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Oxidation Catalysis via an Aerobically Generated Dess-Martin
Periodinane Analogue

Asim Maity, Sung-Min Hyun, Alan K. Wortman, and David C. Powers*

Abstract: Hypervalent iodine(V) reagents, such as Dess-Martin
periodinane (DMP) and 2-iodoxybenzoic acid (IBX), are broadly
useful oxidants in chemical synthesis. Development of strategies
to access these reagents from O, would immediately enable use
of O, as a terminal oxidant in a broad array of substrate oxidation
reactions. Recently we disclosed the aerobic synthesis of I(IIl)
reagents by intercepting reactive oxidants generated during
aldehyde autoxidation. Here, we couple aerobic oxidation of
iodobenzenes with disproportionation of the initially generated how that rapid disproportionation of aerobically
I(Il) compounds to generate I(V) reagents. The aerobically enable aerobic oxidation via
generated I(V) reagents exhibit substrate oxidation chemistry
analogous to that of DMP. Further, the developed aerobic
generation of I(V) has enabled the first application of I(V)
intermediates in aerobic oxidation catalysis.

iodylbenzenes (3)

-olefin functionalj «alcohol and glycol
rbonyl a0 oxidation
a,f-desaturation

and Hofmann rearrafigements under similar aldehyde-
promoted aerobic oxidation conditions.® We reasoned that
the smjof aerobic oxidation chemistry that can be
achieve ia hypervalent iodine intermediates would be

O, is a conceptually ideal oxidant for synthesis ' but bstantially expanded if the aerobic oxidation of
challenges, such as 1) the proclivity of O to participate in obenzenes could be extended to the synthesis of I(V)
unselective single-electron transfer chemistry, 2) the i ents (iodylbenzenes, 3).” I(V) reagents,’® such as Dess-
barriers associated with reaction of the triplet ground igdinane (DMP)® and 2-iodoxybenzoic acid (IBX),"
0. with singlet organic molecules,” and 3) the difficulty in mplementary substrate oxidation chemistry as
choreographing four-electron O reduction with with iodosylbenzenes (2), and have been applied
substrate oxidation, often prevent application to the oxidation of primary and secondary alcohols,®"" 1,2-"2
selective reagent in organic synthesis.® In so and 14-diols, ® and amines, ¥ as well as the
mediators — small molecules that participa

ydrogenation of carbonyl compounds to generate o,p-
saturated carbonyls,' and benzylic C—H bond oxidation."®
urrently, iodylbenzenes are prepared by the action of strong
chemical oxidants, such as periodate, hypochlorite,
dimethyldioxirane, or oxone, in stongly acidic conditions,*""’
or by the metal-catalyzed ® or high-temperature
disproportionation of iodosylbenzenes. The harsh reaction
conditions and strong oxidants typically employed in the
synthesis of I(V) reagents limit the utility of I(V) intermediates
in catalysis.”’ Here we demonstrate that aerobic oxidation of
I(I) to generate I(lll) compounds can be coupled with facile
disproportionation of I(lll) to enable oxidation catalysis via
iodylbenzene intermediates.

During our initial investigation of the aerobic oxidation
2) using strong ©f iodobenzenes (1) to iodosylbenzenes (2), we noted that

ation and applied ~ ©xidation of 2-(tert-butylsulfonyl)iodobenzene (1a) afforded
5,21

19

oxidants generate
the aerobically rated  I(Ill) agents to olefin iodylbenzene 3a, not the corresponding I(1ll) derivative 2a.

| a-oxidation, and N-H arylation Chelating substitutents in the 2-position are frequently
ously, Miyamoto and Uchiyama €mployed in hypervalent iodine chemistry to enhance
lyzed aerobic glycol cleavage  Solubility by breaking up [-O-I1-O polymers that are common

for iodosylbenzenes.? With interest in developing aerobic
synthesis of soluble I(V) reagents, we have investigated the
aerobic oxidation of a family of iodobenzenes bearing
potentially chelating substituents in the 2-position (Scheme 2).
In order to achieve reproducible aerobic oxidation chemistry,
these investigations were carried out in the presence of
CoCl; (1 mol%), which serves as an initiator of aldehyde
autoxidation®? (see Figures S1 and S2). Oxidation of 2-tert-
butylsulfonyl-, 2-nitro-, and 2-(2’-pyridyl)iodobenzene (1a—1c)
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Scheme 2. Aldehyde-promoted aerobic oxidation can provide access to a
variety of iodylbenzene derivatives.

with O, in the presence of acetaldehyde afforded
iodylbenzenes 3a—3c in good yield. Attempts to generate IBX
by aerobic oxidation of 2-iodobenzoic acid (1d) have not
been productive; I(Ill) derivative 2d is the exclusive product
of aerobic oxidation. We have also examined the aerobic
oxidation of iodobenzene derivatives bearing substituent:
the 3- or 4-positions. While iodosylbenzenes 2e-2i
obtained by aldehyde-promoted aerobic oxidati
iodobenzenes 1e—1i in AcOH,5 at long reaction
dichloroethane (DCE) or nitromethane, iodylbenze
are obtained.

With a family of aerobically generated iod
hand, we turned our attention to characterizin

in 95% yield (Scheme 3a; see Table S1 for optimizati
details). In comparison, iodylbenzenes 3b and 3e were fQund

the oxidation of cyclohexa
with 3a did not result
cyclohexenone, ey,
DMSO or N-oxides,
promote I(V)-mediated
of primary alcohols, such
(6b) resulted in the corres
99% and 81
3a effects oxi
hydroxybenzoin

aturation chemWhry."® Treatment
enzyl alcohol (6a) and geraniol
ing aldehydes 7a and 7b in
(Scheme 3b). Compound
1,2-diols — oxidation of
ith 3a results in oxidative C—C cleavage
yde in 86% yield (Scheme 3c) —
the chemistry of DMP."? In contrast,
s to dicarbonyls.? 3a effects the
oxidation of 1,4-dio one 11 in 60% vyield, based on
recovered starting materials. Compound 3a does not
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a. Oxidation of Secondary Alcohols

O/OH
4a
b. Oxidation of Primary Alcohols

3a

CH3NO,, 70 °
95%

CH3NO,, 70 °C
81%

—_—
H CHgNO,, 70 °C

60%'

Oxidation of Amines

3a
_ PN Ph
DMSO, 70 °C
75% 13a

N7
phN-OH o )':,}
H

13b, 70% 13c, 62% 13d, 77%

from 2-phenyl-4,5-dihydro-
1H-imidazole

eme 3. Aerobically generated iodylbenzene reagent 3a a. oxidizes
condary alcohols to ketones, b. primary alcohols to aldehydes, c.
ediates glycol cleavage to aldehydes, oxidizes 1,4-diols to lactols, and
d. accomplishes dehydrogenative amine oxidation. iyield based on
recovered starting material.

promote benzylic C-H oxidation (ie. oxidation of
ethylbenzene), which has been observed for some (V)
derivatives, but 3a can be applied to the oxidative
dehydrogenation of amines to generate imines (13a and 13b),
oximes (13c), and N-heterocycles (13d) (Scheme 3d).
lodylbenzene-mediated oxidation reactions typically
rely on stoichiometric amounts of I(V) reagents.” Based on
the dual hypotheses that the strong oxidants (i.e. oxone)
typically needed to generate (V) derivatives limit application
of I(V) derivatives in catalysis, and that facile
disproportionation of 2a provides ready access to (V)
derivative 3a, we turned our attention to the application of
iodylbenzene intermediates (i.e. 3a) in aerobic oxidation
catalysis (Scheme 4). In order to accomplish in situ aerobic
oxidation at the elevated temperatures required for substrate
oxidation (70 °C), acetaldehyde (b.p. = 20 °C) was replaced
with n-butyraldehyde (b.p. = 75 °C). Examination of catalyst
loading led us to pursue the following experiments with 15
mol% 1a as catalyst. With 15 mol% 1a, cyclohexanol

This article is protected by copyright. All rights reserved.
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b. Oxidation of Primary Alcohols
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Me N e Y oH R” “OH
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R 7e,n = n-CgHy3, 59%
9 7f, n = n-CgH,7, 63%
5b. R = H, 80% 5h, 85% 51, 45% 5), 73% 5K, 64% 7d,61% a7, 63%
5¢, R =Br, 91% . . .
5d, R = CHg, 79% c. Oxidation of 1,2-Diols
5e, R = CF,, 90% o) 9
5f, R = OCHj, <10% o O o oH 12)(15Prgilig), o
5g, R = NO,, 86% oh 2, Pri
é Me\/\)I\Me Ph Ph)LOH
o OH CoCl, + 6H,0 (1 mol%)
51, 60% 5m, 77% 5n, 91% 50, 71% 8 CHgNO,, 70 °C 9, 79%
d. Oxidation of 1,4-Diols
0 0 Q 1a (15 mol%), o
Ph Ph O,, PICHO
Me Ph OH 2*_»
Ph o} oH o)
CoCly, - 6H,0 (1 mol%)
5p, 33% 5q, 69% 5, 40% CHSNOy, 70 °C

from benzoin from 2-cyclohexenol ¢

Scheme 4 Aerobic oxidation secondary alcohols catalyzed by 3a provides ac
of primary alcohols and 1,2-diols results in the formation of carboxylic acids and
the catalytic reaction arises from autoxidation of the initially formed products unde

oxidation proceeds in 86% yield (see Table S1
optimization experiments). Alcohol oxidation catalysis ¢,
achieved using air in place of pure O, using air,
cyclohexanol oxidation is accomplished in 66% yie
absence of 1a, 15% yield of cyclohexanone wa
which arises from background Co(ll)-cataly,
oxidation® (see Table S2 for background re
substrates reported).

Using 3a as catalyst, we have In
oxidation chemistry of a series of secondary
(Scheme 4a). Substituted aryl and heteroaryl etha

acetophenone derivatives (5b-5l).
electron deficient (i.e. 5e and 5g)
5j, and 5l) derivatives are toler
substituents (5i). Oxidation of methox

Of particular
electron-rich (i.e

be due to background re
reactive oxidants in ald
aliphatic alcohols
(5m), cyclohexa
hexanone (50) are
corresponding alcohol

(5n), and 2-
idation of the
cetophenone 5k
but the presence of larger a-
xidation efficiency (i.e. a,o-
33% yield). Oxidation of
affords dicarbonyl 5q in
bstrates are tolerated in the aerobic
examples, 2-cyclohexenone (5r) is
tion of 2-cyclohexenol (4r) and
in aerobic oxidation to afford 5s

substituents

diphenyl keto
benzoin (4q), an
60%

in 57% yield.

10 1,73%

0 a wide v y of ketones. Application of 3a-catalysis to the oxidation
idation of oxidation of 1,4-diols affords lactones. The overoxidation in
aerobic conditions. PrCHO = n-butryaldehyde.

ication of the optimized reaction conditions to
yzed oxidation of primary alcohols results in
of carboxylic acids (Scheme 4b). Benzyl
alcohols 6a and 6c, heteroaromatic benzyl alcohol 6d, as
well as long-chain aliphatic alcohols 6e and 6f participate in
ic oxidation to afford the corresponding carboxylic acids
d yield. The observation of carboxylic acids in catalytic
ions, but aldehydes in stoichiometric reactions, is likely
to the initial oxidation of primary alcohol to the
orresponding  aldehyde, followed by subsequent
autoxidation to the carboxylic acid under the reaction
conditions used to generate iodylbenzenes. The reactive
intermediates of autoxidation also likely interfere with
application of the developed aerobic oxidation catalysis to
geraniol (6b); exposure of 6b to the developed catalytic
conditions results in a mixture of products. lodylbenzene
catalyzed aerobic oxidation of 1,2-diol 8 affords benzoic acid
in 79% yield and oxidation of 1,4-diol 10 generates lactone
11 in 73% yield (Schemes 4c and 4d).

We propose that substrate oxidation proceeds via the
catalytic cycles pictured in Scheme 5a. Initial oxidation of
aryliodide 1a generates iodosylbenzene 2a. Facile
disproportionation of 2a generates equimolar quantities of 1a
and 3a. Substrate oxidation by 3a generates 2a, which,
following disproportionation, affords 1a that is poised to
participate in subsequent aldehyde-promoted aerobic
oxidation. The critical role of I(V) intermediates in substrate
oxidation chemistry is evidenced by comparison of the
chemistry of iodosylbenzenes that participate in facile
disproportionation with those that do not rapidly
disproportionate. lodosylbenzene 2a participates in facile
disproportionation: in situ monitoring of the oxidation of 1a by
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Scheme 5. a. Proposed catalytic cycle for iodylbenzene-catalyzed
aerobic oxidation. b. Disproportionation of both 2a and 2e are
thermodynamically preferred. Experimentally, 2a is observed to
participate in rapid disproportionation whereas 2e is indefinitely stable.

'H NMR revealed the consumption of aryliodide 1a
evolution of iodylbenzene 3a without the intermedi
observable iodosylbenzene 2a (Figure S3). In addition,
subjecting a solution of independently prepared 2a
which is generated during autoxidation,
immediate disproportionation to 1a and 3a (Figu,
NMR spectrum, see Figure S4). Density Fun
(DFT) calculations — carried out with the MO
(basis sets: LANL2DZ” for |, 6-31G(d,p)®

and the SMD solvation model *® —
disproportionation of 2a to generate 1a and 3a
thermodynamically favored (AG = -8.8 kcal/mol; see

I(ll)-derivative 2e, which subsequently
derivative 3e  slowly i S5).
thermodynamically favor; =
kcal/mol), treatme
AcOH resulted in
While independently
cyclohexanol in 66%
iodosylbenzene

jon (Figure 5b).
oxidation of
enerates 2e, an
that does not rapidly
ive oxidation catalyst (24%
Co-catalyzed background
dicate that when facile
(Il) is not available, the efficiency of
is is significantly compromised.

we have reported the first
reagents that participate in

provides 15% vy
disproportionation
aer idation cat

aerobically
substrate oxidation chemistry. By coupling aerobic oxidation

of
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I(1) to I(Ill) with facile disproportionation of the initially

formed I(lll) reagents, efficient access to I(V) is accomplished.

The 1(V) reagent generated in t
analogous to DMP, and provides a

red

generation of iodylbenzene intermedi
oxidation catalysis and we
catalysis requires access to
studies add to the growj

to couple O, redu
intermediacy of re

will

(A-

(51
61

(71

(8l

101

[10]

We thank Texas

otocol is functionally
to couple O3

uction with oxidation of alcohols, diol nes. In situ

ent of new strategies
oxidation without the
dation intermediates

engender hypervalent-iodine-

rsity and the Welch Foundation
1907) for financial support. Computations were carried out

the Sup mputing Facility and the Laboratory for
lecular Silulation at Texas A&M University.

ords: aerobic oxidation ¢ hypervalent iodine
ble + autoxidation

, A. Studer, Green Chem. 2013, 15, 3116-3134; b) A.
. pbell, S. S. Stahl, Acc. Chem. Res. 2012, 45, 851-863; c)
F. CaVani, J. H. Teles, ChemSusChem 2009, 2, 508-534.

a) W. T. Borden, R. Hoffmann, T. Stuyver, B. Chen, J. Am. Chem.
Soc. 2017, 139, 9010-9018; b) M. Filatov, W. Reckien, S. D.
Peyerimhoff, S. Shaik, J. Phys. Chem. A 2000, 104, 12014—
12020.

a) S. D. McCann, S. S. Stahl, Acc. Chem. Res. 2015, 48, 1756—
1766; b) R. Y. N. Ho, J. F. Liebman, J. S. Valentine, Active
Oxygen in Chemistry, Blackie Academic and Professional, New
York, 1995, 1-23.

a) A. E. Wendlandt, S. S. Stahl, Angew. Chem. Int. Ed. 2015, 54,
14638-14658; b) J. Piera, J.-E. Backvall, Angew. Chem. Int. Ed.
2008, 47, 3506-3523.

A. Maity, S.-M. Hyun, D. C. Powers, Nat. Chem. 2018, 10, 200—
204.

K. Miyamoto, J. Yamashita, S. Narita, K. Hirano, T. Saito, C.
Wang, M. Ochiai, M. Uchiyama, Chem. Commun. 2017, 53,
9781-9784.

There are two reports of aerobic oxidation to generate
iodylbenzenes. a) Aerobically generated I(V) derivatives were
proposed in alcohol oxidation (R. Mu, Z. Liu, Z. Yang, Z. Liu, L.
Wu, Z.-L. Liu, Adv. Synth. Catal. 2005, 347, 1333-1336) but the
active catalyst was subsequently reassigned as Br, (M. Uyanik, R.
Fukatsu, K. Ishihara, Chem. Asian J. 2010, 5, 456-460). b) The
aerobic oxidation of Phl to PhlO, has been reported: W. P.
Jorissen, A. C. B. Dekking, Recl. Trav. Chim. Pays-Bas 1938, 57,
1125-1126. The iodylbenzene obtained in this procedure is not a
useful oxidant in synthetic chemistry.

For review articles: a) M. S. Yusubov, P. S. Postnikov, R. Y.
Yusubova, A. Yoshimura, G. Jurjens, A. Kirschning, V. V.
Zhdankin, Adv. Synth. Catal. 2017, 359, 3207-3216; b) A.
Yoshimura, V. V. Zhdankin, Chem. Rev. 2016, 116, 3328-3435;
c) A. Duschek, S. F. Kirsch, Angew. Chem. Int. Ed. 2011, 50,
1524-1552; d) V. V. Zhdankin, J. Org. Chem. 2011, 76, 1185—
1197; e) V. Satam, A. Harad, R. Rajule, H. Pati, Tetrahedron
2010, 66, 7659-7706; f) T. Wirth, Top. Curr. Chem. 2003, 224,
185-208; g) A. Varvoglis, Hypervalent lodine in Organic
Synthesis. Academic Press, Inc. 1997, San Diego, CA, 201-210.
a) D. B. Dess, J. C. Martin, J. Am. Chem. Soc. 1991, 113, 7277—
7287; b) D. B. Dess, J. C. Martin, J. Org. Chem. 1983, 48, 4155—
4156.

C. Hartman, V. Meyer, Chem. Ber. 1893, 26, 1727-1732.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

111

12
(3]

[14]

(18]

[16]
71
(8]

[19]
[20]

a) M. Frigerio, M. Santagostino, S. Sputore, G. Palmisano, J. Org.

Chem. 1995, 60, 7272-7276; b) M. Frigerio, M. Santagostino, Tet.

Lett. 1994, 35, 8019-8022.

S. de Munari, M. Frigerio, M. Santagostino, J. Org. Chem. 1996,
61, 9272-9279.

a) E. J. Corey, A. Palani, Tet. Lett. 1995, 36, 7945-7948; b) E. J.
Corey, A. Palani, Tet. Lett. 1995, 36, 3485-3488.

a) C. de Graff, L. Bensch, M. J. van Lint, E. Ruijter, R. V. A. Orru,

Org. Biomol. Chem. 2015, 13, 10108-10112; b) K. C. Nicolaou, C.

J. N. Mathison, T. Montagnon, J. Am. Chem. Soc. 2004, 126,
5192-5201.

a) K. C. Nicolaou, T. Montagnon, P. S. Baran, Y.-L. Zhong, J. Am.
Chem. Soc. 2002, 124, 2245-2258; b) K. C. Nicolaou, T.
Montagnon, P. S. Baran, Angew. Chem. Int. Ed. 2002, 41, 993—
996; c) K. C. Nicolaou, Y.-L. Zhong, P. S. Baran, J. Am. Chem.
Soc. 2000, 122, 7596-7597.

K. C. Nicolaou, P. S. Baran, Y.-L. Zhong, J. Am. Chem. Soc.
2001, 7123, 3183-3185.

N. Soldatova, P. Postnikov, A. A. Troyan, A. Yoshimura, M. S.

Yusubov, V. V. Zhdankin, Tetrahedron Lett. 2016, 57, 4254-4256.

A. Y. Koposov, R. R. Karimov, A. A. Pronin, T. Skrupskaya, M. S.
Yusubov, V. V. Zhdankin, J. Org. Chem. 2006, 71, 9912-9914.
H. J. Lucas, E. R. Kennedy, Org. Synth. 1942, 22, 72-73.

For examples of iodylbenzene catalyzed substrate oxidations,
see: a) A. Chandra, K. N. Parida, J. N. Moorthy, Tetrahedron
2017, 73, 5827-5832. b) A. K. Mishra, J. N. Moorthy, Org. Chem.
Front. 2017, 4, 343-349. c) R. Bikshapathi, P. S. Prathima, V. J.
Rao, New J. Chem. 2016, 40, 10300-10304. d) T. Yakura, Y.
Horiuchi, Y. Nishimura, A. Yamada, H. Nambu, T. Fujiwara, Adv.
Synth. Catal. 2016, 358, 869-873. e) J. N. Moorthy, K. N. Parida,

[21]

[22]
[23]
[24]

[25]

[26]
[27]

[28]

[29]

10.1002/anie.201804159

WILEY-VCH

J. Org. Chem. 2014, 79, 11431-11439. f) S. Seth, S. Jhulki, J. N.
Moorthy, Eur. J. Org. Chem. 2013, 2445-2452; g) A. P.
Thottumkara, M. S. Bowsher, T. K, Vinod, Org. Lett. 2005, 7,
2933-2936.
Upon standing in CHCls, slow spon
2a was previously noted: D. Macikenas;,
D. Protasiewicz, J. Am. Chem. Soc. 199
resulting 3a has not previously been ex
organic oxidation chemist,

disproportionation of

D. Protasiewicz, Angew.
roc. R. Soc. London,

ee: J. N. Moorthy,
hem. 2007, 5, 767-771.

i, M. Shimoyama, X.
703-706. b) T. Morimoto,
em. Soc. Perkin Trans. Il

N. Singhal, K. S

Zhuang, Bull.
M. Hirano, M.
1984, 19491
Y. Zhao, D. G. Truhlar, Theor. Chem. Acc. 2008, 120, 215-241.
a) P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270-283; b)
W. R. Wadt, P. J. Hay, J. Chem. Phys. 1985, 82, 284-298; c) P.
J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 299-310.

a) M. J. Frisch, J. A. Pople, J. S. Binkley, J. Chem. Phys. 1984,
80, 3265-3269; b) R. Ditchfield, W. J. Hehre, J. A. Pople, J.

Chem. Phys. 1971, 154, 724-728.
- er, D. G. Truhlar, J. Phys. Chem. B
2009, 113,

chi, T. Murakami, J.

Y

49,
&

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

Entry for the Table of Contents (Please choose one layout)

COMMUNICATION

Aerobic 9

| Oxidation | IS
rRE Y o RE YO ~rE O
L = L L

Facile I(lll) Disproportionation Enables
Aerobic Oxidation Catalysis via a Dess-Martin Periodinane Analogue

10.1002/anie.201804159

WILEY-VCH
-
Asim 'Min Hyun, Alan K.
Wortman, . Powers*

is via an Aerobically
artin Periodinane

This article is protected by copyright. All rights reserved.



