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Abstract

The first example of palladium(I1)-catalyzed B-C(sp3)-H iodination of a wide range of ketones
using a commercially available aminooxyacetic acid auxiliary has been achieved. This L, X-type
directing group overcomes the limitations of the transient directing group approach for C(sp3)-H
functionalization of ketones. Practical advantages of this method include simple installation of the
auxiliary without chromatography, exceptional tolerance of a-functional groups, as well as alkenes
and alkynes, and rapid access to diverse sterically hindered quaternary centers.
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A Simple Aminooxyacetic Acid Auxiliary

Ketones are ubiquitous in organic chemistry, serving as invaluable bulk chemicals, synthetic
building blocks, and natural products. While the reactivity of the a-acidic C-H bonds has
been explored extensively in asymmetric enolate chemistry, the direct functionalization of
inert B-C(sp®)-H bonds could further expand the synthetic utility of ketones by providing
new synthetic disconnections. Although stoichiometric oxime-directed 8-C(sp3)-H
palladation and subsequent acetoxylation and iodination have been reported since pioneering
works by Shaw, Sutherland, Baldwin and others,? the development of corresponding
catalytic reactions has remained limited in scope and efficiency despite recent advances.3-
Recently, the 3-C(sp3)-H arylation of ketones has also been achieved using a catalytic
transient amino acid directing group.6 However, this strategy is not compatible with many
synthetically desirable transformations as the free transient directing group often interferes
with the coupling reagents and catalysts. Compared to the C(sp3)—H functionalization of
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carboxylic acids and amines, the 8-C(sp®)-H functionalization of ketones using either
covalent or transient directing groups has been highly limited in terms of scope of substrates
as well as transformations.” Herein, we report a practical directing group that enables the -
iodination of ketones. The combination of the imino-carboxylic acid chelation established in
our previous transient directing group in concert with the stability of an oxime linkage
successfully overcomes the limitations of previous directing groups, presumably generating
a highly active Pd precursor. Consequently, The substrate scope herein reported is
significantly broader than previously reported C(sp3)—H functionalizations of ketones.

The use of amino acid transient directing groups for the 5-C(sp®)—H functionalization of
ketones is appealing from the viewpoint of step-economy. However, the free amino acid
used is often incompatible with a range of oxidants or coupling reagents preventing the
development of a diverse range of transformations. Since the bidentate imino-carboxyl
chelation has been shown to be effective in directing C(sp3)-H activation,® we proposed to
replace the imine by a more stable oxime® motif to render the linkage irreversible (Scheme
1). Importantly, L, X-type (/.¢e. neutral, anionic) directing groups have a fundamental
advantage over the L, L (/e. neutral, neutral) counterparts as shown in Scheme 2. Using L,
L-type directing groups, a C—H bond must displace an acetate to form a thermodynamically
unfavorable cationic Pd(I1) species in order to achieve C—H insertion. (Scheme 2. Eq 2).
Furthermore, the weakly coordinating nature of the carboxylic acid is also beneficial for the
reactivity of the C—H insertion intermediate compared to other highly stable bidentate
complexes.

To test this design principle, we chose B-C(sp®)-H iodination as the model reaction for two
reasons: First, C(sp3)-H iodination of ketones remains an unsolved problem except for a
single example of stoichiometric iodination reaction of oxime reported by Sutherland in
1984.2b Second, B-iodoketones are extremely versatile synthons, yet the synthesis of 4
iodoketones is a well-known challenge, especially for sterically hindered a-quaternary
ketones.? Therefore, the model substrate 1a-1 was readily prepared by the condensation
between pinacolone and commercially available aminooxyacetic acid under mild conditions
in high yield without chromatography (See Sl for details). Guided by our previous study of
oxazoline- and acidic amide-directed S-C(sp®)-H iodination of carboxylic acid

substrates, 510 we found that treating model substrate 1a-1 with 1 equiv I, PhI(OAc), and
10 mol% Pd(OAc), in 1,4-dioxane gave the desired iodination product in 70% yield. The
use of other solvents gave significantly lower yields. Replacing Pd(OAc), with Pd(TFA),
improved the yield to 88% (Table 1). Importantly, reducing catalyst loading to 5 mol% did
not result in a noticeable decrease in yield, although slightly lower yields were obtained with
a few demanding substrates containing coordinating functional groups. The observed high
reactivity prompted us to investigate the coordination mode of the directing group and the
impact of the structures on the reactivity. The corresponding L, L-type directing group
bearing the methyl ester (DG2) gave poor yield which confirms the superiority of the L, X-
type auxiliary (Scheme 2. Eq 1-2). Enhancing the bidentate coordination (due to the Thorp-
Ingold effect) led to drastic increase in di- and tri-iodination products (2a—3), which is likely
due to slow dissociation from Pd. Considering the well-established efficiency of the acidic
amide directing group,1! we also converted the carboxylic acid into amides (DG4 and DGS5).
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Although DG4 has comparable reactivity, the stronger binding affinity led to predominant
formation of the tri-iodinated products. As expected, the less acidic amide DG5 is not as
reactive as indicated by fewer turnover numbers (TONs), presumably due to its inability to
adopt L, X-type coordination.

With the optimal directing group and reaction conditions establised, we evaluated the scope
of C(sp3)-H iodination. It is worth highlighting the practical advantage of this directing
group: preparation of a wide range of substrates was performed using the commercially
available aminooxyacetic acid without chromatography. As shown in Table 2, a variety of
alkyl substituted ketones were S-iodinated in good-to-excellent yields (2a—d). Note that the
quaternary centers in products 2a—c and 2e-h are inaccessible viaclassic enolate alkylation
methods as alkylation of the a-methyl group is kinetically favored:! all of these products
were formed in good-to-excellent yields. The bicyclic natural product Fenchone was
iodinated with excellent mono-selectivity despite the presence of three a-methyl groups
(2d). Notably, aromatic moieties fransto the carboxyl directing moiety were compatible
with iodination conditions and no C(sp?)-H iodination was detected (2e—g, 20). Ketone
derived from Gemfibrozil was iodinated at g~-methyl group and aromatic ring (2h). Various
aromatic rings cisto the carboxyl directing moiety remains intact during the iodination
reaction (2i-k, 2p-r). Remarkably, no a-iodination was observed in the presence of acidic
a-hydrogen,2 only B-C(sp3)-H iodinated products were obtained (2k-m). Again, the
quaternary centers in these products cannot be formed using enolate alkylation, which
prefers the even more acidic and less hindered a-positions.! Although halogens at 3- or
more distal positions should be tolerated as we can obtain di-iodination products from
C(sp3)-H iodination of mono-iodination products, the halogenated substrates are not
compatible with oxime condensation step due to the nucleophilicity of alkoxyamine. Finally,
a variety of functional groups at the a-position, including nitriles, esters, TBS-protected
hydroxyl, alkenyl, and alkynyl groups, were tolerated (2I-r), exhibiting significantly broader
substrate scope than previously reported oxime-directed C(sp3)-H functionalizations. The
selective di-iodination can be achieved by either extending the reaction time or adding more
iodinating reagent. The auxiliary was removed by treating the S-iodinated product with 4 M
HCl in 1,4-dioxane under 100 °C for 2 h, providing versatile S-iodinated ketone (see Sl).

This new auxiliary offers a number of practical advantages over previously developed imine
directing groups.2-> Most importantly, imino-carboxy! directing group displayed superior
reactivity over O-methyl oxime directing group with various substrates containing phenyl
group, strained rings, alkenes, and other functional groups (Scheme 3).

Previous attempts to isolate the C-H insertion intermediate with our previous transient
amino acid directing groups were not successful due to the instability of the imine linkage.
With the more stable oxime linkage, we were pleased to observe the formation of the C-H
insertion intermediate by stirring the substrate 1a with 1.2 equivalents of Pd(OAc), in HFIP
at 80 °C. We were able to isolate a stable complex by trapping with PPhz in 81% yield
(Scheme 4). The structure was confirmed by X-ray crystallography. This intermediate
provides the first direct evidence for the L, X-coordination mode of the oxime-carboxylic
acid directing group, confirming the unique role of the carboxyl group as a directing moiety.
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Both inter- and intramolecular kinetic isotope effects (k/Ap = 2.7 and Aq/kp = 5.0
respectively) indicate that the C—H activation step is the rate-limiting step (see SI).

In summary, C(sp3)-H iodination of ketones was developed using a commercially available
aminooxyacetic acid auxiliary. This reaction features facile installation and removal of the
auxiliary. The substrate scope is significantly broader than the previously reported C-H
functionalizations of ketones using various approaches. The characterization of the C-H
insertion intermediate also provides the first direct evidence for the L, X-type coordination
mode of the oxime-carboxylic acid directing groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Directing Group Evaluation for C(sp®)-H lodination #4:¢

RO. Pd(TFAY (10 mol%) RO.
|N H l, (1.0 equiv) lN '
-
Me)% PhI(OAc), (1.0 equiv) Me)>(l
Me Me 1,4-dioxane (0.08 M) Me Me
1ax 40°C, 20 h 2a-x

o)

0 0 0 0
Me
OH HLOMe Me—\,/U\OH (u\NHAr1 ,/U\NHArZ
N |
|

O. o\IN | o\IN ' o\{\j | o\{\j |

Me Me)>(' Me)>(| Me)>(l Me)>(l
Me Me Me Me Me Me Me Me Me Me

88% (1:1.3)

85% (1.5:1y 39% 60% (1.7:2.7:1)  30% (1.7:1:2.3)  28% (8.3:1)

DG1, 2a-1 DG2, 2a-2 DG3, 2a-3 DG4, 2a-4 DG5, 2a-5

aConditions: Substrate (0.1 mmol, 1.0 equiv), Pd(TFA)2 (10 mol%), 12 (1.0 equiv), Phl(OAc)2 (1.0 equiv), 1,4-dioxane (1.25 mL), 40 °C, under
air, 20 h. Arl = 4-CF3(CgF4), Ar2= 3,5-CH3(CgH3).

bThe yield was determined by 14 NMR analysis of the crude product using CH2Br2 as the internal standard.

The numbers in parenthesis indicate the ratio of mono:di or mono:di:tri (if applicable).

de(TFA)z (5 mol%).
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Table 2
C(sp®)-H lodination of Ketones®:¢
0
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! i I, (1.0 equiv) ‘IN I
o B PhI(OAC), (1.0 equiv) R1J\2(3l
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1 then work up 2
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2 L NI
Li M Ry |
I ! Me
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aConditions: Substrate (0.1 mmol, 1.0 equiv), Pd(TFA)2 (10 mol%), 12 (1.0 equiv), Phl(OAc)2 (1.0 equiv), 1,4-dioxane (1.25 mL), 40 °C, under

air, 20 h.

blsolated yield.
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c . - . .
The numbers in parenthesis indicate the ratio of mono:di.

cAfter the reaction, the carboxylic acid is converted to corresponding methyl ester (Tl) and 3,5-dimethylamide (T2) for convenient
chromatographic purification. See Sl for work up procedures.

dThe reaction time is 3 h.
eThe reaction temperature is 80 °C.

fl.O mmol scale.
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