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Abstract
In recent years, nucleophilic substitution of alcohols leading to the formation of the C-C and C-heteroatom

bonds has become an attractive process used in the synthesis of organic compounds, offering a potential
impact on the environment, since water is the only by-product of the reaction. A comprehensive compilation
of methods for the activation and displacement of a hydroxyl group covering the last seventeen years is the

objective of the present review.
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Introduction

The development of protocols for the transformation of organic compounds following the principles of green
chemistry® is currently one of the main trends in organic synthesis. The achievement of atom economy,
efficient catalytic methodologies, suitability of a safer reaction media (water, ionic liquids, fluorous liquids,
etc.) or solvent-free reaction conditions (SFRC) instead of the volatility of organic solvents, low energy
consumption and low waste residues are major challenges in organic synthesis.

Hydroxyl functional group is one of the most abundant in organic compounds; thus, hydroxyl group
transformations under green reaction conditions represent a considerable challenge and have attracted the
interest of organic chemists.

In order to manipulate a specific transformation of a hydroxyl moiety, often its activation is necessary, but
in some cases its direct substitution is also possible.”* Numerous related methodologies have been elaborated
using a substoichiometric amount of Brgnsted acid, Lewis acid, molecular iodine or other promoter.

2. Catalytic Activation of Alcohols

2.1. Brgnsted acid-catalyzed approaches

Bhanage et al. developed a new method for the synthesis of substituted alkenes, generated via a formal
dimerization reaction, were obtained from secondary benzyl alcohols and styrenes using ionic liquid N-methyl-
2-pyrrolidone hydrogen sulphate [NMP]"HSO,~ which acts as catalyst as well as solvent.

Later, Sanz et al. reported the benzylation of 1,3-dicarbonyl compounds catalyzed by triflic acid (TfOH, 5 mol%)
and p-toluenesulfonic acid (PTSA, 5 mol%) using undried solvents. In the absence of catalyst, no reaction took
place, while in the absence of the nucleophile, substituted alkenes were generated viaa formal dimerization
reaction were obtained.® Furthermore, an efficient 12-phosphotungstic acid (PWA) catalyzed direct
substitution of benzylic and allylic alcohols with B-dicarbonyl compounds in MeNO; or toluene has been
reported.7
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In 2009 Funabiki’s group developed the direct benzylation / allylation / propargylation of 1,3-dicarbonyl
compounds catalyzed by ionic Brgnsted acid a (5 mol%) with different alcohols in an ionic liquid [N-ethyl-N-
methylimidazolium trifluoromethanesulfonate (EMIOTf)]. The corresponding products were obtained in good
to excellent yields (Scheme 1). Moreover, this method has been applied to tandem benzylation-cyclization-
dehydration of 1,3-dicarbonyl compounds to provide functionalized 4H-chromenes.®

o) 0] 1(5 mol%) 0] O
OH EMIOTf
oA I, MO R?
R1J\R2 R R*  400°C, 3h
1 2 R "R?
3

EMIOTf

lonic liquid catalyst a

Scheme 1. Direct benzylation/allylation/propargylation of 1,3-dicarbonyl compounds catalyzed by ionic liquid
Brgnsted acid a.

Recently, the synthesis of 4H-chromenes from o-hydroxybenzylic alcohols and various diketones /
ketoesters / ketoamides in the presence of sodium bisulfate on silicagel in DCE was reported9 (Scheme 2)
whereas, Fe(HSO,)s-catalysed C-alkylation of a variety of B-dicarbonyl compounds (acyclic and cyclic B-
diketones, B-keto esters and B-diester) using benzylic and allylic alcohols as electrophiles in 1,2-dichloroethane
was developed. The catalyst can be recovered and reused up to five times.*°

OH OH Ph O
Ph e 9 NaHSO,-SiO 1
4oV R
' R1MR2 DCE, 80°C, 5h |
’ ’ 0~ "R2
4 2 5
6-98% yield

Scheme 2. Reactions of 2-(hydroxy(phenyl)methyl)phenol 4 with dicarbonyl compounds catalyzed by
NaHSO,4-SiO..

Dodecylbenzenesulfonic acid (DBSA) has been used as surfactant-type Brgnsted acid catalyst for the
dehydrative nucleophile substitution of benzyl alcohols with various arenes/hetroarenes in water, whereas,
common Brgnsted acids such as AcOH, TfOH, TFA and TsOH were not found to be effective. Moreover, DBSA
has been used for the stereoselective C-glycosylation of hydroxy sugars (Scheme 3).*
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DBSA (10 mol%)
H,0, 80 °C, 24 h

R! R!
R2>—OH + Nu—H iZ%NU + Hzo
Ar r
6 7 8

Nu: 1-methyl-1H-indole, 1,3,5-trimethoxybenzene, dibenzoylmethane etc.

BnO BnO Nu
O—OH DBSA (10 mol%) o
+ Nu—H - + H0

BnO OBn HQO, 40-80 OC, 48 h BnO OBn

9 7 10

Nu: 7a=1,2-dimethylindole, 40 °C, 61%
Nu: 7b=1,3,5-trimethoxybenzene, 80 °C, 62%

Scheme 3. Dehydrative nucleophilic substitutions of alcohols in water catalyzed by DBSA.

In addition recent approaches for direct dehydrative coupling strategies to form C-C bond in the presence
of Brgnsted acid as a catalyst have been reviewed? and selected results are presented below in Table 1.

Table 1. Nucleophilic substitution of 1-phenylethanol 6a catalyzed by Brgnsted acid

OH O o Nu
catalyst
Ph~|—|v|e + MeMMe = Ph I Me
H H
6a 2a 1
Reaction conditions Yield
Catalyst Ref.
solvent/T/t (%)

TfOH-SiO,  SFRC or MeNO,/70 °C/5 h 90 30

HClO, toluene/70 °C/17 h 88 31

It is known that the use of sodium hydrogen sulfate supported on silica allows alkylation of aromatics with
alcohols. After screening of various acid catalysts at 80 °C, 2 h, it was found that silica sulfuric acid (SSA)
catalyzed the reaction between diphenylmethanol and benzene in 83% vyield. When the reaction was
performed in the presence of NaHSO,4 no reaction was observed. Gel-supported acids PPA/SiO, and SA/SiO,
catalysed the reaction to some extent and the corresponding products were obtained in low yields (13-22%);
ZnCl,/SiO, gave the corresponding product in 70% yield. In the cases when Lewis and Brgnsted acids (AlCls,
FeCls, H,SO,4) were used, the corresponding products were obtained in 32-76% vyields. Different aromatic
compounds were treated with benzhydrol catalyzed by NaHSO,/SiO,, in DCE (Scheme 4). The catalyst can be
recycled and reused eight times without losing its activity.*?
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OH
+ Nu—H
R R
6 7
6b: R=H
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6d: R=ClI
OMe
NuH: @\
OMe
7c

Nu
NaHSO4/S|02
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Ajvazi, N. et al.

Scheme 4. Alkylation of aromatics from alcohols in the presence of NaHSO,/SiO, as the catalyst.

Direct allylation of alcohols®***

using allyltrimethylsilane for C-C bond formation as well as nucleophilic

substitution of propargyl alcohols with various nucleophiles (NuH = C, N, O, S, I) in the presence of Brgnsted

acid as catalyst have been reviewe
respectively.

Table 2. Allylation of alcohols using allylt

35,36
d

rimethysilane 13 catalyzed by Brgnsted acid

and selected results are shown in Table 2°° and in Scheme 5%°

OH N
i 2
iy RZ , /\/S|Me3 catalyst R R
6b and 14a 13 15
Reaction .
N Yield
Alcohol Catalyst conditions Ref.
(%)
solvent/T/t
14a, R'=H, R>= C=CPh PTSA MeCN/20-80 °C 73 33
6b, R'= H, R?= Ph PMA DCM/rt/30 min. 90 34
O O
OH PTS (5 mol%)
2 ' > RI
AERN R R MeCN, 20°C )
R R X
LN
14 2 R R3
16

Scheme 5. Direct nucleophilic substitutio

43-93% yield

n of propargylic alcohols catalyzed by PTSA.
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Furthermore, the Ritter reaction is a very efficient and widely used protocol for the formation of amides.

Remarkable progress has been made and developments in the Ritter reaction in the presence of Brgnsted acid
as a catalyst were reviewed in 2012.*? In 2006, Hu et al. reported the Ritter reaction of tertiary a-CF,H
carbinols with acetonitrile in the presence of 98% concentrated H,SO, to provide the corresponding amides in
high yields.*
Earlier, in 2002, Sanz et al. reported the amidation of secondary alcohols in high yields using a Brgnsted acid-
catalyst (Table 3).** The amidation of 1-phenylethanol was performed using different Brgnsted acids as
catalysts (10 mol%) such as PTSA, 2,4-dinitrobenzenesulfonic acid (DNBSA), TfOH and H,SO4 in acetonitrile.
The only difference between these acids was the reaction time required for conversion of the starting
material. Due to its high activity and ease of handling, DNBSA (10 mol%) was used as catalyst for this reaction.
When the substoichiometric amount of DNBSA was decreased from 10 mol% to 5 mol% the reaction time was
increased from 12 h to 24 h for the formation of the main product.

Table 3. Catalyst screening for the Ritter reaction of 1-phenylethanol 6a in acetonitrile 17a

Ph acid (10 mol%) Ph
)>—OH + MeCN - NH
HaC 80°C HaC ):o
6a 17a 18
Acid Amount (mol%) t (h) Yield (%)
PTSA 10 48 84
TfOH 10 12 85
H,S0, 10 15 82
DNBSA 10 12 85
DNBSA 5 24 75

549 and nitriles catalyzed by Brgnsted acids have

Recent developments in the Ritter reaction of alcohols
been reviewed;50 and some of the results are shown in Table 4.

A convenient and efficient method for C-C bond formation was developed by direct dehydrative coupling
of alcohols or alkenes with alcohols using a series of alkanesulfonic acid group-functionalized ionic liquids
(SOsH-functionalization IL) without additives in DCM. The protocol provides the ability for the synthesisof

polysubstituted olefins in good to excellent yield.'?
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Table 4. The Ritter reaction of alcohols and nitriles catalyzed by Brgnsted acid

Ajvazi, N. et al.

R1
R1
2 catalyst NH
Ph>—OH + R2-cN st Ph>7 o
R2
6 17 19
Reaction .
. pl 02 . Yield
Alcohol; R Nitrile; R Catalyst conditions Ref.
(%)
solvent/T/t
6a, R = Me 17b, R* = Ph Nanocat.-Fe-0SOsH Sf RC 84 45
90°C/5 h
6b, R' =Ph 17a, R* = Me CoFe,04.5i0,-DASA SFRC 90 46
80°C/4 h
DCE
80°C/8 h 87
6b, R'=Ph 17¢, R* = CH,=CH-CH, NaHS0,/Si0, or 47
or MCB 84
30°C/0.5h
1 2 SFRC
6a, R'=Me 17a, R’ = Me PFPAT . 95 48
90°C/2 h
6a, R'=Me 17a, R’ = Me TfOH/SDS H20 82 49
200°C/5 h

Sanz et al. reported the direct nucleophilic substitution of the allylic and benzylic alcohols with different
nucleophiles using p-toluenesulfonic acid monohydrate (PTSA) or polymer-bound p-toluenesulfonic acid (5
mol%) where water was the only side product (Scheme 6).

Nu

OH 9
PTS or SO3zH (5 mol%)
)\/\ + NuH O > F’h)\/\ Ph
Ph Ph MeCN, 20 °C
20a 7 2
NH,
o oo ~OH 7o SH
79 7h 7i
NO,
X
\ G(OR)n
N =
R
_ 7b: 1,3,5-(OMe)3CeHs
7j: R=Me . _
R 7k: 1,2,3-(OMe)3CgH3

Scheme 6. Substitution reactions of alcohol with different nucleophiles catalyzed by PTSA.

7d: CgHsOH
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Direct nucleophilic substitutions of the propargylic alcohols with a large variety of carbon- and
heteroatom-centered nucleophiles have been also reported by Sanz’s group. After screening of various
Brgnsted acids (5 mol%), also Lewis acids such as InCls, AlCls and CeCls, were shown to catalyse the reaction
between an alkynol and ethanol as nucleophiles in MeCN, at 80 °C, producing the corresponding product in
>95%, 80% and 34% yields in 1-36 h. The same reaction was catalysed by PTSA or CSA and the corresponding
products were obtained in quantitative yields. Moreover, dilute HCl (10 mol%) also catalysed this reaction in
excellent yield.**

Later, Sanz’s group performed a direct alkylation reaction between indoles and tertiary propargylic
alcohols catalysed by p-toluenesulfonic acid (PTSA, 5 mol%), in MeCN, at room temperature.’

Alkylation of furans by benzyl and propargyl alcohols***® in the presence of Brgnsted acids as catalyst have
attracted the interest of the researchers®’ and selected results are shown in Table 5.

Table 5. Catalytic alkylation of furan catalyzed by Brgnsted acid

R? 2
\ R N\
/AR catalyst N
o LN -t B

R O R
15 7e, 71 22
Reaction conditions

Alcohol R Catalyst Yield (%) Ref.

solvent/T

14b, R' = 3-MeOCgH,s R? = 0
Ph ’ 71: H p-TSA MeCN/80 °C 76 14
14c, R'=R’=Ph 7e: Me CgFsB(OH), CH,Cly/r.t. 41 16

Furthermore, the catalytic nucleophilic substitution of tertiary alcohols'181° using carbon- or heteroatom-

based nucleophiles in the presence of Brgnsted acid has been reviewed? and selected results are shown in
Table 6.

Table 6. Nucleophilic substitution of secondary and tertiary alcohols catalyzed by Brgnsted acid

OH e\
RI-H-R & NuH S8V, Ri ] gs
R2

R2
6 7 and 18 23
Reacti diti
Alcohol NuH Catalyst eaction conditions Yield (%)  Ref.
solvent/T/t
N
6, R'=R2=R=Ph 7#: @1/) CoFsB(OH),  DCE/reflux/16 h 99 18
6f, R' = CHF,,
2 18a: MeCN H,S04 reflux/70-80 °C 55 19

6g, R°=H, R*=Ph
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In 2013 Zheng’s group developed the method for the direct nucleophilic substitution of propargylic
alcohols with various nucleophiles using Amberlite IR-120H resin as the catalyst.21

The direct nucleophilic substitution of allylic alcohols?*?* through Sy1-type reactions in the presence of
Bronsted acid as a catalyst has been reviewed,” Table 7.

Table 7. Nucleophilic substitution of allylic alcohol 20a catalyzed by Brgnsted acid

OH Nu

talyst
Ph/\)\Ph . catalys h/\)\Ph

NuH ———— »

20a 7 and 2 21

NuH Catalvst Reaction conditions Yield Ref

Y solvent/T/t (%) '

7m Z>Ph TfOH BrCH,CH,Br/60 °C 87 22

. 98 or
7n TMSCN Sn or Ti-Monts DCM/rt/0.1 h 94 23
O O
2a Me)J\HJ\Me H,S0,4 MeNO,/101 °C/5 min. 87 24
H

Moreover, the direct nucleophilic Sy1-type reactions of alkynols?®?” in the presence of Brgnsted acid as a
catalyst have been reviewed? and selected results are shown in Table 8.

Table 8. Nucleophilic substitution of alcohol 15b catalyzed by Brgnsted acid

oH catalyst Nu
Ph/\ + NuH —» )\
A Ph NV
Ph ey
14b 20r7 24
Reaction .
. Yield
NuH Catalyst conditions Ref.
(%)
solvent/T/t
O O
2b MeMOEt PTSA MeCN/rt/8 h 54 26
H
Phenol, anisole,
7d, 70, .
o-cresol, PMA-SiO, SFRC/rt/0.5-3.5h 90-96 27
7p, 7q, 7f

2-naphthol,1H-indole

In 2016 six Brgnsted acid-type amphiphilic calix[n]arene derivatives were used as catalysts in a coupling
reaction of 2-methylfuran and/or N-methylindole with some sec-alcohols in aqueous media®’ whereas, Sanz’s
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group reported an efficient protocol for the synthesis of fused polycyclic indoles by intramolecular alkylation
of indoles with alcohols by employing a simple Brgnsted acid (PTSA) as a catalyst in MeCN.*

Interestingly, triflic acid and trimethyl orthoformate in CCls;, promoted direct a-alkylation of unactivated
ketones using benzylic alcohols as electrophiles via in situ formed acetals.®® In 2015 Bhanage et al. developed
an efficient method for the synthesis of substituted aryl ketones by employing Amberlyst-15 immobilized in
[Bmim][PFe¢] ionic liquid as a recyclable catalytic system which was recycled up to five times without losing the
catalytic activity.>® In 2016 also, Bolshan et al. described an efficient methodology for the allylation of
benzhydryl alcohols using allyltrimethylsilane in the presence of tetrafluoroboric acid (HBF4-OEt;) as catalyst in
DCE.**

In 2011, Laali et al. reported Brgnsted-acidic imidazolium ionic liquid [BMIM(SO3H)][OTf] as a convenient
and recyclable catalyst for the high yield synthesis of variety of amides under mild conditions via the Ritter
reaction of alcohols with nitriles.** Moreover, use of NOPFg immobilized in [BMIM][PF¢] ionic liquid for the
Ritter reaction of bromides with nitriles and for the oxidative Ritter-type synthesis of adamantyl amides from
adamantane and nitriles.

Moreover, unsymmetrical ethers were prepared from different alcohols in the presence of sodium
bisulfite (NaHSOs, 0.3-1 mol%) as the catalyst.”

In 2012 Gowda et al. performed an efficient synthesis of tert-butyl ethers from alcohols using methyl tert-
butyl ethers as a tert-butyl source and solvent, in the presence of H,S04.>> Synthesis of several diphenylmethyl
ethers and thioethers was achieved using a combination of microwave irradiation and protic ionic liquids (plIL),
namely triethylaminomethanesulfonic acid (TeaMs) as a co-solvent and catalyst in an organic solvent (Scheme
7). 53

TeaMs, 80 °C, 10 min.

Ph ispropyl alcohol Ph CHs
OH - o0—<

>_ Ph>_ CHs

6b 25

Ph MW
75%

Scheme 7. Formation of diphenylmethyl ether 25 using protic ionic liquids.

Later, in 2015, Aoyama’s group has developed a simple and efficient method for the construction of
chroman ring system from a combination of benzylic and aliphatic alcohols in the presence of NaHSO,/SiO; as
a catalyst in DCE.>*

In 2015 also phosphinic acid has been employed as catalyst for intramolecular nucleophilic substitution of
the hydroxyl group of aryl, allyl, propargyl and alkyl alcohols by O-, S-, and N-centered nucleophiles to yield
enantiomerically-enriched five-membered heterocyclic compounds® and in 2016 Samec’s group reported an
intramolecular nucleophilic substitution of stereogenic alcohols using phosphinic acid (HsPO,, 10 mol%) as a
catalyst in DCE at 80 °C.>®

2.2 Metal-catalyzed approaches

The major contribution in transformation of alcohols has been described by the activation of alcohols through
catalytic amount of metal ions as Lewis acids.
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Ishii et al. reported the use of metal triflate (e.g. La, Yb, Sc, and Hf triflate) as the catalyst for reactions of
benzylic alcohols with carbon (aromatic compounds, olefins, enol acetate), nitrogen (amide derivatives), and
oxygen (alcohols) nucleophiles in nitromethane. Hf(OTf), was the most active catalyst for this alkylation. The
catalytic activity of metal triflates and TfOH increased in the following order La(OTf); < Yb(OTf); < TfOH <
Sc(OTf); < Hf(OTH),.>’

Baba and co-workers developed a direct C-C bond formation of allylic alcohols (including cyclic) and
benzylic alcohols with various 1,3-dicarbonyl compounds (Scheme 8).8

o9 InCl3 (5 mol%) 7 1
3 (o]
R-OH + RIPSASR2 g R1MR2
toluene, 80°C 15 h R
26 2 27
R=allyl, benzyl 35-99%
R! R?=OEt, Me

Scheme 8. InCls-catalyzed direct reaction of alcohols with 1,3 dicarbonyl compounds.

The reaction was studied with different metal salts catalysts (5 mol%) in toluene at 80 °C. InCl; was found
to act as a catalyst for the reaction, as well as InBrs. When the reaction was performed in the absence of
nucleophile, dimerization took place. This was then tested with acetylacetone in the presence of water giving
the corresponding alkylated product (Scheme 9). The reactions of alcohols were tested also with indoles in
order to give corresponding products.

Ph InCl; (5mol%)  Ph Ph
PH toluene, rt,3h  Ph Ph
6b 28
25%
O O
Ph Ph o 0 InCl3 (5 mol%
3 0)
o + H,O >
Ph>7 _<Ph ' M 2 toluene, 80°C, 3 h )Efk
Ph Ph
28 2a 29
100%

Scheme 9. Effect of InCl; on dimerization and alkylation.

Chan and co-workers developed allylic alkylation of 1,3-dicarbonyl compounds with allylic alcohols
including primary and terminal ones using AuCls (5 mol%) with AgSbFs (15 mol%) as co-catalyst, in MeNO, at
room temperature.>

The direct allylation of alcohols catalyzed by the combined Lewis acid system of InCls / MesSiBr has been
reported. This system was tested for the direct allylation between tertiary aliphatic trimethylsilyl ethers and
allylsilanes but the yield was found to be only 34%. Utilizing a combination of InCl3 / MesSil, which is a stronger
Lewis acid, proved to be a better choice (61% yield) at room temperature in DCM as the solvent. Furthermore,
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the use of the combination of InCl; and I,, where MesSil was generated in situ from |, and allylsilane, enhanced
the yield to 76%, while each of them separately did not shown any activity.60
Ishii and co-workers developed a convenient secondary benzylation and allylation of 1,3-dicarbonyl

compounds in the presence of metal triflate (e.g. La, Yb, Sc, and Hf triflate, 0.5 mol%), in MeNO, (Scheme 10).
61

R? 2 3
La, Yb, Sc, Hf triflate R RWR R" O
OH (0.5 mol%) @
- | AN 02 (@] R | AN R3
’ MeNO _ B + HyO
R 2 /- Z n2
R R/ R2 X0
6 30

R = 4-OMe, 2,6-diMe, 4-Me, 2-Me, 4-Cl, 4-CO,Me, 4-NO,
R" = alkyl; R? = alkyl, aryl; R®= alkyl, aryl, OR', NR'R"

Scheme 10. Benzylation of 1,3-dicarbonyl compounds catalyzed by metal triflate.

Baba et al. reported a rapid and efficient microwave-irradiated protocol for C-C coupling of a broad range
of benzylic/allylic alcohols with 1,3-dicarbonyl compounds, B-keto esters, and dialkyl malonates catalyzed by
transition metal salts in toluene.®? Transition-metal catalysts, salts of Zn, Cu, Fe, Sc, Ru, Pt and Ta (3-5 mol%)
were found to provide the coupling products (Scheme 11). Among all of these catalysts copper(ll) triflate (5
mol%) has been observed to be more effective (98% yield) than the other catalysts, even in the case of a less
reactive benzyl alcohol or diester.

MW irradiation

OH O O Cu(OTf), (3 mol%) O O
Ph)\Ph " MeMMe toluene, 110 °C, 15 min Me)EEmMe
6b 2a Ph Ph
29
98%

Scheme 11. MW-Irradiated reaction of diphenylmethanol (6b) with acetylacetone (2a).

Later, Fe(lll) chloride catalyst was explored for the a-substitution of Morita-Baylis-Hillman alcohols with
alcohol carbon-and heteroatom-centred nucleophiles such as alcohols, arenes, 1,3-dicarbonyl compounds and
thiols.®

Tirupathi and Kim studied the role of Fe(ClO4)3:H,0 as catalyst for the direct C-C bond formation of 1,3-
dicarbonyl compounds, electron rich arenes and heteroarenes and 4-hydroxycoumarin with secondary
benzylic alcohols.®* This method was applied to the synthesis of bis-symmetrical triarylmethanes and a one-
step synthesis of an anticoagulant compound, 4-hydroxy-3-(1,2,3,4-tetrahydronaphthalen-1-yl)-2H-chromen-
2-one (Coumatetralyl B). Dalla and Dunach’s group developed the role of Sn(IV) triflimidate as the catalyst for
the nucleophilic replacement of hydroxy groups of hydroxy N,0-acetals (Scheme 12) .%°
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0
0O 0
O\ SN(NTF,)4 (0.1-1 mol%)
Cbz MeCN, r.t., 30 min. Cbz
30 2a 31
75%

Scheme 12. Sn(IV) triflimidate catalyzed nucleophilic substitution of hydroxy N,O-acetals.

Beller and co-workers found FeCls:6H,0 to be an inexpensive catalyst for the addition of various 1,3-
dicarbonyl compounds with benzylic alcohols in MeNO,.®® The protocol was useful in a one-pot synthesis of
the pharmaceutical drug Phenprocoumon in 94% yield.

Aridoss and Laali reported the condensation of propargylic alcohols with 1,3-dicarbonyl compounds in the
presence of Sc(OTf); and Ln(OTf); and bismuth nitrate in imidazolium ILs. The [BMIM][PF¢]/Bi(NO3);3-5H,0
system was efficient for propargylation, vinylation, and alkylation of 4-hydroxycoumarins.®’

Bi(OTf)s (1 mol%) catalyzed benzylation and allylic alkylation of 2,4-pentanediones in MeNO, forming C-C
bond in good to excellent yields.®®

NbCls, a stable solid, was used as an efficient catalyst (5 mol%) for C, N, O and S-nucleophilic substitution
reactions of benzylic alcohols with alcohols, naphthols, indoles, resorcinols, anisole, thiols, NH;SCN or NaNs as
a source of nucleophiles. Benzylic alcohols with electron withdrawing groups such as fluoro or nitro were not
reactive.®’

Alkylation of indoles using allylic, benzylic and propargylic alcohols catalyzed by FeCls in MeNO, were
reported by Jana et al.”’ Later, Jana et al. also described the addition of benzylic alcohols to terminal aryl
alkynes catalyzed by FeCl; in MeNO,.”! In the same year, Jana et. al performed the amidation of secondary
benzylic and allylic alcohols with carboxamides or p-toluenesulfonamide in the presence of FeCls.”

Yamamoto’s group developed dehydrative coupling of benzylic alcohols with styrenes catalyzed by Pd(ll)
using PPh; as the ligand and (CF3C0),0 as an additive.”

In 2011 Yi’s group reported a C-C bond formation between alkenes and alcohols. The cationic ruthenium
complex [(Ce¢He)(PCy3)(CO)RUH]"BF, -catalyzed the alkylation in solution.”®

The allylic alkylation represents an important transformation in organic chemistry and different metal
processes have been described for this reaction. Direct allylation of alcohols’®? using allyltrimethylsilane for
C-C bond formation in the presence of Lewis acid as a catalyst has attracted the interest of the researchers®
and some results are shown in Table 9.
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Table 9. Allylation of alcohols using allyltrimethysilane 13 catalyzed by Lewis acid

OH X
©/Ii\1R2 . /\/SiM93 catalyst iy R2
6,14 and 20 13 14
Reacti
caction  vield
Alcohol Catalyst conditions (%) Ref.
solvent/T/t °
6a, R = H,R>=Me InCl 1,2 DCE 51 75
SR 3 80°C/3 h
MeCN
20a, R' = H, R? = CH=CHPh Cu(BFa), . 86 76
CH,CI
6b, R' = H, R? = Ph TiCl, 22 96 77
rt/1min.
Hexane
6g, R! = R*= Me InCls/MesSiBr 75 78
g 3/ MesSi 50 °C/0.5 h
14c¢, R' = H, R? = C=CH FeCl MeCN 70 79
T 3 rt/2 h
MeCN
14b, R' = H, R? = C=CPh BiCl 89 80
'~ 35°C/0.5 h
MENOZ
14b, R' = H, R? = C=CPh dppm)ReOCl3/NH4PF 79 81
(dppm) 3/NH4PFg 65°C/2 h
L , DCM
14b, R' = H, R? = C=CPh NaAuCly-2H,0 " 97 82
bmim) BF
14b, R' = H, R* = C=CPh Bi(OTf)3 ( ) ~ 4 o3 83
rt/30 min.

Heterobimetallic ‘Pd-Sn’ catalyst was used for the direct alkylation of arenes, heteroarenes, 1,3-
dicarbonyls and organosilicon nucleophiles with allylic / propargylic / benzylic alcohols in MeNO,.3

Alkylation of electron-rich arenes using secondary and tertiary benzylic, allylic, and propargylic alcohols in
the presence of calcium-based catalyst was described by Niggemann and Meel.®> Reactions were performed
under the optimized conditions (5 mol% Ca(NTf,), and 5 mol% BusNPFg, in DCM, at room temperature).

A general and selective C-3 alkylation of indoles with primary alcohols in o-xylene catalyzed by reusable
alumina-supported Pt nanocluster (Pt/8-Al,05-1.5 nm, 1 mol%) was reported.®

Transition metals could catalyze a various transformations of allylic alcohols
Table 10. The review covers both C-C and C-heteroatom bond formation. 2

Furthermore, alkylation of furans by benzyl, allyl, and propargyl alcohols
acids as a catalyst has been also reviewed'” and of the many results a selection is shown in Table 11.

8791 \ith various nucleophiles,

80.93% iny the presence of Lewis
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Table 10. Nucleophilic allylic substitution catalyzed by transition metal

OH/\/ . NUH catalyst Nu/\/

20b 7 32

Reaction conditions Yield
NuH Catalyst Ref.
¥ Solvent/T/t (%)

7f: [(n3-allyl)Pd(cod)]BF, toluene/50°C/20h 80 87

7r: [RuCp(o-EtOdppe)](OTs)  toluene/100°C/2h 86 88

7s: [RuCp(o-EtOdppe)](OTs) toluene/100°C/20h 48 88

7t: Pt(acac),/PPhs/Ti(OPr),  benzene/reflux/3 h 64 90

7u:

CH,OH
7d: Q [RuCp(PPh;),](OTs) toluene/60 °C/3 h 99 89

Pt(cod)Cl,/DPEphos dioxane/reflux/6 h 86 91

Table 11. Catalytic alkylation of furan 71 catalyzed by Lewis acid

R2

N\
\OH ) O catalyst N 7\
©)

R1
15 71 22
Reaction Yield
Alcohol Catalyst Ref.
y conditions (%)
14¢, R' = Ph, R® = H BiCl MeCN 50 80
S 3 35°C/1h
CICH,CH,CI
14c,R* =Ph,R*=H  [Cp*RuCl(p,-SMe),RuCp*Cl]/NH,BF, 6(§°C2 68 93
CICH,CH,CI
14b, R* = R?*= Ph [Cp*RuCl(u-SMe),Cp*Ru(OH,)]OTF 65 OCZ 71 94
DCM
14b, R* = R?=Ph ReBr(CO)s(thf 37 95
[ReBr(CO)s(thf)], 25°C/1 h
MeNOz
14b, R' = R?=Ph dppm)Re(0)Cls/KPF 81 96
(dppm)Re(O)Cls/ 6 65 °C/5 h

In 2013, Ramasastry et al. Reported C-C, C-N, C-O and C-S bond forming reactions of furfuryl cations with
different nucleophiles catalyzed by BiCl; (20 mol%) in MeNO, at room temperature.®’
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The catalytic nucleophilic substitution of tertiary alcohols of type 15, using carbon or heteroatom based
nucleophiles in the presence of Lewis acid has been the several puincations79’8‘E”98’99
selected results are shown in Table 12.

as well as a review? and

Table 12. Nucleophilic substitution of tertiary alcohols 14 catalyzed by Lewis acid

R 4 Nu
Rzﬁ\ . NuH catalyst R2
S 3 R \\
R R3
15 7 33
Reaction .
o Yield
Alcohol NuH Catalyst conditions Ref.
(%)
solvent/T/t

MeCN

14d,R*=R’=Me,R*=Ph  7r: EtOH FeCls 82 79
r.t./12 h
OMe

DCM

14d,R*'=R’=Me,R®*=Ph  7c: Ca(NTf,),/BusNPFg rt/2h 87 85
OMe o
[Cp*RuCl(p- CI(CH,),Cl
14b,R'=R?>=Ph,R®*=H 7v:  n-BuSH 60 98
SMe),Cp*Ru(OH,)]OTf  60°C/24 h
H

N MeCN

14d, R'=R’=Me,R®*=Ph  7g: Al(OTf 54 99
& / (0Tf)s 85 °C/200 min.
100-103 57,104,105

The direct nucleophilic substitution of allylic alcohols as well as of tert-alcohols
type reactions in the presence of Lewis acid as a catalyst have been reviewed”>*®
shown in Tables 13 and 14 respectively.

through Sy1-
and selected results are

Table 13. Nucleophilic substitution of allylic alcohols 20 catalyzed by Lewis acid

OH Nu
catalyst
R1/\/kR2 + NuH —y, R1/\/LR2
20 7 34
Reaction conditions .
Alcohol NuH Catalyst Yield (%) Ref.
solvent/T/t
R _ BrCH,CH,Br
20a, R'=R’=Ph 7w =—Ph Cu(OTf), . 78 100
120°C/12 h
— MeNO,
203, R"=R°=Ph 7n TMSCN Zn(0OTf), o 77 102
100 °C/6 h
MeCN
20a, R'=R*=Ph 7x Me30©>OH SbCl, MW/400W 67 103
65°C/25 min.
20c, R'= H, R?= CH=CH, 7y p-xylene Ag3sPW 1,049 140 °C/2 h 84 101
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Table 14. Nucleophilic substitution of alcohols catalyzed by Lewis acid

OH Nu
2
©/Ii\1R2 . Nuy  _catalyst ©/Ii\1R
6 and 14 7 35
Reaction .
. Yield
Alcohol NuH Catalyst conditions Ref.
(%)
solvent/T/t
OH
MeNO
6a, R = H, R’= Me 7z: La(OTf); N 99 57
COOMe 100 °C/0.25
DCM
63, R= H, RZ= Me 7aa: MGOQOH Bi(OTf 58 104
O g5ecsgh
OH
MeNOz
14e,R'=Ph,R?= C=CPh 7ab:  ™° Me  yp(oTf 90 105
OTf: g4 °C/24 h

Recent approaches for direct dehydrative coupling strategies to form C-C bond in the presence of Lewis
acid as a catalyst has been reviewed? and selected results are shown in Table 15.

Table 15. Nucleophilic substitution of alcohols 6 and 20 catalyzed by Lewis acid

OH Nu
R1+R3 + NuH catalyst R I R3
R? R?
6 2and 7 23
20d: R' = R?= Ph, R3= -CH=CH,
6h: R'= p-MeOCgH,, R?=R3=H

Reaction .
. Yield
NuH Catalyst conditions Ref.
(%)
solvent/T/t
7 9 MeNO
2c M AuCls/AgSbF 2 86 59
Ph T Ph uCls/AgSbFg /0.5 h
= DMF
7 /\©\ CF3C0),0/Pd(OAc)/PPh 42 73
ac (CF3C0),0/Pd(OAc),/ 3 100 °C/39 h

Fe(HSO,)s as a reusable catalyst was used for C-alkylation of a variety of B-dicarbonyl compounds using
benzylic and allylic alcohols as electrophiles in 1,2-DCE.’®® A method for the synthesis of 1,3-diarylindenes
from propargylic alcohols containing aromatic ring in the presence of AuBr3; (5 mol%) in CF3CH,OH under reflux
was described.’®” Rezgui's group developed a method for C-C bond formation from B-dicarbonyl compounds
with both cyclic and acyclic Morita-Baylis-Hillman (MBH) alcohols using Et3B as a Lewis acid promoter in the
presence of palladium catalyst.108 A new protocol for direct benzylation/allylation of malonates with alcohols
via palladium catalyzed Tsuji-Trost type reactions has been described.'®
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Iron-based imidazolium salts was used as a catalysts for the synthesis of quinolines and 2- and 4-
allylanilines by allylic substitution of alcohols with anilines.*® Lee's group developed indium(lll) chloride to
gold(l) as a catalyst in dehydrative reactions with allylic alcohols.***

Protocols for the direct catalytic dehydrative substitution of alcohols recently have been reviewed'*? and
selected results are shown in (Table 16).

Table 16. Direct catalytic substitution of secondary benzylic alcohol 6a

o talyst Nu
catalys
F’h)\Me " NuA Ph)\Me
6a 2and 7 11
Reaction .
. Yield
NuH Catalyst conditions Ref.
(%)
solvent/T/t
O O
2d ph)J\HJ\Me Ir-Sn3 complex DCE/r.t./1 h 90 113
H
Me Me
7ad [Fe(TPP)][SbFe] DCE/60°C/8 h 92 114
Me

Remarkable progress has been made, and developments in the Ritter reaction in the presence of a Lewis
acid catalyst were reviewed in 2012.2 A general procedure allowing the conversion of tertiary alcohols with
benzonitrile into tert-amides in the presence of Bi(OTf)s (20 mol%) as a catalyst (which was found to be the
best compared with different metal triflates) in H,O at 100 °C for 17 h was developed by Barrett et al.'*
Recent developments in Ritter reaction catalyzed by Lewis acid have been reviewed.”® The procedure for the
synthesis of amides from benzohydric alcohols and nitriles in the presence of trimesitylphosphane gold (I)
complex-(MessP)AuCl with the NTf,” counter anion was reported by Hashmi.!*® Reactions were performed
under optimized conditions (5 mol% gold (I), 5 mol% AgNTf, in nitrile at 75 °C) and the products were obtained
in generally moderate yields.

Yaragorla et al. demonstrated the protocol using Ca(OTf), (5 mol%) as a catalyst and BusNPFg (5 mol%) as
an additive for the synthesis of various amides from tertiary, secondary and benzyl alcohols and nitriles under
microwave irradiation in 15 min. in good to excellent yields.**” (Scheme 13)

Ca(OTf), (56 mol%)
RS BuyNPFg (5 mol%) 2R3 o}
RZD)—OH + R—=N RﬁxNJLR

R H,0, MW, 120 °C, 15 min R §

6 17 36
Ph O CH; O 0

et N

Selected products: ~ Ph H H @ﬂ
36a 36b 36c
78% 93% 78%

Scheme 13. Ca(ll) catalyzed amidation of alcohols with nitriles.
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Wang and co-workers developed a convenient method for direct nucleophilic substitution of alcohols with
aniline, amide, sulfonamide, 2,4-DNPH, and 1,3-dicarbonyl compounds catalyzed by zinc based ionic liquids
[choline hydrochloride][ZnCl,], (1.5 equiv., 100 °C, 1 h), which acted also as the solvent, and the obtained
yields were good to excellent.*® The authors reported that the reaction worked through the carbocation
mechanism, as detected by UV-VIS spectroscopy. Matute’s group developed a method for alkylation of
(hetero)aromate amines with various primary alcohols in the presence of ruthenium pincer complex as a
catalyst.™®

The highly a-regioselective In(OTf); (10 mol%) catalyzed N-nucleophilic substitution of Baylis-Hillman
adducts bearing five or six-membered ring moieties with aromatic amines gave the a-product in good yield.'*
A characteristic example is shown in Scheme 14.

o) NH,
HQ © In(OTf)5 (10 mol%
~0 e
. .
Ph THF, reflux, 12 h )\6
37 38

Ph
39

63%
Scheme 14. Amination of a Baylis-Hillman adduct catalyzed by In(OTf)s.
The reaction of chromone-derived cyclic Morita-Baylis-Hillman alcohols in the presence of In(OTf)3 as the

catalyst gave 2-substituted 3-aminomethylenechromans, with rearrangement, in excellent yield (Scheme
15).121

_Ph
O OH o NH
PNty e In(OTf)3 (10 mol%) i %
o toluene, reflux, 72 h 0~ >Ph
38a 40 41
99%

Scheme 15. Reaction of Morita-Baylis-Hillman alcohols with amines catalyzed by In(OTf)s.

Aluminium triflate Al(OTf)s has been reported to catalyze the direct amination of
allylic/propargylic/benzylic alcohols, and benzhydrols with electron-withdrawing substituents, with various
nitrogen nucleophiles, in MeNQO,, to achieve the corresponding biarylamines in high yield, and the
dibromosubstituted product was further converted into letrozole in high yield.*?

Furthermore, NiCuFeOx catalyst was designed and prepared by Shi’s group for the synthesis of N-
substituted primary, secondary, tertiary and cyclic amines (with up to 98%) using ammonia, primary amines,
or secondary amines as the nitrogen source and alcohols as the alkylation reagents.123 The authors supposed
that the synergism between the Ni, Cu, and Fe species might be crucial to achieve the "borrowing-hydrogen
transformation".
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In 2013 Singh et al.reported N-alkylation of aminobenzothiazoles, aminopyridines and aminopyrimidines
with alcohols catalyzed by iron phthalocyanine (1 mol%).”* The process is also useful for the efficient
synthesis of 2-substituted benzimidazoles, benzothiazoles and benzoxazole by the N-alkylation of ortho-
substituted anilines (-NH;, -SH, and -OH) (Scheme 16).

FePc (1 mol%), toluene, N 2
R2-NH, + R'OH me 2 - RONR

N
NaOtBu (2 mmol), 100 °C, 12 h
38 42 43

Scheme 16. N-Alkylation of various amines with alcohols.

In 2013, N-alkylation of amines and B-alkylation of secondary alcohols with primary alcohols was achieved
using a mesoporous silica (SBA-15)-supported pyrimidine-substituted N-heterocyclic carbene iridium complex
as the catalyst. The catalyst could easily be recycled and re-used twelve cycles for N-alkylation of aniline with
benzyl alcohol, nine cycles for N-alkylation of different amines with different alcohols, and eight cycles for
B-alkylation of 1 phenylethanol with benzyl alcohol (Scheme 17).'%

cat. Ir (1.5 mol%), NaHCO3; (0.5 mmol) Ph

Ph-NH, + PhCH,-OH “Ph
toluene, 110 °C, 48 h H
38
a 42a 44
93%

Scheme 17. N-Alkylation of aniline 38a with phenylmethanol 42a catalyzed by iridium.

Moreover, Niggemann et al. developed the method for direct amination of secondary and tertiary benzylic
and allylic as well as tertiary propargylic alcohols with various nitrogen nucleophiles such as carbamates,
tosylamides and anilines under the optimized conditions (5 mol% Ca(NTf,),/BusNPFs, in DCM, at r.t.).126
Amination of alcohols**”** in the presence of Lewis acid as a catalyst has been reviewed;"* selected results
are shown in Table 17.
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Table 17. Amination of primary alcohols 42 catalyzed by Lewis acid

H |
NH
@ > @AOH catalyst ©/N Ny
yZ
R/
38a 42 45

Alcohol Catalvst Reaction conditions Yield Ref
Y solvent/T/t (%) '
42a,R=H [Cp*IrCl,],/NaHCO Toluene 94 127

RE prirl 3 110°C/17 h
423,R=H [Ru(p-cymene)Cl,],/DPEphos SFRC 91 128

yR= p-cy 212 p MW/115 °C
42a3,R=H Pd/Fe,05 160 °C/2 h 90 129

H,0
423, R=H Cp*Ir(NH I 92 130
a [Cp*Ir(NH5)s]1T2 reflux/under air/6 h

FeBrs/DL-pyroglutamic 1,2,4-TMB
42b, R =4-Cl . 91 131

acid/Cp*H 160°C/24 h

. KO-t-Bu/diglyme

42a3,R=H IrCl(cod)],/Py,NPiPr 92 132

[IrCI( )12/Py>NPiPr, 110°C/17 h
42a,R=H Ru(OH)s-Fes0 KOH/toluene 99 133

a T 130°C/2 d

For the amination of allylic alcohols Pd(Xantphos)Cl,, was used as the catalyst.l‘:’5

Xiong and co-workers developed a method for the direct N-benzylation of sulfonamides with primary and
secondary benzyl alcohols using boron trifluoride-diethyl ether complex (BF3-OEt;). A characteristic example is
shown in Scheme 18.1%¢
R’ R’

OH + RSO,NH, 239k, NH-SOzR

6 46 47
Scheme 18. N-Benzylation of sulfonamides with benzyl alcohols.

Furthermore, Cai's group reported a new tandem catalytic process for the synthesis of substituted
quinolines from primary and secondary allylic alcohols with 2-aminobenzyl alcohol using [IrCp*Cl;],/KOH in
toluene.™® A procedure for direct dehydrative amination of benzylic and allylic alcohols catalysed by
cobalt(l1)/TPPMS (sodium diphenylphosphinobenzene-3-sulfonate) in water has been reported.**®

Boyer et al. reported the procedure based on the utilization of BiBrs for the benzylation of aliphatic
alcohols with various benzylic alcohols under mild conditions.**
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Yamamoto and co-workers developed a simple and efficient method for the synthesis of various allylic
ethers from alcohols and alkynes using a substoichiometric amount of Pd(PPhs)./PhCO,H in dioxane at 100 °C
in good to high yields.**

Zhang et al. reported the coupling of alkynes with alcohols to give allylic ethers in the presence of
palladium as a catalyst. With phenols the C-alkylation products were obtained in moderate yields (Scheme
19).141

Ph

Pd(PPhg),
Ph/\/\0/<

Ph
Ph———CH,; + >—OH
3 Ph H+ Ph
6b 48

85%
Scheme 19. Coupling of alkyne with alcohol catalyzed by Pd(PPhs),.

The use of palladium complex as a catalyst for the direct preparation of symmetric and unsymmetric
aromatic ethers (by coupling of two different alcohols), for the amination of secondary benzylic alcohols (with
electron-deficient anilines) and for the direct formation of thioethers (by the direct action of thiols on sec-
phenylethyl alcohol) was described by Abu-Omar.*?

Ikariya et al. has shown the role of triphenyl phosphite-palladium complex as the catalyst for the
substitution reactions of allylic alcohols via a direct C-O bond cleavage to give the corresponding allylic ethers
and the related C-C and C-N bond-forming products.**?

Pale and co-workers developed a method for the protection of alcohols by the synthesis of diphenyl-
methyl ethers or bis(methoxyphenyl) methyl ethers catalyzed by PdCl,*** or PdCl,(CH3CN),™* (Scheme 20).

Ph
Ph OH  PgdCl, (10 mol%) 0—<
»—OH - ON . Ej/v Ph
bH DCE, 80°C, 48 h
6b 49 50
87%

Scheme 20. Formation of benzhydryl phenylethyl ether 50 in the presence of PdCI; catalyst.

Asensio and co-workers reported the preparation of unsymmetrical ethers from alcohols using NaAuCl, (2-
5 mol%) as a simple gold catalyst.146 The procedure enables the etherification of benzylic and tertiary alcohols
under mild conditions in moderate to good yields.

Kerton et al. reported the procedure based on the utilization of Pd(CH3CN),Cl, for the etherification of
benzyl alcohol in hydrophobic ionic liquids (1-Butyl-3-methylimidazolium hexafluorophosphate, [BMIM]PF¢)
using a microwave or conventional heating.’*’ In the presence of NH,Cl chlorination of benzyl alcohol
occurred.

Palladium on magnesium oxide (Pd/MgO) catalyzed the formation of thioethers from thiols and aldehydes
formed in situ from the alcohol by means of a "borrowing hydrogen" method. It was noticed that in the
absence of the catalyst the reaction did not occur.*®

Page 309 ®ARKAT USA, Inc



Arkivoc 2018, ii, 288-329 Ajvazi, N. et al.

Toste et al. described the role of rhenium (V)-oxo complex catalyst for the formation of C-O bond by the
coupling of simple alcohols and propargyl alcohols (Scheme 21).1%°

dppm)ReOCl; (1 mol%
(dpp )/\}(\ 0) o>
OH Cl 51

OH
Me > Me
Nj\ MeCN, 65 °C n/j\

Ph Ph
14d 52

Scheme 21. Re-oxo-catalyzed etherification of 2-methyl-4-phenylbut-3-yn-2-ol 15d.

Boron trifluoride-diethyl ether catalyzed also etherification of primary and secondary alcohols.*
Fe(HSO,); catalyzed dehydration of two different alcohols to provide unsymmetrical ether under SFRC.!

An environmentally benign protocol for S-benzylation of electron-deficient benzenethiols in water using
cationic Pd (I1) catalysts was reported.™?

The reaction of alcohols with silanes is a widely used methodology for the transformation of a hydroxyl
group into an organic molecule. The introduction of TMS group into an organic molecule is achieved using
hexamethyldisilazane (HMDS) in the presence of LiClO; (solid)*>* or LaCls** as catalysts.

The role of InBr; as the catalyst was reported by Ding et al. for the direct cyanation of alcohols with
TMSCN in the presence of DCM as the solvent where different benzylic alcohols could be converted to the
corresponding nitriles in yields of 46-99% >, The reaction was studied with different Lewis acids. InCl; and
InBr; turned out to be the best catalysts. In the absence of the catalyst, no reaction was observed. The authors
speculated that the catalytic cycle involved some type of carbenium intermediates which were formed by the
heterolytic cleavage of C-O bond of the alcohols with the assistance of Lewis acid In(lll) (and TMSCN).

Chlorination of alcohols is sometimes an important transformation in organic chemistry and it has
attracted significant interest over the years. A substoichiometric amount of InCl; in the presence of an
equimolar amount of benzil,”® or a combination of GaCl; (5 mol%) and diethyl tartrate (10 mol%)™’ are
required for the direct chlorodehydroxylation of alcohols using HSiMe,Cl (Scheme 22).

InCl5 (5 mol%)
additive (1.0 equiv.)

>*OH + HSiMe,Cl > >70I
( CH,Cly, rt, 6 h
1

1.1. equiv.)
54
100%

a 53

Scheme 22. Chlorination of propan-2-ol 1a catalyzed by InCls.

The use of iron compounds as catalysts in organic synthesis has been reviewed™® and selected results are
shown in Table 18.
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Table 18. Reactions of diphenylmethanol 6b catalyzed by iron catalyst

Ajvazi, N. et al.

OH talvst Nu
catalys
Ph)\Ph+ NuH == Ph)\Ph
6b 7 12
Reaction .
. Yield
NuH Catalyst conditions Ref.
(%)
solvent/T/t
7ae MeOH Fe(NO3)39H,0 70°C/1 h 88 159
g TMSCI, DCM/45 °C
7af  NaO~ FeCls/TMSCI ’ ’ 96 160
10 h
13 A~TMS FeCl36H,0 DCM/r.t./30 min. 98 161
7w Ph——= Fe(OTf)3/TfOH DCE/reflux/24 h 77 162

Conversion of propargylic alcohols into various valuable products using transition-metal-catalytic systems,
especially those using coinage metals (i.e. copper, silver and gold) has been reviewed,*® Table 19.

Table 19. Reactions of propargylic alcohols 14 using coinage metal catalysts

oH catalyst Nu
R1/¥\ * NuH ———— R1 N
2
R N R3 Rz\ R3
14 7 and 13 33
Reaction .
. Yield
Alcohol NuH Catalyst conditions (%) Ref.
solvent/temp. 0
14d, R' = R*= Me;
R% = ph 13: Allyl-TMS NaAuCl, DCM/r.t. 59 164
14e, R' = p-MeOCeHy;
D CPTEERe a6 MeOH AgNTf, Toluene/r.t. 76 165
R°=H; R"=Bu
14d, R'= R’ = Me;
R®= Ph 7r: EtOH CuBr, MeNO,/r.t./10h 84 166

Gold-catalyzed Sy1-type reaction of alcohols has been used to prepare unsymmetrical ethers and

N-benzyloxycarbamate(Cbz)-protected amines.*®’
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Ferrocenium hexafluorophosphate ([FeCp,]PFs) was used as a catalyst for the etherification of propargylic
alcohols at 40 °C in DCM.'®®

2.3 Lewis/Bronsted acid combination-catalyzed approaches

Liu et al. described FeCl3-6H,0 catalyzed and mediated by TsOH direct coupling of various olefins with
different types of alcohols under the typical conditions (10 mol% FeCls;-:6H,0, 1.0 equiv. of TsOH, in DCM, 45
°C) providing the corresponding substituted alkene in good yields. Sterically hindered olefins such as 1-phenyl-
1-cyclohexene gave the coupling product in excellent yield. Since alkenes could be formed by dehydroxylation
of the corresponding secondary and tertiary alcohols, the authors performed direct coupling of benzylic
alcohols providing the corresponding coupling product (Scheme 23).*%°

r2 OH ! 10 mol% FeCly6H,0 R2 R
1 equiv. TsOH
e e <
55 3+ HO—< - R’ R®
R
) ¢ R DCM, 45°C R3
R 57
o
R3

Scheme 23. Direct coupling of alcohols and alkenes with alcohols catalyzed by FeCls-6H,0.

Liu’s group developed addition reaction of B-diketones to secondary alcohols and styrenes to yield the a-
alkylated B-diketones catalyzed by perchlorate salt of the dicationic bipy-ruthenium complex cis-[Ru(6,6’-
Clybipy),(H,0),]**.*"° It was proposed and confirmed by independent experiments that the catalytic addition of
B-diketones to the secondary alcohols was catalyzed by the Brgnsted acid HCIO, generated by the reaction of
the metal complex with the B-diketone.

3. Other Promoter-catalyzed Approaches

3.1 Molecular iodine-catalyzed approaches
lodine could catalyze various transformations of alcohols, which have been reviewed *’* and many results are
shown in Table 20.

Benzyl %7 ally and propargy alcohols 6 were treated with various nucleophiles in the
presence of |, (2-20 mol%) and formed different types of products (Scheme 24, Table 20).

| 175,178-184 | 175,185,186
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Table 20. Nucleophilic substitution of alcohols catalyzed by iodine

l» Yield
NuH Solvent T(°C) t (h) Product Ref.
! (mol%) O Q) th) (%)
/\/TMS 10 CH,Cl, rt 0.25 23a 94 178
O O
MGMMG 10  MeNO, 80 1 23b 99 172
H
—  “oH 5 MeCN 0 025 23¢ 92 173
1,4-
MG@SH 10 . rt 1.5 23d 92 179
Dioxane
Phenol 5 MeCN -10 0.5 23e 90 185
(0] (0]
180,
Ph Ph 5 CH,Cl, rt 1.5 23f 90
Y 181
Ph———TMS 10 CH,Cl, 0 3 23g 96 186
(0]
H 182,
Me@:s:—N\H 5 CHCl, rt 3  23h 85
I 183
PhCONH, 2 MeCN  Reflux 2 23i 98 175
Anisole 10 SFRC 60 4b 23j 88 174
MeCN/H,0 20 PhMe 110 4° 23k 85 176
Me@\Me 10 MeNO, 80 / 23l 78 172

? Reaction was carried out in the presence of CaSO.. b Reaction was carried out in
the presence of molecular sieves. © Water (2 equiv.) was added.

Primary and secondary benzylic alcohols supplied ethers, such as 58 (R* = R* = H, R® = Ph), under SFRC.*®’

Tertiary alcohols underwent elimination of water in the absence of nucleophiles providing the
corresponding alkenes such as 59 (R* = R* = R* = H), in high yields (Scheme 24).%%’

Liu et al. described C-C and C-N bonds formation from allylic/propargylic and other alcohols with various
C- and N-nucleophiles in the presence of iodine catalyst (10 mol%) in MeCN, at room temperature.*®

Jereb reported an environmentally friendly synthesis of trimethylsilyl ethers from alcohols, phenols and
carbohydrates in the presence of HMDS under solvent-free conditions, at room temperature. Sterically
hindered phenols, carbohydrates and most of the alcohols required a substoichiometric amount of iodine (up
to 2 mol%). %

Das et al. reported one-spot synthesis of pentasubstituted pyrroles by the tandem reaction of amines,
dialkyl acetylenedicarboxylates, and propargylic alcohols catalyzed by iodine (10 mol%), in toluene and the
obtained corresponding products were in high yields (75-88%).'*
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R1
R? o)
3
R/
58
R'=R?=R*=Ph, R'=R?’=H, R®=Ph,
(93%) 187 (89%) 187

23a: R' = Ph, R? = H, R® = CHCHPh, Nu = allyl *’¢,

23b: R' = Ph, R = H, R® = Me, Nu = CH(COMe), ",

23c: R' = 4-OMeCgH,, R* = H, R® = Me, Nu = OCH,C=CH 73,
23d: R' = Me, R* = H, R® = CH = CHPh, Nu = 4-MeCgH,S 7,
23e: R' = Ph, R = H, R® = CCPh, Nu = 4-OHCgH, %,

23f: R' = 4-MeCgHq, R? = H, R® = CHCH(CgHa-4-Me), Nu = CH(COPh), 818
23g: R' = Ph, R = H, R® = Nu = C=CPh **¢,

23h: R! = 4-MeCgHa, R? = H, R* = CHCHPh, Nu = NHTs 8218
23i: R' =R? = Ph, R* = H, Nu = NHCOPh *7°,

23j: R' = Ph, R? = R® = H, Nu = 4-OMeCgH, "4,

23k: R* = Ph, R? = H, R* = Me, Nu = NHCOMe *7¢,

23I: R' = Ph, R? = H, R® = Me, Nu = CgH,0 "2

Scheme 24. Substitution, dimerization or elimination of alcohols catalyzed by iodine.

3.2 HFIP and TFE-catalyzed approaches

In 2012, Najera and co-workers investigated the fluorinated alcohols, such as 1,1,1,3,3,3-hexafluoro-
isopropanol (HFIP) and 2,2,2-trifluoroethanol (TFE), used as solvents and promoted direct substitution
reaction of allylic alcohols with nitrogen, silyl, and carbon nucleophiles (Scheme 25). The reactions were
performed at room temperature up to 70 °C and afforded allylic substitution product in high yields, especially
when HFIP was employed as the solvent.***

OH Nu
HFIP or TFE
R/\)\R + NuH -~ R/\)\R
rt, 50 or 70 °C, 24 h
20 7 34
R = aryl, alkyl up to 99%
NuH: RNH,, TMSNu, ArH, 1,3-dicarbonyl compounds

Scheme 25. Direct allylic substitution of alcohols promoted by fluorinated alcohols.
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3.3 H,0-catalyzed approaches

Cozzi and Zoli performed the direct nucleophilic substitution of alcohol “on water” without the addition of any
Bronsted/Lewis acid (Scheme 26).'%? Reactions depend on the stability of the corresponding carbocation. The
reactions were performed in deionized water at 80 °C. Various nucleophiles reacted smoothly with the
selected alcohols.

i” Water, 80°C JN\”
R 2 * NuH R1" O R2
1 7 60
48-98%
/\—\/ N N-N o o
A\ ]\ [\ % 0 Il
: [\ ) o N®
7f 7ag " 7an 7ai 73] 2b 7ak
Me3S|CN MeCOCHQCOCH3 /\/SIMG:;
n 2a 13

Scheme 26. Nucleophilic substitution of alcohols “on water.”

Hirashita’s group described the hydrothermal conditions utilizing ion-exchanged water at 220 °c 193

Qu’s group developed intramolecular nucleophilic substitution reactions of unsaturated alcohols in hot
water under catalyst-free. In a mixed solvent of water and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), polyene
cyclizations using allylic alcohols provided cyclized products and in neat HFIP afforded tetracyclic products.194

3.4 Miscellaneous
The use of trimethylsilyl trifluoromethanesulfonate (TMSOTf) as an efficient catalyst for direct benzylation of
1,3-dicarbonyl compounds with various benzylic alcohols in CH3NO, was described by Lalitha et al.’®®

Kaneda et al. developed an environmentally benign synthetic approach to nucleophilic substitution
reactions of alcohols catalyzed by proton- and metal-exchanged montmorillonites (H- and M"*-mont). Anilines,
amides, indoles 1,3-dicarbonyl compounds and allylsilane acted as a nucleophile for the H-mont-catalyzed
substitutions of alcohols, for the formation of various C-N and C-C bonds. Especially, an Al**-mont expressed
high catalytic activity for the a-benzylation of 1,3-dicarbonyl compounds with primary alcohols (Scheme 27).1%¢

OH
0O O 0O O

AlR*-mont
Ph)J\/U\ + Ph

CHsNO,, 100°C, 6 h

2d 42a 61

65%

Scheme 27. a-Alkylation of benzoylacetone 2d with benzyl alcohol 42a.
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In 2015, Takemoto and co-workers developed a combination of a halogen bond (XB) donor with trimethyl-silyl
halide (TMSX) as an efficient cocatalytic system for the direct dehydroxylative coupling reaction of alcohol
with different nucleophiles bearing TMS groups, such as allyltrimethylsilane and trimethylsilylcyanide, to
provide the corresponding adduct®” whereas, in 2016 an effective method for cross-coupling of heteroaryl
boronic acids with allylic alcohols under catalyst-free reaction conditions was reported.198

Onaka and co-workers developed a new method to transform natural montmorillonite into a solid acid
catalyst employing a catalytic amount of TMSCI. The acidic montmorillonite catalyzed the azidation of benzylic
and allylic alcohols with trimethylsilyazide (TMSN;).*%°

Moreover, organohalides were found as effective catalysts for dehydrative O-alkylation of different
alcohols, providing homo- and cross-etherification methods for a general preparation of the useful
symmetrical and unsymmetrical aliphatic ethers.”® Hypervalent [bis(trifluoroacetoxy)iodo]benzene
(PhI(OCOCFs),, PIFA) catalyst has been found to function as Lewis acid for nucleophilic substitution reactions
of propargylic alcohols with various of C-, O-, S-, and N-nucleophiles in the presence of CH3CN as the
solvent.”

In 2012, Paquin and co-workers described chlorination/bromination (up to 92% vyield) and iodination (in
lower vyields) of primary alcohols using a combination of tetraethylammonium halide (1.5 equiv.) and
[Et,NSF,]BF, (XtalFluor-E) (1.5 equiv.), 2,6-lutidine, in CH,Cl, at r.t., 12 h.*®> Halogenation was limited to
primary alcohols. In the case of 4-phenyl-2-butanol the halogenation was slower; as a result, fluorination
became somewhat competitive (Scheme 28).

XtalFluor-E (1.5 equiv.)
TEAX (1.5 equiv.)
OH  2.6-lutidine (3 equiv.) F

X
Ph., A - pn A, P L
2 CH,Cly, 1t, 16-18 h 2 2

62 63 64
a: X=Cl(43%)  (25%)
b: X =Br (50%)  (32%)
c: X =1(15%) (54%)

Scheme 28. Halogenation of 4-phenyl-2-butanol 62.

Lambert et al. found a convenient and efficient method for converting alcohols to alkyl chlorides in
excellent yields using dichlorodiphenylcyclopropene in DCM at room temperature.’® Lautens and co-workers
have shown that the combination of bromotrichloromethane (CBrCl3) and triphenylphosphine (PPhs), in DCM
at r.t., for 1 h could convert benzyl alcohols into benzyl chlorides in excellent yields.204 Qi et al. described the
treatment of substituted benzyl alcohols and pyridine methanols with tosyl chloride (TsCl) and the
corresponding chlorides were the main products.205 For substituted benzyl alcohols and pyridine methanols it
was possible to predict whether chlorination or tosylation would occur.

Nguyen et al. developed a new method for the nucleophilic substitution of alcohols using aromatic
tropylium cation activation and the chlorinated products were obtained in high yields (Scheme 29).2%
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Cl
Me ©<C| 65 Me
OH > Cl
DCM, rt, 30 min.
6a 66
89%

Scheme 29. Chlorination of 1-phenylethanol 6a.

In 2016, an efficient method for the transformation of alcohols into the corresponding alkyl iodides and
bromides using KX/P,0s (X = Br, |) was reported.207 Nucleophilic substitution of alcohols catalyzed by Lewis
base catalyst recently has been reviewed?®® and selected results are shown in Table 21, with the acid chlorides
acting as the halide source

Table 21. Nucleophilic substitution of alcohols 1 catalyzed by Lewis base catalyst

OH Nu
1)\ L+ NuH catalyst J\ + H,0
R R R1 R2
1and 6 7 60
Reaction .
. Yield
Alcohol NuH Catalyst conditions Ref.
(%)
solvent/T/t
6a, R =R>=Ph 7al  (cOCl), PhsPO CHCl3/r.t./7 h 9% 209
O
1a, R' = Ph, R*= Me 7al  (COCl), /A DCM/r.t./1 h 99 210
PMP PMP
O
13, R!= Ph, R? = Me 7am BzCl HJLD MTBE a0 211

The most recently developed method for alcohol chlorination with silanes utilizes TMSCI and natural
sodium montmorillonite (Na-Mont) as the catalyst in DCM.?*? In the absence of the catalyst, the efficiency of
the transformation was reported to be very low (8%). The scope of this reaction is limited to secondary benzyl
alcohols and strongly activated primary benzyl alcohols (Scheme 30).
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OH cl
R Na-Mont R
+ TMSCI >
DCM, r.t., 40 min
6 67 68
OH OH
Selected substrates: ©)\ O/OH ©AOH
6b 6a 69 42a
97% 60% no reaction no reaction
OH
©/\)\
20b 70
94% polymerization

Scheme 30. Chlorination of alcohols catalyzed by Na-Mont.

Nemr and co-workers described a new method for the acetylation of cotton cellulose using acetic
anhydride in the presence of NIS as a catalyst under mild reaction conditions.?*?

Furthermore, acetylation of sugarcane bagasse with acetic anhydride under SFRC for the production of oil
sorption-active materials was performed using NBS as a catalyst.”’* NBS was also used for acetylation of
alcohols using acetic anhydride in DCM at room temperature.215

4, Conclusions

In summary, the comprehensive direct transformation of a broad range of alcohols with various sources of
nucleophiles is emerging as one of the most attractive strategies from the economic and environmental point
of view, producing water as a by-product of the reaction. Recent advances in this area include the activation of
the hydroxyl functional group in a target molecule through the use of substoichiometric amount of Brgnsted
acids, Lewis acids, molecular iodine or other promoters. Still, the development of efficient, selective and
environmentally benign catalytic methodologies remains an attractive research subject. We firmly believe that
this review article will result in enhancing the green chemical profiles of these transformations in the future.
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Supplementary Material

In order to provide a broader general survey of the reactions discussed in the present paper the data are
collected in the Supplementary Materials (Table S1) and organized according to the type of new bond

formation.
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