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Lewis Base Catalysis Promoted Nucleophilic Substitutions –
Recent Advances and Future Directions
Peter H. Huy*[a]

Abstract: Nucleophilic substitutions (SN) account for the most
essential and frequently applied chemical transformations. SN-
reactions allow forging C–C, C–O, C–N and C–Cl bonds, for ex-
ample, from natural abundant starting materials such as alco-
hols and carboxylic acids. Products of SN-reactions are ubiqui-
tous and find inter alia applications as pharmaceuticals, plant
protection agents and polymers. However, conventional SN-type
approaches are restricted frequently by the necessity of hazard-
ous reagents and by-products, a poor waste-balance and there-

1. Introduction

1.1. Catalysis in Nucleophilic Substitutions

Nucleophilic substitutions (SN) enable straightforward C–C,
C–O, C–N, and C-X bond formation, for instance, utilizing readily
available starting materials (Scheme 1, X = halogen).[1–7] As the
consequence SN-type reactions account for the most funda-
mental and widely-spread transformations in chemistry. Of par-
ticular importance are hydroxyl group-containing starting ma-
terials such as alcohols 1 and carboxylic acids 2 (Scheme 1).
Both are of high natural abundance and can also be derived
from renewable feedstocks.[8] Products arising from SN-chemis-
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fore sustainability and high levels of costs, which especially im-
pedes application in large scale synthesis. In order to provide
solutions to these limitations, the development of novel cata-
lytic methods for SN-transformations has evolved into a flourish-
ing and reviving area of research. The current review enables
an overview of modern strategies for catalytic nucleophilic sub-
stitutions, presents as main topic the state-of-the-art with re-
spect to SN-methods that are promoted by Lewis bases and
points out potential future directions for further innovations.

try are omnipresent like in drugs, proteins, and materials (e.g.
polymers).

Scheme 1. A Ideal and B conventional SN-reactions.

In an “ideal” SN-transformation, only water would be formed
as by-product (Scheme 1 A). However, the hydroxyl group is an
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intrinsically poor leaving group, which is explained by its high
Brønsted basicity. Hence, the displacement of OH groups by
nucleophiles conventionally affords a preceding activation step
(Scheme 1 B). Thereby, the hydroxyl function is transformed
into a good leaving group, which is derived from weak Brønsted
bases. This additional derivatization requires at least one stoi-
chiometric reagent, which results in the formation of by-prod-
ucts with considerably higher molecular masses than water.

Therefore, the majority of the conventional SN-protocols is
impaired by a rather poor waste-balance and consequently also
sustainability[9] and cost-efficiency.

Actually, many of the catalytic methods delineated in this
review have been inspired by the renowned Appel[10] and Mit-
sunobu[6,11] reaction (Scheme 2). These two classical SN-ap-
proaches illustrate the challenges that have to be faced very
well. Appel reactions furnish haloalkanes of type 6 from alco-
hols 1, which is promoted by triphenylphosphine (5a) and an
electrophilic halogenation reagent (Scheme 2 A). Besides
carbon tetrachloride and -bromide also elemental halogens and
N-halosuccinimides (7) are widely-used as oxidation agents.

Scheme 2. Classical SN-methods for alcohols (EWG = electron withdrawing
group).

The Mitsunobu reaction on the other hand facilitates con-
densations of alcohols with a broad scope of O, S, C, and
N-nucleophiles with a pKa ≤ 11, which necessitates PPh3 and
an diazodicarboxylate of type 8 as reagents (Scheme 2 B).

Since only neutral by-products evolve, these methods exhibit
high levels of functional group compatibility. As an additional
important aspect, enantioenriched alcohols 1 are transformed
under so-called stereochemical Walden inversion into non-race-
mic products of type 6,[12] which is ascribed to a concerted
bimolecular nucleophilic substitution (SN2) mechanism. Both
named reactions have alkoxyphosphonium salts Ia as key inter-
mediate in common, in which the hydroxyl group has been
converted in a neutral leaving group (O=PPh3, Scheme 2 C).
However, the generation of two by-products, which is accounta-
ble for a poor waste-balance and thus cost-efficiency, the haz-
ardous nature of diazo agents such as 8 and the often tedious
separation of triphenylphosphane oxide impede the application
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of these highly-useful protocols in particular in larger scales
severely.[6b]

Against this background, the development of more effective
and “greener” methods for SN-type transformations is a chal-
lenging and highly attractive goal for academic research. Addi-
tionally, the chemical industry declared a high demand for
novel SN-protocols that exhibit a minimized ecological foot-
print.[13] To accomplish these goals, several strategies for cata-
lytic nucleophilic substitutions relying on closed-shell interme-
diates have been devised. The most important concepts for the
transformation of alcohols are summarized in Scheme 3, which
also includes simplified reaction mechanisms.

Scheme 3. Modern strategies for catalytic nucleophilic substitutions employ-
ing alcohols.

Lewis and Brønsted acid catalysis pave the way for the for-
mation of C–C, C–N, C–O, and C–S bonds in high versatility and
optimal atom efficiency, as water is liberated as exclusive by-
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product (Scheme 3 A).[1,2,14] At the outset, complexation and
protonation, respectively, of 1, which results in intermediate II,
allow for catalytic activation of the OH group. According to a
two-step unimolecular nucleophilic substitution (SN1) mecha-
nism, the successive displacement proceeds via achiral carb-
enium ions of type III. As a consequence, enantioenriched sub-
strates 1 give rise to racemic products. For this approach mainly
electron-rich alcohols, which engender stabilized type III cat-
ions, are appropriate.

Transition metal catalysis allows for SN-reactions addressing
allylic, propargylic and certain benzylic alcohols of type 1 in
optimal atom efficiency (Scheme 3 B).[3] Since both, the forma-
tion of the intermediate metal-π complexes IV and the subse-
quent introduction of the nucleophile take place under stereo-
chemical inversion, overall retention of the configuration oc-
curs.

In the last years, transition metal-catalyzed transformations
of alkanols into type 6 alkylamines and α-alkylated carbonyl
compounds have grown into a prospering research area
(Scheme 3 C).[4] These SN-like reactions are commenced by de-
hydrogenation of 1 yielding carbonyl compounds V, in which
hydrogen is “borrowed”. Next, unsaturated intermediates of
type VI arise either from an imine or aldol condensation. Even-
tually, hydrogen is returned by means of reduction of V to 6.
Since the stereochemical information is lost inevitably in the
conversion of 1 to V, racemic products are isolated in the in-
stance of non-chiral catalysts. SN-reactions of this class are also
distinguished by an optimal atom economy because H2O is
generated as sole by-product.

Inspired predominantly by the Appel and Mitsunobu reac-
tion (see Scheme 2), Lewis base catalysis has emerged as a
powerful tool for SN-type bond formation (Scheme 3 D +
E).[5,6,15] Thereby, two different approaches can be differentiated
based on the oxidation state of the reactive center of the cata-
lyst, which either remains unaltered or changes throughout the
process. Catalysts for the redox-neutral version have a Lewis
basic double-bonded oxygen atom as key structural motif in
common (Scheme 3 D, for examples see Scheme 5 B). Activa-
tion of the HO moiety is attained in the presence of non-oxid-
ative acid halide or anhydride reagents, which are also the
source of the nucleophile. In terms of reaction mechanism, the
Lewis base catalyst 9 is first acylated by means of the electro-
philic reagent. Subsequently, the resulting electrophilic species
VII undergoes a condensation with the starting material 1 to
afford intermediate I, which bears a neutral leaving group and
the nucleophile as counterion. Finally, nucleophilic displace-
ment under stereochemical Walden-inversion in accordance
with an SN2-mechanism furnishes enantioenriched products 6
and completes the catalytic cycle.

In contrast, phosphane 5 catalyzed SN-transformations are
driven by an oxidation of the P atom in 5 (Scheme 3 E). Initially,
5 (oxidation state +III) is transformed by means of an oxidative
halogenation reagent into tetravalent phosphonium intermedi-
ate VIII (+V). Reaction with the alcohol 1 then furnishes inter-
mediate Ia, which shows resemblance with the redox-neutral
approach. Afterwards SN2-type substitution delivers product 6
under inversion of the configuration and phosphane oxide 10.
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Ultimately, 10 is reduced to phosphine 5 using a silane, which
concludes the catalytic process. Worthy of notice, the sequence
5 → 6 is identical with the Appel reaction (Scheme 2 A).

Since Lewis base-catalyzed SN-reactions in the majority need
a stoichiometric reagent, the atom efficiency is lower than in
the aforementioned strategies. Beneficially, they are very varia-
ble in terms of substrate scope, since electron-rich and electron-
poor, primary secondary or even tertiary alcohols are suitable
as substrates. Due to the Walden inversion, the stereochemical
integrity of enantioenriched alcohols 1 is largely preserved. As
the reaction conditions are on average less acidic in comparison
to Lewis and Brønsted acid-catalyzed protocols, levels of func-
tional group compatibility are higher. Besides, several intriguing
protocols for the Mitsunobu reaction, which are catalytic re-
garding the Lewis acidic diazo component, have been imple-
mented lately and are summarized in an up-to-date review.[6b]

In the case of carboxylic acids 2, in particular two catalytic
concepts have been established in the past years (Scheme 4).[16]

Boron, zirconium and hafnium Lewis acids, for instance, have
facilitated a significant step forward towards the atom-efficient
production of amides 11 (Scheme 4 A).[2,7] In addition, desig-
nated Lewis bases are capable to activate acids 2 in a catalytic
manner, which enabled the straightforward synthesis of esters
and amides of type 11 (Scheme 4 B).

Scheme 4. Present concepts for catalytic nucleophilic substitutions involving
carboxylic acids.

The current review focuses on the progress concerning Lewis
base-catalyzed SN-reactions according to the strategies deline-
ated in Scheme 3 D and Scheme 3 E and Scheme 4 B since
2009. In addition, related non-catalytic Lewis base promoted
transformations are discussed. In chapter 2 to 4, the methodo-
logical approaches are divided into the substrate categories al-
cohols, carboxylic acids, and aldehydes and epoxides. Each sub-
strate class is partitioned in catalyst types in chronological order
with respect to the year of the first literature precedent. In sec-
tion 2 about alcohols initially redox-neutral approaches are in-
troduced, which is succeeded by redox driven and non-catalytic
protocols. In chapter 5 other important contributions concern-
ing SN-reactions are highlighted.
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1.2. Lewis Base Catalyzed Nucleophilic Substitutions

Redox-neutral Lewis base promoted SN-approaches enable the
transformation of alcohols 1 and acids 2 into adducts 6 and 11,
for example (Scheme 5 A). A range of O-centered Lewis bases
has been discovered as proficient catalysts for these processes
(Scheme 5 B). Amongst them are phosphine oxides 9a and 9b,
aromatic cyclopropenones 9c–f and tropone 9g, formamides
9h (DMF) and 9i (FPyr), sulfoxides 9j (DMSO) and 9k and tri-
azolinone 9l. In order to outcompete background esterification
(vide infra), catalyst loadings of 5–20 mol-% are quite common.
Nevertheless, this disadvantage is counterbalanced by the inex-
pensive nature and low molecular weight (down to <100 g/
mol) of most organic Lewis bases employed, some of which are
routine solvents (e.g. DMF and DMSO).

Scheme 5. Redox-neutral Lewis base-catalyzed SN-methodologies.

Thermodynamic driving force is guaranteed by acid chloride
and anhydride reagents such as oxalyl chloride, methane sulf-
onic acid anhydride (Ms2O), benzoyl and acetyl chloride (BzCl/
AcCl) and trichlorotriazine (TCT), which is also known as cyan-
uric chloride (Scheme 5 C). The diminished atom economy in
comparison to other catalytic methods (see section 1.1), is par-
tially compensated by the low costs and molecular weights of
these commodity chemicals. Since the reagent also delivers the
nucleophile, Lewis base-catalyzed SN-methods in the majority
afford alkyl and acid halides as products. Notable, halo alkenes
and acid halides allow for the introduction of virtually any nu-
cleophile and hence are synthetically very useful and valuable
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intermediates. In addition, a plethora of chlorinated and brom-
inated natural products have been described,[17] which are
amenable by means of the reviewed methodologies.

In fact, the major challenge for Lewis base-catalyzed SN-proc-
esses is an undesired background reaction (Scheme 5 D). In the
absence of a viable catalytic species, nucleophilic alcohols 1
react with acid chlorides to afford esters of type 12 (Scheme 5
E). The nucleophilic alcohol 1 and the Lewis base catalyst 9 are
both competing for the electrophilic reagent. The pivotal role
of the catalyst 9 is to switch chemoselectivity in favor of the
SN2-substitution product 6. The unwanted condensation yield-
ing 12 has been mitigated by (1) diluted reaction media
through the usage of large solvent amounts and (2) a very slow
addition of a solution of the reagent to the reaction mixture
with the aid of a syringe pump. Alternatively, (3) application of
reagents that are less electrophilic than oxalyl chloride (e.g. BzCl
and TCT), respectively, also allow decreasing esterification pro-
ducing 12.

1.3. Stereochemical Inversion and Green Metrics

Before the discussion of specific literature examples, some gen-
eral aspects are taken into account. Due to the Walden inver-
sion, the enantiomer of the opposite configuration of the start-
ing alcohol 1 is formed preferentially, which renders SN2-type
reactions enantioselective. As coined by Lambert and Denton,
“substitutions under inversion” are also termed as “invertive
substitutions”.[5a] SN2-like displacements are also designated as
stereospecific (or enantiospecific), because they “[···] produce
different stereoisomers from stereoisomeric starting materials un-
der identical conditions”.[18b] The preservation of enantiomeric
purity is displayed by comparison of the enantiomeric excesses
(ee) or enantiomeric ratios (er) of the product and starting com-
pound. This is easiest accomplished through the chirality trans-
fer (c.t.) as suggested by Samec,[19] which is determined as fol-
lows:

If the starting material contains other stereogenic elements,
two diastereomeric (and not enantiomeric) products potentially
arise. In this instance, the c.t. is calculated based on the dia-
stereomeric excesses (de) instead of the ees. The exact definition
of the chirality transfer (or transfer of chirality) is strictly speak-
ing referring to reactions “[···] in which at least one element of
chirality is translocated from one site to another”.[18b] In an SN2
substitution no translocation of a stereocenter takes place, in-
stead it remains on the very same carbon atom. Nevertheless,
we are convinced (also to the lack of viable alternatives) that
the chirality transfer is the best means to describe the conserva-
tion of stereoisomeric purity.

To compare a set of methods in terms of sustainability,[9]

different green metrics have been engaged in the references
included herein. All of them are calculated based on a specific
chemical transformation. Therefore, an accurate comparative
analysis requires data for the conversion of a selected starting
material to a specific product. The simplest tool to assess the
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ecological foot-print is the atom economy (AE), which is synony-
mous with atom efficiency.[20a] It is based on the molecular
weights M of the starting materials, which appear in the bal-
anced reaction equation, and of the desired product and their
stoichiometric co-factors ν:

A more detailed comparison is achieved by the reaction
mass efficiency (RME), which relies on masses m:[20b]

Therefore, the yield, which impacts the mass of the product,
and the stoichiometry, in which the starting materials have ac-
tually been utilized, are accounted for. The E-factor facilitates
an even more precise assessment:[20c]

The E-factor is typically calculated using the masses of start-
ing materials rather than of waste because the latter one is
more difficult to specify. In contrast to the RME, masses of all
starting materials are considered, which also includes solvents
in the reaction, work up and purification (with the exception of
water) and auxiliary chemicals for the work-up and purification
(e.g. silica gel).

An essential aspect that coins the synthetic utility of any
method is scalability. In this context, the largest scale example
(≥1 g scale) is highlighted for each method in chapters 2 to 4.
In terms of volume, the solvent is usually the main component
of a reaction mixture. Thus, the concentration of the starting
material with respect to the reaction solvent allows to roughly
estimate the scalability. High substrate concentrations entail
low solvent amounts, which in turn predicts reasonable scalabil-
ity. Therefore, the molar concentrations of starting materials like
1 or 2 are noted for each protocol in “M” (= mol/L) below the
reaction arrow right after the solvent in round brackets.

2. Substrate Class Alcohols

Most methods in this section have been demonstrated to be
applicable towards primary and secondary alcohols, which typi-
cally encloses aliphatic, benzylic, allylic and propargylic exam-
ples. For the reason of clarity, only deviations from these basic
sets of compatible carbon scaffolds such as tertiary alcohols are
mentioned in the following. As a matter of fact, tertiary alco-
hols, which are likely to undergo substitution according to an
SN1-mechanism, are rarely represented in the substrate scopes
discussed herein. Most of the methods tolerate (halo)arenes,
alkenes, alkynes, alkylaryl ethers, methyl and ethyl esters, and
nitroarenes. Therefore, only functional groups apart from these
examples are explicitly noted in the following.
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2.1. Phosphane Oxide Catalysis

The group of Denton discovered triphenylphosphane oxide 9a
as one of the first examples for Lewis base catalysts that pro-
moted transformations of alcohols 1 into alkyl halides 13 and
14 (Scheme 6 A).[21] While alkyl chlorides were produced by
means of oxalyl chloride, additional engagement of LiBr af-
forded the corresponding bromides (e.g. 14a). This approach is
referred to as a redox-neutral catalytic Appel reaction because
the oxidation state of phosphorus remains +V throughout the
catalytic cycle (compare with Scheme 2 A). Since only oxalyl
chloride is required as reagent, overall a much better atom
economy has been reached (e.g. in comparison to CCl4/PPh3).
Just 3 mol-% of 9a were sufficient for the production of rac-
13a, which is one of the lowest catalyst loadings described to
date for SN-reactions. SN2-type stereochemical inversion was
substantiated through the synthesis of aliphatic chloride 13a in
high enantioselectivity. Concerning functional group compati-
bility, a secondary amide, and TBDPS ether 13b, in the prepara-
tion of which 2,6-di-tert-butylpyridine was employed as base,

Scheme 6. Triphenylphosphine oxide enabled synthesis of alkyl halides and
esters (Ar = 4-O2N(C6H4), TBDPS = tert-butyldiphenylsilyl). a. With 3 equiv.
LiBr. b. Reaction performed in the presence of 1.8 equiv. 2,6-di-tert-butyl-
pyridine.
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stand out. More acid-labile TES ethers were cleaved under the
optimized conditions.

Worthy of note, cyclohexanol derivatives such as menthol
are challenging substrates for SN-reactions. An SN2-type back-
side attack is restricted by the cyclohexyl backbone in the ther-
modynamically preferred chair conformer with the OH group in
equatorial position. Since the positive charge of the secondary
cyclohexyl carbeniumion is not well stabilized, an SN1-mecha-
nism is also not favorable. Against this background, sterically
demanding substrates such as cyclohexanol, menthol, tert-
butanol, and neopentyl alcohol turned out to be non-viable
starting materials, a limitation whom many other catalytic pro-
tocols share.

Key alkoxyphosphonium intermediate Ia was evidenced pro-
foundly by NMR spectroscopy and X-ray crystal structure analy-
sis. Interestingly, alkyl and arylphosphine oxides, which contain
electron-rich aryl portions, did not foster halide 13 formation.

On the other hand tris-(4-fluorophenyl)phosphane oxide ap-
peared as a slightly more competent catalyst. Next, Denton and
co-workers disclosed an elegant redox-neutral Mitsunobu-type
process for the synthesis of esters under inversion (see exam-
ples 16a+b in Scheme 6 B).[22a] Ishikawa phosphorane 15,[22b]

which is received upon successive reaction of phosphane oxide
9a with oxalyl chloride and trifluoroethanolate, served as rea-
gent. With regard to functional group tolerance, even a Boc-
carbamate resisted the reaction conditions (example 16c). The
sterically challenging menthol derived ester 16d was isolated
in a moderate yield. NMR studies corroborated phosphonium
species Ia as pivotal intermediate.

Recently, the group of Denton succeeded in developing a
redox-neutral fully catalytic version of the Mitsunobu reaction
(Scheme 7, compare with Scheme 2 B).[22c] Water released as

Scheme 7. Fully catalytic Mitsunobu reaction (Ar1 = 2,4-(O2N)2(C6H3), Ar2 =
2-(O2N)(C6H4), Phth = Phthaloyl, pTol = para-tolyl).
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the only by-product was removed from the reaction mixture by
means of a Dean–Stark apparatus at high temperatures. This
ground-breaking work has been enabled by phosphane oxide
catalyst 9b, which is equipped with a 2-hydroxybenzyl moiety.
Indeed, the phenolic OH group allows for the generation of
crucial phosphonium intermediate XI upon reaction of catalyst
9b with the acidic nucleophile under liberation of water
(Scheme 7 C). Nucleophiles of high acidity such as nitrobenzoic
and sulfonic acids and imides are required for the formation of
XI (Scheme 7 B). Subsequently, condensation of XI with starting
alcohol 1 delivers phosphonium species Ib, in which the OH
group of 1 is activated as a neutral phosphane oxide leaving
group. Eventually, nucleophilic substitution under inversion fa-
cilitates formation of esters, and imides. Evidence for intermedi-
ates XI and Ib was gathered by NMR.

Interestingly, a derivative of phosphane oxide 9b, in which
the OH group had been methylated, effected ester formation
in low yield and under retention of the configuration. This ex-
perimental observation emphasizes the essential role of the
hydroxyl moiety in catalyst 9b. Denton′s intriguing method
combines the advantages of Lewis acid (compare Scheme 3 A)
and base-catalyzed SN-strategies, which are no need for stoichi-
ometric reagents and conservation of stereochemical purity, re-
spectively. Tertiary amides, imides (example 17a), sulfones, alkyl
bromides, and nitriles are amongst the compatible functional
groups (Scheme 7 D). Notable, ester 16e contains an azido
group, which would most likely not be tolerated under classical
Mitsunobu conditions due to Staudinger reaction with PPh3.
Despite the acidic reaction conditions, TBDPS ether 16f was
produced in excellent yield.

Interestingly, the nucleophile had a main impact on the chi-
rality transfer. Whilst 2,4-nitrobenzoic acid was recognized as
optimal in the case of aliphatic substrates (e.g. 16g), the highest
level of inversion in the instance of benzylic product 16h was
accomplished using 2-nitrobenzoic acid. In addition, scalability
has been approved by the multigram preparation of two exam-
ples including 16g. Practical relevance has also been illustrated
through the rapid synthesis of the antituberculosis drug thio-
carlide. While the conventional Mitsunobu protocols display a
reaction mass efficiency (RME) of 21 %, catalytic variants show
deteriorated to moderately improved RMEs of 13–27 % (mean
values of several examples).[6b] The fully catalytic Mitsunobu
procedure, however, exhibits a significantly improved average
RME of 65 %.[22c]

2.2 Cyclopropenone and Tropone Catalysis

In the aromatic cyclopropenyl and cylcoheptatrienyl resonance
structures of cyclopropenones and tropone, respectively, the
carbonyl O-atom carries a negative formal charge (see
Scheme 5 B). Indeed, the aromatic character of these com-
pounds results in a highly polarized carbonyl group, which
makes cyclopropenones 9c–f and tropone 9g excellent Lewis
bases. Cyclopropenone catalysis has been pioneered by the
group of Lambert (Scheme 8 + Scheme 9). At the outset, the
ability of dichlorocyclopropene 18, which is obtained from di-
phenylcyclopropenone (9c) by means of thionyl chloride
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(SOCl2), to transform alcohols 1 into chloro alkanes was discov-
ered (Scheme 8 A).[23a] Conversion of secondary aliphatic start-
ing materials requested heating to 80 °C (see 13e), whereas in
all other cases room temperature was sufficient. Reagent 18
even allowed the preparation of tertiary chloride 13f in a mod-
erate yield. Remarkably, chiral benzylic chloride 13g, which is
prone to racemization due to competing SN1-displacement, was
synthesized under inversion on a gram scale in high levels of
chirality transfer. Cyclopropenone activation gives rise of type
Ic intermediates (here with Ph instead of PMP), which has been
corroborated by means of 1H-NMR.

Scheme 8. Cylcopropenone-promoted synthesis of chloro alkanes (PMP =
para-methoxyphenyl).

Shortly after, the Lambert group implemented an SN-method
for the conversion of alcohols to alkyl chlorides that is catalytic
in cyclopropenone (Scheme 8 B).[23b] Alkyl and arylcyclopropen-
ones are both capable to catalyze the transformation 1 → 13.
Nevertheless, Lewis base 9d, which incorporated two electron-
rich para-methoxyphenyl substituents (PMP), came forward as
privileged catalyst. Since reaction of thionyl chloride with alco-
hols readily affords chloro alkanes in the absence of catalysts,
oxalyl chloride was selected as reagent. While transformations
of more reactive benzylic, propargylic and allylic substrates 1
were carried out at room temperature, secondary aliphatic
chlorides 13 had to be synthesized under heating to 80 °C in
PhCF3. Remarkable is the production of chloride 13i, which con-
tains a pyridyl heterocycle. To the best of our knowledge, this
is the sole example in the field of Lewis-base catalyzed SN-type
reactions of alcohols that bears a Brønsted basic function.

Secondary non-racemic chlorides were formed under clean
inversion, which was demonstrated in the instance of several

Eur. J. Org. Chem. 2020, 10–27 www.eurjoc.org © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim16

Scheme 9. Cylcopropenone facilitated nucleophilic substitutions using meth-
ylsulfonic acid anhydride (Ms = methylsulfonyl).

benzylic substrates and an α-hydroxy ester (e.g. 13j+k). Com-
parison experiments with SOCl2 showed significantly enhanced
stereoselectivities.

In the following, the team of Lambert established a method
for the invertive cyclodehydration of diols of type 19, in which
methyl sulfonic acid anhydride (Ms2O) was applied as reagent
(Scheme 9 A).[23c] Other reagents such as oxalyl chloride and
trifluoroacetic anhydride did not cause furan 20 formation. This
dehydrative cyclization has been facilitated by stoichiometric
amounts of commercial diphenylcyclopropenone (9c), which
could also be replaced by the diisopropyl congener 9f (see
Scheme 5 B). Thereby, not only saturated furans such as 20a–c
but also six-membered pyrans like 20d were amenable.

The synthesis of 20a and 20b proceeded under retention of
the configuration, which is explained by site-selective activation
of the sterically less encumbered primary OH function in 19.
In contrast, inversion of one stereocenter was observed in the
preparation of THF derivative 20c from a C2-symmetrical diol.
Moreover, mesylates of type 21 have been synthesized from
alcohols 1 under stereochemical inversion using Ms2O and cy-
clopropenone 9c as catalyst (Scheme 9 B).[23d] Worthy of note,
in the absence of aromatic compound 9c products of type 21
were generated under retention. The formation of 21 from in-
termediate Id, which resulted according to 1H-NMR from reac-
tion of 1 with Ms2O in the presence of 9c, was triggered by
bases. A screening revealed sterically shielded tri-iso-butyl-
amine as optimal candidate. In terms of molecular functionality,
amides (example 21a), imides (21b), chloro alkanes (21c) and
sulfides (21d), for example, were found to be compatible. Addi-
tionally, levels of chirality transfer were in a range of 71–95 %.
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While catalytic amounts of 9c entailed the highest stereo-
selectivities, stoichiometric quantities affected enhanced chemi-
cal yields. The method allows for an alternative to the Mitsu-
nobu reaction for the inversion of alcohols, which advanta-
geously avoids the use of hazardous diazo compounds. Further-
more, a protocol was developed to ease up separation of cyclo-
propenones from the crude material. The addition of commer-
cial tetraethylene pentamine at the end of the reaction im-
parted conversion of cyclopropenone to an amide with a
residual amine moiety, which is readily removed by means of
washing with dilute aqueous HCl solution. Noteworthy, in the
approaches in Scheme 8 and Scheme 9, scalability has been
verified by experiments on a gram scale. In addition, cyclo-
propenones can be recycled through chromatography.

In the following, the group of Nguyen discovered tropone
(9g) as an efficient promoter for the transformation of alcohols
into chloro and bromoalkanes 13 and 14, respectively
(Scheme 10 A).[24a] In the majority of the examples, reaction of
commercially available tropone with oxalyl chloride engen-
dered 1,1-dichloro-cycloheptatriene, which had been evi-
denced by NMR and HR-MS. Noteworthy, tropone can be reiso-
lated by means of chromatography. In selected cases was dem-
onstrated that catalytic quantities of tropone (10 mol-%) were
appropriate to impart generation of 13. Whereas preparation of
aliphatic chlorides like 13m and 13n required heating to 75 °C,
all other halogenated products were amenable at ambient con-
ditions.

Scheme 10. Tropone and cylcopropenone catalyzed preparations of alkyl hal-
ides (TBDMS = tert-butyldimethylsilyl, Boc = tert-butoxycarbonyl, MOM =
methoxymethyl, l = linear, b = branched). a. With 2.5 equiv. NnBu4Br. b. With
1.3 equiv. NiBu3 and 30 mol-% 9e.
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Although sterically encumbered cyclohexanol was converted
successfully into cyclohexyl chloride (13n), a tertiary starting
material was not suitable. To access bromo alkanes as 14b ei-
ther LiBr or NnBu4Br was used in addition. Stereochemical inver-
sion has been certified through the production of α-chloroester
13o. Prove for key intermediate Ie was collected by 1H-NMR.

Eventually, the group of Huy exploited cyclopropenone catal-
ysis for benzyl and acetyl chloride driven invertive halogen-
ations of alcohols 1 (Scheme 10 B).[24b] Diethylcyclopropenone
(9e), the preparation of which requires only one step and is
high yielding,[25] was applied as catalytic component. Finkel-
stein-type reaction conditions using NaBr or NaI in acetone
gave rise of bromo and iodo alkanes 14 and 22, respectively.

A particular advantage of the combination of cyclopropen-
one 9e and BzCl is the tolerance of acid-labile functionalities
such as silyl ethers (example 13p), Boc carbonates (13q), acetals
and tert-butyl esters. Moreover, even highly acid-susceptible
MOM acetals (as in product 13r) and aliphatic TBDMS ethers
were not harmed when NiBu3 was utilized as base. To this end,
such high levels of compatibility with functions sensitive to
acidic reaction conditions have not met by other Lewis base-
catalyzed SN-approaches. This special feature is anchored in the
milder reaction conditions as detailed in section 2.3.[26] High
levels of chirality transfer have been substantiated with enantio-
enriched secondary aliphatic and benzylic alcohols and an α-
hydroxy ester. As pivotal intermediate, If was corroborate by
NMR spectroscopy.

Moreover, benzylic chloride 13s was synthesized in 90 % iso-
lated yield using just 1 mol-% of catalyst 9e. This is the lowest
catalyst loading reported in the area of Lewis base-catalyzed
SN-reactions to date. In comparison with 1 mol-% of 1-formyl-
pyrrolidine (FPyr) 13s was obtained in only 7 % yield under
otherwise identical conditions. The beneficial catalytic activity
of cyclopropenones also allowed to decrease the reaction tem-
peratures in the case of aliphatic alcohols drastically (40 instead
of 80 °C). For the first time, simple acetyl chloride (AcCl) was
engaged as reagent in an SN2-type substitution reaction under
inversion. However, the use of AcCl is restricted to reactive
benzylic and allylic substrates. Certain levels of preparative ro-
bustness have been witnessed by the synthesis of geranyl
chloride (13t) on a >20 g scale.

2.3 Formamide Catalysis

Already around 1960 the organic solvent dimethylformamide
(DMF) has been identified as a competent catalyst for the trans-
formations of carboxylic acids into carboxylic acid chlorides.[28]

Recently, the Huy group disclosed a formamide catalyzed
method for the transformation of alcohols 1 into alkyl chlorides
13 that is promoted by benzoyl chloride (BzCl, Scheme 11
A).[26a,c] 1-Formylpyrrolidine (FPyr, 9h) emerged as optimal Le-
wis base out of a catalyst screening with BzCl as the agent.
Albeit more powerful, FPyr can be replaced by DMF or even
methylformamide.

Incapable of production of alkyl chlorides are amides, which
are not derived from formic acid, ureas, phosphine oxides,
phosphorus triamides and tropone (9g). In contrast, cycloprop-
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Scheme 11. Formamide catalyzed production of alkyl chlorides (solvent =
dioxane, acetone, EtOAc or MeCN).

enones and sulfoxides also enabled the synthesis of haloalk-
anes, which lead to the development of distinctive methods
(see Scheme 10 B and Scheme 14). Interestingly, in the absence
of an appropriate catalyst reaction of BzCl with alcohols almost
exclusively entails benzoate ester formation. Indeed, testing of a
plethora of carboxylic acid chlorides confirmed BzCl as optimal
reagent. Actually, application of AcCl mainly afforded alkyl acet-
ates and is hence inappropriate for the synthesis of 13 under
formamide catalysis. However, AcCl is feasible as reagent under
cyclopronenone catalysis (see Scheme 10 B).

This can be explained by the higher electrophilicity of AcCl
in comparison to BzCl. Reactive benzylic, allylic and propargylic
alcohols were efficiently transformed into the respective halides
13 at room temperature (examples 13p+t+u). Less reactive ali-
phatic substrates had to be heated to 80 °C in order to furnish
chloro alkanes like 13v in good yields. Worthy of note, a steri-
cally demanding tertiary alcohol was converted in the corre-
sponding chloride in good yield. In contrast, cyclohexanols are
not suitable, because the cyclohexyl backbone impedes SN2-
displacement (see chp. 2.1). A variety of functionalities are com-
patible, to which sulfides, sulfones, aldehydes, secondary
amides (tosyl and benzoyl), various carbamates (example 13v)
and heterocycles such as indole account. Of fundamental signif-
icance is the compatibility with acid labile functionalities includ-
ing TBDMS ethers (example 13p), tert-butyl esters (13u) and
cyclic acetals, for instance. In fact, acid susceptible functional
groups are largely missing in the substrate scopes of other cata-
lytic SN-protocols using oxalyl chloride or Ms2O as reagent.
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Indeed, in SN-reactions of alcohols and carboxylic acids with
oxalyl chloride, HCl is formed as by-product (Scheme 12). There-
fore, the reaction medium is acidic, which can limit levels of
functional group compatibility (especially with respect to acid-
labile functions). Application of carboxylic acid chlorides as rea-
gents instead produces carboxylic acids as by-products, which
are weak Brønsted acids.

Scheme 12. Oxalyl and carboxylic acid chlorides as reagents in SN-reactions
(FG = functional group).

As a consequence, the reaction conditions are less acidic,
which allows for the above-described improved functional
group tolerance. The highly electrophilic nature of oxalyl chlor-
ide (and Ms2O) leads to esterification of hydroxyl group bearing
starting materials as an unwanted side-reaction (see Scheme 5
D). This has been mitigated by highly diluted reaction condi-
tions and slow addition of an oxalyl chloride solution with the
aid of syringe pumps. Low concentrations result in high solvent
amounts (= waste) and hence moderate sustainability and
scalability.

As carboxylic acid chlorides are much less electrophilic than
oxalyl chloride, background esterification is automatically re-
duced. This facilitates high substrate concentrations and allows
operatively simple protocols since an accentuated slow addition
of the reagent is not mandatory.

As a matter of fact, scalability in the case of formamide catal-
ysis has been demonstrated by the preparation of geranyl
chloride (13t) on a >100 g scale. Notable, the underlying experi-
ment was carried out in standard laboratory glassware ≤1 L.
Indeed, the synthesis of 13t only afforded the starting alcohol,
30 mol-% of DMF as inexpensive catalyst and stoichiometric
amounts of BzCl, which were added by means of a standard
dropping funnel without exclusion of water and air. Since, both,
reaction and work-up were performed without the use of sol-
vents, the preparation of 13t is distinguished by an excellent
E-factor of 2. This is in the range typical for the production of
commodity chemicals.[9] In comparison to conventional proce-
dures for the synthesis of geranyl chloride the waste amount
was reduced by 89–94 %.[27]

Worthy of note are also the high levels of regioselectivity
since the linear regioisomer was formed almost exclusively. The
reaction of the parent alcohol (geraniol) with reagents such as
thionyl chloride and phosgene provides mixtures containing
also significant amounts of the branched regiosiomer (obtained
via an SN2′-displacement).[26a] Since geranyl chloride or related
allylic chlorides have not been included in the substrate scopes



Minireview

of other catalytic SN-approaches relying on oxalyl chloride, a
direct comparison with regard to regioselectivity is not possible.
An assessment of different syntheses of 1-phenylethanol based
on E-factors proved that the conjunction of FPyr and BzCl de-
creased the waste amount down to ≤4 % relative to other Lewis
base catalyzed SN-methods.[27] Stereochemical inversion with a
chirality transfer of 96–100 % has been attested thoroughly by
means of secondary benzylic and aliphatic alcohols and a α-
hydroxy ester. Comparison experiments underlined the syn-
thetic value because SOCl2 and Appel conditions both gave rise
to a chiral chloride with clearly depleted enantioselectivity. In
addition, several alkoxyiminium chloride intermediates of type
Ig were verified by NMR.

With regard to functional group compatibility, Brønsted
bases represent a limitation, since they foster esterification of
the starting material with BzCl. However, this might be a draw-
back of most catalytic SN-methods, since only one example con-
taining a basic moiety has been reported to date (chloride 13i
in Scheme 8 B).[23a]

In the following, an essential improvement concerning the
atom economy has been accomplished by the team of Huy
through application of cyanuric chloride (TCT) as reagent
(Scheme 11 B). The TCT quantity could be reduced down to
34 mol-% with respect to substrate 1 (100 mol-%). The forma-
tion of cyanuric acid as weakly Brønsted acidic by-product un-
ambiguously verified that all three Cl atoms of TCT had been
transferred onto substrate 1. Actually, cyanuric chloride is of
exceptional cost-efficiency and even cheaper than oxalyl and
thionyl chloride.

The substrate scope of the TCT mediated chlorination is of
similar versatility than the BzCl promoted method (vide supra).
Noteworthy is the chemoselective preparation of benzylic acid
chloride 13w besides an unprotected carboxylic acid function
and of the sugar derivative 13x under retention, which is ration-
alized by an SN1-pathway. With TCT lower levels of inversion in
the instance of benzylic alcohols and diminished regioselec-
tivities with allylic alcohols were noted in comparison to BzCl.
Advantageous, the application of TCT resulted in up to 31 %
improved yields in the event of aliphatic chlorides. Furthermore,
in the case of α-hydroxy esters the reaction temperature could
be lowered from 80 (BzCl) to 40 °C (example 13y). Privileged
substrate categories for BzCl- and TCT-driven chlorinations, re-
spectively, are compiled in Scheme 13 A and Scheme 13 B.
Finally, scalability has also been illustrated by the synthesis of
a chloro alkane on >60 g scale.

Since the type of solvent has a major impact on the ecologi-
cal footprint some additional comments are required. In gen-
eral, utilization of 1,4-dioxane allows for high yields for all types
of alcohols, regardless if BzCl or TCT is employed as a stoichio-
metric component. However, dioxane is undesirable in terms of
sustainability due to its toxicity and ranked similarly unfavora-
ble like chlorinated solvents (CH2Cl2, CHCl3, DCE, etc.).[9] Appre-
ciably, dioxane could be replaced depending on the starting
material applied by much more environmental-friendly solvents
like EtOAc, acetone or MTBE (methyl-tert-butyl ether).

For both formamide catalyzed methods, a practical one-pot
protocol for the SN-transformation of alcohols with nucleophiles
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Scheme 13. A + B Preferred substrate scopes and C catalytic chlorination and
subsequent nucleophilic substitution.

has been devised (Scheme 13 C). Accordingly, the pharmaceuti-
cals fendiline, clopidogrel, and rivastigmine were synthesized,
which confirmed high levels of applicability. Recently, Christof-
fers and co-workers exploited the catalytic chlorination with
FPyr and BzCl for the synthesis of enantioenriched 1-deutereo-
1-phenylethane 23, an agent for the elucidation of the stereo-
chemistry of CH-activating enzymes.[29] Deuterodechlorination
of the respective alkyl chloride with LiAlD4 provided target
compound 23 in 92 % ee under overall retention.

In fact, the determination of the enantiopurity of 23 was
challenging. Reasoned by a low [α]D value, the optical rotation
is not feasible for this endeavor. Since deuterium and hydrogen
atoms are of a similar steric demand, separation of the enantio-
mers by chiral chromatography is not possible. The authors ac-
complished determination of the enantiopurity of 23 by facile
derivatization through chlorosulfonylation and subsequent
amidation with a chiral amine. The diastereomers obtained
were readily distinguished by means of 1H-NMR.

2.4 Sulfoxide Catalysis

Dimethyl sulfoxide (DMSO 9a)[30b,c] and also SeO2
[30a] have

been described previously as Lewis base catalysts for the con-
version of alcohols to chloro alkanes. With regard to DMSO as
catalyst, a TMSCl promoted approach was exclusively applicable
to primary and tertiary alcohols,[30b] whereas the use of TCT
(120 mol-%) as agent facilitated the synthesis of benzylic chlor-
ides only (2 examples).[30c]

In order to gain a better understanding of sulfoxide catalysis
in SN-reactions, the Huy group systematically evaluated a broad
range of sulfonyl group containing Lewis bases in the transfor-
mation of alcohols 1 into chloro alkanes 13 (Scheme 14).[30d] In
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fact, arylmethyl sulfoxide 9k emerged as an optimal catalyst
out of a screening of 31 Lewis bases, which either exhibited a
S=O or Se=O motif. Especially electron-rich benzylic chlorides
were prepared in good yields using low amounts of catalyst 9k
(≤5 mol-%) and BzCl (example 13z and 13s). However, electron-
poor substrates are not feasible (example 13aa).

Scheme 14. Sulfoxide catalyzed synthesis of chloro alkanes 13.

A secondary alcohol was inverted in moderate levels of chi-
rality transfer (example 13j). Besides electron-poor alcohols also
aliphatic substrates constitute a limitation of sulfoxide catalysis
(13ab). The restriction to reactive benzylic (and allylic) starting
materials 1 has been traced back to competing Pummerer rear-
rangement of sulfoxide 9k yielding (chloromethyl)(2-methoxy-
phenyl) sulfide. Eventually, sulfoxonium species Ih was pro-
posed as a key intermediate.

2.5 Phosphane Catalysis

The compatibility of oxidative halogenation agent and silane
reductant is the main challenge in redox promoted Lewis base
catalyzed nucleophilic substitutions (Scheme 3 E). Rutjes and
van Delft realized the first catalytic protocol of the Appel reac-
tion for the synthesis of alkyl bromides 14 based on phosphane
catalysis (Scheme 15 A).[31a] A rational catalyst design afforded
cyclic phosphane 5a as the most efficient Lewis base. Fine-tun-
ing of the stoichiometric reaction components furnished diethyl
bromomalonate and diphenylsilane as compatible oxidation
and reducing agent, respectively. As delineated in Scheme 3 E,
the silane had the function to reduce the in situ generated
phosphine oxide of 5a and therefore created a catalytic process.

The scope in terms of substrates focuses on aliphatic alco-
hols. Bromide 14e was accessed under stereochemical reten-
tion, which was assigned to a neighboring group effect of the
proximal C=C double bond. In analogy to the Appel reaction,
phosphonium salt Ii was proposed as putative intermediate. In
attempts to establish an analogous chlorination process yield-
ing alkyl chlorides difficulties were encountered. For example,
CCl4 as oxidant and an electron-rich derivative of catalyst 5a
gave rise of an alkyl chloride in a moderate yield of 40 %.

In the following, the group of Werner investigated into the
phosphane catalyzed Appel chlorination (Scheme 15 B).[31b] A
careful optimization of phosphane catalyst, chloride source, and
silane reducing agent finally yielded reaction conditions that
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Scheme 15. Catalytic Appel type reactions.

allowed for the synthesis of chloro alkanes 13 in good to excel-
lent yields. In fact, trioctylphosphine (5b) turned out to be a
more effective catalyst than PPh3 and other trialkylphosphines.

While PhSiH3 in stoichiometric quantities was identified as
optimal reductant, trichloromethylbenzene was exploited as a
mild oxidant for the first time. Remarkably, the production of
13 did not require a reaction solvent. Under optimized condi-
tions even two tertiary chlorides 13 were synthesized in
37–41 % yield. With regard to functional group tolerance, thio-
phene 13ac and a sugar-derived chlorinated acetal are high-
lights.

In the case of chloride 13ad, preservation of stereochemical
purity was found to be moderate. Nevertheless, a sugar derived
chloro alkane was synthesized in 31 % yield under complete
inversion of the configuration. Reasonable scalability has been
proven by the preparation of chloride 13ae, which emphasizes
the high practical value of this SN-approach. In addition, dichlo-
romethylbenzene was identified as by-product, which origi-
nated from trichloromethylbenzene. Finally, the phosphonium
salt Ij was suggested as a plausible reaction intermediate.

Notable are also phosphane catalyzed variants of the Mitsu-
nobu reaction, which had been developed by O′Brien and
Aldrich.[32] In this context, a recent review of Denton and co-
workers addressing catalytic Mitsunobu reactions is pointed
out.[6b]

2.6 Lewis Base Promoted Nucleophilic Substitutions

Lately, the team of Nguyen reported on a novel variant of the
Appel reaction, in which PPh3 was replaced by a Lewis basic
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N-heterocyclic carbene (NHC, Scheme 16 A).[33] Indeed, NHC 24
was found to be a superior promoter in comparison to a range
of structurally diverse N-heterocyclic carbenes. Controlled by
the halogenation reagent (NCS, NBS or I2), either chlorides 13,
bromides 14 or alkyl iodides 22 were formed as products.
Thereby, 24 was accessed by deprotonation of the parent
azolium salt with potassium hexamethyldisilylamide (KHMDS)
prior to addition of the starting alcohol 1. As an important as-
pect, benzylic bromide 14f was generated under inversion in
high levels of chirality transfer. The reaction of a tertiary starting
material under the optimized conditions did not afford the re-
spective halogenated product.

Scheme 16. NHC promoted synthesis of haloalkanes.

Moreover, triazolinone 9k, which is generated as by-product
in the above-mentioned protocol, was able to catalyze the con-
version of alcohols to halides (Scheme 16 B). Oxalyl chloride
and bromide, respectively, allowed to transform 9k into chloro/
bromotriazolium salts, which are crucial for the activation of the
starting alcohol yielding proposed intermediate Ik. Comparison
experiments revealed that 9k is of similar catalytic efficiency
than triphenylphosphine oxide, diphenylcyclopropenone, and
tropone.

As discussed in the introduction, amines are not suitable as
nucleophiles under the classical Mitsunobu reaction conditions,
because their pKa-value is significantly higher than 11
(Scheme 2 B). Against this background, the group of Kang de-
veloped an enhanced protocol that allows for the application
of amines as the nucleophilic component for the first time
(46 examples).[34a] As key finding, an N-heterocyclic phosphine
instead of PPh3 enabled this significant extension in terms of
nucleophile scope. Aside from secondary amines also carboxylic
acids were engaged as nucleophiles. Lower yields were attained
with primary amines due to two-fold N-alkylation. High levels
of chirality transfer of 95 % were illustrated by the production
of an ester under inversion. A synthetic value was certified by
the straightforward preparation of the pharmaceuticals piribedil
and cinnarizine.
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Furthermore, Xiao and co-workers reported syntheses of
alkyl chlorides, bromides, and iodides from alcohols by means
of PPh3, NnBu4I and 1,2-dihaloethane as halide source (31 ex-
amples).[34b,c] In the presence of CsF, 1,2-diiodoethane and PPh3

in DMF alkyl fluorides were formed (12 examples). An aliphatic
secondary alkyl chloride was obtained under stereochemical in-
version with 66 % chirality transfer. These reactions are sug-
gested to be induced by oxidation of PPh3 with the aid of the
respective dihaloethane, which gives rise of halophosphonium
salts known as intermediates of the Appel reaction.

Next, the team of Xiao expanded their methodology towards
C–O, C–S and C–N bond formation (41 examples).[34c] 1,2-Di-
iodoethane in concert with PPh3 and a nucleophile in DMF me-
diated the preparation of amines, azides, sulfides, ethers, and
esters from alcohols at room temperature. These transforma-
tions were proposed to pass through alkoxyiminium intermedi-
ates of type Ig (see Scheme 11 A), which involves the solvent
DMF.

3. Substrate Class Carboxylic Acids

3.1 Cyclopropenone and Tropone Catalysis

The group of Lambert exploited cyclopropenone 9f for the fac-
ile synthesis of amides of type 26 (Scheme 17).[35a] Thereby, the
reaction of 9f with oxalyl chloride afforded 1,1-dichlorocyclo-
propene XIIa. This reagent allowed for activation of carboxylic
acids 2 as acid chlorides of type 25 passing plausible intermedi-
ate Xa. The conversion 2 → 25 was accelerated significantly by
di-iso-propylethylamine (DIPEA). Next, addition of an amine to
the reaction mixture containing 25 yielded amides of type 26.
Amides that are derived from aliphatic acids were isolated in
high yields (e.g. 26a+b), whereas aromatic acids 2 delivered
condensation products such as 26c in deteriorated yields. Re-
markable is the compatibility with acid-labile Boc carbamates
(26a+b), cyclic acetals and TBDMS ethers.

Scheme 17. Cyclopropenone facilitated activation of carboxylic acids (DIPEA =
diisopropylethylamine). a. With dimesitylcyclopropenone.

Reagents of type XIIa are even able to impart the formation
of peptidic C–N bonds without erosion of stereochemical integ-
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rity such as in 26b. Actually, epimerization is a serious issue in
the synthesis of peptides via acid chloride intermediates, since
α-chiral acid chlorides are labile towards racemization.[7]

The team of Nguyen recently published an ingenious tropone
promoted method for the coupling carboxylic acids 2 with
amines and alcohols (Scheme 18 A).[24a,35b] Reaction of tropone
with oxalyl chloride initially led to 1,1-dichlorocycloheptatriene
(XIIb). Subsequent condensation with acids of type 2 gave rise
of acid chloride 25, for which tropylium salt Xb was suggested
as probable intermediate. Ultimately, addition of amines and al-
cohols, respectively, lead to products 26 and 16.

Scheme 18. Tropone promoted activation of carboxylic acids.

Furthermore, the authors succeeded in implementing a pro-
tocol that is catalytic in tropone (Scheme 18 B). Therein, oxalyl
chloride was added slowly to a mixture of acid 2, the desired
nucleophile and NEt3, which directly induced ester and amide
formation. Both, aliphatic and aromatic acids 2 are well-suitable
for this protocol (e.g. 16j + 26d). Aromatic or aliphatic alcohols
were engaged as the nucleophilic coupling partner, while appli-
cation of tert-butanol provided a corresponding ester in trace
amounts. Primary and secondary amines and even aqueous am-
monia solution are feasible for the production of amides. In the
case of some esters, utilization of N,N-dimethylaminopyridine
(DMAP) improved yields essentially. Of particular significance is
the compatibility with Boc-carbamates and the proficiency to
form peptide bonds in high levels of stereochemical preserva-
tion (see 26e).

3.2 Formamide Catalysis

Lately, the Huy group introduced a formamide catalyzed
method for the synthesis of amides 26, esters 16 and thioesters
27 (Scheme 19).[35c] This process was initiated by the transfor-
mation of carboxylic acids 2 into type 25 acid chlorides using
TCT in low amounts (40 mol-% with respect to 2). Indeed, for
chlorination formamide 9h is absolutely pivotal as catalyst,
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since without 9h mostly no reaction was observed. Activation
of 2 is achievable at room temperature, but heating to 40–80 °C
permits lower catalyst loadings and conveniently short reaction
times.

Scheme 19. Formamide catalyzed activation of carboxylic acids (solvent =
MeCN or EtOAc, NMM = N-methylmorpholine).

Subsequently, the addition of a nucleophile and either sim-
ple K2CO3 or an amine base (NMM or NEt3) caused amide C–N
and ester C–O bond formation, respectively. A diverse range of
aliphatic and aromatic acids was tackled successfully as starting
materials. As nucleophile primary and secondary aliphatic and
aromatic amines are appropriate. Primary amides are amenable
by usage of aqueous ammonia solution. Primary and secondary
alcohols were coupled in high yields, whereby occasionally
DMAP accounted for enhanced yields. In the case of tertiary
alcohols yields of esterification were slightly deteriorated, which
is most probably attributed to the increased steric shielding of
these nucleophiles.

Even acid-labile TBDMS ethers and cyclic acetals in the carb-
oxylic acid portion (example 26f ) are compatible functional
groups. In addition, selected condensation products contained
aldehydes (see 16k), ketones, carbamates and heterocycles
such as thiophene and pyridine in the molecule fragment that
is derived from acids 2. While a protected �-amino acid was
transformed into an ester in a good yield, reaction of carbamate
protected α-amino acids afforded cyclic carboxamides. How-
ever, peptide bond formation was accomplished applying
phthaloyl protected amino acids with surprisingly little epimeri-
zation (example 26h). Carboxyiminium salt of type Xc was sug-
gested as logical intermediate. The practical value was under-
lined by the synthesis of the pharmaceuticals moclobemide and
modafinil and the insecticide DEET (26h). Actually, the latter
one was produced on an 88 g scale, which required only stan-
dard laboratory equipment (≤1 L). For this experiment an E-
factor of 3.5 (including isolated cyanuric acid and reisolated
solvents) witnessed a reasonable waste-balance. A high cost-
efficiency is granted by application of TCT, which is cheaper
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than all other activation reagents for carboxylic acids (with the
exception of phosgene).[35c]

As an important aspect, the optimal solvent MeCN could also
be replaced in most cases by environmental-benign EtOAc.
A thorough assessment evidenced up to 78 % enhanced yields
in comparison to a common literature protocol, which har-
nesses TCT and NMM for the activation of acids 2. This tremen-
dous difference was rationalized by the formation of acid chlor-
ides 25 as intermediates instead of weaker electrophilic mixed
anhydrides of 2 and cyanuric acid. Exemplary isolation of type
25 acid chlorides on a multigram scale unambiguously under-
pinned their existence as central intermediate.

4. Substrate Class Aldehydes and Epoxides
In addition, Lewis base catalysis is an effective means to access
1,1-dihaloalkanes of type 28 and 29, which are also referred to
as geminal dihalides, from carbonyl compounds 3 (Scheme 20).
The first example stems from the group of Denton, in which
triphenylphosphine oxide and oxalyl halides were exploited as
catalyst and reagents, respectively (Scheme 20 A).[36a,b] Owing
to the lower nucleophilicity of aldehydes in comparison to alco-
hols, higher reaction temperatures of 45–75 °C were required.

Scheme 20. Lewis base catalyzed synthesis of geminal dichlorides. a. Per-
formed in DMF as solvent. DCE = 1,2-dichloroethane.

Feasible substrates are aromatic aldehydes regardless if they
are electron-rich or poor (examples 28a-d). Alkenes are compat-
ible (product 28e) and geminal dibromides were produced by
means of oxalyl bromide (see 29a). The reaction of an α,�-un-
saturated aldehyde under optimized conditions afforded two
regioisomeric dichlorides in a ratio of 54:46. The aliphatic di-
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chloride 28f was isolated in a moderate yield of 32 %. Ulti-
mately, a short synthesis of resveratrol was realized through
reductive coupling of two dichlorides and subsequent depro-
tection, which approved the applicability of the protocol.

In the following, the Huy group examined various carboxylic
acid chlorides as reagents for the synthesis of 1,1-dichlorides
(Scheme 20 B).[36c] Indeed, phthaloyl chloride (PhthCl2) pro-
motes the transformation of aldehydes into geminal dichlor-
ides, whilst other acid chlorides such as AcCl and BzCl are inef-
fective. Although FPyr (9h) and DMF are potent catalysts for
the preparation of dichlorides 28, other Lewis bases like amides,
which are not deduced from formic acid, ureas, cyclopronen-
one, tropone, and sulfoxides did not impart the transformation
3 → 28. Again, higher reaction temperatures as in the case of
alcohols of 60–80 °C were mandatory.

Both electron-rich and electron-poor aromatic aldehydes
were converted to the respective geminal dichlorides in good
to excellent yields (examples 28d and 28h–j). An α,�-unsatu-
rated and an aliphatic aldehyde furnished the corresponding
dihalides in low yields (28–45 %, see 28k). Dichlorides derived
from ketones (e.g. benzophenone, 4-bromoacetophenone)
were not amenable.

Against this background, Lewis base catalysis seems to be
largely limited to aromatic aldehydes, whilst aliphatic aldehydes
and ketones are non-viable. Worthwhile, acid-susceptible tert-
butyl esters (product 28l) and cyclic acetals were not affected,
when the reactions were carried out in DMF as solvent (and
catalyst). In addition, the dichloride 28k, which possesses both,
an electron-rich thiophene moiety and a polar secondary amide
function, was isolated in 59 % yield. Beyond these examples,
Xiao and co-worker prepared geminal dihalides through reac-
tion with PPh3 and NnBu4I in 1,2-dichloro- and dibromoethane,
respectively, as solvent at 60–80 °C.[34b]

Phosphane oxide catalysis (with 9a) also allowed for the
transformation of epoxides into vicinal dichlorides of type 30
(Scheme 21 A).[37a] Whereas oxalyl chloride was utilized as rea-
gent, 2,6-tert-butylpyridine was applied as base to quench HCl
formed as a side-product. Products 30 were derived from ali-
phatic mono and 1,2-disubstituted epoxides of type 4. Of im-
portance is the compatibility with distal alkenes (example 30a),
esters and TBDPS silyl ethers like in 30b. The production of the
diastereomeric 1,2-dichlorides syn- and anti-30b verified that
the approach is completely stereospecific. In the Lewis base

Scheme 21. Phosphine oxide catalyzed synthesis of vicinal dichlorides.
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Scheme 22. Application towards the synthesis of Malhamensilipin A by Denton.

catalyzed synthesis of 1,1- and 1,2-dihaloalkanes no reaction
intermediates have been proven to this end.

Indeed, Dentońs group realized the total synthesis of the
complex natural product Malhamensilipin A relying on Lewis
base catalysis in two key steps (Scheme 22).[37b] Triphenylphos-
phine oxide mediated, stereospecific transformation of epox-
ides into dichlorides facilitated the introduction of four out of
six chlorine atoms of this sulfolipid natural product.

Tanaka′s protocol for the conversion of oxiranes in vicinal
dichlorides, which uses PPh3 and NCS as agents,[38a] is most
frequently encountered in the total synthesis of sulfolipids. In
addition, the catalytic Appel process of Werner created a syn-
thetic entry towards 1,2-dichlorides 30 from aromatic epoxides
4, too.[31b] Moreover, Xiao prepared 1,2-dihalides via reaction of
epoxides with PPh3, NnBu4I, and either 1,2-dichloro or dibromo-
ethane.[38b]

5. Additional Important Contributions

The following section contains a collection of SN-methods that
are not necessarily directly related to Lewis base catalysis. These
contributions reveal, in the personal opinion of the author, im-
portant directions to the field of nucleophilic substitutions.

Most recently, a remarkable effect of the Lewis base PPh3 on
the Brønsted acid catalyzed condensation of alcohols 1 to alk-
enes of type 31 has been reported by Fleischer and co-worker
(Scheme 23 A).[39a] According to the mechanistic rationale in
Scheme 23 B, these transformations are induced by protonation
of the starting alcohol 1 through pTsOH (para toluensulfonic
acid) and subsequent water elimination yielding carbenium ion
XIII. Next, elimination of a proton furnishes styrene 32, which
is attacked by an electrophilic addition of carbenium intermedi-
ate XIII. Eventually, deprotontation leads to the terminal prod-
uct 31. A tremendous improvement with respect to yield of 31
was achieved when a specific substoichiometric amount of
PPh3 was used.

The low yields in the absence of this Lewis base were rea-
soned by consumption of carbenium ion XIV through reaction
with alkene intermediate 32, which irreversibly provided com-
plex oligomers. The impact of PPh3 was explained through the
addition of PPh3 to cation XIV. The resulting phosphonium ion
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Scheme 23. Impact of the Lewis base PPh3 on the Brønsted acid catalyzed
synthesis of alkenes 31.

XV is not susceptible towards oligomerization anymore. There-
fore, the concentration of carbenium ion XIV is lowered, which
grants generation of the product 31 in enhanced chemoselec-
tivity. Secondary benzylic alcohols were most suitable, whereas
electron-poor substrates turned out to be rather unreactive
(Scheme 23 C). This is plausible considering cationic interme-
diates XIII and XIV.

Recently, Adamo and Ibrahim and co-workers discovered a
new synthetic access to bromo alkanes 14.[39b] Under intrigu-
ingly simple reaction conditions with elemental bromine as the
sole reagent, phenyl sulfides of type 33 underwent conversion
to 14. These nucleophilic substitutions are triggered by a brom-
ination of the Lewis basic starting material 33. The forming
sulfonium ion XVI reacts further with the bromide counterion
in an SN2-fashion to give 14. The substrate scope comprehends
a number of secondary benzylic and tertiary bromides 14, the
latter of which were isolated in somewhat lower yields (e.g. 14i)
(Scheme 24).

Remarkable, even nucleophilic primary hydroxyl groups and
carboxylic acids are tolerated (examples 14j+k), which is virtu-
ally impossible for SN-reactions using alcohols as starting mate-
rials. In addition, functional groups such as thioesters (14l), sec-
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Scheme 24. Facile preparation of non-racemic alkyl bromides from alkyl-
phenyl sulfides. a. Reaction performed at –40 °C.

ondary amides (14m), ketones (14n), aldehydes and heterocy-
cles like thiophene are compatible. High levels of chirality trans-
fer were attested by means of the preparation of several non-
racemic bromides under stereochemical inversion (e.g. 14o+p).

As valuable background information, chiral sulfides of type
33 are easily accessible by asymmetric Michael addition of thio-
phenol to electron-poor arylalkenes. Chiral secondary bromides
of type 14 easily racemize upon storage at room temperature.
Nevertheless, storage at –20 °C allows for conservation of
stereochemical purity on a time scale of weeks. With the formal
synthesis of the drug dapoxetine, the authors demonstrated
that alkyl bromides are viable intermediates for the production
of enantioenriched bioactive compounds.

Samec and colleagues realized a Brønsted acid catalyzed cy-
clodehydration of diols, amino alcohols, and thioalcohols of
type 34 that proceeds under inversion in optimal atom econ-
omy (water as exclusive by-product, see Scheme 25 A).[19a] Thus,
the benefits of Lewis base and Brønsted acid catalysis are
joined. For these intramolecular process phosphinic acid (35)
was pivotal as catalysts. Other Brønsted and Lewis acids like
phosphonic and phosphoric acid and FeCl3 did not promote
cyclodehydration or resulted in low levels of chirality transfer
(e.g. with pTsOH, TfOH). In the crucial transition state XVII phos-
phinic acid acts simultaneously as Brønsted acid and base.

Even in the event of diols of type 34 the sterically more
hindered secondary OH group was substituted, which was
proven by inversion of the configuration at the respective C-
atom. The approach created an access to several five-mem-
bered heterocyclic core units such as tetrahydrofurans (example
36a) and –thiophenes (36b) and pyrrolidines (36c–e). Type 36
products contained aliphatic (36c), aromatic (36a+d+e),
alkenylic and alkynylic (36b) side chains. The SN2-mechanism
was supported by DFT (density functional theory) calculations.

In the following, Samec and co-workers reported on a signifi-
cantly improved method for cyclodehydration using Fe(OTf )3 as
Lewis acid catalyst in the presence of molecular sieves
(Scheme 25 B).[19b] The utilization of other iron salts resulted in
lower conversions and poorer chirality transfer. This approach
allowed to extend the substrate scope towards six-membered
heterocycles like dihydropyrans and benzopiperidines (exam-
ples 36f–h). Outstandingly, several six-membered cycles were
formed under stereochemical inversion at quaternary carbon
centers (36f+g). In the instance of secondary substrates of type
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Scheme 25. Brønsted and Lewis acid catalyzed cyclodehydration under SN2-
type inversion. MS = molecular sieves.

34, both, control experiments and DFT calculations supported
an SN2-mechanism. However, an SN1 mechanism passing a tight
ion pair was found to be more probable in the case of tertiary
starting materials. High synthetic utility was shown by a concise
total synthesis of the alkaloid lentiginosine via pyrrolidine 36i,
which was synthesized by the novel dehydrative cyclization.

6. Conclusion and Future Directions
In the past decade, substantial progress has been accomplished
with respect to catalysis in SN-type transformations. The present
review gives a brief overview of contemporary strategies for
catalytic nucleophilic substitutions (SN) and details recent Lewis
base promoted SN-methods. As demonstrated visibly by the ex-
amples in this article, Lewis bases catalysis (1) allows for high
levels of chirality transfer, (2) renders hazardous reagents obso-
lete, (3) reduces the waste-amount drastically and (4) results in
decreased cost levels. Indeed, catalysis with respect to SN-reac-
tions has reached a new level, which is also witnessed by ro-
bust, scalable and very versatile approaches. Recent elegant
achievements even enable SN2-type substitutions under stereo-
chemical inversion without the need for stoichiometric rea-
gents.

However, several issues would be attractive to address in the
future: (1) Despite a few exceptional cases, high catalyst load-
ings between 5–20 mol-% are still quite common. We are con-
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vinced that kinetic studies in combination with DFT modeling,
which are thus far unprecedented, could guide the rational de-
sign of more active catalysts.[40] (2) With the fully catalytic Mit-
sunobu reaction of Denton being the only positive exception,
nucleophiles are limited to chloride, bromide and mesylate. This
drawback could potentially also be overcome by an enhanced
mechanistic understanding. In this respect also the concept of
latent nucleophiles, in which a nucleophile is created in situ
from a non-nucleophilic precursor, might play a key role.[41] (3)
To this end, novel substrate classes such as acids of sulfur and
phosphorus remain unexplored territory with regard to Lewis
base catalysis. (4) Albeit many different types of Lewis bases
have been applied, no asymmetric version utilizing enantio-
enriched chiral catalysts has been disclosed to date. In light of
these significant open challenges there is much to accomplish
in the field of SN-type Lewis base catalysis.
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