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Replacement of BF4
� by PF6

� makes Selectfluor greener
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A B S T R A C T

A combination of F-TEDA-PF6 and CuBr (0.1 equiv.) provides a potent oxidant that readily oxidizes

amides to provide imides at room temperature. Replacement of BF4
�, the anion of Selectfluor (F-TEDA-

BF4), by PF6
�, dramatically reduces CuBr loading in this oxidative reaction. A possible rationale for this

dramatic counterion effect is provided.

� 2012 Elsevier B.V. All rights reserved.

Contents lists available at SciVerse ScienceDirect

Journal of Fluorine Chemistry

jo ur n al h o mep ag e: www .e lsev ier . c om / loc ate / f luo r
1. Introduction

Imides are core structures in many therapeutic agents and
agrochemicals [1]. Imides are readily prepared by condensation
reactions of carboxylic acid derivatives and ammonia or primary
amines [2], however a number of other protocols have been
employed for imide synthesis [3], including cross coupling [3d, e],
oxidation of oxazoles [3b], N-formylation [3c], and the metal
catalyzed nucleophilic ring opening of aziridines with malonates
[3a]. We are interested in a direct synthetic pathway to prepare
unsymmetrical imides by direct oxidation of the a-methylene group
of amides. Several methods to accomplish this transformation have
been reported [4], however, efficient methodologies for a-methy-
lene oxidation are relatively rare [4e, i], and most of the proposed
oxidative methods suffer from low yields and/or limited substrate
scope [4a–d, f–h, j]. For example, although RuO4 is widely recognized
as a capable oxidant for amide oxidation [4a, f, j]; it is such an active
reagent that amide oxidation is accompanied by the oxidation of
even unactivated tertiary C–H bonds [5]. Of the two most efficient
amide oxidative methods, the first employs a heavy metal
(chromium VI) reagent [4i]. Later, Nicolau and coworkers demon-
strated that such toxic heavy metal oxidants could be supplanted by
the more environmentally benign Dess–Martin periodinane (DMP),
although effective oxidation did require heating of the hypervalent
iodine reagent to elevated temperatures (80–85 8C) [4e].

Previously, we reported that the combination of stoichiometric
amounts of CuBr and excess Selectfluor (F-TEDA-BF4) can oxidize
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amides to imides at room temperature [6]. Although this method is
efficient, the use of a stoichiometric amount of copper makes the
methodology unattractive for process chemistry. Thus, we
investigated conditions that would permit use of a catalytic
amount of cuprous salt. Here we are pleased to disclose an
interesting finding: a simple counterion exchange on Selectfluor
(F-TEDA-PF6 instead of F-TEDA-BF4) permits the amount of copper
catalyst to be reduced significantly (to 10 mol%). The oxidizing
power of F-TEDA-PF6, a reagent that can be easily prepared from
Selectfluor, is at least as potent as Selectfluor itself; amides are
oxidized to imides as rapidly and efficiently as we reported
previously, despite the significant reduction in CuBr loading
(Scheme 1).

2. Result and discussions

The results of amide oxidation experiments are summarized in
Table 1, where a direct comparison is made between the
stoichiometric (Condition A, 120 mol% (or 1.2 equiv.) CuBr) and
catalytic (Condition B, 10 mol% CuBr) processes. First, amide 1a,
CuBr (10 mol%) and F-TEDA-PF6 (2.2 equiv.) were allowed to react
in acetonitrile for 5 h. This procedure provided a yield of imide (2a)
that was nearly identical to our previous results obtained for the
stoichiometric reaction, albeit after a slightly longer reaction time.
Similarly, amides 1b (entry 2) and 1c (entry 3) were also efficiently
oxidized into the corresponding imides in good yield under
catalytic conditions. For entry 4 (amide 1d), the new protocol gave
an enhanced yield of imide. Table 1 entries 5–8 further
demonstrate the comparability of the catalytic and stoichiometric
protocols. Ester functionality can be tolerated in the new oxidative
system and in the former system (entries 9 and 10), indicating that
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Scheme 1. Cu-catalyzed amide oxidation with F-TEDA-PF6 and F-TEDA-BF4.

Scheme 2. Nicolaou’s proposal of amide oxidation by DMP.
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a-methylene radical stability or metal ion coordination might be
the factor that controls the initial steps of the oxidation reaction.
Unfortunately, both methodologies failed to oxidize a lactam into a
cyclic imide (entry 11), suggesting that only acyclic amides are
suitable substrates for these two oxidative systems.

Nicolaou has proposed a mechanism [4e], for amide oxidation
by DMP, in which an amide was dehydrogenated to form an imine
intermediate 3 (Scheme 2). Compound 3 reacts with water to
generate a hemiaminal 4, which can be further oxidized by DMP to
Table 1
Comparison of the effectiveness of F-TEDA-PF6 and F-TEDA-BF4 in amide oxidation.
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give the final product, 2. Initially, we thought that our oxidation
proceeded through a similar reaction mechanism, since the
ultimate source of the newly formed oxygen comes from trace
water in the reaction mixture [6]. In order to test the above
hypothesis, we added an aromatic compound with moderate
electron density, N-arylacetamide, to the reaction mixture in an
attempt to capture the conjugated imine intermediate 3; two
attempts are outlined in Scheme 3.

Amide 1h, N-arylacetamide, CuBr, and F-TEDA-PF6 were mixed
under catalytic conditions (Condition B in Table 1, Eq. 1 in Scheme 3).
Surprisingly, amide 1h was not oxidized into 2h; instead, N-
arylacetamide was fluorinated by electrophilic aromatic substitu-
tion. No evidence for the trapped imine product was observed. In a
secondattempttotrap theputativeimineintermediate, theoxidation
of 1h was performed under normal catalytic conditions, at which
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Table 1 (Continued )
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a Yield was based on starting amide.
b Starting material recovery.
c Condition A: Amide 1 (0.25 mmol), Selectfluor (F-TEDA-BF4) (0.625 mmol, 2.5 equiv.) and CuBr (0.3 mmol, 1.2 equiv., added in six portions over 40 min) reacted in

acetonitrile (5 mL) at room temperature for 1 h.
d Condition B: Amide 1 (0.25 mmol), F-TEDA-PF6 (0.55 mmol, 2.2 equiv.) and CuBr (0.025 mmol, 0.1 equiv.) reacted in acetonitrile (5 mL) at room temperature for 3–6 h.
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time we added N-arylacetamide to the reaction mixture (Eq. 2).
Under this revised protocol the imide (25%) and fluorinated N-
arylacetamide was observed, but again, there was no evidence for the
captured imineintermediate.Further investigationsof the reactionof
Scheme 3. Attempts to capture p
N-arylacetamide with of F-TEDA-PF6 were conducted, since no
reaction had been observed previously between N-arylacetamides
and Selectfluor (F-TEDA-BF4) in acetonitrile at room temperature.
Control experiments revealed that N-arylacetamide could be
ossible imine intermediate 3.
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fluorinated by F-TEDA-PF6 under exceptionally mild conditions,
indicating that F-TEDA-PF6 is a significantly more active electrophilic
fluorinating agent than Selectfluor (F-TEDA-BF4). The above two
observations indicate that if the oxidation pathway involves an imine
or iminium intermediate, it cannot be trapped using such an electron
rich arene in the presence of F-TEDA-PF6. Lactam 1k could not be
oxidized using both systems (Table 1, entry 11), perhaps because its
imine intermediate is more difficult to form due to enforced eclipsing
interactions in the 7-membered ring imine.

It is puzzling that the mere change of a counterion from
Selectfluor (F-TEDA-BF4) to F-TEDA-PF6 drastically reduces the
amount of CuBr needed to drive the amide oxidation to
completion. In previous studies of fluorination [7] and oxidation
[8] reactions, the difference between PF6

� and BF4
� is reported to

be insignificant. Nevertheless, this effect is real and significant in
the copper-catalyzed oxidation. It is not yet clear to us what the
nature of the catalytically active copper salt is in this oxidation.
The 1H NMR spectrum of the reaction mixture shows significant
line broadening as soon as Selectfluor (or F-TEDA-PF6) is added;
this phenomenon suggests the presence of paramagnetic Cu(II)
ions. However, we have demonstrated that Cu(II) salts were not
effective mediators of this process in our previous work [6]. It
might also be possible that a high valent Cu(III) ion generated
under the strongly oxidizing conditions used here is the principle
oxidant that initiates the reaction with amides. How, then, can one
explain the need for a stoichiometric amount of copper salts when
Selectfluor is employed, but the need for only a catalytic amount of
CuBr when of F-TEDA-PF6 is used? Cu(III) salts are typically not
very stable with simple halogen ligands; in the few cases where
Cu(III) salts have been isolated, a relatively small subset of ligands
have been reported to support the high oxidation state for copper
[9]. These considerations suggest that the initially formed Cu(III)
ion might undergo a relatively slow quenching reaction with
Selectfluor that is not available with F-TEDA-PF6. Since Cu(III) is
expected to be a relatively hard and fluorophilic Lewis acid, it is
reasonable to suspect that it is capable of extracting a fluoride ion
from the BF4 anion, whereas it might not be sufficiently Lewis
acidic to abstract a fluoride ion from the PF6 anion. PF5 is a much
more potent Lewis acid than BF3 on the F-scale; computational
studies reported by Christe and co-workers [10] show that PF5 has
stronger affinity (94.9 kcal/mol) towards fluoride ion than BF3

(83.1 kcal/mol). Such an explanation could account for the need
for a slow addition of CuBr when Selectfluor is used as the oxidant.

The decomposition of the catalytically active, Lewis acidic
Cu(III) species, outlined in Scheme 4, is a possible rationale that
Scheme 4. Proposed rationale for different effects of BF4
� and PF6

� counterions.
explains the need for different CuBr loading when using the two
different counterions. Although both complexes C and D in Scheme
4 may be catalytically competent to initiate amide oxidation,
fluoride extraction by C to form complex E may result in a less
active complex. Therefore, large amounts of CuBr are needed for
oxidation in the case of F-TEDA-BF4, since the putatively active
species is being consumed during the course of the reaction.
However, for the high valence copper in D it is difficult to extract
the fluoride ion from PF6

� to form complex E due to the stronger P–
F bond in the PF6

�, therefore, D remains active in the reaction
system.

In conclusion, we have developed a mild and efficient
methodology for copper-mediated oxidation of amides to imides
by Selectfluor. Simply changing the counterion on Selectfluor (F-
TEDA-PF6 instead of F-TEDA-BF4) can significantly reduce the
amount of copper (10 mol%) that is needed. The oxidative ability of
copper bromide (10 mol%) and F-TEDA-PF6 is as efficient as that of
stoichiometric amount of CuBr and Selectfluor, but more
environmentally friendly. Both methodologies could be used to
synthesize unsymmetrical imides from amides, however, the
mechanistic considerations that explain the marked differences in
reactivity of the two salts have not been fully elucidated; thorough
mechanistic studies are needed to clarify the profound counterion
effect.

3. Experimental

3.1. General

All chemicals were commercially obtained from Alfa or Adrich,
and were used without further purification. 1H NMR (400 MHz),
13C NMR (100 MHz) and 19F NMR (376 MHz) spectra were
recorded on a Varian MR400 NMR spectrometer. Chemical shifts
(d) were reported as part per million (ppm). d 7.26, d 77.00 of CHCl3,
0.00 of CFCl3 were used as internal standards for 1H NMR, 13C NMR
and 19F NMR spectra, respectively. High-resolution mass spectra
(HRMS) were performed at mass spectrometry facility of Center for
Regulatory and Environmental Analytical Metabolomics, Univer-
sity of Louisville. Melting points of imides are measured by a
DigiMelt MPA160 melting point apparatus. FTIR spectra were
recorded in ATR (attenuated total reflection) solid mode using a
Perkin Elmer Spectrum 100.

General procedure for copper-mediated oxidation of amide 1
into imide 2 by Selectfluor (F-TEDA-BF4) (Condition A):

Amide 1 (0.25 mmol, 1 equiv.) and Selectfluor (0.625 mmol,
2.5 equiv.) were dissolved in acetonitrile (5 mL) at room
temperature, and CuBr (0.3 mmol, 1.2 equiv.) was added over
a 40 min period in 6 portions. After all the CuBr was added, the
resulting mixture was stirred for extra 20 min, and then
acetonitrile was evaporated under reduced pressure. Saturated
ammonium chloride solution (20 mL) was added into reaction
mixture and extracted with diethyl ether (25 mL � 4); the ether
layers were combined and dried over Na2SO4, filtered, evapo-
rated under reduced pressure to give the crude product. Silica
gel flash chromatography of the crude product [hexanes–ethyl
acetate (10:1) to hexanes–ethyl acetate (4:1)] yielded pure
imide 2.

General procedure for copper-catalyzed oxidation of amide 1
into imide 2 by F-TEDA-PF6 (Condition B):

Amide 1 (0.25 mmol, 1 equiv.), F-TEDA-PF6 (0.625 mmol,
2.5 equiv.) and CuBr (0.025 mmol, 0.1 equiv.) were dissolved in
acetonitrile (5 mL) and stirred at room temperature for 3–6 h,
monitored by TLC until the reaction showed no further progress.
The work-up was the same as in Condition A.

N-(3-Methyl-butyryl)-benzamide, (2a) [3b]
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1H NMR (400 MHz, CDCl3): d 8.92 (bs, 1H), 7.82 (d, J = 7.6 Hz,
2H), 7.51 (t, J = 6.4 Hz, 1H), 7.42 (t, J = 7.6 Hz, 2H), 2.82 (d, J = 6.8 Hz,
2H), 2.18 (m, 1H), 0.96 (d, J = 6.4 Hz, 6H).

13C NMR (100 MHz, CDCl3): d 175.9, 165.6, 133.1, 132.9, 128.9,
127.7, 46.2, 24.8, 22.52.
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