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Abstract: Catalysis fulfills the promise that high-yielding chemical transformations will require
little energy and produce no toxic waste. This message is carried by the study of the evolution of
molecular catalysis of some of the most important reactions in organic chemistry. After reviewing the
conceptual underpinnings of catalysis, we discuss the applications of different catalysts according
to the mechanism of the reactions that they catalyze, including acyl group transfers, nucleophilic
additions and substitutions, and C-C bond forming reactions that employ umpolung by nucleophilic
additions to C=0 and C=C double bonds. We highlight the utility of a broad range of organocatalysts
other than compounds based on proline, the cinchona alkaloids and binaphthyls, which have
been abundantly reviewed elsewhere. The focus is on organocatalysts, although a few examples
employing metal complexes and enzymes are also included due to their significance. Classical
Breonsted acids have evolved into electrophilic hands, the fingers of which are hydrogen donors
(like enzymes) or other electrophilic moieties. Classical Lewis base catalysts have evolved into
tridimensional, chiral nucleophiles that are N- (e.g., tertiary amines), P- (e.g., tertiary phosphines) and
C-nucleophiles (e.g., N-heterocyclic carbenes). Many efficient organocatalysts bear electrophilic and
nucleophilic moieties that interact simultaneously or not with both the electrophilic and nucleophilic
reactants. A detailed understanding of the reaction mechanisms permits the design of better catalysts.
Their construction represents a molecular science in itself, suggesting that sooner or later chemists
will not only imitate Nature but be able to catalyze a much wider range of reactions with high chemo-,
regio-, stereo- and enantioselectivity. Man-made organocatalysts are much smaller, cheaper and more
stable than enzymes.

Keywords: acids; amphoteric compounds; asymmetric ion-pair catalysis; asymmetric synthesis;
bases; bifunctional catalysts; catalytic enantioselective reactions; conjugate additions; crown ethers;
cryptands; cycloadditions; cyclopentenes; electron-rich tertiary amines and phosphines; electrophilic
activation; enantioselective electrophilic fluorination; encapsulation; enzymes; N-heterocyclic
carbenes; hydrogen-bridging; 3-lactams; nucleophilic activation; nucleophilic catalyst; phase transfer
catalysis; L-proline; Umpolung

1. Introduction

In 1746, Roebuck developed the lead chamber for sulfuric acid production in which nitrogen
oxides catalyze the oxidation of SO, into SOs. Since then, catalysts have been widely employed in
a large portion of the chemical industry. The catalysts can be inorganic, organic, or organometallic
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compounds, as well as enzymes or microorganisms [1-3]. Organocatalysis refers to a form of catalysis,
in which the rate of a chemical reaction is increased by an organic compound referred to as an
organocatalyst consisting of carbon, hydrogen, nitrogen, oxygen, phosphorus, sulfur, and other
nonmetal elements. The most common organocatalysts are acids and bases. In the two last decades,
organocatalysis has become a pillar of asymmetric organic synthesis [4-10]. The term catalyst was
coined by Berzelius in 1835 [11-13], and the term ‘organocatalyst” was first used by MacMillan in
2000 [6,14]. A catalyst is a compound, generally used in a substoichiometric amounts, that takes part
in a reaction, resulting in an increased rate, but is not consumed. It does not affect the equilibrium
constant of the reaction. A catalytic reaction is a reaction that is catalyzed. Some reactions are promoted
by an additive. In these cases the additive speeds up the reactions and is converted to another species
during the reaction. Most reactions can be catalyzed, usually by changing their mechanism, which
is in fact always the case if the catalyst interacts with one or more species of the reaction (reactants,
intermediates, transition states, products). Catalysts are classified as heterogeneous (most frequent
in the industry, bulk chemicals) or homogeneous. A homogeneous catalyst dissolves in the reaction
mixture (completely or partially), while a heterogeneous catalyst does not dissolve but acts with the
reaction partners through physisorption (—2 to —10 kcal/mol: binding energies, attraction between
permanent or induced dipoles or quadrupoles, and attraction due to van der Waals-London forces),
or through chemisorption (covalent/electrostatic forces such as hydrogen-bridging and electron
transfer). A catalyst of a given reaction is characterized by its turnover number (TON) which is the
maximum number of moles of reactants that one mole of catalyst is able to convert into products before
it loses its activity. One defines the lifetime of the catalyst for given reaction conditions and the turnover
frequency (TOF; [time~!]), which quantifies the specific activity of the catalyst under the conditions
used. For most relevant industrial applications, the TOF is in the range between 10~2 and 10? s~ 1.
For enzymes, the TOF generally lie between 10% and 107 s~!. The term turnover rate is also often used
and is synonymous with TOF. In general, any elementary process will be either accelerated (decrease of
activation free energy A*G) or retarded (increase of A¥G) if the reactants and /or the transition structure
(activated complex) are associated (make complexes) with one or more than one (cluster) spectator
molecules (solvent, additive, catalyst, inhibitor and combination of them). This is represented in
Figure 1 for a bimolecular reaction involving reactants A and B occurring (A) in the gas phase, without
any other molecule, (B) in the presence of an additive C that stabilizes the transition structure better
than the reactants (A*G((B)) < A¥G(A))) and (C) in the presence of an additive D that stabilizes the
reactants better than the transition structure (A*G(C)) > AYG((A)). This representation does not involve
dynamic effects, i.e., the possibility to have a collection of possible transition structures in the transition
state. A catalytic effect results from the combination of an enthalpy effect and an entropy effect.

Water introduces many unusual features into the energetics of chemical and biological
reactions [15,16]. Beyond the properties of bulk water, a single molecule of H,O, or an aggregate
may influence the rate of a reaction [17,18]. For instance, water forms complexes with radicals and
polar molecules in thermal reactions [19,20] and such complexation alters the reaction activation free
energies. Kinetic studies as well as quantum chemical mechanical calculations have shown that one
molecule of water accelerates hydrogen abstraction from acetaldehyde by hydroxyl radical, to produce
acetyl radical and a water molecule, as represented in Figure 2 [21].

A homogeneous catalyst is a molecule that adds intermediates and transition structures on the
pathway from reactants to products (Figure 3). A good catalyst first makes a complex with one reactant
and then weakens the bonds that must be broken. If the process is bimolecular, the first complex must
be able to bind with little activation free energy to the second reactant (template effect) and bring
both reactants into a stabilized activated complex (transition state). A good catalyst is a compound
that does not bind too strongly to the reactants, does not form intermediates that are more stable
than the products, that lowers the activation free energies of all the elementary processes converting
the reactants into the initial complex first, and then converts this complex into the next intermediate,
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and so on. A good catalyst should not bind to the product. Otherwise the product becomes an inhibitor

of the catalyzed reaction.
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Figure 1. (A) Free energy diagram for an uncatalyzed gas phase bimolecular reaction converting
A + B — P; (B) free energy diagram for a catalyzed (catalyst C) bimolecular reaction; (C) free
energy diagram for a bimolecular reaction inhibited by additive D. If D is in substoichiometric
concentration, the uncatalyzed reaction (A) will compete with (C). The retardation effect of D increases

with its concentration.
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Figure 2. Relative energies (AE = AH) for the reaction MeCHO + *OH — MeC*® =O + H;0, (A) in the
absence of H,O, (B) in the presence of H,O.

This review is organized by reaction mechanism rather than by the identity of the catalyst, as is
usually done in other reviews in the field of organocatalysis. We focus on four major classes of
organic reactions: acyl group transfers, nucleophilic additions to the carbonyl group, nucleophilic
substitutions, and C-C bond-forming reactions involving umpolung. For each class of reactions,
important mechanistic aspects are first reviewed, followed by representative illustrations in catalysis.
The focus is on organocatalysts, although a handful of examples involving metal-based and enzyme
catalysts have also been included for some reaction classes due to their conceptual significance.
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Figure 3. (A) Free energy diagram for an uncatalyzed reaction converting reactants A + B into product
AB; (B) for a reaction catalyzed by catalyst C.

2. Acyl Group Transfers

Acylation (Scheme 1) is one of the most important reactions in preparative chemistry and
biochemistry. It exchanges a proton (electrofugal group) from H-Nu for an acyl cation (electrophile).
It can also be seen as a nucleophilic displacement (exchange of X~ in RCOX for Nu™).

@)
g +  H-Nu cat. L +  HX

R Nu

X = nucleofugal group; Nu™ = nucleophile
H* = electrofugal group; RCO™ = electrophile

Scheme 1. The general acylation reaction.

For instance, treatment of acyl chlorides or carboxylic acid anhydrides with alcohols generates
esters [22,23] and with amines, the corresponding amides. In industry, these reactions use inorganic
acids as catalysts such as H;SOy, zeolites (aluminosilicates that are microporous solids with
pore sizes ranging from ca. 3 to 7 A: e.g., molecular sieves), (CF350,),NH, red phosphorus, or
Lewis acids such as ZnCl,, RuCls, InCl3, Mg(ClOy),, Cu or Bi triflates (CF3503), or p-toluenesulfonates
(4-MeCgH4SO3 = TsO). The same reactions are also base-catalyzed (see below). Transesterification
(Scheme 2), reactions producing esters by catalytical alcoholysis of other esters, also play an important
role in the industry, for instance in the manufacture of glycerol esters in fat chemistry (e.g., biodiesel),
the transesterification of dimethyl carbonate to diethyl carbonate, or the production of polyethylene
terephthalate from dimethyl terephthalate.

0 0
P'S + RgOH _cat JU + RyOH
Ri” TOR, == R TOR;

Scheme 2. The general transesterification reaction.

For these reactions, the usual catalysts are Brensted mineral acids (H3PO4, H;SO4, HCI) [24-26],
and organic acids such as MeSO3zH and p-toluenesulfonic acid (TsOH) [27], alkoxides such as
NaOR, KOR, ROMgBr [28-32], Lewis bases such as 4-dimethylaminopyridine (DMAP) [33,34],
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) [35], Lewis acids such as BX3 [36], or AICl; [37], amphoteric



Catalysts 2016, 6, 128 5 of 65

compounds (compounds able to react either as acids or bases) such as BusSnOR [38—41], perfluorotin
oxides [42], AI(OR)3 [43,44], titanium oxides chlorides [45—48] or palladium oxides [49,50].
More recently, diaminocarbenes have been introduced as catalysts as well [51-54]. Mechanisms
of the gas-phase acyl group transfers involve tetrahedral adducts as intermediates or transition states,
as suggested by quantum calculations [55].

2.1. Esterification and Ester Hydrolysis

Ingold classifies [56] the acid- and base-catalyzed hydrolyses of esters (and the formation
of esters, since these are reversible reactions and thus have the same mechanism: principle of
microscopic reversibility) into eight possible mechanisms (Table 1), depending on the following
criteria: (a) acid- (A) or base- (B) catalyzed; (b) acyl (AC) cleavage or alkyl (AL) cleavage and
(c) unimolecular (1) or bimolecular (2). All eight of these are Sy1, SN2, or tetrahedral (add/elim)
mechanisms. A ninth mechanism implies the base-catalyzed elimination of alcohol and the formation
of a ketene intermediate that adds HO™ to generate an enolate that is finally protonated into the final
carboxylic acid (E;g, pathway [57]). The most common mechanisms are the Byc2 for base-catalyzed
acyl transfers, and the A c2 mechanism for acid-catalyzed acyl transfers. Both involve acyl-oxygen
cleavage as evidenced by hydrolysis in H,'80 that result in the 0 appearing in the acid and not in
the alcohol, and for esters with chiral R' groups, alcohols with retention of configuration are observed.
Usually two molecules of H,O are required in the transition state of the Axc2 mechanism.

Table 1. Ingold’s classification of mechanisms for ester hydrolysis and formation.

Acid catalyzed acyl cleavage Asc1 (IUPAC: AN+Dn+An+Dy) (Sn1 like at the acyl group) RCOOR' + H;0*
1  +H;O=RCOO'H)R"- (Hy0); = [RCO*] + R'OH + 2 H,O (the slowest step) = RCO(O*H,) + R'OH + H,O

= RC*(OH), + ROH + H,O =2 RCOOH + R'OH + H30"

Acid-catalyzed acyl cleavage Apc2 (Ap+AN+ApDp+Dy) (add. /elim: adduct intermediate) RCOOR' + H3O* +
2 H,0O = RC*(OR")OH-- OH, + H,O = RC(OR')(OH)(O*H, --OH,) (slow) = RC(OH),(O*HR') --OH, =

RC*(OH),-- OH, + R'OH (slow) = RCOOH + R'OH + H30*

Acid-catalyzed alkyl cleavage Aar1 (Ap+An+An+Dy) (Sn1 like at the alkyl group) RCOOR' + H;0* + H,O
3 = RC*(OH)(OR') --(H,0), = RCOOH + [R'*] + 2 HO (the slowest step) = RCOOH + R'O*Hjy-- OH, &

RCOOH + R'OH + H30*

Acid-catalyzed alkyl cleavage Aar2 (Ah+ANDN+DN) (SN2 like at the alkyl group) RCOOR' + H;0" + H,O

4 = RCO(O*HR') --(OHy), = RCOOH + R'O*H,:- OH; (slow) = RCOOH + R'OH + H;O*

5 Base-catalyzed acyl cleavage Boc1 (DN+AN+AL Dp) (Sn1 like at the acyl group) RCOOR' + HO™ & [RCO*]
+R'O7+ HO™ (slow) = RCOOH + R'O~™ = RCOO™~ + R'OH

6 Base-catalyzed acyl cleavage Bac2 (AN+Dn+Ay,Dy) (adduct intermediate) RCOOR' + HO™ &
R(OH)(OR')(O7) (slow) = RCOOH + [R'O~] 2 RCOO~ + R'OH

7 Base-catalyzed alkyl cleavage Ba1,1 (DN+AN+ADr) (Sn1 like at the alkyl group) RCOOR' + HO™ =

RCOO™ + [R*]/HO™ (slow) = RCOO~ + ROH
8 Base-catalyzed alkyl cleavage Bar2 (ANDN) (SN2 like at the alkyl group) RCOOR' + HO™ &2 RCOO™ + R'OH

Ketene formation (D, +Dn+AN+Ay) (Elim./add.) RCH,COOR' + HO™ &2 RCH=C=0 + RO~ + H, 0 =
RCH=C=0 + R'OH + HO~™ &2 RCH=C(OH)O~ + R'OH = RCH,COO~ + R'OH

2.2. Acid or Base-Catalyzed Acyl Transfers

In the absence of any catalyst and in a solvent that cannot play either the role of an acid, nor that
of a base (e.g., PhMe), the reactions in Scheme 1 can follow three limiting mechanisms represented in
the Jencks-More O’Ferrall type of diagram of Figure 4.

With this hypothetical reaction, one sees that the two-step nucleophilic addition route implies the
formation of a zwitterion from uncharged reactants. It is obvious that such a process will be facilitated
by polar solvent and by any additive that can take a proton from it (base-catalyzed addition: Bxc2) or
protonate the alkoxide moiety (acid-catalyzed addition: Apc2). Any compound able to give a proton
and take a proton from the zwitterionic, tetrahedral intermediate will catalyze the addition reaction.
This is the case with carboxylic acids such as benzoic acid (Scheme 3), which catalyzes the formation of
poly(ethylene)terephthalate by transesterification of methyl terephthalate with ethylene glycol [58].
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Figure 4. Limiting mechanisms for an acyl transfer reaction that are neither catalyzed, nor assisted by
solvent (x-axis describes distance CO---X, y-axis distance Nu---C=0 and the free energy is perpendicular

to the plane).
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Scheme 3. Benzoic acid is a bifunctional (acid/base) catalyst for the transesterification. It can give and
take a proton, both processes can be concerted.

In an analogous way to benzoic acid that is a bifunctional catalyst (OH: acid; C=O: base),
triazabicyclo[4.4.0]dec-5-ene (TBD) is an efficient catalyst of the ring-opening polymerization of
cyclic esters (lactones) [59]. The mechanism of the ring-opening reaction of L-lactide [60] and
d-valerolactone [61] (Scheme 4) has been studied computationally. TBD donates a hydrogen bond to
the carbonyl group of the lactone, activating it towards nucleophilic attack by the alcohol, which is
also activated by TBD through accepting a hydrogen bond to its imine-like nitrogen. TBD then effects
the ring opening by hydrogen-bonding to what is formerly the carbonyl oxygen in the tetrahedral
intermediate, but transferring the hydrogen (originally from the alcohol) to the ring oxygen adjacent to
the former carbonyl group.

Stabilization of the alkoxide moiety of the tetrahedral intermediate resulting from the addition
H-Nu + RCOX (Figure 4) can be realized by oxyphilic Lewis acids [62]. Thus, acetylation of alcohols
with acetic acid can be carried out in the presence of triflates (trifluoromethanesulfonates) such
as Yb(OTf);, La(OTf);, Ce(OTf)3, Cu(OTf),, Sc(OTf);, Er(OTf);, In(OTf);, Bi(OTf); or ytterbium
p-toluenesulfonate (Yb(OTs)3) [63]. These Lewis acids are stable in carboxylic acids, alcohols and water.
Direct condensation of carboxylic acids with alcohols has been catalyzed by hafnium(IV) salts such
as HfCl4(THF),, Hf(O-t-Bu)y [47], by titanium(IV) salts such as Ti(O-t-Bu)s and by ZrOCl,(H,;0O)g or
HfOCl,(H0)g that are water-tolerant and reusable homogenous catalysts [64]. Synergism in catalytic
activity with the combined use of Hf(O-i-Pr)4 or Zr(O-i-Pr)4 and Fe(O-i-Pr); has been demonstrated.
These catalysts are environmentally benign and can be extracted with ionic liquids for their recovery
and reuse [65]. Stabilization of the alkoxide moiety of the tetrahedral intermediate resulting from
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the addition H-Nu + RCOX can be realized by a neighbouring hydroxy group of the leaving group
X. For instance, in aminolyses of adenosine 3'-ester derivatives are faster than aminolyses of the
corresponding 3'-esters of 2’-deoxyadenosine [66]. This property is exploited by Nature in the
ribosome (peptidyl --RNA). Esterification and transesterification [67] have been catalyzed by aluminum
dodecatungstophosphate (AIPW1,040) [68] and KsCoW1,014(H,0)3 [69] that are water-tolerant and
recyclable, non-toxic Lewis acids. Heterogeneous catalysts are preferred in the industry because
their recovery requires simple filtration. A large number of these catalysts are available and contain
supported Lewis acid or amphoteric compounds (see below). Montmorillonites that are composed
of two-dimensional silicate sheets, with alternating layers that are negatively charged and positively
charged, are suitable for impregnation of a wide range of catalysts. For instance, TiCly + H,O is an
efficient catalyst for esterification of carboxylic acids with alcohols [70]. Other heterogeneous catalysts
can be silica-supported sulfonic acids [71] or graphite bisulfite [72]. Figure 5 represents the free energy
diagrams of four possible mechanisms of the acid (HA)-catalyzed nucleophilic (Nu: ™) addition to a
carbonyl compound (ester, carboxylic acid, acyl halide, carboxamide, aldehyde, ketone). In the case
of Figure 5A the rate-determining step is the one-step addition of Nu:™ generating the tetrahedral
alkoxide intermediate Int™ which is then protonated in a second step. In this case the reaction is not
acid-catalyzed. It could be base-catalyzed if the conjugate acid Nu-H were not completed dissociated
(weak acid). In the case of Figure 5B, a fast pre-equilibrium exists between reactants and intermediate
Int™; the rate-determining step is the proton transfer from HA to Int™ generating Int-H and A™.
The energy barrier of this process is discussed hereafter. In Figure 5C, a one-step process converts
reactants and catalyst HA into a neutral adduct Int-H and the conjugate base A~ of the catalyst HA.
The addition of the anionic nucleophile Nu:™ is assisted by a proton transfer to the forming alkoxide
moiety. In a fourth mechanism (Figure 5D), the catalyst protonates the carbonyl compound, but not the
anionic nucleophile, in a fast pre-equilibrium that generates a hydroxycarbenium ion intermediate J.
The rate-determining step is the nucleophilic addition Nu:~ + J — Int-H. This mechanism is followed
for reactant H-Nu with pK, lower than pK, (conjugate acid of the carbonyl compound: R(X)C=O"H).
The energy barrier of such a reaction arises mostly from solvent reorganization (desolvation of Nu:~,
solvation of A~, and desolvation of cationic intermediate J).

X

o] o
Ea S N
TBD ,N/QN NN
+ P — |_’| \ e H \ —_—
‘ H \ \
o ./ o N
0 R .0 R” 0
SIS, o
8-valerolactone
oo e S »
N N N
NN N H
H \ H H
/ H — ! , — +
(0] 0..:0
Of R ey
|
R R o

Scheme 4. Triazabicyclo[4.4.0]dec-5-ene (TBD)-catalyzed alcoholysis of §-valerolactone.
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Figure 5. (A) The nucleophilic addition is the rate-determining step; (B) the proton transfer from
the acid catalyst is the rate-determining step; (C) the nucleophile addition and proton transfer are
concerted; (D) the nucleophile addition onto the conjugate acid of the carbonyl compound is the

rate-determining step.

We now examine mechanism B (Figure 5B). The energy barrier is the sum of the free energy
difference W; between intermediate Int~ and reactants, and the activation free enthalpy A¥G, for
the one-step proton transfer Int~ + HA — [Int~---H---A]} — Int-H + A~ In this reaction, the bond
formation Int---H assists the bond breaking A---H. As demonstrated by the Bell-Evans-Polanyi theory
for radical transfer reactions, the activation enthalpy (AYH) depends on the exothermicity (A;H) and
on the polarisability of the reactants (A*H = «AH + B, B being the intrinsic activation enthalpy of
a thermoneutral reaction). Developed first for electron-transfer reaction, the Marcus theory [73-75]

proposes relationship (1) for concerted proton-transfer reactions.

A Gy = <1+ Af>2 (3) M)

where AG®; is the free energy difference between Int™ + AH and Int-H + A~ (—1.36 (pK,(Int-H)
— pKa(HA) at 25 °C)) and A the solvent reorganization term related to solvation changes between

Int— + HA and Int-H + A~
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2.3. Amphoteric Compounds Are Good Catalysts for Acyl Transfers

The tetranuclear zinc cluster Zns(OCOCF3)4O catalyzes the direct conversion of esters, lactones,
and carboxylic acids to oxazolines with remarkable chemoselectivity. The possible mechanism for these
reactions is outlined in Scheme 5 for methyl esters 1 reacting with amino alcohols 2 giving oxazolines 3.

OH Zn4(OCOCF3)60 R4
0 1.25 mol % \R°
1* + HzN%n,Rs ( ) R N : I\H/Iec())H
R' “OMe P2k’ PhClI, reflux, 18 h 1/4 R 2
1 2 3
0 o
CFs\( Zn e YCF?’ 1+2
o™ /O,\ 0.0 —— CF3;COOH
~ “Y—CF +H
CF3’6(\)( Zn |Zn N 3 20

{O\Zn/O/}Zn/O}

O/ N \O O\ /O\

C‘OO {O/Zn Zn o]’ OMe OH
R P

(N

Hy R')HLN — L wmeon

Scheme 5. Postulated catalytic cycle of the zinc cluster-catalyzed transamination of esters by
2-aminoalcohols yielding oxazolines.

The zinc cluster Zns(OCOCF3)O is an amphoteric compound (the metallic centers are Lewis acids
and the oxygen centers are Lewis bases). This is also the case with distannoxane catalysts of type 4
(Figure 6) [38—41]. Other oxometallic species catalyze nucleophilic acyl substitution reactions with
protic nucleophiles. Examples are TiO(acetylacetonate),, vanadyl dichloride VOCl,(THEF),,, [48] and
Y5(O-i-Pr)130 [76], all being water-tolerant catalysts.

uw

u

Bu
BU//
Bu’?n o— ?n Y

|
Y—Sn-0—sn “‘BU

Bu
Bu 4

Figure 6. Distannoxane catalysts.

2.4. Catalysis by Nucleofugal Group Substitution

In 1967, Litvinenko and Kirichenko [77] established that DMAP (4-dimethylaminopyridine)
provides a 10*-fold rate enhancement versus pyridine in the benzoylation of 3-chloroaniline. In 1969,
Steglich and Hofle [78] found that the difficult acetylation of tertiary alcohols [79] with acetic
anhydride does not occur in pure pyridine, but only in the presence of DMAP as catalyst [80].
Hassner and Alexanian [81] proposed a room-temperature direct esterification of carboxylic acids
with alcohols catalyzed by DMAP or better, by 4-pyrrolidinopyridine (PYP) in the presence of
N,N’-dicyclohexylcarbodiimide (DCC: drying agent) (Scheme 6).



Catalysts 2016, 6, 128 10 of 65

PYP(cat.) ”
RCOOH + R'OH + <:>—N:C:N — > RCOOR' + <:>— O
Etzo or
DCC CH,Cl,
PYP: CN@N

Scheme 6. Direct esterification of carboxylic acids with alcohols catalyzed by PYP (4-pyrrolidinopyridine).

DMAP and other 4-aminopyridines have been used to catalyze acyl or sulfonyl transfer reactions,
including the reactions of (+-BuO),CO (Boc,O) with amines, alcohols, diols, aminoalcohols, and
aminothiols [82] and the chemoselective trifluoroacetylation of anilines using ethyl trifluoroacetate [83].
The catalytical effect of DMAP and analogous 4-aminopyridines results from their high nucleophilicity,
favoring a fast addition/elimination process that generates the N-acylpyridinium intermediates 5.
In turn, 5 adds rapidly to protic nucleophiles to generate the corresponding products of acyl transfer
(Scheme 7).

O % R THF '//’—m O 4 R
20 T ST g
R™ °X — R' ©) R' fast R™ "Nu = R'

fast
(cat.) x© (cat.)
5 + HX (neutralized by Et3N or
X =Cl, OCOR', OR', OH pyridine) if necessary

Scheme 7. DMAP-catalyzed acyl transfer reactions.

Electron-rich pyridines listed below are proposed to be better than DMAP as nucleophilic catalysts
(Figure 7) [84-86]. In 1996, Vedejs and Chen introduced 6 as the first member of the chiral DMAP
family that was used in stoichiometric amounts with two equivalents of a Lewis acid to carry
out the resolution of 1-arylethanols [87]. Enantiomerically pure DMAP derivatives such as PPY*
and DMAPCs5Phs (Fu's catalysts also introduced in 1996) [88,89] are commercially available and
can be used as chiral catalysts in kinetic resolution of alcohols, amines and to induce asymmetric
cycloadditions, protonations, C-acylations, halogenations and Michael additions [90]. A large number
of other enantiomerically pure p-dialkylaminopyridines have been proposed for enantioselective acyl
transfers [91].

| N\ | N\ /N NMe, R
N ,N\) K/ MezN
R N R

6 R = Me: PPY*
R = Ph: DMAPC5Phs

Figure 7. Electron-rich pyridines as nucleophilic catalysts.

When the nucleophilic catalyst is part of a compound able to recognize a polyfunctional substrate,
regioselective acyl transfer can be realized. As shown in Scheme 8, the classical conversion of n-octyl
-D-glucopyranoside (7) into its 4-O-isobutyryl derivative 8 requires five synthetic steps and a final
separation of regioisomeric esters. But with 10 mol % catalyst 9, this conversion is accomplished in
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isobutyryl anhydride at —50 °C giving a sole product in 98% yield. Transition structure 10 has been
proposed for this highly regioselective monoacylation [92].

HO 1. (t-Bu)Ph,SiCl, imidazole
on 0. O—CgH47 2. (MeO),CMe,/pyrH*TsO" %1020 CgHq7
3. (-PrC0),0, DMAP
HO 4. camphorsulfonic acid W)J\

OH

7 5. separation of regio-isomers
8 (46% overall
O I|-| IT| (0]
P N N N N T N N
Ay
HN™ Y O N0 ~"NH
|
N
9 (cat.)
10 mol% in (i-PrC0),0, -50 °C (98% vyield) sole product!

mE:
P Y OC8H17
© ~N— H'//,,4—OH
HN
W
0"H-0
@N
2o
H
HN H
DN Y S

Scheme 8. Monoacylation of 7 catalyzed by 9 and proposed transition structure for acylation 10.

Transesterification of phosphonoacetates catalyzed by DMPA exchanges only the carboxylic
esters. Similarly, reactions of phosphonoacetates with primary and secondary amines in the presence
of DMAP produce the corresponding phosphonoacetamides in good yields [93]. Instead of DMAP,
the cyanide anion can catalyze acyl transfer reactions (Scheme 9). In a study comparing the catalytic
activities of DMAP, 2-hydroxypyridine, imidazole, and NaCN in the difficult aminolyses of ethyl
(5)-1-ethyl-2-pyrrolidinecarboxylate (11) in MeOH, NaCN proved to be a superior catalyst which does
not induce racemization of products 12 [94].

& e (cat) & + MeOH o | *RNHR o
COOEt =— N~ €O N - MeOH

N
N MeOH ! ’ - EtOH !
Et sooc | Bt ON e OMel O Et RWR
© S)
11 + EtO CN 12

R=R'=H,R=H
R=Me, R=R'=Me

Scheme 9. Acyl transfer reaction catalyzed by cyanide.

In 1993, Vedejs and co-workers [95,96] found that BuzP is comparable to DMAP as a nucleophilic
catalyst for the acylation of alcohols by anhydrides. The P-arylphosphines are less effective than BusP,
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but diarylphosphines retain sufficient reactivity to activate anhydrides at 25 °C. These observations
led to the development of enantiomerically pure phosphines that catalyze enantioselective acyl
transfers [97-101]. In 2009, Seidel and co-workers reported the kinetic resolution of racemic secondary
amines (£)-13 catalyzed by a combination of DMAP with enantiopure thiourea 14 (up to 77% ee
for (5)-13, 82% for (R)-15; Scheme 10) [102]). A possible mechanism is the formation of ternary
complex 16 in which the acylium counterion (benzoate anion) binds the chiral thiourea and controls
the face-selectivity of the amine addition to the acylium cation [103-105].

NH, 14 (5 - 20 mol %) NH, NHCOPh
A, *+(PhCO)0 +
R OR DMAP (5 - 20 mol %) R OR2 RV TR?
(£)-13 (S)-13 (R)-15
Ar
O H-N
FsC ) Q S CFs <;:'® }=s
N HH N \® _Ph
H H Me,N /_ N?<o R
FsC 14 CF3 My 16
— N—
H
R‘l
<

Scheme 10. Kinetic resolution of (+)-13 catalyzed by thiourea 14.

Amidines (e.g., 1,8-diazabicyclo[5.4.0Jlundec-7-ene: DBU, 1,5-diazabicyclo[4.3.0]non-5-ene:
DBN) [106,107], isothioureas (e.g., 2,3,6.7-tetrahydro-5H-thiazolo[3,2-a]pyrimidine: THTP, 3,4-dihydro-
2H-pyrimido[2,1-b]benzothiazole: DHPH) and guadinines (e.g., 1,5,7-trazabicyclo[4.4.0]dec-5-ene:
TBD) can also form acylium salts with carboxylic anhydrides which make them to catalyze acyl
transfers through nucleophilic substitution, analogous with electron-rich pyridines (nucleophilic
catalysts), not just as bases. Several enantiomerically pure amidine, isothiourea and guadinine
derivatives have been prepared and tested for their ability to catalyze enantioselective acyl transfers as
shown first by Birman and co-workers in 2004 [108]. Examples are given in Figure 8 [109,110].

Cl
H N !
FsC / Fe
7N N N—ph Ph Ph—_ ' _Ph
_ )—Ph - —=
Ph
Ph
P TP ST
=~ NS NS
S/I\N ST N7 Ph ST N7 YpPh

Figure 8. Catalysts for enantioselective acyl transfers.

2.5. N-Heterocyclic Carbene-Catalyzed Transesterifications

In 1988, Bertrand and co-workers reported the first example of long-lived carbene
(Me3SiC(:)P[N(i-Pr)2]p) [111]. The first example of stable, crystalline N-heterocyclic carbenes
(N,N’-di(1-adamantyl)imidazol-2-ylidene) was described by Arduengo in 1991 [112]. In 1994,
Bakhiar and Smith found that acyl transfers could be promoted by stoichiometric amounts of stable
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carbenes [113]. In 2002, Nolan’s [51] and Hedrick’s [52] research groups reported that N-heterocyclic
carbenes (NHC) such as 17 and 18 (imidazol-2-ylidenes) are efficient catalysts in the transesterification
of esters and alcohols [53,114], as exemplified by Scheme 11.

NHC (5 mol %)
(MeO),CH-COOMe +M\ — > J\/\
= (MeO),CHCOO X

OH THF 4 AMS
2h.25°C
R - MeOH

R
N N
NHC: [ e [ >
N N
R R =tBu, 1-adamantyl, cyclohexyl, 2,4,6-trialkylphenyl, etc.
17 18

Scheme 11. NHC-catalyzed (N-heterocyclic carbenes) transesterifications.

N-Heterocyclic carbenes act as catalysts for living ring-opening polymerizations of lactones,
generating polyesters [115,116] (see e.g., Scheme 4). The pre-catalyst can be an alcohol adduct of
the N-heterocyclic carbene, e.g., 19, which, upon heating, generates 1,3,4-triphenyl-1,4-dihydro-1H-
1,2 ,4-triazol-5-ylidene (20) (Scheme 12). Since these early applications, N-heterocyclic carbenes have
been used as organocatalysts for a large variety of reactions [117,118].

H OR
1524
Ph\N N-Ph Ph\N\ N-Ph
N=( - ROH 2N=(3
Ph Ph
19 (dormant catalyst: 20 (active catalyst)

precatalysts)

Scheme 12. Interconversion of pre-catalyst 19 and active catalyst 20 by reversible addition of alcohol.

Applying the B3LYP density functional approach, Hu and co-workers [119] proposed the
mechanism in Scheme 13 for the NHC-catalyzed transesterification. The role of NHC is to assist
proton transfer from alcohol to the carbonyl group of the ester, forming the tetrahedral intermediate
21, which then decomposes to form the acylated product.

oy \8@ 1 \
NN \
O — ' W 3 ne j
I+ RoH — O"'H‘ £ O~nr <N |
R' OR" R' O R'ﬁ'\o /
R"O h R"O I\?
s 21
\s®
80 sON o]
- O 8 ] P — )J\ + R"OH
RO—_: N s R7OR
RS9/ NN
R" - \—/

Scheme 13. One possible mechanism of the N-heterocyclic carbenes (NHC)-catalyzed transesterification.
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Singh and Nolan also found that the nucleophilic NHCs can catalyze the transesterification
of phosphorous esters under mild conditions using imidazolium salts as pre-catalysts [120].
N-Heterocyclic carbenes catalyze the CO, fixation as a vinyl carbonate. For instance, the carboxylative
cyclization of 2-methylprop-3-yn-2-ol with 5 mol % 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene
(100 °C, 10 MPa, 15 h) gives 5-methylidene-4,4-dimethyl-1,3-dioxolan-2-one in 80% yield
(Scheme 14) [121].

e T od

OH 100 °C, 10 MPa o

Scheme 14. NHC-catalyzed fixation of CO,.

In 2004, Suzuki and co-workers reported the first examples of NHCs of type 23 (Scheme 15) as
catalysts for enantioselective acyl transfers [122]. They applied them to the kinetic resolution of racemic
secondary aryl alkyl alcohols [123]. Further examples were reported by Maruoka’s group [124]. In this
case one postulated the formation of 2-acylimidazolium ion intermediates of type 24 (Scheme 15),
the NHC acting as a nuleophilic catalyst. The formation of 2-acylimidazolium ion intermediates has
been postulated also in the NHC-catalyzed (4+2)-cycloaddition/decarboxylation of silyl dienol ethers
with o, 3-unsaturated acyl fluorides [125,126] and for several other NHC-catalyzed reactions involving
carboxylic moieties [127-129].

X@ /\OG

x + /\OA
/\ ® + t-BuOK A =\ (o
\/N\&NTN - BuOH r\/NvN\(Ar Ar\/N NZ AT
_ s g™ Y T
Ac
= 23
22 X =Cl, BF, - MeCHO

Ar = phenyl, 1-naphthyl, 9-anthracenyl, etc. =23 J + ROH

ROAc

Scheme 15. NHC-catalyzed enantioselective acyl transfer reactions.

2.6. Enzyme-Catalyzed Acyl Transfers

One important biological acyl transfer reaction is the hydrolysis of the amide linkage in a protein
(e.g., 25). Chymotrypsin is one of the most well studied peptidases (enzymes that catalyze the cleavage
of peptide bonds) [130-132]. Instead of using water as nucleophile, the alcohol side chain of serine-195
is used (Scheme 16). The addition of this alcohol moiety is base-catalyzed by the side chain of
histidine-57, an imidazole (step 1). Ion-pairing of the resulting imidazolium ion with the aspartate-102
enhances the basicity of histidine-57. The combination of the serine, histidine and aspartate residues
constitutes the catalytic triad. This generates a tetrahedral intermediate 26 (as for mechanism Bac2,
Table 1) that is stabilized by hydrogen bonding in a pocket called the oxy-anion hole. Amide NH bond
from the enzyme backbone contributes to the hydrogen bonding donors. After reorientation of the
tetrahedral intermediate 26, the leaving group departure is acid-catalyzed by the imidazolium ion
created in step 1. This forms an acyl-enzyme intermediate 27 (end of step 2) and one of the products,
the amine R'NH;. Then water enters the active site and attacks (step 3) the carbonyl group of 28,
a base-catalyzed addition promoted, as for the serine-OH addition in step 1, by the imidazole unit
of histidine-57. This produces tetrahedral intermediate 29, which then liberates serine-198 and the
carboxylic acids RCOOH (30), the second product.
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His:57 Ser-195 His-57 Ser-195
O _ r step 1 O __ ,I‘\l\
Asp-102—/<® NN O R — Asp1024 [T\ O FOH
oOH N Ho K o- -H N N-H (\FO,,”
N0 N
R R N~
25 26 _/
oxy anion hole
top 2 o HiIsS7 (Sef'195‘ o HisS7 H
— Asp-102J<® N\ © TN Asp-102%® N;*\N H0
o” HNN =0 o7-H N Ser-195
R H 0
+ R-NH, /N/ }o
R
27 (acyl enzyme) 28
Ser-195
His-57 H (39”95 His-57
step 3 O __ o) O _ o
— Asp-102J<® N of | zAsp-sz(@ NN H
0 H N HR N O NS 0= H "~z
o:\H , OH
‘N R/go
29 | 30

Scheme 16. Chymotrypsin-catalyzed peptide bond cleavage: an example of covalent catalysis by
amide alcoholysis through serine (serine-protease).

Another amide bond cleavage mechanism is followed by the carboxypeptidase A-catalyzed
hydrolysis [133,134]. In this case, activation of the nucleophilic addition of water implies coordination
of water (the nucleophile) and the carbonyl group (the electrophile) of the amide 21 to a zinc cation
(Lewis acid, template effect). Furthermore, the nucleophilicity of water is enhanced by hydrogen
bridging with glutamate-270 and by coordination to Zn(Il). Its pK; is expected to be decreased
significantly because it coordinates Zn(II), as shown for complex 33 [135,136]. Further electrophilic
activation of the carbamide is realized by hydrogen bridging of its amino group with the phenolic
moiety of tyrosine-248 and of its carbonyl group with arginium cation Arg-127 (step 1, Scheme 17).
This leads to the formation of the tetrahedral intermediate 32. In a second step, tyrosine- and glutamic
acid-catalyzed elimination of the amine R'NH, occurs, followed by the liberation of the carboxylic
acid, RCOOH.

0 H
tep 1 p
Glu-270 —4 H R._NR step GIu-270)J\O 0,
© \”/ IR Nep
o 0 Jo NH, - (4 R
! N0y A H=q NH,
/Zn ”) \N® N ::, \\\O'/// H
| B Arg-127 Zn(ly - NZS N7
rg TN @
31 32 H Arg-127
H
H\ N ~
)CJ)\ Q@Tyr-%S o—H (PKa ~7:3)
steP2 514270 OQRHﬁ,R' (\/®\| y
— y N H—N-t =N
0, NH2 [tj 2 x©
S OH\N)\N’H 4
@ H

AN H  Arg-127 33

Scheme 17. Carbopeptidase A (prototypical metalloprotease) catalyzed peptide bond cleavage.
Example of zinc(Il) electrophilic activation.
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2.7. Mimics of Carbopeptidase A

In 1965, Breslow and Chipman [137] reported that zinc pyridinecarboxaldoxime anion complex 34
is an effective catalyst in the hydrolysis of 8-acetoxyquinoline-5-sulfonate (35), a weakly complexing

substrate. The reaction occurs in two steps involving acyl transfer within a catalyst-substrate complex
(Scheme 18).

X
LS P ~
|
N o) N0 N N
z Craty C o ep1 @O | o
N 34 (cat.) ®®zn““"‘{ step znN +ro
0_0 Of O o}
Y O °
Me RO Me Y
35 (= ROCOMe) - - Me
- « _
Q rRo” | |+ ROH
N N
step 2 | |
i @@} — L = ®®§n(N\ —~ 34(cat) + MeCOO"
/ Y X O + ROH
H-Q o:< H,O—éMe
N H Me O |

Scheme 18. Ester hydrolysis catalyzed by a zinc (I) aldoxime complex.

When 34 is coordinated with the p-cyclodextrin derivative 36 containing a linking bipyridyl
group, the complex 37 so-obtained catalyzes the hydrolysis of ester 38 with a rate enhancement of
1,700,000-fold over the background reaction (pH 7, 37 °C) [138,139]. The two [3-cyclodextrin units offer
a cavity to the substrate as an enzyme [140]. The adamantyl moiety of 38 enters the lyophilic cavity of
one cyclodextrin, the leaving group (p-nitrophenolate) enters the other cyclodextrin unit, repelling
water molecules [141]. The substrate is thus forced to approach the zinc pyridinecarboxaldoxime
anion that adds (Scheme 19) onto its carboxylic moiety, generating an acyl-catalyst intermediate that
is then hydrolyzed into p-nitrophenol (40) and the carboxylic product (39). Several applications of
cyclodextrins as catalysts have been reported [142].

W i“d o

37

B cyclodextrin — _

—
mimic of metalloprotease with a cavity that
can host substrates like 38

37 (cat.)
O pH ToeH7) COOH +HO

Scheme 19. The interior of cyclodextrins imitates the lyophilic part of the cavity of enzymes.
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2.8. Direct Amide Bond Formation from Amines and Carboxylic Acids

Amides represent one of the most important chemical building blocks found in Nature,
in pharmaceuticals [143-145], in agrochemicals, and in materials [146,147]. Using gas-phase standard
heats of formation [148] one calculates standard heats of reaction AH°(AcOH + Me,NH = AcONMe,
+ H,O) = —4.4 kcal/mol and A;H°(AcOH + PhNH,; & AcONHPh + H,O) = —8.0 kcal/mol. In water
and at 25 °C equilibrium constant K°(RCOOR + R'NH, =RCONHR' + H,0) = 10°>-10** for the
formation of protected and unprotected di- and tripeptides [149]. Penicillin acylase-catalyzed
amidifications of phenylacetic acid with primary amines are exergonic in diluted water for not too
basic amines (pKa(RNH3*) < 8.5) [150]. Although the direct formation of amides from amines and
carboxylic acids (Scheme 20) has been known for 150 years, this process has little synthetic utility
as it requires too harsh conditions (heating that leads to secondary products, epimerization and
polymers) [151]. Amide bonds are generally formed from carboxylic acid derivatives such as acyl
halides (mostly chlorides and fluorides; the Schotten—-Baumann reaction) or anhydrides, including
mixed anhydrides, or active esters as those obtained by reaction of the carboxylic acids with coupling
reagents such as Castro’s reagent BOP (benzotriazol-1-yl-oxy-tris(dimethylamino)phosphonium
hexafluorophosphate) and analoguous phosphonium-based coupling reagents ByBOP, PyAOP, BroP,
PyCloP, or the uronium/guanidinum-based coupling reagents BCC, HBTU (O-(1H-benzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexafluorophosphate), HATU, HAPyCl and TAPipU (Figure 9) [152,153].
The latter reagents are suitable for peptide synthesis requiring smooth conditions to reduce concurrent
epimerization of the x-aminoacid moieties. Unfortunately, the one-pot method produces at least
three co-products. The amine may also react with HATU and lead to 40 + 41 (Scheme 21).
In terms of atomic economy [154,155], these reactions are poorly behaved and thus efficient
catalysts permitting the direct amide formation (Scheme 20) under smooth conditions are most
welcome [156,157]. Nature makes amides with enzymes as catalysts. In the laboratory mostly lipases
(e.g., peptide amidase extracted from orange peel, Candida antartica lipase B, Candida cylindracea
lipase, Novozym, porcine pancreas lipase) and microorganism (e.g., Bacillus cereus, Streptomyces halstedii,
and Bacillus subtilis) have been used as biocatalysts for direct amidification of carboxylic acids [157].
Since the biocatalysts cannot accept any amines and carboxylic acids as reagents, chemical catalysts
are highly desired.

O e} o]
o o —— + HNR M r + HoO
O~ HsNR' R” “OH R™ON

Scheme 20. Direct formation of amides from carboxylic acids.

ﬁN\N 5 + RCOOH/Et;N E\/E"!\ . (\/E N+ )J\ )J\)
) —_— ~
=z (desired N NMe, O NMe,

N~ "N NMe, ; N
00 reaction) O OCR
PF NMe CNIC)
6 2 - Et;NH PF3 NMe;
HATU
' N
+R'NH2l HpF, (undesired RCONHR + R'NH; |\ % NMe;
reation) a1 A\ 0 + O
) N" NMe
SN NMe. o~ ?
| N 2
— N/ + R'N# 43 R 44
N™ NMe,
OH
41 42

Scheme 21. One-pot amide bond formation promoted by O-(7-azabenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HATU) produces several co-products.
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Figure 9. Examples of coupling-reagents for the one-pot amide (peptide) bond formation from
carboxylic acids and amines.

Since 1965, stoichiometric amounts of boron-based compounds have been used to promote
the direct amidification of carboxylic acids with amines [158]. For instance, in the presence of
two equivalents of B(OCH,CFs), carboxylic acids and amines are condensed to form the corresponding
amides upon heating for several hours at 80-100 °C [159,160]. The boron reagents assist amide
formation directly by formation of acyloxy boron intermediates = mixed anhydrides [161-166]. In 1996,
Yamamoto and co-workers reported that 3,4,5-trifluorobenzeneboronic acid catalyzes (Soxhlet refluxing
toluene, xylene or mesitylene, molecular sieve for the drying) the direct amide condensation
reactions [163]. They later reported that N-alkyl-4-boronopyridinium halides (45, 46; Scheme 22)
are more effective than boric acid and areneboronic acids [167,168]. The proposed mechanism of these
catalytic amidifications is shown in Scheme 22 [169].

o \o
ArB(OH), (cat.) )k & o)
RCOOH + R'NH, - R0 ] == L +H0
) N R” “NHR'
toluene azeotropic H™SH N
distillation R R h H
) ©
SV ' @/=\ X
cat: Me-N B(OH), polystyrene (CH2), ,N\ / B(OH),
45 46n=1,2,4; X=Cl, Br, NTf, (Tf = CF3S0,)

Scheme 22. Amide formation from carboxylic acids and amines catalyzed by 45.

Recently, Hall and co-workers found that 5-methoxy-2-iodobenzeneborinic acid (MIBA) catalyst
leads to higher yields for a wider range of aliphatic and heteroaromatic carboxylic acids and aliphatic
amines [170,171]. The methods can be applied to the formation of x-peptides (molecular sieves,
boiling CH,Cly, 48 h) and (3-peptides as illustrated in Scheme 23 [172].

o)
MIBA (25 mol%) Jw
COOH
BocHN ™~ >~ + HZNJ\/COOEt BocHN /\)J\l}l COOEt

4 A molecular sieves
toluene, 55 °C, 72 h (58 %)

Scheme 23. MIBA-catalyzed (5-methoxy-2-iodobenzeneborinic acid) formation of 3-peptides.
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A large number of metallic compounds have been proposed as catalysts for the direct
amidification of carboxylic acids with amines. Most of them require heating to above 100 °C such as
(cyclopentadienyl),ZrCl, [173] and Nb,Os [174]. The combination of PhsP + CCly has been found to
catalyze direct amidifications [175].

3. Catalysis of Nucleophilic Additions

Additions of carbon- and hetero-nucleophiles (E-Nu) to polar unsaturated compounds such
as aldehydes (RCH=0O), ketones R(R')C=0, imines (R(R)C=NR”) and carbonitriles (R-C=N)
(1,2-additions: E-Nu + R,C=Z &= Nu-C(Rp)-Z-E), to their «,-unsaturated derivatives
(competition between 1,2- and 1,4-additions E-Nu + RyC=CR'-CR"=Z = Nu-C(R;)-CR'=CR"-Z-E),
to alkenes, alkynes, bearing electron-withdrawing substituents (E-Nu + R,C=CR-EWG =
Nu-C(Ry)-C(R)(E)-EWG, e.g., EWG = SOR, SO;R; CF3) represent the most important reactions of
synthetic interest. All these reactions can be catalyzed as illustrated below.

3.1. Catalysis of Nucleophilic Additions to Aldehydes, Ketones and Imines

As for the acyl transfer reactions nucleophilic additions to aldehydes and ketones of reagent
E-Nu (Scheme 24) can be catalyzed by a protic (Brensted) acid (HA), a Lewis base (B:) or a Lewis
acid (MX). In the absence of catalyst, the electrofugal moiety of the reagent E-Nu can activate the
carbonyl group (mech. A2) and, eventually, auto-catalyze the reaction. In the presence of a protic
acid, the carbonyl group is activated by protonation (mech. B1, B3) or/and the nucleophilic reagent
is activated as it enters in pre-equilibrium E-Nu + HA = EA + H" + Nu:™ (mech. B2). Alternatively,
the conjugate base of the catalyst HA adds to the carbonyl group according to the pre-equilibrium
C=0 + HA &2 C=A" + HO ™. Then HO™ activates the nucleophilic reagent according to equilibrium
HO™ + E-Nu = HOE + Nu:™ (mech. B3). In the presence of a Lewis base B: the latter activates E-Nu
by deprotonation when E = H, or by entering into pre-equilibrium B: + E-Nu & E-B* + Nu:~ when
E # H (mech. C1). Alternatively, the base acts as nucleophilic catalyst by adding first to the carbonyl
moiety and equilibrating with an oxycarbenium ion intermediate of type C=O™)-E, which then adds
the negatively charged nucleophile Nu:™ rapidly (mech. C2). In the presence of a Lewis acid MX the
carbonyl group is activated by forming an ion pair of type C=O®)-M /X~ (mech. D1). Alternatively,
E-Nu can be activated by entering into pre-equilibrium E-Nu + MX 2 EX + M*/Nu:™ (mech. D2).
In these mechanistic limits the activation of the carbonyl group implies the formation of ion pairs of
type C=0)-E/Nu:~ (Mech. A2, B2, C=O™")-H/A:~ (mech. B1,B3) or C=O")-M/X:~ (mech. D1), and
the activation of the nucleophilic reagent E-Nu implies the formation of ion pairs of type H* /Nu:™
(Mech. B2), E-B*/Nu:~ (mech. C1) or M*/Nu:™ (mech. D2). As we shall see, in many cases these
species do not have to be formed for activation, instead, complexes of types C=O---E-Nu, C=0O---H-A
(hydrogen bonded carbonyl) or Lewis acid-base complexes C=O---MX react with the nucleophile (E-Nu,
Nu:™ or Nu:™---H-A). The same mechanistic limits can be retained for the nucleophilic additions of
imines (Scheme 24) [176].

From the preceding discussion, one predicts that the best catalysts of the nucleophilic
additions (and of the reverse elimination reaction) possess on the same template functional groups
capable of electrophilic activation of the carbonyl or imine moieties and nucleophilic assistance
to the dissociation of reagent E-Nu as shown below in Scheme 25 and as illustrated already in
Schemes 3 and 4, where benzoic acid and triazabicyclo[4.4.0]dec-5-ene (TBD) act as bifunctional
catalysts (i.e., as proton donor and proton acceptor, both proton transfers being concerted or not).
Further illustration is with the asymmetric Strecker reaction (Scheme 26) catalyzed by the chiral,
enantiomerically pure bicyclic guanidine 47 reported by Corey and Grogan [177], and the mutarotation
of 2,3,4,6-tetra-O-methyl-«-D-glucopyranose catalyzed by 2-pyridinone.
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Scheme 24. Possible mechanism limits for the nucleophilic additions of carbonyl compounds:
(A) uncatalyzed reaction; (B) protic acid-catalyzed; (C) Lewis base-catalyzed; (D) Lewis acid-catalyzed.
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Scheme 25. Bifunctional catalysts for activation of carbonyl groups towards nucleophilic addition.
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Ph Ph
Y 47 (10 mol%) IS
N Ph HN Ph
P& + HCN —_— o 4 "
Ph” OH
N CN
Ph: /J\ Ph
NTN
47 H

Scheme 26. Asymmetric Strecker reaction catalyzed by chiral guanidine 47.

3.2. Bifunctional Catalysts for Nucleophilic Addition/Elimination

In 1952, Swain and Brown [178,179] reported that neutral 2-pyridinone (48) is a better catalyst of
the mutarotation (epimerization) of 2,3,4,6-tetra-O-methyl-«-D-glucopyranose («-49) into its 3-anomer
(3-49 in benzene than pyridine and phenol alone, and better than a 1:1 mixture of pyridine and phenol.
This was taken as a proof that the rate-controlling step involves two-proton transfers coupled with the
C(1)---O bond cleavage of the glucose moiety, as shown with transition state 52 (Scheme 27).

MeO ca MeO
MeO 0 . MeO MeO MeO 0
MeO H<I— MeO < Meo T = MeO OH
slow as
MeO OH MeO i

—

o-49 p-49

(l Q cat: 48

g or 48'

Q MeO
MeO Oy~ MeO ""H — ' — 50
MeO o MeO O 50 + 48 50
R MeO ' -HY
52

Scheme 27. Mutarotation of tetramethylglucose catalyzed by the bifunctional catalyst «-pyridone =
2-hydroxypyridine in benzene (apolar solvent).

In the gas phase and in dilute solution of benzene, o-pyridone (48) and its tautomer
2-hydroxypyridine (48’) have similar stability [180], each of them may catalyze the mutarotation [181].
The mechanism proposed in Scheme 11 implies that o-pyridone (equilibrates with dimers) forms
a precomplex 51 with «-49. The two proton transfers occur in concert with the breaking of
the C(1)-O bond leading to the hydroxyaldehyde 50 in one step. Fast rotation about the
C(1)-C(2) bond engenders rotameric hydroxyaldehyde 50" that undergoes intramolecular alcohol
addition furnishing hemiacetal p-49. This addition is also catalyzed by 48 or 48" [182,183].
Kinetic deuterium isotope effects determined with (N-D)-2-pyridinone and (1-O-D)-2,34,6-tetra-
O-methyl-a-D-glucopyranose agree with the above hypothesis, although they could not tell whether
the two proton transfers are synchronous or not [184]. Analogues of a-pyridinone such as
benzoic acid, formamide/formamidic [185] acid tautomeric couple, or 2-hydroxy-4-methylquinoline,
2-aminopyridine, imidazole [186] and 2/,3’,5'-tri-O-protected RNA nucleosides [187] can also act as
bifunctional catalysts. Sodium 2-pyridinolate has been found to catalyze aminolysis of esters [188].



Catalysts 2016, 6, 128 22 of 65

3.3. - and rt-Nucleophiles as Catalysts for Nucleophilic Additions to Aldehydes and Ketones

Cyanohydrins are important building blocks for the preparation of «-hydroxy acids, a-hydroxy
aldehydes, 1,2-diols, and «-amino alcohols. They can be obtained by cyanosilylation of aldehydes
and ketones using Me3SiCN (=E-Nu in Scheme 28 that produces the corresponding silyl ethers 53.
The reaction is catalyzed by Lewis acids or bases, metal alkoxides, bifunctional catalysts, iodine,
and inorganic salts [189,190]. As for the transesterifications that can be catalyzed by N-heterocyclic
carbenes (NHC), the transfer of cyano group from Me3SiCN to a carbonyl compound has been
catalyzed by diaminocarbenes [191]. It is proposed (Scheme 28) that the NHC-catalyzed cyanosilylation
follows a nucleophilic catalysis pathway (mech C1, Scheme 24) implying intermediate 54 with a
pentacoordinated silicon center [192-194]. The latter transfers the cyano group to the aldehyde or
ketone generating adduct 55 which then dissociates into product 53 and the catalyst (NHC).

0 OS|M63
NHC (cat. 4'— '
R)J\R. + Me3SiCN (cat) R CNR
. THF (74 - 91%) NHC (cat.)
R'=H, alkyl, aryl 53
R
+ @)
—_ | o= o o=
;i/N\/N\fi + MesSICN —= :?/N\ N\ﬁi :?/N\ N
w“ De _Je
S ~STR
CN (0] R'
NHC 54 55 CN

Scheme 28. NHC-catalyzed cyanosilylation of aldehydes and ketones.

N-Heterocyclic carbenes (NHC) are neutral o-nucleophilic catalysts. According to Wang and
Tian [195], electron-rich 7-systems should also be catalysts for the cyanosilylation of carbonyl
compounds. Indeed, they found that the reaction of PhCHO + Me3SiCN in the presence of
Me,C=C(OSiMe3)OMe (10%) is at least 100-fold faster than without catalyst at 25 °C. Aniline acts as a
nucleophilic catalyst (mech. B3, Scheme 24) in oxime ligation in aqueous solution through formation
of intermediate iminium salt, followed by transimination by the oxime (Scheme 29) [196-198].

@ 1
0 H,0 H\N/gh + H,NOR' NOR
I+ PhNH, J Mo J_ + PhNH,
R™ 'H pH 4.5 R™ H - H,0 R H

oxime

Scheme 29. Formation of oxime by transamination.

Since the pioneering work of Oguni and co-workers in 1993 that used the chiral Schiff base
56 and Ti(O-i-Pr),; as the catalyst (Scheme 30) [199], a large number of enantioselective syntheses
of cyanohydrins have been developed [200-204]. The transition structure 57 has been proposed to
interpret the results (mech. D1, Scheme 24).

An example of enantioselective cyanation of an aldimine with the quinine-derived thiourea
catalyst 58 is given in Scheme 31 for which transition structure 59 is proposed to explain the high yield
and enantioselectivity (mech. B1, Scheme 24).
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o + Me3SiCN Me3SiQ CN

Ti(O-i-Pr); (20 mol %)

56 (22 mol %)

CH,Cly, - 81°C 68% yield, 96 % ee
I
| i-Pr
J'/,,, [N OH
OH
56
Scheme 30. Enantioselective synthesis by cyanohydrins.
+ NCCOOEt
58 (10 mol%) WICN
MeOH, CICH,CH,CI
10°C, 60 h 99% vield. 98 °
- MeOCOOE! % yield, 98 % ee
— 1
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OMe @
| N%@Q
CFy Ho
| AN NH R N/ H i NZC Q
N~ |
s7 N CFy s>y M
58 L Ar 59 ]

Scheme 31. Quinine-thiourea catalyzed cyanation of an aldimine.

3.4. Catalysis by Self-Assembled Encapsulation

The self-assembly of six equivalents of ligand 60 (L) with four equivalents of Gd(acac)s
in water generates the negatively charged supramolecular assembly GdsLs!?~ that can host a
wide variety of small monocationic guests in its cavity (Figure 10). The naphthalene walls
render the interior hydrophobic and are thus able to promote acid-catalyzed reactions upon
encapsulation. This was suggested by the observation that N,N,N’,N’-tetramethyl-1,4-diaminobutane
or N,N,N’,N'-tetramethyl-1,2-diaminoethane are doubly protonated when encapsulated with GdsL¢'?~.
Orthoesters normally require acidic conditions to be hydrolyzed (acid-catalyzed elimination, reverse
of nucleophilic addition to a carbonyl compound for one step of the overall process). Under neutral
or alkaline conditions their hydrolysis is very slow. However, when orthoesters HC(OR)3 (R = Me,
Et, Pr, i-Pr, Bu, i-Bu) are mixed in D,O (22 °C, pH = 11, K;CO3) with small amounts of GdyLg'2-,
hydrolysis occurs. The phenomenon is not observed with larger orthoesters (e.g., with R = pentyl).
Thus, upon encapsulation, the orthoesters are protonated into 62 and then dissociate into two alcohol
moieties and the conjugate acids 63 of the corresponding formates. The latter diffuse out the host
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and are saponified by the alkaline medium (Figure 10). Importantly, the catalysis by the host of type
GayLg'?~ obeys Michaelis-Menten kinetics and exhibits competitive inhibition. When compared to the
background hydrolysis reactions under the same conditions, rate accelerations (kcat/kuncat) for triethyl
orthoformate and triisopropyl formate are 560 and 890, respectively (pH 11, 22 °C, D,0) [205,206].

v

N o
Gd(acac); (cat.)
Hy H20

Gcd* - -
61 62

12. + HC(OR)3
60 (L) Gdylg

o) S)
62 —I—> L —OH . 4coo”+ ROH

T H OR pH=11

Figure 10. Catalysis by supramolecular assembly. Hydrolysis of orthoesters under alkaline conditions.

3.5. Catalysis of 1,4- (Conjugate) Additions

Conjugate nucleophilic additions to electron-deficient alkenes [207] and dienes [208] is one of
the most useful tools in organic synthesis. In 1977, Wynberg and co-workers [209] reported that
cinchona alkaloids catalyze the asymmetric conjugate addition of aromatic thiols to cycloalkenones
(Scheme 32) [210]. Quantum mechanical calculations proposed transition state of type 63 for these
reactions [211].

0
cat* (1 mol %)*
PhH, 22 °C ArS

t-Bu

R = vinyl, Me

Scheme 32. Cinchona alkaloid-catalyzed conjugate addition and transition state 63.

This has been the starting point of several enantioselective conjugate addition using chiral
catalysts [212-216]. For instance, the enantioslective Michael addition of dimethyl malonate to
cyclohex-2-enone is carried out on the kilogram scale (Scheme 33). It uses the bifunctional Lewis
acid/Brensted base catalyst 64 developed by Shibazaki and co-workers [190,217-219]. Adduct 65 is
the starting material in the synthesis of (—)-strychnine.
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64 (0.1 mol %) COOMe
- 0, O
MeOOC> @O t-BuOK (0.09 mol %) MeOOC
+
MeOOC 4 A molecular sieves
THF, 25 °C 65
Li 91 % yield
o \ CO > 99 % ee
N _O
A
O "o
64

Scheme 33. Enantioselective Michael addition of dimethyl malonate to cyclohex-2-enone.

The bifunctional catalyst 66 developed by Takemoto and co-workers (Scheme 34) [220] activates
both the nucleophile and the carbonyl group of the Michael acceptor as illustrated below [221].

0
CHO 66 (cat.)

83 % yield
+ — _ 0
O |_NR xylenes N~R 94.A) e
SH 0°C 20:1 d.r.
(e} O
_ o —
~. - i 0 *
N° HH CH
\\\N\H/N CF3 ©[ — | N-R electrophilic
g s e activation and
T \O nucleophilic
oF H o TH activation
66 3 —N |T| N—Ar around the
f ~ N—§ same template
S

Scheme 34. Michael addition catalyzed by Takemoto’s bifunctional catalyst 66.

4. Anionic Nucleophilic Displacement Reactions

Nucleophilic substitution is one of the most important class of reactions that generate
C—C and C-heteroatom bonds. There are four classes of nucleophilic displacement reactions
(Scheme 35): reaction (a) involves neutral electrophile R-X and nucleophile Nu: and generates a
salt (e.g., Menschutkin reaction: quaternization of amines, of phosphines, formation of oxonium and
sulfonium ions); reaction (b) is similar to the reverse reaction of equilibrium (a) in which a positively
charged electrophile is substituted by a negatively charged nucleophile Y:™; reaction (c) engages a
neutral electrophile R-X and an anionic nucleophile Y:™ with a proton or cation as counter-ion and
finally, in reaction (d) a neutral nucleophile attacks a cationic electrophile. Very important for organic
synthesis is the SN2 reaction (c) and we discuss now how it can be accelerated or/and catalyzed.

C) ©

Nuu + R-X === R-Nu + X (a)
Y© + R-Z® == R-Y + Z (b)
MEY:O + R-x == R-y + MZX® (o
Nu: + R-2® =—= R-N® + Z (d)

Scheme 35. Four classes of nucleophilic displacement reactions.
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4.1. Displacement Reactions in the Gas Phase

Reactions between anions and molecules occurring in the Fourier Transform Ion Cyclotron
Resonance (FT-ICR) of Flowing Afterglow (AF) spectrometer should be exothermic or thermoneutral.
In both types of instruments, the concentration of ions is about 10* times lower than the concentration
of neutral molecules. A simple pseudo-first order kinetic law is thus observed for the ion/molecule
reactions, and these proceed much faster in the gas phase than in solution. For the non-solvated
hydroxide anion HO™, the rate constant for substitution HO™ + MeBr — HO-Me + Br~ is about
10'° times faster in the gas phase than in solution [222]. The SN2 reactions of superoxide anion water
clusters (O,°*~ (H,O),, (n = 0-5)) with Me—Cl and Me-Br have rates that decrease when the number
of water molecules in the cluster increases [223]. In general, the rate constants of gas-phase Sy2
displacements (Figure 11) can be explained on the basis of the double potential-well model represented
in Figure 7, and pioneered in the work of Brauman in the 1970s and after [224-227].

©) k kot k ©
v 4 RX == YORXY < WRXT <= YR + X
K4 Kot Ka

reactants

products

E, A'E,
(central
barrier)

[Y: /RX] YRIX)]

reaction coordinates

Figure 11. Potential energy hypersurface for gas phase SN2 substitutions.

In this model, first a ion/molecule complex [Y:™ /RX] is formed, which corresponds to a minimum
in potential energy and is relatively long-lived. The free anion Y:™ is thus “solvated” by the molecule
RX, with a binding energy AE, (Figure 11) that can be as large as 25 kcal/mol. This binding is due
mostly to electrostatic interactions that are long-range ion-induced dipole and ion-dipole interactions
between Y:™ and RX. These electrostatic interactions can be estimated by relationship (2), where AE(r)
is the drop in potential energy upon approach of ion and molecular from infinity to a distance r, « is
the polarizability of RX, g the charge of Y:™ and pp the permanent dipole of RX.

2
—q4p —xq
AE(r) =
() 2T 2r )
N—— ~——
ion/dipole ion /induced-dipole

For the substitution reaction to occur, the complex [Y:™ /RX] must adopt the configuration of the
activated complex. In potential energy terms, this corresponds to the maximum of the central barrier
with height AYE,. Passing over this barrier will lead to a second ion/molecule complex [X:~ /RY],
which in turn corresponds to the potential minimum on the products side and will eventually separate
(low pressure, high temperature). The height of the barrier A¥E, depends on the type of ion/molecule
reaction and on the nature of the reactant ion, product ion and neutral species involved, as predicted by
the Bell-Evans-Polanyi theory [228,229] for concerted one-step reactions (A*H = aA:H + B). The larger
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the exothermicity A H for [Y:™ /RX] & [X:™ /RY], the smaller is AYE,. Higher temperature, or greater
collision energy of reactants, causes the dissociation of the complex to accelerate more than the reaction
accelerates. This corresponds to the negative temperature dependence of gas-phase exothermic
ion/molecule reactions. In solution, however, the reactants are more highly solvated than the complex,
and only the central barrier of Figure 11 remains! In the latter case, the reactants and ion/molecule
complex must acquire energy or become activated by increasing the temperature, or by collisions with
the surrounding molecules to overcome the local energy barrier AYE,. Nevertheless, ion/molecule
reactions in the gas phase and solution both correspond in the same way to an increasing height of
this local energy barrier. In both cases the overall rate constants for reaction then become smaller.
Quantum mechanical calculations give the following central barriers for Y:™ + MeX = MeY + X:~
(Scheme 36) [230].

F:@ CI:@ CI:@ Br:@

X = ClI Br | Br | |
A*Hegtimated 2.8 0.7 0.2 9.4 7.6 9.2 kcal/mol

Scheme 36. Central barriers for the nucleophilic displacements Y:™ + MeX = MeY + X:™.

The overall rate constant kq,g for Y:~ + RX & X:~ + RY is given by Equation (3) when the
system is treated according to the steady state approximation. Here k; is the collision rate constant for
Y:” + RX 2 [Y:” /RX] and k_1 is the rate constant for the reverse reaction. The ratio between k., and
k1 is termed the reaction efficiency, which gives an estimate of the number of collisions resulting in
product formation. For an exothermic reaction it can be assumed that k_p << k3; ks Will then be given
by Equation (4).

kykoks
kops = [EERNP 3)
k3 —14-2
kops = _kaks for exothermic substitution 4)
k-1 +ko

The Marcus Equation (5) originally developed to model electron transfer reactions [73-75] has
been found to apply also to methyl transfer (Sn2) reactions in the gas phase [15,231].

NG = (8:G°)?/(16A%G,) + A1Go + 0.5A,G° ®)

In this theory, A:G°, AYG and A¥G, are the free energy of reaction, activation free energy, and
“intrinsic” free energy of activation, respectively. This treatment parallels the observations of Brensted
made in the 1920s who found that strongly exothermic acid- and base-catalyzed reactions have
low activation energy [232]. It does not differ significantly from the Bell-Evans-Polanyi equation
for activation enthalpies ATH = oA H® + {3 [228,229,233] which considers that the energy barrier of
an one-step reaction depends on the exothermicity (the more exothermic, the faster the reaction;
Dimroth principle [234]), on an “intrinsic” energy barrier 3 which relates to the type of reaction
and reactants (steric factors, solvation, desolvation, bond deformation) and the polarizability of the
reactants. In the gas phase, a naked anion Y:™ and a neutral electrophile RX equilibrate without
activation barrier with complex [Y:---R-X]~. The substrate RX solvates the anionic nucleophile.
A subsequent bond reorganization gives another complex [Y-R:--X:]~ with an energy barrier that
depends on the exothermicity of the reaction and the polarizability of the reactants. Polarizability
depends above all on the ionization energy (IE) of Y:™ (the easier it can lose an electron, the more
nucleophilic it is) and on the electron affinity (-EA) of RX (the easier RX can accept an electron the
more stabilized is the corresponding radical-anion RX*®~, the more electrophilic is RX, the faster is the
nucleophilic substitution). Shaik and Pross, and others, have described the SN2 reaction in terms of
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valence bond theory [235-238]. This led to the transition state model (Figure 12) for the SN2 reactions
of type (c) in Scheme 35 [239-242].

S O O ®06 o f
YIR°X == Y.'RX! => Y!:R X! <> Y.R:X
reactant product S\ charge-transfer

configuration configuration intermediate configuration
configuration

Figure 12. An SN2 transition state model for the reactions of type c in Scheme 35.

With this model one predicts that any additive that stabilizes one or several of the above
configurations will be a catalyst of the SN2 reaction. One stabilizes the reactant configuration by
dissociating the nucleophile Y:™ to form its counter-cation. One accelerates the reaction by an additive
that can bind to the leaving (nucleofugal) group X: by increasing the exothermicity of the reaction
and by increasing the electron affinity of R-X. Electrophilic agents that can interact with R (form a
complex) that increases the electron affinity of R-X (stabilizing the charge configuration) will catalyze
the reaction.

4.2. Pulling on the Leaving Group

The electron affinity of substrates R-X can be enhanced by coordination to an electrophilic catalyst,
such as a metallic cation M'*. For it to act as a catalyst of the SN2 reaction, the binding energy M-Y
must be lower than that in M/-X [243]. This is the case with soluble Ti* and Ag* salts (e.g., AgNO3,
AgClOy4, AgOSO,Cl) in MeCN and alkyl halides as reactants (Scheme 37) [244,245].

+ AgX ©) + M*Y-
R-Hal <—= R—Hal -Ag |X ——_—> R-Y + M*/Hal
MeCN - AgX

Scheme 37. Use of Ag* salts in the catalysis of SN2 reactions.

In the case of SN2 reactions of sulfonic esters, the counter-cation M* of M*/Y:™ can assist the
departure of the nucleofugal group (sulfonate anion) by coordinating with the S=O groups [246,247].
Alternatively, the displacement of a sulfonic ester can be activated through hydrogen-donors making
strong hydrogen bonds with the S=O moieties. Similarly, a sulfone is an electrophilic reagent when
the departure of the nucleofugal group (sulfinate anion) is activated by hydrogen bridging of the
SO, moiety. Applying this feature, an asymmetric Mannich-type reaction of aromatic x-amido
sulfones with malonate using guanidine-thiourea bifunctional organocatalysts 67 has been proposed
(Scheme 38) [248].

NHBoc H><E caty /ﬁ'i"; E = COOR'
+ to 96% yield
R™ ~SO,Ph H E  -PhSO.H R e o/° v
=z E up to 97% ee

nucleofugal group
<®> ©)
H H N~ Cl
NN~ AL
-
AT YN

I
S Me H H Me

67

H
cat.*: ’{l Ar = 3,5-(CF3)206H3

|
\n/ N\Ar
S

Scheme 38. Asymmetric Mannich-type reaction catalyzed by guanidine-thiourea 67.



Catalysts 2016, 6, 128 29 of 65

4.3. Phase Transfer Catalysis

In solution, a large extent of the energy barrier of Sy2 reaction of type (c) in Scheme 35 implies
dissociation of M*/Y:™ and de-solvation of the anionic nucleophile Y:™. It is thus obvious that such a
reaction will be faster in an aprotic, polar solvent such as MeCN, DMSO, DMF, N-methylpyrrolidone
or sulfolane, than in a protic polar solvent such as HyO, alcohols, AcOH, and CFsCOOH. The latter
solvents stabilize the nucleophile by specific solvation, by hydrogen-bridging, thus making it less
nucleophilic. A “naked” anionic nucleophile Y:™ will be much more reactive than a nucleophile
dressed up by the solvent. The nature of the counter ion M* is very important for the rate of the
substitution reaction. The larger it is, the better it dissociates from Y:™ and allows for equilibrium with
free ion pairs to form. When Y:™ is strongly associated with M* (formation of tight ion-pair), it is less
reactive as nucleophile than as free ion, completely dissociated from M*. Any additive to the reaction
mixture that takes away M* and leaves Y:™ “naked” will catalyze SN2 displacement reactions of type
(c) in Scheme 35. In some solvent Y:™ is more “naked” (less solvated) than in others. Non-polar, aprotic
solvents such as hydrocarbons (pentane, toluene, chlorobenzene) should be chosen. Alternatively, the
organic phase can be the reactant RX itself. However, in most cases salts M* /Y:™ are not soluble in such
a medium. The salts dissolve better in water. Thus, under such conditions we have a two-phase system
(R-X in the organic phase, or realizing the organic phase, and MY a solid phase, or as an aqueous,
non-miscible solution). In order to bring the anionic nucleophile Y:™ in contact with the electrophilic
reagent R-X it must be transported into the organic phase. As pioneered by Makosza [249-252], this can
be done using a phase-transfer catalyst (PTC) [253-256] that is a large ammonium or phosphonium
ion (with large alkyl groups making them soluble in the organic phase) [243-257], or by encapsulation
(formation of stable complexes or crytaplexes) of M* with a suitable crown ether [244-246] or cryptand.
For example, the displacement reaction of 1-chlorooctane with aqueous NaCN is accelerated many
thousand fold by the addition of hexadecyltributylphosphonium bromide (68) as a phase-transfer
catalyst (Scheme 39). The high rate of displacement is mainly due to the high lipophilicity of the
phosphonium salt Q" /CN™ and the large ionic radius of Q*, which reduces the electrostatic interaction
between Q* and CN™ and thus leaves the anionic nucleophile dissociated. The use of enantiomerically
pure ammonium or phosphonium salts as phase-transfer catalysts allow enantioselective C—C bond
formation [247-268], in particular for the industrial synthesis of amino acids [269].

+ NaCN/H,0
BusP*(CH,)15MeBr (68) 1.5 mol%

CgH4,ClI 5 CgH47CN  (no reaction without 68)
-NaCl, 105 °C, 1.8 h (94%)
OIS, ® O
CgH4;Cl + Q CN CgHi7,CN + Q CI organic phase
%WLH\W
CE, ® O
NaCl + QCN NaCN + QCl aqueous phase
(co-product) fast (reactant 2) or solid phase

Q": large ammonium (R4N™) or phosphonium ion (e.g.: BuzsP*(CH,)5Me)
Scheme 39. Example of phase-transfer catalysis (PTC).
Nicolas and Lacour [270] have prepared the triazatriangulenium cations 70 from trityl salt 69 and

shown that they can be used as phase-transfer catalysts for several organic reactions, thanks to their
intrinsic stability in strongly basic and nucleophilic conditions (pKr* > 20) (Scheme 40).
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A
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MeO O OMe +3 RNH2
MeQ ® OMe - + 6MeOH
O O 170 - 180 °C
MeO OMe
69 70 R = (CH,);Me

B) 0] + BnBr 0O

&7 50% KOH/H,0 @Eggn
COOMe + KBr + H,0
CH,Cl,, 20 °C COOMe

without catalyst, 19 h: 0%
with 5% 70, 3 h: 92% yield

C) + CHCl,
+ KOH (powder)
70 (2 mol%) Ph
ph—? Cl  + KBr + H,0
CH,Cly, 40 °C, 6 h
(a-elimination: (68%)

formation of :CCl,)

Scheme 40. Lacour’s transfer catalyst (trityl cation) (A) preparation; (B) examples of nucleophilic
displacement; (C) example of 1,1-elimination and cyclopropanation.

Crown ethers and cryptands make stable complexes with metal ions M*, and thus increase
the dissociation of MY into ions pairs and provide highly reactive, unsolvated (“naked”) anions
Y:~ [271-274]. The nature of the crown ether or cryptand can be chosen to fit M* the best and for
an optimal catalytic effect. For instance, 12-crown-4 binds Li* but not K* whereas 18-crown-6 binds
K* not Li* [275]. Crown ethers having aliphatic chains, e.g., dicyclohexyl-18-crown-6 (71), can be
used as phase-transfer catalysts in anion-promoted two-phase reactions [276,277]. An example of
such processes is shown in Scheme 41. n-Octyl methanesulfonate is converted to n-CgH;y-1 with an
aqueous solution of Nal containing 5% equivalent of 71. Crown ether 71 also catalyzes the oxidation
of 1-octene in benzene (insoluble in H,O) with an aqueous solution of KMnO, into n-heptanoic
acid. Similarly alkyl-substituted aza-macrobicyclic polyethers such as 72 are highly efficient catalysts
for SN2 displacement reactions of type (c) in Scheme 35 forming C—C or C-heteroatom bonds [278].
Crown ethers derived from monosaccharides also allow asymmetric phase transfer reactions [279-282].

+ Nal/H,0
71 (5%)
n-CgH,;0SO,Me —» n-CgH,-I + NaOSO,Me
100 °C (100 %)

oY J o

© © iala)
SO Y

o) ‘o o/

Scheme 41. Catalysis of SN2 reactions by crown ethers.
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Organofluorine compounds are very important in material sciences, in crop protection and in
medicine [283-286]. One of the most economically viable methods for their preparation is nucleophilic
fluorination of alkyl halides or sulfonate esters using alkaline fluorides. Because the fluoride anion
makes strong hydrogen bonds and is a strong base in the gas phase [287-299] elimination through
E;H mechanism competes with the desired SN2 displacement for reactions in polar aprotic solvent or
in ionic liquids [290-292]. Liotta and Harris [293] have reported the use the of 18-crown-6 ether for
solubilizing KF in acetonitrile and benzene solutions. For benzene solution at 90 °C, 2-bromooctane
reacts to give 32% of 2-fluorooctane and 68% of octenes. With 1-bromooctane the proportion of
products of elimination is reduced to 8%. Cox and co-workers [294] found that BuyINF containing
0.1-0.3 equivalents of HO reacts at 25 °C with 2-bromooctane without solvent giving a 1:9 mixture
of 2-fluorooctane and alkenes. For the reaction of 1-bromooctane under the same conditions the
product of SN2 substitution, 1-fluorooctane, is formed in 48% yield, the other products being 1-octene
and 1-octanol (see also: [295]). Competition between the Sn2 and E;H processes can be affected
by temperature, solvent and the amount of water present in the reaction mixture. Although water
makes stable clusters F~ (H;O),, with much less reactivity than naked F~ [296] the proportion of SN2
versus E;H product might increase [297,298]. Transition metal-free procedures for the Sonogashira
reaction have been performed in water as solvent, polyethyleneglycol (PEG) as a phase-transfer agent,
and NaOH as a base (Scheme 42). The reaction is a SyyAr (addition/elimination) process that requires
microwave heating [299].

+ NaOH/H,0, PEG
Ph-C=CH + |-@R Z - Ph—CECOR
microwave, 170 °C

- Nal, - H,0

R=H 83% yield
R=COMe 91%
R=0Me 43%

Scheme 42. Transition-metal free Sonogashira reaction.

By using insoluble phase-transfer catalysts that are fixed to either on insoluble resin [300] or an
inorganic support the problem of waste can be resolved as the catalyst can be recovered by simple
filtration after the reaction. Unfortunately, most of these insoluble catalysts are less efficient than
the conventionally used soluble phase-transfer catalysts. Fluorous tetraalkylphosphonium iodides
catalyze the synthesis of propylene carbonate in supercritical CO, [301] and recyclable fluorous
chiral ammonium salts [302] have been used to promote the asymmetric alkylation of a protected
glycine derivative. The N,N’-dialkyl-4,13-diaza-18-crown-6 lariat ethers 73 and 74 with polyfluorinated
side-arms are efficient phase-transfer catalysts under solid-liquid conditions. In the case of the reaction
shown in Scheme 43 and using 73, the catalyst has been recycled several times by fluorous solid-phase
extraction without loss in activity [303].

Cl KE F o) 0
o, B
2 73 (10 mol %) NO,
> R—N N-R
MeCN 85 °C J 73: R = (CHy)3CgF 17
NO, - KCl NO, O O 74: R = (CH,),CsF 17

Scheme 43. Catalysis by fluorous lariat crown ethers.
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4.4. Asymmetric lon-Pairing Catalysis

When chiral ammonium ions, phosphonium ions, or crown ethers are used for enantioselective
reactions, the nucleophilic reagents are associated with chiral cationic counter-ions (asymmetric
ion-pairing catalysis) [304]. Asymmetric electrophilic reactions have been realized in which the
electrophile is associated with a chiral anion responsible for the phase transfer catalyzed process (chiral
anion phase-transfer (CAPT) catalysis) [305-307]. An example is given with the enantioselective
electrophilic fluorination of alkenes developed by Toste and co-workers (Scheme 44) [308,309].
Chiral anion transfer of arenediazonium cations has permitted the enantioselective synthesis of
C(3)-diazenated pyrroloindolines in a similar way [310].

+ Selectfluor (1.35 equiv.)
O‘ NHCOAT  Na,COs (1.45 equiv.)
(R)-STRIP (0.1 equiv.) 3
toluene, 25 °C F up to 92 % yield
up to 97 % ee

NHCOAr

i-Pr i-Pr

@
z{@;\m

F ©  -2NaBF, FO
2BFy -CO,
e
N i-Pr "PL 2
(R)-STRIP Selectfluor chiral "F*" source
(soluble) (insoluble) (soluble in toluene)

Scheme 44. Asymmetric electrophilic fluorination of alkenes under chiral anion phase-transfer catalysis.

5. Catalytic Umpolung C—-C Bond Forming Reactions

When an alkyl halide, which has an electrophilic carbon center, is converted to a polar alkylmetal
species, a nucleophilic carbon reagent is realized (Scheme 45A). One speaks of Umpolung (inversion
of polarity) of the carbon center. Unsaturated compounds such as aldehydes, alkenes and alkynes
conjugated with aldehyde, ketone, ester, carbonitrile, carboxamide, sulfonyl, phosphonyl moieties
are electrophiles undergoing 1,2 or/and 1,4-additions with nucleophiles. They can be converted to
nucleophilic carbon reagents upon suitable modifications. A well-known case is the conversion
of aldehydes into dithianes (Scheme 45B) that can be metallated by hydrogen/metal exchange
to generate nucleophilic carbon reagents that are acyl anion equivalents [311]. Alternatively, an
electron-poor (electrophilic) r-system can be converted to a nucleophile by addition of a nucleophilic
species or by capture of an electron (SET). Similarly, an electron-rich (nucleophilic) 7-system can be
converted to an electrophilic reagent by protonation, by addition of an electrophile (Scheme 45C),
or by oxidation (SET) into a radical-cation. In this chapter we shall be concerned by C-C bond forming
cross-coupling reactions involving catalytical nucleophilic Umpolung. The other possible modes of
catalytic Umpolung (e.g., via SET) will not be not treated here.
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A) 5% © +M 18959
—C—Hal —C—-M—X
electrophilic nucleophilic
carbon center carbon center
B) R>: o T HS(CHo)SHH' :> + BuLi RXS:>
H - H,O - BuH L’ s
C) ro RO o RO |
0 + ArSCl Q O + ~~SiMes o
OR > — == OR >c | - — - OR
- Me3SiCl
RO RO RO
SAr SAr

Scheme 45. Examples of stoichiometric Umpolung. (A) Halogen/metal exchange; (B) metallation of
dithianes derivatives of aldehydes [311]; (C) Smoliakova’s C-glycosidation using glycals [312,313].

5.1. Benzoin Condensation: Umpolung of Aldehydes

In 1832, Wohler and Liebig discovered the so-called benzoin condensation catalyzed by cyanide
anion (Scheme 46) [314]. In this reaction, one aldehyde molecule does the hydrocarbation of another
aldehyde molecule. In 1903, Lapworth proposed the mechanism given below for this reaction [315]
(see however [316]).

+PhcHO  Ph - Ph Ph  Ph
PhCHO 4_—’ Ph @ — Ph/K@ - NC%—QO@ T-— HOH
H,0 HO H Q. 0 H
75 - CN

Scheme 46. The benzoin condensation discovered by Wohler and Liebig.

An intermediate carbanion 75 represents an active aldehyde with inverted reactivity of the
carbonyl carbon atom (i.e., nucleophilic) [317]. In 1943, Ukai and co-workers found that thiazolium salts
could be used as catalysts for the benzoin condensation as well as cyanide ion [318]. A few years later,
Mizuhara and co-workers described the catalytic activity of natural thiamine (76) which, in the form of
its pyrophosphate (77), is the coenzyme for a number of important biochemical reactions, including
decarboxylation of pyruvate into acetaldehyde, the transketolase-catalyzed reaction and the oxidative
decarboxylation of pyruvic acid into active acetate [319]. In 1958, Breslow presented the mechanism
shown in Scheme 47 for the thiazolium ion-catalyzed benzoin condensation. Deuterium exchange
studies showed the easy deprotonation of thiazolium ions 78 to form the corresponding zwitterions 65
(x-elimination). They can be seen as thiazol-2-ylidenes 79 that are relatively stable carbenes with a
strong o-nucleophilic character. Intermediate carbenes 79 are the catalytically active species [320,321].

They add to the carbonyl group of benzaldehyde giving adducts 80 that equilibrate (probably
by protonation/deprotonation) with the electron-rich alkenes 81. The latter adds onto benzaldehyde
giving zwitterions 82 that equilibrate with 83. Finally, (-elimination furnishes benzoin and
regenerates the catalyst 79. In the case of benzoin condensation catalyzed by 3-benzyl-5-
(2-hydroxyethyl)-4-methylthiazolium bromide in MeOH buffered with Et3N/EtzNH*Cl~, White
and Leeper found that all three steps k1, k, and k3 are partially rate-determining. A normal kinetic
deuterium isotope effect for the overall reaction kiy/kp = 3.4 is observed using PhCDO, and a large
inverse solvent isotope effect kp /ky = 5.9 is observed using CD30D, consistent with the mechanism
shown in Scheme 47 [321-323]. Thiazol-2-ylidenes 79, 1,3,5-triphenyl-1,3,4-triazol-2-ylidene (20) also
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catalyze the formoin condensation converting formaldehyde into glycoaldehyde (84) (Scheme 48) [324,325].
This reaction is the first step of the formose reaction discovered in 1861 by Butlerow [326] and
which generates mixtures of racemic aldoses and ketoses (monosaccharides) by oligomerization of
formaldehyde in the presence of Ca(OH),. When carried out in 8:1 dimethylformamide (DMF)/water
with Et3N and thiamine hydrochloride (catalyst) at 75 °C for 1 h, DL-2-C-hydroxymethyl-3-pentulose
(85) is obtained in 28% yield (Scheme 48) [327,328].

N Me
N
e
Me = RZ ® R’ R ® R R? R
| 57 e D Sl I SV o
3 - 3 3 S
s~ ¢® R Ng” ~H -HX | R g R g7
RO
R=H  76:thiamine (Vit. By) 78 79’ 79
R =P,0g 77: thiamine diphosphate
©
ki N® o + PhCHO
PACHO + 79 =—= >—éH —
(cat) k.4
OH 0
@ , Ph Ks H
- — ™ % pp
(cat.) OHPh
PH o Ph OH

benzoin

Scheme 47. The thiazolium ion-catalyzed benzoin condensation: the Breslow's mechanism involving
thiazol-2-ylidenes 79.

OH
cat. - cat. o) OH
2H, O —== HJ\ R T 6 H,CO
OH N Et;N/DMF/H,0 OH
84 20 Ph thiamine-HCI OH
85

Scheme 48. The formose reaction and the oligomerization of formaldehyde catalyzed by NHC 20.

In the presence of secondary amines such as piperidine and morpholine, which combine with
benzaldehyde to give iminium ion intermediates, modest yields of a-aminoketones (PhCOCH(NR;)Ph)
have been obtained in boiling EtOH in the presence of 3-methylthiazolium tetrafluoroborate and
Et3N [329]. However, aromatic aldehydes or benzoins react with unactivated imines in the presence of
NHCs affording a-aminoketones in good yields [330]. Benzoin condensations have been catalyzed
by diaminocarbenes resulting from the Wanzlick equilibrium [331] and by NHC obtained by
a-elimination of benzimidazonium salts [332]. NaCN-promotes the intramolecular cyclization of
dialdimines in DMF, MeOH or CH,Cl, /H,O (phase-transfer conditions) yielding various heterocyclic
systems [333]. On attaching thiazolium salts to carbon center C(6) of a D-glucose unit of y-cyclodextrin
(cyclomaltooctaose: cycloamylose containing eight x-D-glucopyronose units), as in 86 (Figure 13),
Breslow and Kool realized artificial enzymes that catalyze the benzoin condensation of benzaldehyde
more efficiently than the corresponding free thiazolium ions. This is explained by invoking that
two benzaldehyde molecules can reside simultaneously in the hydrophobic interior of y-cyclodextrin.
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Analogues of 86 made of 3-cyclodextrin (cyclomaltoheptaose) do not catalyze the benzoin condensation
as well [334,335].

Me R X@

/N
CH,-S—CH,CHj3 S)\H

R = Et, Bn, CH,-B-naphthyl
86

Figure 13. Structure of 86.

The «-hydroxycarbonyl compounds are valuable synthetic intermediates. Cross-condensation
of two different aldehydes through the benzoin reaction represents the most direct route to these
systems. Since all of the steps in the benzoin condensation are reversible, selectivity for the product of
cross-coupling depends on their relative stability with respect to the products of homocoupling. In most
cases it remains small, thus selectivity in the product of cross-coupling can be obtained only by using
an excess of one of the two aldehydes. Using cyanide-catalyzed benzoin reaction involving mixtures
of acylsilanes 87 and aldehydes 90, Johnson and co-workers found conditions under which high yields
of products of cross-coupling 94 are obtained. Using La(CN); as catalyst, the scope of the cross silyl
benzoin addition can be extended to aryl, heteroaryl, alkyl and «,-unsaturated aldehydes [336].
The proposed mechanism (Scheme 49) implies a cyanide-promoted [1,2]-Brook rearrangement
88 — 89 [337,338]. Acyl phosphonates also undergo cyanide-catalyzed additions to aldehydes [339].
A strategy utilizing N-heterocyclic carbenes (NHCs) derived from thiazolium salts has been developed
for the generation of carbonyl anions from acylsilanes [340].

)(])\ . NC;(OM - OSiR3 o)
R SiRy / R' ™SR [1,2]-Brook RV,\L\ CN RZJ\H
rearrangement
8  MeN 88 89 90 MCN/H,0

/K NG OM NG OSiR; CN +90 _ HO
R1)J\/OSiR3 o &OSiRs = &OM RP—f—H—FR’ =2
, R2 R2 OH -HCN
R H H 0
94 93 92 91

Scheme 49. Proposed mechanism for the cyanide-catalyzed cross-silyl benzoin addition. In this case
(MCN = La(CN)3) homo-coupling 90 — 91 is slower than cross-coupling 87 + 90 — 94.

Enantioselective benzoin syntheses have been realized using enantiomerically pure, chiral
N-heterocyclic carbenes as catalysts [118,341]. An example is given in Scheme 50A. Enantioselective
cross-benzoin reactions of aliphatic aldehydes and «-ketoesters (Scheme 50B) and aza-benzoin
reactions of enals with activated ketimines (Scheme 50C) have also been realized. In these reactions
a-eliminations of HBF, from the pre-catalysts 95, 96 and 97 generate the corresponding N-heterocyclic
carbenes that are chiral nucleophiles. They add to the carbonyl groups as cyanide anion or
thiazole-2-ilydenes (carbenes of Breslow), leading to the Umpolung of the aldehydes.
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o 95 (4 - 8 mol %) 0 R F BF?
@ Nx
R)J\H Rb,CO3 (4 - 8 mol %) R)H/R FAQ—N\ |
THF, 20 h. OH ¥ Ph

yield up to 100 %

A)

up to>99 % ee 95
B) o O«_COOMe 96 (10 mol %) 9 sF.”
e () /N
A0 TY : : 1)J\/COOM9 0T NCoF
R H R2 FProNEt (1 equiv.) R 3 KrN 7 63
R?OH
CH,Cl,, 23°C - H
. i-Pr
yield up to 98 % 96
up to 94 % ee
BF?
C) o J\Boc 97 (10 mol %) Q © N
S X NHBoc Bn—N
R/\)J\H Ph™ A Cs,CO;4 (10 mol %) Rm YN ar
CH,Cl,, 30 °C H
A=CF3 CN,COOMe ~ 272 Ar” OH
yield up to 89 % 97
up to 95% ee Ar = 3,5-(CF3)206H3

Scheme 50. Examples of enantioselective, intermolecular benzoin condensations. (A) Homobenzoin
reaction; (B) cross-benzoin reaction; (C) aza-benzoin reaction.

5.2. The Stetter Reaction: Umpolung of Aldehyde

Since its discovery in 1973 [342], the Stetter reaction has become one of the most important
Umpolung procedures for the synthesis of 1,4-dicarbonyl compounds (Scheme 51) [343,344]. In the
presence of EtsN, thiazolium salts of type 78 generate the corresponding electron-rich carbenes 79 that
react with aldehydes to generate enol intermediates 81 that, in turn, add to «,3-unsaturated carbonyl
compounds 98 in a 1,4-fashion producing the final 1,4-dicarbonyl compounds 99.

(0]
+
R R RNAps 0
N | +ReHO N  OH 98 R)WR‘%
| /] ] -
R3S R3S R - 79 (catalyst) RY O
79<—HX78 81 99
) HO
Et
@N, o
/» Br
Me S
100

Scheme 51. The Stetter reaction.

Because aldehydes RCHO can also react with intermediates 81 and give products of benzoin
homo-coupling, 81 must be more reactive toward 98 than RCHO for successful intermolecular Stetter
reactions. Thus, intramolecular Stetter reactions have found a faster development than intermolecular
Stetter reactions [345-347], including asymmetric versions [348-350]. Nevertheless, using acylsilanes
87 (Scheme 16) and enones of type 98 in the presence of DBU (base), THF (solvent) and thiazolium salt
100 (catalyst), good yields are obtained for the intermolecular Stetter reaction [351]. An example of
catalytic enantioselective intermolecular Stetter reaction is given in Scheme 52 [352,353].
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M
0 o COMe 101 (10 mol %) 0 O CcoMe
K/N\H)kH Z “CONMe;  -Pr,NEt (1 equiv.) K/N ~_NMe,
Et CCly, -10°C
° 90 %, 92 % ee, 5:1d ° B O
NG ( o, b ee, 5:1dr)
N /N_C6F5
BN 4101 BF4

Scheme 52. An enantioselective intermolecular Stetter reaction.

5.3. Umpolung of Enals

In 2004, the groups of Glorius [354] and Bode [355] reported the first examples of NHC-catalyzed
annulations of enals and aldehydes into lactones. Combining «,-unsaturated aldehydes 102 with
2,2,2-trifluoro-1-phenylethanone (103) in the presence of 5 mol-% of (IMes-HCI) and 10 mol % t-BuOK
in THE, a mixture of cis/trans y-butyrolactones 107 was obtained (Scheme 53). In this case, the aldehyde
reacts with the diaminocarbene (IMes: Herrmann’s diaminocarbene [356]) generated in situ giving
the nucleophilic dienol 104, which can be seen as a homoenolate. It adds to ketone 103 producing
intermediates 105 == 106 that generate product 107 and liberate the catalyst (IMes). Enantioselective
lactonization of cinnamaldehyde with PhCOCF; has been realized by applying a chiral diaminocarbene
catalyst [357].

o HO '\.,\’l'es
o} +103
/\)J\ . )]\ IMes-HCI (5 mol%) Arw ]
Ar H Ph~ CF;  t-BuOK (10 mol%) N
|
102 103 104 VS
CF3 CF3
CopPh Mes Ph oe Mes CF3
HO 1@ Q4@ Phl 0 N
A = H N - o + 3<]
Ar | Ar | H N
H ’}‘ 'T‘ Ar
L Mes Mes |
105 106 107

(IMes)

Scheme 53. Synthesis of y-butyrolactones by Umpolung of an enal with a diaminocarbene catalyst (IMes).

Nair and co-workers [358] uncovered a IMes-catalyzed cross-condensation of enals and enones
producing 1,3,4-trisubstituted cyclopentenes (Scheme 54A). The diaminocarbene does the Umpolung
of the enal into the corresponding homoenol which undergoes conjugate addition to the enone.
The intermediate is cyclized into the corresponding (3-lactones 108 that undergo (2+2)-cycloreversions
with liberation of CO,. When the enones are replaced by o, 3-unsaturated imines the corresponding
lactams 109 form, as shown first by Bode and He. Using a chiral diaminocarbene precursor such as
110, catalytic enantioselective lactamizations have been realized (Scheme 54B) [359].
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Scheme 54. (A) Nair’s synthesis of 1,3,4-trisubstituted cyclopentenes; (B) Bode’s asymmetric synthesis
of B-lactams.

5.4. Umpolung of Michael Acceptors

Huisgen and co-workers showed that dimethyl azodicarboxylate adds to triphenylphosphine
forming zwitterion 111 (E = COOMe). The latter can be trapped with 1,2-diketones as illustrated in
Scheme 55 [360].

£
® N
+ PhgP PhsP  E | +PhCOCOPh N "E
E-N=N-E ——— N-N —_— )S(Ph
-~ £ O - PhsPO Ph
E = COOMe, COOE,
COO--Pr 1 112

Scheme 55. Reactions of azodicarboxylates with triphenylphosphine and subsequent trapping
with benzyl.

In this process, the electrophilic nitrogen center of the azo compound becomes nucleophilic
after addition of the phosphine catalyst giving zwitterion 111 that adds to electrophilic carbonyl
moieties. In 1973, White and Baizer at Monsanto reported a phosphine-catalyzed Michael addition
of 2-nitropropane to ethyl acrylate, acrylonitrile and methyl vinyl ketone (CH;=CHCOOMe +
Me,CHNO,; — Mep,C(NO,)CH,CH,COOMe) The low basicity of the catalysts, BugP, PhsP, PhMe,P
and PhyMeP, suggested a mechanism in which the phosphines behave as nucleophiles rather than as
bases. In this hypothesis, zwitterionic intermediates of type R3PCH,CH(~)COOMej are formed that
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deprotonate the carbon acid (Me,CHNO,) generating the corresponding conjugate base Me,C(~)NO,.
The latter adds to the activated alkenes [361]. The reaction has been extended to other carbon acids
than 2-nitropropane [362,363]. In 1992, Trost and Kazmaier [364] reported that PhsP catalyzes the

isomerization of conjugated ynones, ynoates and ynecarboxamides (113) into conjugated dienes 121
(Scheme 56).

R-CH,CH,—==—COX X =R’ OR', NR),

113
H
®PPh3O %PPhg,O
+ PPhs “ . “ . o
R 5 X R
H H

R -

© .
o PPh; ! X
114 115 116
Pppn, 0 o)
HO - PhgP
120 121

Scheme 56. Isomerization of conjugated alkynes into conjugated dienes.

The proposed mechanism implies the formation of carbanionic intermediates (e.g., 114 == 115;
117 == 118 <> 119 = 120) resulting from protonation and deprotonation of zwitterionic phosphonium
intermediates [99]. Methyl but-2-ynoate (122) adds to Ph3P generating zwitterion 123. In the presence
of carbon acids such as malonic esters and analogues with pK, < 16, proton transfer occurs giving ion
pair 124 (AcOH/AcONa). Collapse of ion pair 124 produces intermediate 125 that isomerizes into its
tautomer 126. -Elimination of Ph3P furnishes product of cross-coupling 127. This can be viewed as
Umpolung of the y-position of activated alkyne 122 from nucleophilic to electrophilic because of its
acidity, as demonstrated by Trost and Li in 1994 (Scheme 57) [365].

Ph3P (cat.) HH H

H E__H
HO>—==—CoOMe + X  —~COH/ACONa ENCOOMe
H

E° R toluene, 80-110°C R

E H
122 E = COOMe, PhSO,, CN 127
l+ PhsP
®PPh3O ®PPh3O ®PPh3O
H Q + E><H — |H @\
OMe OMe E ) OMe
E R H
H H H HH e gt o
123 124 R 425
UDPh3o
= iy OMe| _» 127 + PhyP (cat)
H
ETE
R
126

Scheme 57. Trost’s Umpolung y-alkylation of an ynoate by triphenylphosphine.
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Oxygen nucleophiles (alcohols [366], carboxylates [367]) and acidic nitrogen nucleophiles such as
p-toluenesulfonamides have also been utilized as Umpolung catalysts in the nucleophilic y-additions
of conjugated yne-ketones and yne-esters [368]. Fu and co-workers [369] have optimized the
carbene-catalyzed mode of (3-alkylation of enolates, as shown in Scheme 58. Ph3P has been used as
nucleophilic catalyst for the Umpolung addition of azoles to electron-deficient allenes [370].

,i\r
_N H
E N YH o f\/EG H.|_E x©
| )\_N ClOg H
\ @ Nu
X Ph Ar Nu . .
)n + base X n
- Nu:
X= BF, Cl, OTs ~HX

E = COOEt, COOallyl, CON(OMe)Me, CN
n=0,1,2 N/NT'
)\—N = Nu: (catalyst)
PH  Ar Ar=4-MeOCgH,

Scheme 58. Umpolung of Michael acceptors catalyzed by NHCs.

5.5. The Rauhut—Currier Reaction

In 1963, Rauhut and Currier reported phosphine-catalyzed dimerizations of acrylonitrile and
acrylic esters (Scheme 59A) [371]. These transformations were then investigated by McClure [372]
and Baizer and Anderesen [373]. They are believed to involve reversible phosphine conjugate
additions to electron-poor alkenes giving zwitterions 128, followed by Michael additions of
the intermediate enolates to a second alkene moiety producing 129. A prototropic shift gives
zwitterion 130. Finally, elimination forms the dimeric compound 131. The Rauhut-Currier
reaction is a hydrocarbation of an activated alkene with the x-C—H moiety of an activated alkene.
Small trialkylphosphines are superior to amine nucleophiles such as DABCO, DBU, Et,NH and
DMAP (4-MepN-pyridine) [374-376]. The Rauhut—Currier reaction applied to allene esters and
2-phenylethylene-1,1-dicarbonitrile generates cyclohexene derivatives. For instance, the reaction
of alleneoate 132 and electron-poor alkene 133 in the presence of P(NMej); catalyst produces
98% yield of 134, whereas in the presence of (4-CIC¢Hy4)3P as catalyst leads to 92% yield of
isomeric cyclohexene 135 (Scheme 59B) [377]. Related to the Rauhut—Currier reaction is the formal
(4+1)-cycloaddition of sulfur (Sg) with two equivalents of acetylenedicarboxylic esters producing
tetraalkyl thiophene-2,3,4,5-tetracarboxylate, a reaction catalyzed by nucleophilic bases such as
triethyl phosphite, isoquinoline, pyridine, and N-methylimidazole [378]. An example of catalytic
enantioselective intermolecular cross-Rauhut-Currier reaction is given in Scheme 59C [379].

5.6. The Morita—Baylis—Hillman Reaction

The Morita—Baylis—Hillman (MBH) reaction is an atom-economical coupling reaction of
activated alkenes 136 and aldehydes 137 in the presence of a nucleophilic catalyst (Scheme 60A).
It corresponds to the hydrocarbation of the aldehyde with the «-C—H bond of the activated alkene.
The reaction involves formally a sequence of Michael addition, aldol reaction, and (3-elimination.
The reaction was first reported by Morita and co-workers in 1968 [380] and in 1972 by Baylis and
Hillman [381]. The nucleophilic catalyst can be phosphines or tertiary amines such as DABCO [382,383].
Activated alkenes include acrylic esters, acrylonitriles, vinyl ketones, phenyl vinyl sulfones, phenyl
vinyl sulfonates, vinyl phosphates and acrolein. 3-Substituted alkenes require more forcing conditions
due to the slow addition of the nucleophilic catalyst. A variety of electrophiles can be used such as
aldehydes, o-ketoesters, 1,2-diketones, aldimines, methyl a-bromoesters [384,385] and arenes [386].
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Scheme 59. The addition of phosphine to Michael acceptors engenders nucleophilic intermediates.
(A) The Rauhut—Currier dimerization of acrylic derivatives; (B) proposed mechanisms for the
phosphine-catalyzed (4+2)-annulations of alleneoate and electron-poor alkenes; (C) example of catalytic
enantioslective cross-Rauhut—Currier reaction.

The generally accepted mechanism of the MBH reaction involves three steps: (1) nucleophilic
additions to the activated alkene 136 generating a zwitterionic 139 that adds to aldehyde 137 (or other
electrophiles) to give zwitterion 140; (2) a protonation and deprotonation step 140 — 141 — 142;
and (3) B-elimination with recovery of the nucleophilic catalyst (Scheme 60A). DFT calculations
reported by Aggarwal and Harvey for a reaction in aprotic solvents suggest that deprotonation of
the x-position 140 — 142 is the rate-determining step and occurs though a cyclic transition state 141,
with proton transfer to a hemiacetal alkoxide formed by addition of a second molecule of aldehyde
to intermediate 140. This mechanism is supported by the observation of second-order kinetics with
respect to RCHO concentration in the absence of protic solvent. In contrast, in MeOH, Aggarwal and
Harvey proposed that the alcohol serves as a shuttle to transfer the proton from carbon to oxygen
(140 — 142) [387]. However, this proposal was refuted by Singleton and Prata, who favored a simple,
albeit computationally intractable, acid—base mechanism on the basis of a combination of experimental
mechanistic probes [388]. In the case of the intramolecular MBH alkylation of 143 — 146, intermediate
145 has been isolated and characterized (Scheme 60B) [389]. The original MBH reaction of Scheme 23
represents a hydrocarbation of an aldehyde by the «-C-H moiety of an activated alkenes. Reaction
143 — 146 corresponds to a 6-elimination of HBr involving the o-C-H moiety of the conjugated



Catalysts 2016, 6, 128 42 of 65

enone 143, HBr being neutralized by KOH/H,O buffered by BnEt;3N*Cl~. Treatment of acetates
148 (resulting from the MBH reactions 147 + Ph3P) with «-silyloxyfuran leads to an efficient and
stereoselective synthesis of y-butenolides 150 (Scheme 61) [390].

H
A) H R';P: or R'3N: (cat.) R OH
)\ + RCHO vent
E solven £ - Nu: (cat.)
136 137 138
N + Nu: (cat.) H
HA© )YR H
H + RCHO R¢© +RCHO R 0, o® ROH
Nu@)\@ Nu® H — EuH" P Nu® ©)
E E ® E
Nu
139 140 141 142
B ©
) o o o
bh H Br + MesP Ph N; | Br Ph ‘\\\H
| t-BuOH ® @
MesP Me3p\\®
Br
143 144 145
0]
+ KOH/H,O Ph
e — + KBr + H,O + MegP (cat.)
BnEt;N"CI
CH,Cl, 146

Scheme 60. The Morita—Baylis—Hillman (MBH) reaction: (A) an intermolecular version; (B) an
intramolecular version.

RO +pph, |R /0\® T N~ T0SiMe; ®
AcO -~ _~_PPhs Me3SiO— © H PPhg
O )y & 1
R R' AcO s R

148 149

+ AcOSiMe; + PPhj(cat.)

150 R'

Scheme 61. Stereoselective synthesis of y-butenolides 150.

Much effort have been devoted to the development of catalytic enantioselective MBH
reactions [391-394]. As shown in Figure 14, the catalyst can be a chiral Lewis base (e.g., 151 [395],
152 [396]), a chiral tertiary phosphine (e.g., 153 [397,398], 154 [399]), a chiral Lewis acid
(e.g., 155 [217,400]) or a chiral Brensted acid (e.g., 156) [401]. An example of aza-Morita-Baylis-Hillman
(aza-MBH) reaction is given in Scheme 62, which applies the P-chirogenic organocatalyst 157 [402].
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Scheme 62. An enantioselective aza-Morita-Baylis-Hillman reaction.

5.7. Nucleophilic Catalysis of Cycloadditions

Mixing 2-alkyl-2,3-butadienoates 158 with N-tosylimines 159 in the presence of 20 mol % BusP
results in the diastereoselective formation of tetrahydropyridines 160. The butadienoates 158 act as
1,4-dipole synthons (and not as 1,3-dipole synthons like 97), giving products of (4+2)-cycloaddition
160 (Scheme 63). A y-addition to imine 159 by the zwitterionic phosphonium adduct 161 gives 162.
The two successive proton-transfer steps giving 163 sets up for an N-tosyl Michael addition to close
the six-membered ring [403].

Ts
R NTs BusP (20 mol %) R N. .R
+
/iE Rz)J\H CH.,Cl,, 25 °C UTS
158 E= COOEt 159 Ts = 4-MeCgH4SO, 160
H+ PBus T - PBus
1 'Il's Ts
R R2__NC_R! R&__NC_R!
o +159 H |
E Z g ) E
©PBUs ©PBU PBUs
161 162 163

Scheme 63. A phosphine-catalyzed (4+2)-annulation.

L-Proline catalyses the enantioselective aza-Diels—Alder reaction of arylimines with conjugated
enones as illustrated in Scheme 64. L-Proline and the enone equilibrate with the corresponding
2-aminodiene 164 that adds to the imine equilibrating with the arylamine and formaldehyde.
The reaction is assumed to involve the formation of the zwitterionic intermediate 165 that cyclizes
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quickly and irreversibly into the corresponding Diels-Alder cycloadduct [404]. For other examples of
catalyzed enantioselective aza-Diels—Alder reactions, see [405-409].

Q Q‘COOH

o + L-proline
)]\ (30 mol %)
+ + ArNH + AN=CH, | —=—
H™ H > DMsO,20°C 2
-H,O
(20 - 72 %)
164

Ar Ar
Ar\ @ ! 1
NHO& N +H,0 1
o o 2
— - HOOC / )
- L-proline
N (@)
65

1

>99 % ee

Scheme 64. Enantioselective aza-Diels—Alder reaction catalyzed by L-proline.

In 2006, Bode and co-workers reported the stereoselective (4+2)-hetero-Diels—Alder reaction
proceeding via a NHC-bound azolium enolate intermediate 168 derived from ethyl 4-oxobut-2-enoate
and enantiomerically pure diaminocarbene 166 (Scheme 65) [410]. Enolate 168 is the dienophile that
adds to the azadiene giving zwitterion 169. The latter undergoes facile 3-elimination providing the
cycloadduct 167 and the starting catalyst (166). Yields up to 90% with 97%-99% ee were obtained. In the
meatime, more examples of nucleophilic catalyzed (4+2)-cycloadditions have been reported [411,412].

(0] N/SOZAI' §02Ar
160 (10 mol %) N. O
EtoNH . /\)I\ |
o R H PhMe/THF ~
o (i-Pr),NET CH,COOEt
.&1 (52 - 90 % yield, 97 - 99 % ee) R
N R 167
X \ N,
®e Mes
- 166 -166 ~
\ \ @
//N | N-pes » [ —N_NS
II — OOII
COOEt COOEt :
L 168 169 R _

Scheme 65. Bode’s enantioselective hetero-Diels—Alder reaction.

Ketenes react with tertiary amines giving enolates of type 170 that react as nucleophiles
onto electrophilic imines giving zwitterion intermediates 171, which then undergo intramolecular
displacement reactions to produce the corresponding (3-lactams, liberating the nucleophilic catalyst.
The ketene-enolates 170 can also be formed by reaction of the tertiary amine with acyl chlorides
(Scheme 66A). When an enantiomerically pure tertiary amine is used, it can induce asymmetry in the
formation of 3-lactam [413]. Instead of a tertiary amine, one can employ an enantiomerically pure
chiral N-heterocyclic carbene as the nucleophilic catalyst (Scheme 66B) [414].
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Scheme 66. (A) Nucleophile catalyzed (2+2)-cycloaddition; (B) Asymmetric synthesis of f-lactams via
enantiomerically pure ketene-enolate intermediates (NHC-catalyzed Staudinger reaction).

The allylic anions of type 161 (Scheme 63) resulting from the nucleophilic addition of
triphenylphosphine to conjugated yne-esters, or allene carboxylic esters, can be reacted with activated
alkenes to give products of (3+2)-annulation (Scheme 67) [415-417]. The (3+2)-cycloaddition of
172 gives ylide intermediates 173. Protonation/deprotonation gives zwitterions 174 that eliminate
triphenylphosphine (catalyst) producing the corresponding cyclopentenes 175.

R E

Jj\// +Ph3P Ph3p® (0] Ph3p® (0] + —/

X o T | RS " RO -
S X X
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R/ X H H
172

Ph3P<a o F|’_|h3P® o Ho o
R — RO R\
| X | X | -PhgP (cat.) | X
E E E
173 174 175

Scheme 67. Phosphine-catalyzed (3+2)-annulation.

In 2010, Ye and co-workers reported a formal (3+2)-cycloaddition of ketenes 176 to oxaziridine 177
giving the corresponding oxyzolin-4-ones 179. Using the diaminocarbene precursor 178 they obtained
cycloadducts with yields varying from 38%-78%, with high diastereoselectivity (dr up to 15:1) and
enantioselectivity (up to 95%). The proposed reaction mechanism is shown in Scheme 68 [418].
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Scheme 68. NHC-catalyzed (3+2)-cycloaddition of ketenes and oxariridines.

6. Conclusions

For a long time, catalysts were “magical” additives that make chemical reactions to be accelerated.
In ca. 4 billion years, Nature generated life on Earth and during that time invented enzymes that
are very efficient catalysts for specialized reactions necessary for living species. In 1746, the lead
chamber for sulfuric acid production was invented. In the 1800s, acids and bases were recognized
to catalyze many organic reactions. Over the last century, the study of reaction mechanisms has
made the design of catalysts a molecular science in itself, especially when homogenous catalysis is
concerned. Heterogenous and homogenous catalysts made of transition metal salts or complexes
have permitted miracles for chemists and the chemical industry. Because of limiting resources on
Earth and the necessity to protect our environment, more sustainable processes have to be developed
and this is associated with the search for catalysts that are less costly and less toxic than transition
metals. Nature utilizes organic molecules and non-polluting metallic cations. In less than 100 years,
chemists have learned to do almost the same, even for reactions Nature does not utilize. Moreover,
typical organic catalysts are relatively small molecules (not like enzymes); they are relatively cheap,
less toxic, and environmentally benign. This overview illustrates the chemical evolution that has
started from a knowledge of the reaction mechanisms to the invention of homogenous molecular
catalysts for the most important organic reactions. Importantly, enantioselective catalysis is now
possible for these reactions and can often be applied to a large variety of substrates and reagents. Thus,
man-made molecular catalysts are less limited than enzymes and can be used in a much wider range
of reaction conditions (solvent, acidity) and temperature than enzymes. We have chosen to discuss
acyl transfers, the nucleophilic additions and substitutions that represent the most important organic
reactions. The best catalysts are multifunctional compounds that interact with both the nucleophilic
reagent and the electrophilic partner to make them more reactive. They have an electrophilic (e.g.,
hydrogen donor, oxyphilic cation) and a nucleophilic function (O-, N-, C- (carbene), P-nucleophile).
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Abbreviations

The following abbreviations are used in this manuscript:

Cp cyclopentadienyl
DCC N,N’-dicyclohexycarbodiimide
DABCO 1,4-diazabicyclo[2.2.2]octane
DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene
DMF dimethylformamide
DHP 3,4-dihydro-2H-pyrimido[2,1-b]benzothiazole
DMAO 4-dimethylaminopyridine
MBH Morita-Baylis-Hillman reaction
MIBA 4-methoxy-2-iodobenzeneboronic acid
NHC N-heterocyclic carbene
THF tetrahydrofuran
OTf triflates
OTs p-toluenesulfonate
PTC phase transfer catalyst
PYP 4-pyrrolidinopyridine
pyr pyridine
SET single electron transfer
TBD triazabicyclo[4.4.0]dec-5-ene
THTP 2,3,6,7-tetrahydro-5H-thiazolo[3,2-a]pyrimidine
TON turnover number
TOF turnover frequency
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