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Abstract

The account presented here summarizes progress from the author’s laboratory during the past 15
years on the application of room temperature ionic liquids (RTILs) as solvents and catalysts in
electrophilic/onium ion chemistry as well as in metal-mediated bond forming reactions.

Keywords: Ionic liquids; nitration; halogenation; heterocyclic synthesis; catalysis;
propargylation; Heck coupling

Table of Contents

1. Introduction

2. Nitration

3. Aromatic Benzylation

4. Adamantylation of Aromatics
5. Transacylation and Deacylation
6. Organofluorine Chemistry

6.1 Fluorodediazoniation
6.2 Aromatic Fluorination with Selectfluor (F-TEDA-BF,)
6.3 a-Fluorination of Carbonyl Compounds
7.  Synthesis of High Value Small Molecules by Dediazoniative Functionalization
7.1 Halo- and Azido-dediazoniation in ILs
7.2 Dediazoniation in [BMIM][NT;]
8. Aromatic Halogenation
8.1 Chlorination of Arenes with Trichloroisocyanuric acid (TCICA)
8.2 Halofunctionalization with I,/H,O, and with N-Halosuccinimides (NXS)
8.3 Metal and H,O, Free Aerobic Oxidative Aromatic Halogenation
9. Catalysis by Metallic Triflates and Brensted Acidic IL

Page 150 “ARKAT-USA, Inc.



Reviews and Accounts ARKIVOC 2016 (i) 150-171

9.1 The Ritter Reaction
9.2 The Schmidt Reaction of Aldehydes
9.3 Rearrangement of 1,2-Diaryl Epoxides
9.4 Building Heterocyclic Systems
10. Tetrazoles and Tetrazolium-Based ILs
11. Development of Facile Propargylation Methods in ILs
11.1 Propargylated Arenes, Heteroarenes, and Ethers
11.2 Propargylation of 1,3-Dicarbonyl Compounds and 4-Hydroxycoumarin
11.3 Propargylation of Indoles and Carbazole
11.4 Coupling of Allyl- and Alkynylsilanes with Propargylic, Allylic, and Benzylic
Alcohols
11.5 Metal-Free Rupe Rearrangement in ILs
12. Metal-Mediated Cross-Coupling Reactions and Cyclizations in IL
13. Summary
Acknowledgements
References

1. Introduction

Application of ionic liquids (ILs) in synthetic chemistry and catalysis has been growing steadily
over the past two decades and the trajectory continues to remain positive. The progress in this
evolving and dynamic area has been summarized over the years in a number of reviews,
commentaries, and highlights.'

Having worked for many years in carbocation and onium ion chemistry, starting in 1999 we
began tinkering with room temperature ionic liquids (RTILs) bearing low nucleophilicity counter
ions (OTf, PFs, BF4, and NTf;). We were intrigued by the idea that the cationic core in
[BMIM][X] and [EMIM][X] imidazolium ILs (Figure 1) may be sufficiently Lewis-acidic for the
IL to act not only as solvent but also as catalyst, and that the Lewis acidity of the cationic core
could be increased by introducing electron withdrawing group(s), or by employing less
nucleophilic counter ions. We envisaged that through these structural changes ILs could be
tailor-made for a variety of acid-catalyzed reactions. Ease of product isolation/work-up,
recycling and reuse of the ILs provided additional impetus. We later learned that various onium
salts could be made to dissolve in imidazolium ILs such as [BMIM][PFs] and [BMIM][BF4] with
the help of sonication, and this motivated us to focus on developing or improving on synthetic
methods that utilize onium salts as reagent, and by doing so increase the synthetic value of
onium salts for method development. An important objective was to develop newer,
environmentally more acceptable, synthetic methods for fundamentally important/textbook
transformations, especially those that are practiced on large scale in industry such as nitration
and halogenation. Combinations of [BMIM][X] ILs as solvent and metallic triflates M(OTf)s, or
Brensted acidic ILs [BMIM(SO;H)][OT{] or [PMIM(SOs;H)][OTf] as catalyst (Figure 1) proved
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rewarding in a variety of acid-catalyzed carbocationic transformations, as well as in heterocyclic
synthesis, and in organofluorine chemistry. Imidazolium ILs also proved quite useful as solvent
in Pd-catalyzed C-C coupling reactions. The present account summarizes these studies.

[BMIM][X] [EMIM][X]
Me\N/%Ng\/\ Me\N/%Ng\
_ ©) \__/
\_/ X J— X@
[PMIM(SO3H)J[OTH] [BMIM(SO3H)J[OTf]
M
e\N/%Ng\/\SOﬁ Me\N&Ng\/\/SO:;H
\—/ 1o \—/ 110

Figure 1. Imidazolium ILs as alternative solvents and catalysts.

2. Nitration

One of the earliest studies we made was to determine the scope of aromatic nitration in
imidazolium ILs.® The most promising systems identified in a survey study with simple arenes
were isoamyl nitrate/TfOH, isoamyl nitrate/BF;.Et;O, and NH4NOs/TFAA, as well as
AgNO;/Tf,0 (Scheme 1). In most cases the yields and isomer distributions (ortho/para ratios)
for nitration in ILs were comparable to those employing conventional methods, suggesting
similarity in the mechanism.

. R
N X
R y R
N
+ Nitrating agent | > | N
promoter N
NO,

Nitrating agent: NO,BF,; isoamylnitrate; NH4NOs; AgNO5

Promoter: TFAA; TfOH; Tf,0; BF;.Et,0

R =H, OMe; 1-OMe/4-Me; tBu; 1,3,5-tri-Me; F; Me; 4-F/1-Me; CF5; Ar = napthalene
X = Cl, CF3COO, OTf, NOs, BF4; PF¢

R'=Et; n-Bu

Scheme 1. Nitration of arenes in imidazolium ILs.

In a later study we employed ethylammonium nitrate (EAN) as a cheap and easily
accessible IL. EAN in combination with TFAA or Tf,0 acts as an in-situ source of
trifluoroacetyl nitrate (CF3COONO,) and triflyl nitrate (TfONO,) respectively (Scheme 2).%’
These systems proved quite effective for nitration of a wide variety of aromatic and
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heteroaromatic compounds, with EAN/Tf,0O being superior for nitration of deactivated
compounds.

Q j\ o)
C I
FsC” 07 “CF; _.C.__NO, /'\'
FsC™ "0
TFAA N

/\NHzJr HNO3 :> /\NH3N0_3 -20to 40 °C Ar-H |:> Ar-NO,

IL
(@) (@)
N _O. F.C O
E C/ A 7 \CF \\/ 3 \/S//\ /N02 \_/
3 00 3 O/ (0]
Tf,0

Scheme 2. EAN/TFAA and EAN/Tf,0 systems for aromatic nitration.

In another study we examined the utility and scope of arene nitration with bismuth nitrate
(BN) in IL solvent.® (Scheme 3) The BN/[BMIM][PFs] combination proved efficient for
nitration of activated arenes under mild conditions without the need for external promoters.
Reactions were faster in the IL solvent as compared to those in 1,2-dichloroethane (DCE), but
BN/DCE proved more effective for nitration of deactivated aromatics.

[BMIM][PF¢]

N 1.2-DCE o NO2
R—I + BI(NO3)35H20 : >
[ R
= 85°C _

R = OMe; Me; Et; iPr; 1,3-Mey;
1,3,5-Me3; 1,3-(OMe),; CI; Br;
1,3,4,6-Me4; 1-OMe/4-Br

Scheme 3. Nitration of arenes with BN/IL and comparison with BN/DCE.
3. Aromatic Benzylation

Aromatic benzylation is a widely practiced fundamental transformation for the preparation of
diarylmethanes which are important synthetic intermediates. Benzylation of arenes with
PhCH,CIl and PhCH,OH were conveniently performed in [BMIM][OTf] or [BMIM][PF¢] by
using TfOH, Sc(OTf);, or Yb(OTf);.xH,O as catalysts (Scheme 4).*** TfOH was superior for
benzylation with BzOH, producing little or no dibenzyl ether (DBE). Substrate selectivity
(K1/Kp) and regioselectivity (isomer distribution) for benzylation in the IL solvents employing
TfOH or Yb(OTf); were in similar range to those reported in molecular solvents employing
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Nafion-H.*® The advantages offered by this method are high yields and chemoselectivity
(absence of DBE), easy isolation, and recycling/reuse of the IL.

[BMIM][OTf]
@ [BMIM][PFg]
CH.X + _—
Catalyst (Y)
X=Cl, OH
Y = Sc¢(OTf);; Yb(OTT)5; TFOH

R =H; Me; OMe; Et; 1,2,4-Mes;
1,2-Me,; 1,3-Me,; 1,4-Me,; Ph

Ph (if X = OH)

isomer distribution with X = Cl
ortho (41-47%); meta (0-1%); para (59-52%)

Scheme 4. Benzylation of arenes in ILs.

4. Adamantylation of Aromatics

The system [BMIM][OT{]-TfOH proved highly efficient for adamantylation of arenes with 1-
AdaX (X = OH, Cl, Br) (Scheme 5).”° The reactions exhibited high para selectivity, produced
little or no adamantane byproduct, and the conversions were quantitative or near quantitative.

The synthetic scope of the reaction was investigated and competitive reactions were carried out
to shed light on the mechanistic issues, in particular the origin of high meta in TfOH-catalyzed
adamantylation of toluene in DCE as solvent. Notable differences in substrate selectivity (K/K,
values were in the range 16-17 in the ionic liquid solvent and close to unity in DCE), and chemo-, and
regioselectivity were observed in [BMIM][OT{] versus DCE.*® The data implied a comparatively
later (more benzenium ion like) TS in the IL solvent, involving a more selective electrophile.

R
A
x |
X F
| 4 TfOH
/ G [BMIM][OTf]
R
X =OH, Cl, Br

R = OMe; Me; Et; 4-Cl/1-Me; 4-F/1-Me; 1,3-Me,; 4-F/1-OMe

Scheme 5. Adamantylation of arenes in IL solvent.

Page 154 “ARKAT-USA, Inc.



Reviews and Accounts ARKIVOC 2016 (i) 150-171

5. Transacylation and Deacylation

Sterically hindered acetophenones undergo acyl group transfer to reactive aromatic nucleophile
receptors (anisole, toluene) in imidazolium ILs as solvent with TfOH as promoter (Scheme 6).
These superacid promoted reactions likely involve a deacetylation/reacetylation process. Chemo-
selectivity (transacylation versus deacylation) depends on the reaction temperature. High
conversions could be achieved by tweaking the reaction conditions namely the arene/TfOH ratio,
choice of arene receptor, and the reaction time.’'

COCHj COCH,
N ) TfOH X N
| I — ||| + CF;CO,COCH,4 > |
/\/ /\/ IL - G \/
R R R >0

IL = [EMIM][OTf]; [EMIM][BF4]; [EMIM][PF¢]; [BMIM][OTf]; [BMIM][BF 4]; [BMIM][PFg]

R =2,4,6-Me; 2,3,5,6-Mey; 2,3,4,5-Mey; 2,3,4,5,6-Mes; 2,3,5,6-Mey-4-COMe
R'= OMe; Me; Et; 1,4-Et,

Scheme 6. Transacylation and deacylation
6. Organofluorine Chemistry

6.1. Fluorodediazoniation

The finding that arenediazonium salts could be made to dissolve in imidazolium ILs provided the
motivation to develop a new method for the classical Balz-Schiemann reaction.*” The classical
procedure suffered from drawbacks with regard to reproducibility and variable yields depending
on the choice of the arene. The arenediazonium tetrafluoroborates were allowed to dediazoniate
in [BMIM][BF4] or [BMIM][PFs] to cleanly furnish the corresponding fluoroaromatic
compounds essentially in quantitative yields. The reaction could also be carried out in one-pot
starting from the anilines by in-situ diazotization with nitrosonium salts (Scheme 7).

+/RI_ + -
N X
NH I\ N2 X F
2 N)
X . | X heat X
| + NOX | — . |

R R'=Et; n-Bu R R

R = H, p-Cl; p-Br; p-OMe; 0-OMe; 2,4,6-Me;; p-t-Bu;
0-N02; m-N02; p-NOz, p-CN, 2,4,6-81‘3

Scheme 7. Diazotization-fluorodediazoniation in ILs.
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6.2 Aromatic Fluorination with Selectfluor (F-TEDA-BFy)

As an onium dication salt Selectfluor dissolves in excess imidazolium ILs and this
“immobilization” process is aided by sonication, providing a convenient medium for arene
fluorination (Scheme 8). By using this approach the scope of arene fluorination was investigated,
and the corresponding fluoro derivatives were obtained under mild conditions in reasonable
yields as determine by NMR and GC.*® The study was subsequently extended to fluorination of
bicyclic and polycyclic arenes. The substrate selectivity measured in competitive reaction

e . . . . 33
(Knesitylene: Kdurene = 10) 1s in line with a conventional polar mechanism.

ﬂ/\

2BF4
F

Selectfluor

Arene > Ar-F
IL

= [BMIM][BF4]; [BMIM][PF,]; [BMIM][CF3SO3]; [EMIM][CF3SO03]; [EMIM][BF,]

Arene = anisole; p-Me-anisole; p-Cl-anisole; p-F-anisole; p-xylene; mesitylene;
p-NO,-toluene; naphthalene; 1-methylnaphthalene; dibenzofuran

Scheme 8. Arene fluorination with Selectfluor in imidazolium-ILs.

6.3 a-Fluorination of Carbonyl Compounds

By employing a combination of two imidazolium ILs, namely [BMIM][PFs] or [BMIM][NTf;]
acting as solvent (IL-1) and a Brensted-acidic imidazolium salt [PMIM(SOs;H)][OT{] acting as
promoter (IL-2), structurally diverse ketones, 1,3-diketones, and B-ketoesters were selectively
monofluorinated with Selectfluor (Scheme 9).>* Further fluorination to the gem-difluoro
derivatives was effected by addition of another equivalent of Selectfluor. Direct gem-
difluorination could be achieved starting from the corresponding carbonyl compounds by using
two equivalents of Selectfluor. This synthetic method was also applicable to a-monofluorination
of o-nitroketones.™

O
Selectfluor
%)ﬁﬁ IL-1; IL-2 %‘)J\r E)Kﬁ
‘/\/SO3H

[ Y pF, [BMIM][PFe] ( Y S [PMIMSOSH)IOTH]

\ e
IL-1

Scheme 9. o-Fluorination of carbonyl compounds.
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7. Synthesis of High Value Small Molecules by Dediazoniative
Functionalization

7.1 Halo- and Azido-dediazoniation in ILs

Dediazoniation of PhN, BF4 in [BMIM][PFs]/TMSX (X = Br, I, N3) provided a convenient
method for the synthesis of the corresponding halo- and azido-arenes in good yields with
minimal formation of ArF and ArH (Scheme 10).”> The reactions could also be performed
starting from the corresponding amines by in-situ diazotization with nitrosonium salts. NMR
monitoring of the progress of these reactions provided evidence that TMSX reacts with
[BMIM][PF¢] to give TMSF and [ArN,][X] via metathesis. The latter undergoes dediazoniation
to produce the corresponding ArX.

N, BF, X

| N TMSX (X = Br, |, Ng) X

/\/ [BMIM][PFg] | /K
R R

R =H, p-t-Bu; p-Cl; p-Me; p-Cl; p-Br; p-OMe; m-NO,; 2,4,6-Me;
Scheme 10. Halo- and azido-dediazoniation.

7.2 Dediazoniation in [BMIM][NTHf;]
Dediazoniation of [ArN,][BF4] salts in [BMIM][NTf;] either under thermal or photolytic
conditions provided facile access to the corresponding NTf,-derivatives 1 and 2 (Scheme 11),

(0]
|
FsC— S=NS0,CF3
N2 BF—4 N(SOchg)z O

A or hv X
[BMIM][Nsz]

R =H, p-CI; p-Br; m-NO,; p-OMe; p-t-Bu; 2,4,6-Mes

Scheme 11. Dediazoniation in [BMIM][NT®].
with the latter as major product, along with minimal amount of the Schiemann product ArF.*
This study demonstrated that despite the highly non-nucleophilic character of NTf, anion it acts

as an ambident nucleophile toward Ar". The process is likely to involve rapid metathesis to form
[ArN;][NTf;] followed by dediazoniation. It is noteworthy that synthesis of ArO-SO(CF3)=NTf
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compounds by other means is highly challenging, and the present method underscores the power
of the IL method to get easy access to this compound through in-situ metathesis and
dediazoniation.

8. Aromatic Halogenation

8.1 Chlorination of Arenes with Trichloroisocyanuric acid (TCICA)

Trichloroisocyanuric acid (TCICA), a readily available, cheap, industrial chemical, was used in
combination with Brensted acidic IL [BMIM(SO;H][OTf] for chlorination of aromatics under
mild conditions in good to excellent yields (Scheme 12).*” The mono- versus di-chlorination was
tuned by changing the arene to TCICA ratio (Table 1). This transformation benefits from high
atom economy by producing three moles of ArCl from each mole of TCICA.

0}
CI\NJ]\N,CI
O)\NAO 7

Y

|\ (I3| X

R/ 2 [BMIM(SOsH)[OTf] AP

R = H; Me; OMe; Et; 1,3,5-Mes; 1,4-Me,; 1,3,5,6-Mey; 1,4-Ety;
4-F/1-OMe; p-Cl; 4-NO,/1-OMe

Scheme 12. Aromatic chlorination with TCICA catalyzed by Brensted acidic IL.

Table 1
. . i Product yields (%
Substrate A(i:;?iﬁ:)L Tl(r}il)e Tffg; Monochlorin.’:ltedy Dicl(llo)rinated Trichlorinated
Anisole 3.0:1.0:25.0 6 49-50 96 2 —
1.0:1.0:25.0 20 49-50 <l 75 24
1.0:2.0:25.0 70 52-50 4 20 76
Mesitylene  3.0:1.0:25.0 20 52-50 46 19 —
1.0:2.0:25.0 70 60-55 1 93 1
p-Xylene  1.0:1.0:25.0 48 56-58 72 14 -
1.0:1.0:25.0 70 49-54 17 75 -
TMB 3.0:1.0:25.0 20 52-57 12 32 -
1.0:1.0:25.0 48 42-40 2 74 -
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Whereas activated and moderately activated alkyl- and halo-benzenes were successfully
mono- and di-chlorinated by using this method, nitrobenzene did not react. A
triprotonated/protosolvated TCICA was proposed as key intermediate for these reactions
(Scheme 13). DFT calculations suggested that sequential [N-C1]" bond cleavage followed by N-
protonation is energetically favorable and exhibit negative enthalpy for a trication. By contrast
CI" transfer from the dication and monocation were increasingly more endothermic showing
positive AG and AH values.

o o OH
CI\NJ\N/Cl [BMIM(SO3H)][OTf] CI\N)\C-I'\IB/Cl

)\/g - )%)l\ — 3 3NuCl

o) N 0] HO T l}|@ OH
|
Cl ~Cl
Nu

Scheme 13. Triprotonated/protosolvated TCICA as transfer-chlorinating agent.

8.2 Halofunctionalization with 1,/H,0; and with N-halosuccinimides (NXS)

In joint projects with collaborators in Slovenia a convenient high yielding method for
iodofunctionalization of activated aromatics was developed by using elemental iodine with H,O,
(30% aq.) as oxidant and with [BMIM][PF¢] or [BMIM][BF4] as solvent.*® Activated arenes
were ring iodinated whereas arylalkyl ketones were regioselectively iodinated alpha to
carbonyl.38 In another study it was shown that [BMIM(SO;H)][OT{] acts as solvent and catalysts
in halogenation of activated organic compounds with NXS (Scheme 14).*° In both cases the ILs
could be reused several times with no noticeable decrease in efficiency.

0]
_>AI')K/X

0] NXS X=1lorBr

NN

Me LA heat o

L X
Me. Ar

\—/ T1i& X =Bror Cl
[BMIM(SO5H)J[OTf]
IL-A

Scheme 14. Bronsted acidic IL-mediated halofunctionalization.
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8.3 Metal and H,O; free aerobic oxidative aromatic halogenation

In another joint effort, an efficient and green method was introduced for aerobic oxidative
halogenation of arenes under mild conditions and in high yields by employing multi-functional
ILs [RNH; ][NO;J/HX and [BMIM(SO;H)][(NO3)«(X),] (X = Br, Cl) as solvent and promoter
(Scheme 15).*° These are prepared in situ by addition of HBr or HCI to ethyl- or propyl-
ammonium nitrate (EAN or PAN), and to [BMIM(SO3;H)][NOs]. The reactions could be repeated
over several cycles.

3-6h,80°C, 100 %

“. ¥ 1-22h,30-60°C,
AN | h R Z 76- 100 % AN
[ R - i3 > [ 1r
= 3-24h,60-80°C,64-100 % é\? /Qg)\ 40 min-24h, 30-80 °C, =
X
N
v
&

26-100 %
R = H, OMe, Me, Et “

(R=H, OMe, OH, Me, Et, i-Pr, NO,)

<

Scheme 15. Aerobic oxidative halogenation of arenes.

9. Catalysis by Metallic Triflates and Bronsted Acidic IL

9.1 The Ritter Reaction

The Brensted acidic IL [BMIM(SOs;H)][OTf] was used as catalyst to synthesize a variety of
amides via the Ritter reaction of alcohols (Scheme 16). Reaction of NOPF4 with RBr and with
adamantane in [BMIM][PFs] provided alternative means of carbocation generation in the I

0]
R—==N [BMIM(SO;H)|[OTf] . [BMIM][PFé] RZ-Br or RZ-H
_— > -
" +
50-80 °C HN—R' [NOJ[PFg] R—=—N
R4—OH

R =Me; Et; Cy; Ada; Ph; OMePh; furanyl; pyridyl
R! = tBu; adamantyl; methylcyclopentyl

R?=tBu; adamantyl

Scheme 16. Synthesis of amides via the Ritter reaction in IL.

9.2 The Schmidt reaction of aldehydes

A new high yielding method for the conversion of structurally diverse aromatic and
heteroaromatic aldehydes to nitriles was developed via the Schmidt reaction by using TMSN3,
IL-1 as solvent, and IL-2 as catalysts, with recycling and reuse of IL-1 (Scheme 17).*
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CHO

| CN
R// IL1 +1L2 / O/ IL1 = [BMIM][PF¢] - Solvent

¥ 50 °c IL2 = [BMIM][SO3H][OTf] - Catalyst
IL1
TMSN; Recycled

Scheme 17. Schmidt reaction of aldehydes.

9.3 Rearrangement of 1,2-diaryl epoxides

The aryl versus H migration pathways in the rearrangement of trans-stilbene oxide as well as a
series of singly substituted 1,2-diphenyl-oxiranes were studied in various BMIM-ILs and in
DCM as solvents. Metallic triflates, in particular Bi(OTf);, and Brensted acid IL
[BMIM(SO;H)][OT{] proved highly efficient as catalyst for this transformation. Reactions were
also performed without promoter by using microwave (Scheme 18).** In the majority of cases
selective formation of aryl migration products (aldehydes) were observed. Ketone formation (H
migration) was observed with the p-CN and p-NO; derivatives, and under MW in [BMIM][PF]
solvent. The study identified new methods and reagents for catalytic and regioselective
conversion of 1,2-diarylepoxide to carbonyl compounds.

Ar @)
H-7 L
ppH
Ocat -
H, O Ph HOO pp, /AT migration

Ar H
Ar H
H migration
Ar: p-H; p-Me; p-OMe; p-F; p-CN; p-NO, \ P
Ph-H,C—4,

M(OTf)3 (M= Bi, Al, Ga, Sc, Yb); Zn(NTf,), o

[BMIM(SO3H)][OTf]
[BMIM]IXI/MW))) ArCH—L

DCM
[BMIM][X]
(X = NTf,, OTf, PFs, BF,)

Scheme 18. Rearrangement of 1,2-diaryl epoxides.

9.4 Building heterocyclic systems

The RC(OR)," cations generated in-situ by ionization of orthocarboxylic acid esters in Brensted
acid ILs [EtNH;3][NO;] “EAN” or [PMIM(SOsH)][OTf] were used as building blocks for facile
synthesis of tetrazoles, benzazoles, and other ring systems (Scheme 19).** This method provided
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easy access to a library of 1H-1,2,3,4-tetrazoles and benzazoles, as well as a series of
quinazolinones form readily available building blocks.

H
Cs
RI-NH, + + CH(OE RN
2 + TMSN;3 CH(OEt)3 N= «— green approach

v «— high yield
) *— recyclability
R —

NH Neat *— short reaction time
AN 2, fPMIM( SOgH)][OTf] |:> \>_R3
| _ *+ R'C(OEt)s :> R' = Substituted aryl

X [EtNH3][N03] R?=H, Cl, NO,, F, CF3

X =0OH, SH,NH,

COX1 R®=H or Et
C[ + R30 OEt)s X1 =NH2; OH
NH,

)\

/7
\

z2-Z

Scheme 19. Building heterocyclic systems with RC(OR),.

10. Tetrazoles and tetrazolium-based ILs

A series of 5-substituted 1H-tetrazoles were prepared via click chemistry employing Cu-Zn alloy
nanopowder. These were alkylated in DMF to form the 1,5- and 2,5-disubstituted tetrazoles.
Subsequent N-alkylation with EtOTf or Et,SO,4 furnished the corresponding tetrazolium salts.
The NTf, salts were synthesized by metathesis with LINTf, (Scheme 20).%

R

N\
— N \r ( R
‘N-NH ONGR K
Cu-Zn alloy _ \7/ N™ N/\
REON 4 N, _eToPOwCer X = OTY, EtSOy, NTf, N—N 'N_N X
- aNz ——— R=C4Hg; CgH43; R4 =C4H T R?
DMF, reflux CaHo: CeFlizs R1=Callo R R A
HCI R
N R| g N R *
N: \r R'Br “ \7/ N/ !
1 ‘N-NH N-N
R'=Bn, Bu (1,5-isomer) R1 R"
R = Ph; 4-OMe; 4-CHO; 4-CF3; 2-Furyl; C4Hg; CgHy3 (2,5-isomer)

Scheme 20. Tetrazoles and tetrazolium ionic liquids.
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11. Development of Facile Propargylation Methods in ILs

The discovery that propargylic alcohols are efficiently ionized in imidazolium-ILs by addition of
catalytic amounts of metallic triflates, TfOH, or Brensted acid IL to form “tamed” propargylic
cations, enabled the development of a number of IL-based methods for the synthesis of a wide
variety of propargylated small molecule building blocks.

11.1 Propargylated Arenes, Heteroarenes, and Ethers

Arenes and heteroarenes were efficiently propargylated, and a host of symmetrical and
unsymmetrical propargylated ethers were prepared by coupling two propargyl alcohols or by
coupling a propargyl alcohol with a primary or secondary alcohol (Scheme 21).%

Ar Ar o0
OH Rl J\ & Rl R2
Rl\ + AH fonic Liquid A R2 only with
S R2 = M(OTf)s; TFOH; R!=H; R?=Ph
B(CeFs)3
OH M = Bi, Sc, Yb Rl

lJ\ 3 ORS )\

+ -

RS ! R*-OH Rl\ o 9 X
2

R? ™ lonic Liquid 1J\ R?
é ] R R X
TfOH or Sc(OTf); N

RZ

R!=Ph, Me, H; R?=Ph, Et; R®= 1° & 2° alcohol
ArH = PhOMe; 1,3-(OMe),Ph;1,3,5-(OMe)sPh;PhMe; EtPh, PhOH; 2-naphthol;
pyrrole; furan; 2-Mefuran

Scheme 21. Propargylation of arenes and heteroarenes, and synthesis of dipropargylic ethers.

11.2 Propargylation of 1,3-Dicarbonyl Compounds and 4-Hydroxycoumarin

Condensation of propargylic alcohols with 1,3-diketones and B-ketoesters were effected in
[BMIM][PF¢] or EAN as solvent, with metallic triflates as catalyst (Scheme 22).47 Concomitant
cycloisomerization, leading to tetrasubstituted furans, was observed with some propargylic
alcohols. Bismuth nitrate proved efficient for propargylation of 4-hydroxycoumarin (Scheme
22).Y

OH
5
s OH R R\©\)\l Rzu\/lLR3 o
S % OH Different dlketones
00 LB RTX IL ; Bi(NO 5HO
IL ; Bi(NO3)3.5H,0 R1 i(NO3)3.5H;
R =Ph, CH; Sc(OTf);
R'=H, Ph, Si(CH3)s R =Ph, CH3 = Me, Et
RS=H, Cl R"=H, Ph, Si(CHs);

Scheme 22. Propargylation of 1,3-dicarbonyl compounds and 4-hydroxycoumarin.
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11.3 Propargylation of indoles and carbazole

Convenient methods were developed for the synthesis of propargylated indoles and carbazole by
employing bismuth nitrate as catalyst and [BMIM][PF¢] as solvent. Dipropargylation of
carbazole was achieved when TfOH was used as catalysts in place of bismuth nitrate. The IL
solvent could be recovered and reused (Scheme 23).*%4°

H
R3©/\>R2 N N R = Ph; R"=Ph, H, SiMes
OH & R | )R*  Ri=HMe
R)\ 10 mol% Bi(NO3)35H,O R3= H, F, Br, CN, NO,, OMe
R = R1

R (bmim)PFg

35-60 °C
3-6h
80-94%
4 R2 OH 2 2
R 3 R
R ™
\ ~ \

/ / R* OH / !
3 R1 _20mol% Bi(NO3)y5H,0 10 mol% TfOH 1 R'
R - (bmim)PFg N * RH\ 5 (bmim)PFg R
O 70°C R R rt. O
N N

R =Me 16-20 h 4-6h
. R, R3= Aryl 49-66% 65-93% R=H, Me -
R R2 = Ph Y R' = Aryl R
R* = Ph, G4Hq Ré=Ph. Ciko
=Pn, Cy

Scheme 23. Propargylation of indoles and mono- and di-propargylation of carbazoles.

11.4 Coupling of allyl- and alkynylsilanes with propargylic, allylic and benzylic alcohols
The 1,5-Enynes were prepared in respectable yields by coupling propargylic alcohols with allyl-
TMS, employing Bi(OTf)s in IL solvent. Similarly, allylic and benzylic alcohols were coupled to
allyl- and alkynylsilanes.*” A host of propargylic, propargylic/allylic, bis-allylic, allylic, and
benzylic alcohols were reduced with Et;SiH by using Bi(OTf)s/[BMIM][BF,] (Scheme 24). 0

OH

’ | e
EtsSiH 3 SiMes i
LR EeSH FRiz P _ [BMIMIBF/BI(OT1); (10 moit%)

R R2 . R® room temperature

Ph R R? R' = aryl

| | R?=H, Me, alkynyl, vinyl

R3 = H, cyclopropy!
SiMe3 *green approach

*recyclability and reusability

Ph *high yield
ﬂ
R3
1

R R2

Scheme 24. Reactions of propargylic, allylic, and benzylic alcohols with allyl and alkynyl
silanes in IL solvent.
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11.5 Metal-free Rupe rearrangement in ILs

An IL-based protocol for the one-pot synthesis a,-enones from a diverse set of cyclic and acylic
propargylic alcohols via the Rupe rearrangement was developed by employing [BMIM][PFs] as
solvent and [BMIM(SO3;H)][OTH{] as catalyst with recycling and reuse of the solvent. In selected
cases the resulting enone reacted with benzaldehyde via a metal-free Rupe-aldol-Nazarav
sequence to form indenone (Scheme 25).%!

HIRPP
HIRR
H [BMIM][SO3H][OTT] ! c” [BMIM][SO3H][OTf] Catalyst
OH [BMIM][PF¢] ~L Ha [BMIM][PF¢] Solvent
\ ' ) = cyclic, acyclic Metal free
- Mild condition
Reuse of IL

” O
X
Il [BMIM(SO3H)][OTf]
OH __[BMIMIIPFg]

Rupe rearrangement

%*’ o
oo U

Scheme 25. Mild conversion of propargylic alcohols to cyclic and acyclic enones via the Rupe
rearrangement in ILs, and a one-pot Rupe-aldol-Nazarov sequence leading to
3-phenylhexahydroindenone.

Q%

Nazarov
cyclization

12. Metal Mediated Cross-Coupling Reactions and Cyclizations in ILs

By employing arenediazonium salts as coupling partners, Pd(OAc), as catalyst, and
[BMIM][PF¢] or [BMIM][BF4] as solvent, a convenient IL-based method was developed for
olefin synthesis (Scheme 26).”
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(@]
XYY 07

RT

Pd(OAC), ‘

BMIMBF,4

- o (0]
SHP Sl-ane
N LR
Pd(OAc), \F Pd(OAc),
[BMIM][PF ] [BMIM][BF 4]

Scheme 26. Heck coupling by using ArN," salts in IL solvents.

In another study, polyfluoroarenes were coupled with simple arenes in the IL solvent by
using catalytic amounts of Pd(OAc), (Scheme 27).%

Pd(OAc)2, 10-20 mol%

AcOH (1-2 mol%)
<@ o o O
(bmim)BF4 or (bmim)PFg

60-75°C, 4-12h

Scheme 27. Cross coupling of polyfluoroarenes.

By using a piperidine-tethered imidazolium-IL as dual solvent and base, Sonogashira cross-
coupling between Arl and a variety of alkynes were effected without copper, external base, or
additive. The method was applied to the synthesis of SFs-substituted alkynes (Scheme 28).>*

&SOI o o=—pr BoSicll o F5S—<: :>—: Ar
PdCI,(PPh3),

5 mol% (Ar: H; p-F; p-tBu; cyclopentyl)
(65°C; 8-12 h) —\
(Y O—= et N
)
Me NTf,
(R = H; tBu; F) Basic-IL (recycle/reuse)
H_  BasiclL . )
< — —— > Sonogashira Cross Coupling
=—TMS PdCl,(PPhs),
5 mol% (65° C; 8-15 h)
L Q &I (R = H; m-OMe; p-Me; p-CF; p-COMe; p-NO»)

Scheme 28. Sonogashira cross-coupling by using a task-specific IL.
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A facile Pd(OAc), catalyzed method for the conversion of Schiff bases to 2-aryl- and 2-
heteroarylbenzoxazoles and benzthiazoles was also developed (Scheme 29).>

H Pd(OAc),
10 mol% X
Z~R > />_R
N IL 60-75°C N
4-12 h
R = Aryl, Heteroaryl IL = (bmim)BF, or (bmim)PFg
X=0,S

Scheme 29. Facile metal-mediated conversion of Schiff bases to benzoxazoles and
benzthiazoles.

13. Summary

The present account gives a glimpse into the various projects carried out in my laboratory on the
development of synthetic methods that utilize ionic liquids as solvent. Combination of an IL
acting as solvent, and a Brensted-acidic IL or a metallic triflate acting as catalyst, offers
interesting possibilities for developing synthetic methods involving carbocations and onium ions.
The finding that onium salts can be dissolved in imidazolium-ILs has opened up new and
improved prospects in fluorination and in diazonium ion chemistry including metal-mediated
coupling reactions. The recycling and reuse of the IL solvent provides an added advantage.
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