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Abstract: With the increasing concern for sustainability, the use of environmentally friendly media to
perform chemical processes has attracted the attention of many research groups. Among them, the
use of water, as the unique solvent for reactions, is currently an active area of research. One process
of particular interest is the direct nucleophilic substitution of an alcohol avoiding its preliminary
transformation into a good leaving group, since one of the by-products in this approach would be
water. The direct substitution of allylic, benzylic, and tertiary alcohols has been achieved through
SN1-type reactions with catalytic amounts of Brønsted or Lewis acids; however, organic solvents are
often required. In this review, the pioneering SN1 approaches performed in pure water and in the
absence of a metal based Lewis acid are compiled and discussed.
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1. Introduction

The direct nucleophilic substitution of an alcohol through an SN1-type reaction has been attracting
chemists’ attention for many years [1], since one of the by-products in this process is water, and, due to
the interest in trapping the resulting carbocation intermediate. For the activation of these SN1-type
reactions using allylic, benzylic, and tertiary alcohols, a catalytic amount of a metal based Lewis acid
is normally used [2–6]. In recent years, the organocatalytic version of this process has also received
considerable attention [7,8].

Many efforts have been made by the group of Mayr to study the processes between carbocations
and different nucleophiles, and an empirical equation to describe the reaction rate as a function
of the absolute nucleophilicity (N) and the absolute electrophilicity (E) of the reactants has been
developed [9,10]:

logk20 ◦C = SN(N + E) (1)

Equation 1. Equation of the reaction rate as a function of the nucleophilicity (N) and the
electrophilicity (E) [11,12].

Since water could also react as a nucleophile [13], the presence of water in an SN1-type reaction
could compete with the real nucleophile of the process, hindering the attack of the latter on the
electrophile. However, there are few pivotal examples that successfully demonstrate this challenging
competitive process.

Moreover, the catalytic activation of alcohols is a difficult task since the hydroxy group is a poor
leaving group and usually an excess of Brønsted acid or a stoichiometric amount of Lewis acid is
required to achieve this goal [14–16]. The development of catalytic methods using Brønsted or Lewis
acids is therefore highly desirable. However, the use of water as a reaction medium presents many
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advantages from the economical, environmental and safety [17] point of view and also in terms of the
reactivity and selectivity [18] of the processes developed in this medium.

In the continuous search for a more environmentally friendly medium, the use of water as solvent
or as co-solvent for reactions has received considerable attention in recent years [19]. Due to the poor
solubility of organic compounds in water or the high reactivity that some of them display in this
medium, the use of aqueous mixtures in organic synthesis was avoided for many years. However, its
attractive practical advantages over other organic solvents have increased the interest in performing
new processes in this reaction medium [20–28].

In this review, we aim to compile and discuss the scarce examples out of attempts to trap
the carbocation generated from an alcohol using pure water and in the absence of a metal Lewis
acid. The term “on water” or “in water” will be used depending on the authors’ assignment.
Based on the classification of Sharpless, the reactions are named as “on water” protocols when
some of the reactants are insoluble in the aqueous medium [29–35]. It is important to note that a
few metal-catalyzed examples have been also developed “on water”, such as with gold(III) [36,37],
In(III) [38] or Pd(0) [39–43]. However, high temperature or the use of a co-catalyst or an acid additive
is necessary.

2. Nucleophilic Substitution of Alcohols in Pure Water

Non Chiral Brønsted Acid Catalysts and Non-Catalyzed Examples

In 2007, Kobayashi and co-workers developed a pioneering protocol for the dehydrative
nucleophilic substitution of benzyl alcohols using different nucleophiles and employing DBSA
(dodecylbenzenesulfonic acid) as a surfactant-type Brønsted acid catalyst in pure water [44].

Based on previous results from the same research group using DBSA to catalyze the dehydrative
esterification of carboxylic acids with alcohols and etherification of alcohols in water [45–47], the
authors envisioned the possibility of using the same catalyst to promote the nucleophilic substitution
of alcohols in water.

In the preliminary screening of the reaction model, a Friedel–Crafts-type substitution reaction of
benzhydrol with 1-methylindole, common Brønsted acids such as AcOH (0% yield), TFA (3% yield),
TfOH (8% yield), TsOH (3% yield) or even a long chain carboxylic acid (C9H19COOH, 0% yield) were
not effective catalyzing the process. In contrast, DBSA catalyzed the reaction giving promising results
(85% yield). Both the surfactant property and the strong acidity of DBSA were found to be crucial for
the success of the process.

The scope of the reaction was extended to a variety of nucleophiles in their reaction with different
benzhydrol derivatives (Scheme 1).

Benzhydrols with electron-donating or electron-withdrawing groups reacted with electron-rich
heteroaromatic or aromatic compounds to afford compounds 1a–e in very good yields. When
compounds with α-acidic protons were used, the addition also proceeded smoothly with high yields
(1f–i). The reaction can be applied to form satisfactorily C-N and C-S bounds, as demonstrated by the
formation of products 1j–1l.

The substrate scope was also tested (Scheme 2). Thus, primary, secondary and tertiary benzyl
alcohols were successfully employed to obtain 2a–g in moderate to good yields. Substrates containing
heteroaromatic and allylic alcohols also worked in this approach (2d and 2e).

Finally, the authors explored an additional application for the developed method. The selective
dehydrative C-glycosylation of 1-hydroxy sugars in water was addressed, since methods for the
synthesis of C-glycosides starting from 1-hydroxy sugars using catalytic amounts of an activator were
scarce (Scheme 3). The reaction between 1-hydroxy-D-ribofuranose with electron-rich heteroaromatic or
aromatic compounds proceeded smoothly to afford 3a and 3b in good yields and excellent β-selectivity.
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Cozzi and co-workers had studied the nucleophilic substitution of ferrocenyl alcohols
enantiomerically enriched in organic solvents and with catalytic amounts of indium salts [48]. Based on
these results, the same group explored the viability of the nucleophilic substitution of chiral ferrocenyl
alcohols “on water”, without the presence of Lewis acids, Brønsted acids, surfactants or any other
catalyst (Scheme 4) [49].
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The authors tested different nucleophiles in the reaction model depicted in Scheme 4. Based on the
results, a few points can be made. The conversions observed with indoles bearing electron-withdrawing
substituents (5c, 5e, 5f) were lower than with the other nucleophiles. In the case of the product obtained
from nucleophile 5i, the reaction must be carried out with 5–10 equiv. of pyrrole (interestingly, the
absence of Lewis acids avoided its polymerization). Acidic nucleophiles (i.e., 4-nitrophenol) or
nucleophiles able to be hydrolyzed in water to weak acids (Me3SiCN to HCN) promoted the reaction
of ferrocenyl alcohol with itself.

It is likely the stability and the easy formation of the ferrocenyl cation that probably play an
important role in the efficiency of this reaction. These results are in agreement with the reactivity
of indoles predicted by Mayr’s nucleophilicity scale [50], where many electron-rich π-systems are
more nucleophilic than aqueous acetone or aqueous acetonitrile; hence, in slightly basic or neutral
conditions, the carbocation intermediate generated in an SN1-type reaction could be trapped with
electron-rich π-systems. This developed example, using mild reaction conditions, water, and, in the
absence of co-solvents, additives, Lewis, or Brønsted acids, could be used to introduce the ferrocene
moiety into biological molecules [51].

The same research group later extended the investigation to other alcohols and nucleophiles
performing the reaction “on water” in the absence of a catalyst (Scheme 5) [52]. The final products 8
were obtained with moderate to very good yields.
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The direct generation of carbocations on water from alcohols is probably driven by the formation
of hydrogen bonds between water and the hydroxy group of the alcohol. This assessment is based on
the Marcus and Jung proposal, according to which the formation of hydrogen bonds on the interface
between water and oil is responsible for the acceleration of the reactions “on water” [53].

Liu, Wang and co-workers developed in 2008 a methodology that includes the use of calix[n]arene
sulfonic acids bearing pendant aliphatic chains as surfactant-type Brønsted acid catalysts for allylic
alkylation with allyl alcohols in water [54]. The calix[n]arene sulfonic acid, which was prepared by the
Shinkai protocol, can be considered as a series of p-alkylbenzenesulfonic acids linked by methylene
spacers and provides a hydrophobic cavity [55]. The screening of the catalysts in the reaction model
depicted in Scheme 6, afforded catalyst 9d as the catalyst of choice (83% yield). This good result was
attributed to the formation of micelles in the water. The small value of the parameter cmc (critical
micelle concentration) for catalysts 9c–g indicates that a small amount of the catalyst is enough to
form a micelle in water (for 9a and 9b, the value of cmc was not calculated). However, with 9e, the
yield decreased to 61%, probably due to the formation of unimolecular micelles rather than molecular
aggregates (Shinkai’s suggestion). The size of the cavity had no effect on the yield (9d 83% and 9f
82%) up to a point because when 9g was used, the yield decreased slightly (74%) probably due to the
formation of a larger cavity.
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For comparative reasons, catalysts 10a–d were also explored. With 10a (TsOH), the yield was
very low (10%). The use of a polystyrene-supported sulfonic acid led to a 49% yield, but when
surfactant-type Brønsted acids 10b and 10d were used, the results improved significantly (77 and 80%,
respectively). However, comparing 9c and 10c, which have the same alkyl group, 9c exhibited higher
catalytic activity, giving 74% yield vs. 45% obtained with 10c. Based on these results, it seems that
the formation of micelles in water using surfactant-type catalysts is crucial for the catalytic alkylation
reaction of allyl alcohols in water.

With the best conditions in hand, the authors explored the scope of the reaction using different
aromatic compounds 11 (Scheme 7).

When the less reactive allylic alcohol 12b was tested, the reaction was carried out at 40 ◦C in order
to improve the yield and the regioselectivity of the process, although this was very poor (Scheme 8).

A recycling experiment was carried out using the model reaction depicted in Scheme 6. Thus,
when catalysts 10b or 10d were used, the second run gave no product. However, when 9d was used as
the catalyst, the reaction produced the product at a high yield (92%–96%) even after seven cycles.
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To extend the scope of the calixarene-SO3H as catalysts in water, the Friedel–Crafts alkylation
with benzyl and propargyl alcohols was also performed but at 80 ◦C, giving very good results.

Although different methods for the catalytic amination of alcohols using metal catalysis in
organic solvent systems have recently been reported, the elimination of hazardous solvents and
the introduction of water are desirable. In this context, Shimizu and co-workers developed the
water-soluble calix[4]resorcinarene sulfonic acid 14 and used it as an efficient reusable catalyst for
three-component Mannich-type reactions in water [56]. Based on this precedent, a new dehydrative
amination of alcohols in water was developed by the same research group (Scheme 9) [57], using 14 as
a Brønsted acid catalyst.

Catalyst 14 was the best choice among the variety of Brønsted acid catalysts examined. The scope
of the reaction was explored with the use of different allyl and benzyl alcohols. Both acyclic and
cyclic allyl alcohols worked in this process giving rise to products 15a, 15b, 15c. Amination of benzyl
alcohols bearing electron-donating or electron-withdrawing groups proceeded cleanly (15d–15j), and
heteroaromatic alcohols could also be used (15g).

The reaction with other nucleophiles was also tested and afforded good results for three different
substrates (products 16a, 16b and 16c) (Scheme 10).

The reusability of the catalyst 14 was studied after each reaction, extracting the product with
EtOAc and recovering the aqueous solution with the catalyst for the next cycle. Even after five runs,
the yields of the reactions were practically unchanged (92%–95% yield).
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Based on the experimental results, a plausible mechanism was proposed. First, the catalyst 14
would form a host–guest complex with the alcohol in the interphase layer. Then, the dehydration
reaction would be promoted by the sulfonic acid groups present in the structure of 14, and the
resulting cation would undergo nucleophilic attack, affording the products and regenerating the
catalyst (Scheme 11).

More recently, Hirashita and co-workers developed a new example using water in an autoclave at
high temperature (220 ◦C) to trap the carbocation from a variety of benzyl and allylic alcohols with
1,3-dicarbonyl compounds and activated aromatic compounds. The desired alkylated products 17
were obtained with moderate to high yields in the absence of catalysts (Scheme 12) [58].

It is remarkable, that the appropriate substrates for this reaction were limited to electron-rich
aromatic compounds, indicating that the transient intermediates are not electrophilic and/or stable
enough under these conditions to promote the alkylation process.
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3. Conclusions

The direct nucleophilic substitution of an alcohol through an SN1-type reaction has been a
challenge for many research groups for many years. The interest in this reaction has increased due
to the fact that water is the only by-product in this process and because the resulting carbocation
intermediates can be trapped. In this review, we have covered the scarce examples described to trap the
reactive carbocation generated in pure water using an organocatalytic Brønsted acid or in the absence
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of a catalyst. Even when water could also react as a nucleophile in an SN1-type reaction competing
with the real nucleophiles of the processes, the selected examples discussed in this review demonstrate
the viability and success of this process. Different allylic, benzylic and tertiary alcohols have been
used with a broad variety of nucleophiles and the corresponding carbocations have been successfully
trapped using water with high yields. Sulfonic acid derivatives used as surfactants or calixarenes
catalysts have been employed to promote this methodology.

Although there are still scarce examples of the organocatalytic activation of alcohols in aqueous
phase [59], as the unique solvent for the reactions, with the continuous search for environmentally
friendly reaction media, we presume further progress will be made in this stimulating field and many
other interesting and green approaches are expected in the near future.

Acknowledgments: We thank the Government of Aragon DGA (Research Group E-104) for financial support of
our research.

Author Contributions: R.O. and R.P.H. wrote the paper; and all authors read and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Emer, E.; Sinisi, R.; Capdevila, M.G.; Petruzziello, D.; De Vincentiis, F.; Cozzi, P.G. Direct nucleophilic
SN1-type reactions of alcohols. Eur. J. Org. Chem. 2011, 647–666. [CrossRef]

2. Muzart, J. Gold-catalysed reactions of alcohols: Isomerisation, inter- and intramolecular reactions leading to
C-C and C-heteroatom bonds. Tetrahedron 2008, 64, 5815–5849. [CrossRef]

3. Muzart, J. Procedures for and possible mechanisms of Pd-catalyzed allylations of primary and secondary
amines with allylic alcohols. Eur. J. Org. Chem. 2007, 3077–3089. [CrossRef]

4. Sundararaju, B.; Achard, M.; Bruneau, C. Transition metal catalyzed nucleophilic allylic substitution:
Activation of allylic alcohols via π-allylic species. Chem. Soc. Rev. 2012, 41, 4467–4483. [CrossRef] [PubMed]

5. Gualandi, A.; Mengozzi, L.; Wilson, C.M.; Cozzi, P.G. Synergistic stereoselective organocatalysis with
indium(III) salts. Synthesis 2014, 46, 1321–1328. [CrossRef]

6. Baeza, A.; Najera, C. Recent advances in the direct nucleophilic substitution of allylic alcohols through
SN1-type reactions. Synthesis 2014, 46, 25–34. [CrossRef]

7. Gualandi, A.; Petruzziello, D.; Emer, E.; Cozzi, P.G. Alpha-alkylation by SN1-type reactions. In Comprehensive
Enantioselective Organocatalysis: Catalysts, Reactions, and Applications, 1st ed.; Dalko, P.I., Ed.; Wiley-VCH:
Weinheim, Germany, 2013; pp. 729–755.

8. Gualandi, A.; Cozzi, P.G. Stereoselective organocatalytic alkylations with carbenium ions. Synlett 2013, 24,
281–296. [CrossRef]

9. Mayr, H.; Patz, M. Scales of nucleophilicity and electrophilicity: A system for ordering polar organic and
organometallic reactions. Angew. Chem. Int. Ed. Engl. 1994, 33, 938–957. [CrossRef]

10. Lucius, R.; Mayr, H. Constant selectivity relationships of addition reactions of carbanions. Angew. Chem.
Int. Ed. 2000, 39, 1995–1997. [CrossRef]

11. Mayr, H.; Kempf, B.; Ofial, A.R. π-Nucleophilicity in carbon-carbon bond-forming reactions. Acc. Chem. Res.
2003, 36, 66–77. [CrossRef] [PubMed]

12. Mayr, H.; Ofial, A.R. Kinetics of electrophile-nucleophile combinations: A general approach to polar organic
reactivity. Pure Appl. Chem. 2005, 77, 1807–1821. [CrossRef]

13. Minegishi, S.; Kobayashi, S.; Mayr, H. Solvent nucleophilicity. J. Am. Chem. Soc. 2004, 126, 5174–5181.
[CrossRef] [PubMed]

14. Coote, S.J.; Davies, S.G.; Middlemiss, D.; Naylor, A. Enantiospecific synthesis of (+)-(R)-1-phenyl-3-methyl-
1,2,4,5-tetrahydrobenz[d]azepine from (+)-(S)-N-methyl-1-phenyl ethanolamine (halostachine) via arene
chromium tricarbonyl methodology. Tetrahedron Lett. 1989, 30, 3581–3584. [CrossRef]

15. Bisaro, F.; Prestat, G.; Vitale, M.; Poli, G. Alkylation of active methylenes via benzhydryl cations. Synlett
2002, 1823–1826. [CrossRef]

16. Gullickson, G.C.; Lewis, D.E. Reactions of active methylene compounds with benzhydrol during solvolysis
in formic acid. Aust. J. Chem. 2003, 56, 385–388. [CrossRef]

http://dx.doi.org/10.1002/ejoc.201001474
http://dx.doi.org/10.1016/j.tet.2008.04.018
http://dx.doi.org/10.1002/ejoc.200601050
http://dx.doi.org/10.1039/c2cs35024f
http://www.ncbi.nlm.nih.gov/pubmed/22576362
http://dx.doi.org/10.1055/s-0033-1341022
http://dx.doi.org/10.1055/s-0033-1340316
http://dx.doi.org/10.1055/s-0032-1317939
http://dx.doi.org/10.1002/anie.199409381
http://dx.doi.org/10.1002/1521-3773(20000602)39:11&lt;1995::AID-ANIE1995&gt;3.0.CO;2-E
http://dx.doi.org/10.1021/ar020094c
http://www.ncbi.nlm.nih.gov/pubmed/12534306
http://dx.doi.org/10.1351/pac200577111807
http://dx.doi.org/10.1021/ja031828z
http://www.ncbi.nlm.nih.gov/pubmed/15099100
http://dx.doi.org/10.1016/S0040-4039(00)99447-4
http://dx.doi.org/10.1002/chin.200308086
http://dx.doi.org/10.1071/CH02157


Molecules 2017, 22, 574 11 of 12

17. Li, C.-J. Organic reactions in aqueous media with a focus on carbon-carbon bond formations: A decade
update. Chem. Rev. 2005, 105, 3095–3165. [CrossRef] [PubMed]

18. Lindström, U.M.; Andersson, F. Hydrophobically directed organic synthesis. Angew. Chem. Int. Ed. 2006, 45,
548–551. [CrossRef] [PubMed]

19. Jessop, P.G. Searching for green solvents. Green Chem. 2011, 13, 1391–1398. [CrossRef]
20. Lindström, U.M. Stereoselective organic reactions in water. Chem. Rev. 2002, 102, 2751–2772. [CrossRef]

[PubMed]
21. Li, C.-J.; Chen, L. Organic chemistry in water. Chem. Soc. Rev. 2006, 35, 68–82. [CrossRef] [PubMed]
22. Herrerías, C.I.; Yao, X.; Li, Z.; Li, C.-J. Reactions of C-H bonds in water. Chem. Rev. 2007, 107, 2546–2562.

[CrossRef] [PubMed]
23. Chanda, A.; Fokin, V.V. Organic synthesis “on water”. Chem. Rev. 2009, 109, 725–748. [CrossRef] [PubMed]
24. Gruttadauria, M.; Giacalone, F.; Noto, R. Water in stereoselective organocatalytic reactions. Adv. Synth. Catal.

2009, 351, 33–57. [CrossRef]
25. Paradowska, J.; Stodulski, M.; Mlynarski, J. Catalysts based on amino acids for asymmetric reactions in

water. Angew. Chem. Int. Ed. 2009, 48, 4288–4297. [CrossRef] [PubMed]
26. Butler, R.N.; Coyne, A.G. Water: Nature’s reaction enforcers comparative effects for organic synthesis

“in-water” and “on-water”. Chem. Rev. 2010, 110, 6302–6337. [CrossRef] [PubMed]
27. Bhowmick, S.; Bhowmick, K.C. Catalytic asymmetric carbon-carbon bond-forming reactions in aqueous

media. Tetrahedron: Asymmetry 2011, 22, 1945–1979. [CrossRef]
28. Gawande, M.B.; Bonifácio, V.D.B.; Luque, R.; Branco, P.S.; Varma, R.S. Benign by design: Catalyst-free

in-water, on-water green chemical methodologies in organic synthesis. Chem. Soc. Rev. 2013, 42, 5522–5551.
[CrossRef] [PubMed]

29. Narayan, S.; Muldoon, J.; Finn, M.G.; Fokin, V.V.; Kolb, H.C.; Sharpless, K.B. “On water”: Unique reactivity
of organic compounds in aqueous suspension. Angew. Chem. Int. Ed. 2005, 44, 3275–3279. [CrossRef]
[PubMed]

30. Pirrung, M.C.; Das Sarma, K. Multicomponent reactions are accelerated in water. J. Am. Chem. Soc. 2004, 126,
444–445. [CrossRef] [PubMed]

31. Price, B.K.; Tour, J. Functionalization of single-walled carbon nanotubes “on water”. J. Am. Chem. Soc. 2006,
128, 12899–12904. [CrossRef] [PubMed]

32. González-Cruz, D.; Tejedor, D.; de Armas, P.; García-Tellado, F. Dual reactivity pattern of allenolates “on
water”: The chemical basis for efficient allenolate-driven organocatalytic systems. Chem. Eur. J. 2007, 13,
4823–4832. [CrossRef] [PubMed]

33. Marqués-López, E.; Herrera, R.P.; Fernández, R.; Lassaletta, J.M. Uncatalyzed Strecker-type reaction of
N,N-dialkylhydrazones in pure water. Eur. J. Org. Chem. 2008, 3457–3460. [CrossRef]

34. Xiao, J.; Wen, H.; Wang, L.; Xu, L.; Hao, Z.; Shao, C.-L.; Wang, C.-Y. Catalyst-free dehydrative SN1-type
reaction of indolyl alcohols with diverse nucleophiles “on water”. Green Chem. 2016, 18, 1032–1037.
[CrossRef]

35. Butler, R.N.; Coyne, A.G. Organic synthesis reactions on-water at the organic–liquid water interface.
Org. Biomol. Chem. 2016, 14, 9945–9960. [CrossRef] [PubMed]

36. Hikawa, H.; Suzuki, H.; Yokoyama, Y.; Azumaya, I. Chemoselective benzylation of unprotected anthranilic
acids with benzhydryl alcohols by water-soluble Au(III)/TPPMS in water. J. Org. Chem. 2013, 78, 6714–6720.
[CrossRef] [PubMed]

37. Hikawa, H.; Suzuki, H.; Azumaya, I. Au(III)/TPPMS-catalyzed benzylation of indoles with benzylic alcohols
in water. J. Org. Chem. 2013, 78, 12128–12135. [CrossRef] [PubMed]

38. Wu, L.; Jiang, R.; Yang, J.-M.; Wang, S.-Y.; Ji, S.-J. In(OTf)3 catalyzed C3-benzylation of indoles with benzyl
alcohols in water. RSC Adv. 2013, 3, 5459–5464. [CrossRef]

39. Yang, S.-C.; Hsu, Y.-C.; Gan, K.-H. Direct palladium/carboxylic acid-catalyzed allylation of anilines with
allylic alcohols in water. Tetrahedron 2006, 62, 3949–3958. [CrossRef]

40. Hikawa, H.; Ino, Y.; Suzuki, H.; Yokoyama, Y. Pd-catalyzed benzylic C-H amidation with benzyl alcohols in
water: A strategy to construct quinazolinones. J. Org. Chem. 2012, 77, 7046–7051. [CrossRef] [PubMed]

41. Hikawa, H.; Yokoyama, Y. Palladium-catalyzed S-benzylation of unprotected mercaptobenzoic acid with
benzyl alcohols in water. Org. Biomol. Chem. 2012, 10, 2942–2945. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/cr030009u
http://www.ncbi.nlm.nih.gov/pubmed/16092827
http://dx.doi.org/10.1002/anie.200502882
http://www.ncbi.nlm.nih.gov/pubmed/16342310
http://dx.doi.org/10.1039/c0gc00797h
http://dx.doi.org/10.1021/cr010122p
http://www.ncbi.nlm.nih.gov/pubmed/12175267
http://dx.doi.org/10.1039/B507207G
http://www.ncbi.nlm.nih.gov/pubmed/16365643
http://dx.doi.org/10.1021/cr050980b
http://www.ncbi.nlm.nih.gov/pubmed/17439184
http://dx.doi.org/10.1021/cr800448q
http://www.ncbi.nlm.nih.gov/pubmed/19209944
http://dx.doi.org/10.1002/adsc.200800731
http://dx.doi.org/10.1002/anie.200802038
http://www.ncbi.nlm.nih.gov/pubmed/19347906
http://dx.doi.org/10.1021/cr100162c
http://www.ncbi.nlm.nih.gov/pubmed/20815348
http://dx.doi.org/10.1016/j.tetasy.2011.11.009
http://dx.doi.org/10.1039/c3cs60025d
http://www.ncbi.nlm.nih.gov/pubmed/23529409
http://dx.doi.org/10.1002/anie.200462883
http://www.ncbi.nlm.nih.gov/pubmed/15844112
http://dx.doi.org/10.1021/ja038583a
http://www.ncbi.nlm.nih.gov/pubmed/14719923
http://dx.doi.org/10.1021/ja063609u
http://www.ncbi.nlm.nih.gov/pubmed/17002385
http://dx.doi.org/10.1002/chem.200700227
http://www.ncbi.nlm.nih.gov/pubmed/17450516
http://dx.doi.org/10.1002/ejoc.200800297
http://dx.doi.org/10.1039/C5GC01838B
http://dx.doi.org/10.1039/C6OB01724J
http://www.ncbi.nlm.nih.gov/pubmed/27714194
http://dx.doi.org/10.1021/jo401064f
http://www.ncbi.nlm.nih.gov/pubmed/23745757
http://dx.doi.org/10.1021/jo402151g
http://www.ncbi.nlm.nih.gov/pubmed/24256426
http://dx.doi.org/10.1039/c3ra40251g
http://dx.doi.org/10.1016/j.tet.2006.02.035
http://dx.doi.org/10.1021/jo301282n
http://www.ncbi.nlm.nih.gov/pubmed/22852777
http://dx.doi.org/10.1039/c2ob25091h
http://www.ncbi.nlm.nih.gov/pubmed/22402746


Molecules 2017, 22, 574 12 of 12

42. Hikawa, H.; Suzuki, H.; Yokoyama, Y.; Azumaya, I. Mechanistic studies for synthesis of bis(indolyl)methanes:
Pd-catalyzed C-H activation of indole-carboxylic acids with benzyl alcohols in water. Catalysts 2013, 3,
486–500. [CrossRef]

43. Hikawa, H.; Yokoyama, Y. Pd-catalyzed C-H activation in water: Synthesis of bis(indolyl)methanes from
indoles and benzyl alcohols. RSC Adv. 2013, 3, 1061–1064. [CrossRef]

44. Shirakawa, S.; Kobayashi, S. Surfactant-type Brønsted acid catalyzed dehydrative nucleophilic substitutions
of alcohols in water. Org. Lett. 2007, 9, 311–314. [CrossRef] [PubMed]

45. Manabe, K.; Sun, X.-M.; Kobayashi, S. Dehydration reactions in water. Surfactant-type Brønsted
acid-catalyzed direct esterification of carboxylic acids with alcohols in an emulsion system. J. Am. Chem. Soc.
2001, 123, 10101–10102. [CrossRef]

46. Manabe, K.; Iimura, S.; Sun, X.-M.; Kobayashi, S. Dehydration reactions in water. Brønsted acid-surfactant-
combined catalyst for ester, ether, thioether, and dithioacetal formation in water. J. Am. Chem. Soc. 2002, 124,
11971–11978. [CrossRef] [PubMed]

47. Kobayashi, S.; Iimura, S.; Manabe, K. Dehydration reactions in water. Surfactant-type Brønsted acid-catalyzed
dehydrative etherification, thioetherification, and dithioacetalization in water. Chem. Lett. 2002, 10–11.
[CrossRef]

48. Vicennati, P.; Cozzi, P.G. Facile access to optically active ferrocenyl derivatives with direct substitution of the
hydroxy group catalyzed by indium tribromide. Eur. J. Org. Chem. 2007, 2248–2253. [CrossRef]

49. Cozzi, P.G.; Zoli, L. Nucleophilic substitution of ferrocenyl alcohols “on water”. Green Chem. 2007, 9,
1292–1295. [CrossRef]

50. Lakhdar, S.; Westermaier, M.; Terrier, F.; Goumont, R.; Boubaker, T.; Ofial, A.R.; Mayr, H. Nucleophilic
reactivities of indoles. J. Org. Chem. 2006, 71, 9088–9095. [CrossRef] [PubMed]

51. Van Staveren, D.R.; Metzler-Nolte, N. Bioorganometallic chemistry of ferrocene. Chem. Rev. 2004, 104,
5931–5985. [CrossRef] [PubMed]

52. Cozzi, P.G.; Zoli, L. A rational approach towards the nucleophilic substitutions of alcohols “on water”.
Angew. Chem. Int. Ed. 2008, 47, 4162–4166. [CrossRef] [PubMed]

53. Jung, Y.; Marcus, R.A. On the theory of organic catalysis “on water”. J. Am. Chem. Soc. 2007, 129, 5492–5502.
[CrossRef] [PubMed]

54. Liu, Y.-L.; Liu, L.; Wang, Y.-L.; Han, Y.-C.; Wang, D.; Chen, Y.-J. Calix[n]arene sulfonic acids bearing pendant
aliphatic chains as recyclable surfactant-type Brønsted acid catalysts for allylic alkylation with allyl alcohols
in water. Green Chem. 2008, 10, 635–640. [CrossRef]

55. Shinkai, S.; Mori, S.; Koreishi, H.; Tsubaki, T.; Manabe, O. Hexasulfonated calix[6]arene derivatives: A new
class of catalysts, surfactants, and host molecules. J. Am. Chem. Soc. 1986, 108, 2409–2416. [CrossRef]
[PubMed]

56. Shimizu, S.; Shimada, N.; Sasaki, Y. Mannich-type reactions in water using anionic water-soluble calixarenes
as recoverable and reusable catalysts. Green Chem. 2006, 8, 608–614. [CrossRef]

57. Shirakawa, S.; Shimizu, S. Dehydrative amination of alcohols in water using a water-soluble
calix[4]resorcinarene sulfonic acid. Synlett 2008, 1539–1542. [CrossRef]

58. Hirashita, T.; Kuwahara, S.; Okochi, S.; Tsuji, M.; Araki, S. Direct benzylation and allylic alkylation in
high-temperature water without added catalysts. Tetrahedron Lett. 2010, 51, 1847–1851. [CrossRef]

59. Hayashi, Y. In water or in the presence of water? Angew. Chem. Int. Ed. 2006, 45, 8103–8104. [CrossRef]
[PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/catal3020486
http://dx.doi.org/10.1039/C2RA21887A
http://dx.doi.org/10.1021/ol062813j
http://www.ncbi.nlm.nih.gov/pubmed/17217292
http://dx.doi.org/10.1021/ja016338q
http://dx.doi.org/10.1021/ja026241j
http://www.ncbi.nlm.nih.gov/pubmed/12358542
http://dx.doi.org/10.1246/cl.2002.10
http://dx.doi.org/10.1002/ejoc.200700146
http://dx.doi.org/10.1039/b711523g
http://dx.doi.org/10.1021/jo0614339
http://www.ncbi.nlm.nih.gov/pubmed/17109534
http://dx.doi.org/10.1021/cr0101510
http://www.ncbi.nlm.nih.gov/pubmed/15584693
http://dx.doi.org/10.1002/anie.200800622
http://www.ncbi.nlm.nih.gov/pubmed/18435519
http://dx.doi.org/10.1021/ja068120f
http://www.ncbi.nlm.nih.gov/pubmed/17388592
http://dx.doi.org/10.1039/b719278a
http://dx.doi.org/10.1021/ja00269a045
http://www.ncbi.nlm.nih.gov/pubmed/22175592
http://dx.doi.org/10.1039/b603962f
http://dx.doi.org/10.1002/chin.200843050
http://dx.doi.org/10.1016/j.tetlet.2010.01.112
http://dx.doi.org/10.1002/anie.200603378
http://www.ncbi.nlm.nih.gov/pubmed/17103474
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Nucleophilic Substitution of Alcohols in Pure Water 
	Conclusions 

