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Abstract

Two one-pot procedures for the construction of O- and N-bridged diaryliodonium
triflates are described. An effective aryne-mediated arylation of o-iodophenols
and -sulfonamides provides diarylether and diarylamine intermediates, which are
subsequently oxidized and cyclized to the corresponding diaryliodaoxinium
and -iodazinium salts. Different derivatizations were applied to demonstrate their
capacity as useful building blocks and gain a deeper understanding towards the

general reactivity of these underdeveloped but potentially highly useful compounds.
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Introduction

Hypervalent iodine compounds (iodanes) have found widespread applications as
electrophilic group transfer reagents,!'l as mild oxidants for the synthesis of natural
products and in organo- and photocatalysis.! Diaryliodonium salts are an important
subclass among iodanes, which are commonly applied as electrophilic arylation
reagents for transition-metal-catalyzed and metal-free arylations.i! In this regard,
cyclic diaryliodonium salts which are characterized by two aryl moieties directly
connected or bridged with carbon or heteroatoms have been utilized for the effective
synthesis of mono- and double-functionalized diaryl-based molecules through
regioselective ring opening with a wide range of nucleophiles.®! They can also be
applied as starting materials for the synthesis of annulated hetero- and carbocycles.
While carbon-based iodonium salts have been well studied, their heteroatom-bridged
counterparts are underrepresented due to the low availability of efficient synthetic
protocols. The first synthesis of O- and N-bridged cyclic iodonium salts was developed
by Behringer et al. (Scheme 1, a), starting from diphenylether or -amine scaffolds. In a
two-step procedure, the corresponding oxidized iodane was isolated and subsequent
cyclization of the oxidized intermediate with sulfuric acid gave the desired cyclic
iodonium salts.l®] Modern approaches towards iodaoxinium salts based on preexisting
iodinated diarylethers have been described by Wen and Huber.[-81 Due to the growing
interest of these reactive compounds, efficient and reliable procedures for their efficient
synthesis are highly desirable.

Our group is interested in the synthesis and reactivity of novel cyclic iodonium salts as
well as their use in catalysis. We developed two one-pot procedures for the synthesis
of carbon-bridged cyclic iodonium salts.l®] Based on these recent findings, we now want
to report a unique one-pot synthesis of O- and N-bridged iodonium triflates 1 and 2 by

treating substituted phenols and anilines with in situ generated arynes (Scheme 1, b).
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Scheme 1. Synthesis of heteroatom-bridged diaryliodonium salts.



Results and Discussion

To accomplish the proposed one-pot reaction we intended to utilize reactive aryne
intermediates as arene electrophiles for achieving a metal-free C(sp2)-O and -N-
coupling.['0

For the initial aryne-mediated arylation of o-iodophenols 3, preliminary investigations
revealed a procedure using CsF in MeCN as the most effective coupling strategy with
(trimethylsilyl)aryl triflates 4 as aryne precursors to obtain diphenylether scaffolds 5
(Table 1, a).'"l For the second step of this one-pot reaction, the oxidation (b) and
cyclization (c¢) sequence with the most prominent oxidants (see Table S1, Supporting
Information (SI)) were screened. We were able to establish Selectfluor® as the most
effective oxidant. It was the only oxidant that resulted in quantitative oxidation of the
intermediate 5a to 6a. A quantitative transformation was necessary since an
incomplete oxidation resulted in the undesired formation of acyclic iodonium salts due

to the electron-donating character of diphenylether motifs.

Table 1. Optimization of the One-Pot Procedure with Selectfluor® as Oxidant.

a) CsF

@Oﬁ
R | MeCN, rt, 24 h addltlve IL, R [+

TfO"

3a-b 6a-b 1a-b
tol! acid T T yield of 1
entryt@ R additive
/h (eq.) /°C /h (%))
1 H(3a) 24 BFa+OEt: (4.0) RT 1 - 350l
2 H 24 BF3+OEt; (4.0) 0 2 - 42
3 H 24 BF3+OEt; (4.0) -40 4 - 52
4 H 24 BF3+OEt2 (4.0) -40 - 80 5 AcOH 62
BF3+OEt; (4.0)
5 H 24 -40 - 80 2 AcOH 78
TfOH (1.5)
BF3+OEt: (4.0)
6 H 24 0-80 2 AcOH 74
TfOH (1.5)
7 H 24 TfOH (4.0) 0-80 2 AcOH 81

8 Br (3b) 48 BF3+OEt2 (4.0) -40 — 80 5 AcOH 24



9l Br 24+24 TfOH (4.0) 0-80 2 AcOH 74

[8l General reaction conditions: Step a): 3 (0.100 mmol), 4a (1.5 eq.), CsF (3.0 eq.), MeCN (1.6 mL), rt.
Step b): Addition of Selectfluor® (4.0 eq.). Step c): Addition of acid. ®! Time for oxidation step.
[l Temperature and time for cyclization step. [ Purity >97%. (¢! Purity around 85% to 90%. [ Addition of
Selectfluor® (2.0 eq.) after 24 h in Step 2.

Using exclusively Selectfluor® throughout the following experiments we started further
optimizations with o-iodophenol (3a, R = H, Table 1) as the model substrate. Coupling
with the aryne precursor 4a, subsequent oxidation for 24 h and cyclization with 4.0
equiv. BF3+*OEt2 at room temperature yielded the desired iodaoxinium salt 1a in 35%
yield (entry 1) as the triflate salt. When the cyclization step was performed at 0 °C the
yield increased to 42% (entry 2). At -40 °C the desired product was obtained in 52%
yield (entry 3). The use of AcOH as additive for the oxidation step resulted in a
significantly diminished side product formation, most likely due to the formation of the
more stable bisacetoxy I(lll) derivate 6a (L = OAc). This finally resulted in an improved
formation of 1a (62% vyield, entry 4). A further significant improvement was achieved
through addition of TfOH during the cyclization step which increased the yield of 1a to
78% (entry 5). Performing the cyclization at 0 °C resulted in a diminished yield (entry
6). Further replacement of BF3*OEt2 with TfOH further increased the yield of 1a to
satisfying 81% (entry 7).

We then explored the addressable substrate scope under these optimized conditions.
Performing the reaction on a 5 mmol scale gave 1a in 81% yield (Scheme 2). With the
electron-poor bromo-substituted substrate 3b, we observed a significant drop in yield
(entry 8), possibly due to a diminished stability of the I(lll) intermediate. To circumvent
this issue, addition of two equivalents of the oxidant after an initial oxidation period was
necessary to increase the yield of 1b to 74% (entry 9). These slightly modified
conditions were then consequently applied for all electron poor substrates. The strong

electron-poor 4-NO2 derivate 1¢ was isolated in a moderate yield of 57%.

Slightly activated derivates bearing 4-Me- and 4-tBu-substituents 1d and 1e were
obtained in up to 68% yield. The more electron-rich 4-OMe-substituted derivate gave
an inseparable product mixture of 1f after the cyclization step. The CI- and F-

substituted derivates 1g and 1h were yielded under the slightly optimized conditions



for electron-poor derivates in 54% and 49% vyield. CN- and CFs-Substitutions were
viable as well and subsequently 1i and 1j were obtained in up to 70% yield. Here, the
cyclization step resulted in a decomposition of the oxidized intermediate. A 4-phenyl-
substituted derivative 1k did not react at all. A variation of the substitution pattern was
feasible as 2-Br, 3-Br and 5-Br derivates 11-n were isolated in 39% to 63% vyield. This
indicated that electronic or steric effects from substituents close to the bridge atoms
may be relevant in the oxidation step. Also limitations of the method were visible for
extended n-systems, as already observed for 1k, but also for the naphyhtyl-derivative
1o.

The lowered yield of the 2-Br-4-methyl derivate 1p (50%) in comparison to 1d verified
the effects of substituents next to the iodacycle. The reaction of 3a with a dimethyl-
substituted (trimethylsilyl)aryl triflate 4b yielded 1q in 91%.

Aryne precursors with other substitution patterns or more electron-donating or
electron-withdrawing groups were challenging due to an inseparable isomer formation
and decomposition in the cyclization step. A complete list of all substrates that could

not be successfully synthesized are found in the Sl (Figure S2).

~-OH OoTf 1)CsF (3.0 eq.), MeCN, rt, 24 h N @) X
11 o2
R1—:(l C[ 2) Selectfluor® (4.0 — 6.0 eq.), R N | = R
| TMS AcOH, rt, 24 —48 h -OTf
3 3) TfOH (4.0 eq.), 0~ 80 °C,2—5h 1

LD o oo T

“OTf “OTf
1a:R = H, 81%, 81%F!
1b: R = Br, 74%[] 11: 42%! 1m: 63%"] 1n: 39%!"]
1c: R = NOy, 57%!!
1d: R = Me, 68%

1e: R = {Bu, 49%

1f: R = OMe, 0%

1g: R = Cl, 54%"] j@ @

1h: R = F, 49%! -OTf I+
~OTf

1i: R = CN, 70%"! ‘OTf
1j: R = CF3;, 61%
1k: R = Ph, 0% 10: 0% 1p: 50%!°! 19: 91%

Scheme 2. Substrate scope using the optimized conditions of Table 1. General reaction conditions: Step
1: 3 (0.100 mmol), 4 (1.5 eq.), CsF (3.0 eq.), MeCN (1.6 mL), rt. Step 2: Selectfluor® (4.0 eq.), AcOH
(0.5 mL), rt. Step 3: TfOH (4.0 eq.), 0 —80 °C. @ Reaction was performed on a 5.00 mmol scale.
bl Addition of Selectfluor® (2.0 eq.) after 24 h in Step 2.



As we were also interested in the synthesis of N-bridged diaryliodonium salts, we
additionally investigated N-tosylsulfonamide 7a with 4a as aryne source under slightly
different conditions for the arylation step (Scheme 3). The desired product 2a was
obtained in a high yield of 92% without any further optimizations. Therefore, we started
to investigate the scope and the scalability of this reaction. Performing the reaction on

a 5 mmol scale gave 2a in a slightly improved yield of 96%.
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Scheme 3. Substrate scope. General reaction conditions: Step 1: 7 (0.100 mmol), 4 (1.2 eq.), CsF
(2.0 eq.), MeCN (1.6 mL), rt. Step 2: Selectfluor® (4.0 eq.), AcOH (0.5 mL), rt. Step 3: TfOH (4.0 eq.),
0 — 80 °C. [ Reaction was performed on a 5.00 mmol scale. ®! Addition of Selectfluor® (2.0 eq.) after
24 hin Step 2.

We then investigated a variety of substituents at the aryl moiety of the sulfonamide.
While the 4-Me-substituted derivate 2b could be obtained with a yield of 88%, OMe
substitution resulted in a decomposition of 2¢ as already observed for the O-bridged
diaryliodonium triflate 1f. For desactivated substrates it was again necessary to apply
further amounts of oxidant after an initial oxidation time. Under these modified

conditions, Br- and F-substituted derivates 2d and 2e were obtained in up to 86% yield.



Electron-poor substrates such as NO2-, CFs- and CN-substituted salts 2f-h were
isolated in yields of up to 77%. In comparison to their oxygen analogs, the synthesis
of the phenyl-substituted diaryliodazinium triflate was successful yielding 2i in 83%.
Using methyl sulfonamide, the product 2j was obtained in 83% yield on a small scale
and 92% vyield on a 5.0 mmol scale. Mesityl sulfonamide-substituted triflate 2k was
isolated in 79%. With R? = Tf, a complex mixture was obtained during the cyclization
step and 2l could not be further purified. Substrates with two electron-withdrawing
substituents such as bis-Cl-disubstituted diphenylamines were viable for a selective
cyclization vyielding 2m in 63% yield. Finally, the naphthalene-substituted

diaryliodazinium triflate 2n was isolated in 44% vyield.

The modified heteroatom bridge allowed the coupling with different trimethylsilyl(aryl)
triflates 4. The reaction of 7a with various dimethyl-substituted aryne precursors 4b
and 4c successfully provided 20 and 2p in 71% and 45% yield. The reaction with 4d
yielded the methoxy-substituted triflate 2q in 45% yield, indicating that a strong
electron-donating group may be relevant during the oxidation/cyclization sequence.
However, the developed method offers a fast alternative for the syntheses of a broad
range of diaryliodaoxinium and -azinium triflates. Although there are still intrinsic issues
for the selective synthesis of some diarylether or -amine scaffolds through aryne-
mediated arylation, our effective oxidation/cyclization sequence can be used to

achieve further heteroatom-bridged derivates.

Single crystals for the oxygen-bridged iodonium triflates 1a and 1b as well as the
nitrogen-bridged derivate 2a to verify their solid-state structures were obtained
(Figure 1). All structures show the typical, slightly distorted T-shaped structure which
is commonly observed for I(Ill) derivates with a C-I-O angle close to 170° and a C-I-C
angle close to 90°. An intramolecular interaction of the internal heteroatom to the iodine
center could not be identified since the I-O distance is for all structures approximately
0.3 A higher than to the corresponding external oxygen of the triflate.

Furthermore, it should be emphasized that in case of diaryliodazinium triflate 2a a
significant 1-coordination of the tosyl arene ring to the I(lll) center was observed

(3.6 A).



1a (CCDC 2111398) 1b (CCDC 2111397) 2a (CCDC 2111396)

Figure 1. X-Ray structures (ORTEP drawing) for cyclic iodonium triflates 1a, 1b and 2a with thermal
ellipsoids displayed with 50% probability. Selected bond length and angles for 1a (CCDC 2111398): I1-
C7:2.0913 A, 11-C1: 2.0888 A, 11-04 2.8175 A, 11-O1 3.1016 A, C1-11-C7 88.24°, C7-11-O4 167.051°.
Selected bond length and angles for 1b (CCDC 2111397): 11-C1: 2.0897 A, 11-C7: 2.0943 A, 11-04
2.7370 A, 11-O1 3.1321 A, C1-11-C7 89.11°, C1-11-O4 170.034°. Selected bond length and angles for
2a (CCDC 2111396): C1-11: 2.1204 A, C7-11: 2.0992 A, 11-03: 2.7316 A 11-N1 3.1447 A, 11-Tosyl:
3.6480 A, C1-11-C7: 89.73°, C7-11-03: 77.497°, C1-11-03 165.167°.

To demonstrate the utilization of these novel iodonium salts as reactive synthetic
building blocks and to get further insights into their reactivity, a variety of derivatizations
were investigated (Scheme 4). Copper-catalyzed ring opening of the
diphenyliodaoxinium triflate 1a with TBAI yielded the desired diiodo derivate 8 in 73%
yield.['? Counterion exchangel'®! was achieved by treating a hot solution of the triflate
derivate with an aqueous solution of KBr. Subsequent thermolysis!'# of the resulting
bromide salt resulted in the formation of 9 in 49% yield. The copper-catalyzed acidic
ring opening of 1a with acetate!’® yielded the monofunctionalized derivate 10 in 94%.
With nitrogen nucleophiles, such as aniline, the ring opening['®! afforded 11 in 84%
yield. A common additional copper-catalyzed ring closure to phenoxazine derivates
could not be conducted under literature known conditions.['®] Copper-catalyzed
treatment with mesitylamide vyielded pure phenoxazine 12 in 84%. Additional
bifunctionalizations were achieved by a sulfur-iodine exchangel'’l or by a palladium-
catalyzed carbon-carbon coupling['® to obtain phenoxathiine 13 in 85% yield and
dibenzofuran 14 in 90% yield.
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Scheme 4. Representative derivatizations of diaryliodaoxinium triflate 1a.?

a Reaction conditions: a) Cul, DMEDA, TBAI, dioxane, rt — 60 °C, 48 h; b) (i) KBr, Hz0, EtOH, 80 °C,
5 min, (ii) 200 °C, 5 min; ¢) NaOAc, CuSO45 H20, Ac20, AcOH, 120 °C, 24 h; d) PhNHz, Cu(OAc)2*H:0,
Na2COs, iPrOH, 40 °C, 22 h; ) MesCONH;, Cul, diglyme, K2COs, p-xylene, 120 °C, 18 h; f) KSAc,
Cu(OTf)2, DMSO, 100 °C, 24 h; g) Pd/C, NaOAc, DMA, 140 °C, 24 h.

Finally, the novel iodazinium triflates were also derivatized with similar procedures
(Scheme 5). A copper(l)iodide-mediated ring opening of 2a vyielded the
diiododiphenylamine 15a in a low yield of 14%. A change of the sulfonamide from N-
tosyl to N-mesyl yielded the desired product 15b in a good yield of 77%. The copper-
catalyzed ring opening of 2a with acetate furnished monofunctionalized 16 in 94%
yield. While the yield for the derivatization with aniline significantly dropped compared
to the oxygen derivative, the o-diphenylamine 17 could still be obtained in 56% yield.
An additional ring closure to the phenazine could not be observed due to major
decomposition at elevated temperatures. Sulfur-iodine exchange reactions!'®! of 2a
and 2j afforded the phenothiazines 18a and 18b in 33% and 60% yield, respectively.
The insertion of oxygen to 2a only provided traces (4%) of the desired phenoxazine

19. In contrast, the copper-catalyzed nitrogen functionalization[?® of 2j with sodium



azide gave the N-deprotected and aromatic phenazine (20) in 62% yield through azide

induced ring opening followed by rearomatization under loss of the mesylate.

We were also intended to performed a literature-known rearrangement of N-

sulfonamide-based acyclic iodonium salts.?'l Here, in case of cyclic diaryliodazinium

species, the rearrangement product 21a was obtained in only 27% yield, while the Ms-

substituted derivate 21b could not be observed. To verify the reactivity, the mesityl

sulfonamide 2k gave a significant increase in product formation due to the prevention

of side reactions yielding 21¢ in 56%.
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Scheme 5. Derivatizations of Diaryliodazinium Triflates 2a+j+k.2

17: 56%

@ Reaction conditions: a) Cul, DMEDA, TBAI, dioxane, rt, 18 h; b) NaOAc, CuSQO4+5 H20, Ac20, AcOH,
120 °C, 20 h; ¢) PhNH2, Cu(OAc)2:H20, Na2COs, iPrOH, 40 °C, 24 h; d) Ss, Cs2C0O3, DMSO, 100 °C,
3 h; e) Cu(OAc)2eH20, ethylene glycol, Na2COs, DMF, H20, 100 °C, 48 h; f) CuTc, NaNs, PPhs, Cs2CO3,

H20, DMA, 120 °C, 48 h; g) NEts, MeCN, 80 °C, 18 h.



Summary

In conclusion, we developed an aryne-based one-pot procedure for the synthesis of
iodaoxinium and iodazinium triflates. Initiated by an aryne-mediated metal-free O- or
N-arylation followed by an oxidative cyclization, a variety of o-iodophenols and
sulfonamides were successfully transformed into diaryliodaoxinium and
diaryliodazinium triflates in high yields. With further derivatizations, a wide range of
applications of these mostly unknown iodonium salts was demonstrated. Further
derivatizations should be developed for heteroatom-bridged iodonium salts, since they
have an altered, albeit interesting reactivity compared to their pure carbon analogs.
Deeper investigations towards the reactivity and novel derivatizations using

heteroatom-bridged iodonium salts are under current investigation in our laboratories.

Experimental Section

Detailed optimization studies, experimental procedures, analytical data ('H-, '*C- and
®F-NMR-chemical shifts, IR-bands, melting points) including the corresponding

NMR-spectra as well as the X-ray data can be found in the supporting information.
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