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Abstract: The influence of a 2-pyridinyl substituent
on the catalytic performance of aryl iodides as cata-
lyst in iodine(IIT) chemistry was explored. An effi-
cient Lewis base adduct between the pyridine nitro-
gen and the electrophilic iodine(III) center was
identified and confirmed by X-ray analysis. This ar-
rangement was shown to generate a kinetically
competent superior catalyst structure for the cata-
lytic dioxygenation of alkenes. It introduces the
concept of Lewis base adduct formation as a kinetic
factor in iodine(I/III) catalysis.
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Hypervalent iodine(III) reagents!! have been identi-
fied as versatile reagents for the difunctionalization of
alkenes.””! The general versatility of these oxidizing re-
agents in organic chemistry is further expressed by
recent developments, which involve their application
in metal-free, environmentally benign oxidation catal-
ysis.”! In these cases, the iodine(IIl) state represents
the active catalyst, which is continuously regenerated
from a conventional iodine(I) precatalyst.

In the prominent field of dioxygenation reactions
of alkenes,*”! the application of the standard hyperva-
lent iodine reagent PhI(OAc), 1 for diacetoxylation is
hampered by its notoriously low reactivity towards al-
kenes.

The desired reaction can be accelerated through ad-
dition of catalytic amounts of a strong Brgnsted acid,
for example TfOH. In seminal work, Gade and Kang
demonstrated that such an acid catalysis significantly
accelerates the alkene oxidation, presumably through
protonolysis of PhI(OAc), forming a cationic iodine
center (Scheme 1).1°”) The latter displays enhanced
electrophilicity and reactivity due to the free coordi-
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nation site at iodine. The same observation was re-
cently made in the development of an enantioselec-
tive catalytic diacetoxylation of styrenes, in which co-
catalysis by TfOH was a crucial factor.’! Alternative-
ly, the activation of iodine(III) derivatives with the
aid of fluorinated alcohols was discussed.”

It appears reasonable to investigate further struc-
tural diversification for the discrete formation of elec-
trophilic iodine(III) catalyst states with free coordina-
tion sites. One approach in this direction should con-
sist of the use of weakly coordinating Lewis bases.

The pyridine unit displays a long history of success-
ful stabilization of electrophilic iodine centers. Bar-
luenga’s reagent [I(py),]BF, is certainly the most
prominent example to this end,'®! while pyridine co-
ordination to electrophilic iodine(III) centers has
been less investigated.

Examples in this area include the compound
[PhI(py),](OTI), (2),'” the corresponding benziodox-
olone adduct 3! and the chiral derivatives 4 and 5,
which were introduced by Wirth (Figure 1).1*"" Inter-
estingly, the solid state structure of 4 does not display
any interaction between the iodine(III) center and
the nitrogen atom of the pyridinyl group. In agree-
ment with this, the reported catalysis relied on co-ac-
tivation by a Brgnsted acid.["”!

Aco\l HOTf oA
“0Ac ® @
- HOAc oTf
1 Brensted acid activation
PhI(OAc), 1 (1.3 equiv.)
R; = HOTF (5 mol%) /;co OAc
ROOR ACOH, r:t. 10 70 °C, R’ R

1-48 h, 52-99%

Scheme 1. Brgnsted acid acceleration in the diacetoxylation
of alkenes.
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Figure 1. Pyridine coordination to iodine(IIT) in compounds
2 and 3, and chiral pyridinyl derivatives 4 and 5.

To probe the supportive context of pyridine coordi-
nation in an iodine(III) catalyst, the aryliodine 6 was
synthesized from 2-phenylpyridine!"*'”! and submitted
to oxidation. Exploring several established oxidation
agents, we observed that only peracetic acid provided
an oxidation product (Scheme 2). With this particular
oxidant, clean formation of the desired iodine(I1T) de-
rivative 7 was observed.

Suitable crystals of the new chelate 7 were grown
from a solution in cyclohexane-dichloromethane. X-
ray analysis confirmed the expected structure includ-
ing the coordination of the pyridine group to the cen-
tral iodine atom indicating the Lewis base-assisted ac-
tivation of the former iodine-acetoxy bond
(Figure 2)."¥ The corresponding I-N bond length was
determined to be 2.443 A, which is in good agreement
with bond distances of 2.44 to 2.46 A in related nitro-
gen coordination!'” and of 2.24 to 3.13 A in similar
derivatives of chelated iodine(IIT) complexes based

conditions
_—

conditions:

Selectfluor (2.5 equiv.),

AcOH/MeCN (1/3), r.t., 6 h
NaBO3-4 H,0 (15 equiv.),
AcOH, 40 °C, 12 h n.r.

NalOy4 (1.03 equiv.), NaOAc (2.2 equiv.)
AcOH/Ac,0 (10/1), 118 °C, 5 h n.r.

n.rlal

AcO,H (2.5 equiv.),

AcOH, rt, 15 h 92%!®!

@l n.r. = no reaction.
b1 |solated yield.

Scheme 2. Oxidation of iodine(I) compound 6 to iodine(III)
compound 7.
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Figure 2. Solid-state structures of compounds 7 and 8 (ellip-
soids at 50% probability).'*! Selected bond lengths [A] and
angles [°]: 7: I1IA-O1A 1.921(5), I1A-N1A 2.443(6), I1A-
O1 2.850(4), O1A-I1A-N1A167.2(2); 8: I1B-O1B 1.946(5),
I1B-N1B 2.406(6), O1B-I1B-N1B 167.2(2).

on oxygen coordination."” In general, intramolecular
coordination of oxygen donor atoms to hypervalent
iodine centers has been a common strategy, while re-
lated nitrogen donor coordination appears significant-
ly less encountered.

The crystal structure determination also provides
the corresponding iodoso benzene 8 (Figure 2), which
undergoes intermolecular hydrogen bonding with 7.0'%l
Iodoso derivative 8 originates from compound 7 upon
loss of acetic acid (Scheme 3), presumably throughout
the crystallization process. In an analogous manner, 7
can be restored from 8 by addition of acetic acid char-
acterizing it as the acetic acid adduct of 7.

— HOAc

HOAc

Scheme 3. Relation between iodine(IIT) compounds 7 and 8.

Subsequent work addressed the diacetoxylation of
alkenes with compound 6 as catalyst. Given the effec-
tive oxidation of 6 to 7, we decided to employ perace-
tic acid as the terminal oxidant and to follow condi-
tions established previously for the diacetoxylation of
alkenes.””!

A number of different alkenes were submitted to
diacetoxylation (Scheme 4), leading to chemoselective
oxidation of the C=C double bonds in all cases. As
commonly observed,¢%% styrenes represent the pre-
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OAc OAc 100 (n=7), 78%° OAc
10m, 85% 10n, 64% 10p (n =9), 84%I  10q, 61%!!

[l From reaction with (E)-B-methylstyrene 9j.
1] From reaction with (E)-O-acetoxycinnamic alcohol 9l.
[l without treatment with acetic anhydride.

Scheme 4. Catalytic diacetoxylation of alkenes. Given yields
refer to isolated material after purification.

ferred substrate class in this reaction, and products
10a-10h could be obtained in 66-92% isolated yields.
The same was observed for product 10i, which result-
ed from clean diacetoxylation without any potentially
competing rearrangement or allylic oxidation. From
observations of the crude reaction mixture of 10d, it
was concluded that these reactions proceed through
initial formation of the 1-hydroxy-2-acetoxy deriva-
tive, which derives from the Woodward pathway.?!!
They are converted into uniform vicinal diacetoxy
products upon treatment with acetic anhydride. In
contrast, (E)- and (Z)-f-methylstyrene and (E)-O-
acetoxycinnamic ester yield the corresponding prod-
ucts 10j-101 as diastereomeric mixtures due to com-
peting Woodward and Prevost®?! pathways.

Cyclic aliphatic alkenes can also be employed as
demonstrated for formation of the products 10m and
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n.*? Finally, linear aliphatic alkenes give direct rise
to the diacetoxylated products 100—q without require-
ment for peracetoxylation, which indicates a Prevost
pathway””! to be operative.

The beneficial effect of the 2-pyridinyl group was
demonstrated within a kinetic competition experi-
ment between catalyst 6 and iodobenzene 1. Monitor-
ing by ’F NMR the progress of the oxidation of 4-flu-
orostyrene 9d in acetic acid-d, as solvent, a clear ac-
celeration of the reaction was found to result from
the presence of the coordinating pyridine group
(Figure 3). Comparison of the initial rates indicate
that 6 outperforms 1 by a factor of over 2. This kinet-
ic finding clearly demonstrates that the concept of
Lewis base coordination can accelerate hypervalent
iodine catalysis to a significant extent.

35 7 activated catalyst

iodobenzene

30 1

Conversion [%]

10 1

0 50 100 150 200
time [min]

Figure 3. Initial kinetic profiles for the dioxygenation of 4-
fluorostyrene 9d with catalyst 6 and iodobenzene 1.

The proposed catalytic cycle (Figure 4) comprises
the documented oxidation of catalyst 6 to 7 with the
iodine(I1I) catalyst state. Coordination of alkene 9 to
the electrophilic iodine center in 7 may involve an as-
sociative process through A or directly arrive at A’
with a three-coordinate iodine center. Subsequent io-
doacetoxylation initiates the difunctionalization via B,
from which catalyst 6 is regenerated via reductive
oxygenation (as discussed, for styrenes 9a-h, this step
should consist of a Woodward pathway).

In summary, we have reported a new catalyst for
the iodine(Ill)-catalyzed dioxygenation of alkenes.
The kinetic competence of this catalyst relies on an
efficient Lewis base coordination of a pyridine group

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Catalytic cycle for the diacetoxylation of styrenes
9.

to the electrophilic iodine(IIT) catalyst. This concept
should provide space for new catalyst design in the
field of hypervalent iodine catalysis.

Experimental Section

Synthesis of Catalyst 6!'”

2-(2-Bromophenyl)pyridine (162 mg, 0.7 mmol) was dis-
solved in absolute THF (5.5 mL), cooled to —78°C and n-
BuLi (0.38mL, 2M in hexane, 0.76 mmol, 1.1 equiv.) was
added. The reaction mixture was stirred at —78°C for 2 h.
An iodine solution (3mL, 1M in THF, 3.01 mmol,
43 equiv.) was then added at —78°C. The mixture was
warmed to room temperature, stirred for 20 h and evaporat-
ed to dryness. Column chromatography (SiO,, 10% ethyl
acetate/hexane/EtOAc, 90/10, v/v) provided the title com-
pound 6 as a white solid; yield: 106.8 mg (54%).

General Procedure for Diacetoxylation

A Pyrex tube equipped with a stirrer bar was charged with
iodine(I) catalyst 6 (5.62mg, 0.02 mmol, 10 mol%) and
AcOH (1 mL). AcOOH (36% in AcOH, 90 pL, 0.44 mmol,
2.2 equiv.) was added and the reaction mixture was stirred
at room temperature for 1h. Then the respective alkene
(0.2 mmol, 1.0 equiv.) was added and the reaction mixture
was stirred at room temperature for further 18 h. H,O
(2mL), brine (1.5mL) and CH,Cl, were added and the
aqueous layer was extracted twice with CH,Cl,. The com-
bined organic phases were dried over Na,SO, and concen-
trated under reduce pressure. Compounds 10n—q were di-
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rectly purified by flash column chromatography on silica gel
to provide analytically pure products. For compounds 10a—
m, the crude product was dissolved in CH,Cl, (0.5 mL) and
acetic anhydride (55 pL, 0.5 mmol, 2.5equiv.), pyridine
(40 uL, 0.5 mmol, 2.5equiv) and DMAP (6.1 mg,
0.05 mmol, 0.25 equiv.) were added. After stirring at room
temperature for 5h, the reaction was quenched with aque-
ous HCl (6M, 3mL) and EtOAc (3mL). The aqueous
phase was extracted twice with EtOAc and the combined or-
ganic layers were dried over Na,SO, and concentrated
under reduced pressure. The crude product was purified by
flash column chromatography on silica gel to provide analyt-
ically pure products.
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