond activation transition states and the respective
products. For clarity, PCyj; ligands are presented as PC;. Bond lengths
are given in

An alternative pathway, dubbed the direct-I assisted pathway,
proceeds via H insertion into the Pd—I bond and concomitant
formation of the Pd—C bond. This pathway proceeds through a
44.1 kcal/mol free energy barrier at transition state TS 5b-6b
and leads to product 6b. In other words, the direct-I assisted
C(sp®)—H bond activation requires ~5 kcal/mol less energy in
comparison to the P-side pathway. However, the 5-C(sp®)—H

keal/mol (Figure 6). However, we were unable to locate the
transition state associated with this substitution process for Ar
= CgH; instead, the related important intermediate (i.e.

H 0-‘,"'3,3‘ H 0--:Cs,
. T\"ﬁ - el
L I:L'Td PCy; Pd PCy, H H'":,Td—PCys

Ph CS.—-F F'h Ph
5b Int 5b-5¢ Csl 5¢
[01 [-15.2(-27.2)] [-32.9(-32.3)]

Figure 6. CsF-mediated I-to-F substitution assisted by Cs*. Energies,
AG (AH), are given in kcal/mol.
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pretransition state structure) Int Sb-Sc was located, which lies
15.2 kecal/mol below the reactants. Luckily, we were able to
locate the transition state for the I-to-F substitution for Ar =
CFs, which is indeed relatively small: AG*F = 9.7 keal/mol (see
the Supporting Information for more details).

Thus, this finding allows us to conclude the barrier of the
CsF-mediated I-to-F substitution to be small and not rate
determining,

The findings presented above clearly indicate that the Pd"—F
bond is stronger than the Pd"—I bond for this Pd" coordination
environment. Note that NBO analysis suggests the Pd—F bond
is more ionic in nature than the Pd—I bond (see the Supporting
Information for more details). A similar explanation was
proposed by Sakaki et al.'” and Yates et al.'® in a study on the
role of fluoride anion in the transmetalation between vinylsilane
and a Pd"—vinyl complex and in the Stille cross-coupling
reaction of Ph—Cl catalyzed by Pd(P‘Bu,), respectively.
Furthermore, recently Sanford et al. have reported experiments
on a Pd"-mediated I-to-F substitution reaction with AgF."”

One should note that these findings contradict the hard/soft
interaction scheme, su§§esting the Pd—I bond to be stronger
than the Pd—F bond.”>*' Here, it should be pointed out that
the bonding environment and mechanism for direct arylation
reactions, such as that presented above, are vastly different from
a traditional cross-coupling scenarios. To further elaborate the
Pd—halide bond strength, we also calculated the I-to-Cl and I-
to-Br substitution. These calculations show that the substitution
of I by Cl and Br is also favorable by AG = —5.8 and —1.5 kcal/
mol, respectively. Thus, the stability of the L,Pd"—X bonds is
reduced in the order X = F > Cl > Br > L.

The next step of the direct-F assisted pathway is the f-
C(sp®)—H bond activation in Sc. As seen in Figure 7, the

H 0-Cs_ — "
kL g . C
HTT - 17595[‘;459” ~..24.0(22.8)
H H’: 'Fl'd—PCya
Ph
X=F 5c

Figure 7. Halide identity effect in the direct-halide assisted -C(sp*)—
H bond activation in X—Pd"(PCy;)Ph(EtCON-C¢H;], where X = I
(5b), F (Sc). Energies, AG (AH), are given in kcal/mol.

product of this step, 6c, lies only 24.0 kcal/mol higher in energy
than reactant Sc, while the product of the direct-I assisted C—H
activation, 6b, reported above, lies 39.8 kcal/mol higher than
reactant Sb. Furthermore, the calculated direct-F assisted C—H
activation barrier (37.9 kcal/mol) is 6.2 kcal/mol smaller than
that required for the direct-I assisted process (44.1 kcal/mol).
Thus, the direct-F assisted -C(sp*)—H bond activation in 5c is
kinetically and thermodynamically less demanding than the
direct-I assisted C—H bond activation in Sb.

A comparison of the computed geometries of the direct-I
assisted C—H activation transition state TS Sb-6b (see Figure
4) and the direct-F assisted C—H activation transition state TS

Sc-6¢ (see Figure 8) shows that they are fairly different. Indeed,
the direct-I assisted C—H activation transition state TS Sb-6b
can be described as an H atom insertion into the Pd—I bond
mediated by the Pd center (Pd—H ~ 1.62 A). However, the
direct-F assisted C—H activation transition state TS Sc-6¢ is
closer to a direct proton abstraction without involvement ofthe
Pd center (the calculated Pd—H distance is ~2.07 A).

Furthermore, a close examination of the geometries of the
transition states TS Sb-6a, TS Sb-6b, and TS Sc-6¢ and related
products 6a—c, respectively, show that upon C—H activation
the Pd—P bond elongates but does not dissociate (see Figures S
and 8). This effect is more pronounced in the P-side and direct-
I assisted transformations in comparison to the direct-F assisted
transformations.

Although the kinetically and thermodynamically favorable
CsF-mediated I-to-F substitution, i.e. eq 1, reduces the direct-
halide assisted $-C(sp*)—H bond activation barrier, it also
makes a competing Ph—F bond formation reaction possible.
The calculated barrier for the Ph—F reductive elimination is
found to be 23.8 kcal/mol: i.e., ca. 14 kcal/mol lower in energy
in comparison to the direct-F assisted C—H bond activation.
However, the Ph—F bond formation was not observed
experimentally.” To resolve this discrepancy between the
calculated and observed results, we continued to explore
alternative 3-C(sp*)—H bond activation pathways.

.3.C. Cs)—I—F Cluster Assisted p-C(sp®)—H Activation
Pathway. Gratifyingly, an IRC calculation from the direct-F
assisted transition state TS Sc-6¢ reveals that the F atom may
never coordinate to the Pd center and may remain coordinated
to the Cs center (Cs' in Figure 10). Therefore, we explored the
possibility of terminal $-C(sp®>)—H bond activation by CsF
prior to the I-to-F substitution. Energies of the structures
involved in an external (or second) CsF molecule initiated /-
C(sp®)—H bond activation are given in Figure 9 for Ar = C4Hs.
The corresponding energetics for Ar = C4F; are given in the
Supporting Information.

As seen in Figure 9, upon approach of CsF to the active site
(circled in Figure 9) of intermediate Sb a Cs,—I—F cluster is
formed, c-Sb (see box a for a general structure of this cluster).
At the next stage, the formed Cs,—I—F cluster abstracts a
proton from the terminal methyl group at the transition state
TS[(c-5b)-(c-7)] via its F atom. The free energy barrier at this
transition state is calculated to be AG* = 6.5. Inclusion of
dispersion corrections increases it to AG*diSP = 8.7 kcal/mol.
Overcoming this barrier leads to formation of a diamond-
shaped Cs,—I-FH cluster complex, c-7 (see box b for a
structure of this cluster in the complex).

The optimized geometries of c-Sb, TS[(c-5b)-(c-7)], and ¢-
7, given in Figure 10, reveal several key points. In c-5b, the Pd—
I bond is still intact (Pd—I = 2.91 A) and the F atom of CsF is
weakly interacting with a terminal methyl hydrogen atom (F—
H(Me) = 1.91 A). It is worth noting that both Cs atoms are
interacting with the halide atoms; the calculated F —Cs!/F—Cs?
and I-Cs'/I-Cs? bond lengths are 2.83/2.85 and 3.84/3.99 A,
respectively. Thus, in c-Sb, the Cs cations and F and I anions
form a Cs,—I—F cluster. In TS[(c-5b)-(c-7)] the F atom is not
coordinated to the Pd center (Pd—F = 2.70 A), similar to the
case for TS 5b-5¢, and is weakly bound to the Cs' (Cs'—F =
3.13 A). Furthermore, in TS[(c-5b)-(c-7)] the iodide ligand is
dissociating, as a part of the Cs,—I—F cluster (presumably
assisted by a cesium cation), and the Cs,—I—(F—H) (i.e.,, with
the F—H bond) and Pd—C bonds (Pd—C = 2.42 A) are
forming. In the product c-7, the newly formed Cs,—I—(F—H)
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Pd-N =227
Pd-Cl(sp’) =2.29
Pd-H = 2.07
F-H=1.22

Pd-Ar = 2.01
Pd-P =235

TS Sc-6¢

Pd-N =2.21
Pd-C'(sp®) = 2.08
Pd-H=2.10

F-H = 0.96

Pd-Ar = 2.04
Pd-P = 2.56

Figure 8. Optimized geometries of the direct-F assisted C—H bond activation transition state and the respective product. For clarity, PCy; ligands

are presented as PC,. Bond lengths are given in A.
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Figure 9. Cs,—I—F cluster assisted C—H activation pathway in lieu of
I-to-F substitution. Energies, AG (AH), are given with respect to 5b in
kcal/mol.
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Figure 10. Optimized geometries of intermediates c-Sb and ¢-7 and
the Cs,—I—F cluster assisted hydrogen atom abstraction transition
state TS[(c-Sb)-(c-7)]. For clarity, PCy; ligands are presented as PC;.
Bond lengths are given in

fragment is hydrogen-bonded to the nitrogen atom of the aryl
amide ligand (F—H---N = 1.75 A).

In summary, calculations convincingly show that addition of
the second CsF molecule to 5b leads to formation of a weakly
coordinated Cs,—I—F cluster that facilitates the abstraction of
an H atom from the terminal methyl. One should note that the
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coordination of the Cs,—I—F cluster to the Pd center by its I
end, as it is in TS[(c-5b)-(c-7)] and (c-7), inhibits the Ph-F
bond formation pathway.

On the basis of the findings presented above, we conclude
the following. (a) The terminal #-C(sp®)—H bond activation of
the aryl amide substrate (SM = EtCONH-Ar) in the presence
of CsF is a facile process, requiring only a few kcal/mol of
energy and proceeding via the unprecedented Cs,—I—F cluster
assisted mechanism. The F atom of the Cs,—I-F cluster is
responsible for the metalation—deprotonation process. This is
the first reported example in the literature, to our knowledge, of
Cs—halide cluster-mediated C—H bond activation. (b) The
CsF-mediated I-to-F substitution in I-[Pd"](Ph)(PCy,)(DG’)
(5b) is a fast process, making the direct-halide assisted f-
C(sp®)—H bond activation relatively less energetically demand-
ing (ie., direct-F assisted C—H activation requires a few kcal/
mol less energy than the analogous direct-I assisted process)
and opening up the possibility for a facile competing Ph—F
bond formation reaction. (c) The direct-I assisted C—H bond
activation TS is an H-atom insertion transition state into the
Pd—I bond, while the direct-F assisted C—H bond activation
TS is a direct proton abstraction transition state. (d) In the
course of this reaction, the PCyj; ligand only semidissociates.

On the basis of the aforementioned findings we should
expect a dramatic effect of solvent on the mechanism of the
studied reaction. Indeed, in polar solvent, where the Cs,—I—F
cluster is expected to completely dismantle, this reaction may
proceed via the most energy demanding direct-F assisted
pathway rather than the less energy demanding and
unprecedented Cs,—I—F cluster assisted pathway. In other
words, in polar solvent this reaction either may require much
harsher experimental conditions (for example much higher
temperature, etc.) or may not proceed at all. This conclusion is
in good agreement with our experimental findings in DMF,
‘BuOH, and other polar solvents, which showed poor yields.

4. C(sp®)—Ph Coupling. Dissociation of HF and CsI
molecules from the product of the most favorable Cs,—I—F
cluster mediated 8-C(sp*)—H bond activation pathway, i.e. c-7,
requires AGg;, = 14.0 kcal/mol and leads to formation of the
pseudo-square-planar complex 7 (see Figure 11). The C(sp*)—
Ph coupling is expected to start from the intermediate 7.

Calculations show that this process requires a prohibitively
high (ca. over S0 kcal/mol) energy barrier. Gratifyingly, the
same process, i.e. C(sp®)—Ph coupling, is a facile process after
the protonation of the N center of DG’ group in 7, ie. from

dx.doi.org/10.1021/ja4053416 | J. Am. Chem. Soc. 2013, 135, 1420614214



Journal of the American Chemical Society

o

Pd-N =223 ® Pd-N = 2.55
Pd-C'(sp?) = 2.09 Pd-C'(sp?) = 2.11
Pd-Ar = 2.04 A Pd-Ar = 2.02
Pd-P =2.48 4 ¢ Pd-P = 2.53

7 8
@
cx‘vfa Pd {
: ‘:? Pd-N = 4.15
N Pd-C'(sp?) = 217
. Pd-Ar = 2.04
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Figure 11. Optimized geometries of intermediates 7 and 8 and
reductive elimination transition state TS 8-10. For clarity, PCy; ligands
are presented as PCy. Bond lengths are given in A.

intermediate 8: the associated barrier is found to be only 8.6
kcal/mol at the transition state TS 8-10. Formation of the
product 10 with the C(sp*)—Ph bond is exergonic by 69.6 kcal/
mol relative to Sb. Further dissociation of the product 11 from
the complex 10 costs only 9.7 kcal/mol (see Figure 12). The
source of protonation of 7 is likely to be H,O from the reaction
solution. Indeed, protonation of the N atom of the DG’ group
in 7 with a (H;0")(H,0); cluster was computed to be
exergonic by 24.9 kcal/mol.

In summary, reprotonation of the N center of DG’ is
essential for the C(sp’)—Ph cross-coupling (ie., reductive
elimination) from the product (i.e, 7) of the most favorable
Cs,—I—F cluster mediated pathway. Overall, the C(sp*)—Ph
cross-coupling from 7 is a kinetically and thermodynamically
favorable process (Figure 12).

lIl.5. Mechanistic Impact of the Fluorine Substitution
in the Ar Group of the Substrate SM = EtCONH-Ar: Ar =
CgHs to C¢F5 Substitution Effect. The discussion presented
above on the mechanism of (a) the pB-C(sp®)—H bond
activation and (b) the C(sp*)—Ph coupling was mainly based
on the substrate with the group Ar = CiH;. However,
experiments’ show that the substrate with the group Ar =
C4Fs is more reactive. In order to elucidate the role of Ar =
CeH;-to-C¢F; substitution in the substrate, we calculated the
full potential energy surface of the reaction for Ar = C4F and
compared our new findings to those for Ar = C;H; (Figure 12,
see also the Supporting Information for more details). As seen
from Figure 12, upon the Ar = C¢H;-to-C¢F substitution the
following occurs.

(1) The Cs,—I-F cluster assisted p-C(sp’>)—H bond
activation barrier is increased to AG¥ = 102 (AG*diSP =
12.9) keal/mol (from AG¥ = 6.5 (AG:*:disp = 8.7) kcal/mol). In
other words, the Ar = C¢H;-to-C4F substitution increases the
C—H activation barrier by AG* = 3.7 (AG*diSP = 4.2) kcal/mol.
However, the presence of a large population of deprotonated
amide for Ar = CFy, in comparison to that for Ar = C4Fs (see
section I11.2) makes the EtCONH-CF; a more productive
substrate, as the nondeprotonated amide has a poor affinity for
the Pd" center.

(2) The direct-F assisted -C(sp*)—H activation barrier is
decreased by 4.2 kcal/mol.

(3) Dissociation of HF + CsI from the c-7 intermediate
becomes 5.0 kcal/mol less endergonic.
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Figure 12. Proposed catalytic cycle for the arylation of methyl C(sp®)—H bonds altering the aryl component of the amide substrate for X = C4Hj
(second line, red), C¢Fs (first line, black). Energies, AG (AH), are with respect to Sb and are given in kcal/mol.
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(4) Reprotonation of the amide ligand by a hydrated H,0
molecule (ie, (H;0")(H,0); cluster) becomes 3.8 kcal/mol
more endergonic.

(5) Formation of the product 10 with a C(sp*)—Ph bond
(ie, 8 — 10) becomes approximately 6.4 kcal/mol less
exergonic. This is likely due to the fact that an electron-
withdrawing group (such as C¢Fs) coordinated to the N center
pushes the hybridization toward a N(sp®) center and weakens
the coordination to the Pd center (relative to N(sp®)). For the
same reason, the dissociation of product from 10 requires 7.3
kcal/mol less energy. Thus, the Ar = C¢Hg-to-C¢Fy substitution
makes the PES of the reaction slightly flatter and reductive
elimination step slightly more favorable.

IV. CONCLUSIONS

Mechanistic details pertaining to the Pd’/PCy; catalyzed
intermolecular arylation of the terminal $-C(sp®>)—H bond of
aryl amide (SM = EtCONH-Ar, where Ar = C¢H;, C¢Fs) in the
presence of CsF base have been elucidated.

Key mechanistic features of this reaction are (1) oxidative
addition of aryl halide, Phl, to Pd’/PCy;, (2) deprotonation of
SM by CsF to form imidate, DG’ = [EtCON-Ar]Cs*, for
subsequent coordination to the previously formed oxidative
addition product I-Pd"(PCy;)Ph (the substantially lower pK,
of EtCONHC(F, in comparison to EtCONHC(H; is
instrumental for the presence of a larger population of the
reactive deprotonated amides for Ar = CgFs), (3) Cs,—I-F
cluster formation upon external (the second) CsF molecule
approach to the active site of the I-Pd"(PCy,)Ph(DG’)
intermediate, (4) Cs,—I—F cluster assisted #-C(sp®>)—H bond
deprotonation by its F ligand (furthermore, the PCy; ligand
only semidissociates upon the C—H bond cleavage), and (S)
reprotonation of the amide directing group facilitating the
C(sp®)—Ph reductive elimination.

We found that the CsF-mediated I-to-F substitution in I—
[Pd"](Ph)(PCy;)(DG’) (5b) is a facile process and makes the
direct-halide assisted f-C(sp®)—H bond activation relatively
less energetically demanding (i, direct-F assisted C—H
activation requires a smaller free energy barrier than the
analogous direct-I assisted process), opening the possibility for
a facile competing Ph—F bond formation reaction. However,
both direct-I and direct-F assisted C—H bond activation
pathways require a relatively large energy barrier in comparison
to the Cs,—I—F cluster mediated pathway. It was shown that
the direct-I assisted C—H bond activation TS is a H atom
insertion transition state into the Pd—I bond, while the direct-F
assisted C—H bond activation TS is a direct proton abstraction
transition state with relatively low energy barrier (but still is
much larger than that required for the Cs,—I—F cluster assisted
pathway).
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