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ABSTRACT: This article describes the rational design of first
generation systems for oxidatively induced Aryl—CF; bond-
forming reductive elimination from Pd". Treatment of
(dtbpy)Pd" (Aryl)(CF5) (dtbpy = di-tert-butylbipyridine) with
NFTPT (N-fluoro-1,3,5-trimethylpyridinium triflate) afforded
the isolable Pd" intermediate (dtbpy)Pd" (Aryl)(CF;)(F)-
(OTf). Thermolysis of this complex at 80 °C resulted in
Aryl—CF; bond-formation. Detailed experimental and compu-
tational mechanistic studies have been conducted to gain
insights into the key reductive elimination step. Reductive
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elimination from this Pd" species proceeds via pre-equilibrium dissociation of TfO~ followed by Aryl—CF; coupling. DET
calculations reveal that the transition state for Aryl—CF; bond formation involves the CF; acting as an electrophile with the Aryl
ligand serving as a nucleophilic coupling partner. These mechanistic considerations along with DFT calculations have facilitated the
design of a second generation system utilizing the tmeda (N,N,N',N'-tetramethylethylenediamine) ligand in place of dtbpy. The
tmeda complexes undergo oxidative trifluoromethylation at room temperature.

B INTRODUCTION

The formation of C—CF; bonds is an important transforma-
tion for the construction of pharmaceuticals and agrochemicals.'
Replacing a methyl group with a trifluoromethyl substituent can have
a profound effect on the physical and biological properties of a mole-
cule” As a result, there is high demand for versatile synthetic methods
for generating carbon— CF; bonds.> While there has been significant
progress in the construction of sp>-carbon— CF; linkages,” there are
comparatively fewer methods for Aryl—CF; bond-formation.*””

Transition metal-catalyzed cross-coupling between Aryl—X
and CF3;—Y would serve as an attractive method for the synthesis of
benzotrifluorides.® "' The use of Pd-based catalysts for such trans-
formations is of particular interest because they serve as versatile and
widely used catalysts for a variety of other carbon—carbon bond-
forming reactions.'> However, developments in this area have been
limited by the challenges associated with a key step of the cross-
coupling catalytic cycle, namely Aryl—CF; bond-forming reductive
elimination from Pd" centers.”"® The vast majority of known Pd"-
(Aryl) (CF;) complexes are inert to Aryl—CF; coupling at tempera-
tures as high as 150 °C.***!

Two strategies have been utilized in the literature to address this
challenge. The first has focused on achieving Aryl— CF; bond-forming
reductive elimination from Pd" via steric and electronic modification
of the ancillary ligands (L) at (L)nPdH(Aryl)(CF3). For example,
pioneering work by Grushin demonstrated that the Xantphos ligand
(Xantphos = 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene) fa-
cilitates high yielding formation of trifluorotoluene from (Xantphos)-
Pd"(Ph)(CF;) at 80 °C (eq 1)."* More recently, Buchwald has
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elegantly demonstrated that the sterically large monodentate phos-
phine ligand Brettphos (Brettphos = 2-(dicyclohexylphosphino)-3,6-
dimethoxy-2',4',6 -triisopropyl-1,1'-biphenyl) ~ promotes  stoichio-
metric Aryl—CF; coupling from (Brettphos)PdH(Aryl) (CF;) at
80°C (eq2)."> Remarkably, this latter system was successfully applied
to the catalytic trifluoromethylation of aryl chlorides with Et;SiCFj at

130—140 °C.”®
CFy PhgP Q
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While this first approach has provided important break-
throughs, Pd"-mediated Aryl—CF; bond-forming reactions remain
limited by the requirement for specialized and expensive phosphine
ligands'®"” relatively high reaction temperatures (80— 140 °C), and
the need for expensive Et;SiCF;'® in catalytic processes. As a result,
several groups have focused on a second, complementary strategy for
achievinlg Aryl—CF; bond-forming reductive elimination from
Pd."” " This approach hinges on changing the oxidation state,
rather than the ancillary ligand environment, at the metal center. As
shown in eq 3, it was expected that palladium(IV) complexes of
general structure (L),(X),Pd" (Aryl)(CF;) (A) would be highly
kinetically and thermodynamically reactive toward Aryl—CF; cou-
pling. This hypothesis is predicated on literature reports showing
that Pd" complexes participate in numerous carbon-heteroatom
bond-forming reductive elimination reactions that remain challen-
ging at Pd" centers.”>** A key advantage of this approach would
be that Pd" intermediate A could potentially be accessed
using nucleophilic (CF;~),** electrophilic (CF;"),” or free-radical
(CF39)* based trifftuoromethylating reagents.

Bt
| = CFy
from
C-H activation (L‘*-pdw'x —«F & (3)
or transmetalation L~ TCF, R
X
(A)

from
CF3+, CFQ-. or CF3'

Two preliminary examples have shown the viability of this
approach. First, Yu and co-workers have elegantly demonstrated
the Pd""-catalyzed ligand-directed C—H trifluoromethylation with
electrophilic trifluoromethylating reagents (o3 reagents).19 Sub-
sequent stoichiometric studies implicated a mechanism involving; (a)
C—H activation to form a cyclometalated Pd"—Aryl intermediate,
(b) oxidation with CF;" to generate Pd"(Aryl)(CF5), and (c)
Aryl—CF; bond-forming reductive elimination from Pd" to release
the product.”

In a second example, our group has shown the viability of stoi-
chiometric Aryl—CF; bond-forming reductive elimination from pd"
centers bearing o-aryl ligands that do not contain chelate directing
groups.”' In this system, the key Pd" intermediate is generated via
oxidation of a preassembled Pd"(Aryl)(CFs) species with an N-
fluoropyridinium reagent. We report herein a detailed mechanistic
study of Aryl—CF; bond-forming reductive elimination from Pd" in
this latter system. This work provides valuable insights into the in-
fluence of ancillary ligands, the role of each coupling partner, and the
nature of the transition state for this transformation. These mecha-
nistic studies have also allowed us to rationally design the first examples
of room temperature Aryl—CF; bond-formation from palladium.

B RESULTS AND DISCUSSION

Development and Scope of Aryl—CF; Coupling at Pd".
Our studies began with the synthesis of a series of Pd"—CF; com-
plexes of general structure (dtbpy)Pd"(Aryl)(CF;) (1a—i, dtbpy =
4,4/ -di-tert-butyl-2,2-bipyridine). These compounds were prepared
by the treatment of (dtbpy)Pd"(Aryl)(I) with CsF followed by
TMSCF; in THF at 23 °C (Table 1). The products were isolated as
yellow solids in 32—70% yield.*" X-ray quality crystals of 1a were
obtained by vapor diffusion of pentanes into a dichloromethane

Table 1. Synthesis of Complexes la—i

(L: Pd'.'_:Aryl 1. CsF, THF, 23 °C CL: pdll” Aryl
L I 2. TMSCF,, THF, 23 °C L CFy
[L~L = dtbpy]
entry aryl compound isolated yield
1 p-FCeH, la 70%
2 p-CNCH, 1b 54%
3 p-CF3CeHy 1c 63%
4 p- PhC(O)C4H, 1d 51%
5 p-PhCH, le 58%
6 p-MeOCGH, 1f 32%
7 p-MeCcH, 1g 49%
8 CeHs 1h 47%
9 m-MeCgH, 1i 42%

Figure 1. ORTEP drawing of complex 1a. Thermal ellipsoids are drawn at
50% probability, hydrogen atoms are omitted for clarity. Selected bond
lengths (A): Pd—C(1) 2.005(3), Pd—C(25) 2.007(4), Pd—N(1) 2.107(2),
Pd—N(2) 2.143(3). Selected bond angles (deg): C(1)—Pd—C(25)
89.99(13), C(1)—Pd—N(1) 95.58(11), C(1)—Pd—N(2) 169.99(11), C-
(25)—Pd—N(1) 173.92(12), C(25)—Pd—N(2) 96.67(11).

solution of 1a, and the X-ray crystal structure of this complex is
shown in Figure 1.

The Pd" complexes 1a—i are inert toward direct Aryl—CFj
bond-forming reductive elimination. For example, heating la at
130 °C for 72 h produced <5% of 4-fluorobenzotrifluoride (2a), and
the Pd" starting material could be recovered in >80% yield (eq 4).
Importantly, similarly low reactivity has been reported in the
literature for other (L~L)Pd"(Aryl)(CF;) complexes (L~L = di-
phenylphosphinoethane, diphenylphosphinopropane, and diphe-
nylphosphinobenzene).”**" As discussed above, the only demon-
strated examples of Aryl—CF; bond-forming reductive elimination
from Pd" require relatively high temperatures (80 °C) and specia-
lized phosphine ligands."*"*

F
(L*‘-pdll/©, —_— = FGCOF
g - M NO,Ph-ds (4)

(1a) 130°C,72h (2a)
(>80% recovered) :
i (<5% yield)

We reasoned that the 2¢~ oxidation of (dtbpy)Pd"(Aryl)-
(CF3) would yield a highly reactive Pd" adduct that might undergo
more facile Aryl—CF; bond-forming reductive elimination (eq S, i).
Thus, we examined the reaction of la with N-bromosuccinimide
(NBS), N-chlorosuccinimide (NCS), and PhI(OAc),, which are all
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well-known to promote the oxidation of Pd" to Pd"".>* As shown in
Table 2, all three oxidants reacted rapidly with 1a in nitrobenzene-d;
at 80 °C. However, the desired trifluoromethylated product was not
obtained; instead, the major organic product contained a nucleophile
derived from the oxidant (Br, Cl, or OAc, respectlvely) These results
are consistent with the formation of a Pd"¥ intermediate, from which
Aryl—X (X = OAcg, Br, and Cl) bond-forming reductive elimination
is significantly faster than Aryl—CF; coupling (eq 5, ii).”!

F
Pd"O Oxidant-XY
~CF,
9 N_l .CF .
[N N = dtbpy] CN’ aw CF )

e
(2a)

(i
e O

In an effort to avoid competing reductive elimination processes, we
next examined the use of electrophilic fluorinating reagents (F"
sources). These reagents were selected based on the hypothesm that
fluoride (the X-type ligand introduced to Pd" by F sources) might
undergo slower reductive elimination than CF;, 224272 Grat]fymgly,
avariety of different F' reagents reacted with 1a to afford modest to
excellent yields of the trifluoromethylated product 2a after 3 h at
80 °C (Table 2, entries 4—10). The optimal electrophillic fluorinating
reagent was N-fluoro-1,3,5-trimethylpyridinium triflate (NFTPT),
which provided 2a in 70% yield as determined by '’F NMR
spectroscopy.”” Importantly, <3% of products derived from Aryl—F
or Aryl—OTf coupling were observed under these conditions.

This transformation was next applied to complexes 1b—i,
which contain sterically and electronically diverse aryl groups. As
shown in Table 3, the yield of trifluoromethylated product was
relatively insensitive to the electronic properties of the arene, and
the reaction proceeded with good results in systems containing
both electron withdrawing [e.g, CN, C(O)Ph] and electron
donating (e.g., CH3, OCH3) para- and meta-substituents.>

Atroom temperature, the oxidation of 1a by NFTPT produced
a single major intermediate. This species (4) was isolated from
dichloroethane as a yellow solid in 53% yield (eq 6). Analysis of 4 by
F NMR spectroscopy in MeCN-d; showed four characteristic
resonances: a doublet at —30.9 ppm (Pd—CF;), a singlet at —79.4
ppm (Pd—OTf), a multiplet at —117.1 ppm (Pd—ArF), and a
quartet at —256.5 ppm (Pd—F) in a 3:3:1:1 ratio. In nitrobenzene-
ds, broad resonances were observed with similar chemical shifts in the
same 3:3:1:1 ratio.”’ The 'H NMR spectrum of 4 showed two
diagnostic singlets at 8.47 and 8.40 ppm (3,3’ protons of dtbpy) as
well as two singlets at 1.49 and 1.41 ppm (‘Bu groups of dtbpy).

F
I =
N/
+'LOTf' oF (6)
Gor 0o S LN
=) ~CF, DCE ~E
@, 53%)

X-ray quality crystals were obtained via vapor diffusion of
pentanes into a DCE solution of 4. As shown in Figure 2, the solid

Table 2. Reaction of 1a with Diverse Oxidants (Oxidant—X)*

CL @-»F Oxf nt-X C C 5

—Pd e NO,Ph-ds
]
[L-L = dtbpy] oG,k (22) (3a)
(1a)
entry | oxidant-X | yield 2a | yield 3a (X)
1 Br <5% 75% (Br)
Oj/ifo
2 ci <5% 70% (CI)
Oj/ifo
3 AcO—I—OAc <5% 20% (OAc)
4 CHZCI <5% nd (F)?
[g [BF-il,
5 PO B 60% <5%
PhO,S’
6 | A 53% <5%
+Norr
F
7 @ 69% <5%
+ E BF,~
8 | A 55% <5%
c” 3N el
£ BFy”
9 68% <5%
X
| ~
N
+ ||: BF,
10 70% <5%
X
| ~
ot
11 XeF, 65% 5%

“Yields were determined by '°F NMR spectroscopy and are an average
of two runs. nd = not detected. * 1a accounted for the remaining mass
balance.

state structure of 4 shows the octahedral Pd" species (dtbpy)-
Pd(p-FCeH,)(CF;3)(F)(OTf). Interestingly, the Pd—CF; bond
distance in 4 (2.009(4) A) is nearly identical to that of the
Pd"—CF; starting material 1a (2.005(3) A). However, the Pd—N
bond lengths of 4 (2.038(4) and 2.082(4) A) are significantly
shorter than those in 1a (2.107(2) and 2.143(3) A).

Mechanistic Study of Aryl—CF; Bond-Forming Reductive
Elimination from Pd'". There are at least three possible path-
ways for Aryl—CF; bond-forming reductive elimination from 4,
mechanisms A, B, and C (Figure 3). Mechanism A involves initial
triflate dissociation to form a cationic five-coordinate Pd"
intermediate I and subsequent Aryl—CF; bond formation.
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Table 3. NFTPT-Promoted Aryl—CF; Coupling at Com-
plexes la—i*

avi,
- Ary ——————» Aryl-CF
CE/P" ~CFy T WO NOPh-ds °
OTf~ 80°C,3h
[N~N = dtbpy] 'J'- _ [Pdll]
entry compound aryl yield aryl—CF;

1 1a p-FCsH, 70%
2 1b p-CNCGH, 25%
3 1c p-CF;CqH,y 55%
4 1d p-PhC(0)CeH, 56%
5 le p-PhCeH, 70%
6 1f p-MeOCH, 72%
7 1g p-MeCeH, 66%
8 1h CeHs 70%
9 1i m-MeCgH, 64%

“Yields were determined by '°F NMR spectroscopy and are an average
of two runs.

Figure 2. ORTEP drawing of complex 4. Thermal ellipsoids are drawn
at 50% probability, hydrogen atoms are omitted for clarity. Selected
bond lengths (A): Pd—C(1) 2.009(5), Pd—C(25) 2.018(5), Pd—N(1)
2.038(4), Pd—N(15) 2.082(4), Pd—O(1) 2.226(3). Selected bond angles
(deg): C(19)—Pd—C(25) 91.09(15), C(19)—Pd—N(15) 92.18(16),
C(25)—Pd—N(15) 175.68(17), C(19)—Pd—F(1) 91.09(15), C(25)—
Pd—F(1) 83.31(16), C(19)—Pd(1)—0O(1) 175.74 (16), C(25)—Pd-
(1)—0(1) 95.15 (16).

Mechanism B involves fluoride dissociation, followed by Aryl—
CFj; coupling from intermediate II. Mechanism C proceeds via
concerted C—CF; bond-forming reductive elimination. Notably,
there is 51gn1ﬁcant literature precedent for both ionic**® 3233 and
concerted***** reductive elimination mechanisms from octahe-
dral group 10 metal complexes.

Order in Triflate. The addition of 1 equiv of NBu,OTf to the
thermolysis of 4 in NO,Ph-d; at 50 °C 51gn1ﬁcantly slowed the
1n1t1al rate of formation of 2a (from 2.21 x 10 °Ms ' to 1.35 X
10> M s~ ").* Furthermore, an excellent linear fit was observed
for a plot of initial rate versus 1/[NBu,OTf] (Figure 4).

Mechanism A A g
C: BV ,CFS
+0Tf' = 0 —[Pd"]
Mechanism B Aryl EI ;
Sl g OF8 C:a v— s
C:’Pd Ary-CF,
+F‘ Pd'
H)Tf “el
[N-N = dtbpy] m
‘ Mechanism C
—[Pd"]

Figure 3. Three potential mechanisms for Aryl—CF; bond formation
from 4.
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Figure 4. Plot of initial rate versus 1/[OTf] for reductive elimination

from 4 to form 2a in PhNO,-ds at 50 °C. y = (1.91 x 10 /)x + 9.98 x
107% R* = 0.998.

To confirm that the presence of TfO™ was responsible for the
observed effect, this reaction was next examined in the presence of
NBu,PF, which contains a noncoordinating anion. The use of 1 equiv
of NBu,PF4 under otherwise identical conditions resulted in a >2-fold
increase in the initial rate of reductive elimination to 5.57 x 10> M
s~ . This result indicates that inibition by NBu,OTf is specifically due
to the TO™ anion. Furthermore, it suggests that enhancing the
polarity of the medium (by adding noncoordinating ions) accelerates
Aryl—CF; reductive elimination. Both pieces of data are consistent
with ionic mechanism A operating in this system, as reflected
by the rate exgressmn in eq 7 (derived using the steady state
approxunatlon)

CF, OTf‘ CF3
[Pd”]

\ le \ dIV
TioT
6Tf @ ",
[N~N = dtbpy]
kiko[4]
Rate = <k [OTF

Activation Parameters. The initial rate of C—CF; bond-form-
ing reductive elimination from 4 in NO,Ph-ds was next examined
as a function of temperature. An Eyring plot of the data showed
that AH" is +29.1 + 02 kcal/mol, while AS* = 4948 4 0.8 eu.
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Table 4. Initial Rates of Aryl—CF; Bond-Forming Reductive
Elimination from Complexes 4—6*

X
CF;3
Y U S
[ 2 NO,Ph-d;
oTf 50°C
T initial rates
X =CHg
4X=F ~
& xXnth,| TR
entry X yield aryl—CF; initial rate (M's™ ') x 10°
1 CH, 93% 458
2 F 77% 221
3 CF, 65%" 143

“Reactions were run in duplicate and yields were determined by
"F NMR spectroscopy. " 1,4(bistrifluoromethyl)biphenyl formed
in 21% yield.

The observed entropy of activation indicates a significant increase in
disorder in the transition state for this reductive elimination
reaction. Similar values have been observed for carbon-heteroatom
bond-forming reductive elimination reactions from Pd" that pro-
ceed by ionic mechanisms.******’ For example, C—OAc reductive
elimination from Pd" complex (phpy)deIV(OAc)z (phpy =
2-phenylpyridine), which is proposed to involve pre-equilibrium
dissociation of an acetate ligand, showed AS of +42 £ 12 eu?™

Electronic Effects. Finally, electronic effects on reductive
elimination were evaluated using Pd"" complexes containing
p-fluoro, p-methyl, and p-trifluoromethyl-substituted aryl groups
(complexes 4—6). Thermolysis of 4, 5, and 6 at 80 °C in NO,Ph-d;
for 3 h afforded the corresponding benzotrifluorides in 77, 93, and
65% yield, respectively (Table 4). The initial rates of reductive
elimination from these complexes at 50 °C in NO,Ph-ds show that
electron donating substituents accelerate the reaction. For example,
with X = CHj (), the initial rate is more than 20 times greater than
with X = F (4). Additionally, when X = CF; (6), the initial rate is
nearly two times slower than from 4 (Table 4).

While Table 4 clearly shows that electron-donating aryl
substituents accelerate this reaction, it is challenging to definitively
interpret this data in the context of the C—CF; bond-forming event.
Mechanism A is a two-step process involving triflate dissociation
followed by Aryl—CFj; coupling. Thus, the faster rate with complex
5 may be due to the stronger trans effect of a more electron donating
o-aryl ligand and/or from a partial positive charge buildup on the
aromatic ring in the transition state for Aryl—CF; coupling,

DFT Calculations. We next turned to DFT calculations to
more fully explore the mechanism of Aryl—CF; bond formation.
The complex [(bpy)PdIV(Ph)(CF3)(F)(OTf)] (7) (bpy = 2,2-
bipyridyl, eq 8) was employed as a model for 5 (Table 4), and the
CEP-31G(d)*** basis set and M06***! functional were used along
with a single point solvent correction in nitrobenzene (SMD
solvation rnodel).42 As shown in eq 8, the calculated AH,gg for
loss of TfO™ from 7 in nitrobenzene to form cationic intermediate
[(bpy)PdIV(Ph)(CF3)(F):|Jr (8) is 15.0 kcal/mol. Furthermore,
the activation enthalpy (AH* 208) for Ph—CF; bond-forming
reductive elimination from 8 is 13.7 kcal/mol. Thus, we calculate
that mechanism A has an overall AH" 298 Of 28.7 kcal /mol, which is

in excellent agreement with the experimental value (+29.1 £ 0.2
keal/mol, vide supra).

ﬂHm=
v 15.0 kcal/mol _ -+
= CF -OTf- = _N CF;

~pgv "3 ~pdv
=N"| “F +0TF =N F ®
(8)
(?) &H‘na= CF3
13.7 kcal/mol @
=
F

ﬁH*zsa =
14.7 kcal/mol @
S EEE—

As discussed above, we observe experimentally that trifluoro-
methylated products are formed selectively over the correspond-
ing fluorinated compounds. To gain further insights into this
selectivity, we used DFT to examine the transition state for
Ph—F bond-forming reductive elimination from intermediate 8.
As shown in eq 8, AH 208 (DFT) for Ph—F coupling is 14.7
kcal/mol. As such, this is a higher energy pathway than Ph—CF;
bond-formation (AAHi 208 (pFT) = 1 keal/mol), consistent with
the experimental results.

The calculated charge distribution of intermediate 8 using
Natural Bond Order (NBO) analysis*** indicates that the
CF; carbon carries a significant positive charge (+1.18), while
the a-carbon of the phenyl ligand bears a charge of +0.07.*
This charge difference is amplified in the transition state for
C—CF; bond-forming reductive elimination, where the CF;
carbon carries an enhanced positive charge of +1.24, and the
charge on the Ph carbon decreases to —0.11. These data imply
that the Ph group is acting as the nucleophile during the bond-
forming event. This is in sharp contrast to other reports of
reductive elimination from Pd" in which the aryl or alkyl
ligand tygically serves as the electrophilic coupling
partner.zz’ 3

We next used DFT to determine the transition state enthalpies
(AH',55) for Aryl—CF, coupling from complexes of general
structure [(bpy)Pd" (p-XCeH,)(CF3)(F)]™. As expected based
on the NBO analysis, AH ;95 was smallest with electron donat-
ing para substituents (X) on the aromatic ring, consistent with a
transition state involving nucleophilic attack by the o-aryl ligand on
the CF; moiety (Table S). Furthermore, the AH' 298 values showed
better correlation with Hammett 6™ values for X than the corre-
sponding 0 or 0 parameters. This implicates significant resonance
effects in the transition state for Aryl—CF; coupling.46

Finally, we sought to identify supporting ligands that would lower
the energy barrier for Ph—CF; bond-forming reductive elimination
in this system. Literature studies have shown that (tmeda)Pd"-
(CH3),(Ph)(I) (tmeda = N,N,N',N'-tetramethylethylenediamine)
is significantly more reactive toward C—C bond-forming reductive
elimination than its bipyridine analogue (bpy)PdIV(CH3)2(Ph)—
(1).¥ Thus, we hypothesized that using tmeda in place of dtbpy in
our system might impart a similar effect. Consistent with this hy-
pothesis, DFT calculations show that the nitrobenzene solvent-
corrected transition state enthalpR; (AH* 203) for formation of
trifluorotoluene from [(tmeda)Pd" (Ph)(CF;)(F)]" is 0.8 keal/
mol lower than that for the analogous bpy complex (12.9 versus
13.7 kcal/mol) (eg} 9). Furthermore, AH,qg for the loss of OTf
from [(tmeda)Pd"* (Ph)(CF;)(F)(OTf)] is >10 kcal/mol lower
than that from 7 (4.2 versus 15 kcal/mol). Thus, the calculated

7581 dx.doi.org/10.1021/ja201726q |J. Am. Chem. Soc. 2011, 133, 7577-7584



Journal of the American Chemical Society

Table 5. Gas Phase Values of AH" 2908 for C—CF; Bond-
Formation from [(bpy)Pd" (p-XCsH,)(CF;)(F)] ™

X X ¥
| +
+
B AHjos* st
: N.,_‘__ N—CF3 : N*--..P'd'w’:CF3
g
X AH,54 (keal/mol) o'

NMe, 6.89 170
NH, 7.10 —-1.30
OH 7.71 —-0.92
OMe 7.86 —0.78
SMe 7.79 —0.60
Me 9.19 —0.30
F 8.41 —0.07
H 9.41 0
CF, 943 0.53
CN 9.23 0.71
NO, 9.23 0.78

“ Complexes are calculated using CEP-31G(d)/MO06 level of theory.

overall AH" 298 for reductive elimination from the tmeda complex is
17.1 keal/mol, suggesting that Aryl-CF; coupling should proceed at
significantly lower temperatures than from 7.
[N~N=bpy | :
AHggg = +
15.0 kcal/mol AH# g =
-OTf N*--.Pdru “©F313.7 keallmol

‘ +OTf

(N'““Pd""

C:““‘Pd“"‘CF:s (9)

oTf 1
aHus = = + .
4.2 I«:ab‘mal AHt 95 = =1
pav-CF3 12,9 kealimol

G
+0Tf / E C:-.._Pdlv
-

(NN = tmeda]

Room Temperature Arene Trifluoromethylation. To assess
the effect of diamine ligands experimentally, a series of
(N~N)Pd"(Ph)(CF;) complexes (9, 10, and 11e) were pre-
pared by the reaction of (N~N)Pd"(Ph)(I) with CsF followed by
TMSCEF; (see Supporting Information for full details) *® Treatment
of9, 10, and 11e with NFTPT under our standard conditions (80 °C
for 3 hin NO,Ph) resulted in clean formation of trifluorotoluene in
modest to excellent yield (Table 6). The readily available and
inexpensive tmeda ligand was particularly effective. Tmeda complex
11e afforded 90% yield of trifluorotoluene at 80 °C (entry 4), and,
most remarkably, provided 83% yield at room temperature (entry S).
To our knowledge, this is first examgle of room temperature arene
trifluoromethylation at a Pd center.

The scope of room temperature oxidative trifluoromethylation
from (tmeda)Pd"(Aryl)(CF;) was found to be quite broad.*®
These reactions proceeded efficiently and in high yield with

Table 6. NFTPT-Promoted Ph—CF; Coupling from Com-
plexes 1f, 9, 10, and 11e*

=
-Ph | — . PhCF
C PC"LCF .,,N; NO,Ph-ds 4
(11,8, 9, H1e) Lz
entry | compound N~N temp yield
Ph-CF;
1 1f dtbpy 80 °C 66%
/N 9
2 9 ANy NM 80 °C 99%
3 10 o~ N~ 80°C 40%
=N N
4 11le M eZN/_\NM e 80°C 90%
5 11le MezN/—\NMez 23°C 83%

“Reactions were run in duplicate and yields determined by '’F NMR
spectroscopy.

Table 7. Reactivity of (tmeda)Pd(Aryl)(CF;) Complexes”

NS prAY 4 5 ——— ]
& CFs +|I o NosPhs
yield aryl—CF;  yield aryl—CF;
entry  compound aryl (80°C) (23°C)
1 11a p-FCeHy 81% 78%
2 11b p-CF3C6H, 76%" 529"
3 11c p-CNCH, 60% 22%
4 11d p-MeOCH, 929% 95%
5 1le CeHs 949% 88%
6 11f p-MeCgH, 90% 83%
7 11g m-MeCgH, 95% 95%
8 11h 0-MeCgH, 85% 88%
9 11 0-MeOCH, 90% 99%

“ These reactions were conducted at 80 °C for 3 h and at 23 °C for 1 h.
Reactions were run in duplicate and all of the starting materlal was
consumed. Yields were determined by '°F NMR spectroscopy. ’ Atboth
temperatures, trifluorotoluene was formed in 13% yield.

electron donating and electron neutral substituents on the o-aryl
ligand (for example, Table 7, entries 4—7). The room tempera-
ture reactions were lower yielding with arenes bearing highly
electron-withdrawing substituents like CF; and CN (entries 2
and 3), which is consistent with the proposed transition state
(vide supra). Finally, tmeda complexes containing ortho-substi-
tuted aryl groups underwent high yielding room temperature
oxidative trifluoromethylation (entries 8 and 9). In contrast,
these were poorly effective substrates in the dtbpy system, even
at 80 °C.*

B CONCLUSION

This article describes the rational design of first generation sys-
tems for oxidatively induced Aryl—CF; bond forming reductive
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elimination from Pd. Experimental mechanistic studies implicate
Aryl—CF; coupling from a cationic five-coordinate intermediate,
and DFT suggests that the CF; ligand serves as the electrophilic
partner during bond formation. Our investigations into the scope
and mechanism of this reaction have facilitated the development
of a second generation ligand system that enables Aryl—CF;
coupling at room temgerature. This work provides a basis for
the design of novel Pd VIV_catalyzed trifluoromethylation reac-
tions of aryl metal species (metal = B, Sn, Si) or simple arene
C—H bonds. Efforts in this area are currently underway in our
group and will be reported in due course.
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