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Abstract: Reversing the polarity in molecules is a versatile
tool for expanding the boundaries of structural space.
Despite a manifold of different umpolung methods available
today, overcoming the inherent reactivity still remains a
constant challenge in organic chemistry. The oxidative
a-functionalization of ketones by external nucleophiles
constitute such an example. Herein, we present a
hypervalent F-iodane mediated umpolung of pyridyl ketones
triggered by Lewis base Lewis acid non-covalent
interactions. A wide variety of external nucleophiles are
introduced with high regioselectivity applying this substrate-
directing concept.

The a-functionalization of ketones 1 builds a corner stone in
organic synthesis with electrochemical,™ photoredox? and
organocatalytic®®! approaches leading to important recent
advances. The intrinsic polarization of ketones 1, however,
offer a nucleophilic (blue, Scheme 1) center at the a-position
that determines the inherent reactivity and thus limits the
addressable transformations of reactions employing
electrophiles (red, Scheme 1a). The Umpolung concept
(Scheme 1b), originally coined by Seebach and Corey for
reversing the reactivity at acyl C atoms, has led to a
tremendous expansion of the reaction scope entering new
structural territory not accessible with conventional
methods. Reversing the polarity of carbonyl compounds!®
can be accomplished with the help of various mediators,
such as simple halogens,'® hypervalent iodanes,” Lewis
acids® and transition-metal catalysts.

The first hypervalent iodane triggered Umpolung of ketones
1 was described already in 1978 by Mizukami.*® Applying
this concept, a multitude of several functional groupsi!
have been transferred ranging from acetoxylations!*%11d to
azidations!**! and halogenations!**¢! until today. However,
when using ketones 1, the nucleophile must be bound
directly to the hypervalent iodane reagent. This drawback is
associated with an enormous synthetic effort and restricts
the scope of this method to the transfer of a few selected
nucleophiles that are able to form chemically stable and
isolable A3-hypervalent iodane reagents 2. The preformation
of the enol species as a silyl enol ether or Ir enolate 3 proved
to be an elegant solution to this limitation and opened the
door for applying external nucleophiles if linear iodane
reagents 4 are used. a-Aminations,*? cyanations,*?
azidations,' (hetero)arylation,*® and cyclopropanation!*®!
of pre-modified ketones have thus become available
(scheme 1b). Despite this tremendous progress, specific
enol/enolate formation, no matter whether in-situ or
beforehand, constitutes still a limiting factor, as regiocontrol
is difficult to achieve if more than one enolisable C atoms
are present.*'9 The Martin-Matute group recently reported
on an elegant attempt to overcome this issue by generating
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Scheme 1. General concepts for the oxidative a functionalization
of carbonyls utilizing a) the intrinsic and b) the reversed ketone
polarity; c¢) our approach via substrate-directed umpolung of
reactivity; d) literature examples of electrostatic interactions in
iodanes with nucleophilic moieties.[*%2%

an Ir-enolate via isomerization of the corresponding ally
alcohol.l*

Given our general interest in A%-hypervalent F-iodane
mediated reactions together with the use of fluorine atoms
as traceless directing groups to trigger unusal reactivity,*®
we were wondering if the problem of regioisomerism in the
a-functionalization of ketones can be overcome by pre-
coordination of the hypervalent iodane reagent to a specific
site of the substrate. The substrate-directed, now
intramolecular nucleophilic addition of the enol to the



electrophilic iodane furnishes regioselectively intermediate
6 which exhibits a reversed polarity compared to 5.
Displacement of the hypervalent iodane nucleofug by an
external nucleophile vyields the target compound in a
proximity driven reaction/intermediate stabilization event. In
particular fluorine containing hypervalent iodanes, such as
16 and 17, show significant secondary bonding between the
iodine atom and intra- 7 and intermolecular nucleophiles 8
(Scheme 1d).2% Inspired by the preliminary work of the
Well's group in 1994,2% we chose pyridines as the Lewis-
basic, directing element in our investigations. Its established
coordinating characteristics with hypervalent iodane atoms
is impressively exemplified by the Weiss reagent (9).2YIn
addition, the pyridyl ring is among the most important
structural motifs in bioactive compounds,?? making the
exploration of new functionalization pathways highly
desirable.

We set out to explore our substrate-directing A3-
hypervalent-iodane mediated Umpolung of pyridyl ketones
10 that is devoid of the need for enol preformation and
allows the application of external nucleophiles. To test the
feasibility of our proposed concept, o-pyridyl 2-propanone
(10a) together with benzotriazole (11, BTA-H) as the
external nucleophile were chosen as standard substrates.

Table 1. Optimization of the reaction conditions.

N
23-hypervalent N
| NS o ©:%;N iodane I Ny o]
Z Me solvent, rt Z  Me
10a 1 12a
entry iodane solvent yield 6al!
1 138 DCM <5%
2 141 DCM <5%
3 158 DCM 25%!4
4 161 DCM 53%
5 171 DCM 55%
6 170! DCM 72%1/66%!%
7 171 MeCN <5%

[@10a (0.1 mmol), iodane (0.11 mmol) and BTA-H (11, 0.11 mmol)
were stirred for 1h in a 0.2m solution.Pl10a (0.11 mmol), 17 (0.10
mmol) and BTA-H (11, 0.30 mmol) were stirred at rt in DCM (0.2
M). Clyield determined from the *H-NMR spectrum using an internal
standard. Wisolated yield.
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The model reaction was performed in the non-coordinating
solvent DCM in order to avoid competitive interactions.
Screening of several A*>-hypervalent iodane reagents 13 - 17
(Table 1) disclosed both the linear 16 and the cyclic F-
iodane 17(% as superior. Product 12a was formed as a
single regioisomer in 53% and 55% yield, respectively with
small amounts of N,N-disubstituted product present. The
reagents 13 - 15 which have previously been the gold
standard in such Umpolung reactions failed completely.
PIFA (13) and Koser’s reagent (14) led to an instantaneous
decomposition even at lower temperatures while the less
oxidative PIDA (15) gave a 1:2-mixture of the target
compound 12a and the corresponding acetoxy derivative
12g. Since 17 is, in general, easier to handle than 16, all
further optimizations were carried out with the cyclic F-
benzoiodoxole 17. Variations of the reaction conditions,

such as changing the temperature or the solvent, did not
improve the reaction outcome (cf. Sl). Adjusting the ratio of
17 (0.91 eq) and 11 (3 eq) abolished the formation of N,N-
disubstituted side product and thus increased the yield to
72% (66% isolated yield).

It is noteworthy that the use of MeCN (Table 1, entry 7),
which has been the optimum medium in all fluoro
functionalizations employing 17 hitherto reported by our
group,®! failed completely. This supports our hypothesis of
a non-covalent interaction between the pyridyl ketone 10a
and the electron-deficient iodine atom in 17 being decisive
for a successful conversion. With MeCN another, yet
competitive Lewis basic compound was added in huge
guantities to the reaction mixture and thus significantly
inhibits pyridine-17 coordination by forming an MeCN-17
complex instead. A similar behavior has been described by
Togni and Luthi for other F-benziodoxole compounds (see
8 in Scheme 1d).¥ Our mechanistic proposal was further
verified by positioning the interacting nucleophilic entity at
the meta 10b or para position 10c of the pyridine ring or
using the benzyl analog 18 devoid of the strong Lewis basic
site (Scheme 2). In all cases no conversion was detected.
Only the activated benzyl silyl enol ether 20 showed some
turnover. Interestingly, here BAT-H (11) solely attacked with
its N-2 and not with the N-1 atom as observed for all pyridyl
ketones 10. The corresponding N-2 addition product 21 was
isolated in 24% yield. In contrast, when using the o-pyridyl
enol ether 22 no difference in the chemical yield of the
obtained addition product 12a was detected (66%). Overall,
these preliminary mechanistic studies emphasize the
importance of the presence and the position of the Lewis
basic nitrogen atom ortho to the acidic C-H functionality and
thus corroborate its role as a directing (5, see Scheme 1c)
and intermediate stabilizing group (6, Scheme 1c). A
reaction proceeding via an in-situ formed pyridinium species
such as 23 can be ruled out as treating ketone 10a solely
with 17 delivered almost quantitatively untouched starting
materials 10a and 17.
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Scheme 2. Preliminary studies on the role of the pyridyl nitrogen.

Next, we turned our attention to the versatility of our
developed procedure. The method showed a remarkably
broad variety in the external nucleophile (Scheme 3).
Besides different N-nucleophiles, such as heterocycles (>
12d and 12e) and sulfonamides (= 12f), a wide range of
structurally different O- and S-nucleophiles were selectively
installed giving the products 12g — 12r in good to excellent



30% - 85% vyields. The mildness of the method accounted
for the tolerance of multiple, even oxidation sensitive
functional groups such as alkenes, alkynes, furans,
carbamates and phosphates. The method can also be
extended to structurally more complex and/or chiral
structures as showcased by the amino acid alanine (=>12l)
and santonic acid (-=12m). No racemization of the existing
stereogenic centers occurred and even extra acidic C-H
groups were well accepted.
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Scheme 3. a) a Functionalizations of pyridyl ketone 10a with varying
external nucleophiles and b) ligand exchange forming 24 versus H-
bonding interactions of 11 and 17.

To our surprise, we found out that only nucleophiles
exhibiting an acidic proton were successfully implemented
in this transformation (for failed nucleophiles see Sl). NMR
spectra obtained from the titration of iodane 17 with
increasing amounts of BTA-H (11) showed a significant
upfield shift of the N-1 proton signal in 11 and
simultaneously a downfield shift of the F resonance in 17
(cf. Sl for spectra). Both observations provide evidence for
an H-bonding interaction like 25 which activates the BTA-H
nucleophile (11) and at the same time the iodine(lll) atom in
17. Basic aqueous work-up of these mixtures led to the
recovery of both substrates 11 and 17 in quantitative yields
thus excluding a likewise possible umpolung of the BTA
moiety by generating a BTA-benziodoxole 24 in situ via
ligand exchange (Scheme 3b).

Thorough analysis of the crude reaction mixture revealed
that small amounts (5 — 14%) of a fluorinated side products
were built if carboxylic acids served as external nucleophiles
(cf. in Scheme 3).
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[@10 (0.20 mmol), 17 (0.20 mmol) and pyridine HF (0.60 mmol) were
stirred in dry DCM (0.2m) in a Teflon vial. 110 (0.20 mmol) and 17
(0.20 mmol) were stirred in DCM (0.2 m). After completion 1.00 mL
MeOH and NaBH (1.00 mmol) were added. Clyield over 2 steps.

[d.r. was determined from the *H-NMR spectrum of the crude
mixture.

Scheme 4. a Fluorinations of pyridyl ketones 10.

Since fluorinated compounds are, in general, extremely
valuable substances whose applications range from
pharmacy,?¥ medical diagnostics,?® agrochemistry?® to
materials science,?”! we thought changing our protocol to
yield selectively the fluorinated ketones 12 would be
worthwhile. Addition of pyridine HF to increase the
concentration of fluoride and at the same time activate the
F-iodane 17 via H-bonding gave the optimum conditions for
forming the F-ketones. Their isolation, however, was
impossible due to decomposition if an acidic proton was
present in a-position.”®! Changing the substrate to a-
disubstituted ketones 10s — 10v solved this problem and
furnished the target compounds 12s — 12v in 56% - 68%.
Equipping the pyridine with electron-donating groups, like
e.g., Cl or OMe, and thus accelerating the N-Lewis basicity,
proved to be an excellent approach, too. The synthesis of
the desired fluorinated products, which were isolated as the
alcohols 26a and 26b due to the chemical instability of the
corresponding ketones in 47% and 70% yield (over two
steps) was accomplished even without additional HF.

The method also turned out to be highly flexible upon
structural variations at the ketone 10. In all cases, oxidative
functionalization of 10 proceeded regio- and
chemoselectively with up to 81% vyield (Scheme 5),
preconditional a N atom in ortho position. Besides other N-
heterocycles, different substituents at the pyridine were
equally well accepted. Here again, the reaction clearly
benefited from an increase of the electron-density at the
pyridine nitrogen evidenced by a significant rate
acceleration. The range of tolerated substituents at the
other site of the carbonyl (R?) span from alkyl, aryl, and even
benzyl portions to alkynyl and electron-withdrawing
fragments, such as CF; or esters. The enamide 10al was
successfully converted as well to the product 12al in 51%
yield indicating that carbonyl surrogates are likewise
applicable.
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Scheme 5. Oxidative a functionalizations of various ketones 12.

In summary, we established an as yet unprecedented and
efficient synthetic strategy for the oxidative umpolung of
ketones 10. To realize our goal, we combined the unusual
reactivity triggered by hypervalent F-iodanes?® and the
directing, activating and stabilizing properties of the pyridine
moiety. The addition of nucleophiles to the a-position of
ketones 10 only takes place with 2-pyridyl substrates, in the
presence of the hypervalent fluoro iodane 17. Preliminary
mechanistic investigations unambiguously showed that the
pyridine ring in 10 and the A3-fluoro iodane 17 are causally
related with the observed transformation and this
relationship can, most likely, be attributed to a non-covalent
electrostatic interaction. The power of this concept was
demonstrated by the synthesis of over 30 novel a-
functionalized ketones 12 in a straightforward manner with
no relevant background reactions observable. Further
investigations on the underlying complex principles
operative here and the extension of this concept to other
reaction types are currently underway in our laboratory.
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