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Abstract

Protocols to effect -arylation of sp3 C—H bonds via Pd(11)/(1V) and Pd(0)/(11) catalytic cycles
have been achieved using a newly developed monodentate CONHCgF5 directing group. These
reactions provide an unprecedented means to functionalize sp3 C—H bonds in aliphatic carboxylic
acid—derived substrates.
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1. Introduction

Pd—catalyzed C-H activation/functionalization reactions have emerged as powerful
synthetic tools for converting ubiquitous sp? and sp® C—H bonds into desired chemical
functional groups.! Methods for effecting the functionalization of aryl and heretoaryl sp? C—
H bonds have been extensively investigated and have found impressive applications in
natural products synthesis and drug discovery.? In contrast, the functionalization of more
inert sp3 C—H bonds still represents a tremendous challenge in organic synthesis and remains
at an early stage of development.

The majority of sp3 C—H activation methods utilize heteroatom-containing functional groups
that can coordinate the metal and direct C—H insertion.3 Indeed, reactions that proceed via
cleavage of sp® C—H bonds directed by heteroatom-directing groups such as oximes,*
oxazolines,® and pyridines® have been well-documented. Recent investigations in the area of
directed C—H functionalization focus on utilizing more synthetically practical functional
groups, such as amino,” amide8 and carboxyl® groups as directing groups. Using the
directing group approach, a number of sp3 C-H activation/C-C bond forming reactions have
been reported.2 One important class of these reactions concerns the Pd-catalyzed arylation of
unactivated sp3 C-H bonds with aryl halides which was developed via two distinct catalytic
pathways: Pd(11)/(1V) catalysis which uses aryl iodides and requires external oxidant for
reoxidation, and Pd(0)/(11) homogeneous catalysis which accommodates organophosphine or
NHC ligands and aryl halides (Scheme 1).1:2
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The redox chemistry involving Pd(IV) has been poorly understood in its early stage and
gained much attention in recent years.1 A number of reactions have been developed using
the Pd(11)/(1V) catalysis which includes acetoxylation, amination, arylation, halogenation,
among others.1:2 For instance, Chen reported an interesting arylation of aldehydic C-H
bonds with [Ph1]Br which could involve the Pd(11)/(1V) catalysis.1! Sanford and Daugulis
independently developed general approaches using directed C-H activation and [Ph,I]PFgl2
or [PhyI]1BF 489 for arylation of sp2 C—H bonds. Building on these studies, Daugulis et al.
went on to develop a highly efficient C—H arylation reaction using readily available aryl
iodides and applied these conditions to effect arylation of sp3 C—H bonds (Scheme 2).60: 6¢
Notably, despite numerous evidence for Pd(11)/Pd(IV) catalysis reported in literature,1=4 the
involvement of Pd(I1)/Pd(I11) catalysis has also been invoked with substantial experimental
support.13 It is possible the competition between these two catatlytic pathways may vary
with substrates.

Their initial reports described the arylation of an sp3 C—H bond in 2-ethylpyridine (2) using
catalytic amounts of Pd(OAc), and stoichiometric AgOAc.®? A subsequent report by the
same group demonstrated impressive examples of g-arylation using an effective bisdentate
directing group such as 3).5¢ Notably, this reaction represents a rare example of catalytic
methylene C-H activation in Pd chemsitry. Corey el al. have used this directing group and
these reaction conditions to functionalize sp3 C—H bonds in natural amino acid derivatives
(4) (Scheme 3).14 A related investigation by our group described g-arylation of simple
aliphatic acids without installing a directing group (5); however the yields were low (40—
70%) and the reaction temperature was higher (130 °C).%° We found, by converting the
carboxylic acids into structurally analogous hydroxamic acids (6), the yields could be
greatly improved (>80 %), and the reaction could be carried out at lower temperature (60
°C).15 However, substrates containing a-hydrogens were not reactive with either carboxylic
acids or this directing group.

Pd(0)-catalyzed arylation of C—H bonds using phosphine or NHC ligands and aryl halides
represents another class of C—H activation/arylation reactions that has been extensively
studied in recent decades.16~18 Compared to the aforementioned Pd(I1)/Pd(IV) C-H
arylation reactions, this mode of catalysis does not require stoichiometric silver salts, which
is a significant practical advantage. Both intra- and intermolecular arylation of aryl and
heteroaryl sp2 C—H bonds has proven to be highly successful.16=18 On the other hand, only a
limited number of sp3 C—H arylation reactions via Pd(0)/Pd(I1) catalysis have been achieved
to date (Scheme 4).19 In this manuscript, we describe Pd-catalyzed sp® C—H arylation
protocols using a recently developed amide directing group and two modes of catalysis,
Pd(0)/(11) and PA(I1)/(1V). (Scheme 5). Notably, the use of this particular directing group
allowed for a significant expansion in substrate scope such that carboxylic acid derivatives
containing a-hydrogen atoms could be tolerated.

2. Results and Discussion
2.1. Arylation of sp3 C—H bonds via Pd(ll)/(1V) catalysis

In 2007, we reported that the -methyl groups of aliphatic carboxylic acids could be cross-
coupled with aryl iodides via sp3 C—H bond activation in the presence of stoichiometric
Ag,CO3 (Scheme 3).9° However, the carboxylate moiety proved to be a poor directing
group for activation of inert sp3 C—H bonds, as it required high reaction temperatures and
gave low yields. Additionally, we found that this reaction was incompatible with aliphatic
carboxylic acids that contained a-hydrogen atoms, a problem that could not be remedied by
converting the carboxylate to other directing groups, such as oxazoline® or hydroxamic acid
(6).84 Thus, the substrate scope was limited to compounds that contained quaternary a-

Tetrahedron. Author manuscript; available in PMC 2011 June 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wasa and Yu

Page 3

carbon atoms. In an effort to overcome both of these issues, we sought to develop a novel
directing group that would enhance the reactivity and broaden the substrate scope.

Based on previous reports, we were aware that bis-coordinating pyridine-containing
directing groups such as 3 and 4 were capable of directing C—H activation with substrates
that contained a-hydrogen atoms.6c, 14 However, we thought that a simpler monodentate
directing group could provide both the reactivity and a-hydrogen tolerance that we sought.
Based on the high reactivity observed with hydroxamic acids (6),8¢ we hypothesized that
replacing the methoxy group with functional group in which the steric and electronic
properties could be readily adjusted could prove to be highly useful in developing an
improved directing group. Given that a wide variety of substituted anilines are commercially
available, we identified N-aryl amides as a class of potential directing groups that would be
easily tunable. To test this idea, we initially converted pivalic acid into several N-
arylpivalamides to examine whether the amide group was capable of directing C-H
activation (Scheme 6 and Table 1).

We were encouraged by the initial observation of trace amount of the desired arylation
products using simple aniline-derived amide with CspCOs in neat Phl (Table 1, entry 2).
Further screening revealed that electron-withdrawing, fluorine-substituted directing groups
showed dramatically higher reactivity (Table 1, entries 3 and 5). The addition of base was
found to be crucial for the arylation reaction (as no product was obtained in absence of base)
(Table 1, entries 1 and 4) with Cs,CO3 giving the highest yield.

To test if the reaction would be compatible with substrates containing a-hydrogen atoms, we
converted isobutyric acid to an array of different N-arylisobutyramides. Gratifyingly, we
obtained a mixture of mono- and di-arylation products in high yields. The reaction was
optimized using various directing groups. Among those screened, CONHCgFs5 gave the best
results (Table 2).

A variety of carboxylic acid derivatives were arylated in reasonable to excellent yields under
the optimized reaction conditions (Table 3). f-Amino acid substrate 15, as well as substrates
derived from commercial drugs, such as 16 (from Gemfibrozil) and 17 (from Ibuprofen),
were also compatible. For substrate 17, both g-arylation of the methyl group and y-arylation
of the arene were observed in the major product. For substrate 14, it was possible to reduce
the reaction temperature to 100 °C, though the yield decreased to 64 % even after 12 h.

2.2. Arylation of sp3 C—H bonds via Pd(0)/(ll) catalysis

Despite the remarkable efficiency of these Pd(I1)/(1V)-catalyzed arylation reactions, the need
for superstoichiometric amount of AgOAc is a major drawback. In contrast, Pd(0)-catalyzed
homogeneous reactions accommodates phosphine or NHC ligands and do not require a co-
oxidants or silver salts, which are significant practical advantages. Miura and Daugulis have
previously reported pioneering examples of Pd(0)/PR3-catalyzed sp? C-H arylation
reactions directed by amides'82 and carboxylic acids, 18 respectively. We have recently
reported CONHCgFs-directed arylation of sp3 C—H bonds (Scheme 7).8f This work will be
summarized briefly here to allow for comparison to our Pd(I1)/(IVV) C-H arylation data, as
both reactions rely upon the same directing group.

Based on the successful development of Pd(11)/(1VV)-catalyzed arylation directed by
CONHCgF5 group, we initiated our investigation of Pd(0)-catalyzed activation of sp3 C-H
bonds. Our initial experiment using substrate 12 gave trace quantities of the desired mono-
arylated product with PPh3 as the ligand and Cs,CO3 as the base (Scheme 8). To improve
this result, systematic screening of ligands, bases, solvents and coupling partners was
undertaken.
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Among the bases tested, only CsF gave appreciable amounts of the desired product.
Buchwald ligands, protected as HBF, salts using Fu’s strategy, 20 were found to give
considerably better yield than PPh3. To our surprise, the reaction was only found to proceed
when aryl iodides were used; aryl bromides, chlorides, triflates, and tosylates did not give
any of the desired product. The oxidative insertion of Pd(0) into an aryl-halide bond is the
most facile for aryl iodides. However, Fagnou and others have established that the use of
aryl iodides typically results in poor reactivity due to the accumulation of iodide anions in
reaction mixture, which ultimately leads to catalyst poisoning.2! Indeed, higher catalyst and
ligand loadings (10 and 20 mol%, respectively) were needed to obtain high product yields,
which could be attributed to the poisoning phenomenon. With the optimized conditions in
hand, we obtained 12a in 34% and 12b in 54% vyield (Scheme 9).

Through the development of sp3 C-H arylation protocols via Pd(0)/(11) and Pd(I1)/(1V)
catalysis, we learned there are inherent advantages and disadvantages of both catalytic
cycles. C—H arylation reactions via Pd(11)/(1V) catalysis went to completion in shorter
reaction times (<3h) and gave generally higher product yields than did Pd(0)/(I1) catalysis
for the same set of substrates. Nevertheless, Pd(0)/(I1)-catalyzed C—H arylation was found to
proceed under milder reaction conditions and did not require stoichiometric silver salts,
though the current conditions did require higher catalyst and ligand loadings due to potential
catalyst poisoning. Further optimization is currently underway for the Pd(0)/(I1) reaction, in
an effort to utilize other aryl halides in order to suppress catalyst poisioning.

3. Conclusions

B-Arylation of inert sp3 C—H bonds via two catalytic pathways has been achieved using a
newly developed monodentate amide directing group. These studies have allowed for the
discovery of an unprecedented C—H activation reaction of carboxylic acid—derived
substrates that contain a-hydrogen atoms. Follow-up studies to further tune the directing
group and to develop asymmetric sp3 C-H arylation of gem-dimethyl groups using chiral
phosphine ligands are underway in our laboratory.

Experimental

3.1. General experimental—Solvents were obtained from Sigma-Aldrich and used
directly without further purification. 1H and 13C NMR spectra were recorded on a Varian
instrument (400 MHz and 100 MHz, respectively) and internally referenced to the SiMe,
signal. Exact mass spectra for new compounds were recorded on a VG 7070 high resolution
mass spectrometer. Analytical GC-MS was performed on a Hewlett-Packard G1800C
instrument connected to an electron ionization detector using a MS-5 GC column (30 x 0.25
mm). Infrared spectra were recorded on a Perkin EImer FT-IR Spectrometer.

Carboxylic acids, anilines and phosphine ligands were purchased from Aldrich, Acros and
Strem and were used as received without further purification. Pd(OAc), was received from
Alfa Aesar.

3.2. Preparation of amide substrates—An acid chloride (20 mmol), prepared from the
corresponding carboxylic acid and oxalyl chloride, was added to a vigorously stirred
solution of 2,3,4,5,6-pentafluoroaniline (22 mmol) in toluene (50 mL). The reaction mixture
was stirred for 12 h under reflux, and then stirred at room temperature for 4 h. The product
mixture was concentrated under vacuum and was recrystallized from ethyl acetate/hexane
(100 °C to 0 °C) to give the amide.

3.3. General procedure for palladium-catalysed arylation of sp3 C-H bonds via
Pd(I)/(IV) catalysis—Substrate (0.2 mmol), aryl iodide (0.5 mL), AgOAc (0.8 mmol),
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and Cs,CO3 (0.24 mmol) were added in a 25 mL glass pressure vessel. Pd(OAc), (0.02
mmol) was added to the reaction mixture, tightly capped and heated to 130 °C with vigorous
stirring. The reaction was stopped after it completely turned black (typically 3h). The black
solid was filtered off, and the solvent was removed in a rotary evaporator. The purification
was done by silica gel column chromatography using 1-5% diethyl ether/hexane as an
eluting solvent.

3.3.1. 2-methyl-N-(perfluorophenyl)-3-phenylpropanamide (12a): Substrate 12 was
arylated following the general procedure. After purification by column chromatography, 12a
was obtained as a colorless solid (27.1 mg, 41 %). 1H NMR (400 MHz, CDCl3) § 7.34-7.10
(m, 5H), 6.72 (bs, 1H), 3.10-2.97 (m, 1H), 2.83-2.71 (m, 2H), 1.31 (d, J = 6.8 Hz, 3H); 13C
NMR (100 MHz, CDCls3) 6 174.7, 139.3, 129.2, 129.0, 127.0, 44.1, 40.7, 18.1; IR (neat) v
3256, 2927, 1682, 1498 cm~1; HRMS (ESI-TOF) Calcd for C1gH1oFsNO (MH™): 330.0912;
found: 330.0907.

3.3.2. 2-benzyl-N-(perfluorophenyl)-3-phenylpropanamide (12b): Substrate 12 was
arylated following the general procedure. After purification by column chromatography, 12b
was obtained as a colorless solid (36.6 mg, 45 %). 1H NMR (400 MHz, CDCl3) § 7.32-7.20
(m, 8H), 6.12 (bs, 1H), 3.12-3.05 (m, 2H), 2.95-2.79 (m, 3H); 13C NMR (100 MHz, CDCls)
8173.2,139.2,129.2, 129.0, 127.1, 53.4, 39.5; IR (neat) v 3231, 2919, 1674, 1526, 1450
cm™1; HRMS (ESI-TOF) Calcd for CooH16FsNO (MHY): 406.1225; found: 406.1235.

3.3.3. N-(perfluorophenyl)-3-phenylpropanamide (13a): Substrate 13 was arylated
following the general procedure. After purification by column chromatography, 13a was
obtained as a colorless solid (43.0 mg, 68 %). 1H NMR (400 MHz, CDCls) & 7.32-7.20 (m,
4H), 6.89 (bs, 1H), 3.05 (t, J = 7.6 Hz, 2H), 2.75 (t, ] = 7.6 Hz, 2H); 13C NMR (100 MHz,
CDCl3) 6 171.1, 143.3, 129.0, 128.6, 126.9, 38.3, 31.6; IR (neat) v 3264, 2921, 1680, 1530,
1495 cm™~1; HRMS (ESI-TOF) Calcd for C15H1oFsNO (MH™): 316.0755; found: 316.0755.

3.3.4. 2-benzyl-N-(perfluorophenyl)pentanamide (14a): Substrate 14 was arylated
following the general procedure. After purification by column chromatography, 14a was
obtained as a colorless solid (62.3 mg, 84 %). 1H NMR (400 MHz, CDCls) & 7.39-7.15 (m,
4H), 6.49 (bs, 1H), 2.95-2.82 (m, 1H), 2.82-2.80 (m, 1H), 2.61-2.54 (m, 1H), 2.04-1.99 (m,
1H), 1.88-1.68 (m, 1H), 1.53-1.32 (m, 4H), 0.93 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz,
CDCl3) 6 176.6, 139.5, 129.1, 129.0, 126.9, 105.1, 44.2, 39.7, 36.2, 33.1, 23.0, 14.25; IR
(neat) v 3274, 2901, 1650, 1520 cm™~1; HRMS (ESI-TOF) Calcd for C1gH1gFsNO (MHY):
371.1309; found: 371.1310.

3.3.5. 2-benzyl-3-(1,3-dioxoisoindolin-2-yl)-N-(perfluorophenyl)propanamide (15a):
Substrate 15 was arylated following the general procedure. After purification by column
chromatography, 15a was obtained as a colorless solid (62.7 mg, 66 %). 1H NMR (400
MHz, CDCl3) 6 7.86-7.73 (m, 4H), 7.30-7.16 (m, 4H), 6.74 (bs, 1H), 4.18-4.13 (m, 1H),
3.92-3.86 (m, 1H), 3.51-3.39 (m, 1H), 3.15-3.09 (m, 1H), 2.96-2.91 (m, 1H); 13C NMR (100
MHz, CDCl3) 6 171.2, 168.6, 138.1, 134.6, 134.6, 129.1, 127.2, 123.8, 48.1, 40.6, 37.2; IR
(neat) v 3268, 2918, 2850, 1716, 1522, 1495 cm™~1; HRMS (ESI-TOF) Calcd for
Cy4H15FsN,0 (MHY): 475.1076; found: 475.1075.

3.3.6. 2-benzyl-6-(2,5-dimethylphenyl)-2-methyl-N-(perfluorophenyl)hexanamide
(16a): Substrate 16 was arylated following the general procedure. After purification by
column chromatography, 16a was obtained as a colorless solid (33.5 mg, 34 %). 1H NMR
(400 MHz, CDCl3) 8 7.42 (s, 1H), 7.30-7.24 (m, 5H), 6.98 (d, J = 7.6 Hz, 1H), 6.77 (s, 1H),
6.65 (d, J = 7.6 Hz, 1H), 3.99 (t, J = 6.0 Hz, 3H), 3.16 (d, J = 13.2 Hz, 2H), 2.80 (d, J = 13.2
Hz, 2H), 2.80 (s, 3H), 2.10 (s, 3H) 1.98-1.40 (m, 6H), 1.30 (s, 3H); 13C NMR (100 MHz,
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CDCls) § 175.4, 157.0, 137.1, 137.0, 130.7, 130.6, 127.2, 123.8, 121.3, 112.5, 92.6, 68.0,
48.3,46.7, 36.6, 25.1, 21.5, 16.1 cm™L; IR (neat) v 3296, 2924, 2869, 1675, 1523, 1490
cm™L; HRMS (ESI-TOF) Calcd for Co7H26FsNO, (MH*): 492.1956; found: 492.1959.

3.3.7. 2,2-dibenzyl-6-(2,5-dimethylphenyl)-N-(perfluorophenyl)hexanamide (16b):
Substrate 16 was arylated following the general procedure. After purification by column
chromatography, 16b was obtained as a colorless solid (44.3 mg, 39 %). 1H NMR (400
MHz, CDClI3) 6 7.30-7.21 (m, 10H), 6.93 (d, J = 8.0 Hz, 1H), 6.76-6.59 (m, 3H), 4.00 (t, J =
5.6 Hz, 2H), 3.27 (d, J = 13.6 Hz, 2H), 2.94 (d, J = 13.6 Hz, 2H), 2.28 (s, 3H), 2.20-2.08 (m,
2H), 1.96 (s, 3H), 1.87-1.77 (m, 2H); 13C NMR (100 MHz, CDCl3) & 174.6, 156.8, 137.0,
137.0, 130.6, 130.6, 128.7, 127.2, 123.7, 121.5, 112.4, 105.1, 67.8, 42.9, 30.1, 28.5, 21.7,
16.1; IR (neat) v 3299, 2924, 2856, 1676, 1523, 1453 cm™1; HRMS (ESI-TOF) Calcd for
C33H3pFsNO, (MHY): 568.2269; found: 568.2269.

3.3.8. 2-(5-isobutylbiphenyl-2-yl)-N-(perfluorophenyl)-3-phenylpropanamide (17a):
Substrate 17 was arylated following the general procedure. After purification by column
chromatography, 17a was obtained as a colorless solid (67.0 mg, 64 %). 1H NMR (400
MHz, CDCl3) 6 7.59-7.16 (m, 9H), 6.99-6.93 (m, 4H), 6.28 (s, 1H), 3.97 (t, J = 7.6 Hz, 1H),
3.49-3.45 (m, 1H), 3.06-3.03 (m, 1H), 2.47 (d, J = 7.2 Hz, 2H), 1.90-1.85 (m, 1H), 0.93 (d, J
= 2.8 Hz, 6H); 13C NMR (100 MHz, CDCl3) & 172.1, 142.5, 141.4, 141.4, 139.4, 133.4,
131.2,129.6, 129.5, 129.4, 128.8, 128.6, 127.8, 127.6, 126.7, 50.7, 45.3, 39.8, 30.5, 22.7; IR
(neat) v 3260, 2950, 2929, 1700, 1512, 1489, 1411 cm™~L; HRMS (ESI-TOF) Calcd for
C31H2gFsNO (MH*): 523.1945; found: 523.1944.
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Scheme 1.

Two catalytic cycles to effect Pd-mediated arylation of sp3 C—H bonds.

Tetrahedron. Author manuscript; available in PMC 2011 June 26.

Page 9



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Wasa and Yu

W H o Al ArY\Ir

R O
3a

d =
1 N pd(oAd), ( N < Pa(OAc),  [_
NP _AgOAc, 2 N AgOAC N
Al H N NH
H Ar
0
2 2 3

Scheme 2.
Avrylation of sp3 C—H bonds using aryl iodides.
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Pd(11)/Pd(IV) catalysis for sp3 C—H arylation.
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Scheme 4.
Arylation of sp3 C—H bonds via Pd(0)/(11) catalysis.
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Scheme 5.
Amide-directed arylation of sp3 C-H bonds via two modes of catalysis.

Tetrahedron. Author manuscript; available in PMC 2011 June 26.

Page 13



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Wasa and Yu

o H 9 Pd(OAc), AT

e, 1.(COCl), AgOAC

OH — NHAr === ==~ - NHAr
Me” Me 2.ANH;  Me” Me Arl Me

1 11a 11b

Scheme 6.
Preparation of amide substrates.
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Scheme 7.

Pd(0)/PR3-catalyzed arylation of sp C—H bonds.
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Scheme 8.

Initial experiments with Pd(0)/PR3-catalyzed sp® C—H arylation.
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Scheme 9.

Optimized conditions.
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Table 2

Screening of directing groups for a-hydrogen-containing substrates 2

Ph O

I PA(OA), T
ME%NHX AGOAS %NNX phykwx
e e "

P, C5;C0,
130 ¢ mono ai
/ NO, £ &
N TSI S
x=ome [
no, e F eTT
mono 0% monoz% MONO25%  mono % mono3i%  mono 43
giow  diow  diii% diten  diae  didsn

aThe reaction conditions are identical to those described in Table 1.
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Table 3
Arylation of N-phenylpivalamides® P
H Pd(OAC), Ph
R NHCFs AgOAc NHCqF5
R2 Phl, CSQCOS R2
o) 130 °C 0
12-17
Ph Ph Ph
Me NHCgF5 H NHCgF5 " NHCgF5
(0] 0] (0]
12a 41 % mono 13a68 % 14a 84 %

12b 45 % di
O

16a 34 % mono

0,
15a 66 % 16b 39 % di

Me
Ph
(0] Ph Ph
N NHCFs5 NHCFs5 NHCgF5
H Me H
O Me O i

Ph

O
17a 64 %

aThe reaction conditions are identical to those described in Table 1.

bIsolated yield.
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