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Abstract: The reaction of [(bzq)Pd(OAc)]. (bzg = benzo[h]quinoline) with “CFs™ reagents to afford the
monomeric Pd" aquo complex (bzq)Pd(CF3)(OACc).(OH,) is demonstrated. Heating this Pd"V adduct at 60
°C for 12 h leads to highly chemoselective aryl-CF; bond-forming reductive elimination. The rate and
yield of this transformation are both significantly enhanced by the addition of Bregnsted and Lewis acidic
additives. The mechanism of C—CF; bond formation from (bzq)Pd(CF;3)(OAc).(OH;) has been studied,
and the major pathway is proposed to involve pre-equilibrium acetate dissociation followed by C—CF;
coupling. Finally, this monomeric Pd"V complex is shown to be a kinetically competent intermediate for
C—H trifluoromethylation with “CF5;*” reagents. Collectively, these studies provide valuable insights about
the speciation, nuclearity, and reactivity of Pd intermediates in catalytic C—H trifluoromethylation reactions.

Introduction

Over the past 6 years, the field of Pd-catalyzed ligand-directed
C—H functionalization has grown exponentially.* Much of the
work in this area has focused on using Pd catalysts in
conjunction with strong oxidants (e.g., hypervalent iodine
reagents, electrophilic halogenating reagents) to convert C—H
bonds into C—C or C—heteroatom linkages.* Despite great
progress in new reaction development, the nature of the
catalytically active high oxidation state Pd intermediates in these
transformations remains the subject of intense study and
discussion.?® For example, monomeric,*° dimeric,®” and tri-
meric® Pd complexes in oxidation states ranging from +2 to
+4 have all been proposed as catalytically active species.?
Furthermore, while cosolvents and additives are frequently
employed to promote these transformations, their effects are
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generally empirically derived and poorly understood.™? Studies
that provide further mechanistic insights should facilitate the
optimization and rational design of new reactions in this area.

Severa recent reports have focused on the role of cyclom-
etalated Pd" dimers like 1 and 3 (egs 1 and 2) as intermediates
in Pd-catalyzed C—H functionalization.®” For example, the
oxidation of 1 to generate acetate-bridged Pd dimer 2 has been
kinetically implicated as the turnover-limiting step in C—H
arylation reactions (eq 1).° Similar dimeric Pd"' adducts (4) have
been isolated from the stoi chiometric reaction of complex 3 (and
analogues) with PhICl, and Phl(OAc), (eq 2).” While mono-
meric PdV species have also been proposed as possible
intermediates in catalytic C—H functionalization,** to date such
complexes have not been detected from the oxidation of
catalytically relevant dimers like 1 and 3.°
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We demonstrate herein that the reaction between 3 and
various electrophilic trifluoromethylating reagents in the pres-
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Table 1. Oxidation of 3 with Different “CF;™" Reagents?®

3 equiv CF,4
il —
%,Pd o R SR FI'dN.OH2
= e “Solvent = 7 | OAc
W
N/Pd <4 40°C,1h OAc
{3) (6)

—— X = OTf (5d)
CFs @« Q:ﬂ g X = BF, (e)
+ x-
(5a) O &5,
R= CHS (5b)
R = CF4 (5¢)
entry solvent oxidant yield 6
1 AcOH 5a 45%
2 AcOH 5b 60%
3 AcOH 5c 27%
4 AcOH 5d 2%
5 AcOH 5e 4%
6 DCE 5b <2%
7 DCE/1 equiv of AcOH 5b 48%
8 DCE/5 equiv of AcOH 5b 56%
9 DCE/20 equiv of AcOH 5b 65%

a Conditions: Complex 3 (1 equiv) and “CFs™ reagent (3 equiv) in
solvent (0.4 mL) for 1 h at 40 °C. Yields were determined by °F NMR
spectroscopy and represent an average of at least two independent runs.
All yields are based on the reaction stoichiometry of 1 equiv of 3
reacting to form 2 equiv of 6.

ence of AcOH produces an isolable monomeric Pd"Y product.
This Pd'"V complex undergoes C—CF3 bond-forming reductive
elimination, and both the rate and the yield of thistransformation
can be tuned with Lewis/Bransted acids. Mechanistic investiga-
tions of the C—CF3; bond-forming process are described and
provide new insights into the potential role of acidic promoters
in Pd-catalyzed C—H functionalization.>*° Finally, we demon-
strate that this PdV species is a catalytically competent
intermediate in C—H trifluoromethylation reactions.

Results and Discussion

Synthesisand Char acterization of Pd'Y Complex 6. Our initial
investigations focused on the reaction of Pd'" dimer 3 with the
CF;" reagents 5a—e' in AcOH. In al cases, F NMR
spectroscopic analysis after 1 h at 40 °C showed the formation
of a new Pd—CF; product (6) in yields ranging from 2—60%
(Table 1, entries 1—5).*2 When the solvent was changed to 1,2-
dichloroethane (which has been used as a solvent for Pd-
catalyzed C—H trifluoromethylation with similar oxidants),® the
reaction of 3 with 5b afforded <2% of 6. However, interestingly,

(9) For a report of CF3CO,H-promoted Pd-catalyzed C—H trifluoro-
methylation that appeared while thiswork was in progress, see: Wang,
X.; Truesdale, L.; Yu, J. Q. J. Am. Chem. Soc. 2010, 132, 3648—
3649.

(10) For examples of other Pd-catalyzed C—H functionalization reactions
in which Bransted/Lewis acids are used as additives/promoters, see:
a) Reddy, B. V. S.; Reddy, L. R.; Corey, E. J. Org. Lett. 2006, 8,
3391-33%4. (b) Shi, Z.; Li, B.; Wan, X.; Cheng, J.; Fang, Z.; Cao, B.;
Qin, C.; Wang, Y. Angew. Chem., Int. Ed. 2007, 46, 5554-5558. ()
Xiao, B.; Fu, Y.; Xu, J;; Gong, T. J; Dai, J. J; Yi, J; Liu, L. J. Am.
Chem. Soc. 2010, 132, 468-469. (d) Zhao, X.; Yeung, C. S.; Dong,
V. M. J. Am. Chem. Soc. 2010, 132, 5837-5844.

(11) () Umemoto, T. Chem. Rev. 1996, 96, 1757-1778. (b) Eisenberger,
P.; Gischig, S.; Togni, A. Chem.-Eur. J. 2006, 12, 2579-2586. (c)
Kieltsch, 1.; Eisenberger, P.; Stanek, K.; Togni, A. Chimia 2008, 62,
260-263.

(12) Only traces of H,O are required for the formation of 6. For example,
using AcOH solvent that was dried by distillation over Ac,O and
KMnQO, led to nearly identical yields of 6.
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Figure 1. ORTEP drawing of complex 6. Therma ellipsoids are drawn at
50% probability, and hydrogen atoms are omitted for clarity expect for
those on the H,O ligand. The structure was solved as two identical structures
in aunit cell (only one is shown; see the Supporting Information for more
information). Selected bond lengths (A): Pd—C(14) 2.007(4), Pd—C(11)
2.006 (4), Pd—N(1) 2.042(3), Pd—0O(1) 2.168(4), Pd—0O(2) 2.012(3),
Pd—0O(4) 2.105(3), Pd—N 2.042(3), O(1)—H(1B) 1.04(2), O(1)—H(1C)
0.84(4), O(3)—H(1B) 1.69(5), O(5)—H(1C) 1.82(2), O(1)—O(3) 2.624(7),
0O(1)—O(5) 2.547(5). Selected bond angles (deg): C(11)—Pd—C(14)
92.72(17), N(1)—Pd—C(14) 91.31(16), O(3)—H(1B)—0(1) 150(7), O(5)—
H(1C)—0(1) 143(7).

when this same reaction was conducted in the presence of 1—20
equiv of AcOH (which is present during catalytic C—H
trifluoromethylation, vide infra),® 6 was formed in modest to
good yield (Table 1, entries 7—9). Complex 6 was isolated in
60% yield as a pale yellow solid from the reaction of 3 with 3
equiv of 5b in AcOH at room temperature.*>*3

IH and °F NMR spectroscopic analysis of complex 6 at room
temperature showed that this molecule contains a cyclometalated
benzo[h]quinoline, a CF; group, and two different acetate ligands.
In addition, when samples of 6 were cooled to —40 °C, a broad
IH NMR resonance integrating to 2 protons was observed a 10.45
ppm, implicating the presence of a coordinated water molecule.

X-ray quality crystals of 6 were obtained by vapor diffusion of
pentanes into a concentrated dichloroethane solution. As shown
in Figure 1, the crystal structure shows the monomeric Pd"
complex (bzg)Pd(CF3)(OAC),(OH,). In the solid state, the aquo
ligand is trans to the o-aryl group, and it participates in two
intramolecular hydrogen bonds with the carbonyl oxygens of the
acetate ligands.™ The Oa~--H bond distances 1.69(5) and 1.82(2)
A are smilar to hydrogen bonds reported in I'PrPd(OAC),(OH,)
(L.73 and 1.82 A, I'Pr = 1,3-bi(2,6-diisopropylphenyl)imidazol -
2-ylidene).*® The H-bonding interaction in 6 is also apparent by
IR spectroscopy (vou (KBr) = 3414 cm™).

Complex 6 isremarkable for several reasons. First, this mono-
o-aryl Pd complex is unusually stable at room temperature. In
the solid state, 6 can be stored for at least 1 month without
noticeable decomposition; furthermore, the ty, for decomposition
in CD3CO,D solution is 16 h at 25 °C. Second, 6 is formed
under conditions analogous to those reported for cataytic C—H

(13) Complex 6 was the major inorganic product regardless of the equiv
of “CF3"™ (from 0.5—3) used in this reaction. Lower equivaents of
oxidant simply led to lower % conversion of 3. See the Supporting
Information (Table S3) for details.

(14) Hydrogen atoms were placed in idealized positions with the exception
of those of the H-bonded waters, which were alowed to refine
isotropically with a restrained O—H distance and common U(iso).

(15) Jensen, D. R.; Schultz, M. J;; Mueller, J. A.; Sigman, M. S. Angew.
Chem,, Int. Ed. 2003, 42, 3810-3813.
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Table 2. Yield and Product Distribution of Reductive Elimination PATH A
from 6 as a Function of Solvent® () CF; *
— AcO" %AGN.OHQ )
CF,4 = L
= N | .OH, 60°C,12h X=CF5(7) #Ae U} Oha
1 >PdV. T e— X = OAc (8a)
Q | OAc solvent X = OH (8b)
OAc PATH B
(8) = 5" 0 o BB o Q
~ ‘OHZ e 0H2 == N\. A . Q
entry solvent yield7  vyield8a yield 8b i"wmom TOHy % zd'iom \
1 ACOH 56% <2% <2% s‘“ “‘“‘3 Fs
2 DCE 54% <2% <2% ®) m @
3 CHCl; 62% <2% <2%
4 NO,Ph 57% <2% <2% PATHC
5 DCE/50 equiv of pyridine <2% <2% 84%

@ Conditions: Complex 6 (1 equiv) in solvent (0.26 mL) for 12 h at
60 °C. Yields were determined by '°F and 'H NMR spectroscopy and
represent an average of at least two independent runs.

trifluoromethylation (using CFs* reagents in DCE containing
1—20 equiv of exogenous AcOH),° suggesting the possibility
that it is a catalytic intermediate (vide infra). Finaly, the
formation of 6 shows that dimer 3 can be oxidized to afford
monomeric Pd" complexes.™ Thisis particularly notablein light
of recent work by Ritter, who demonstrated that the reaction of
3 with PhIX; (X = Cl, OAc) in dry CH,Cl, at —35 °C produces
Pd""" dimers (eq 2).” On the basis of these studies, he concluded
that “bimetallic Pd"' complexes are responsible for alarge class
of C—H oxidations previously proposed to proceed via Pd'"v
redox cycles.” ™ In contrast, the current work suggests that
factors such as reaction solvent, oxidant structure, ancillary
ligands, and temperature are al likely critical in determining
the structure(s) of high oxidation state intermediates in such
transformations.®

C—CF; Bond-Forming Reductive Elimination from 6. Com-
plex 6 could undergo reductive elimination to produce at least
three products. bzq—CF; (7), bzg—OAc (8a), or bzq—OH (8b)
(Table 2). Thus, this system provides an opportunity to assess
the relative rates of these different C—CF; and C—O bond-
forming processes. While C—0O bond-forming reductive elimi-
nation is well-precedented from palladium(l1V)**¢ and many
other metal centers/oxidation states,*” C—CF; coupling reactions
remain extremely rare in organometallic chemistry.*® 20

Heating 6 at 60 °C for 12 h in a variety of solvents (AcOH,
CHCI3, DCE, and nitrobenzene) produced trifluoromethylated
product 7 in 54—62% yield along with <2% of 8a and 8b (Table

(16) (a) Canty, A. J; Denney, M. C.; Skelton, B. W.; White, A. H.
Organometallics 2004, 23, 1122-1131. (b) Yamamoto, Y .; Kuwabara,
S.; Matsuo, S.; Ohno, T.; Nishiyama, H.; Itoh, K. Organometallics
2004, 23, 3898-3906.

(17) For other examples of C—0 bond-forming reductive elimination, see:
a) Han, R.; Hillhouse, G. L. J. Am. Chem. Soc. 1997, 119, 8135-
8136. (b) Widenhoefer, R. A.; Buchwald, S. L. J. Am. Chem. Soc.
1998, 120, 6504-6511. (c) Williams, B. S.; Goldberg, K. I. J. Am.
Chem. Soc. 2001, 123, 2576-2587. (d) Stambuli, J. P.; Weng, Z;
Incarvito, C. D.; Hartwig, J. F. Angew. Chem.,, Int. Ed. 2007, 46, 7674~
7677. (e) Khusnutdinova, J. R.; Newman, L. L.; Zavalij, P. Y.; Lam,
Y .-F.; Vedernikov, A. N. J. Am. Chem. Soc. 2008, 130, 2174-2175.

(18) Ball, N. D.; Kampf, J. W.; Sanford, M. S. J. Am. Chem. Soc. 2010,
132, 2878-2879.

(19) (a) Grushin, V. V.; Marshal, W. J. J. Am. Chem. Soc. 2006, 128,
12644-12645. (b) Grushin, V. V. Acc. Chem. Res. 2010, 43, 160—
171. (c) Cho, E. J; Senecd, T. D.; Kinzel, T.; Zhang, Y.; Watson,
D. A,; Buchwald, S. L. Science 2010, 328, 1679-1681.

(20) For C—CF; bond formation at Cu/Ni, see: (a) Dubinina, G. G,;
Furutachi, H.; Vicic, D. A. J. Am. Chem. Soc. 2008, 130, 8600-8601.
(b) Dubining, G. G.; Brennessel, W. W.; Miller, J. L.; Vicic, D. A.
Organometallics 2008, 27, 3933-3938. (c) Dubinina, G. G.; Ogikubo,
J.; Vicic, D. A. Organometallics 2008, 27, 6233-6235.
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Figure 2. Three possible mechanisms for C—CF; bond-forming reductive
elimination from 6.

2, entries 1—4). We propose that the remarkably high chemose-
lectivity for C—CF3; bond formation may be due to hydrogen
bonding between the coordinated H,O and OAc ligands, which
slows competing C—O bond coupling. Although no other
organic products could be identified in these reactions, we could
only account for approximately 60% of the benzo[h]quinoline
ligand. The only other recognizable benzo[ h]quinoline-contain-
ing product was [(bzg)Pd(OAC)] (3), which was formed in <3%
yield.?

Literature reports have described similarly modest mass
balance in other oxidatively induced reductive elimination
reactions from Pd.?? In many of these cases, the addition of
pyridine (which can bind to highly reactive, coordinatively
unsaturated Pd intermediates) led to improved results.>? Thus,
we also examined the thermolysis of 6 in DCE in the presence
of 50 equiv of pyridine. As anticipated, the mass balance
improved significantly under these conditions (with 84% of the
benzo[h]quinaline ligand accounted for). However, intriguingly,
the chemosel ectivity of the reaction was reversed, and only the
C—0 coupled product 8b was detected by *H NMR spectro-
scopic analysis of the crude reaction mixture (Table 2, entry
5). We hypothesize that this dramatic change in selectivity may
result from disruption of the H-bonding in 6 (by either
deprotonation or displacement of the H,O ligand by pyridine),
which then lowers the barrier for C—0O bond formation.

Mechanism of C—CF; Bond-Forming Reductive Elimina-
tion. The most likely mechanisms for C—CF3; bond-forming
reductive elimination from complex 6 are paths A, B, and C in
Figure 2. Path A involves dissociation of an acetate ligand to
afford a five-coordinate cationic intermediate (I) followed by
C—CF; bond-forming reductive elimination to afford 7. Path B
proceeds via dissociation of H,O to generate a neutral five-
coordinate Pd" species |1 and subsequent C—CF5 coupling.
Finally, path C involves direct reductive elimination from
octahedral complex 6. Notably, ionic dissociative mechanisms
(like path A),>*2* neutral dissociative mechanisms (like path
B),%® and concerted processes (like path C)?® have significant
precedent in reductive elimination reactions from octahedral Pd'v
and Pt"V complexes.

(21) Theinorganic byproducts of C—CF; bond-forming reductive elimina-
tion in DCE were also characterized. After 6 was heated to 60 °C for
12 h, di-tert-butylbipyridine (dtbpy) was added to trap the Pd-
containing species. Stirring the resulting mixture at room temperature
for 1 h afforded (dtbpy)(Pd")(CFs3)(OAc) and (‘Bu—bpy)(Pd")(OAC),
as the major inorganic products. See the Supporting Information for
full details.
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Table 3. Effect of Added NBu,OAc, NBu4PF¢, and H,O on Reductive Elimination from 62
=, CFs Additive
S N .OH2 - + +
= Fl’d%o.am DCE, 60 °C, 12 h —N
OAc HO
(6) (8b)
entry additive yield 7 yield 8a yield 8b
1 none 54% <2% <2%
2 0.2 equiv of NBusOAC 26% <2% <2%
3 1 equiv of NBuyOAcC 2% 16% 16%
4 1 equiv of NBuyPFg 56% <2% <2%
5 1 equiv of H,O 50% <2% <2%
6 10 equiv of H,O 50% <2% <2%

a Conditions: Complex 6 (1 equiv) and the appropriate additive in DCE (0.26 mL) for 12 h at 60 °C. Yields were determined by °F and *H NMR

spectroscopy and represent an average of at least two independent runs.

Our first mechanistic studies probed the viability of carboxy-
late dissociation/exchange (step i of path A). The addition of
20 equiv of AcOH-d, or 20 equiv of NMe,OAc-d; to complex
6 in DCE-d, led to complete exchange of both acetate ligands
within minutes at room temperature (as determined by *H NMR
spectroscopic analysis) (eq 3). These results demonstrate that
carboxylate ligand substitution is significantly faster than C—CF;
coupling.

20 equw AcOH -dj oF
3

N.l ., -OH2 20 equiv NMe,,OAc-d, | y-OH:
Pat_ Pav’
| - ~OAS 25°C, 5 min OAc-d;
OAg OAc-ds
(6)

We next investigated the influence of exogenous NBu,OAc
on C—CF; bond-forming reductive elimination from 6. Interest-
ingly, the addition of 1 equiv of NBu,OAc almost completely
shut down the formation of bzg—CF; (7); under these conditions,
the major identifiable organic products were oxygenated com-
pounds 8a and 8b (Table 3, entry 3). In the presence of asmaller
amount of NBu,OAc (0.2 equiv), 7 was formed, but in signif-

(22) For examples, see: (a) Reference 5a. (b) Reference 7. (c) Kalyani, D.;
Deprez, N. R.; Desal, L. V.; Sanford, M. S. J. Am. Chem. Soc. 2005,
127, 7330-7331.

(23) For examples of mechanisms like path A for reductive elimination
from Pd", see: (a) Byers, P. K.; Canty, A. J.; Crespo, M.; Puddephatt,
R. J,; Scott, S. D. Organometallics 1988, 7, 1363-1367. (b) Ducker-
Benfer, C.; van Eldik, R.; Canty, A. J. Organometallics 1994, 13,
2412-2414. (c) Canty, A. J; Jin, H.; Skelton, B. W.; White, A. H.
Inorg. Chem. 1998, 37, 3975. (d) Reference 5b.

(24) For examples of mechanisms like path A for reductive elimination
from Pt"V, see: (a) Goldberg, K. I.; Yan, J.,; Winter, E. L. J. Am. Chem.
Soc. 1994, 116, 1573-1574. (b) Goldberg, K. I.; Yan, J.; Breitung,
E. M. J. Am. Chem. Soc. 1995, 117, 6889-6896. (c) Reference 17c.
(d) Vedernikov, A. N.; Binfield, S. A.; Zavalij, P. Y.; Khusnutdinova,
J. R. J. Am. Chem. Soc. 2006, 128, 82-83. (e) Khusnutdinova, J. R.;
Zavdlij, P. Y.; Vedernikov, A. N. Organometallics 2007, 26, 3466—
3483. (f) Pawlikowski, A. V.; Getty, A. D.; Goldberg, K. I. J. Am.
Chem. Soc. 2007, 129, 10382-10393. (g) Reference 17e. (h) Smythe,
N. A.; Grice, K. A.; Williams, B. S.; Goldberg, K. |. Organometallics
2009, 28, 277-288.

(25) For an example of a mechanism like path B for reductive elimination
from Pt"V, see: Brown, M. P.; Puddephatt, R. J.; Upton, C. E. E.
J. Chem. Soc., Dalton Trans. 1974, 2457-2465.

(26) For examples of mechanisms like path C for reductive elimination
from Pd' and Pt"V, see: (a) Crumpton, D. M.; Goldberg, K. I. J. Am.
Chem. Soc. 2000, 122, 962-963. (b) Crumpton-Bregel, D. M
Goldberg, K. I. J. Am. Chem. Soc. 2003, 125, 9442-9456. (c) Arthur,
K. L.; Wang, Q. L.; Bregel, D. M.; Smythe, N. A.; O'Neill, B. A;
Goldberg, K. I.; Moloy, K. G. Organometallics 2005, 24, 4624—4628.
(d) Reference 5b.
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Figure 3. Reaction profile for reductive elimination from 6 in DCE at 60
°C in the presence of no additive (M), 1 equiv of H,O (purple a), and 0.2
equiv of NBusOAC (green #).

icantly lower yield than without this additive (26% versus 54%
yield, Table 3, entries 2 and 1, respectively).

Quantitative kinetic analysis of these transformations was
complicated by the presence of an induction period. Nonetheless,
it was instructive to compare the reaction profile (yield versus
time) in the presence and absence of NBusOAc. As shown in
Figure 3, the addition of NBu,OAc significantly increased the
induction period and slowed the rate of bzq—CF; coupling. In
notable contrast, the addition of NBu,PFs had minimal impact
on the yield (Table 3, entry 4) or reaction profile (Figure S16)
as compared to the analogous reaction without additive. This
indicates that the dramatic effect of NBu,OAcC is specifically
due to the acetate anion.

Finaly, we examined the influence of H,O on reductive
elimination from 6. The addition of 1—10 equiv of H,O had
minimal impact on the overall yield of 7 after 12 h at 60 °C
(Table 3, entries 5 and 6). The presence of 1 equiv of H,O did
dow the rate and increase the induction period for this
transformation (Figure 3); however, this effect was much smaller
than that observed with 0.2 equiv of NBu,OAcC.

Summary of Mechanistic Data. On the basis of al of these
data, we propose that mechanism A (involving pre-equilibrium
acetate dissociation followed by rate-determining C—CF; cou-
pling) is a mgjor pathway for C—CF; bond formation from 6.
The AcOH-d, and NMe,OA c-d; exchange experiments indicate
that step i of path A is fast relative to C—CF; bond formation.
The inhibition of C—CF3 coupling by exogenous NBusOACc (but

J. AM. CHEM. SOC. m VOL. 132, NO. 41, 2010 14685
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Figure 4. Reaction profile for reductive elimination from 6 in DCE at 60
°C in the presence of no additive (M), 10 equiv of TFA (blue @), 10 equiv
of TFAA (green @), and 1 equiv of Yb(OTf); (red 4).

Table 4. Effect of Acidic/Electrophilic Additives on Reductive
Elimination from 6

CF;
= N_l .OH, additive = Q
~pdlV e e D
O id “OAc ~ 60°C,12h \_f

Ac DCE Fy

(6) (7)
entry additive Kovs (871) yield 72
1 none na® 54%
2 10 equiv of TFA (3314 0.04) x 1074 73%
3 10 equiv of TFAA (1.43+0.02) x 1073 84%
4 1 equiv of Yb(OTf)s (2.924+0.03) x 107 99%

@ Conditions: Complex 6 (1 equiv) and the appropriate additive in
DCE (0.26 mL) for 12 h at 60 °C. Yields were determined by *°F and
'H NMR spectroscopy and represent an average of at least two
independent runs. ® kys could not be determined for this reaction due to
an induction period.

not by NBu,PFg) is consistent with the expected inverse first-
order dependence on [AcO™] (see Figure S10 for derivation of
the rate expression). Importantly, the current data do not
definitively rule out mechanisms B or C as competing pathways.
However, the comparatively small influence of added H,O on
the product distribution, yield, and reaction profile is consistent
with mechanism A as the most significant contributor to this
transformation.

Effects of Additives on C—CF3; Bond-Forming Reductive
Elimination from 6. On the basis of severa literature reports, %17
we hypothesized that pre-equilibrium dissociation of acetate
would be promoted by Bransted acids [e.g., trifluoroacetic acid
(TFA)], Lewis acids (e.g., Yb(OTf)3), and other reagents that
react readily with free AcO™ [e.g., trifluoroacetic anhydride
(TFAA)]. As such, we next examined the effect of these
additives on reductive elimination from 6. As shown in Figure
4, the addition of 10 equiv of TFA or TFAA or 1 equiv of
Yb(OTf); eliminated the induction period and provided first-
order kinetic profiles for bzq—CF; coupling.

Additionally, these additives led to substantial increases in
the yield of C—CF; coupled product 7 (Table 4). Most notably,
with 1 equiv of Yb(OTf)s;, nearly quantitative yield of 7 was
obtained (as compared to 54% in the absence of this additive).

These effects provide further support for mechanism A
(Figure 2) as a major pathway for C—CF; coupling in this
system. Additionally, the observed enhancements in mass
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Figure 5. Reaction profile of reductive elimination from 6 in the presence
of no additive (M) and 10 equiv Cu(OAc),/100 equiv TFA (orange @®).

balance suggest that the acidic/electrophilic additives may
play arole in sequestering reactive, coordinatively unsatur-
ated Pd intermediates formed during the reductive elimination
process.

Catalytic Competence of 6 in Pd-Catalyzed C—H Trifluo-
romethylation. A recent communication by Y u and co-workers
demonstrated the Pd(OAc),-catalyzed C—H trifluoromethylation
of benzo[h]quinoline with oxidants 5b, 5d, and 5e in DCE.®
The addition of 1 equiv of Cu(OAc), and 10 equiv of TFA was
critical to promote catalytic turnover in these reactions (eq 4);
however, no insights were provided regarding the mechanistic
role of these additives. In addition, while the authors specul ated
that a Pd'"""V pathway was plausible in this system, no mecha-
nistic experiments were reported.

10 mol % [Pd]
1 equiv Cu(OAc),
= O 10equv TFA /=
oGl A D) e
N S+ BF,” DCE, 110°C N
¢F, Fy
(5e) )

[Pd] = Pd(OAc)y; Initial Rate = 0.08 x 10 M/s
[Pd] = 6; Initial Rate = 1.40 x 10 M/s

We hypothesized that Pd"Y complex 6 might be an intermedi-
ate in this catalytic transformation. Using the method of initial
rates, we compared the trifluoromethylation of benzo[h]quinoline
with 5e using 10 mol % of Pd(OAC), to that with 10 mol % of
complex 6 under otherwise identical conditions. As shown in
eq 4, the initia rate with 6 was 18-fold faster than that with
Pd(OAC),. Furthermore, both catalysts provided similar yields
of product 7 when the reactions were followed to completion.
These results clearly demonstrate the kinetic competence of 6
and establish the potential viability of this monomeric Pd'V
species as a catalytic intermediate.

Role of Promotersin Catalytic C—H Trifluoromethylation.
The demonstration that 6 is a catalytically competent intermedi-
ate in C—H trifluoromethylation provided a platform for
rationalizing the role that the promoters Cu(OAc), and TFA
play in the catalytic cycle. All of the studies described above
suggest that these additives are important for both the formation
of and the C—CF; reductive elimination from Pd"Y complex 6.
As shown in Table 1, the generation of 6 by oxidation of 3
with CFs* requires the presence of at least 1 equiv of AcOH.
Under the catalytic conditions, the combination of Cu(OAc)./
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TFA would provide a source of AcOH through the equilibrium
ineqb5.

Cu(OAG), + TFA = Cu(TFA), + AcOH (5)

The results in Table 4 demonstrate that acidic additives can
increase the rate, yield, and mass balance of C—CF; bond-
forming reductive elimination from 6. To test whether catalyti-
caly relevant quantities of Cu(OAC),/TFA have asimilar effect,
we studied the thermolysis of 6 in the presence of 10 equiv of
Cu(OAC), and 100 equiv of TFA. Under these conditions,
reductive elimination occurred extremely rapidly and in nearly
quantitative yield (94% as compared to 54% in the absence of
CU/TFA) (Figure 5). These results implicate Cu(OAC)./TFA in
(i) accelerating reductive elimination from a Pd'" intermediate
like 6 and (ii) limiting competing unproductive decomposition
pathways of this high oxidation state complex that reduce the
yield of bzg—CF; (7).

Conclusions

This Article describes the oxidation of cyclometalated Pd
dimer [(bzg)Pd(OAC)], with CF5* reagents to generate mono-
meric Pd" trifluoromethyl complex 6. This complex undergoes
highly chemosel ective C—CF3; bond-forming reductive elimina-
tion that is accelerated by acidic additives. Complex 6 isalso a

kinetically competent catalyst for the Pd-catalyzed trifluorom-
ethylation of benzo[h]quinoline with CFs* reagents. On the basis
of these data, we propose that 6 is a catayticaly relevant
intermediate in C—H trifluoromethylation reactions. These
studies provide new insights into the role of the promoters
Cu(OAC), and TFA in the catalytic transformations. Specificaly,
these additives appear to (1) serve as a source of AcOH (which
is critical for the oxidation of dimeric [(bzq)Pd(OAc)]. 3 to
monomeric 6) and (2) accelerate and enhance mass balance in
C—CF;3 coupling from 6. We anticipate that this and other related
detailed mechanistic/organometallic investigations of Pd-
catalyzed C—H functionaization will facilitate the rational
design of new catalysts, promoters, and reagents for these
transformations.
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